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Randomization and probabilistic techniques play an important role in modern computer
science, with applications ranging from combinatorial optimization and machine learning
to communication networks and secure protocols.

This textbook provides an indispensable teaching tool to accompany a one- or two-
semester course for advanced undergraduate or beginning graduate students in computer
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and gives a rigorous yet accessible treatment of the material, with numerous examples and
applications.

The first half of the book covers core material, including random sampling, expecta-
tions, Markov’s inequality, Chebyshev’s inequality, Chernoff bounds, balls-and-bins mod-
els, the probabilistic method, and Markov chains. In the second half, the authors delve
into more advanced topics such as continuous probability, applications of limited indepen-
dence, entropy, Markov chain Monte Carlo methods, coupling, martingales, and balanced
allocations.

This greatly expanded new edition includes several newly added chapters and sec-
tions, covering topics including normal distributions, sample complexity, VC dimension,
Rademacher complexity, power laws and related distributions, cuckoo hashing, and appli-
cations of the Lovasz Local Lemma. New material relevant to machine learning and big
data analysis enables students to learn up-to-date techniques and applications. Among the
many new exercises and examples are programming-related exercises that provide students
with practical experience and training related to the theoretical concepts covered in the text.
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Preface to the Second Edition

In the ten years since the publication of the first edition of this book, probabilistic
methods have become even more central to computer science, rising with the growing
importance of massive data analysis, machine learning, and data mining. Many of the
successful applications of these areas rely on algorithms and heuristics that build on
sophisticated probabilistic and statistical insights. Judicious use of these tools requires
a thorough understanding of the underlying mathematical concepts. Most of the new
material in this second edition focuses on these concepts.

The ability in recent years to create, collect, and store massive data sets, such as
the World Wide Web, social networks, and genome data, lead to new challenges in
modeling and analyzing such structures. A good foundation for models and analysis
comes from understanding some standard distributions. Our new chapter on the nor-
mal distribution (also known as the Gaussian distribution) covers the most common
statistical distribution, as usual with an emphasis on how it is used in settings in com-
puter science, such as for tail bounds. However, an interesting phenomenon is that in
many modern data sets, including social networks and the World Wide Web, we do not
see normal distributions, but instead we see distributions with very different proper-
ties, most notably unusually heavy tails. For example, some pages in the World Wide
Web have an unusually large number of pages that link to them, orders of magnitude
larger than the average. The new chapter on power laws and related distributions covers
specific distributions that are important for modeling and understanding these kinds of
modern data sets.

Machine learning is one of the great successes of computer science in recent years,
providing efficient tools for modeling, understanding, and making predictions based on
large data sets. A question that is often overlooked in practical applications of machine
learning is the accuracy of the predictions, and in particular the relation between accu-
racy and the sample size. A rigorous introduction to approaches to these important
questions is presented in a new chapter on sample complexity, VC dimension, and
Rademacher averages.

XV



PREFACE TO THE SECOND EDITION

We have also used the new edition to enhance some of our previous material. For
example, we present some of the recent advances on algorithmic variations of the pow-
erful Lovész local lemma, and we have a new section covering the wonderfully named
and increasingly useful hashing approach known as cuckoo hashing. Finally, in addi-
tion to all of this new material, the new edition includes updates and corrections, and
many new exercises.

We thank the many readers who sent us corrections over the years — unfortunately,
too many to list here!

xvi



Preface to the First Edition

Why Randomness?

Why should computer scientists study and use randomness? Computers appear to
behave far too unpredictably as it is! Adding randomness would seemingly be a dis-
advantage, adding further complications to the already challenging task of efficiently
utilizing computers.

Science has learned in the last century to accept randomness as an essential com-
ponent in modeling and analyzing nature. In physics, for example, Newton’s laws led
people to believe that the universe was a deterministic place; given a big enough calcu-
lator and the appropriate initial conditions, one could determine the location of planets
years from now. The development of quantum theory suggests a rather different view;
the universe still behaves according to laws, but the backbone of these laws is proba-
bilistic. “God does not play dice with the universe” was Einstein’s anecdotal objection
to modern quantum mechanics. Nevertheless, the prevailing theory today for subparti-
cle physics is based on random behavior and statistical laws, and randomness plays a
significant role in almost every other field of science ranging from genetics and evolu-
tion in biology to modeling price fluctuations in a free-market economy.

Computer science is no exception. From the highly theoretical notion of probabilis-
tic theorem proving to the very practical design of PC Ethernet cards, randomness
and probabilistic methods play a key role in modern computer science. The last two
decades have witnessed a tremendous growth in the use of probability theory in comput-
ing. Increasingly more advanced and sophisticated probabilistic techniques have been
developed for use within broader and more challenging computer science applications.
In this book, we study the fundamental ways in which randomness comes to bear on
computer science: randomized algorithms and the probabilistic analysis of algorithms.

Randomized algorithms: Randomized algorithms are algorithms that make random
choices during their execution. In practice, a randomized program would use values
generated by a random number generator to decide the next step at several branches
of its execution. For example, the protocol implemented in an Ethernet card uses ran-
dom numbers to decide when it next tries to access the shared Ethernet communication

xvii



PREFACE TO THE FIRST EDITION

medium. The randomness is useful for breaking symmetry, preventing different cards
from repeatedly accessing the medium at the same time. Other commonly used applica-
tions of randomized algorithms include Monte Carlo simulations and primality testing
in cryptography. In these and many other important applications, randomized algo-
rithms are significantly more efficient than the best known deterministic solutions.
Furthermore, in most cases the randomized algorithms are also simpler and easier to
program.

These gains come at a price; the answer may have some probability of being incor-
rect, or the efficiency is guaranteed only with some probability. Although it may seem
unusual to design an algorithm that may be incorrect, if the probability of error is suf-
ficiently small then the improvement in speed or memory requirements may well be
worthwhile.

Probabilistic analysis of algorithms: Complexity theory tries to classify computa-
tion problems according to their computational complexity, in particular distinguishing
between easy and hard problems. For example, complexity theory shows that the Trav-
eling Salesman problem is NP-hard. It is therefore very unlikely that we will ever know
an algorithm that can solve any instance of the Traveling Salesman problem in time that
is subexponential in the number of cities. An embarrassing phenomenon for the clas-
sical worst-case complexity theory is that the problems it classifies as hard to compute
are often easy to solve in practice. Probabilistic analysis gives a theoretical explanation
for this phenomenon. Although these problems may be hard to solve on some set of
pathological inputs, on most inputs (in particular, those that occur in real-life applica-
tions) the problem is actually easy to solve. More precisely, if we think of the input as
being randomly selected according to some probability distribution on the collection of
all possible inputs, we are very likely to obtain a problem instance that is easy to solve,
and instances that are hard to solve appear with relatively small probability. Probabilis-
tic analysis of algorithms is the method of studying how algorithms perform when the
input is taken from a well-defined probabilistic space. As we will see, even NP-hard
problems might have algorithms that are extremely efficient on almost all inputs.

The Book

This textbook is designed to accompany one- or two-semester courses for advanced
undergraduate or beginning graduate students in computer science and applied math-
ematics. The study of randomized and probabilistic techniques in most leading uni-
versities has moved from being the subject of an advanced graduate seminar meant
for theoreticians to being a regular course geared generally to advanced undergraduate
and beginning graduate students. There are a number of excellent advanced, research-
oriented books on this subject, but there is a clear need for an introductory textbook.
We hope that our book satisfies this need.

The textbook has developed from courses on probabilistic methods in computer sci-
ence taught at Brown (CS 155) and Harvard (CS 223) in recent years. The emphasis in
these courses and in this textbook is on the probabilistic techniques and paradigms, not
on particular applications. Each chapter of the book is devoted to one such method or
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PREFACE TO THE FIRST EDITION

technique. Techniques are clarified though examples based on analyzing randomized
algorithms or developing probabilistic analysis of algorithms on random inputs. Many
of these examples are derived from problems in networking, reflecting a prominent
trend in the networking field (and the taste of the authors).

The book contains fourteen chapters. We may view the book as being divided into
two parts, where the first part (Chapters 1-7) comprises what we believe is core mate-
rial. The book assumes only a basic familiarity with probability theory, equivalent to
what is covered in a standard course on discrete mathematics for computer scientists.
Chapters 1-3 review this elementary probability theory while introducing some inter-
esting applications. Topics covered include random sampling, expectation, Markov’s
inequality, variance, and Chebyshev’s inequality. If the class has sufficient background
in probability, then these chapters can be taught quickly. We do not suggest skipping
them, however, because they introduce the concepts of randomized algorithms and
probabilistic analysis of algorithms and also contain several examples that are used
throughout the text.

Chapters 4—7 cover more advanced topics, including Chernoff bounds, balls-and-
bins models, the probabilistic method, and Markov chains. The material in these chap-
ters is more challenging than in the initial chapters. Sections that are particularly chal-
lenging (and hence that the instructor may want to consider skipping) are marked with
an asterisk. The core material in the first seven chapters may constitute the bulk of a
quarter- or semester-long course, depending on the pace.

The second part of the book (Chapters 8—17) covers additional advanced material
that can be used either to fill out the basic course as necessary or for a more advanced
second course. These chapters are largely self-contained, so the instructor can choose
the topics best suited to the class. The chapters on continuous probability and entropy
are perhaps the most appropriate for incorporating into the basic course. Our intro-
duction to continuous probability (Chapter 8) focuses on uniform and exponential
distributions, including examples from queueing theory. Our examination of entropy
(Chapter 10) shows how randomness can be measured and how entropy arises naturally
in the context of randomness extraction, compression, and coding.

Chapters 11 and 12 cover the Monte Carlo method and coupling, respectively; these
chapters are closely related and are best taught together. Chapter 13, on martingales,
covers important issues on dealing with dependent random variables, a theme that con-
tinues in a different vein in Chapter 15 is the development of pairwise independence
and derandomization. Finally, the chapter on balanced allocations (Chapter 17) covers
a topic close to the authors’ hearts and ties in nicely with Chapter 5 concerning analysis
of balls-and-bins problems.

The order of the subjects, especially in the first part of the book, corresponds to
their relative importance in the algorithmic literature. Thus, for example, the study
of Chernoff bounds precedes more fundamental probability concepts such as Markov
chains. However, instructors may choose to teach the chapters in a different order. A
course with more emphasis on general stochastic processes, for example, may teach
Markov chains (Chapter 7) immediately after Chapters 1-3, following with the chapter
on balls, bins, and random graphs (Chapter 5, omitting the Hamiltonian cycle exam-
ple). Chapter 6 on the probabilistic method could then be skipped, following instead
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PREFACE TO THE FIRST EDITION

with continuous probability and the Poisson process (Chapter 8). The material from
Chapter 4 on Chernoff bounds, however, is needed for most of the remaining material.

Most of the exercises in the book are theoretical, but we have included some pro-
gramming exercises — including two more extensive exploratory assignments that
require some programming. We have found that occasional programming exercises are
often helpful in reinforcing the book’s ideas and in adding some variety to the course.

We have decided to restrict the material in this book to methods and techniques based
on rigorous mathematical analysis; with few exceptions, all claims in this book are fol-
lowed by full proofs. Obviously, many extremely useful probabilistic methods do not
fall within this strict category. For example, in the important area of Monte Carlo meth-
ods, most practical solutions are heuristics that have been demonstrated to be effective
and efficient by experimental evaluation rather than by rigorous mathematical analy-
sis. We have taken the view that, in order to best apply and understand the strengths
and weaknesses of heuristic methods, a firm grasp of underlying probability theory and
rigorous techniques — as we present in this book — is necessary. We hope that students
will appreciate this point of view by the end of the course.
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CHAPTER ONE

Events and Probability

This chapter introduces the notion of randomized algorithms and reviews some basic
concepts of probability theory in the context of analyzing the performance of simple
randomized algorithms for verifying algebraic identities and finding a minimum cut-set
in a graph.

1.1. Application: Verifying Polynomial Identities

Computers can sometimes make mistakes, due for example to incorrect programming
or hardware failure. It would be useful to have simple ways to double-check the results
of computations. For some problems, we can use randomness to efficiently verify the
correctness of an output.

Suppose we have a program that multiplies together monomials. Consider the prob-
lem of verifying the following identity, which might be output by our program:

(4 D — 2)(x + 3)(x — 4)(x + 5)(x — 6) = x° — 7x> + 25.

There is an easy way to verify whether the identity is correct: multiply together the
terms on the left-hand side and see if the resulting polynomial matches the right-hand
side. In this example, when we multiply all the constant terms on the left, the result
does not match the constant term on the right, so the identity cannot be valid. More
generally, given two polynomials F'(x) and G(x), we can verify the identity

F(x) = G(x)

by converting the two polynomials to their canonical forms ( Z?:o cix! ); two polynomi-
als are equivalent if and only if all the coefficients in their canonical forms are equal.
From this point on let us assume that, as in our example, F'(x) is given as a product
Fx) = ]_[Elzl(x — a;) and G(x) is given in its canonical form. Transforming F(x) to
its canonical form by consecutively multiplying the ith monomial with the product of
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the first i — 1 monomials requires ®(d?) multiplications of coefficients. We assume in
what follows that each multiplication can be performed in constant time, although if
the products of the coefficients grow large then it could conceivably require more than
constant time to add and multiply numbers together.

So far, we have not said anything particularly interesting. To check whether the
computer program has multiplied monomials together correctly, we have suggested
multiplying the monomials together again to check the result. Our approach for check-
ing the program is to write another program that does essentially the same thing we
expect the first program to do. This is certainly one way to double-check a program:
write a second program that does the same thing, and make sure they agree. There
are at least two problems with this approach, both stemming from the idea that there
should be a difference between checking a given answer and recomputing it. First, if
there is a bug in the program that multiplies monomials, the same bug may occur in
the checking program. (Suppose that the checking program was written by the same
person who wrote the original program!) Second, it stands to reason that we would like
to check the answer in less time than it takes to try to solve the original problem all over
again.

Let us instead utilize randomness to obtain a faster method to verify the identity. We
informally explain the algorithm and then set up the formal mathematical framework
for analyzing the algorithm.

Assume that the maximum degree, or the largest exponent of x, in F(x) and G(x) is
d. The algorithm chooses an integer r uniformly at random in the range {1, ..., 100d},
where by “uniformly at random” we mean that all integers are equally likely to be
chosen. The algorithm then computes the values F(r) and G(r). If F(r) # G(r) the
algorithm decides that the two polynomials are not equivalent, and if F(r) = G(r) the
algorithm decides that the two polynomials are equivalent.

Suppose that in one computation step the algorithm can generate an integer chosen
uniformly at random in the range {1, ..., 100d}. Computing the values of F(r) and
G(r) can be done in O(d) time, which is faster than computing the canonical form of
F(r). The randomized algorithm, however, may give a wrong answer.

How can the algorithm give the wrong answer?

If F(x) = G(x), then the algorithm gives the correct answer, since it will find that
F(r) = G(r) for any value of r.

If F(x) # G(x) and F(r) # G(r), then the algorithm gives the correct answer since
it has found a case where F'(x) and G(x) disagree. Thus, when the algorithm decides
that the two polynomials are not the same, the answer is always correct.

If F(x) # G(x) and F(r) = G(r), the algorithm gives the wrong answer. In other
words, it is possible that the algorithm decides that the two polynomials are the
same when they are not. For this error to occur, » must be a root of the equation
F(x) — G(x) = 0. The degree of the polynomial F(x) — G(x) is no larger than d and,
by the fundamental theorem of algebra, a polynomial of degree up to d has no more
than d roots. Thus, if F(x) % G(x), then there are no more than d values in the
range {1, ..., 100d} for which F(r) = G(r). Since there are 100d values in the range
{1, ..., 100d}, the chance that the algorithm chooses such a value and returns a wrong
answer is no more than 1/100.
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1.2. Axioms of Probability

We turn now to a formal mathematical setting for analyzing the randomized algorithm.
Any probabilistic statement must refer to the underlying probability space.

Definition 1.1: A probability space has three components:

1. a sample space 2, which is the set of all possible outcomes of the random process
modeled by the probability space;

2. afamily of sets F representing the allowable events, where each set in F is a subset'
of the sample space Q2; and

3. a probability function Pr : F — R satisfying Definition 1.2.

An element of Q2 is called a simple or elementary event.

In the randomized algorithm for verifying polynomial identities, the sample space
is the set of integers {1, ..., 100d}. Each choice of an integer r in this range is a simple
event.

Definition 1.2: A probability function is any function Pr : F — R that satisfies the
following conditions:

1. for any event E, 0 < Pr(E) < 1;

2. Pr(2) = 1; and

3. for any finite or countably infinite sequence of pairwise mutually disjoint events
E\,E) E5, ...,

Pr <U Ei) = > Pr(E).
i>1 i>1
In most of this book we will use discrete probability spaces. In a discrete probability
space the sample space €2 is finite or countably infinite, and the family F of allow-
able events consists of all subsets of 2. In a discrete probability space, the probability
function is uniquely defined by the probabilities of the simple events.

Again, in the randomized algorithm for verifying polynomial identities, each choice
of an integer r is a simple event. Since the algorithm chooses the integer uniformly at
random, all simple events have equal probability. The sample space has 100d simple
events, and the sum of the probabilities of all simple events must be 1. Therefore each
simple event has probability 1/100d.

Because events are sets, we use standard set theory notation to express combinations
of events. We write E; N E; for the occurrence of both E; and E, and write E; U E, for
the occurrence of either E| or E, (or both). For example, suppose we roll two dice. If
E is the event that the first die is a 1 and E, is the event that the second die is a 1, then
E; N E, denotes the event that both dice are 1 while E; U E, denotes the event that at
least one of the two dice lands on 1. Similarly, we write E; — E, for the occurrence

! In a discrete probability space F = 2. Otherwise, and introductory readers may skip this point, since the events
need to be measurable, F must include the empty set and be closed under complement and union and intersection
of countably many sets (a o-algebra).

3
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of an event that is in E; but not in E,. With the same dice example, E; — E, consists
of the event where the first die is a 1 and the second die is not. We use the notation E
as shorthand for 2 — E; for example, if E is the event that we obtain an even number
when rolling a die, then E is the event that we obtain an odd number.

Definition 1.2 yields the following obvious lemma.

Lemma 1.1: For any two events E; and E»,
PI'(E] U Ez) = Pl"(El) + PI”(Ez) - PI'(E] N Ez)
Proof: From the definition,

Pr(Ey) = Pr(E) — (E1 N E»)) + Pr(E) N Ey),
Pr(Ey) = Pr(E; — (E1 N Ey)) + Pr(E) N Ey),
Pr(E; U Ey) = Pr(E, — (E| N Ey)) + Pr(E> — (E1 N Ey)) + Pr(E; N Ey).

The lemma easily follows. u

A consequence of Definition 1.2 is known as the union bound. Although it is very
simple, it is tremendously useful.

Lemma 1.2: For any finite or countably infinite sequence of events E, Ey, .. .,

Pr (U E,) < Z Pr(E;).
i>1 =1
Notice that Lemma 1.2 differs from the third part of Definition 1.2 in that Definition
1.2 is an equality and requires the events to be pairwise mutually disjoint.

Lemma 1.1 can be generalized to the following equality, often referred to as the
inclusion—exclusion principle.

Lemma 1.3: Let E, ..., E, be any n events. Then
Pr <U E,-) = Z Pr(E;) — Z Pr(E;NE;) + Z Pr(E; NE; N Ey)
i=1 i=1 i<j i<j<k
¢
— e (=D Z Pr(ﬂEi,.) R
1 <bh<--<iy r=1

The proof of the inclusion—exclusion principle is left as Exercise 1.7.

We showed before that the only case in which the algorithm may fail to give the
correct answer is when the two input polynomials F(x) and G(x) are not equivalent;
the algorithm then gives an incorrect answer if the random number it chooses is a root
of the polynomial F(x) — G(x). Let E represent the event that the algorithm failed to
give the correct answer. The elements of the set corresponding to E are the roots of
the polynomial F(x) — G(x) that are in the set of integers {1, ..., 100d}. Since the
polynomial has no more than d roots it follows that the event E includes no more than

4



1.2 AXIOMS OF PROBABILITY

d simple events, and therefore

1
100°

It may seem unusual to have an algorithm that can return the wrong answer. It may
help to think of the correctness of an algorithm as a goal that we seek to optimize in
conjunction with other goals. In designing an algorithm, we generally seek to minimize
the number of computational steps and the memory required. Sometimes there is a
trade-off; there may be a faster algorithm that uses more memory or a slower algorithm
that uses less memory. The randomized algorithm we have presented gives a trade-off
between correctness and speed. Allowing algorithms that may give an incorrect answer
(but in a systematic way) expands the trade-off space available in designing algorithms.
Rest assured, however, that not all randomized algorithms give incorrect answers, as
we shall see.

For the algorithm just described, the algorithm gives the correct answer 99% of
the time even when the polynomials are not equivalent. Can we improve this prob-
ability? One way is to choose the random number r from a larger range of integers.
If our sample space is the set of integers {1, ..., 1000d}, then the probability of a
wrong answer is at most 1/1000. At some point, however, the range of values we
can use is limited by the precision available on the machine on which we run the
algorithm.

Another approach is to repeat the algorithm multiple times, using different random
values to test the identity. The property we use here is that the algorithm has a one-sided
error. The algorithm may be wrong only when it outputs that the two polynomials are
equivalent. If any run yields a number r such that F'(r) # G(r), then the polynomials are
not equivalent. Thus, if we repeat the algorithm a number of times and find F (r) # G(r)
in at least one round of the algorithm, we know that F(x) and G(x) are not equivalent.
The algorithm outputs that the two polynomials are equivalent only if there is equality
for all runs.

In repeating the algorithm we repeatedly choose a random number in the range
{1, ..., 100d}. Repeatedly choosing random numbers according to a given distribution
is generally referred to as sampling. In this case, we can repeatedly choose random
numbers in the range {1, ..., 100d} in two ways: we can sample either with replace-
ment or without replacement. Sampling with replacement means that we do not remem-
ber which numbers we have already tested; each time we run the algorithm, we choose
a number uniformly at random from the range {1, ..., 100d} regardless of previous
choices, so there is some chance we will choose an r that we have chosen on a previous
run. Sampling without replacement means that, once we have chosen a number r, we
do not allow the number to be chosen on subsequent runs; the number chosen at a given
iteration is uniform over all previously unselected numbers.

Let us first consider the case where sampling is done with replacement. Assume
that we repeat the algorithm k times, and that the input polynomials are not equiva-
lent. What is the probability that in all k iterations our random sampling from the set
{1, ...,100d} yields roots of the polynomial F(x) — G(x), resulting in a wrong output
by the algorithm? If k = 1, we know that this probability is at most d/100d = 1/100.

5

d
Pr(algorithm fails) = Pr(E) < —— =
r(algorithm fails) r(E) < 100d



EVENTS AND PROBABILITY

If k = 2, it seems that the probability that the first iteration finds a root is at most 1,/100
and the probability that the second iteration finds a root is at most 1/100, so the prob-
ability that both iterations find a root is at most (1/100)?. Generalizing, for any k, the
probability of choosing roots for k iterations would be at most (1/100)~.

To formalize this, we introduce the notion of independence.

Definition 1.3: Two events E and F are independent if and only if
Pr(ENF)=Pr(E)-Pr(F).

More generally, events E, E,, . .., E, are mutually independent if and only if, for any
subset I < [1, k],

Pr <ﬂ E,-) = ]_[ Pr(E)).
iel iel

If our algorithm samples with replacement then in each iteration the algorithm chooses
arandom number uniformly at random from the set {1, ..., 1004}, and thus the choice
in one iteration is independent of the choices in previous iterations. For the case where
the polynomials are not equivalent, let E; be the event that, on the ith run of the algo-
rithm, we choose a root r; such that F(r;) — G(r;) = 0. The probability that the algo-
rithm returns the wrong answer is given by

PI‘(E] ﬂEzﬂ-“ ﬂEk).

Since Pr(E;) is at most d/100d and since the events E|, E», ..., E; are independent,
the probability that the algorithm gives the wrong answer after k iterations is

d kod 1 \F
Pr(ElmEzm---mEk):]_[Pr(Ei)g —:(—) .
i_l L 1100d 100

The probability of making an error is therefore at most exponentially small in the num-
ber of trials.

Now let us consider the case where sampling is done without replacement. In this
case the probability of choosing a given number is conditioned on the events of the
previous iterations.

Definition 1.4: The conditional probability that event E occurs given that event F
occurs is

Pr(ENF)
Pr(F)
The conditional probability is well-defined only if Pr(F) > 0.

Pr(E | F) =

Intuitively, we are looking for the probability of £ N F within the set of events defined
by F. Because F defines our restricted sample space, we normalize the probabilities
by dividing by Pr(F), so that the sum of the probabilities of all events is 1. When
Pr(F) > 0, the definition can also be written in the useful form

Pr(E | F) Pr(F) = Pr(E N F).
6
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Notice that, when E and F are independent and Pr(F) # 0, we have
Pr(ENF) Pr(E) Pr(F)
Pr(F)  Pr(F)
This is a property that conditional probability should have; intuitively, if two events are
independent, then information about one event should not affect the probability of the

second event.

Again assume that we repeat the algorithm k times and that the input polynomials are
not equivalent. What is the probability that in all the k iterations our random sampling
from the set {1, ..., 100d} yields roots of the polynomial F(x) — G(x), resulting in a
wrong output by the algorithm?

As in the analysis with replacement, we let E; be the event that the random num-
ber r; chosen in the ith iteration of the algorithm is a root of F'(x) — G(x); again, the
probability that the algorithm returns the wrong answer is given by

Pr(E | F) = = Pr(E).

Pr(E\NE,N---NE).
Applying the definition of conditional probability, we obtain
Pr(E\NE,N---NE)=Pr(Ey | EENE;N---NE—y)-Pr(EyNE, N ---NE;_1),
and repeating this argument gives
Pr(EiNE,N---NE)
=Pr(Ey)-Pr(E, | E1)-Pr(E5 | EYNEy)---Pr(Ey | ELNE;N -+ N Eg_1).

Can we bound Pr(E; | Ey N E> N --- N E;_;)? Recall that there are at most d values

r for which F(r) — G(r) = 0; if trials 1 through j — 1 < d have found j — 1 of them,

then when sampling without replacement there are only d — (j — 1) values out of the
100d — (j — 1) remaining choices for which F(r) — G(r) = 0. Hence

d—(j—1
m15,‘—1)5—0. ) ,
100d—(j—1)

and the probability that the algorithm gives the wrong answer after k < d iterations is
bounded by

Pr(Ej|ElﬂEzﬂ~--

A= -1 1\*
PrE\NE;N- NE) < [[—— < () .
(BN B k)_jZIIOOd—(j—l)_(loo)

Because (d — (j — 1))/(100d — (j — 1)) < d/100d when j > 1, our bounds on the
probability of making an error are actually slightly better without replacement. You
may also notice that, if we take d + 1 samples without replacement and the two poly-
nomials are not equivalent, then we are guaranteed to find an r such that F'(r) — G(r) #
0. Thus, in d + 1 iterations we are guaranteed to output the correct answer. However,
computing the value of the polynomial at d + 1 points takes ©(d?) time using the stan-
dard approach, which is no faster than finding the canonical form deterministically.
Since sampling without replacement appears to give better bounds on the probability
of error, why would we ever want to consider sampling with replacement? In some
cases, sampling with replacement is significantly easier to analyze, so it may be worth

7
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considering for theoretical reasons. In practice, sampling with replacement is often
simpler to code and the effect on the probability of making an error is almost negligible,
making it a desirable alternative.

1.3. Application: Verifying Matrix Multiplication

We now consider another example where randomness can be used to verify an equality
more quickly than the known deterministic algorithms. Suppose we are given three
n x nmatrices A, B, and C. For convenience, assume we are working over the integers
modulo 2. We want to verify whether

AB = C.

One way to accomplish this is to multiply A and B and compare the result to C. The sim-
ple matrix multiplication algorithm takes ®(n’) operations. There exist more sophisti-
cated algorithms that are known to take roughly ®(n*37) operations.

Once again, we use a randomized algorithm that allows for faster verification — at the
expense of possibly returning a wrong answer with small probability. The algorithm is
similar in spirit to our randomized algorithm for checking polynomial identities. The
algorithm chooses arandom vector 7 = (ry, 12, ..., 1) € {0, 1}". It then computes AB7
by first computing B7 and then A(B7), and it also computes C7. If A(BF) # Cr, then
AB # C. Otherwise, it returns that AB = C.

The algorithm requires three matrix-vector multiplications, which can be done in
time ©(n?) in the obvious way. The probability that the algorithm returns that AB = C
when they are actually not equal is bounded by the following theorem.

Theorem 1.4: [f AB # C and if ¥ is chosen uniformly at random from {0, 1}", then

1
Pr(ABr = Cr) < 7
Proof: Before beginning, we point out that the sample space for the vector 7 is the set
{0, 1}" and that the event under consideration is AB7 = Cr. We also make note of the

following simple but useful lemma.

Lemma 1.5: Choosing ¥ = (r1, 12, ..., ry) € {0, 1}" uniformly at random is equiva-
lent to choosing each r; independently and uniformly from {0, 1}.

Proof: If each r; is chosen independently and uniformly at random, then each of the
2" possible vectors 7 is chosen with probability 27", giving the lemma. |

LetD = AB — C # 0. Then AB7 = C7 implies that D7 = 0. Since D # 0 it must have
some nonzero entry; without loss of generality, let that entry be dj;.
For D7 = 0, it must be the case that

Zdlj}’j = 0
j=1
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or, equivalently,

X dujt

1.1
ar (L.

ry =

Now we introduce a helpful idea. Instead of reasoning about the vector 7, suppose
that we choose the r; independently and uniformly at random from {0, 1} in order,
from r, down to r;. Lemma 1.5 says that choosing the r; in this way is equivalent to
choosing a vector 7 uniformly at random. Now consider the situation just before r| is
chosen. At this point, the right-hand side of Eqn. (1.1) is determined, and there is at
most one choice for 7| that will make that equality hold. Since there are two choices
for ry, the equality holds with probability at most 1/2, and hence the probability that
AB7 = Cris at most 1/2. By considering all variables besides r; as having been set, we
have reduced the sample space to the set of two values {0, 1} for ; and have changed
the event being considered to whether Eqn. (1.1) holds. [

This idea is called the principle of deferred decisions. When there are several random
variables, such as the r; of the vector 7, it often helps to think of some of them as being
set at one point in the algorithm with the rest of them being left random — or deferred —
until some further point in the analysis. Formally, this corresponds to conditioning on
the revealed values; when some of the random variables are revealed, we must condition
on the revealed values for the rest of the analysis. We will see further examples of the
principle of deferred decisions later in the book.

To formalize this argument, we first introduce a simple fact, known as the law of
total probability.

Theorem 1.6 [Law of Total Probability]: Let E, E,, ..., E, be mutually disjoint
events in the sample space 2, and let | J;_, E; = Q2. Then

Pr(B) =Y Pr(BNE;)=Y Pr(B|E;) Pr(E).

i=1 i=1

Proof: Sincetheevents E; (i = 1, ..., n) are disjoint and cover the entire sample space
Q, it follows that

Pr(B) = Z Pr(BNE)).
i=1
Further,
Z Pi(BNE;) = Z Pr(B | E;) Pr(E;)
i=1 i=1

by the definition of conditional probability. |
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Now, using this law and summing over all collections of values (x;, x3, X4, ..., X;) €
{0, 1}" ! yields
Pr(AB7 = Cr)
= > Pr((ABF=CAN((ra.... 1) = (2..... %))

(x2,...,%,)€{0, 1}~ 1

T dirs
< Z Pr<(r1 = —%) N(ra, ..., 1) = (x2, ...,xn))>

(xX2,....%,)€{0,1}~1

T dy
= Z Pr (rl = —%) “Pr((ra, ... ) = (x2, ..., X))
0,1} t

(X2, .00, X )E]
1
s ) PO ) =)
(X2, %) €{0, 1}
1
2
Here we have used the independence of r; and (7, .. ., r,) in the fourth line. |

To improve on the error probability of Theorem 1.4, we can again use the fact that
the algorithm has a one-sided error and run the algorithm multiple times. If we ever
find an 7 such that AB7 # Cr, then the algorithm will correctly return that AB # C. If
we always find AB7 = Cr, then the algorithm returns that AB = C and there is some
probability of a mistake. Choosing 7 with replacement from {0, 1}" for each trial, we
obtain that, after k trials, the probability of error is at most 27, Repeated trials increase
the running time to ® (kn?).

Suppose we attempt this verification 100 times. The running time of the random-
ized checking algorithm is still ®(n?), which is faster than the known deterministic
algorithms for matrix multiplication for sufficiently large n. The probability that an
incorrect algorithm passes the verification test 100 times is at most 27'%, an astronom-
ically small number. In practice, the computer is much more likely to crash during the
execution of the algorithm than to return a wrong answer.

An interesting related problem is to evaluate the gradual change in our confidence in
the correctness of the matrix multiplication as we repeat the randomized test. Toward
that end we introduce Bayes’ law.

Theorem 1.7 [Bayes’ Law]: Assume that E, E,, . .., E, are mutually disjoint events
in the sample space Q such that | Ji_, E; = Q. Then
Pr(E;NB)  Pr(B|E)) Pr(E))

Pr(B) > Pr(B|E) Pr(E;)’

Pr(E; | B) =

As a simple application of Bayes’ law, consider the following problem. We are given
three coins and are told that two of the coins are fair and the third coin is biased, landing
heads with probability 2/3. We are not told which of the three coins is biased. We
permute the coins randomly, and then flip each of the coins. The first and second coins
come up heads, and the third comes up tails. What is the probability that the first coin
is the biased one?

10
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The coins are in a random order and so, before our observing the outcomes of the
coin flips, each of the three coins is equally likely to be the biased one. Let E; be the
event that the ith coin flipped is the biased one, and let B be the event that the three coin
flips came up heads, heads, and tails.

Before we flip the coins we have Pr(E;) = 1/3 for all i. We can also compute the
probability of the event B conditioned on E;:

Pr(B | E)) =Pr(B | E;) 2. 1]
T = r — — .= . = — —
1 Y7322
and
11

Pr(B|E3)=5-—-—:—.

Applying Bayes’ law, we have
Pr(B | Ey) Pr(E)) 2

Pr(E, | B) = -
"1 | B) Y Pr(B|E) Pr(E) 5

Thus, the outcome of the three coin flips increases the likelihood that the first coin is
the biased one from 1/3 to 2/5.

Returning now to our randomized matrix multiplication test, we want to evaluate
the increase in confidence in the matrix identity obtained through repeated tests. In the
Bayesian approach one starts with a prior model, giving some initial value to the model
parameters. This model is then modified, by incorporating new observations, to obtain
a posterior model that captures the new information.

In the matrix multiplication case, if we have no information about the process that
generated the identity then a reasonable prior assumption is that the identity is correct
with probability 1/2. If we run the randomized test once and it returns that the matrix
identity is correct, how does this change our confidence in the identity?

Let E be the event that the identity is correct, and let B be the event that the test
returns that the identity is correct. We start with Pr(E) = Pr(E) = 1/2, and since the
test has a one-sided error bounded by 1/2, we have Pr(B | E) = 1 andPr(B | E) < 1/2.
Applying Bayes’ law yields

Pr(B | E) Pr(E) 1/2 2

Pr(E | B) = > ==,
Pr(B | E) Pr(E)+Pr(B | E)Pr(E) — 1/2+1/2-1/2 3

Assume now that we run the randomized test again and it again returns that the
identity is correct. After the first test, I may naturally have revised my prior model, so
that I believe Pr(E) > 2/3 and Pr(E) < 1/3. Now let B be the event that the new test
returns that the identity is correct; since the tests are independent, as before we have
Pr(B | E) = 1 and Pr(B | E) < 1/2. Applying Bayes’ law then yields

2/3 4
PrE|B)> — 1~ =,
2/3+1/3-1/2 5

11
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In general: if our prior model (before running the test) is that Pr(E) > 2//(2 + 1)

and if the test returns that the identity is correct (event B), then
21’
2i + 1 _ 2i+1 1 1

i 1 1 _2i+1+1_ 2+l 4 1°
211 2241
Thus, if all 100 calls to the matrix identity test return that the identity is correct, our
confidence in the correctness of this identity is at least 1 — 1/(2'%1 + 1).

Pr(E | B) =

1.4. Application: Naive Bayesian Classifier

A naive Bayesian classifier is a supervised learning algorithm that classifies objects by
estimating conditional probabilities using Bayes’ law in a simplified (“naive”) prob-
abilistic model. While the independence assumptions that would justify the approach
are significant oversimplifications, this method proves very effective in many practical
applications such as subject classification of text documents and junk e-mail filtering. It
also provides an example of a deterministic algorithm that is based on the probabilistic
concept of conditional probability.
Assume that we are given a collection of » training examples

{(D1, ¢(D1)), (D2, ¢(D3)), ..., (D, c(Dy))},

where each D; is represented as a features vector x' = (x’i, e, x;'n). Here D; is an object,
such as a text document, and an object has features (Xi, X, ..., X,), where feature X;
can take a value from a set of possibilities ;. By x' = (x, ..., x),) we mean that for
D; we have X| = x’i, oL X, = xfn. For example, if D; is a text document, and we have

a list of important keywords, the X; could be Boolean features where x; =1 if the
jth listed keyword appears in D; and x; = 0 otherwise. In this case, the feature vector
of the document would just correspond to the set of keywords it contains. Finally, we
have asetC = {cy, c3, . . ., ¢;} of possible classifications for the object, and c(D;) is the
classification of D;. For example, the classification set C could be a collection of labels
such as {“spam”, “no-spam”}. Given a document, corresponding to a web page or e-
mail, we might want to classify the document according to the keywords the document
contains.

The classification paradigm assumes that the training set is a sample from an
unknown distribution in which the classification of an object is a function of the m
features. The goal is, given a new document, to return an accurate classification. More
generally, we can instead return a vector (21, 22, - . ., Z/), where z; is an estimate of the
probability that c¢(D;) = c¢; based on the training set. If we want to return just the most
likely classification, we can return the c¢; with the highest value of z;.

Suppose to begin that we had a very, very large training set. Then for each vec-
tor y = (y1, ..., ym) and each classification c;, we could use the training set to com-
pute the empirical conditional probability that an object with a features vector y is

12
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classified C;:

{li : X¥'=y cD)=cjl)

{li + ¥=yl} '
Assuming that a new object D* with a features vector x* has the same distribution as
the training set, then p,« ; is an empirical estimate for the conditional probability

Py =

Pr(c(D*) = ¢; | x* = (x], ..., X))

m

Indeed, we could compute these values ahead of time in a large lookup table and simply
return the vector (z1, 22, - - ., Zr) = (Px*.1, Px .25 - - - » Paxr) after computing the features
vector x* from the object.

The difficulty in this approach is that we need to obtain accurate estimates of a large
collection of conditional probabilities, corresponding to all possible combination of
values of the m features. Even if each feature has just two values we would need to esti-
mate 2™ conditional probabilities per class, which would generally require Q(|C|2™)
samples.

The training process is faster and requires significantly fewer examples if we assume
a “naive” model in which the m features are independent. In that case we have for

_ Pr(x* | o(D*) = ¢)) - Pr(e(D*) = ¢;)

Pr(c(D*) = ¢;j | x*) Pr(e) (1.2)
_ 1_[21=1 Pr(x{ = x; | c(D*) = cj) - Pr(c(D*) = c;)
= . (1.3)
Pr(x*)

Here xj, is the kth component of the features vector x* of object D*. Notice that the
denominator is independent of c¢;, and can be treated as just a normalizing constant
factor.

With a constant number of possible values per feature, we only need to learn esti-
mates for O(m|C|) probabilities. In what follows, we use Pr to denote empirical prob-
abilities, which are the relative frequency of events in our training set of examples. This
notation emphasizes that we are taking estimates of these probabilities as determined
from the training set. (In practice, one often makes slight modifications, such as adding
1/2 to the numerator in each of the fractions to guarantee that no empirical probability
equals 0.)

The training process is simple:

« For each classification class c;, keep track of the fraction of objects classified as c;
to compute
Hi | e(Di) = ¢}
D] ’
where |D| is the number of objects in the training set.

« For each feature X} and feature value x; keep track of the fraction of objects with that
feature value that are classified as c;, to compute

Pr(c(D*) = ¢;) =

i © x = x (D) = ¢}
{i ] c(Di) = ¢j}

l5r(x,t =x | c(D*)=cj) =

13
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Naive Bayes Classifier Algorithm

Input: Set of possible classifications C, set of features and feature values

Fy, ..., F,, and a training set of classified items D.
Training Phase:
1. For each category ¢ € C, feature k = 1, ..., m, and feature value x; € F; com-
pute
~ i x=x,cD)=c
Br(et x| e(D") = ¢y = M35 = 9 c@) =l
{i | c(Dy) = c}
2. For each category ¢ € C, compute
R {i | ¢(Di) = ¢l
Pr(c(D*)=¢)= ———F——.
|D|
Classifying a new item D*:
1. To compute the most likely classification for x* = x = (x1, ..., X;)

c(D*) = arg max (l_[ PAr(xz =x; | c(D*) = cj)> Pr(c(D*) = cj).
(S1S k=1

2. To compute a classification distribution:

(T, Pr(xf = xi | ¢(D*) = ¢)) Pr(c(D*) = ¢))

Pr(c(D*) = cj) = Pr(x* = x)

Algorithm 1.1: Naive Bayes Classifier.

Once we train the classifier, the classification of a new object D* with features vector
x* = (x},...,x}) is computed by calculating

m
(1_[ lsr(x,’: =x; | c(D*) = cj)) Pr(c(D*) = cj)
k=1

for each c; and taking the classification with the highest value.

In practice, the products may lead to underflow values; an easy solution to that prob-
lem is to instead compute the logarithm of the above expression. Estimates of the
entire probability vector can be found by normalizing appropriately. (Alternatively,
instead of normalizing, one could provide probability estimates by also computing
estimates for Pr(x* = x) from the sample data. Under our independence assumption
Pr(x* = (x, ..., X)) = ]—[Z=1 Pr(x} = xt), and one could estimate the denominator
of Equation 1.2 with the product of the corresponding estimates.)

The naive Bayesian classifier is efficient and simple to implement due to the “naive”
assumption of independence. This assumption may lead to misleading outcomes when
the classification depends on combinations of features. As a simple example consider

14
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a collection of items characterized by two Boolean features X and Y. If X = Y the item
is in class A, and otherwise it is in class B. Assume further that for each value of X
and Y the training set has an equal number of items in each class. All the conditional
probabilities computed by the classifier equal 0.5, and therefore the classifier is not
better than a coin flip in this example. In practice such phenomena are rare and the
naive Bayesian classifier is often very effective.

1.5. Application: A Randomized Min-Cut Algorithm

A cut-set in a graph is a set of edges whose removal breaks the graph into two or
more connected components. Given a graph G = (V, E) with n vertices, the minimum
cut — or min-cut — problem is to find a minimum cardinality cut-set in G. Minimum
cut problems arise in many contexts, including the study of network reliability. In the
case where nodes correspond to machines in the network and edges correspond to con-
nections between machines, the min-cut is the smallest number of edges that can fail
before some pair of machines cannot communicate. Minimum cuts also arise in clus-
tering problems. For example, if nodes represent Web pages (or any documents in a
hypertext-based system) and two nodes have an edge between them if the correspond-
ing nodes have a hyperlink between them, then small cuts divide the graph into clus-
ters of documents with few links between clusters. Documents in different clusters are
likely to be unrelated.

We shall proceed by making use of the definitions and techniques presented so far
in order to analyze a simple randomized algorithm for the min-cut problem. The main
operation in the algorithm is edge contraction. In contracting an edge (u, v) we merge
the two vertices u and v into one vertex, eliminate all edges connecting u and v, and
retain all other edges in the graph. The new graph may have parallel edges but no
self-loops. Examples appear in Figure 1.1, where in each step the dark edge is being
contracted.

The algorithm consists of n — 2 iterations. In each iteration, the algorithm picks an
edge from the existing edges in the graph and contracts that edge. There are many pos-
sible ways one could choose the edge at each step. Our randomized algorithm chooses
the edge uniformly at random from the remaining edges.

Each iteration reduces the number of vertices in the graph by one. After n — 2 iter-
ations, the graph consists of two vertices. The algorithm outputs the set of edges con-
necting the two remaining vertices.

It is easy to verify that any cut-set of a graph in an intermediate iteration of the
algorithm is also a cut-set of the original graph. On the other hand, not every cut-set of
the original graph is a cut-set of a graph in an intermediate iteration, since some edges
of the cut-set may have been contracted in previous iterations. As a result, the output of
the algorithm is always a cut-set of the original graph but not necessarily the minimum
cardinality cut-set (see Figure 1.1).

We now establish a lower bound on the probability that the algorithm returns a cor-
rect output.

15
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1 3 1
3,4 1,3,4 1,2,3,4
2 4 2 2
(a) A successful run of min-cut.
1 3 1 1 1
5 5 %
3,4 3,4,5
2,3,4,5
2 4 2 2

(b) An unsuccessful run of min-cut.

Figure 1.1: An example of two executions of min-cut in a graph with minimum cut-set of size 2.

Theorem 1.8: The algorithm outputs a min-cut set with probability at least

2/(n(n — 1)).

Proof: Let k be the size of the min-cut set of G. The graph may have several cut-sets
of minimum size. We compute the probability of finding one specific such set C.

Since C is a cut-set in the graph, removal of the set C partitions the set of vertices into
two sets, S and V — S, such that there are no edges connecting vertices in S to vertices in
V — S. Assume that, throughout an execution of the algorithm, we contract only edges
that connect two vertices in S or two vertices in V — S, but not edges in C. In that case,
all the edges eliminated throughout the execution will be edges connecting vertices in
S or vertices in V — S, and after n — 2 iterations the algorithm returns a graph with two
vertices connected by the edges in C. We may therefore conclude that, if the algorithm
never chooses an edge of C in its n — 2 iterations, then the algorithm returns C as the
minimum cut-set.

This argument gives some intuition for why we choose the edge at each iteration
uniformly at random from the remaining existing edges. If the size of the cut C is
small and if the algorithm chooses the edge uniformly at each step, then the probability
that the algorithm chooses an edge of C is small — at least when the number of edges
remaining is large compared to C.

Let E; be the event that the edge contracted in iteration i is not in C, and let F; =
ﬂ;zl E; be the event that no edge of C was contracted in the first i iterations. We need
to compute Pr(F,_»).

We start by computing Pr(E|) = Pr(F}). Since the minimum cut-set has k edges, all
vertices in the graph must have degree k or larger. If each vertex is adjacent to at least k
edges, then the graph must have at least nk/2 edges. The first contracted edge is chosen
uniformly at random from the set of all edges. Since there are at least nk/2 edges in the
graph and since C has k edges, the probability that we do not choose an edge of C in
the first iteration is given by

2k 2

Pr(E))=Pr(F))>1——=1— —.
nk n
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Let us suppose that the first contraction did not eliminate an edge of C. In other
words, we condition on the event Fj. Then, after the first iteration, we are left with an
(n — 1)-node graph with minimum cut-set of size k. Again, the degree of each vertex
in the graph must be at least k, and the graph must have at least k(n — 1)/2 edges.
Thus,

k _ 2
k(n—1)/2 n—1

Pr(Ey | Fi) = 1

Similarly,
k 2
Pr(E |F) >l — == ——
k(n—i+1)/2 n—i—+1

To compute Pr(F;,_,), we use
Pr(F,—2) = Pr(E, > N F,—3) = Pr(E, > | Fy—3) - Pr(F,_3)
= Pr(Ey— | Fi—3) - Pr(Ey—3 | Fy—s) - - - Pr(Ey | Fy) - Pr(Fy)
n—2
n—i—1
> -
1_[< n—l—I—l) ll;[<n—i+1)

_(n—=2\(n-3 n—4 4 3 2 1

U n n—1)\n-2)""\6/)\5/\4)\3

_ 2

Can—=1) n
Since the algorithm has a one-sided error, we can reduce the error probability by repeat-
ing the algorithm. Assume that we run the randomized min-cut algorithm n(n — 1) Inn

times and output the minimum size cut-set found in all the iterations. The probability
that the output is not a min-cut set is bounded by

(n—1)1
1— 2 e " < 6721nn — i
nn—1) n?

In the first inequality we have used the fact that 1 —x < e™".

1.6. Exercises

Exercise 1.1: We flip a fair coin ten times. Find the probability of the following events.

(a) The number of heads and the number of tails are equal.

(b) There are more heads than tails.

(¢) The ith flip and the (11 — i)th flip are the same fori =1, ..., 5.
(d) We flip at least four consecutive heads.

Exercise 1.2: We roll two standard six-sided dice. Find the probability of the following
events, assuming that the outcomes of the rolls are independent.

(a) The two dice show the same number.
(b) The number that appears on the first die is larger than the number on the second.

17
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(¢) The sum of the dice is even.
(d) The product of the dice is a perfect square.

Exercise 1.3: We shuffle a standard deck of cards, obtaining a permutation that
is uniform over all 52! possible permutations. Find the probability of the following
events.

(a) The first two cards include at least one ace.

(b) The first five cards include at least one ace.

(c) The first two cards are a pair of the same rank.

(d) The first five cards are all diamonds.

(e) The first five cards form a full house (three of one rank and two of another rank).

Exercise 1.4: We are playing a tournament in which we stop as soon as one of us wins
n games. We are evenly matched, so each of us wins any game with probability 1/2,
independently of other games. What is the probability that the loser has won k games
when the match is over?

Exercise 1.5: After lunch one day, Alice suggests to Bob the following method to
determine who pays. Alice pulls three six-sided dice from her pocket. These dice are
not the standard dice, but have the following numbers on their faces:

edieA-1,1,6,6,8,8;
edieB-2,2,4,4,9,9;
«dieC-3,3,5,5,7,7.

The dice are fair, so each side comes up with equal probability. Alice explains that she
and Bob will each pick up one of the dice. They will each roll their die, and the one
who rolls the lowest number loses and will buy lunch. So as to take no advantage, Alice
offers Bob the first choice of the dice.

(a) Suppose that Bob chooses die A and Alice chooses die B. Write out all of the
possible events and their probabilities, and show that the probability that Alice
wins is greater than 1/2.

(b) Suppose that Bob chooses die B and Alice chooses die C. Write out all of the
possible events and their probabilities, and show that the probability that Alice
wins is greater than 1/2.

(¢) Since die A and die B lead to situations in Alice’s favor, it would seem that Bob
should choose die C. Suppose that Bob does choose die C and Alice chooses die
A. Write out all of the possible events and their probabilities, and show that the
probability that Alice wins is still greater than 1/2.

Exercise 1.6: Consider the following balls-and-bin game. We start with one black ball
and one white ball in a bin. We repeatedly do the following: choose one ball from the
bin uniformly at random, and then put the ball back in the bin with another ball of the
same color. We repeat until there are » balls in the bin. Show that the number of white
balls is equally likely to be any number between 1 and n — 1.

18



1.6 EXERCISES

Exercise 1.7: (a) Prove Lemma 3, the inclusion—exclusion principle.

(b) Prove that, when £ is odd,

Pr <UE> < ZPr(E,-) — ZPr(E,ﬂEj)Jr Z Pr(E; N E; N Ey)
i=1 i=1 i<j i<j<k
— e+ (=D YT PrE, N NE).

i1 <iy<--<iy

(¢) Prove that, when £ is even,

n n
Pr <U E,-) > Y Pr(E)— Y Pr(E;NE)+ Y Pr(E;NE;NE)
i=1 i=1 i<j i<j<k

— ek (=D Y PrE, NN E).

l’1<l’2<~~<i£

Exercise 1.8: I choose a number uniformly at random from the range [1, 1,000,000].
Using the inclusion—exclusion principle, determine the probability that the number cho-
sen is divisible by one or more of 4, 6, and 9.

Exercise 1.9: Suppose that a fair coin is flipped n times. For £ > 0, find an upper
bound on the probability that there is a sequence of log, n 4 k consecutive heads.

Exercise 1.10: I have a fair coin and a two-headed coin. I choose one of the two coins
randomly with equal probability and flip it. Given that the flip was heads, what is the
probability that I flipped the two-headed coin?

Exercise 1.11: I am trying to send you a single bit, either a 0 or a 1. When I transmit
the bit, it goes through a series of n relays before it arrives to you. Each relay flips the
bit independently with probability p.

(a) Argue that the probability you receive the correct bit is
[n/2] n
Z (Zk)pzk(l _ Yk,
k=0
(b) We consider an alternative way to calculate this probability. Let us say the relay
has bias q if the probability it flips the bit is (1 — ¢)/2. The bias ¢ is therefore a
real number in the range [—1, 1]. Prove that sending a bit through two relays with
bias ¢; and g, is equivalent to sending a bit through a single relay with bias g;¢5.
(c) Prove that the probability you receive the correct bit when it passes through n relays
as described before (a) is
1+1—-2p)
—

Exercise 1.12: The following problem is known as the Monty Hall problem, after
the host of the game show “Let’s Make a Deal”. There are three curtains. Behind one
curtain is a new car, and behind the other two are goats. The game is played as follows.
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The contestant chooses the curtain that she thinks the car is behind. Monty then opens
one of the other curtains to show a goat. (Monty may have more than one goat to choose
from; in this case, assume he chooses which goat to show uniformly at random.) The
contestant can then stay with the curtain she originally chose or switch to the other
unopened curtain. After that, the location of the car is revealed, and the contestant wins
the car or the remaining goat. Should the contestant switch curtains or not, or does it
make no difference?

Exercise 1.13: A medical company touts its new test for a certain genetic disorder.
The false negative rate is small: if you have the disorder, the probability that the test
returns a positive result is 0.999. The false positive rate is also small: if you do not
have the disorder, the probability that the test returns a positive result is only 0.005.
Assume that 2% of the population has the disorder. If a person chosen uniformly from
the population is tested and the result comes back positive, what is the probability that
the person has the disorder?

Exercise 1.14: Iam playing in a racquetball tournament, and I am up against a player
I have watched but never played before. I consider three possibilities for my prior
model: we are equally talented, and each of us is equally likely to win each game;
I am slightly better, and therefore I win each game independently with probability 0.6;
or he is slightly better, and thus he wins each game independently with probability 0.6.
Before we play, I think that each of these three possibilities is equally likely.

In our match we play until one player wins three games. I win the second game, but
he wins the first, third, and fourth. After this match, in my posterior model, with what
probability should I believe that my opponent is slightly better than I am?

Exercise 1.15: Suppose that we roll ten standard six-sided dice. What is the probabil-
ity that their sum will be divisible by 6, assuming that the rolls are independent? (Hint:
Use the principle of deferred decisions, and consider the situation after rolling all but
one of the dice.)

Exercise 1.16: Consider the following game, played with three standard six-sided
dice. If the player ends with all three dice showing the same number, she wins. The
player starts by rolling all three dice. After this first roll, the player can select any one,
two, or all of the three dice and re-roll them. After this second roll, the player can
again select any of the three dice and re-roll them one final time. For questions (a)—(d),
assume that the player uses the following optimal strategy: if all three dice match, the
player stops and wins; if two dice match, the player re-rolls the die that does not match;
and if no dice match, the player re-rolls them all.

(a) Find the probability that all three dice show the same number on the first roll.

(b) Find the probability that exactly two of the three dice show the same number on
the first roll.

(c) Find the probability that the player wins, conditioned on exactly two of the three
dice showing the same number on the first roll.
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(d) By considering all possible sequences of rolls, find the probability that the player
wins the game.

Exercise 1.17: In our matrix multiplication algorithm, we worked over the integers
modulo 2. Explain how the analysis would change if we worked over the integers mod-
ulo k for k > 2.

Exercise 1.18: We have a function F :{0,...,n—1} - {0,...,m—1}. We
know that, for 0 <x,y <n—1, F((x + y)modn) = (F(x) + F(y)) mod m. The only
way we have for evaluating F is to use a lookup table that stores the values of F. Unfor-
tunately, an Evil Adversary has changed the value of 1/5 of the table entries when we
were not looking.

Describe a simple randomized algorithm that, given an input z, outputs a value that
equals F(z) with probability at least 1/2. Your algorithm should work for every value
of z, regardless of what values the Adversary changed. Your algorithm should use as
few lookups and as little computation as possible.

Suppose I allow you to repeat your initial algorithm three times. What should you
do in this case, and what is the probability that your enhanced algorithm returns the
correct answer?

Exercise 1.19: Give examples of events where Pr(A | B) < Pr(A), Pr(A | B) = Pr(A),
and Pr(A | B) > Pr(A).

Exercise 1.20: Show that, if £y, F, ..., E, are mutually independent, then so are
E\,E,, ... E,.

Exercise 1.21: Give an example of three random events X, Y, Z for which any pair are
independent but all three are not mutually independent.

Exercise 1.22: (a) Consider the set {1, ..., n}. We generate a subset X of this set as
follows: a fair coin is flipped independently for each element of the set; if the coin lands
heads then the element is added to X, and otherwise it is not. Argue that the resulting
set X is equally likely to be any one of the 2" possible subsets.

(b) Suppose that two sets X and Y are chosen independently and uniformly at
random from all the 2" subsets of {1, ..., n}. Determine Pr(X C Y) and Pr(X UY =
{1, ..., n}). (Hint: Use the part (a) of this problem.)

Exercise 1.23: There may be several different min-cut sets in a graph. Using the
analysis of the randomized min-cut algorithm, argue that there can be at most
n(n — 1)/2 distinct min-cut sets.

Exercise 1.24: Generalizing on the notion of a cut-set, we define an r-way cut-set in a
graph as a set of edges whose removal breaks the graph into r or more connected com-
ponents. Explain how the randomized min-cut algorithm can be used to find minimum
r-way cut-sets, and bound the probability that it succeeds in one iteration.
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Exercise 1.25: To improve the probability of success of the randomized min-cut algo-
rithm, it can be run multiple times.

(a)

(b)

(©

Consider running the algorithm twice. Determine the number of edge contractions
and bound the probability of finding a min-cut.

Consider the following variation. Starting with a graph with n vertices, first con-
tract the graph down to k vertices using the randomized min-cut algorithm. Make
copies of the graph with k vertices, and now run the randomized algorithm on this
reduced graph £ times, independently. Determine the number of edge contractions
and bound the probability of finding a minimum cut.

Find optimal (or at least near-optimal) values of k and £ for the variation in (b) that
maximize the probability of finding a minimum cut while using the same number
of edge contractions as running the original algorithm twice.

Exercise 1.26: Tic-tac-toe always ends up in a tie if players play optimally. Instead,
we may consider random variations of tic-tac-toe.

(a)

(b)

First variation: Each of the nine squares is labeled either X or O according to an
independent and uniform coin flip. If only one of the players has one (or more)
winning tic-tac-toe combinations, that player wins. Otherwise, the game is a tie.
Determine the probability that X wins. (You may want to use a computer program
to help run through the configurations.)

Second variation: X and O take turns, with the X player going first. On the X
player’s turn, an X is placed on a square chosen independently and uniformly at
random from the squares that are still vacant; O plays similarly. The first player to
have a winning tic-tac-toe combination wins the game, and a tie occurs if neither
player achieves a winning combination. Find the probability that each player wins.
(Again, you may want to write a program to help you.)
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CHAPTER TWO

Discrete Random Variables
and Expectation

In this chapter, we introduce the concepts of discrete random variables and expectation
and then develop basic techniques for analyzing the expected performance of algo-
rithms. We apply these techniques to computing the expected running time of the well-
known Quicksort algorithm. In analyzing two versions of Quicksort, we demonstrate
the distinction between the analysis of randomized algorithms, where the probability
space is defined by the random choices made by the algorithm, and the probabilistic
analysis of deterministic algorithms, where the probability space is defined by some
probability distribution on the inputs.

Along the way we define the Bernoulli, binomial, and geometric random variables,
study the expected size of a simple branching process, and analyze the expectation of
the coupon collector’s problem — a probabilistic paradigm that reappears throughout
the book.

2.1. Random Variables and Expectation

When studying a random event, we are often interested in some value associated with
the random event rather than in the event itself. For example, in tossing two dice we
are often interested in the sum of the two dice rather than the separate value of each
die. The sample space in tossing two dice consists of 36 events of equal probability,
given by the ordered pairs of numbers {(1, 1), (1,2), ..., (6, 5), (6, 6)}. If the quantity
we are interested in is the sum of the two dice, then we are interested in 11 events (of
unequal probability): the 11 possible outcomes of the sum. Any such function from the
sample space to the real numbers is called a random variable.

Definition 2.1: A random variable X on a sample space 2 is a real-valued (mea-
surable) function on ; that is, X : 2 — R. A discrete random variable is a random
variable that takes on only a finite or countably infinite number of values.

Since random variables are functions, they are usually denoted by a capital letter such
as X or Y, while real numbers are usually denoted by lowercase letters.
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For a discrete random variable X and a real value a, the event “X = a” includes all
the basic events of the sample space in which the random variable X assumes the value
a. Thatis, “X = a” represents the set {s € Q | X(s) = a}. We denote the probability of
that event by

Pr(X =a)= > Pr(s).
seQ: X(s)=a

If X is the random variable representing the sum of the two dice, then the event X = 4
corresponds to the set of basic events {(1, 3), (2, 2), (3, 1)}. Hence
31
36 12

The definition of independence that we developed for events extends to random
variables.

Pr(X =4) =

Definition 2.2: Two random variables X and Y are independent if and only if
Pr(X=x)NY =y)=Pr(X =x)-Pr(Y =y)

for all values x and y. Similarly, random variables X, X>, . .., Xy are mutually inde-
pendent if and only if, for any subset I C [1, k] and any values x;, i € 1,

Pr ( (& = x,-)> = l_[Pr(X,- =x).
iel iel
A basic characteristic of a random variable is its expectation, which is also often called
the mean. The expectation of a random variable is a weighted average of the values
it assumes, where each value is weighted by the probability that the variable assumes
that value.

Definition 2.3: The expectation of a discrete random variable X, denoted by E[X], is
given by

E[X] = Z iPr(X = i),
where the summation is over all values in the range of X. The expectation is finite if
Zi li| Pr(X = i) converges, otherwise, the expectation is unbounded.

For example, the expectation of the random variable X representing the sum of two
dice is
1 2

3 1
X1 36 +36 3+36 + +36

You may try using symmetry to give simpler argument for why E[X] = 7.

As an example of where the expectation of a discrete random variable is unbounded,
consider a random variable X that takes on the value 2/ with probability 1/2/ for i =
1,2, .... The expected value of X is

E[X]:i%f:Zl:oo.



2.1 RANDOM VARIABLES AND EXPECTATION

Here we use the somewhat informal notation E[X] = oo to express that E[X] is
unbounded.

2.1.1. Linearity of Expectations

A key property of expectation that significantly simplifies its computation is the linear-
ity of expectations. By this property, the expectation of the sum of random variables is
equal to the sum of their expectations. Formally, we have the following theorem.

Theorem 2.1 [Linearity of Expectations]: For any finite collection of discrete ran-
dom variables X1, X, . .., X,, with finite expectations,

E[Zx] — XH:E[X[].
i=1 i=1

Proof: We prove the statement for two random variables X and Y; the general case
follows by induction. The summations that follow are understood to be over the ranges
of the corresponding random variables:

EX+Y]=) ) (i+)P((X =N = j))

! J

- ZZiPr((X =Ny =j>>+ZZjPr(<X =)NEY =)
- Zi]ZPr((X =N = j>>+ZjJZPr<<X =N =)
= ZiP;(X =i+ jPr(Y =) j

=Ei[X]—|—E[Y]. j

The first equality follows from Definition 1.2. In the penultimate equation we have used
Theorem 1.6, the Law of Total Probability. |

‘We now use this property to compute the expected sum of two standard dice. Let X =
X1 + X,, where X; represents the outcome of die i for i = 1, 2. Then

I 7
E Xi = — | = -.
Xi=52 0=
j=1
Applying the linearity of expectations, we have
EX]=E[X]+E[X,] =T7.

It is worth emphasizing that linearity of expectations holds for any collection of
random variables, even if they are not independent! For example, consider again the
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DISCRETE RANDOM VARIABLES AND EXPECTATION

previous example and let the random variable Y = X; + X?. We have
E[Y] = E[X, + X7]| = E[X|] + E[X}].

even though X, and X} are clearly dependent. As an exercise, you may verify this
identity by considering the six possible outcomes for X;.

Linearity of expectations also holds for countably infinite summations in certain
cases. Specifically, it can be shown that

E|: ix,} - i E[X;]
i=1 i=1

whenever Y -, E[|X;|] converges. The issue of dealing with the linearity of expecta-
tions with countably infinite summations is further considered in Exercise 2.29.

This chapter contains several examples in which the linearity of expectations signif-
icantly simplifies the computation of expectations. One result related to the linearity of
expectations is the following simple lemma.

Lemma 2.2: For any constant ¢ and discrete random variable X,
E[cX] = cE[X].

Proof: The lemma is obvious for ¢ = 0. For ¢ # 0,

E[cX] = Z jPr(cX = j)
j
=c) (j/e)Pr(X = j/c)
J

= cZkPr(X =k)
k

= cE[X]. u

2.1.2. Jensen’s Inequality

Suppose that we choose the length X of a side of a square uniformly at random from
the range [1, 99]. What is the expected value of the area? We can write this as E[X?].
It is tempting to think of this as being equal to E[X]?, but a simple calculation shows
that this is not correct. In fact, E[X]> = 2500 whereas E[X?] = 9950/3 > 2500.

More generally, we can prove that E[X?] > (E[X])>. Consider ¥ = (X — E[X])?.
The random variable Y is nonnegative and hence its expectation must also be non-
negative. Therefore,

0 < E[Y] = E[(X — E[X])*]
= E[X? — 2XE[X] + (E[X])]
= E[X’] — 2E[XE[X]] + (E[X])*
= E[X°] — (E[X])".
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To obtain the penultimate line, we used the linearity of expectations. To obtain the last
line we used Lemma 2.2 to simplify E[XE[X]] = E[X] - E[X].

The fact that E[X?] > (E[X])? is an example of a more general theorem known as
Jensen’s inequality. Jensen’s inequality shows that, for any convex function f, we have

E[f(X)] = f(E[X]).

Definition 2.4: A function f : R — R is said to be convex if, for any x|, x, and 0 <
A<,

JOxr + (1 = M)x2) < Af(x1) + (1 = ) f(x2).

Visually, a convex function f has the property that, if you connect two points on the
graph of the function by a straight line, this line lies on or above the graph of the
function. The following fact, which we state without proof, is often a useful alternative
to Definition 2.4.

Lemma 2.3: [If f is a twice differentiable function, then f is convex if and only if
f"(x)=0.

Theorem 2.4 [Jensen’s Inequality]: Iffis a convex function, then
E[f(X0)] = f(E[X]).

Proof: We prove the theorem assuming that f has a Taylor expansion. Let u = E[X].
By Taylor’s theorem there is a value ¢ such that

fre)e = py?

f) =)+ f'(w)x—p)+ 5

> f(u) + /() x — p),

since f”(c) > 0 by convexity. Taking expectations of both sides and applying linearity
of expectations and Lemma 2.2 yields the result:

ELF(O] = ELf () + f ()X — )]
= ELf(w)] + f'(w)(EX] - )
= f(u) = f(E[X]). =

An alternative proof of Jensen’s inequality, which holds for any random variable X that

takes on only finitely many values, is presented in Exercise 2.10.

2.2. The Bernoulli and Binomial Random Variables

Suppose that we run an experiment that succeeds with probability p and fails with
probability 1 — p.
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DISCRETE RANDOM VARIABLES AND EXPECTATION

Let Y be a random variable such that

1 if the experiment succeeds,
Y = .
0 otherwise.

The variable Y is called a Bernoulli or an indicator random variable. Note that, for a
Bernoulli random variable,

EY]=p-14+4(1=p)-0=p=Pr(Y =1).

For example, if we flip a fair coin and consider the outcome “heads” a success, then
the expected value of the corresponding indicator random variable is 1/2.

Consider now a sequence of n independent coin flips. What is the distribution of the
number of heads in the entire sequence? More generally, consider a sequence of n inde-
pendent experiments, each of which succeeds with probability p. If we let X represent
the number of successes in the n experiments, then X has a binomial distribution.

Definition 2.5: A binomial random variable X with parameters n and p, denoted by
B(n, p), is defined by the following probability distributionon j =0,1,2,...,n:

n . .
Pr(X = j) = <]) P —pr.

That is, the binomial random variable X equals j when there are exactly j successes and
n — j failures in n independent experiments, each of which is successful with proba-
bility p.

As an exercise, you should show that Definition 2.5 ensures that Zﬁzo Pr(X =j)=
1. This is necessary for the binomial random variable to have a valid probability func-
tion, according to Definition 1.2.

The binomial random variable arises in many contexts, especially in sampling. As a
practical example, suppose that we want to gather data about the packets going through
a router by postprocessing them. We might want to know the approximate fraction of
packets from a certain source or of a certain data type. We do not have the memory
available to store all of the packets, so we choose to store a random subset — or sample
— of the packets for later analysis. If each packet is stored with probability p and if n
packets go through the router each day, then the number of sampled packets each day
is a binomial random variable X with parameters n and p. If we want to know how
much memory is necessary for such a sample, a natural starting point is to determine
the expectation of the random variable X.

Sampling in this manner arises in other contexts as well. For example, by sampling
the program counter while a program runs, one can determine what parts of a program
are taking the most time. This knowledge can be used to aid dynamic program opti-
mization techniques such as binary rewriting, where the executable binary form of a
program is modified while the program executes. Since rewriting the executable as the
program runs is expensive, sampling helps the optimizer to determine when it will be
worthwhile.
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What is the expectation of a binomial random variable X ? We can compute it directly
from the definition as

n

EX]=)j (J)p(l Py

Jj=0

ZJ P =pr

zz—. L ——
L= Dl )

; (n— D} -1 (=)= (j—1)
HPZ G=D'(n=1) -G — 1))!” d=p)

”_1) ko1 o N(n—1)—k
pzk,(( TP a-p

— (n—1 o
=an( . )pka—p)(" Dk
k=0
= np,

where the last equation uses the binomial identity

(x—|—y)”=2n:<k> dyrk,

k=0

The linearity of expectations allows for a significantly simpler argument. If X is a
binomial random variable with parameters n and p, then X is the number of successes
in n trials, where each trial is successful with probability p. Define a set of n indicator
random variables X1, . .., X,,, where X; = 1 if the ith trial is successful and O otherwise.
Clearly, E[X;] = pand X = ), X; and so, by the linearity of expectations,

E[X] = E[ Zx} - Z E[X;] = np.
i=1

i=1

The linearity of expectations makes this approach of representing a random variable
by a sum of simpler random variables, such as indicator random variables, extremely
useful.

2.3. Conditional Expectation

Just as we have defined conditional probability, it is useful to define the conditional
expectation of a random variable. The following definition is quite natural.
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Definition 2.6: E[Y |Z=2 = ZyPr(Y =y|Z=2),
S

where the summation is over all y in the range of Y.

The definition states that the conditional expectation of a random variable is, like the
expectation, a weighted sum of the values it assumes. The difference is that now each
value is weighted by the conditional probability that the variable assumes that value.
One can similarly define the conditional expectation of a random variable Y conditioned
on an event £ as

E[Y | £] = ZyPr(Y =y]|&).
y

For example, suppose that we independently roll two standard six-sided dice. Let X
be the number that shows on the first die, X, the number on the second die, and X the
sum of the numbers on the two dice. Then

8
1 11
E[X | X :2]:;xPr(X:x|X1 zz)zZ_;x-g:?
As another example, consider E[X; | X = 5]:
4
E[X; | X =53] =ZxPr(X1 =x|X=5)
x=1
4 4
Pr(X; =xNX =5) 1/36 5
Y _y o2
p— Pr(X =5) = 4/36 2

The following natural identity follows from Definition 2.6.

Lemma 2.5: For any random variables X and Y,

E[X] = ZPr(Y =yE[X | Y =],

y

where the sum is over all values in the range of Y and all of the expectations exist.

Proof: Y "Pr(Y =y)E[X |¥ =y] =) Pr(Y =y) ) xPr(X =x|Y =y)
y x

y

= ZZxPr(X =x|Y=y)Pr(Y =y)
X y
= ZZxPr(X:xﬂY =)
P y
=) xPr(X = x) = E[X]. =

The linearity of expectations also extends to conditional expectations. This is clarified
in Lemma 2.6, whose proof is left as Exercise 2.11.

30



2.3 CONDITIONAL EXPECTATION

Lemma 2.6: For any finite collection of discrete random variables X, Xa, . .., X, with
finite expectations and for any random variable Y,

n n
E[in Y =y} =Y EX;|Y =)l
i=1 i=1
Perhaps somewhat confusingly, the conditional expectation is also used to refer to the
following random variable.

Definition 2.7: The expression E[Y | Z] is a random variable f(Z) that takes on the
value E[Y | Z =zl when Z = z.

We emphasize that E[Y | Z] is not a real value; it is actually a function of the random
variable Z. Hence E[Y | Z] is itself a function from the sample space to the real numbers
and can therefore be thought of as a random variable.

In the previous example of rolling two dice,

X,+6

1 7
E[X | Xi] =ZxPr(X=x|X])= Z xoo =Xt
X x=X;+1

We see that E[X | X;] is a random variable whose value depends on Xj.
If E[Y | Z] is a random variable, then it makes sense to consider its expectation
E[E[Y | Z]]. In our example, we found that E[X | X;] = X; 4+ 7/2. Thus
7 7 7
E[E[X | Xi]] = E|:X1 + 5} =5 + 7= 7 = E[X].

More generally, we have the following theorem.
Theorem 2.7:
E[Y] = E[E[Y | Z]].

Proof: From Definition 2.7 we have E[Y | Z] = f(Z), where f(Z) takes on the value
E[Y | Z = z] when Z = z. Hence

E[E[Y | Z]] = ZE[Y | Z = z]Pr(Z = 7).

e

The right-hand side equals E[Y] by Lemma 2.5. |

We now demonstrate an interesting application of conditional expectations. Consider
a program that includes one call to a process S. Assume that each call to process S
recursively spawns new copies of the process S, where the number of new copies is
a binomial random variable with parameters n and p. We assume that these random
variables are independent for each call to S. What is the expected number of copies of
the process S generated by the program?

To analyze this recursive spawning process, we introduce the idea of generations.
The initial process S is in generation 0. Otherwise, we say that a process S is in gen-
eration i if it was spawned by another process S in generation i — 1. Let ¥; denote
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the number of S processes in generation i. Since we know that ¥y = 1, the number of
processes in generation 1 has a binomial distribution. Thus,

E[Y;] = np.

Similarly, suppose we knew that the number of processes in generation i — 1 was
Yi—1,80Y;i_1 = y;_1. Let Z; be the number of copies spawned by the kth process spawned
in the (i — 1)th generation for 1 < k < y;_;. Each Z; is a binomial random variable with
parameters n and p. Then

Yi-1
E[Y; | Yy =yi]= E[sz | Yy = yi_l]
k=1

Yi-1
= ZjPr(ZZk =j| Yo =)’i—1>
k=1

j=0

=ZjPr(:i=ljzk=j)

j=0
Yi-1
= E|: Z Zk:|
k=1
Yi-1
= _EIZ]
k=1

= Yi—1np.

In the third line we have used that the Z; are all independent binomial random variables;
in particular, the value of each Z; is independent of Y;_;, allowing us to remove the
conditioning. In the fifth line, we have applied the linearity of expectations.

Applying Theorem 2.7, we can compute the expected size of the ith generation
inductively. We have

E[Y;] = E[E[Y; | Y,_1]] = E[Y,_1np] = npE[Y,_1].
By induction on i, and using the fact that ¥y = 1, we then obtain
E[Y] = (np)'.

The expected total number of copies of process S generated by the program is
given by

E[Zn] =) ElNl=) ().

i>0 i>0 i>0

If np > 1 then the expectation is unbounded; if np < 1, the expectation is 1/(1 — np).
Thus, the expected number of processes generated by the program is bounded if and
only if the expected number of processes spawned by each process is less than 1.

The process analyzed here is a simple example of a branching process, a probabilis-
tic paradigm extensively studied in probability theory.
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2.4. The Geometric Distribution

Suppose that we flip a coin until it lands on heads. What is the distribution of the number
of flips? This is an example of a geometric distribution, which arises in the following
situation: we perform a sequence of independent trials until the first success, where
each trial succeeds with probability p.

Definition 2.8: A geometric random variable X with parameter p is given by the fol-
lowing probability distributiononn = 1,2, ...,:

Pr(X =n) = (1 - p)"'p.

That is, for the geometric random variable X to equal n, there must be n — 1 failures,
followed by a success.
As an exercise, you should show that the geometric random variable satisfies

ZPr(X:n): 1.

n>1

Again, this is necessary for the geometric random variable to have a valid probability
function, according to Definition 1.2.

In the context of our example from Section 2.2 of sampling packets on a router, if
packets are sampled with probability p, then the number of packets transmitted after the
last sampled packet until and including the next sampled packet is given by a geometric
random variable with parameter p.

Geometric random variables are said to be memoryless because the probability that
you will reach your first success #n trials from now is independent of the number of
failures you have experienced. Informally, one can ignore past failures because they do
not change the distribution of the number of future trials until first success. Formally,
we have the following statement.

Lemma 2.8: For a geometric random variable X with parameter p and for n > 0,
PriX =n+4+k| X > k)=Pr(X = n).

PIX =+ k| X = ) = & :lfr&ki:)(x > k)

_ PiX =n+k)
 Pr(X > k)
_ (A —pmip
XS =p)p
e — pyrth=ip
~ (1-pk
=(-p'p
= Pr(X = n).

Proof:

The fourth equality uses the fact that, for 0 < x < 1, Y oo, x' = /(1 = x). |
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We now turn to computing the expectation of a geometric random variable. When a
random variable takes values in the set of natural numbers N = {0, 1, 2, 3, ...}, there
is an alternative formula for calculating its expectation.

Lemma 2.9: Let X be a discrete random variable that takes on only nonnegative inte-
ger values. Then

E[X] = ZPr(X > ).
i=1

oo

Proof: Y PXzi=) ) Pr(X=))
L —

i=1 j=i

The interchange of (possibly) infinite summations is justified, since the terms being
summed are all nonnegative. |

For a geometric random variable X with parameter p,

PriX = i)=Y (1—p)"'p=(-py "

n=i

Hence

E[X]=) Pr(X > i)
i=1

=> 1-p
i=1
1

I=(1=p)
1

4

Thus, for a fair coin where p = 1/2, on average it takes two flips to see the first
heads.

There is another approach to finding the expectation of a geometric random variable
X with parameter p — one that uses conditional expectations and the memoryless prop-
erty of geometric random variables. Recall that X corresponds to the number of flips
until the first heads given that each flip is heads with probability p. Let Y = 0 if the first
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flip is tails and Y = 1 if the first flip is heads. By the identity from Lemma 2.5,

EX]=Pr(Y =0)E[X |Y =0]+PrY = 1DE[X | Y = 1]
={1—-pEX|Y=0]4+pE[X |Y =1].

fY=1thenX =1,s0E[X |Y =1]=1.If Y =0, then X > 1. In this case, let
the number of remaining flips (after the first flip until the first heads) be Z. Then, by the
linearity of expectations,

EX]=(—-pEZ+11+p-1=(1—pE[Z] +1.

By the memoryless property of geometric random variables, Z is also a geometric ran-
dom variable with parameter p. Hence E[Z] = E[X], since they both have the same
distribution. We therefore have

EX]=(0-pE[Z]+1 =1 - pE[X]+1,

which yields E[X] = 1/p.

This method of using conditional expectations to compute an expectation is often
useful, especially in conjunction with the memoryless property of a geometric random
variable.

2.4.1. Example: Coupon Collector’s Problem

The coupon collector’s problem arises from the following scenario. Suppose that each
box of cereal contains one of n different coupons. Once you obtain one of every type
of coupon, you can send in for a prize. Assuming that the coupon in each box is chosen
independently and uniformly at random from the n possibilities and that you do not
collaborate with others to collect coupons, how many boxes of cereal must you buy
before you obtain at least one of every type of coupon? This simple problem arises in
many different scenarios and will reappear in several places in the book.

Let X be the number of boxes bought until at least one of every type of coupon is
obtained. We now determine E[X]. If X; is the number of boxes bought while you had
exactly i — 1 different coupons, then clearly X = > " X;.

The advantage of breaking the random variable X into a sum of n random variables
X, i=1,...,n,is that each X; is a geometric random variable. When exactly i — 1
coupons have been found, the probability of obtaining a new coupon is

i—1

pi=1-—

Hence, X; is a geometric random variable with parameter p;, and

E[X]—l— n
Y p n—i+ 1
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Using the linearity of expectations, we have that

E[X] =E|:ZXj|
i=1
= ZE[Xi]
Z n—i+1

=1
1
Z 7

The summation ) ,_, 1/i is known as the harmonic number H(n), and as we show
next, H(n) = Inn + ©(1). Thus, for the coupon collector’s problem, the expected num-
ber of random coupons required to obtain all #n coupons is nlnn + O(n).

Lemma 2.10: The harmonic number H(n) = Y_;_, 1/i satisfies H(n) = Inn + ©(1).

Proof: Since 1/x is monotonically decreasing, we can write

and

This is clarified in Figure 2.1, where the area below the curve f(x) = 1/x corre-
sponds to the integral and the areas of the shaded regions correspond to the summations

S 1/kand Y, 1/k.

Hence Inn < H(n) < Inn + 1, proving the claim. ]

As a simple application of the coupon collector’s problem, suppose that packets are
sent in a stream from a source host to a destination host along a fixed path of routers.
The host at the destination would like to know which routers the stream of packets has
passed through, in case it finds later that some router damaged packets that it processed.
If there is enough room in the packet header, each router can append its identification
number to the header, giving the path. Unfortunately, there may not be that much room
available in the packet header.

Suppose instead that each packet header has space for exactly one router identi-
fication number, and this space is used to store the identification of a router chosen
uniformly at random from all of the routers on the path. This can actually be accom-
plished easily; we consider how in Exercise 2.18. Then, from the point of view of the
destination host, determining all the routers on the path is like a coupon collector’s
problem. If there are n routers along the path, then the expected number of packets in
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Fo=t

X

.

flo)=
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— 1
f(x)—m 1

12 172
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1/3

1/(n-1)
1/in
1/(n+1)

1/(n-1)
1/n
1/(n+1)

1 2 3 - on-l n n+l
(a) Approximating 1/x from above. (b) Approximating 1/x from below.

Figure 2.1: Approximating the area above and below f(x) = 1/x.

the stream that must arrive before the destination host knows all of the routers on the
pathis nH(n) = nlnn + O(n).

2.5. Application: The Expected Run-Time of Quicksort

Quicksort is a simple — and, in practice, very efficient — sorting algorithm. The input is
a list of n numbers x;, x», ..., x,. For convenience, we will assume that the numbers
are distinct. A call to the Quicksort function begins by choosing a pivor element from
the set. Let us assume the pivot is x. The algorithm proceeds by comparing every other
element to x, dividing the list of elements into two sublists: those that are less than x
and those that are greater than x. Notice that if the comparisons are performed in the
natural order, from left to right, then the order of the elements in each sublist is the
same as in the initial list. Quicksort then recursively sorts these sublists.

In the worst case, Quicksort requires Q(n?) comparison operations. For example,
suppose our input has the form x; =n, x, =n—1, ..., x,-; = 2, x, = 1. Suppose
also that we adopt the rule that the pivot should be the first element of the list. The
first pivot chosen is then n, so Quicksort performs n — 1 comparisons. The division
has yielded one sublist of size O (which requires no additional work) and another of

size n — 1, with the order n — 1,n — 2, ..., 2, 1. The next pivot chosen is n — 1, so
Quicksort performs n — 2 comparisons and is left with one group of size n — 2 in the
ordern —2,n — 3, ..., 2, 1. Continuing in this fashion, Quicksort performs

(n—1)+(n—2)+---—|—2+1=@comparisons.

This is not the only bad case that leads to Q(n?) comparisons; similarly poor perfor-
mance occurs if the pivot element is chosen from among the smallest few or the largest
few elements each time.
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Quicksort Algorithm:

Input: A list S = {xi, ..., x,,} of n distinct elements over a totally ordered universe.

Output: The elements of S in sorted order.

1. If S has one or zero elements, return S. Otherwise continue.

2. Choose an element of S as a pivot; call it s.

3. Compare every other element of S to x in order to divide the other elements into
two sublists:
(a) S; has all the elements of S that are less than x;
(b) S, has all those that are greater than x.

4. Use Quicksort to sort S; and S.

5. Return the list Sy, x, S>.

Algorithm 2.1: Quicksort.

We clearly made a bad choice of pivots for the given input. A reasonable choice of
pivots would require many fewer comparisons. For example, if our pivot always splits
the list into two sublists of size at most [r/2], then the number of comparisons C(n)
would obey the following recurrence relation:

C(n) = 2C([n/2]) 4 O ().

The solution to this equation yields C(n) = O(nlog n), which is the best possible result
for comparison-based sorting. In fact, any sequence of pivot elements that always split
the input list into two sublists each of size at least cn for some constant ¢ would yield
an O(nlog n) running time.

This discussion provides some intuition for how we would like pivots to be chosen.
In each iteration of the algorithm there is a good set of pivot elements that split the
input list into two almost equal sublists; it suffices if the sizes of the two sublists are
within a constant factor of each other. There is also a bad set of pivot elements that do
not split up the list significantly. If good pivots are chosen sufficiently often, Quicksort
will terminate quickly. How can we guarantee that the algorithm chooses good pivot
elements sufficiently often? We can resolve this problem in one of two ways.

First, we can change the algorithm to choose the pivots randomly. This makes Quick-
sort a randomized algorithm; the randomization makes it extremely unlikely that we
repeatedly choose the wrong pivots. We demonstrate shortly that the expected number
of comparisons made by a simple randomized Quicksort is 2n Inn 4+ O(n), matching
(up to constant factors) the €2(nlogn) bound for comparison-based sorting. Here, the
expectation is over the random choice of pivots.

A second possibility is that we can keep our deterministic algorithm, using the first
list element as a pivot, but consider a probabilistic model of the inputs. A permutation
of a set of n distinct items is just one of the n! orderings of these items. Instead of
looking for the worst possible input, we assume that the input items are given to us in
a random order. This may be a reasonable assumption for some applications; alterna-
tively, this could be accomplished by ordering the input list according to a randomly
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chosen permutation before running the deterministic Quicksort algorithm. In this case,
we have a deterministic algorithm but a probabilistic analysis based on a model of the
inputs. We again show in this setting that the expected number of comparisons made
is 2nlnn + O(n). Here, the expectation is over the random choice of inputs.

The same techniques are generally used both in analyses of randomized algorithms
and in probabilistic analyses of deterministic algorithms. Indeed, in this application the
analysis of the randomized Quicksort and the probabilistic analysis of the deterministic
Quicksort under random inputs are essentially the same.

Let us first analyze Random Quicksort, the randomized algorithm version of
Quicksort.

Theorem 2.11: Suppose that, whenever a pivot is chosen for Random Quicksort, it
is chosen independently and uniformly at random from all possibilities. Then, for any
input, the expected number of comparisons made by Random Quicksort is 2nlnn +

Oo(n).

Proof: Letyy,y,, ..., y, bethe same values as the input values xi, x», . . ., x, but sorted
in increasing order. For i < j, let X;; be a random variable that takes on the value 1 if
yi and y; are compared at any time over the course of the algorithm, and 0 otherwise.
Then the total number of comparisons X satisfies

n—1 n
X = E E Xijs
i=1 j=it+l

and

i=1 j=i+
n—1 n

=) > EXj
i=1 j=i+1

by the linearity of expectations.

Since X;; is an indicator random variable that takes on only the values 0 and 1,
E[X;;] is equal to the probability that X;; is 1. Hence all we need to do is compute the
probability that two elements y; and y; are compared. Now, y; and y; are compared if
and only if either y; or y; is the first pivot selected by Random Quicksort from the set
Y9 = {yi, yit1,---»¥j—1,y;}. This is because if y; (or y;) is the first pivot selected from
this set, then y; and y; must still be in the same sublist, and hence they will be compared.
Similarly, if neither is the first pivot from this set, then y; and y; will be separated into
distinct sublists and so will not be compared.

Since our pivots are chosen independently and uniformly at random from each sub-
list, it follows that, the first time a pivot is chosen from Y% it is equally likely to be
any element from this set. Thus the probability that y; or y; is the first pivot selected
from Y/, which is the probability that X;; = 1, is 2/(j — i 4+ 1). Using the substitution
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k = j — i+ 1 then yields

n—1 n 2
E[X] = —
;j§1 Jj—itl
n—1 n—i+1 2
D33
i=1 k=2
n n+l-—k o)
DI
k=2 i=1

=Z(n+l—k)%

k=2

— ((n+1)2%> —2(n—1)
k=2

"1
:(2n+2)Z%—4n.
k=1

Notice that we used a rearrangement of the double summation to obtain a clean form
for the expectation.

Recalling that the summation H(n) = ZZ:] 1/k satisfies H(n) = Inn + ©(1), we
have E[X] = 2nlnn + ©(n). |

Next we consider the deterministic version of Quicksort, on random input. We assume
that the order of the elements in each recursively constructed sublist is the same as in
the initial list.

Theorem 2.12: Suppose that, whenever a pivot is chosen for Quicksort, the first ele-
ment of the sublist is chosen. If the input is chosen uniformly at random from all pos-
sible permutations of the values, then the expected number of comparisons made by
Deterministic Quicksort is 2nlnn + O(n).

Proof: The proof is essentially the same as for Random Quicksort. Again, y; and y;
are compared if and only if either y; or y; is the first pivot selected by Quicksort from
the set Y¥/. Since the order of elements in each sublist is the same as in the original list,
the first pivot selected from the set Y/ is just the first element from Y/ in the input list,
and since all possible permutations of the input values are equally likely, every element
in Y/ is equally likely to be first. From this, we can again use linearity of expectations
in the same way as in the analysis of Random Quicksort to obtain the same expression
for E[X]. [ |

2.6. Exercises

Exercise 2.1: Suppose we roll a fair k-sided die with the numbers 1 through k on the
die’s faces. If X is the number that appears, what is E[X]?

40



2.6 EXERCISES

Exercise 2.2: A monkey types on a 26-letter keyboard that has lowercase letters only.
Each letter is chosen independently and uniformly at random from the alphabet. If the
monkey types 1,000,000 letters, what is the expected number of times the sequence
“proof™ appears?

Exercise 2.3: Give examples of functions f and random variables X where E[ f(X)] <

SELIXD, E[f(X)] = f(E[X]), and E[f(X)] > f(E[X]).
Exercise 2.4: Prove that E[X*] > E[X]* for any even integer k > 1.

Exercise 2.5: If Xis a B(n, 1/2) random variable with n > 1, show that the probability
that X is even is 1/2.

Exercise 2.6: Suppose that we independently roll two standard six-sided dice. Let X;
be the number that shows on the first die, X, the number on the second die, and X the
sum of the numbers on the two dice.

(a) Whatis E[X | X; is even]?

(b) What is E[X | X = Xz]{)

(¢c) Whatis E[X; | X =9]?

(d) Whatis E[X; — X, | X = k] for k in the range [2, 12]?

Exercise 2.7: Let X and Y be independent geometric random variables, where X has
parameter p and Y has parameter q.

(a) What is the probability that X = Y?
(b) What is E[max(X, Y)]?

(c) What is Pr(min(X, Y) = k)?

(d) WhatisE[X | X <Y]?

You may find it helpful to keep in mind the memoryless property of geometric random
variables.

Exercise 2.8: (a) Alice and Bob decide to have children until either they have their first
girl or they have k > 1 children. Assume that each child is a boy or girl independently
with probability 1/2 and that there are no multiple births. What is the expected number
of female children that they have? What is the expected number of male children that
they have?

(b) Suppose Alice and Bob simply decide to keep having children until they have
their first girl. Assuming that this is possible, what is the expected number of boys that
they have?

Exercise 2.9: (a) Suppose that we roll twice a fair k-sided die with the numbers 1
through k on the die’s faces, obtaining values X; and X;. What is E[max(X;, X»)]?
What is E[min(X;, X,)]?
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(b) Show from your calculations in part (a) that
E[max(X;, X»)] + E[min(X;, X»)] = E[X] + E[X>]. (2.1)

(c) Explain why Eqn. (2.1) must be true by using the linearity of expectations instead
of a direct computation.

Exercise 2.10: (a) Show by induction that if f: R — R is convex then, for any
X1, X2, ooy Xgand Ap, Aoy ooy Ay With 30 A =1,

f< > Aixi) <Y hif). 2.2)
i=1 i=1
(b) Use Eqn. (2.2) to prove that if f : R — R is convex then

E[f(X)] = f(E[X])

for any random variable X that takes on only finitely many values.
Exercise 2.11: Prove Lemma 2.6.

Exercise 2.12: We draw cards uniformly at random with replacement from a deck of
n cards. What is the expected number of cards we must draw until we have seen all n
cards in the deck? If we draw 2n cards, what is the expected number of cards in the
deck that are not chosen at all? Chosen exactly once?

Exercise 2.13: (a) Consider the following variation of the coupon collector’s problem.
Each box of cereal contains one of 2n different coupons. The coupons are organized
into n pairs, so that coupons 1 and 2 are a pair, coupons 3 and 4 are a pair, and so on.
Once you obtain one coupon from every pair, you can obtain a prize. Assuming that
the coupon in each box is chosen independently and uniformly at random from the 2n
possibilities, what is the expected number of boxes you must buy before you can claim
the prize?

(b) Generalize the result of the problem in part (a) for the case where there are kn
different coupons, organized into n disjoint sets of k coupons, so that you need one
coupon from every set.

Exercise 2.14: The geometric distribution arises as the distribution of the number of
times we flip a coin until it comes up heads. Consider now the distribution of the number
of flips X until the kth head appears, where each coin flip comes up heads independently
with probability p. Prove that this distribution is given by

Pr(X = n) = (Z - i) P =yt

for n > k. (This is known as the negative binomial distribution.)
Exercise 2.15: For a coin that comes up heads independently with probability p on

each flip, what is the expected number of flips until the kth heads?
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Exercise 2.16: Suppose we flip a coin n times to obtain a sequence of flips X,
X5, ..., X,. A streak of flips is a consecutive subsequence of flips that are all the same.
For example, if X3, X4, and X5 are all heads, there is a streak of length 3 starting at the
third flip. (If X¢ is also heads, then there is also a streak of length 4 starting at the third

flip.)

(a) Letnbeapower of 2. Show that the expected number of streaks of length log, n + 1
is1 —o(1).

(b) Show that, for sufficiently large n, the probability that there is no streak of length
at least [log, n — 21og; log, n] is less than 1/n. (Hint: Break the sequence of flips
up into disjoint blocks of |log, n — 21og, log, n] consecutive flips, and use that the
event that one block is a streak is independent of the event that any other block is
a streak.)

Exercise 2.17: Recall the recursive spawning process described in Section 2.3. Sup-
pose that each call to process S recursively spawns new copies of the process &, where
the number of new copies is 2 with probability p and 0 with probability 1 — p. If ¥;
denotes the number of copies of S in the ith generation, determine E[Y;]. For what
values of p is the expected total number of copies bounded?

Exercise 2.18: The following approach is often called reservoir sampling. Suppose
we have a sequence of items passing by one at a time. We want to maintain a sample
of one item with the property that it is uniformly distributed over all the items that we
have seen at each step. Moreover, we want to accomplish this without knowing the total
number of items in advance or storing all of the items that we see.

Consider the following algorithm, which stores just one item in memory at all times.
When the first item appears, it is stored in the memory. When the kth item appears, it
replaces the item in memory with probability 1/k. Explain why this algorithm solves
the problem.

Exercise 2.19: Suppose that we modify the reservoir sampling algorithm of Exer-
cise 2.18 so that, when the kth item appears, it replaces the item in memory with prob-
ability 1/2. Describe the distribution of the item in memory.

Exercise 2.20: A permutation on the numbers [1, n] can be represented as a function
7 : [1,n] — [1, n], where 7 (i) is the position of i in the ordering given by the permu-
tation. A fixed point of a permutation 7 : [1, n] — [1, n] is a value for which 7 (x) = x.
Find the expected number of fixed points of a permutation chosen uniformly at random
from all permutations.

Exercise 2.21: Let ay, ay, ..., a, be a random permutation of {1, 2, ..., n}, equally
likely to be any of the n! possible permutations. When sorting the list ay, a, . . ., a,,
the element ¢; must move a distance of |a; — i| places from its current position to reach
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its position in the sorted order. Find

E[Z ja; - i|],

i=1

the expected total distance that elements will have to be moved.

Exercise 2.22: Let aj, as, ..., a, be a list of n distinct numbers. We say that a; and
aj are inverted if i < j but a; > a;. The Bubblesort sorting algorithm swaps pairwise
adjacent inverted numbers in the list until there are no more inversions, so the list is
in sorted order. Suppose that the input to Bubblesort is a random permutation, equally
likely to be any of the n! permutations of n distinct numbers. Determine the expected
number of inversions that need to be corrected by Bubblesort.

Exercise 2.23: Linear insertion sort can sort an array of numbers in place. The first
and second numbers are compared; if they are out of order, they are swapped so that
they are in sorted order. The third number is then placed in the appropriate place in the
sorted order. It is first compared with the second; if it is not in the proper order, it is
swapped and compared with the first. Iteratively, the kth number is handled by swap-
ping it downward until the first kK numbers are in sorted order. Determine the expected
number of swaps that need to be made with a linear insertion sort when the input is a
random permutation of n distinct numbers.

Exercise 2.24: We roll a standard fair die over and over. What is the expected number
of rolls until the first pair of consecutive sixes appears? (Hint: The answer is not 36.)

Exercise 2.25: A blood test is being performed on n individuals. Each person can
be tested separately, but this is expensive. Pooling can decrease the cost. The blood
samples of k people can be pooled and analyzed together. If the test is negative, this
one test suffices for the group of k individuals. If the test is positive, then each of the k
persons must be tested separately and thus k + 1 total tests are required for the k people.

Suppose that we create n/k disjoint groups of k people (where k divides n) and use the
pooling method. Assume that each person has a positive result on the test independently
with probability p.

(a) Whatis the probability that the test for a pooled sample of k people will be positive?

(b) What is the expected number of tests necessary?

(c) Describe how to find the best value of k.

(d) Give an inequality that shows for what values of p pooling is better than just testing
every individual.

Exercise 2.26: A permutation 7 : [1, n] — [1, n] can be represented as a set of cycles
as follows. Let there be one vertex for each number i, i = 1, ..., n. If the permutation
maps the number i to the number 7 (i), then a directed arc is drawn from vertex i to
vertex 77 (i). This leads to a graph that is a set of disjoint cycles. Notice that some of
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the cycles could be self-loops. What is the expected number of cycles in a random
permutation of n numbers?

Exercise 2.27: Consider the following distribution on the integers x > 1: Pr(X = x)
= (6/7%)x~2. This is a valid distribution, since ) oo, k% = 7%/6. What is its
expectation?

Exercise 2.28: Consider a simplified version of roulette in which you wager x dollars
on either red or black. The wheel is spun, and you receive your original wager plus
another x dollars if the ball lands on your color; if the ball doesn’t land on your color,
you lose your wager. Each color occurs independently with probability 1/2. (This is a
simplification because real roulette wheels have one or two spaces that are neither red
nor black, so the probability of guessing the correct color is actually less than 1/2.)

The following gambling strategy is a popular one. On the first spin, bet 1 dollar. If
you lose, bet 2 dollars on the next spin. In general, if you have lost on the first £k — 1
spins, bet 2¢~! dollars on the kth spin. Argue that by following this strategy you will
eventually win a dollar. Now let X be the random variable that measures your maximum
loss before winning (i.e., the amount of money you have lost before the play on which
you win). Show that E[X] is unbounded. What does it imply about the practicality of
this strategy?

Exercise 2.29: Prove that, if Xy, X1, ... is a sequence of random variables such that

> ENX;1]
j=0

converges, then the linearity of expectations holds:
oo o0
E|: ij} =Y EIX)].
j=0 j=0

Exercise 2.30: In the roulette problem of Exercise 2.28, we found that with probability
1 you eventually win a dollar. Let X; be the amount you win on the jth bet. (This
might be 0 if you have already won a previous bet.) Determine E[X;] and show that,
by applying the linearity of expectations, you find your expected winnings are 0. Does
the linearity of expectations hold in this case? (Compare with Exercise 2.29.)

Exercise 2.31: A variation on the roulette problem of Exercise 2.28 is the following.
We repeatedly flip a fair coin. You pay j dollars to play the game. If the first head comes
up on the kth flip, you win 2% /k dollars. What are your expected winnings? How much
would you be willing to pay to play the game?

Exercise 2.32: You need a new staff assistant, and you have n people to interview. You
want to hire the best candidate for the position. When you interview a candidate, you
can give them a score, with the highest score being the best and no ties being possible.
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You interview the candidates one by one. Because of your company’s hiring practices,
after you interview the kth candidate, you either offer the candidate the job before the
next interview or you forever lose the chance to hire that candidate. We suppose the
candidates are interviewed in a random order, chosen uniformly at random from all n!
possible orderings.

We consider the following strategy. First, interview m candidates but reject them all;
these candidates give you an idea of how strong the field is. After the mth candidate,
hire the first candidate you interview who is better than all of the previous candidates
you have interviewed.

(a) Let E be the event that we hire the best assistant, and let E; be the event that ith
candidate is the best and we hire him. Determine Pr(E;), and show that
m 1
Pr(E) = — —

(b) Bound )

pE— j+1 to obtain
"M nn—1nm) < PrE) < Zn( — 1) — In(m — 1)).
n n

(c) Show that m(Inn — Inm)/n is maximized when m = n/e, and explain why this
means Pr(E) > 1/e for this choice of m.
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CHAPTER THREE

Moments and Deviations

In this and the next chapter we examine techniques for bounding the tail distribution,
the probability that a random variable assumes values that are far from its expectation.
In the context of analysis of algorithms, these bounds are the major tool for estimating
the failure probability of algorithms and for establishing high probability bounds on
their run-time. In this chapter we study Markov’s and Chebyshev’s inequalities and
demonstrate their application in an analysis of a randomized median algorithm. The
next chapter is devoted to the Chernoff bound and its applications.

3.1. Markov’s Inequality

Markov’s inequality, formulated in the next theorem, is often too weak to yield useful
results, but it is a fundamental tool in developing more sophisticated bounds.

Theorem 3.1 [Markov’s Inequality]: Let X be a random variable that assumes only
nonnegative values. Then, for all a > 0,

E[X]
Pr(X >a) < ——.
a

Proof: Fora > 0, let

I 1 ifX >a,
“ |0 otherwise,

and note that, since X > 0,

X
I<—. (3.1
a
Because 7 is a 0—1 random variable, E[/] = Pr(l = 1) = Pr(X > a).
Taking expectations in (3.1) thus yields
X E[X]
PriX >a)=E[l]|<E|—| = .
a a n
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For example, suppose we use Markov’s inequality to bound the probability of obtaining
more than 3n/4 heads in a sequence of n fair coin flips. Let

1 if the ith coin flip is heads,

X, = .
! 0 otherwise,

and let X = Z:;l X; denote the number of heads in the n coin flips. Since E[X;] =
Pr(X; = 1) = 1/2, it follows that E[X] = )", E[X;] = n/2. Applying Markov’s
inequality, we obtain

EX] n/2 2

Pr(X > 3n/4) < = = —.
3n/4  3n/4 3

3.2. Variance and Moments of a Random Variable

Markov’s inequality gives the best tail bound possible when all we know is the expec-
tation of the random variable and that the variable is nonnegative (see Exercise 3.16). It
can be improved upon if more information about the distribution of the random variable
is available.

Additional information about a random variable is often expressed in terms of its
moments. The expectation is also called the first moment of a random variable. More
generally, we define the moments of a random variable as follows.

Definition 3.1: The kth moment of a random variable X is E[X*].

A significantly stronger tail bound is obtained when the second moment (E[X?]) is also
available. Given the first and second moments, one can compute the variance and stan-
dard deviation of the random variable. Intuitively, the variance and standard deviation
offer a measure of how far the random variable is likely to be from its expectation.

Definition 3.2: The variance of a random variable X is defined as
Var[X] = E[(X — E[X])’] = E[X*] — (E[X])".

The standard deviation of a random variable X is

o[X] = +/Var[X].

The two forms of the variance in the definition are equivalent, as is easily seen by using
the linearity of expectations. Keeping in mind that E[X] is a constant, we have
E[(X — E[X])’] = E[X* — 2XE[X] + E[X]’]
= E[X?] - 2E[XE[X]] + E[X]?
= E[X?] - 2E[X]E[X] + E[X]?
= E[X°] - (E[X])".
If a random variable X is constant — so that it always assumes the same value — then

its variance and standard deviation are both zero. More generally, if a random vari-
able X takes on the value kE[X] with probability 1/k and the value O with probability
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1 — 1/k, then its variance is (k — 1)(E[X])? and its standard deviation is v/k — IE[X].
These cases help demonstrate the intuition that the variance (and standard deviation)
of a random variable are small when the random variable assumes values close to its
expectation and are large when it assumes values far from its expectation.

We have previously seen that the expectation of the sum of two random variables is
equal to the sum of their individual expectations. It is natural to ask whether the same
is true for the variance. We find that the variance of the sum of two random variable
has an extra term, called the covariance.

Definition 3.3: The covariance of two random variables X and Y is
Cov(X,Y) =E[(X — E[XD( —E[YD].
Theorem 3.2: For any two random variables X and Y,
Var[X + Y] = Var[X] + Var[Y] + 2 Cov(X, Y).
Proof:
Var[X +Y] = E[(X +Y —E[X +Y])’]
=E[(X +Y — E[X] — E[Y])’]
=E[(X — E[X])* + (¥ — E[Y])’ + 2(X — E[X])(Y — E[Y])]
= E[(X — E[X])’] + E[(Y — E[Y])’] + 2E[(X — E[X])(Y — E[Y])]
= Var[X] + Var[Y] + 2 Cov(X, Y). [ |

The extension of this theorem to a sum of any finite number of random variables is
proven in Exercise 3.14.

The variance of the sum of two (or any finite number of) random variables does equal
the sum of the variances when the random variables are independent. Equivalently, if X
and Y are independent random variables, then their covariance is equal to zero. To prove
this result, we first need a result about the expectation of the product of independent
random variables.

Theorem 3.3: If X and Y are two independent random variables, then
E[X - Y] = E[X] - E[Y].

Proof: In the summations that follow, let i take on all values in the range of X, and let
Jj take on all values in the range of Y-

EIX Y=} > (i) P(X=0DN( =)

J

=D D i) Pr(X =i)-Pr(Y = )
i
= (Zi-Pr(X:i))(Zj-Pr(Y:j))
i J
= E[X]-E[Y],

where the independence of X and Y is used in the second line. |
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Unlike the linearity of expectations, which holds for the sum of random variables
whether they are independent or not, the result that the expectation of the product of
two (or more) random variables is equal to the product of their expectations does not
necessarily hold if the random variables are dependent. To see this, let Y and Z each
correspond to fair coin flips, with ¥ and Z taking on the value O if the flip is heads
and 1 if the flip is tails. Then E[Y] = E[Z] = 1/2. If the two flips are independent,
then Y - Z is 1 with probability 1/4 and 0 otherwise, so indeed E[Y - Z] = E[Y] - E[Z].
Suppose instead that the coin flips are dependent in the following way: the coins are
tied together, so Y and Z either both come up heads or both come up tails together. Each
coin considered individually is still a fair coin flip, but now Y - Z is 1 with probability
1/2 and so E[Y - Z] # E[Y] - E[Z].

Corollary 3.4: If X and Y are independent random variables, then
Cov(X,Y)=0
and
Var[X + Y] = Var[X] + Var[Y].
Proof:

Cov(X,Y) = E[(X — E[X])(Y — E[Y])]
= E[X — E[X]] - E[Y — E[Y]]
=0.

In the second equation we have used the fact that, since X and Y are independent, so
are X — E[X] and Y — E[Y] and hence Theorem 3.3 applies. For the last equation we
use the fact that, for any random variable Z,

E[(Z — E[Z])] = E[Z] — E[E[Z]] = 0.
Since Cov(X,Y) = 0, we have Var[X + Y] = Var[X] + Var[Y]. [ |
By induction we can extend the result of Corollary 3.4 to show that the variance of
the sum of any finite number of independent random variables equals the sum of their

variances.

Theorem 3.5: Let X;, X5, ..., X, be mutually independent random variables. Then
n n
Var|: Z Xij| = Z Var[X;].
i=1 i=1
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3.2.1. Example: Variance of a Binomial Random Variable

The variance of a binomial random variable X with parameters n and p can be deter-
mined directly by computing E[X?]:

EX*1=>" <’;) pPa—prp?

j—O

—Z(n_ Tk =)' P =D+D

— - nt (j? n/ n—j
Z(n_])v]v +Z )|]! —p)

_ 2 . .
=n(n—1)p’ Z = _(';)| (]) 2)']),—2(] -p)

(n—1D! j—1 n—j
1— J
+pz(n G = )p( p)
=n(n— 1)p* + np.

Here we have simplified the summations by using the binomial theorem. We conclude
that

Var[X] = E[X’] — (E[X])’
=nn — 1)p2 + np — an2
=np—np’
=np(l — p).

An alternative derivation makes use of independence. Recall from Section 2.2 that a
binomial random variable X can be represented as the sum of n independent Bernoulli
trials, each with success probability p. Such a Bernoulli trial Y has variance

E[(Y —E[YD*1 = p(1 = p)* + (1 — p)(—=p)* = p— p* = p(1 — p).

By Theorem 3.5, the variance of X is then np(1 — p).

3.3. Chebyshev’s Inequality

Using the expectation and the variance of the random variable, one can derive a signif-
icantly stronger tail bound known as Chebyshev’s inequality.

Theorem 3.6 [Chebyshev’s Inequality]: For any a > 0,

Var[X]

Pr(X — E[X]| = a) < —
a

51



MOMENTS AND DEVIATIONS

Proof: We first observe that

Pr(|X — E[X]| = a) = Pr((X — EIX])’ = &*).
Since (X — E[X])? is a nonnegative random variable, we can apply Markov’s inequality
to prove:

_ El&X - E[X])’] _ Var[X]

Pr((X — E[X])’ = @) p P u

The following useful variants of Chebyshev’s inequality bound the deviation of the ran-
dom variable from its expectation in terms of a constant factor of its standard deviation
or expectation.

Corollary 3.7: Foranyt > 1,

Pr(|IX — E[X]| >t -0[X]) < tlz and

Var[X]
Pr(IX — EIX]| = 1 - EIX]) < 5epns

Let us again consider our coin-flipping example, and this time use Chebyshev’s inequal-
ity to bound the probability of obtaining more than 3n/4 heads in a sequence of n
fair coin flips. Recall that X; = 1 if the ith coin flip is heads and O otherwise, and
that X = )", X; denotes the number of heads in the n coin flips. To use Cheby-
shev’s inequality we need to compute the variance of X. Observe first that, since X; is a
0-1 random variable,

9 1
E[(X;)"] = E[Xi]] = oA

Thus,

e w11

Now, since X = Y ', X; and the X; are independent, we can use Theorem 3.5 to
compute

Var[X] = Var|: Zx,} =Y Var(x] = g.
i=1 i=1

Applying Chebyshev’s inequality then yields

Pr(X > 3n/4) < Pr(|X — E[X]| > n/4)
Var[X]
< — — -
= (n/4y?
_ n/4
— (n/4y
4

n
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In fact, we can do slightly better. Chebyshev’s inequality yields that 4/n is actu-
ally a bound on the probability that X is either smaller than n/4 or larger than 3n/4,
so by symmetry the probability that X is greater than 3n/4 is actually 2/n. Cheby-
shev’s inequality gives a significantly better bound than Markov’s inequality for large
n.

3.3.1. Example: Coupon Collector’s Problem

We apply Markov’s and Chebyshev’s inequalities to the coupon collector’s prob-
lem. Recall that the time X to collect n coupons has expectation nH,, where H, =
Y, 1/n=1nn+ O(1). Hence Markov’s inequality yields

1
Pr(X > 2nH,) < 5.

To use Chebyshev’s inequality, we need to find the variance of X. Recall again from
Section 2.4.1 that X = )"}, X;, where the X; are geometric random variables with
parameter (n — i + 1)/n. In this case, the X; are independent because the time to col-
lect the ith coupon does not depend on how long it took to collect the previous i — 1
coupons. Hence

Var[X] = Var|:ZX,-:| = ZVar[Xi],
i=1 i=1

so we need to find the variance of a geometric random variable.

Let Y be a geometric random variable with parameter p. As we saw in Section 2.4,
E[X] = 1/p. We calculate E[Y?]. The following trick proves useful. We know that, for
0<x<l,

Taking derivatives, we find:

1 o
_ il
(1 _x)z - le

2 _ o i—2
m = ;l(l — l)x
=Y i+ )i +2)x".
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We can conclude that

oo o0
E l-2 ! — § i2 xl
i=1 i=0

=S G+ DGE+E -3 G+ D+ Y
i=0 i=0 i=0

_ 2 3 1 n 1
I-x3 "(d-x?* (I-x
x>+ x

‘We now use this to find

E[Y’] =) p(1—p)~'7

i=1

o0
14 )
= —— Y (- pyi

p (1—=pP+0-p)
l—p P’
2—p

P

Finally, we reach

Var[Y] = E[Y?] — E[Y]?
_2-p 1

We have just proven the following useful lemma.

Lemma 3.8: The variance of a geometric random variable with parameter p is
(1-p)/p*.

For a geometric random variable Y, E[Y?] can also be derived using conditional expec-
tations. We use that Y corresponds to the number of flips until the first heads, where
each flip is heads with probability p. Let X = 0 if the first flip is tails and X = 1 if the
first flip is heads. By Lemma 2.5,

E[Y?] =Pr(X =0)E[Y? | X =0] +Pr(X = DE[Y? | X = 1]
= (- pE[Y?| X =01+ pE[Y? | X =1].
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IfX = 1,thenY = 1 and so E[Y2 | X =1]=1.If X =0, thenY > 1. In this case,
let the number of remaining flips after the first flip until the first head be Z. Then

E[Y’ 1= -pEZ+ 1)]l+p-1
= (1 - pE[Z*]1+2(1 — p)E[Z] + 1 (3.2)

by the linearity of expectations. By the memoryless property of geometric random vari-

ables, Z is also a geometric random variable with parameter p. Hence E[Z] = 1/p and

E[Z?] = E[Y?]. Plugging these values into Eqn. (3.2), we have

2(1—p) 2-p
p

E(Y?] = (1 — p)E[Y?] + +1=(1—-pE[Y}+ —

which yields E[Y?] = (2 — p)/p?, matching our other derivation.

We return now to the question of the variance in the coupon collector’s problem.
We simplify the argument by using the upper bound Var[Y] < 1/p? for a geometric
random variable, instead of the exact result of Lemma 3.8. Then

n n n 2 2" 12 7.[2”2
Var[X] = Y Var[X;] < —) = -] < .
arix1 = 3 varxi = 30 () =r 2 (5) =7

i=1

00 1 2 7_[2
> (5) =%

i=1

Here we have used the identity

Now, by Chebyshev’s inequality,
PR(X — nH,| > nH,) < n*n?/6 w? o 1
T —nH,| > nH,) < = = — ).
(nH,)*  6(Hy,)* In® n

In this case, Chebyshev’s inequality again gives a much better bound than Markov’s
inequality. But it is still a fairly weak bound, as we can see by considering instead a
fairly simple union bound argument.

Consider the probability of not obtaining the ith coupon after nlnn + cn steps. This

probability is
(Inn+-c)
(1 B l)n n+c - e_(1nn+c) — L
n e‘n

By aunion bound, the probability that some coupon has not been collected after nInn +
cn steps is only e ™. In particular, the probability that all coupons are not collected after
2nInn steps is at most 1 /n, a bound that is significantly better than what can be achieved
even with Chebyshev’s inequality.

3.4. Median and Mean

Let X be a random variable. The median of X is defined to be any value m such that
Pr(X <m)>1/2 and Pr(X >m)>1/2.
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For example, for a discrete random variable that is uniformly distributed over an odd
number of distinct, sorted values x;, x2, . . ., X2¢+1, the median is the middle value x; .
For a discrete random variable that is uniformly distributed over an even number of
values xi, x2, . . ., X, any value in the range (x;, x;+;) would be a median.

The expectation E[X] and the median are usually different numbers. For distribu-
tions with a unique median that are symmetric around either the mean or median, the
median is equal to the mean. For some distributions, the median can be easier to work
with than the mean, and in some settings it is a more natural quantity to work with.

The following theorem gives an alternate characterization of the mean and median:

Theorem 3.9: For any random variable X with finite expectation E[X] and finite
median m,

1. the expectation E[X] is the value of c¢ that minimizes the expression
E[(X — ¢)’],

and
2. the median m is a value of c¢ that minimizes the expression

E[IX — c]].
Proof: The first result follows from linearity of expectations.
E[(X — ¢)’] = E[X?] — 2¢E[X] + ¢,

and taking the derivative with respect to ¢ shows that c = E[X] yields the minimum.

For the second result, we want to show that that for any value ¢ that is not a
median and for any median m, we have E[|X — c|] > E[|X — m]|], or equivalently that
E[|X — ¢| — |X — m]|] > 0. In that case the value of ¢ that minimizes E[|X — c|] will
be a median. (In fact, as a by-product, we show that for any two medians m and n/,
E[|X —m[] = E[|X —m'[].)

Let us take the case where ¢ > m for a median m, and c is not a median, so Pr(X >
¢) < 1/2. A similar argument holds for any value of ¢ such that Pr(X < c¢) < 1/2.

Forx>c,|[x—c|—|x—m|l=m—c.Form<x<c,|x—c|—|x—m|l=c+m—
2x > m — c. Finally, forx < m, |x — c¢| — |x — m| = ¢ — m. Combining the three cases,
we have

E[lX —c[ =X —m]]
=PrX>c)(m—-c)+ Z Pr(X = x)(c + m — 2x) 4+ Pr(X < m)(c — m).

We now consider two cases. If Pr(m < X < ¢) = 0, then
E[|X —c|—|X —m|]]=Pr(X = c)im — ¢) + Pr(X < m)(c —m)
1 1
> E(m—c)—l-i(c—m)
=0,
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where the inequality comes from Pr(X > ¢) < 1/2and m < c. (Note here that if ¢ were
another median, so Pr(X > ¢) = 1/2, we would obtain E[|X —c| — |[X —m|] =0, as
stated earlier.)

If Pr(im < X < ¢) # 0, then

E[|X —c[ = |X —m]]
=PrX>c)(im—c)+ Z Pr(X = x)(c +m — 2x) + Pr(X < m)(c — m)

> Pr(X > m)(m — c) + Pr(X < m)(c —m)
1
2
=0,

> (m—c)+%(c—m)

where here the first inequality comes from ¢ + m — 2x > m — ¢ for any value of x
with non-zero probability in the range m < x < c¢. (This case cannot hold if ¢ and m
are both medians, as in this case we cannot have Pr(X > m) = 1/2 and Pr(X > ¢) =
1/2.) |

Interestingly, for well-behaved random variables, the median and the mean cannot
deviate from each other too much.

Theorem 3.10: If X is a random variable with finite standard deviation o, expectation
W, and median m, then

lu—m| <o.
Proof: The proof follows from the following sequence:
lw —m| = |[E[X] — m]|
= |E[X —m]|
=< E[lX —m]
< E[X —ull
< VEI(X — n)*]
=o.

Here the first inequality follows from Jensen’s inequality, the second inequality follows
from the result that the median minimizes E[|X — c|], and the third inequality is again
Jensen’s inequality. [

In Exercise 3.19, we suggest another way of proving this result.

3.5. Application: A Randomized Algorithm for Computing the
Median

Given a set S of n elements drawn from a totally ordered universe, the median of S is
an element m of S such that at least [n/2] elements in S are less than or equal to m and
at least [n/2] + 1 elements in S are greater than or equal to m. If the elements in S are
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distinct, then m is the ([n/2])th element in the sorted order of S. Note that the median
of a set is similar to but slightly different from the the median of a random variable
defined in Section 3.4.

The median can be easily found deterministically in O(nlogn) steps by sorting,
and there is a relatively complex deterministic algorithm that computes the median in
O(n) time. Here we analyze a randomized linear time algorithm that is significantly
simpler than the deterministic one and yields a smaller constant factor in the linear
running time. To simplify the presentation, we assume that n is odd and that the ele-
ments in the input set S are distinct. The algorithm and analysis can be easily modified
to include the case of a multi-set S (see Exercise 3.24) and a set with an even number of
elements.

3.5.1. The Algorithin

The main idea of the algorithm involves sampling, which we first discussed in Sec-
tion 1.2. The goal is to find two elements that are close together in the sorted order of S
and that have the median lie between them. Specifically, we seek two elements d, u € S
such that:

1. d < m < u (the median m is between d and u); and
2. for C={seS:d <s<u}, |C| =o0(n/logn) (the total number of elements
between d and u is small).

Sampling gives us a simple and efficient method for finding two such elements.

We claim that, once these two elements are identified, the median can easily be
found in linear time with the following steps. The algorithm counts (in linear time) the
number £, of elements of S that are smaller than d and then sorts (in sublinear, or o(n),
time) the set C. Notice that, since |C| = o(n/ log n), the set C can be sorted in time o(n)
using any standard sorting algorithm that requires O(mlog m) time to sort m elements.
The (|n/2] — €4 + 1)th element in the sorted order of C is m, since there are exactly
[n/2] elements in S that are smaller than that value (|n/2 — £4] in the set C and ¢, in
S—-0).

To find the elements d and u, we sample with replacement a multi-set R of [1n*/4]
elements from S. Recall that sampling with replacement means each element in R is
chosen uniformly at random from the set S, independent of previous choices. Thus, the
same element of S might appear more than once in the multi-set R. Sampling without
replacement might give marginally better bounds, but both implementing and analyzing
it are significantly harder. It is worth noting that we assume that an element can be
sampled from S in constant time.

Since R is a random sample of S we expect m, the median element of S, to be close to
the median element of R. We therefore choose d and u to be elements of R surrounding
the median of R.

We require all the steps of our algorithm to work with high probability, by which we
mean with probability at least 1 — O(1/n¢) for some constant ¢ > 0. To guarantee that
with high probability the set C includes the median m, we fix d and u to be respectively
the [n**/2 — /n]th and the [n**/2 + /n]th elements in the sorted order of R. With
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Randomized Median Algorithm:

Input: A set S of n elements over a totally ordered universe.

Output: The median element of S, denoted by m.

1. Pick a (multi-)set R of [n3/4] elements in S, chosen independently and uniformly
at random with replacement.

. Sort the set R.

. Let d be the (| $n*/* — /n])th smallest element in the sorted set R.

. Let u be the ([1n%/* 4+ /n |)th smallest element in the sorted set R.

. By comparing every element in S to d and u, compute the set
C={xeS:d<x<u}and the numbers {;, = [{x € S : x < d}| and
L,={xeS:x>u}.

6. If ¢; > n/2 or £, > n/2 then FAIL.

. If |C| < 4n/* then sort the set C, otherwise FAIL.

8. Output the ([n/2] — €4 + 1)th element in the sorted order of C.

wm A W

|

Algorithm 3.1: Randomized median algorithm.

this choice, the set C includes all the elements of S that are between the 2./n sample
points surrounding the median of R. The analysis will clarify that the choice of the size
of R and the choices for d and u are tailored to guarantee both that (a) the set C is large
enough to include m with high probability and (b) the set C is sufficiently small so that
it can be sorted in sublinear time with high probability.

A formal description of the procedure is presented as Algorithm 3.1. In what follows,
for convenience we treat  /z and n*/# as integers.

3.5.2. Analysis of the Algorithm

Based on our previous discussion, we first prove that — regardless of the random choices
made throughout the procedure — the algorithm (a) always terminates in linear time and
(b) outputs either the correct result or FAIL.

Theorem 3.11: The randomized median algorithm terminates in linear time, and if it
does not output FAIL then it outputs the correct median element of the input set S.

Proof: Correctness follows because the algorithm could only give an incorrect answer
if the median were not in the set C. But then either £; > n/2 or £, > n/2 and thus
step 6 of the algorithm guarantees that, in these cases, the algorithm outputs FAIL.
Similarly, as long as C is sufficiently small, the total work is only linear in the size of
S. Step 7 of the algorithm therefore guarantees that the algorithm does not take more
than linear time; if the sorting might take too long, the algorithm outputs FAIL without
sorting. |

The interesting part of the analysis that remains after Theorem 3.11 is bounding the
probability that the algorithm outputs FAIL. We bound this probability by identifying

59



MOMENTS AND DEVIATIONS

three “bad” events such that, if none of these bad events occurs, the algorithm does not
fail. In a series of lemmas, we then bound the probability of each of these events and
show that the sum of these probabilities is only O(n~!/4).

Consider the following three events:

EnxYi=|{reR|r<ml < in* — n;
ExYo=|{reR|r>m} <%n3/4—\/ﬁ;
& |C| > 4n’/4,

Lemma 3.12: The randomized median algorithm fails if and only if at least one of &,
&>, or E occurs.

Proof: Failure in step 7 of the algorithm is equivalent to the event &;. Failure in step
6 of the algorithm occurs if and only if £; > n/2 or £, > n/2. But for £; > n/2, the
(%n3/ 4 Un )th smallest element of R must be larger than m; this is equivalent to the
event &£. Similarly, £, > n/2 is equivalent to the event &,. |

Lemma 3.13:
1 —1/4
Pr(&)) < Zn .

Proof: Define a random variable X; by

X — 1  if the ith sample is less than or equal to the median,
"7 10 otherwise.

The X; are independent, since the sampling is done with replacement. Because there are
(n—1)/2 4 1 elements in S that are less than or equal to the median, the probability
that a randomly chosen element of S is less than or equal to the median can be written as

(n—D2+1 _1 1

PriX;=1) = .
r(Xi ) n 2 2n
The event & is equivalent to

n3/4

1
Yl = ZX, < §n3/4 — \/ﬁ
i=1

Since Y is the sum of Bernoulli trials, it is a binomial random variable with para-
meters n°/* and 1/2 + 1/2n. Hence, using the result of Section 3.2.1 yields

o1y /1 1
V: Y] = 3/4 | Z - -
arffi] =n (2 + 2n) (2 2n>

1, 1
_ s
T4 T g
1
< —n3/4.
4
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Applying Chebyshev’s inequality then yields

1
Pr(é’]) =Pr <Y] < 5713/4 - «/ﬁ)

<Pr(|Y; —E[]| > Vn)

< Var[Yl]
- n
1.3/4
4" [
< =-n"/"
n 4 .

We similarly obtain the same bound for the probability of the event £. We now bound
the probability of the third bad event, &;.

Lemma 3.14:
1
Pr(&) < En*”“.

3

Proof: 1f & occurs, so |C| > 4n*/4, then at least one of the following two events occurs:

&;.1: at least 2n3/* elements of C are greater than the median;
&3.5: at least 2n3/* elements of C are smaller than the median.

Let us bound the probability that the first event occurs; the second will have the same
bound by symmetry. If there are at least 21> elements of C above the median, then
the order of u in the sorted order of S was at least 37 + 2n*/* and thus the set R has at
least 1n3/* — \/n samples among the 1n — 2n*/* largest elements in S.

Let X be the number of samples among the 17 — 2n*/* largest elements in S. Let

3/4
X =Y, X;, where

X — 1 if the ith sample is among the %n — 2n*/* largest elements in S,
' 0 otherwise.

Again, X is a binomial random variable, and we find
1
E[X] = En3/4 —2n
and

Var[X] = n*/* l —2n~ 14 1 +2n V) = 1113/4 —4n'* < l113/4.
2 2 4 4

Applying Chebyshev’s inequality yields
Pr(&1) =Pr (X > in’* — /n) (3.3)

Var[X 134
Varlx) b1,

< Pr(|X — E[X]| > v/n) 7

(3.4
Similarly,

1
Pr(&p) < A_Ln_]/4
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and

1
Pr(&3) < Pr(&.1) + Pr(&.) < En’l/“. .

Combining the bounds just derived, we conclude that the probability that the algorithm
outputs FAIL is bounded by

Pr(&)) + Pr(&) + Pr(&3) < n” V4
This yields the following theorem.

Theorem 3.15: The probability that the randomized median algorithm fails is
bounded by n='/4,

By repeating Algorithm 3.1 until it succeeds in finding the median, we can obtain an
iterative algorithm that never fails but has a random running time. The samples taken
in successive runs of the algorithm are independent, so the success of each run is inde-
pendent of other runs, and hence the number of runs until success is achieved is a
geometric random variable. As an exercise, you may wish to show that this variation
of the algorithm (that runs until it finds a solution) still has linear expected running
time.

Randomized algorithms that may fail or return an incorrect answer are called Monte
Carlo algorithms. The running time of a Monte Carlo algorithm often does not depend
on the random choices made. For example, we showed in Theorem 3.11 that the ran-
domized median algorithm always terminates in linear time, regardless of its random
choices.

A randomized algorithm that always returns the right answer is called a Las Vegas
algorithm. We have seen that the Monte Carlo randomized algorithm for the median can
be turned into a Las Vegas algorithm by running it repeatedly until it succeeds. Again,
turning it into a Las Vegas algorithm means the running time is variable, although the
expected running time is still linear.

3.6. Exercises
Exercise 3.1: Let X be anumber chosen uniformly at random from [1, n]. Find Var[X].

Exercise 3.2: Let X be a number chosen uniformly at random from [—k, k]. Find
Var[X].

Exercise 3.3: Suppose that we roll a standard fair die 100 times. Let X be the sum
of the numbers that appear over the 100 rolls. Use Chebyshev’s inequality to bound
Pr(|X — 350| = 50).

Exercise 3.4: Prove that, for any real number ¢ and any discrete random variable X,
Var[cX] = ¢* Var[X].
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Exercise 3.5: Given any two random variables X and Y, by the linearity of expecta-
tions we have E[X — Y] = E[X] — E[Y]. Prove that, when X and Y are independent,
Var[X — Y] = Var[X] + Var[Y].

Exercise 3.6: For a coin that comes up heads independently with probability p on each
flip, what is the variance in the number of flips until the kth head appears?

Exercise 3.7: A simple model of the stock market suggests that, each day, a stock with
price g will increase by a factor » > 1 to gr with probability p and will fall to ¢/r with
probability 1 — p. Assuming we start with a stock with price 1, find a formula for the
expected value and the variance of the price of the stock after d days.

Exercise 3.8: Suppose that we have an algorithm that takes as input a string of n
bits. We are told that the expected running time is O(n?) if the input bits are chosen
independently and uniformly at random. What can Markov’s inequality tell us about
the worst-case running time of this algorithm on inputs of size n?

Exercise 3.9: (a) Let X be the sum of Bernoulli random variables, X = Z;’:] X;. The
X; do not need to be independent. Show that

E[X’] =) Pr(X; = DE[X | X; = 1]. (3.5)

i=1

Hint: Start by showing that

n
E[X’] = ) E[XX],
i=1
and then apply conditional expectations.
(b) Use Eqn. (3.5) to provide another derivation for the variance of a binomial ran-
dom variable with parameters n and p.

Exercise 3.10: For a geometric random variable X, find E[X?] and E[X*]. (Hint: Use
Lemma 2.5.)

Exercise 3.11: Recall the Bubblesort algorithm of Exercise 2.22. Determine the vari-
ance of the number of inversions that need to be corrected by Bubblesort.

Exercise 3.12: Find an example of a random variable with finite expectation and
unbounded variance. Give a clear argument showing that your choice has these
properties.

Exercise 3.13: Find an example of a random variable with finite jth moments for

1 < j < k but an unbounded (k 4 1)th moment. Give a clear argument showing that
your choice has these properties.
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Exercise 3.14: Prove that, for any finite collection of random variables Xi, X, ..., X,
n n n
Var[ 3 x,.] =3 Varix1+23" Y Cov(x, X)),
i=1 i=1 i=1 j>i

Exercise 3.15: Let the random variable X be representable as a sum of random vari-
ables X = Z?:] X;. Show that, if E[X;X;] = E[X;]E[X;] for every pair of i and j with
1 <i< j<n,then Var[X] =) ", Var[X;].

Exercise 3.16: This problem shows that Markov’s inequality is as tight as it could
possibly be. Given a positive integer k, describe a random variable X that assumes only
nonnegative values such that

Pr(X > kE[X]) = %

Exercise 3.17: Can you give an example (similar to that for Markov’s inequality in
Exercise 3.16) that shows that Chebyshev’s inequality is tight? If not, explain why not.

Exercise 3.18: Show that, for a random variable X with standard deviation o[X] and
any positive real number #:

(@) Pr(X — E[X] > t0[X]) = ;

1+1¢2

(b) Pr(|X — E[X]| = 10[X]) < T

Exercise 3.19: Using Exercise 3.18, show that |u — m| < ¢ for a random variable
with finite standard deviation o, expectation p, and median m.

Exercise 3.20: Let Y be a nonnegative integer-valued random variable with positive
expectation. Prove

E[Y]?
B[] < Pr[lY # 0] < E[Y].

Exercise 3.21: (a) Chebyshev’s inequality uses the variance of a random variable to
bound its deviation from its expectation. We can also use higher moments. Suppose
that we have a random variable X and an even integer k for which E[(X — E[X])*] is
finite. Show that

k k 1
Pr (IX — E[X]| > tJ/E[(X — E[X])}]) < T

(b) Why is it difficult to derive a similar inequality when k& is odd?

Exercise 3.22: A fixed point of a permutation 7 [1, n] — [1, n] is a value for which
7 (x) = x. Find the variance in the number of fixed points of a permutation chosen uni-
formly at random from all permutations. (Hint: Let X; be 1 if 7 (i) = i, so that Z:‘l:l X;
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is the number of fixed points. You cannot use linearity to find Var[ Yo X,-], but you
can calculate it directly.)

Exercise 3.23: Suppose that we flip a fair coin n times to obtain n random bits. Con-
sider all m = (;) pairs of these bits in some order. Let ¥; be the exclusive-or of the ith
pair of bits, and let Y = Zf":l Y; be the number of Y; that equal 1.

(a) Show that each Y; is O with probability 1/2 and 1 with probability 1/2.
(b) Show that the ¥; are not mutually independent.

(c) Show that the ¥; satisfy the property that E[Y;Y;] = E[Y;]E[Y;].

(d) Using Exercise 3.15, find Var[Y].

(e) Using Chebyshev’s inequality, prove a bound on Pr(|Y — E[Y]| > n).

Exercise 3.24: Generalize the median-finding algorithm for the case where the input
S is a multi-set. Bound the error probability and the running time of the resulting
algorithm.

Exercise 3.25: Generalize the median-finding algorithm to find the kth largest item in
a set of n items for any given value of k. Prove that your resulting algorithm is correct,
and bound its running time.

Exercise 3.26: The weak law of large numbers states that, if X;, X5, X3, ... are inde-

pendent and identically distributed random variables with mean p and standard devia-
tion o, then for any constant € > 0 we have

X +X+ -+ X,
limPr( 1 tAp et —M‘>8)=O.
n—oQ

n
Use Chebyshev’s inequality to prove the weak law of large numbers.
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CHAPTER FOUR

Chernoff and Hoeffding Bounds

This chapter introduces large deviation bounds commonly called Chernoff and
Hoeffding bounds. These bounds are extremely powerful, giving exponentially
decreasing bounds on the tail distribution. These bounds are derived by applying
Markov’s inequality to the moment generating function of a random variable. We start
this chapter by defining and discussing the properties of the moment generating func-
tion. We then derive Chernoff bounds for the binomial distribution and other related
distributions, using a set balancing problem as an example, and the Hoeffding bound
for sums of bounded random variables. To demonstrate the power of Chernoff bounds,
we apply them to the analysis of randomized packet routing schemes on the hypercube
and butterfly networks.

4.1. Moment Generating Functions

Before developing Chernoff bounds, we discuss the special role of the moment gener-
ating function E[eX].

Definition 4.1: The moment generating function of a random variable X is
Mx(t) = E[e™].

We are mainly interested in the existence and properties of this function in the neigh-
borhood of zero.
The function My (¢) captures all of the moments of X.

Theorem 4.1: Let X be a random variable with moment generating function Mx (t).
Under the assumption that exchanging the expectation and differentiation operands is
legitimate, for all n > 1 we then have

E[X"] = M{"(0),
where M)((”) (0) is the nth derivative of Mx (t) evaluated att = 0.
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41 MOMENT GENERATING FUNCTIONS

Proof: Assuming that we can exchange the expectation and differentiation operands,
then

MP (1) = E[X"eX].
Computed at ¢ = 0, this expression yields
M (0) = E[X"]. n
The assumption that expectation and differentiation operands can be exchanged holds
whenever the moment generating function exists in a neighborhood of zero, which will
be the case for all distributions considered in this book.

As a specific example, consider a geometric random variable X with parameter p, as
in Definition 2.8. Then, for t < —In(1 — p),

My (1) = E[e”]
=) (1= p)'pet

k=1
00

p
T 2 (- pet
pk:l

=75 -- pe) ™ —1).
It follows that
MY () = p(1 — (1 — p)e')"%'  and
MO (1) = 2p(1 — p)(1 = (1 — pe') ¥ + p(1 — (1 — p)e') 2.

Evaluating these derivatives at t = 0 and using Theorem 4.1 gives E[X] =1/p
and E[X?] = (2 — p)/p?, matching our previous calculations from Section 2.4 and
Section 3.3.1.

Another useful property is that the moment generating function of a random variable
(or, equivalently, all of the moments of the variable) uniquely defines its distribution.
However, the proof of the following theorem is beyond the scope of this book.

Theorem 4.2: Let X and Y be two random variables. If
Mx (1) = My (1)
forallt € (=6, 8) for some § > 0, then X and Y have the same distribution.

One application of Theorem 4.2 is in determining the distribution of a sum of indepen-
dent random variables.

Theorem 4.3: If X and Y are independent random variables, then
My 4y (1) = Mx (£)My (1).
Proof:
My 1y (1) = E[¢'*™] = E[e¥e”] = E[¢™ |E[e” ] = Mx(1)My (1).
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Here we have used that X and Y are independent — and hence ¢'X and e’ are indepen-
dent — to conclude that E[eXe’'] = E[e¢X|E[¢]. [ ]

Thus, if we know My (¢) and My (¢) and if we recognize the function My (t)My(t) as
the moment generating function of a known distribution, then that must be the distribu-
tion of X + Y when Theorem 4.2 applies. We will see examples of this in subsequent
sections and in the exercises.

4.2. Deriving and Applying Chernoff Bounds
The Chernoff bound for a random variable X is obtained by applying Markov’s inequal-

ity to e’X for some well-chosen value ¢. From Markov’s inequality, we can derive the
following useful inequality: for any ¢ > O,

E[eX
Pr(X > a) = Pr(e’X > &%) < %
In particular,
. E[e"™]
Pr(X > a) < min .
>0 eld
Similarly, for any ¢t < 0,
E etX
Pr(X < a) =Pr(eX > &%) < [em ].
Hence
. E[e¥]
Pr(X <a) < min .
<0 ela

Bounds for specific distributions are obtained by choosing appropriate values for ¢.
While the value of  that minimizes E[e'X]/e/® gives the best possible bounds, often one
chooses a value of ¢ that gives a convenient form. Bounds derived from this approach
are generally referred to collectively as Chernoff bounds. When we speak of a Chernoff
bound for a random variable, it could actually be one of many bounds derived in this
fashion.

4.2.1. Chernoff Bounds for the Sum of Poisson Trials

We now develop the most commonly used version of the Chernoff bound: for the tail
distribution of a sum of independent 0—1 random variables, which are also known as
Poisson trials. (Poisson trials differ from Poisson random variables, which will be dis-
cussed in Section 5.3.) The distributions of the random variables in Poisson trials are
not necessarily identical. Bernoulli trials are a special case of Poisson trials where the
independent 0—1 random variables have the same distribution; in other words, all trials
are Poisson trials that take on the value 1 with the same probability. Also recall that
the binomial distribution gives the number of successes in n independent Bernoulli
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trials. Our Chernoff bound will hold for the binomial distribution and also for the more
general setting of the sum of Poisson trials.

Let X, ..., X, be a sequence of independent Poisson trials with Pr(X; = 1) = p;.
LetX =) ", X;, and let

p=EX]=E [le} =) ElXl=) p.
i=1 i=1 i=1

For a given § > 0, we are interested in bounds on Pr(X > (1 4+ 8)u) and Pr(X <
(1 — §)u)—thatis, the probability that X deviates from its expectation p by §u or more.
To develop a Chernoff bound we need to compute the moment generating function of
X. We start with the moment generating function of each X;:

My, (t) = E[e™]

=pie' + (1 —p)
=14pie =1
< P,

where in the last inequality we have used the fact that, for any y, 1 +y < e’. Applying
Theorem 4.3, we take the product of the n generating functions to obtain

Mx(t) = [ [ Mx (0

i=1

n
S 1_[ e[’i(et—l)
i=1
n
= exp {Zpi(e’ - 1)}

i=1

— e@—Du

Now that we have determined a bound on the moment generating function, we are
ready to develop concrete versions of the Chernoff bound for a sum of Poisson trials.
We start with bounds on the deviation above the mean.

Theoremd4.4: LetX,, ..., X, be independent Poisson trials such thatPr(X; = 1) = p;.
Let X =Y ", X; and n = E[X]. Then the following Chernoff bounds hold:

1. forany$ > 0,

Pr(X > (14+d)u) < <(1++S)(IM)>M; 4.1)
2. for0<é§ <1,
Pr(X > (1+8)p) < e ™°/3; 4.2)
3. forR > 6p,
Pr(X > R) <27% 4.3)
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The first bound of the theorem is the strongest, and it is from this bound that we derive
the other two bounds, which have the advantage of being easier to state and compute
with in many situations.

Proof: Applying Markov’s inequality, for any ¢ > 0 we have

Pr(X > (14 8)u) = Pr(e'™ > /! TO1)
E[er]
= geon
e(e’—l)u

< —.
- et(I+8)n

For any § > 0, we can sett = In(1 4+ §) > O to get Eqn. (4.1):
e w
Pr(X > (1+6)p) < (m) .

To obtain Eqn. (4.2) we need to show that, for0 < § <1,
B
LN A
(1+8)d+H =
Taking the logarithm of both sides, we obtain the equivalent condition

2
f(5)=5—(1+5)1n(1+8)+%§0.

Computing the derivatives of f(§), we have:

Fey=1— 10 )+ 2
= _———— n p—
1+6 3
2
= —In(l +8) + 35
fr©) = ! +2
o148 3

We see that f”(8) < Ofor0 < & < 1/2andthat f”(8) > Oford > 1/2. Hence f'(§)
first decreases and then increases over the interval [0, 1]. Since f'(0) = 0 and f'(1) <
0, we can conclude that f/(8) < 0 in the interval [0, 1]. Since f(0) = 0, it follows that
f(6) < 0in that interval, proving Eqn. (4.2).

To prove Eqn. (4.3),let R = (1 + §)u. Then, forR > 64,8 = R/ — 1 > 5. Hence,
using Eqn. (4.1),

& 2
Pr(X > (1 4+46)p) < (W)

e (1+8)1n
<
“(%5)

R
=(5)

<27k ]
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We obtain similar results bounding the deviation below the mean.

Theoremd4.5: Let Xy, ..., X, be independent Poisson trials such that Pr(X; = 1) = p;.
LetX = Y%, X; and p = E[X]. Then, for0 < § < 1:

1 e :
) Pr(X < (1 -d)p) < (m) ; 4.4)
2. Pr(X < (1 — 8)u) < e /2, (4.5)

Again, the bound of Eqn. (4.4) is stronger than Eqn. (4.5), but the latter is generally
easier to use and sufficient in most applications.

Proof: Using Markov’s inequality, for any r < 0 we have

Pr(X < (1 —8)u) =Pr(e™ > ')
E tX
- [e"]
= et(I=d)u
e =Du
< .
= et(l=8)n

For0 < 4§ < 1,wesett =1In(l —§) < 0 to get Eqn. (4.4):
et Iz
Pr(X < (1-9)p) < (m) .
To prove Eqn. (4.5) we must show that, for 0 < § < 1,

-6
c 752/2
A—oi»=°

Taking the logarithm of both sides, we obtain the equivalent condition

2
f(8):—8—(1—8)1n(1—5)+%50

for0 <48 < 1.
Differentiating f(§) yields
F'8) =1In(1 —8)+34,

" _ 1
f1®) =g+ 1.

Since f”(8) < Ointherange (0, 1) and since f'(0) = 0, we have f'(8) < Oin the range
[0, 1). Therefore, f(6) is nonincreasing in that interval. Since f(0) = 0, it follows that
f(6) <0when0 < § < 1, as required. |

Often the following form of the Chernoff bound, which is derived immediately from
Eqn. (4.2) and Eqn. (4.4), is used.

Corollary 4.6: Let X, ..., X, be independent Poisson trials such that Pr(X; = 1) =
pi-Let X =37 X;and p = E[X]. For0 < § < 1,

Pr(|X — | > 8p) < 2e 1573, (4.6)
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In practice we often do not have the exact value of E[X]. Instead we can use u > E[X]
in Theorem 4.4 and 1 < E[X] in Theorem 4.5 (see Exercise 4.7).

4.2.2. Example: Coin Flips

Let X be the number of heads in a sequence of n independent fair coin flips. Applying
the Chernoff bound of Eqn. (4.6), we have

1 1no6l
Pr(‘X—g‘ziv&zlnn) §2exp{—§g :n}

2

n

This demonstrates that the concentration of the number of heads around the mean
n/2 is very tight; most of the time, the deviations from the mean are on the order of
o («/ nlnn ) .
To compare the power of this bound to Chebyshev’s bound, consider the probability
of having no more than n/4 heads or no fewer than 3n/4 heads in a sequence of n
independent fair coin flips. In the previous chapter, we used Chebyshev’s inequality to
show that
n n 4
Pr(lx-2|z%)==.
2 4 n
Already, this bound is worse than the Chernoff bound just calculated for a significantly
larger event! Using the Chernoff bound in this case, we find that

Pr(’X—ﬁ’>ﬁ><Zex —lﬁl
21= 1) =P 17321

< 2e M,
Thus, Chernoff’s technique gives a bound that is exponentially smaller than the bound
obtained using Chebyshev’s inequality.

4.2.3. Application: Estimating a Parameter

Suppose that we are interested in evaluating the probability that a particular gene muta-
tion occurs in the population. Given a DNA sample, a lab test can determine if it carries
the mutation. However, the test is expensive and we would like to obtain a relatively
reliable estimate from a small number of samples.

Let p be the unknown value that we are trying to estimate. Assume that we have
n samples and that X = pn of these samples have the mutation. Given a sufficiently
large number of samples, we expect the value p to be close to the sampled value p. We
express this intuition using the concept of a confidence interval.

Definition 4.2: A 1 — y confidence interval for a parameter p is an interval [p —
8, p+ &1 such that

Pr(pe[p—48p+dD=1-y.
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Notice that, instead of predicting a single value for the parameter, we give an interval
that is likely to contain the parameter. If p can take on any real value, it may not make
sense to try to pin down its exact value from a finite sample, but it does make sense to
estimate it within some small range.

Naturally we want both the interval size 26 and the error probability y to be as
small as possible. We derive a trade-off between these two parameters and the number
of samples 7. In particular, given that among n samples (chosen uniformly at random
from the entire population) we find the mutation in exactly X = pn samples, we need
to find values of § and y for which

Pr(pe[p—4,p+38]) =Prnp € [n(p—=8),n(p+8)) =1—y.

Now X = np has a binomial distribution with parameters n and p, so E[X] = np. If
p ¢ [p— 6, p+ 8] then we have one of the following two events:

1l.ifp< p—34,then X =np > n(p+45) =E[X](1 +35/p);
2. if p> p+ 38, thennp < n(p —§) = E[X](1 —§/p).

We can apply the Chernoff bounds in Eqns. (4.2) and (4.5) to compute

) b

Pr(p ¢ [p—6,p+5]) =Pr (X <np (1 — —>> + Pr (X > np (1 + —)) 4.7
p p

< ~PB/PY/2 | o=np(3/p)*/3 (4.8)

— e /20 4 g8 /3p, 4.9

The bound given in Eqn. (4.9) is not useful because the value of p is unknown. A
simple solution is to use the fact that p < 1, yielding

Pr(pe¢ [p—6,p+)]) < e /2 + e /3,

Setting y = e /2 4 ¢=8"/3 we obtain a trade-off between 8, n, and the error proba-
bility y.

We can apply other Chernoff bounds, such as those in Exercises 4.13 and 4.16, to
obtain better bounds. We return to the subject of parameter estimation when we discuss
the Monte Carlo method in Chapter 11.

4.3. Better Bounds for Some Special Cases

We can obtain stronger bounds using a simpler proof technique for some special cases
of symmetric random variables.

We consider first the sum of independent random variables when each variable
assumes the value 1 or —1 with equal probability.

Theorem 4.7: Let X1, ..., X, be independent random variables with
1
PriX;=1)=Pr(X; =—-1) = 5
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LetX =Y " X;. Foranya > 0,
Pr(X > a) < e/,

Proof: Foranyt > 0,
1 1
E[eX] = —¢' + —e".
e 2 2
To estimate E[e'%], we observe that

2

ti
¢! _1+r+2'+ TR

and
12 i

» it
=tk b (S

using the Taylor series expansion for e’. Thus,
1 1
E[e™] = —¢' + ¢
[e™] > 5
(2

(2i)!

i>0

(t%/2)
o Z i!

Using this estimate yields

n
E[etX] — l_[E[etX;] < etzn/Q
i=1

and

Pr(X > a) = Pr(e”® > &%) < %;X] < f'n/2ta
Setting t = a/n, we obtain
Pr(X > a) < e/,
By symmetry we also have
Pr(X < —a) < e~/
Combining the two results yields our next corollary.

Corollary 4.8: Let X1, ..., X, be independent random variables with
1
Pr(X;=1)=Pr(X; = —1) = E
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Let X = Y_"_, X;. Then, for any a > 0,
Pr(|X| > a) < 2e~“/*",
Applying the transformation ¥; = (X; 4+ 1)/2 allows us to prove the following.

Corollary 4.9: Let Y, ..., Y, be independent random variables with

1
Pr(Y; = 1) =Pr(¥; = 0) = -.

LetY =% Y;and n = E[Y] = n/2.
1. Foranya > 0,
Pr(Y > u+a) < g2 /n,
2. Forany$ > Q,
Pr(Y > (1 4 8)u) <e . (4.10)

Proof: Using the notation of Theorem 4.7, we have

n n
1 n 1
Y=Y =- X; —=-X )
Applying Theorem 4.7 yields
Pr(Y > p+a) = Pr(X > 2a) < e /2,

proving the first part of the corollary. The second part follows from setting a = du =
én/2. Again applying Theorem 4.7, we have

Pr(Y > (1 +8)u) =Pr(X > 28u) < e—Zézuz/n _ e_(gzﬂ. .

Note that the constant in the exponent of the bound of Eqn. (4.10) is 1 instead of the
1/3 in the bound of Eqn. (4.2).
Similarly, we have the following result.

Corollary 4.10: Let Yy, ...,Y, be independent random variables with
1
PrY;=1)=Pr(Y;=0) = 7

LetY =% Y;and n = E[Y] = n/2.
1. Forany0 < a < u,
Pr(Y <pu—a)< g2 /n,
2. Forany(0 < § < 1,
Pr(Y < (1 —8)u) <e ¥ @.11)
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4.4. Application: Set Balancing

Given an n X m matrix A with entries in {0, 1}, let

apn ap v Aim b C
ay an - am| | b (&)
Aapl an2 e Anm bm Cp

Suppose that we are looking for a vector b with entries in {—1, 1} that minimizes

.....

This problem arises in designing statistical experiments. Each column of the matrix A
represents a subject in the experiment and each row represents a feature. The vector
b partitions the subjects into two disjoint groups, so that each feature is roughly as
balanced as possible between the two groups. One of the groups serves as a control
group for an experiment that is run on the other group.

Our randomized algorithm for computing a vector b is extremely simple. We ran-
domly choose the entries of b, with Pr(h; = 1) = Pr(b; = —1) = 1/2. The choices
for different entries are independent. Surprisingly, although this algorithm ignores the
entries of the matrix A, the following theorem shows that ||Ab|| is likely to be only
0(«/ mlnn ) This bound is fairly tight. In Exercise 4.15 you are asked to show that,
when m = n, there exists a matrix A for which [|Ab|« is ©2(+/n) for any choice of b.

Theorem 4.11: For a random vector b with entries chosen independently and with
equal probability from the set {—1, 1},

_ 2
Pr(||AD]lo > V4mlnn) < =.
n
Proof: Consider the ith row @, = a; 1, . .., a; n, and let k be the number of 1s in that

row. If k < +/4m1Inn, then clearly |@; - b| = |c;| < ~/4mInn. On the other hand, if k >
+/4mInn then we note that the k nonzero terms in the sum

m
Zi=Y aijb
j=1

are independent random variables, each with probability 1/2 of being either +1 or —1.
Now using the Chernoff bound of Corollary 4.8 and the fact that m > k,

Yy 2
Pr (|Zzl > 4mlnn) < 2674m1nn/2k < =.
n

By the union bound, the probability that the bound fails for any row is at most
2/n. |
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4.5. The Hoeffding Bound

Hoeffding’s bound extends the Chernoff bound technique to general random variables
with a bounded range.

Theorem 4.12 [Hoeffding Bound]: Let X, ..., X, be independent random variables
such that for all 1 <i <n, E[X;] = pandPr(a < X; < b) = 1. Then

1 n
Pr(;ZXi—M

i=1
Proof: The proof relies on the following bound for the moment generating function,
which we prove first.

> 6> < 26—2n62/(b—a)2.

Lemma 4.13 [Hoeffding’s Lemmal: Let X be a random variable such that
Pr(X € [a, b]) = 1 and E[X] = 0. Then for every A > 0,

E[e’\X] < e)uz(b—a)z/S'

Proof: Before beginning, note that since E[X] = 0, if @ = 0 then b = 0 and the state-
ment is trivial. Hence we may assume ¢ < 0 and b > O.
Since f(x) = e is a convex function, for any o € (0, 1),

flaa+ (1 —a)b) < ae* + (1 — a)e™.

Forx € [a, b], leta = 2—;2; then x = aa + (1 — o)b and we have

b—x xX—a
ekxf eka+ ekb.
b—a b—a

We consider e*X and take expectations. Using the fact that E[X] = 0, we have
b—X X —
E[e"] <E |:—e’\":| +E [—“e“’}
b—a b—a
b E[X E[X
ot _ [ ]exa _ 4 ey Lexb
b—a b—a b—a b—a
b 4 __4 o
b—a b—a
We now require some manipulation of this final expression. Let ¢(t) = —0¢ +
In(1 — 6 + 0e'), for 6 = =~ > 0. Then

ezp(}\(bfa)) — efek(bfa)(l —9 4+ 96)‘(177”))
=e"(1 — 6 + 6e")

b a
— ra _ A(b—a)
¢ <b —a b- ae )

b a
eka ekb’
b—a b—a

which equals the upper bound we derived for E[e**]. It is not hard to verify that ¢(0) =
¢’(0) =0, and ¢"(¢) < 1/4 for all ¢. By Taylor’s theorem, for any ¢ > O there is a
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t" € [0, 1] such that
/ 1 2 4 1) 1 2
¢@) = ¢0) + 1 (0)+§t ¢ (1) < g

Thus, for t = A(b — a), we have

PO(b— a)) < M

It follows that
E[e’\X] < b (b—a)) < e)\z(b—a)z/S‘ ]

We now return to the proof of Theorem 4.12. Let Z; = X; — E[X;] and Z =

Y Z

For any A > 0, by Markov’s inequality,
Pr(Z > €) = Pr(e" > ) < e “E[e’”] < e [ [ Ele"/"]
i=1

n
_ 2(h )2 /2 _ 20h_1\2
Se)»el |e)»(b a)’/n Se?xe+)u(b a)/Sn’
i=1

where for the key second to last inequality we have used Hoeffding’s Lemma with the
4ne

fact that Z;/n is bounded between (¢ — @)/n and (b — p)/n. Setting A = Doy gives

n
; (l D Xi—pz 6) =Pr(Z > €) < e /0,
n

i=1

4ne

Applying the same argument for Pr(Z < —e) with A = — Doar gives

1 n
n i=1

Applying a union bound on the two cases gives the theorem. |

The proof of the following more general version of the bound is left as an exercise
(Exercise 4.20).

Theorem 4.14: Let Xy, ..., X, be independent random variables with E[X;] = u; and
Pr(a; < X; < b;) = 1 for constants a; and b;. Then

n n
ZXi - Z Wi
i=1

Pr (
i i=1

Note that Theorem 4.12 bounds the deviation of the average of the n random vari-
ables while Theorem 4.14 bounds the deviation of the sum of the variables.
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4.6* APPLICATION: PACKET ROUTING IN SPARSE NETWORKS

Examples:
1. Consider n independent random variables X, ..., X, such that X; is uniformly dis-
tributed in {0, ..., ¢}. For all i, u = E[X;] = ¢/2, and

| ¢ 200
Pr| |- X, — —| > €] <2e72€/E,
(ixn-5=)

In particular,

1 n
Pr( — E X, — u| > 8,11,) < 2e"8/2,
n
i=1

2. Consider n independent random variables Y, ..., ¥, such that ¥; is uniformly dis-
tributed in {0, i}. LetY = ) 7, Y. Then E[Y;] = i/2, and un = E[Y] =Y}, i/2 =
n(n + 1)/4. Applying Theorem 4.14 with ¢; = i we have

Pr (‘Y _nnt+ D
4

> e) < 26—262/2’:1 G _ 26—262/(n(n+1)(2n+1)/6)
— 2671262/(n(n+l)(2n+1))

We can conclude

Pr(|Y — | > 80) < 2= 12822 (n+1)2/(16n(n+1)(2n+1)) < De—3n8%/8

4.6.* Application: Packet Routing in Sparse Networks

A fundamental problem in parallel computing is how to communicate efficiently over
sparse communication networks. We model a communication network by a directed
graph on N nodes. Each node is a routing switch. A directed edge models a commu-
nication channel, which connects two adjacent routing switches. We consider a syn-
chronous computing model in which (a) an edge can carry one packet in each time step
and (b) a packet can traverse no more than one edge per step. We assume that switches
have buffers or queues to store packets waiting for transmission through each of the
switch’s outgoing edges.

Given a network topology, a routing algorithm specifies, for each pair of nodes, a
route — or a sequence of edges — connecting the pair in the network. The algorithm
may also specify a queuing policy for ordering packets in the switches’ queues. For
example, the First In First Out (FIFO) policy orders packets by their order of arrival.
The Furthest To Go (FTG) policy orders packets in decreasing order of the number of
edges they must still cross in the network.

Our measure of the performance of a routing algorithm on a given network topology
is the maximum time — measured as the number of parallel steps — required to route an
arbitrary permutation routing problem, where each node sends exactly one packet and
each node is the address of exactly one packet.

Of course, routing a permutation can be done in just one parallel step if the net-
work is a complete graph connecting all of the nodes to each other. Practical consider-
ations, however, dictate that a network for a large-scale parallel machine must be sparse.
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Each node can be connected directly to only a few neighbors, and most packets must
traverse intermediate nodes en route to their final destination. Since an edge may be
on the path of more than one packet and since each edge can process only one packet
per step, parallel packet routing on sparse networks may lead to congestion and bottle-
necks. The practical problem of designing an efficient communication scheme for par-
allel computers leads to an interesting combinatorial and algorithmic problem: design-
ing a family of sparse networks connecting any number of processors, together with
a routing algorithm that routes an arbitrary permutation request in a small number of
parallel steps.

We discuss here a simple and elegant randomized routing technique and then use
Chernoff bounds to analyze its performance on the hypercube network and the butterfly
network. We first analyze the case of routing a permutation on a hypercube, a network
with N processors and O(N log N) edges. We then present a tighter argument for the
butterfly network, which has N nodes and only O(N) edges.

4.6.1. Permutation Routing on the Hypercube

Let N = {0 < i < N — 1} be the set of processors in our parallel machine and assume
that N = 2" for some integer n. Let X = (xy, . . ., x,,) be the binary representation of the
number 0 <x <N — 1.

Definition 4.3: The n-dimensional hypercube (or n-cube) is a network with N = 2"
nodes such that node x has a direct connection to node y if and only if X and y differ in
exactly one bit.

See Figure 4.1. Note that the total number of directed edges in the n-cube is nN, since
each node is adjacent to n outgoing and n ingoing edges. Also, the diameter of the
network is n; that is, there is a directed path of length up to n connecting any two
nodes in the network, and there are pairs of nodes that are not connected by any shorter
path.

The topology of the hypercube allows for a simple bit-fixing routing mechanism, as
shown in Algorithm 4.1. When determining which edge to cross next, the algorithm
simply considers each bit in order and crosses the edge if necessary.

Although it seems quite natural, using only the bit-fixing routes can lead to high
levels of congestion and poor performance, as shown in Exercise 4.22. There are certain
permutations on which the bit-fixing routes behave poorly. It turns out, as we will show,
that these routes perform well if each packet is being sent from a source to a destination
chosen uniformly at random. This motivates the following approach: first route each
packet to a randomly chosen intermediate point, and then route it from this intermediate
point to its final destination.

It may seem unusual to first route packets to a random intermediate point. In some
sense, this is similar in spirit to our analysis of Quicksort in Section 2.5. We found there
that for a list already sorted in reverse order, Quicksort would take 2(n*) comparisons,
whereas the expected number of comparisons for a randomly chosen permutation is
only O(nlog n). Randomizing the data can lead to a better running time for Quicksort.
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000 010
() @

0
1
(a) n=1. (b) n=2. (¢) n=3.
0000 0010 1000 1010
0100 0110 110 1110
001 0011 1001 1011
0101 0111 1101 1111
(d) n=4.

Figure 4.1: Hypercubes of dimensions 1, 2, 3, and 4.

n-Cube Bit-Fixing Routing Algorithm:

1. Let a and b be the origin and the destination of the packet.
2. Fori=1ton,do:
(@ If a; #b; then traverse the edge (by,...,bi_1,a;,...,a,) —>
(b], .. .,bi_],bi,ai_;,_], ...,Cln).

Algorithm 4.1: n-Cube bit-fixing routing algorithm.

Here, too, randomizing the routes that packets take — by routing them through a ran-
dom intermediate point — avoids bad initial permutations and leads to good expected
performance.

The two-phase routing algorithm (Algorithm 4.2) is executed in parallel by all the
packets. The random choices are made independently for each packet. Our analysis
holds for any queueing policy that obeys the following natural requirement: if a queue
is not empty at the beginning of a time step, some packet is sent along the edge associ-
ated with that queue during that time step. We prove that this routing strategy achieves
asymptotically optimal parallel time.
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Two-Phase Routing Algorithm:

Phase I — Route the packet to a randomly chosen node in the network using the
bit-fixing route.

Phase II — Route the packet from its random location to its final destination using
the bit-fixing route.

Algorithm 4.2: Two-phase routing algorithm.

Theorem 4.15: Given an arbitrary permutation routing problem, with probability
1 — O(N™") the two-phase routing scheme of Algorithm 4.2 routes all packets to their
destinations on the n-cube in O(n) = O(log N) parallel steps.

Proof: We first analyze the run-time of Phase I. To simplify the analysis we assume that
no packet starts the execution of Phase II before all packets have finished the execution
of Phase 1. We show later that this assumption can be removed.

We emphasize a fact that we use implicitly throughout. If a packet is routed to a
randomly chosen node X in the network, we can think of X = (x, ..., x,) as being
generated by setting each x; independently to be 0 with probability 1/2 and 1 with
probability 1/2.

For a given packet M, let T1(M) be the number of steps for M to finish Phase I. For
a given edge e, let X (e) denote the total number of packets that traverse edge e during
Phase 1.

In each step of executing Phase I, packet M is either traversing an edge or waiting in a
queue while some other packet traverses an edge on M’s route. This simple observation
relates the routing time of M to the total number of packet transitions through edges on
the path of M, as follows.

Lemma 4.16: Letey, ..., e, be the m < n edges traversed by a packet M in Phase 1.
Then

(M) < ZX1 ().

i=1

Let us call any path P = (e, €3, ..., e,) of m < n edges that follows the bit-fixing
algorithm a possible packet path. We denote the corresponding nodes by v, vy, ..., v,
with e; = (v;—1, v;). Following the definition of 7;(M), for any possible packet path P
we let

Ti(P) =) Xi(e:).
i=1

By Lemma 4.16, the probability that Phase I takes more than 7 steps is bounded by
the probability that, for some possible packet path P, T{(P) > T. Note that there are
at most 2" - 2" = 22" possible packet paths, since there are 2" possible origins and 2"
possible destinations.
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To prove the theorem, we need a high-probability bound on 7;(P). Since 7;(P)
equals the summation ) -, X;(¢;), it would be natural to try to use a Chernoff bound.
The difficulty here is that the X;(e;) are not independent random variables, since a
packet that traverses an edge is likely to traverse one of its adjacent edges. To circum-
vent this difficulty, we first use a Chernoff bound to prove that, with high probability, no
more than 6n different packets cross any edge of P. We then condition on this event to
derive a high-probability bound on the total number of transitions these packets make
through edges of the path P, again using a Chernoff bound.'

Let us now fix a specific possible packet path P with m edges. To obtain a high-
probability bound on the number of packets that cross an edge of P, let us call a packet
active at a node v;_; on the path P if it reaches v;_; and has the possibility of crossing
edge e; to v;. That is, if v;_; and v; differ in the jth bit then — in order for a packet to
be active at v;_; — its jth bit cannot have been fixed by the bit-fixing algorithm when it
reaches v;_;. We may also call a packet active if it is active at some vertex on the path
P. We bound the total number of active packets.

For k=1,...,N, let H; be a 0—1 random variable such that H; = 1 if the packet
starting at node k is active and Hy, = 0 otherwise. Notice that the H; are independent
because (a) each H; depends only on the choice of the intermediate destination of the
packet starting at node k and (b) these choices are independent for all packets. Let
H = Zf{\': | Hy be the total number of active packets.

We first bound E[H]. Consider all the active packets at v;_;. Assume that v;_| =
(bl, ey bjfl, Aj, Ajt1, v -y Cln) and v = (b], ey bj‘,l, bj, (475 PR an). Then only
packets that start at one of the addresses (x, ..., *,aj,...,a,), where * stands for
either a 0 or a 1, can reach v;_; before the jth bit is fixed. Similarly, each of these
packets actually reaches v;_; only if its random destination is one of the addresses
(b1,...,bj_1,*,...,%). Thus, there are no more than 21 possible active packets at
v;_1, and the probability that each of these packets is actually active at v;_; is 2~V~D.
Hence the expected number of active packets per vertex is 1 and, since we need only
consider the m vertices vy, . . ., v;,—1, it follows by linearity of expectations that

E[Hl<m-1<n.

Since H is the sum of independent 0—1 random variables, we can apply the Chernoff
bound (we use the bound of Eqn. (4.3)) to prove

Pr(H > 6n > 6E[H]) < 27"
The high-probability bound for H can help us obtain a bound for 7;(P) as follows.
Using
Pr(A) = Pr(A | B) Pr(B) + Pr(A | B) Pr(B)
< Pr(B) + Pr(A | B),

! This approach overestimates the time to finish a phase. In fact, there is a deterministic argument showing that,
in this setting, the delay of a packet on a path is bounded by the number of different packets that traverse edges
of the path, and hence there is no need to bound the total number of traversals of these packets on the path.
However, in the spirit of this book we prefer to present the probabilistic argument.

83



CHERNOFF AND HOEFFDING BOUNDS

we find for a given possible packet path P that

Pr(T1(P) > 30n) < Pr(H > 6n) + Pr(T;(P) > 30n | H < 6n)
<279 4L Pr(Ty(P) > 30n | H < 6n).

Hence if we show
Pr(Ty(P) > 30n | H < 6n) <2731
we then have
Pr(Ty(P) > 30m) < 277",

which proves sufficient for our purposes.

We therefore need to bound the conditional probability Pr(7;(P) > 30n | H < 6n).
In other words, conditioning on having no more than 6n active packets that might use
edges of P, we need a bound on the total number of transitions that these packets take
through edges of P.

We first observe that, if a packet leaves the path, it cannot return to that path in this
phase of the routing algorithm. Indeed, assume that the active packet was at v; and that
it moved to w # v;41. The smallest index bit in which v;; and w differ cannot be fixed
later in this phase, so the route of the packet and the path P cannot meet again in this
phase.

Now suppose we have an active packet on our path P at node v;. What is the prob-
ability that the packet crosses ¢;? Let us think of our packet as fixing the bits in the
binary representation of its destination one at a time by independent random coin flips.
The nodes of the edge e; differ in one bit (say, the jth bit) in this representation. It is
therefore clear that the probability of the packet crossing edge e; is at most 1/2, since
to cross this edge it must choose the appropriate value for the jth bit. (In fact, the prob-
ability might be less than 1/2; the packet might cross some other edge before choosing
the value of the jth bit.)

To obtain our bound, let us view as a trial each point in the algorithm where an
active packet at a node v; on the path P might cross edge e;. The trial is successful if
the packet leaves the path but a failure if the packet stays on the path. Since the packet
leaves the path on a successful trial, if there are at most 6n active packets then there
can be at most 6n successes. Each trial is successful, independently, with probability at
least 1/2. The number of trials is itself a random variable, which we use in our bound
of Tl (P )

We claim that the probability that the active packets cross edges of P more than 30n
times is less than the probability that a fair coin flipped 36x times comes up heads fewer
than 6n times. To see this, think of a coin being flipped for each trial, with heads corre-
sponding to a success. The coin is biased to come up heads with the proper probability
for each trial, but this probability is always at least 1/2 and the coins are independent
for each trial. Each failure (tails) corresponds to an active packet crossing an edge, but
once there have been 6n successes we know there are no more active packets left that
can cross an edge of the path. Using a fair coin instead of a coin possibly biased in
favor of success can only lessen the probability that the active packets cross edges of
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P more than 30n times, as can be shown easily by induction (on the number of biased
coins).

Letting Z be the number of heads in 36# fair coin flips, we now apply the Chernoff
bound of Eqn. (4.5) to prove:

Pr(Ti(P) > 30n | H < 6n) < Pr(Z < 6n) < e '812/3)%/2 _ g=4n < p=3n—1
It follows that
Pr(T,(P) > 30n) < Pr(H > 6n) + Pr(Ti(P) > 30n | H < 6n) < 273",

as we wanted to show. Because there are at most 22" possible packet paths in the hyper-
cube, the probability that there is any possible packet path for which 7;(P) > 30n is
bounded by

22)12—311 — D" — O(N—l)

This completes the analysis of Phase I. Consider now the execution of Phase II,
assuming that all packets completed their Phase I route. In this case, Phase II can be
viewed as running Phase I backwards: instead of packets starting at a given origin
and going to a random destination, they start at a random origin and end at a given
destination. Hence no packet spends more than 30n steps in Phase II with probability
1 —OW™).

In fact, we can remove the assumption that packets begin Phase II only after Phase
I has completed. The foregoing argument allows us to conclude that the total number
of packet traversals across the edges of any packet path during Phase I and Phase II
together is bounded by 60n with probability I — O(N~). Since a packet can be delayed
only by another packet traversing that edge, we find that every packet completes both
Phase I and Phase II after 60n steps with probability 1 — O(N~!) regardless of how the
phases interact, concluding the proof of Theorem 4.15 |

Note that the run-time of the routing algorithm is optimal up to a constant factor, since
the diameter of the hypercube is n. However, the network is not fully utilized because
2nN directed edges are used to route just N packets. At any give time, at most 1/2n of
the edges are actually being used. This issue is addressed in the next section.

4.6.2. Permutation Routing on the Butterfly

In this section we adapt the result for permutation routing on the hypercube networks
to routing on butterfly networks, yielding a significant improvement in network utiliza-
tion. Specifically, our goal in this section is to route a permutation on a network with
N nodes and O(N) edges in O(log N) parallel time steps. Recall that the hypercube
network had N nodes but Q(NlogN) edges. Although the argument will be similar
in spirit to that for the hypercube network, there is some additional complexity to the
argument for the butterfly network.
We work on the wrapped butterfly network, defined as follows.

Definition 4.4: The wrapped butterfly network has N = n2" nodes. The nodes are
arranged in n columns and 2" rows. A node’s address is a pair (x, r), where 1 < x < 2"
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Figure 4.2: The butterfly network. In the wrapped butterfly, levels 0 and 3 are collapsed into one
level.

is the row number and 0 < r < n — 1 is the column number of the node. Node (x, r) is
connected to node (y, s) if and only if s = r + 1 mod n and either:

1. x =y (the “direct” edge); or
2. x and y differ in precisely the sth bit in their binary representation (the “flip” edge).

See Figure 4.2. To see the relation between the wrapped butterfly and the hypercube,
observe that by collapsing the n nodes in each row of the wrapped butterfly into one
“super node” we obtain an n-cube network. Using this correspondence, one can easily
verify that there is a unique directed path of length n connecting node (x, r) to any
other node (w, r) in the same column. This path is obtained by bit fixing: first fixing
bits 7 4 1 to n, then bits 1 to . See Algorithm 4.3. Our randomized permutation routing
algorithm on the butterfly consists of three phases, as shown in Algorithm 4.4.

Unlike our analysis of the hypercube, our analysis here cannot simply bound the
number of active packets that possibly traverse edges of a path. Given the path of a
packet, the expected number of other packets that share edges with this path when
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Wrapped Butterfly Bit-Fixing Routing Algorithm:

1. Let (x, r) and (y, r) be the origin and the destination of a packet.
2. Fori=0ton — 1, do:
(@ j=(({+r)ymodn)+ 1;
(b) if a; = b; then traverse the direct edge to column j mod #, else traverse the
flip edge to column j mod n.

Algorithm 4.3: Wrapped butterfly bit-fixing routing algorithm.

Three-Phase Routing Algorithm:

For a packet sent from node (x, ) to node (y, s):

Phase I — Choose arandom w € [1, ..., 2"]. Route the packet from node (x, r) to
node (w, r) using the bit-fixing route.

Phase II — Route the packet to node (w, s) using direct edges.

Phase III — Route the packet from node (w, s) to node (y, s) using the bit-fixing
route.

Algorithm 4.4: Three-phase routing algorithm.

routing a random permutation on the butterfly network is £(n?) and not O(n) as in the
n-cube. To obtain an O(n) routing time, we need a more refined analysis technique that
takes into account the order in which packets traverse edges.

Because of this, we need to consider the priority policy that the queues use when
there are several packets waiting to use the edge. A variety of priority policies would
work here; we assume the following rules.

1. The priority of a packet traversing an edge is (i — 1)n 4 ¢, where i is the current
phase of the packet and ¢ is the number of edge traversals the packet has already
executed in this phase.

2. If at any step more than one packet is available to traverse an edge, the packet with
the smallest priority number is sent first.

Theorem 4.17: Given an arbitrary permutation routing problem on the wrapped but-
terfly with N = n2" nodes, with probability 1 — O(N~") the three-phase routing scheme
of Algorithm 4.4 routes all packets to their destinations in O(n) = O(log N) parallel
steps.

Proof: The priority rule in the edge queues guarantees that packets in a phase cannot
delay packets in earlier phases. Because of this, in our forthcoming analysis we can
consider the time for each phase to complete separately and then add these times to
bound the total time for the three-phase routing scheme to complete.

We begin by considering the second phase. We first argue that with high probability
each row transmits at most 4n packets in the second phase. To see this, let X, be the
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number of packets whose intermediate row choice is w in the three-phase routing algo-
rithm. Then X, is the sum of 0-1 independent random variables, one for each packet,
and E[X,,] = n. Hence, we can directly apply the Chernoff bound of Eqn. (4.1) to find

e\
Pr(X, > 4n) < (F) <372,

There are 2" possible rows w. By the union bound, the probability that any row has
more than 4n packets is only 2" - 372" = O(N ™).

We now argue that, if each row has at most 4n packets for the second phase, then the
second phase takes at most 5n steps to complete. Combined with our previous observa-
tions, this means the second phase takes at most 5z steps with probability 1 — O(N~!).
To see this, note that in the second phase the routing has a special structure: each packet
moves from edge to edge along its row. Because of the priority rule, each packet can
be delayed only by packets already in a queue when it arrives. Therefore, to place an
upper bound on the number of packets that delay a packet p, we can bound the total
number of packets found in each queue when p arrives at the queue. But in Phase II, the
number of other packets that an arriving packet finds in a queue cannot increase in size
over time, since at each step a queue sends a packet and receives at most one packet.
(It is worth considering the special case when a queue becomes empty at some point
in Phase II; this queue can receive another packet at some later step, but the number of
packets an arriving packet will find in the queue after that point is always zero.) Since
there are at most 4n packets total in the row to begin with, p finds at most 4n packets
that delay it as it moves from queue to queue. Since each packet moves at most n times
in the second phase, the total time for the phase is 5n steps.

We now consider the other phases. The first and third phases are again the same by
symmetry, so we consider just the first phase. Our analysis will use a delay sequence
argument. |

Definition 4.5: A delay sequence for an execution of Phase 1 is a sequence of n edges
ey, ..., ey such that either e; = ej or e;y is an outgoing edge from the end vertex of
e;. The sequence e, . . ., e, has the further property that e; is (one of) the last edges to
transmit packets with priority up to i among e; 1 and the two incoming edges of e; 1.

The relation between the delay sequence and the time for Phase I to complete is given
by the following lemma.

Lemma 4.18: For a given execution of Phase I and delay sequence ey, . . ., e,, lett; be
the number of packets with priority i sent through edge e;. Let T; be the time that edge e;
finishes sending all packets with priority number up to i, so that T, is the earliest time
at which all packets passing through e, during Phase I have passed through it. Then:

1L T,<>" 1
2. If the execution of Phase I takes T steps, then there is a delay sequence for this
execution for which _;_ t; > T.

Proof: By the design of the delay sequence, at time 7; the queue of e;,; already holds
all of the packets that it will need to subsequently transmit with priority i 4+ 1, and at
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that time it has already finished transmitting all packets with priority numbers up to i.
Thus,

Tip1 <Ti+tiga.
Since 77 = t;, we have

Tn =< Tn—l + 1
<Tho+ti1+1t

n
= E 1,
i=1

proving the first part of the lemma.

For the second part, assume that Phase I took 7 steps and let e be an edge that trans-
mitted a packet at time 7. We can construct a delay sequence with e,, = e by choosing
e,—1 to be the edge among e and its two incoming edges that last transmits packets of
priority n — 1, and similarly choosing e,,_, down to e;. By the first part of the lemma,
Yo ti>T. [ |

Returning to the proof of Theorem 4.17, we now show that the probability of a delay
sequence with T > 40n is only O(N~!). We call any sequence of edges ey, . . ., e, such
thateither ¢; = e;y or e, is an outgoing edge from the end vertex of e; a possible delay
sequence. For a given execution and a possible delay sequence, let #; be the number of
packets with priority i sent through e;. Let 7 = Y, t;. We first bound E[T]. Consider
the edge ¢; = v — v'. Packets with priority i pass through this edge only if their source
is at distance i — 1 from v. There are precisely 2/~! nodes that are connected to v by a
directed path of length i — 1. Since packets are sent in Phase I to random destinations,
the probability that each of these nodes sends a packet that traverses edge e; is 27,
giving

El] =227 =~ and E[T]= .
2 2

The motivation for using the delay sequence argument should now be clear. Each
possible delay sequence defines a random variable 7, where E[T] = n/2. The max-
imum of 7 over all delay sequences bounds the run-time of the phase. So we need
a bound on 7 that holds with sufficiently high probability to cover all possible delay
sequences. A high-probability bound on 7" can now be obtained using an argument sim-
ilar to the one used in the proof of Theorem 4.15. We first bound the number of different
packets that contribute to edge traversals counted in 7.

For j=1,...,N,let H; = 1if any traversal of the packet sent by node j is counted
in T'; otherwise, H; = 0. Clearly, H = ZI,Y:l H; < T and E[H] < E[T] = n/2, where
the H; are independent random variables. Applying the Chernoff bound of Eqn. (4.3)
therefore yields

Pr(H > 5n) < 27"

Conditioning on the event H < 5n, we now proceed to prove a bound on 7, following
the same line as in the proof of Theorem 4.15. Given a packet u with at least one
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traversal counted in 7, we consider how many additional traversals of u are counted in
T. Specifically, if u is counted in #; then we consider the probability that it is counted
in t;+1. We distinguish between two cases as follows.

1. If e;y; = e, then u cannot be counted in #,; |, since its traversal with priority i + 1 is
in the next column. Similarly, it cannot be counted in any ¢;, j > i.

2. If e;4| # e, then the probability that u continues through e;;; (and is counted in
ti+1) is at most 1/2. If it does not continue through e, |, then it cannot intersect with
the delay sequence in any further traversals in this phase.

As in the proof of Theorem 4.15, the probability that T > 40n is less than the prob-
ability that a fair coin flipped 40n times comes up heads fewer than 5» times. (Keep in
mind that, in this case, the first traversal by each packet in H must be counted as con-
tributing to 7.) Letting Z be the number of heads in 40n fair coin flips, we now apply
the Chernoff bound (4.5) to prove

Pr(T > 40n | H < Sl’l) <Pr(Z < 571) < 6_20"(3/4)2/2 < 2—511.
We conclude that
Pr(T > 40n) < Pr(T = 40n | H < 5n)+ Pr(H > 5n) < o—5n+1

There are no more than 2N3"~! < n2"3" possible delay sequences, since a sequence
can start in any one of the 2N edges of the network, and by Definition 4.5, if ¢; is the
ith edge in the sequence, there are only three possible assignments for e, . Thus, the
probability that, in the execution of Phase I, there is a delay sequence with T > 40n is
bounded above (using the union bound) by

n2n3n2—5n+l < O(N—l )

Since Phase II1 is entirely similar to Phase I and since Phase II also finishes in O(n)
steps with probability 1 — O(N~!), we have that the three-phase routing algorithm fin-
ishes in O(n) steps with probability 1 — O(N~1).

4.7. Exercises

Exercise 4.1: Alice and Bob play checkers often. Alice is a better player, so the proba-
bility that she wins any given game is 0.6, independent of all other games. They decide
to play a tournament of n games. Bound the probability that Alice loses the tournament
using a Chernoff bound.

Exercise 4.2: We have a standard six-sided die. Let X be the number of times that a 6
occurs over n throws of the die. Let p be the probability of the event X > n/4. Compare
the best upper bounds on p that you can obtain using Markov’s inequality, Chebyshev’s
inequality, and Chernoff bounds.

Exercise 4.3: (a) Determine the moment generating function for the binomial random
variable B(n, p).
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(b) Let X be a B(n, p) random variable and Y a B(m, p) random variable, where X
and Y are independent. Use part (a) to determine the moment generating function of
X+Y.

(c) What can we conclude from the form of the moment generating function of
X+Y?

Exercise 4.4: Determine the probability of obtaining 55 or more heads when flipping
a fair coin 100 times by an explicit calculation, and compare this with the Chernoff
bound. Do the same for 550 or more heads in 1000 flips.

Exercise 4.5: We plan to conduct an opinion poll to find out the percentage of people
in a community who want its president impeached. Assume that every person answers
either yes or no. If the actual fraction of people who want the president impeached is
p, we want to find an estimate X of p such that

Pr(X —pl <ep) > 1-36

for a given ¢ and §, with0 < ¢, 6 < 1.

We query N people chosen independently and uniformly at random from the com-
munity and output the fraction of them who want the president impeached. How large
should N be for our result to be a suitable estimator of p? Use Chernoff bounds, and
express N in terms of p, ¢, and §. Calculate the value of N from your bound if ¢ = 0.1
and § = 0.05 and if you know that p is between 0.2 and 0.8.

Exercise 4.6: (a) In an election with two candidates using paper ballots, each vote is
independently misrecorded with probability p = 0.02. Use a Chernoff bound to give
an upper bound on the probability that more than 4% of the votes are misrecorded in
an election of 1,000,000 ballots.

(b) Assume that a misrecorded ballot always counts as a vote for the other candidate.
Suppose that candidate A received 510,000 votes and that candidate B received 490,000
votes. Use Chernoff bounds to upper bound the probability that candidate B wins the
election owing to misrecorded ballots. Specifically, let X be the number of votes for
candidate A that are misrecorded and let Y be the number of votes for candidate B that
are misrecorded. Bound Pr((X > k) U (Y < £)) for suitable choices of k and £.

Exercise 4.7: Throughout the chapter we implicitly assumed the following extension
of the Chernoff bound. Prove that it is true.

Let X = ) ., X;, where the X; are independent 0—1 random variables. Let pu =
E[X]. Choose any p; and py such that yup < @ < wgy. Then, for any § > 0,

68 KH
PriX > (1+08)un) < (m) :

Similarly, forany 0 < § < 1,

e_(; 22
Pr(X < (1 —38)uy) < <m> :
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Exercise 4.8: We show how to construct a random permutation 7 on [1, n], given a
black box that outputs numbers independently and uniformly at random from [1, k]
where k > n. If we compute a function f [1, n] — [1, k] with f(i) # f(j) for i # j,
this yields a permutation; simply output the numbers [1, n] according to the order of
the £ (i) values. To construct such a function f, do the following for j = 1, ..., n: choose
f(j) by repeatedly obtaining numbers from the black box and setting f(j) to the first
number found such that f(j) # f(i) fori < j.

Prove that this approach gives a permutation chosen uniformly at random from all
permutations. Find the expected number of calls to the black box that are needed when
k = n and k = 2n. For the case k = 2n, argue that the probability that each call to the
black box assigns a value of f(j) to somejis at least 1/2. Based on this, use a Chernoff
bound to bound the probability that the number of calls to the black box is at least 4n.

Exercise 4.9: Suppose that we can obtain independent samples X, X», . . . of arandom
variable X and that we want to use these samples to estimate E[X]. Using ¢ samples,
we use ( Z§=1 X,») /t for our estimate of E[X]. We want the estimate to be within e E[X]
from the true value of E[X] with probability at least 1 — 6. We may not be able to
use Chernoff’s bound directly to bound how good our estimate is if X is not a 0-1
random variable, and we do not know its moment generating function. We develop
an alternative approach that requires only having a bound on the variance of X. Let

r = 4/ Var[X]/E[X].

(a) Show using Chebyshev’s inequality that O(r?/28) samples are sufficient to solve

the problem.
(b) Suppose that we need only a weak estimate that is within ¢E[X] of E[X] with

probability at least 3/4. Argue that O(r?/¢?) samples are enough for this weak
estimate.

(c) Show that, by taking the median of O(log(1/6)) weak estimates, we can obtain an
estimate within eE[X] of E[X] with probability at least 1 — §. Conclude that we
need only O((r? log(1/8))/e*) samples.

Exercise 4.10: A casino is testing a new class of simple slot machines. Each game, the
player puts in $1, and the slot machine is supposed to return either $3 to the player with
probability 4/25, $100 with probability 1/200, or nothing with all remaining probabil-
ity. Each game is supposed to be independent of other games.

The casino has been surprised to find in testing that the machines have lost $10,000
over the first million games. Derive a Chernoff bound for the probability of this event.
You may want to use a calculator or program to help you choose appropriate values as
you derive your bound.

Exercise 4.11: Consider a collection Xj, ..., X,, of n independent integers chosen
uniformly from the set {0, 1,2}. Let X = Y., X; and 0 < § < 1. Derive a Chernoff
bound for Pr(X > (1 + §)n) and Pr(X < (1 — é)n).

Exercise 4.12: Consider a collection Xi, ..., X, of n independent geometrically dis-
tributed random variables with mean 2. Let X = >\ X; and § > 0.
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(a) Derive a bound on Pr(X > (1 4+ §)(2n)) by applying the Chernoff bound to a
sequence of (1 + 6)(2n) fair coin tosses.

(b) Directly derive a Chernoff bound on Pr(X > (1 + 6)(2n)) using the moment gen-
erating function for geometric random variables.

(¢) Which bound is better?

Exercise 4.13: Let X, ..., X, be independent Poisson trials such that Pr(X; = 1) = p.
LetX =Y ", X;, so that E[X] = pn. Let
F(x, p) = xIn(x/p) + (1 —x) In((1 — x)/(1 — p)).
(a) Show that, for 1 > x > p,
Pr(X > xn) < e &P,

(b) Show that, when 0 < x, p < 1, we have F(x, p) — 2(x — p)*> > 0. (Hint: Take the
second derivative of F(x, p) — 2(x — p)* with respect to x.)
(¢) Using parts (a) and (b), argue that
Pr(X > (p+e)n) <e 2.
(d) Use symmetry to argue that
Pr(X < (p—e)n) <e %,
and conclude that
Pr(|X — pn| > en) < 22,
Exercise 4.14: Modify the proof of Theorem 4.4 to show the following bound for
a weighted sum of Poisson trials. Let X, ..., X,, be independent Poisson trials such

that Pr(X;) = p; and let a4, ..., a, be real numbers in [0, 1]. Let X = Z?:l a;X; and
w = E[X]. Then the following Chernoff bound holds: for any § > 0,

es 2
Pr(X > (14+d6w) < (W) .

Prove a similar bound for the probability that X < (1 — §)u forany 0 < 6 < 1.

Exercise 4.15: Let Xy, ..., X, be independent random variables such that
Pr(X; =1—p))=p; and Pr(X;=—p;))=1-p;.
LetX = ), X;. Prove
Pr(|X| > a) < 2e~ 2/,
Hint: You may need to assume the inequality
P 4 (1= ppe P < S,
This inequality is difficult to prove directly.
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Exercise 4.16: Let Xi, ..., X, be independent Poisson trials such that Pr(X; = 1) =
pi-Let X = Y"1 a;X; and u = E[X]. Use the result of Exercise 4.15 to prove that if
la;] < 1foralll <i<n,thenforany0 < 4§ < 1,

Pr(|X — p| > dp) < 2”200/,

Exercise 4.17: Suppose that we have n jobs to distribute among m processors. For
simplicity, we assume that m divides n. A job takes 1 step with probability p and k > 1
steps with probability 1 — p. Use Chernoff bounds to determine upper and lower
bounds (that hold with high probability) on when all jobs will be completed if we
randomly assign exactly n/m jobs to each processor.

Exercise 4.18: In many wireless communication systems, each receiver listens on a
specific frequency. The bit b(¢) sent at time ¢ is represented by a 1 or — 1. Unfortunately,
noise from other nearby communications can affect the receiver’s signal. A simplified
model of this noise is as follows. There are n other senders, and the ith has strength
pi < 1. At any time ¢, the ith sender is also trying to send a bit b;(¢) that is represented
by 1 or —1. The receiver obtains the signal s(z) given by

n
s(t) = b(D) + ) _ pibi(?).
i=1
If s(¢) is closer to 1 than —1, the receiver assumes that the bit sent at time ¢ was a 1;
otherwise, the receiver assumes that it was a —1.
Assume that all the bits b;(¢) can be considered independent, uniform random vari-
ables. Give a Chernoff bound to estimate the probability that the receiver makes an
error in determining b(t).

Exercise 4.19: Recall that a function f'is said to be convex if, for any x;, x, and for
0<a<l,

JOxi+ (1 = 2)x2) < Af(x1) + (1 = 1) f(x2).

(a) Let Zbe arandom variable that takes on a (finite) set of values in the interval [0, 1],
and let p = E[Z]. Define the Bernoulli random variable X by Pr(X = 1) = p and
Pr(X = 0) =1 — p. Show that E[f(Z)] < E[f(X)] for any convex function f.

(b) Use the fact that f(x) = e'* is convex for any ¢ > 0 to obtain a Chernoff bound for
the sum of n independent random variables with distribution Z as in part (a), based
on a Chernoff bound for independent Poisson trials.

Exercise 4.20: Prove Theorem 4.14.

Exercise 4.21: We prove that the Randomized Quicksort algorithm sorts a set of
n numbers in time O(nlogn) with high probability. Consider the following view of
Randomized Quicksort. Every point in the algorithm where it decides on a pivot ele-
ment is called a node. Suppose the size of the set to be sorted at a particular node is s.
The node is called good if the pivot element divides the set into two parts, each of size
not exceeding 2s/3. Otherwise the node is called bad. The nodes can be thought of as
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forming a tree in which the root node has the whole set to be sorted and its children
have the two sets formed after the first pivot step and so on.

(a) Show that the number of good nodes in any path from the root to a leaf in this tree
is not greater than c log,n, where c is some positive constant.

(b) Show that, with high probability (greater than 1 — 1/5?), the number of nodes in
a given root to leaf path of the tree is not greater than ¢’ log,n, where ¢’ is another
constant.

(c) Show that, with high probability (greater than 1 — 1/n), the number of nodes in
the longest root to leaf path is not greater than ¢’ log,n. (Hint: How many nodes
are there in the tree?)

(d) Use your answers to show that the running time of Quicksort is O(nlogn) with
probability at least 1 — 1/n.

Exercise 4.22: Consider the bit-fixing routing algorithm for routing a permutation on
the n-cube. Suppose that n is even. Write each source node s as the concatenation of
two binary strings a,; and b, each of length n/2. Let the destination of s’s packet be
the concatenation of b; and a,. Show that this permutation causes the bit-fixing routing
algorithm to take Q(\/]T/ ) steps.

Exercise 4.23: Consider the following modification to the bit-fixing routing algorithm
for routing a permutation on the n-cube. Suppose that, instead of fixing the bits in order
from 1 to n, each packet chooses a random order (independent of other packets’ choices)
and fixes the bits in that order. Show that there is a permutation for which this algorithm
requires 2 steps with high probability.

Exercise 4.24: Assume that we use the randomized routing algorithm for the n-cube
network (Algorithm 4.2) to route a total of up to p2" packets, where each node is the
source of no more than p packets and each node is the destination of no more than p
packets.

(a) Give a high-probability bound on the run-time of the algorithm.
(b) Give a high-probability bound on the maximum number of packets at any node at
any step of the execution of the routing algorithm.

Exercise 4.25: Show that the expected number of packets that traverse any edge on
the path of a given packet when routing a random permutation on the wrapped butterfly
network of N = n2" nodes is Q(n?).

Exercise 4.26: In this exercise, we design a randomized algorithm for the following
packet routing problem. We are given a network that is an undirected connected graph
G, where nodes represent processors and the edges between the nodes represent wires.
We are also given a set of N packets to route. For each packet we are given a source
node, a destination node, and the exact route (path in the graph) that the packet should
take from the source to its destination. (We may assume that there are no loops in the

95



CHERNOFF AND HOEFFDING BOUNDS

path.) In each time step, at most one packet can traverse an edge. A packet can wait at
any node during any time step, and we assume unbounded queue sizes at each node.

A schedule for a set of packets specifies the timing for the movement of packets
along their respective routes. That is, it specifies which packet should move and which
should wait at each time step. Our goal is to produce a schedule for the packets that
tries to minimize the total time and the maximum queue size needed to route all the
packets to their destinations.

(a)

(b)

(V]

(d)

The dilation d is the maximum distance traveled by any packet. The congestion c is
the maximum number of packets that must traverse a single edge during the entire
course of the routing. Argue that the time required for any schedule should be at
least Q2(c + d).

Consider the following unconstrained schedule, where many packets may traverse
an edge during a single time step. Assign each packet an integral delay chosen ran-
domly, independently, and uniformly from the interval [1, [ac/ log(Nd)]], where «
is a constant. A packet that is assigned a delay of x waits in its source node for x time
steps; then it moves on to its final destination through its specified route without
ever stopping. Give an upper bound on the probability that more than O(log(Nd))
packets use a particular edge e at a particular time step .

Again using the unconstrained schedule of part (b), show that the probability that
more than O(log(Nd)) packets pass through any edge at any time step is at most
1/(Nd) for a sufficiently large «.

Use the unconstrained schedule to devise a simple randomized algorithm that, with
high probability, produces a schedule of length O(c + d log(Nd)) using queues of
size O(log(Nd)) and following the constraint that at most one packet crosses an
edge per time step.
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CHAPTER FIVE

Balls, Bins, and Random Graphs

In this chapter, we focus on one of the most basic of random processes: m balls are
thrown randomly into 7 bins, each ball landing in a bin chosen independently and uni-
formly at random. We use the techniques we have developed previously to analyze this
process and develop a new approach based on what is known as the Poisson approx-
imation. We demonstrate several applications of this model, including a more sophis-
ticated analysis of the coupon collector’s problem and an analysis of the Bloom filter
data structure. After introducing a closely related model of random graphs, we show an
efficient algorithm for finding a Hamiltonian cycle on a random graph with sufficiently
many edges. Even though finding a Hamiltonian cycle is NP-hard in general, our result
shows that, for a randomly chosen graph, the problem is solvable in polynomial time
with high probability.

5.1. Example: The Birthday Paradox

Sitting in lecture, you notice that there are 30 people in the room. Is it more likely that
some two people in the room share the same birthday or that no two people in the room
share the same birthday?

We can model this problem by assuming that the birthday of each person is a ran-
dom day from a 365-day year, chosen independently and uniformly at random for each
person. This is obviously a simplification; for example, we assume that a person’s birth-
day is equally likely to be any day of the year, we avoid the issue of leap years, and we
ignore the possibility of twins! As a model, however, it has the virtue of being easy to
understand and analyze.

One way to calculate this probability is to directly count the configurations where
two people do not share a birthday. It is easier to think about the configurations where
people do not share a birthday than about configurations where some two people do.

Thirty days must be chosen from the 365; there are (33605> ways to do this. These 30
days can be assigned to the people in any of the 30! possible orders. Hence there are

(33%5> 30! configurations where no two people share the same birthday, out of the 365*
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ways the birthdays could occur. Thus, the probability is

(%) 301
3650

We can also calculate this probability by considering one person at a time. The first
person in the room has a birthday. The probability that the second person has a different
birthday is (1 — 1/365). The probability that the third person in the room then has
a birthday different from the first two, given that the first two people have different
birthdays, is (1 —2/365). Continuing on, the probability that the kth person in the
room has a different birthday than the first k — 1, assuming that the first k — 1 have
different birthdays, is (1 — (k — 1)/365). So the probability that 30 people all have
different birthdays is the product of these terms, or

(-5) () (=550 (- )

You can check that this matches the expression (5.1).

Calculations reveal that (to four decimal places) this product is 0.2937, so when
30 people are in the room there is more than a 70% chance that two share the same
birthday. A similar calculation shows that only 23 people need to be in the room before
it is more likely than not that two people share a birthday.

More generally, if there are m people and n possible birthdays then the probability
that all m have different birthdays is

(-3 0-2)- (-3 (=)0

Using that 1 — k/n ~ e */" when k is small compared to n, we see that if m is small
compared to n then

5.1

efm(mfl)/Zn

2
~e m/2n'

Hence the value for m at which the probability that m people all have different birthdays
is 1/2 is approximately given by the equation
2

2,
2n

or m = +/2nIn?2. For the case n = 365, this approximation gives m = 22.49 to two
decimal places, matching the exact calculation quite well.
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Quite tight and formal bounds can be established using bounds in place of the
approximations just derived, an option that is considered in Exercise 5.3. The follow-
ing simple arguments, however, give loose bounds and good intuition. Let us consider
each person one at a time, and let E; be the event that the kth person’s birthday does
not match any of the birthdays of the first k — 1 people. Then the probability that the
first k people fail to have distinct birthdays is

k
PE,UE,U---UE) < Z Pr(E))
i=1

i1
<> .
i=1
_k(k—1)
T oo

If k < /n this probability is less than 1/2, so with LﬁJ people the probability is at
least 1/2 that all birthdays will be distinct.

Now assume that the first fﬁ] people all have distinct birthdays. Each person after
that has probability at least /n/n = 1/4/n of having the same birthday as one of these
first (\/r_z—| people. Hence the probability that the next (\/ﬁ-| people all have different
birthdays than the first [ﬁ —| people is at most

] Vel
- — < -< =
Jn e 2

Hence, once there are 2|_\/r_z -| people, the probability is at most 1/e that all birthdays
will be distinct.

5.2. Balls into Bins

5.2.1. The Balls-and-Bins Model

The birthday paradox is an example of a more general mathematical framework that
is often formulated in terms of balls and bins. We have m balls that are thrown into
n bins, with the location of each ball chosen independently and uniformly at random
from the n possibilities. What does the distribution of the balls in the bins look like?
The question behind the birthday paradox is whether or not there is a bin with two
balls.

There are several interesting questions that we could ask about this random process.
For example, how many of the bins are empty? How many balls are in the fullest bin?
Many of these questions have applications to the design and analysis of algorithms.

Our analysis of the birthday paradox showed that, if m balls are randomly placed
into n bins then, for some m = Q(ﬁ), at least one of the bins is likely to have more
than one ball in it. Another interesting question concerns the maximum number of
balls in a bin, or the maximum load. Let us consider the case where m = n, so that
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the number of balls equals the number of bins and the average load is 1. Of course the
maximum possible load is n, but it is very unlikely that all n balls land in the same bin.
We seek an upper bound that holds with probability tending to 1 as n grows large. We
can show that the maximum load is more than 3 Inn/Inlnn with probability at most
1/n for sufficiently large n via a direct calculation and a union bound. This is a very
loose bound; although the maximum load is in fact Q(In#n/Inlnn) with probability
close to 1 (as we show later), the constant factor 3 we use here is chosen to simplify
the argument and could be reduced with more care.

Lemma 5.1: When n balls are thrown independently and uniformly at random into n
bins, the probability that the maximum load is more than 31Inn/Inlnn is at most 1/n
for n sufficiently large.

Proof: The probability that bin 1 receives at least M balls is at most

n N

M) \n) °
This follows from a union bound; there are ( A'f,) distinct sets of M balls, and for any set
of M balls the probability that all land in bin 1 is (1/7)™. We now use the inequalities

n\ 1\ 1 e \"
- <—<(=) .
M)\n) — M —\M
Here the second inequality is a consequence of the following general bound on facto-
rials: since
00 i
Kk K

ST
! !
i=0

NG
k!><—>.
e

Applying a union bound again allows us to find that, for M > 31In#n/InInn, the prob-
ability that any bin receives at least M balls is bounded above by

e M elnlnn 3lnn/Inlnn
n| — <n
M 3lnn

Inlnn 3lnn/Inlnn
<n
( Inn )

lnn(elnlnlnn—lnlnn)B Inn/Inlnn

we have

=¢

_ 672 Inn+3(Inn)(Inlnlnn)/Inlnn
1

< —
n

for n sufficiently large. n
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5.2.2. Application: Bucket Sort

Bucket sort is an example of a sorting algorithm that, under certain assumptions on
the input, breaks the Q(nlogn) lower bound for standard comparison-based sorting.
For example, suppose that we have a set of n = 2™ elements to be sorted and that each
element is an integer chosen independently and uniformly at random from the range
[0, 2F), where k > m. Using Bucket sort, we can sort the numbers in expected time
O(n). Here the expectation is over the choice of the random input, since Bucket sort is
a completely deterministic algorithm.

Bucket sort works in two stages. In the first stage, we place the elements into n
buckets. The jth bucket holds all elements whose first m binary digits correspond to
the number j. For example, if n = 2'°, bucket 3 contains all elements whose first 10
binary digits are 0000000011. When j < ¢, the elements of the jth bucket all come
before the elements in the ¢th bucket in the sorted order. Assuming that each element
can be placed in the appropriate bucket in O(1) time, this stage requires only O(n)
time. Because of the assumption that the elements to be sorted are chosen uniformly,
the number of elements that land in a specific bucket follows a binomial distribution
B(n, 1/n). Buckets can be implemented using linked lists.

In the second stage, each bucket is sorted using any standard quadratic time algo-
rithm (such as Bubblesort or Insertion sort). Concatenating the sorted lists from each
bucket in order gives us the sorted order for the elements. It remains to show that the
expected time spent in the second stage is only O(n).

The result relies on our assumption regarding the input distribution. Under the uni-
form distribution, Bucket sort falls naturally into the balls and bins model: the elements
are balls, buckets are bins, and each ball falls uniformly at random into a bin.

Let X; be the number of elements that land in the jth bucket. The time to sort the jth
bucket is then at most c¢(X;)* for some constant c. The expected time spent sorting in
the second stage is at most

n n
E Z X)) | =c ZE[X].Q] = cnE[X2],
j=1 j=1

where the first equality follows from the linearity of expectations and the second fol-
lows from symmetry, as E[ij] is the same for all buckets.

Since X] is a binomial random variable B(n, 1/n), using the results of Section 3.2.1
yields

Exi="0"D 122 Ly
n n

Hence the total expected time spent in the second stage is at most 2¢n, so Bucket sort
runs in expected linear time.

5.3. The Poisson Distribution

We now consider the probability that a given bin is empty in the balls and bins model
with m balls and n bins as well as the expected number of empty bins. For the first bin
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to be empty, it must be missed by all m balls. Since each ball hits the first bin with
probability 1/n, the probability the first bin remains empty is

m
1—l ~ e M/,
n

of course, by symmetry this probability is the same for all bins. If X; is arandom variable
that is 1 when the ith bin is empty and O otherwise, then E[X;] = (1 — 1/n)". Let X be
a random variable that represents the number of empty bins. Then, by the linearity of
expectations,

E[X]=E |:ZX{| = ZE[X’] =n (1 _ %) ~ ne—m/n.
i=1 i=1

Thus, the expected fraction of empty bins is approximately e /", This approximation
is very good even for moderately size values of m and n, and we use it frequently
throughout this chapter.

We can generalize the preceding argument to find the expected fraction of bins with
r balls for any constant r. The probability that a given bin has r balls is

m\ (1Y X \"7 Lmim—1)--(m—r+1) | "
()G) (=a) ==l

When m and n are large compared to r, the second factor on the right-hand side is
approximately (m/n)", and the third factor is approximately e~"/". Hence the proba-
bility p, that a given bin has r balls is approximately

N efm/n(m/n)r
reY T

) 5.2)
r!

and the expected number of bins with exactly rballs is approximately np,. We formalize
this relationship in Section 5.3.1.
The previous calculation naturally leads us to consider the following distribution.

Definition 5.1: A discrete Poisson random variable X with parameter | is given by
the following probability distributionon j =0,1,2,...:

(Note that Poisson random variables differ from Poisson trials, discussed in Sec-
tion 4.2.1.)

Let us verify that the definition gives a proper distribution in that the probabilities
sum to 1:

i O oMy d
Y ==y F
j=0 7

j=0
— o H _
=¢ Zj!
Jj=0
=1,

where we have used the Taylor expansion e* = Z?’;O(xj /J).
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Next we show that the expectation of this random variable is u:

E[X] = Z; Pr(X = j)

In the context of throwing m balls into n bins, the distribution of the number of balls in
a bin is approximately Poisson with © = m/n, which is exactly the average number of
balls per bin, as one might expect.

An important property of Poisson distributions is given in the following lemma.

Lemma 5.2: The sum of a finite number of independent Poisson random variables is
a Poisson random variable.

Proof: We consider two independent Poisson random variables X and Y with means
w1 and wo; the case of more random variables is simply handled by induction. Now

J
Pr(x+Y:j)=ZPr((X=k)ﬂ(Y=j—k))
k=0
_ i e—MM/{ e—llzugj_k)
k(=R

e~ (i) J

J k. (i—k)
= Z Hyls
!
= k! ( k)

e~ (miti2) XJ(; <>

e (H1+Mz)(Ml + ,U«Z)j
J! .

In the last equality we used the binomial theorem to simplify the summation. |

We can also prove Lemma 5.2 using moment generating functions.

Lemma 5.3: The moment generating function of a Poisson random variable with
parameter [L is

M, (1) = "D,
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Proof: For any ¢,

o0
' (S —pe! € 1yk ‘
B’ = _ il =) Z (M ") _ o@D

k!
k=0

Given two independent Poisson random variables X and Y with means (| and u,, we
apply Theorem 4.3 to prove

My (1) = Mx (1) - My (1) = e 12D,

which is the moment generating function of a Poisson random variable with mean p; +
2. By Theorem 4.2, the moment generating function uniquely defines the distribution,
and hence the sum X + Y is a Poisson random variable with mean p; + p;.

We can also use the moment generating function of the Poisson distribution to prove
that E[X?] = A(A + 1) and Var[X] = A (see Exercise 5.5).

Next we develop a Chernoff bound for Poisson random variables that we will use
later in this chapter.

Theorem 5.4: Let X be a Poisson random variable with parameter (.
1. If x > u, then

i .
Pr(X > ) < S
xx
2. Ifx < u, then
e Hlep)
o

Pr(X <x) <

3. Foré >0,

b 7
Pr(X = (14+6)u) < <(1T)(1M)) ;

4. For0 <§ < 1,

e’ a
PriX <(1-4d8)u) < (m) :

Proof: Foranyt > 0 and x > pu,

. E[eX

Pr(X > x) = Pr(e”* > ") < [e”]
etx

Plugging in the expression for the moment generating function of the Poisson distribu-

tion, we have
Pr(X > x) < eM€ D=1,
Choosing t = In(x/un) > 0 gives

Pr(X > x) < ex_ﬂ_xm(x/ﬂ)
e ep)
= x—x.
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Forany ¢ < Oand x < p,

Pr(X <x) = Pr(eX > ¢™) < EE;;X].
Hence

Pr(X < x) < et
Choosing t = In(x/p) < 0, it follows that

Pr(X <x) < e¥—H—xIn(x/u)
e Hlep)
=0
The alternate forms of the bound given in parts 3 and 4 follow immediately from parts
1 and 2. [

5.3.1. Limit of the Binomial Distribution

We have shown that, when throwing m balls randomly into n bins, the probability p,
that a bin has 7 balls is approximately the Poisson distribution with mean m/n. In gen-
eral, the Poisson distribution is the limit distribution of the binomial distribution with
parameters n and p, when 7 is large and p is small. More precisely, we have the follow-
ing limit result.

Theorem 5.5: Let X,, be a binomial random variable with parameters n and p, where
p is a function of n and lim,_, o, np = A is a constant that is independent of n. Then,
for any fixed k,

e Ak
lim Pr(X, = k) =

n—00 k!

This theorem directly applies to the balls-and-bins scenario. Consider the situation
where there are m balls and n bins, where m is a function of n and lim,;,_, oo m/n = A.
Let X,, be the number of balls in a specific bin. Then X,, is a binomial random variable
with parameters m and 1/n. Theorem 5.5 thus applies and says that
—m/n r
lim Pr(t, = r) = S/’
m—>00 r!

matching the approximation of Eqn. (5.2).

Before proving Theorem 5.5, we describe some of its applications. Distributions of
this type arise frequently and are often modeled by Poisson distributions. For example,
consider the number of spelling or grammatical mistakes in a book, including this book.
One model for such mistakes is that each word is likely to have an error with some very
small probability p. The number of errors is then a binomial random variable with large
n and small p that can therefore be treated as a Poisson random variable. As another
example, consider the number of chocolate chips inside a chocolate chip cookie. One
possible model is to split the volume of the cookie into a large number of small disjoint
compartments, so that a chip lands in each compartment with some probability p. With
this model, the number of chips in a cookie roughly follows a Poisson distribution.
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We will see similar applications of the Poisson distribution in continuous settings in
Chapter 8.

Proof of Theorem 5.5: We can write
n
Pr(X, = k) = (k>p"(1 -p

In what follows, we make use of the bound that, for |x| < 1,
(l—x%) <14x<e, (5.3)

which follows from the Taylor series expansion of e*. (This is left as Exercise 5.7.)
Then

nk (1= p)y
ke a=py
(np)t "
K 1— pk
e P (np) 1

K1 pk

Pr(X, = k) <

IA

The second line follows from the first by Eqn. (5.3) and the fact that (1 — p)f > 1 — pk
for k > 0. Also,

_ k
Pr(X, = k) = kaa oy
_ k
> k;: DPY oy — poy
—pn _ k
Lk ph

- k!
where in the second inequality we applied Eqn. (5.3) withx = —p.
Combining, we have
e ”"(np) 1 e ”"((n—k+ 1)p)*

> Pr(X, = k) > 1 — p*n).
i Tk = )z k! (L=pn)

In the limit, as n approaches infinity, p approaches zero because the limiting value of
pn is the constant A. Hence 1/(1 — pk) approaches 1, 1 — p*n approaches 1, and the
difference between (n — k + 1)p and np approaches 0. It follows that

e Prmp)k 1 e Ak
lim =
and
—Pn((n — k + Dp) —ayk
lim Sk DRV p e
n—00 k! k!
Since lim,,_, o, Pr(X,, = k) lies between these two values, the theorem follows. [ |
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5.4. The Poisson Approximation

The main difficulty in analyzing balls-and-bins problems is handling the dependencies
that naturally arise in such systems. For example, if we throw m balls into n bins and find
that bin 1 is empty, then it is less likely that bin 2 is empty because we know that the m
balls must now be distributed among n — 1 bins. More concretely: if we know the num-
ber of balls in the first n — 1 bins, then the number of balls in the last bin is completely
determined. The loads of the various bins are not independent, and independent random
variables are generally much easier to analyze, since we can apply Chernoff bounds. It
is therefore useful to have a general way to circumvent these sorts of dependencies.

We have already shown that, after throwing m balls independently and uniformly at
random into n bins, the distribution of the number of balls in a given bin is approxi-
mately Poisson with mean m/n. We would like to say that the joint distribution of the
number of balls in all the bins is well approximated by assuming the load at each bin is
an independent Poisson random variable with mean m/n. This would allow us to treat
bin loads as independent random variables. We show here that we can do this when
we are concerned with sufficiently rare events. Specifically, we show in Corollary 5.9
that taking the probability of an event using this Poisson approximation for all of the
bins and multiplying it by e/m gives an upper bound for the probability of the event
when m balls are thrown into » bins. For rare events, this extra eﬂ factor will not be
significant. To achieve this result, we now introduce some technical machinery.

Suppose that m balls are thrown into n bins independently and uniformly at random,
and let X l.(’") be the number of balls in the ith bin, where 1 < i < n.LetY, l(m), .o, YW be
independent Poisson random variables with mean m/n. We derive a useful relationship
between these two sets of random variables. Tighter bounds for specific problems can
often be obtained with more detailed analysis, but this approach is quite general and
easy to apply.

The difference between throwing m balls randomly and assigning each bin a number
of balls that is Poisson distributed with mean m/n is that, in the first case, we know there
are m balls in total, whereas in the second case we know only that m is the expected
number of balls in all of the bins. But suppose when we use the Poisson distribution
we end up with m balls. In this case, we do indeed have that the distribution is the same
as if we threw m balls into n bins randomly.

Theorem 5.6: The distribution of (Yl(m), ..., Y™ conditioned on ", Yl.('") =k is the
same as (X ® ., X0, regardless of the value of m.

Proof: When throwing k balls into n bins, the probability that (X, ..., X®) =
(ki ..., ky) forany ki, ..., k, satisfying ) . k; = k is given by

k
kiskas .. ky k!

e (akal) - (knk

Now, for any ki, ..., k, with ). k; = k, consider the probability that
(™Y ™) = (k)
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conditioned on (Y™, ..., ¥(™) satisfying 3, Y™ = k:

Pr ((Y{’"), Y = k) | DY = k)
i=1

P =) N = k)10 (1 = k)
Pr (300 Yi(m) = k) '
The probability that Y, = k; is e ™/"(m/n)" /k;!, since the ¥,"" are independent Pois-

son random variables with mean m/n. Also, by Lemma 5.2, the sum of the Yi(m) 1s itself
a Poisson random variable with mean m. Hence

Pr((™ =k)n(" =k)n--0 (4" =k))  TT e "/"Gn/n) k!

Pe(S Y = H) T ek
k!
(DKl Gk
proving the theorem. |

With this relationship between the two distributions, we can prove strong results about
any function on the loads of the bins.

Theorem 5.7: Let f(x1, ..., x,) be a nonnegative function. Then

E[f(X"™,....X"™)] < e/mE[f(Y™,....¥™)]. (5.4)
Proof: We have that

o n n
E[f(r". ... %")] = 3B [f () | o = k} " (Z P = k)
k=0 i=1 i—1
n l n [
i=1 i=1

= E[/(X", . X)) Pr (Yo v = m),

where the last equality follows from the fact that the joint distribution of the Yl.(m) given
Yo Yl.(m) = m is exactly that of the Xl.(m), as shown in Theorem 5.6. Since ) ;_, Yl.(m)
is Poisson distributed with mean m, we now have

m m m m mme
E[f(r™,....¥x"™)] = E[f(x",.... X} =

We use the following loose bound on m!, which we prove as Lemma 5.8:

m! < ed/m (%)m

This yields
m m m m 1
E[f(r,....v")] = E[f(x{"..... X} ))]_eﬁ’

and the theorem is proven. |
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We prove the upper bound we used for factorials, which closely matches the loose lower
bound we used in Lemma 5.1.

Lemma 5.8:

n! < evn (g) . (5.5)

Proof: We use the fact that

In(n!) = ) Ini.
i=1
We first claim that, for i > 2,

i In(i — 1) + Ini
i—1

This follows from the fact that Inx is concave, since its second derivative is —1/x?,
which is always negative. Therefore,

" " Inn
Inxdx > Ini — —
J ez Yomi=

or, equivalently,

Inn
nlnn—n—+1>Inn!) — -

The result now follows simply by exponentiating. [

Theorem 5.7 holds for any nonnegative function on the number of balls in the bins. In
particular, if the function is the indicator function that is 1 if some event occurs and 0
otherwise, then the theorem gives bounds on the probability of events. Let us call the
scenario in which the number of balls in the bins are taken to be independent Poisson
random variables with mean m/n the Poisson case, and the scenario where m balls are
thrown into » bins independently and uniformly at random the exact case.

Corollary 5.9: Any event that takes place with probability p in the Poisson case takes
place with probability at most pe/m in the exact case.

Proof: Let f be the indicator function of the event. In this case, E[f] is just the
probability that the event occurs, and the result follows immediately from Theorem
5.7. [

This is a quite powerful result. It says that any event that happens with small proba-
bility in the Poisson case also happens with small probability in the exact case, where
balls are thrown into bins. Since in the analysis of algorithms we often want to show
that certain events happen with small probability, this result says that we can utilize an
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analysis of the Poisson approximation to obtain a bound for the exact case. The Pois-
son approximation is easier to analyze because the numbers of balls in each bin are
independent random variables.'

We can actually do even a little bit better in many natural cases. Part of the proof of
the following theorem is outlined in Exercises 5.14 and 5.15.

Theorem 5.10: Let f(x1,...,x,) be a nonnegative function such that
E[f (Xl(m), ey X,Em))] is either monotonically increasing or monotonically decreasing
in m. Then

E[f(xX™,....X"™)] < 2E[£(x",....¥™)]. (5.6)

The following corollary is immediate.

Corollary 5.11: Let £ be an event whose probability is either monotonically increas-
ing or monotonically decreasing in the number of balls. If £ has probability p in the
Poisson case, then £ has probability at most 2p in the exact case.

To demonstrate the utility of this corollary, we again consider the maximum load prob-
lem for the case m = n. We have shown via a union bound argument that the maximum
load is at most 3 Inn/ Inlnn with high probability. Using the Poisson approximation,
we prove the following almost-matching lower bound on the maximum load.

Lemma 5.12: When n balls are thrown independently and uniformly at random into
n bins, the maximum load is at least Inn/ In In n with probability at least 1 — 1/n forn
sufficiently large.

Proof: In the Poisson case, the probability that bin 1 has load at least M = Inn/Inlnn
is at least 1/eM!, which is the probability it has load exactly M. In the Poisson case,
all bins are independent, so the probability that no bin has load at least M is at

most
1 n
1 — < /(M)
eM! -

We now need to choose M so that e /MY < »=2_ for then (by Theorem 5.7) we will
have that the probability that the maximum load is not at least M in the exact case is at
most ey/n/n*> < 1/n. This will give the lemma. Because the maximum load is clearly
monotonically increasing in the number of balls, we could also apply the slightly better
Theorem 5.10, but this would not affect the argument substantially.

It therefore suffices to show that M! < n/2eInn, or equivalently that InM! < Inn —
Inlnn — In(2e). From our bound of Eqn. (5.5), it follows that

M! < evM (%I)M <M (A—/I)M

€

! There are other ways to handle the dependencies in the balls-and-bins model. In Chapter 13 we describe a more
general way to deal with dependencies (using martingales) that applies here. Also, there is a theory of negative
dependence that applies to balls-and-bins problems that also allows these dependencies to be dealt with nicely.
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when 7 (and hence M = Inn/Inlnn) are suitably large. Hence, for n suitably large,

InM! <MInM - M+ 1InM

Inn nn
= (Inlnn —Inlnlnn) — ——— + (Inlnn — Inlnlnn)
Inlnn Inlnn
Inn
<Ilnn-—
Inlnn

<Inn—Inlnn — In(2e),

where in the last two inequalities we have used the fact that Inlnn = o(Inn/Inlnr). B

5.4.1.* Example: Coupon Collector’s Problem, Revisited

The coupon collector’s problem introduced in Section 2.4.1 can be thought of as a balls-
and-bins problem. Recall that in this problem there are n different types of coupons,
each cereal box yields a coupon chosen independently and uniformly at random from
the n types, and you need to buy cereal boxes until you collect one of each coupon.
If we think of coupons as bins and cereal boxes as balls, the question becomes: If
balls are thrown independently and uniformly at random into bins, how many balls are
thrown until all bins have at least one ball? We showed in Section 2.4.1 that the expected
number of cereal boxes necessary is nH (n) ~ nlnn;in Section 3.3.1 we showed that, if
there are n Inn + cn cereal boxes, then the probability that not all coupons are collected
is at most e~ ¢. These results translate immediately to the balls-and-bins setting. The
expected number of balls that must be thrown before each bin has at least one ball is
nH(n), and when nInn 4 cn balls are thrown the probability that not all bins have at
least one ball is e™°.

We have seen in Chapter 4 that Chernoff bounds yield concentration results for sums
of independent 0—1 random variables. We will use here a Chernoff bound for the Pois-
son distribution to obtain much stronger results for the coupon collector’s problem.

Theorem 5.13: Let X be the number of coupons observed before obtaining one of each
of n types of coupons. Then, for any constant c,

lim Pr[X > nlnn+cn]=1—e"°"
n—oo

This theorem states that, for large n, the number of coupons required should be very
close to nIn n. For example, over 98% of the time the number of coupons required lies
between nlnn — 4n and nlnn + 4n. This is an example of a sharp threshold, where
the random variable is closely concentrated around its mean.

Proof: We look at the problem as a balls-and-bins problem. We begin by considering
the Poisson approximation, and then demonstrate that the Poisson approximation gives
the correct answer in the limit. For the Poisson approximation, we suppose that the
number of balls in each bin is a Poisson random variable with mean In#z + ¢, so that
the expected total number of balls is m = nInn + cn. The probability that a specific
bin is empty is then

_ ,  e’c
e (Inn+c) — )
n
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Since all bins are independent under the Poisson approximation, the probability that no

bin is empty is
e \" i
(1 - ) ~e .
n

The last approximation is appropriate in the limit as n grows large, so we apply it here.

To show the Poisson approximation is accurate, we undertake the following steps.
Consider the experiment where each bin has a Poisson number of balls, each with mean
Inn + c. Let £ be the event that no bin is empty, and let X be the number of balls thrown.
We have seen that

lim Pr(§) =e®".

n—>oo
We use Pr(€) by splitting it as follows:
Pr(£) =Pr (5 N (|X —m| < v2mlnm)) + Pr (5 N (|X —m| > v2mlnm))
=Pr(&]1X —m| <~2mlnm) -Pr(|1X —m| < v2mlnm)

—I—Pr(5| |X—m|>«/2m1nm)‘Pr(|X—m| >v2mlnm). 5.7
This representation proves helpful once we establish two facts. First, we show that
Pr (|X —m| > +/2m lnm) is o(1); that is, the probability that in the Poisson case the
number of balls thrown deviates significantly from its mean m is o(1). This guarantees

that the second term in the summation on the right of Eqn. (5.7) is o(1). Second, we
show that

|Pr(E 11X —m| <~2mlnm) —Pr(€ | X = m)| = o(1).

That is, the difference between our experiment coming up with exactly m balls or just
almost m balls makes an asymptotically negligible difference in the probability that
every bin has a ball. With these two facts, Eqn. (5.7) becomes

Pr(€) :Pr(é’ | |1 X —m| < «/Zmlnm) -Pr(lX —m| < v2mlnm)
+ Pr(E|1X —m|>~2mlnm)-Pr (X —m| > v2mlnm)

=Pr(£]|1X —m| <~2mlnm) - (1 —o(1)) + o(1)
=Pr(& | X =m)(1 —o(1)) + o(1),

and hence

lim Pr(€) = lim Pr(€ | X = m).

n—o0

But from Theorem 5.6, the quantity on the right is equal to the probability that every
bin has at least one ball when m balls are thrown randomly, since conditioning on m
total balls with the Poisson approximation is equivalent to throwing m balls randomly
into the 7 bins. As a result, the theorem follows once we have shown these two facts.
To show that Pr (|X —m| > +/2m lnm) is o(1), consider that X is a Poisson ran-
dom variable with mean m, since it is a sum of independent Poisson random variables.
We use the Chernoff bound for the Poisson distribution (Theorem 5.4) to bound this
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probability, writing the bound as
PI'(X > )C) < ex—m—xln(x/m).
For x = m 4+ ~/2mInm, we use that In(1 4+ z) > z — z2/2 for z > 0 to show

Pr (X >m+ \/M) < e«/2mlnm7(m+«/2mlnm)ln(1+«/2lnm/m)
2m In m—(m-+~/2mnm)(~/2 Inm/m—1In m/m)

<

(@)

—e In m+~/2mInm(Inm/m) — 0(1)
A similar argument holds if x < m, so Pr (|X —m| > v/2mInm) = o(1).
‘We now show the second fact, that

|Pr (11X —m| <v2mInm) —Pr(€ | X = m)| = o(1).

Note that Pr(€ | X = k) is increasing in k, since this probability corresponds to the
probability that all bins are nonempty when k balls are thrown independently and uni-
formly at random. The more balls that are thrown, the more likely all bins are nonempty.
It follows that

Pr(é|X=m—~2mlnm) <Pr(£|1X —m| <~2mlnm)

<Pr(E|X =m+~2mlnm).
Hence we have the bound
[Pr(E | IX —m| < V2mlnm) —Pr(E | X = m)|
<Pr(E|X =m+~2mlnm) —Pr(£|X =m—2mlnm),

and we show the right-hand side is o(1). This is the difference between the proba-
bility that all bins receive at least one ball when m — «/2m Inm balls are thrown and
when m + +/2m Inm balls are thrown. This difference is equivalent to the probability of
the following experiment: we throw m — +/2m Inm balls and there is still at least one
empty bin, but after throwing an additional 2+/2m Inm balls, all bins are nonempty.
In order for this to happen, there must be at least one empty bin after m — /2mInm
balls; the probability that one of the next 2+/2m Inm balls covers this bin is at most
(2«/ 2mlInm ) /n = o(1) by the union bound. Hence this difference is o(1) as well. B

5.5. Application: Hashing

5.5.1. Chain Hashing

The balls-and-bins-model is also useful for modeling hashing. For example, consider
the application of a password checker, which prevents people from using common,
easily cracked passwords by keeping a dictionary of unacceptable passwords. When
a user tries to set up a password, the application would like to check if the requested
password is part of the unacceptable set. One possible approach for a password checker
would be to store the unacceptable passwords alphabetically and do a binary search on
the dictionary to check if a proposed password is unacceptable. A binary search would
require ®(log m) time for m words.
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Another possibility is to place the words into bins and then search the appropriate bin
for the word. The words in a bin would be represented by a linked list. The placement
of words into bins is accomplished by using a hash function. A hash function f from a
universe U into arange [0, n — 1] can be thought of as a way of placing items from the
universe into n bins. Here the universe U would consist of possible password strings.
The collection of bins is called a hash table. This approach to hashing is called chain
hashing, since items that fall in the same bin are chained together in a linked list.

Using a hash table turns the dictionary problem into a balls-and-bins problem. If our
dictionary of unacceptable passwords consists of m words and the range of the hash
function is [0, n — 1], then we can model the distribution of words in bins with the
same distribution as m balls placed randomly in n bins. We are making a rather strong
assumption by presuming that our hash function maps words into bins in a fashion
that appears random, so that the location of each word is independent and identically
distributed. There is a great deal of theory behind designing hash functions that appear
random, and we will not delve into that theory here. We simply model the problem by
assuming that hash functions are random. In other words, we assume that (a) for each
x € U, the probability that f(x) = jis 1/n (for 0 < j < n — 1) and that (b) the values
of f(x) for each x are independent of each other. Notice that this does not mean that
every evaluation of f(x) yields a different random answer! The value of f(x) is fixed
for all time; it is just equally likely to take on any value in the range.

Let us consider the search time when there are n bins and m words. To search for an
item, we first hash it to find the bin that it lies in and then search sequentially through
the linked list for it. If we search for a word that is not in our dictionary, the expected
number of words in the bin the word hashes to is m/n. If we search for a word that is in
our dictionary, the expected number of other words in that word’s bin is (m — 1)/n, so
the expected number of words in the binis 1 4 (m — 1)/n. If we choose n = m bins for
our hash table, then the expected number of words we must search through in a bin is
constant. If the hashing takes constant time, then the total expected time for the search
is constant.

The maximum time to search for a word, however, is proportional to the maximum
number of words in a bin. We have shown that when n = m this maximum load is
®(Inn/ Inlnn) with probability close to 1, and hence with high probability this is the
maximum search time in such a hash table. While this is still faster than the required
time for standard binary search, it is much slower than the average, which can be a
drawback for many applications.

Another drawback of chain hashing can be wasted space. If we use n bins for n items,
several of the bins will be empty, potentially leading to wasted space. The space wasted
can be traded off against the search time by making the average number of words per
bin larger than 1.

5.5.2. Hashing: Bit Strings

If we want to save space instead of time, we can use hashing in another way. Again, we
consider the problem of keeping a dictionary of unsuitable passwords. Assume that a
password is restricted to be eight ASCII characters, which requires 64 bits (8 bytes) to
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represent. Suppose we use a hash function to map each word into a 32-bit string. This
string will serve as a short fingerprint for the word; just as a fingerprint is a succinct way
of identifying people, the fingerprint string is a succinct way of identifying a word. We
keep the fingerprints in a sorted list. To check if a proposed password is unacceptable,
we calculate its fingerprint and look for it on the list, say by a binary search.” If the
fingerprint is on the list, we declare the password unacceptable.

In this case, our password checker may not give the correct answer! It is possible for
a user to input an acceptable password, only to have it rejected because its fingerprint
matches the fingerprint of an unacceptable password. Hence there is some chance that
hashing will yield a false positive: it may falsely declare a match when there is not an
actual match. The problem is that — unlike fingerprints for human beings — our finger-
prints do not uniquely identify the associated word. This is the only type of mistake this
algorithm can make; it does not allow a password that is in the dictionary of unsuitable
passwords. In the password application, allowing false positives means our algorithm
is overly conservative, which is probably acceptable. Letting easily cracked passwords
through, however, would probably not be acceptable.

To place the problem in a more general context, we describe it as an approximate
set membership problem. Suppose we have a set S = {5y, 52, ..., s} of m elements
from a large universe U. We would like to represent the elements in such a way that
we can quickly answer queries of the form “is x an element of $?7”” We would also like
the representation to take as little space as possible. In order to save space, we would
be willing to allow occasional mistakes in the form of false positives. Here the unal-
lowable passwords correspond to our set S.

How large should the range of the hash function used to create the fingerprints be?
Specifically, if we are working with bits, how many bits should we use to create a
fingerprint? Obviously, we want to choose the number of bits that gives an acceptable
probability for a false positive match. The probability that an acceptable password has a
fingerprint that is different from any specific unallowable password in S'is (1 — 1/2°).
It follows that if the set S has size m and if we use b bits for the fingerprint, then
the probability of a false positive for an acceptable password is 1 — (1 — 1/2°)" >
1 — e /2" If we want this probability of a false positive to be less than a constant c,
we need

which implies that

> log, —————.

= (/0 - o)

That is, we need b = Q(log, m) bits. On the other hand, if we use b = 21og, m bits,
then the probability of a false positive falls to

1 1 1 m 1
—(1-—=) <—.
m? m

2 In this case the fingerprints will be uniformly distributed over all 32-bit strings. There are faster algorithms
for searching over sets of numbers with this distribution, just as Bucket sort allows faster sorting than standard
comparison-based sorting when the elements to be sorted are from a uniform distribution, but we will not concern
ourselves with this point here.

b
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In our example, if our dictionary has 216 — 65,536 words, then using 32 bits when
hashing yields a false positive probability of just less than 1/65,536.

5.5.3. Bloom Filters

We can generalize the hashing ideas of Sections 5.5.1 and 5.5.2 to achieve more inter-
esting trade-offs between the space required and the false positive probability. The
resulting data structure for the approximate set membership problem is called a Bloom
filter.

A Bloom filter consists of an array of n bits, A[0] to A[n — 1], initially all set
to 0. A Bloom filter uses k independent random hash functions 4y, ..., h; with range
{0, ..., n — 1}. We make the usual assumption for analysis that these hash functions
map each element in the universe to a random number independently and uniformly
over the range {0, ..., n — 1}. Suppose that we use a Bloom filter to represent a set
S = {s1, 82, ..., sy} of m elements from a large universe U. For each element s € S,
the bits A[h;(s)] are set to 1 for 1 < i < k. A bit location can be set to 1 multiple times,
but only the first change has an effect. To check if an element x is in S, we check whether
all array locations A[A;(x)] for 1 < i < k are set to 1. If not, then clearly x is not a mem-
ber of S, because if x were in S then all locations A[4;(x)] for 1 < i < k would be set
to 1 by construction. If all A[k;(x)] are set to 1, we assume that x is in S, although
we could be wrong. We would be wrong if all of the positions A[4;(x)] were set to 1
by elements of S even though x is not in the set. Hence Bloom filters may yield false
positives. Figure 5.1 shows an example.

The probability of a false positive for an element not in the set — the false positive
probability — can be calculated in a straightforward fashion, given our assumption that
the hash functions are random. After all the elements of S are hashed into the Bloom
filter, the probability that a specific bit is still O is

km
1— 1 ~ efkm/n‘
n

We let p = e~ %/ To simplify the analysis, let us temporarily assume that a fraction
p of the entries are still O after all of the elements of S are hashed into the Bloom
filter.

The probability of a false positive is then

k

km
1— (1 — 1) ~ (1 — e kmimk — (1 — p)k.

n

We let f = (1 —e /"y = (1 — p)*. From now on, for convenience we use the
asymptotic approximations p and f to represent (respectively) the probability that a
bit in the Bloom filter is O and the probability of a false positive.

Suppose that we are given m and n and wish to optimize the number of hash func-
tions k in order to minimize the false positive probability f. There are two competing
forces: using more hash functions gives us more chances to find a 0-bit for an element
that is not a member of S, but using fewer hash functions increases the fraction of 0-bits
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Start with an array of Os.
[ofofofoJofofoJofofofo]o]

Each element of S is hashed k times; each

hash gives an array location to set to 1.
S

1 2

Lofofrfofrfrfofofufofu]o]

To check if y is in S, check the k hash
locations. If a 0 appears, y is not in .
y

Lofoftfoft]tfofoft]oft]o]

If only 1s appear, conclude that y is in S.
This may yield false positives.
y

Lofofrfofr]rfofoft]oft]o]

Figure 5.1: Example of how a Bloom filter functions.

in the array. The optimal number of hash functions that minimizes f as a function of &
is easily found taking the derivative. Let g = kIn(1 — e ¥"/"), so that f = e¢ and mini-
mizing the false positive probability fis equivalent to minimizing g with respect to k. We
find
—km/n
ds _ In(1 — e *m/my 4 @;.
dk n 1 — e kmn

It is easy to check that the derivative is zero when k = (In2) - (n/m) and that this
point is a global minimum. In this case the false positive probability fis (1/2)F ~
(0.6185)"™ The false positive probability falls exponentially in n/m, the number of
bits used per item. In practice, of course, kK must be an integer, so the best possible
choice of k may lead to a slightly higher false positive rate.

A Bloom filter is like a hash table, but instead of storing set items we simply use one
bit to keep track of whether or not an item hashed to that location. If k = 1, we have
just one hash function and the Bloom filter is equivalent to a hashing-based fingerprint
system, where the list of the fingerprints is stored in a 0—1 bit array. Thus Bloom filters
can be seen as a generalization of the idea of hashing-based fingerprints. As we saw
when using fingerprints, to get even a small constant probability of a false positive
required 2(logm) fingerprint bits per item. In many practical applications, 2(log m)
bits per item can be too many. Bloom filters allow a constant probability of a false
positive while keeping n/m, the number of bits of storage required per item, constant.
For many applications, the small space requirements make a constant probability of
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error acceptable. For example, in the password application, we may be willing to accept
false positive rates of 1% or 2%.

Bloom filters are highly effective even if n = c¢m for a small constant ¢, such as
¢ = 8. In this case, when k = 5 or k = 6 the false positive probability is just over 0.02.
This contrasts with the approach of hashing each element into ®(log m) bits. Bloom
filters require significantly fewer bits while still achieving a very good false positive
probability.

It is also interesting to frame the optimization another way. Consider f, the proba-
bility of a false positive, as a function of p. We find

f=a-pt
_ (1 _p)(—lnp)(n/m)
— (e~ IA=p)yn/m (5.8)

From the symmetry of this expression, it is easy to check that p = 1/2 minimizes the
false positive probability f. Hence the optimal results are achieved when each bit of the
Bloom filter is O with probability 1/2. An optimized Bloom filter looks like a random
bit string.

To conclude, we reconsider our assumption that the fraction of entries that are still 0
after all of the elements of S are hashed into the Bloom filter is p. Each bit in the array
can be thought of as a bin, and hashing an item is like throwing a ball. The fraction of
entries that are still O after all of the elements of S are hashed is therefore equivalent to
the fraction of empty bins after mk balls are thrown into n bins. Let X be the number of
such bins when mk balls are thrown. The expected fraction of such bins is

) ( 1>km
p=|1-- .
n

The events of different bins being empty are not independent, but we can apply
Corollary 5.9, along with the Chernoff bound of Eqn. (4.6), to obtain

Pr(|X — np/| > en) < 2ey/ne /37,

Actually, Corollary 5.11 applies as well, since the number of 0-entries — which corre-
sponds to the number of empty bins — is monotonically decreasing in the number of
balls thrown. The bound tells us that the fraction of empty bins is close to p’ (when
n is reasonably large) and that p’ is very close to p. Our assumption that the fraction
of O-entries in the Bloom filter is p is therefore quite accurate for predicting actual
performance.

5.5.4. Breaking Symmetry

As our last application of hashing, we consider how hashing provides a simple way
to break symmetry. Suppose that n users want to utilize a resource, such as time on a
supercomputer. They must use the resource sequentially, one at a time. Of course, each
user wants to be scheduled as early as possible. How can we decide a permutation of
the users quickly and fairly?
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If each user has an identifying name or number, hashing provides one possible solu-
tion. Hash each user’s identifier into 2 bits, and then take the permutation given by
the sorted order of the resulting numbers. That is, the user whose identifier gives the
smallest number when hashed comes first, and so on. For this approach to work, we do
not want two users to hash to the same value, since then we must decide again how to
order these users.

If b is sufficiently large, then with high probability the users will all obtain distinct
hash values. One can analyze the probability that two hash values collide by using the
analysis from Section 5.1 for the birthday paradox; hash values correspond to birthdays.
We here use a simpler analysis based just on using a union bound. There are (;) pairs
of users. The probability that any specific pair has the same hash value is 1/2°. Hence
the probability that any pair has the same hash value is at most

ny\ 1 nn—1)
(2) 20T o
Choosing b = 3log, n — 1 guarantees success with probability at least 1 — 1/n.

This solution is extremely flexible, making it useful for many situations in dis-
tributed computing. For example, new users can easily be added into the schedule
at any time, as long as they do not hash to the same number as another scheduled
user.

A related problem is leader election. Suppose that instead of trying to order all of
the users, we simply want to fairly choose a leader from them. Again, if we have a
suitably random hash function then we can simply take the user whose hash value is
the smallest. An analysis of this scheme is left as Exercise 5.26.

5.6. Random Graphs

5.6.1. Random Graph Models

There are many NP-hard computational problems defined on graphs: Hamiltonian
cycle, independent set, vertex cover, and so forth. One question worth asking is whether
these problems are hard for most inputs or just for a relatively small fraction of all
graphs. Random graph models provide a probabilistic setting for studying such ques-
tions.

Most of the work on random graphs has focused on two closely related models, G, ,
and G, . In G, , we consider all undirected graphs on n distinct vertices vy, va, ..., v,.
A graph with a given set of m edges has probability

Pl — p)&,

One way to generate arandom graphin G, ,, is to consider each of the (;) possible edges
in some order and then independently add each edge to the graph with probability p.
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n

The expected number of edges in the graph is therefore (2

expected degree (n — 1)p.
In the G, y model, we consider all undirected graphs on n vertices with exactly N

) p, and each vertex has

edges. There are (( ;}) possible graphs, each selected with equal probability. One way
to generate a graph uniformly from the graphs in G, y is to start with a graph with no
edges. Choose one of the (;) possible edges uniformly at random and add it to the edges
in the graph. Now choose one of the remaining (;) — 1 possible edges independently
and uniformly at random and add it to the graph. Similarly, continue choosing one of
the remaining unchosen edges independently and uniformly at random until there are
N edges.

The G, , and G, y models are related; when p = N/ (;), the number of edges in a
random graph in G, ,, is concentrated around N, and conditioned on a graph from G, ,
having N edges, that graph is uniform over all the graphs from G, y. The relationship
is similar to the relationship between throwing m balls into 7 bins and having each bin
have a Poisson distributed number of balls with mean m/n.

Here, for example is one way of formalizing the relationship between the G, , and
G,.n models. A graph property is a property that holds for a graph regardless of how
the vertices are labeled, so it holds for all possible isomorphisms of the graph. We say
that a graph property is monotone increasing if whenever the property holds for G =
(V, E)itholds also for any graph G’ = (V, E’) with E C E’; monotone decreasing graph
properties are defined similarly. For example, the property that a graph is connected
is a monotone increasing graph property, as is the property that a graph contains a
connected component of at least k vertices for any particular value of k. The property
that a graph is a tree, however, is not a monotone graph property, although the property
that the graph contains no cycles is a monotone decreasing graph property. We have
the following lemma:

Lemma 5.14: For a given monotone increasing graph property let P(n, N) be the
probability that the property holds for a graph in G, y and P(n, p) the probability that
it holds for a graph in G, ,. Let p* = (1 +6)N/(;) and p~ = (1 —€)N/(5) for a
constant 1 > € > 0. Then

P(n,p7) —e "™ < P(n,N) < P(n, p*) + ¢ ™.

Proof: Let X be arandom variable giving the number of edges that occur when a graph
is chosen from G,, ,-. Conditioned on X = k, a random graph from G, ,- is equivalent
to a graph from G, 4, since the k edges chosen are equally likely to be any subset of k
edges. Hence

(3)
P(n,p7) = P(n.k)Pr(X = k).
k=0

In particular,

P(n,p7) =Y P(n,k)Pr(X =k)+ Y P(n, k) Pr(X = k).
k<N k>N
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Also, for a monotone increasing graph property, P(n, k) < P(n, N) for k < N. Hence
P(n,p) <Pr(X <N)P(n,N)+Pr(X > N) < P(n,N)+Pr(X > N).

However, Pr(X > N) can be bounded by a standard Chernoff bound; X is the sum of
(;) independent Bernoulli random variables, and hence by Theorem 4.4

1 —(1— 2
Pr(X > N) = Pr (X > :E[X]) <Pr(X > (1 4+ €)E[X]) < e (79N,

Here we have used that ﬁ >1+4+efor0<e < 1.
Similarly,

P(n,p") =Y Pn.k)Pr(X =k)+ Y _P(n.k)Pr(X = k),
k<N k>N

SO
P(n,p") > Pr(X > N)P(n,N) > P(n,N) — Pr(X < N).
By Theorem 4.5

1 .
Pr(X > N)=Pr (X < —E[X] ) <Pr (X < (1 n 5) E[X]) < e~ (HOENSS,
1+e€ 2

where here we have used that ﬁ <l—¢€/2for0<e <. |

A similar result holds for monotone decreasing properties. Another formalization of
the relationship between the graph models is given as Exercise 5.18.

There are many additional similarities between random graphs and the balls-and-
bins model. Throwing edges into the graph as in the G, y model is like throwing balls
into bins. However, since each edge has two endpoints, each edge is like throwing
two balls at once into two different bins. The pairing defined by the edges adds a rich
structure that does not exist in the balls-and-bins model. Yet we can often utilize the
relation between the two models to simplify analysis in random graph models. For
example, in the coupon collector’s problem we found that when we throw nlnn + cn
balls, the probability that there are no empty bins converges to ¢ as 1 grows to
infinity. Similarly, we have the following theorem for random graphs, which is left as
Exercise 5.20.

Theorem 5.15: LetN = %(n Inn + cn). Then the probability that there are no isolated

vertices (vertices with degree 0) in G, y converges to e ¢ as n grows to infinity.

5.6.2. Application: Hamiltonian Cycles in Random Graphs

A Hamiltonian path in a graph is a path that traverses each vertex exactly once. A
Hamiltonian cycle is a cycle that traverses each vertex exactly once. We show an inter-
esting connection between random graphs and balls-and-bins problems by analyzing a
simple and efficient algorithm for finding Hamiltonian cycles in random graphs. The
algorithm is randomized, and its probabilistic analysis is over both the input distribu-
tion and the random choices of the algorithm. Finding a Hamiltonian cycle in a graph
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O—O—@
V1 1% U3 V4 Vs Ve V1 1% U3 V4 Us Vg

Figure 5.2: The rotation of the path v, vy, v3, v4, Vs, Vg With the edge (v, v3) yields a new path
Vi, V2, V3, Vg, Us, V4.

is an NP-hard problem. However, our analysis of this algorithm shows that finding a
Hamiltonian cycle is not hard for suitably randomly selected graphs, even though it
may be hard to solve in general.

Our algorithm will make use of a simple operation called a rotation. Let G be an
undirected graph. Suppose that

P=v,vy,...,0
is a simple path in G and that (v, v;) is an edge of G. Then
1
/
P = VU1, V2, ..., Vj, Uk, kal,...,UH,z, vi+l

is also a simple path, which we refer to as the rotation of P with the rotation edge
(vg, v;); see Figure 5.2.

We first consider a simple, natural algorithm that proves challenging to analyze. We
assume that our input is presented as a list of adjacent edges for each vertex in the graph,
with the edges of each list being given in a random order according to independent and
uniform random permutations. Initially, the algorithm chooses an arbitrary vertex to
start the path; this is the initial head of the path. The head is always one of the endpoints
of the path. From this point on, the algorithm either “grows” the path deterministically
from the head, or rotates the path — as long as there is an adjacent edge remaining on
the head’s list. See Algorithm 5.1.

The difficulty in analyzing this algorithm is that, once the algorithm views some
edges in the edge lists, the distribution of the remaining edges is conditioned on the
edges the algorithm has already seen. We circumvent this difficulty by considering a
modified algorithm that, though less efficient, avoids this conditioning issue and so is
easier to analyze for the random graphs we consider. See Algorithm 5.2. Each ver-
tex v keeps two lists. The list used-edges(v) contains edges adjacent to v that have
been used in the course of the algorithm while v was the head; initially this list is
empty. The list unused-edges(v) contains other edges adjacent to v that have not been
used.

We initially analyze the algorithm assuming a specific model for the initial unused-
edges lists. We subsequently relate this model to the G, , model for random graphs.
Assume that each of the n — 1 possible edges connected to a vertex v is initially on the
unused-edges list for vertex v independently with some probability g. We also assume
these edges are in a random order. One way to think of this is that, before beginning
the algorithm, we create the unused-edges list for each vertex v by inserting each pos-
sible edge (v, u) with probability ¢g; we think of the corresponding graph G as being
the graph including all edges that were inserted on some unused-edges list. Notice that
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Hamiltonian Cycle Algorithm:

Input: A graph G = (V, E) with n vertices.

Output: A Hamiltonian cycle, or failure.

1. Start with a random vertex as the head of the path.
2. Repeat the following steps until the rotation edge closes a Hamiltonian cycle or
the unused-edges list of the head of the path is empty:

(a) Let the current path be P = vy, vy, ..., v, where v, is the head, and let
(vk, u) be the first edge in the head’s list.

(b) Remove (v, u) from the head’s list and u’s list.

(¢) Ifuz v;forl <i <k, add u = vi4 to the end of the path and make it the
head.

(d) Otherwise, if u = v;, rotate the current path with (v, v;) and set v;4 to be
the head. (This step closes the Hamiltonian path if kX = n and the chosen
edge is (vy, v1).)

3. Return a Hamiltonian cycle if one was found or failure if no cycle was found.

Algorithm 5.1: Hamiltonian cycle algorithm.

Modified Hamiltonian Cycle Algorithm:

Input: A graph G = (V, E) with n vertices and associated edge lists.

Output: A Hamiltonian cycle, or failure.

1. Start with a random vertex as the head of the path.
2. Repeat the following steps until the rotation edge closes a Hamiltonian cycle or
the unused-edges list of the head of the path is empty:
(a) Let the current path be P = vy, vy, ..., vk, with v; being the head.
(b) Execute i, ii, or iii with probabilities 1/n, used-edges(vy)|/n, and
1 — 1/n — |used-edges(vy)|/n, respectively:
i. Reverse the path, and make v; the head.
ii. Choose uniformly at random an edge from used-edges(vy); if the edge
is (vg, v;), rotate the current path with (v, v;) and set v; 4 to be the head.
(If the edge is (vg, vr—1), then no change is made.)
iii. Select the first edge from unused-edges(vy), call it (vg, u). If u ## v; for
1 <i <k, add u = vi4; to the end of the path and make it the head.
Otherwise, if u = v;, rotate the current path with (vg, v;) and set v;4
to be the head. (This step closes the Hamiltonian path if k = n and the
chosen edge is (v,, v1).)
(¢) Update the used-edges and unused-edges lists appropriately.
3. Return a Hamiltonian cycle if one was found or failure if no cycle was found.

Algorithm 5.2: Modified Hamiltonian cycle algorithm.
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this means an edge (v, u) could initially be on the unused-edges list for v but not for
u. Also, when an edge (v, u) is first used in the algorithm, if v is the head then it is
removed just from the unused-edges list of v; if the edge is on the unused-edges list for
u, it remains on this list.

By choosing the rotation edge from either the used-edges list or the unused-edges
list with appropriate probabilities and then reversing the path with some small proba-
bility in each step, we modify the rotation process so that the next head of the list is
chosen uniformly at random from among all vertices of the graph. Once we establish
this property, the progress of the algorithm can be analyzed through a straightforward
application of our analysis of the coupon collector’s problem.

The modified algorithm appears wasteful; reversing the path or rotating with one of
the used edges cannot increase the path length. Also, we may not be taking advantage
of all the possible edges of G at each step. The advantage of the modified algorithm is
that it proves easier to analyze, owing to the following lemma.

Lemma 5.16: Suppose the modified Hamiltonian cycle algorithm is run on a graph
chosen using the described model. Let V, be the head vertex after the tth step. Then, for
any vertex u, as long as at the tth step there is at least one unused edge available at the
head vertex,

Pr(Vii=ulVi=uw,Vici=w—_1, ...,Vo =up) = 1/n.

That is, the head vertex can be thought of as being chosen uniformly at random from
all vertices at each step, regardless of the history of the process.

Proof: Consider the possible cases when the path is P = vy, vy, ..., U.

The only way v; can become the head is if the path is reversed, so V,; = v; with
probability 1/n.

If u = v;4 is a vertex that lies on the path and (v, v;) is in used-edges(vy ), then the
probability that V; ;| = u is

|used-edges(vy)| 1 1

n lused-edges(vy)| o

If u is not covered by one of the first two cases then we use the fact that, when
an edge is chosen from unused-edges(vi), the adjacent vertex is uniform over all
the n — |used-edges(vi)| — 1 remaining vertices. This follows from the principle of
deferred decisions. Our initial setup required the unused-edges list for v; to be con-
structed by including each possible edge with probability g and randomizing the order
of the list. This is equivalent to choosing X neighboring vertices for v;, where X is
a B(n — 1, ¢) random variable and the X vertices are chosen uniformly at random
without replacement. Because vy’s list was determined independently from the lists
of the other vertices, the history of the algorithm tells us nothing about the remaining
edges in unused-edges(vy ), and the principle of deferred decisions applies. Hence any
edge in v;’s unused-edges list that we have not seen is by construction equally likely
to connect to any of the n — |used-edges(vy)| — 1 remaining possible neighboring
vertices.
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If u = v;y; is a vertex on the path but (v, v;) is not in used-edges(vy), then the
probability that V,; = u is the probability that the edge (v, v;) is chosen from unused-
edges(vy) as the next rotation edge, which is

1 — l B |used-edges(vy)| 1 _ l (5.9)
n n n — |used-edges(vy)| — 1 n

Finally, if u is not on the path, then the probability that V| = u is the probability that
the edge (viy1, u) is chosen from unused-edges(vy ). But this has the same probability
as in Eqn. (5.9). |

For Algorithm 5.2, the problem of finding a Hamiltonian path looks exactly like the
coupon collector’s problem; the probability of finding a new vertex to add to the path
when there are k vertices left to be added is k/n. Once all the vertices are on the
path, the probability that a cycle is closed in each rotation is 1/n. Hence, if no list
of unused-edges is exhausted then we can expect a Hamiltonian path to be formed in
about O(nlnn) rotations, with about another O(nInn) rotations to close the path to
form a Hamiltonian cycle. More concretely, we can prove the following theorem.

Theorem 5.17: Suppose the input to the modified Hamiltonian cycle algorithm ini-
tially has unused-edge lists where each edge (v, u) with u # v is placed on v’s list
independently with probability g > 201nn/n. Then the algorithm successfully finds a
Hamiltonian cycle in O(nlnn) iterations of the repeat loop (step 2) with probability
1—0m™).

Note that we did not assume that the input random graph has a Hamiltonian cycle. A
corollary of the theorem is that, with high probability, a random graph chosen in this
way has a Hamiltonian cycle.

Proof of Theorem 5.17: Consider the following two events.

&1: The algorithm ran for 3n In n steps with no unused-edges list becoming empty, but
it failed to construct a Hamiltonian cycle.

&1 At least one unused-edges list became empty during the first 3n Inn iterations of
the loop.

For the algorithm to fail, either event £; or £ must occur. We first bound the proba-
bility of £;. Lemma 5.16 implies that, as long as there is no empty unused-edges list in
the first 3n In n iterations of step 2 of Algorithm 5.2, in each iteration the next head of
the path is uniform among the n vertices of the graph. To bound &, we therefore con-
sider the probability that more than 37 In n iterations are required to find a Hamiltonian
cycle when the head is chosen uniformly at random each iteration.

The probability that the algorithm takes more than 2n In n iterations to find a Hamil-
tonian path is exactly the probability that a coupon collector’s problem on n types
requires more than 2n Inn coupons. The probability that any specific coupon type has
not been found among 27 In n random coupons is

2nl
l_l nnnie—Zlnn:l.
n n?
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By the union bound, the probability that any coupon type is not found is at most
1/n.

In order to complete a Hamiltonian path to a cycle the path must close, which it does
at each step with probability 1/n. Hence the probability that the path does not become
a cycle within the next n In n iterations is

nlnn
1 — 1 < e—lnn — l
n - n

2
Pr(&) < -.
n

Thus we have shown that

Next we bound Pr(&,), the probability that an unused-edges list is empty in the first
3nlInn iterations. We consider two subevents as follows.

&yt Atleast9 Inn edges were removed from the unused-edges list of at least one vertex
in the first 3n In n iterations of the loop.
&Exwp: At least one vertex had fewer than 10 In n edges initially in its unused-edges list.

For &, to occur, either &,, or £, must occur. Hence
Pr(&;) < Pr(&4) + Pr(&p).

Let us first bound Pr(&,,). Exactly one edge is used in each iteration of the loop.
From the proof of Lemma 5.16 we have that, at each iteration, the probability that a
given vertex v is the head of the path is 1/n, independently at each step. Hence the
number of times X that v is the head during the first 3n In n steps is a binomial random
variable B(3nInn, 1/n), and this dominates the number of edges taken from v’s unused-
edges list.

Using the Chernoff bound of Eqn. (4.1) with § = 2 and u = 3 Inn for the binomial
random variable B(3nInn, 1/n), we have

62 3lnn 1
Pr(X >9lnn) < | — < —.
27

By taking a union bound over all vertices, we find Pr(&,,) < 1/n.

Next we bound Pr(&;;,). The expected number of edges Y initially in a vertex’s
unused-edges list is at least (n — 1)g > (20(n — 1)Inn)/n > 191nn for sufficiently
large n. Using Chernoff bounds again (Eqn. (4.5)), the probability that any vertex ini-
tially has 10 Inn edges or fewer on its list is at most

Pr(Y < 10lnn) < e (19ImO/197/2 - %,
n
and by the union bound the probability that any vertex has too few adjacent edges is at

most 1/n. Thus,

Pr(&y) <

1
n
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and hence
2
Pr(é’z) < -.
n

In total, the probability that the algorithm fails to find a Hamiltonian cycle in 3n1nn
iterations is bounded by
4

Pr(&) + Pr(&) < Z -

We did not make an effort to optimize the constants in the proof. There is, how-
ever, a clear trade-off; with more edges, one could achieve a lower probability of
failure.

We are left with showing how our algorithm can be applied to graphs in G, ,. We
show that, as long as p is known, we can partition the edges of the graph into edge lists
that satisfy the requirements of Theorem 5.17.

Corollary 5.18: By initializing edges on the unused-edges lists appropriately, Algo-
rithm 5.2 will find a Hamiltonian cycle on a graph chosen randomly from G, , with
probability 1 — O(1/n) whenever p > (401nn)/n.

Proof: We partition the edges of our input graph from G, , as follows. Let g € [0, 1] be
such that p = 2¢g — ¢*. Consider any edge (u, v) in the input graph. We execute exactly
one of the following three possibilities: with probability g(1 — g)/(2g — ¢*) we place
the edge on u’s unused-edges list but not on v’s; with probability g(1 — ¢)/(2g — ¢*) we
initially place the edge on v’s unused-edges list but not on u’s; and with the remaining
probability ¢>/(2g — ¢*) the edge is placed on both unused-edges lists.

Now, for any possible edge (u, v), the probability that it is initially placed in the

unused-edges list for v is
q(1—q) g\ _
p<2q—q2+2q—q2 -4

Moreover, the probability that an edge (u, v) is initially placed on the unused-edges
list for both u and v is pg*/(2qg — ¢*) = ¢°, so these two placements are indepen-
dent events. Since each edge (u, v) is treated independently, this partitioning fulfills
the requirements of Theorem 5.17 provided the resulting ¢ is at least 20 Inn/n. When
p > (40Inn)/n we have g > p/2 > (201nn)/n, and the result follows. |

In Exercise 5.27, we consider how to use Algorithm 5.2 even in the case where p is not
known in advance, so that the edge lists must be initialized without knowledge of p.

5.7. Exercises

Exercise 5.1: For what values of n is (1 + 1/n)" within 1% of e? Within 0.0001%
of e? Similarly, for what values of nis (1 — 1/n)" within 1% of 1/e? Within 0.0001%?

127



BALLS, BINS, AND RANDOM GRAPHS

Exercise 5.2: Suppose that Social Security numbers were issued uniformly at random,
with replacement. That is, your Social Security number would consist of just nine ran-
domly generated digits, and no check would be made to ensure that the same number
was not issued twice. Sometimes, the last four digits of a Social Security number are
used as a password. How many people would you need to have in a room before it was
more likely than not that two had the same last four digits? How many numbers could
be issued before it would be more likely than not that there is a duplicate number? How
would you answer these two questions if Social Security numbers had 13 digits? Try
to give exact numerical answers.

Exercise 5.3: Suppose that balls are thrown randomly into »n bins. Show, for some
constant ¢y, that if there are cj+/n balls then the probability that no two land in the
same bin is at most 1/e. Similarly, show for some constant ¢, (and sufficiently large n)
that, if there are c,4/n balls, then the probability that no two land in the same bin is at
least 1/2. Make these constants as close to optimal as possible. Hint: You may want to
use the facts that

e >1—x
and

12
e <1—x for x<

NSRR

Exercise 5.4: In a lecture hall containing 100 people, you consider whether or not
there are three people in the room who share the same birthday. Explain how to calculate
this probability exactly, using the same assumptions as in our previous analysis.

Exercise 5.5: Use the moment generating function of the Poisson distribution to com-
pute the second moment and the variance of the distribution.

Exercise 5.6: Let X be a Poisson random variable with mean u, representing the num-
ber of errors on a page of this book. Each error is independently a grammatical error
with probability p and a spelling error with probability 1 — p. If Y and Z are random
variables representing the number of grammatical and spelling errors (respectively) on
a page of this book, prove that Y and Z are Poisson random variables with means up
and u(1 — p), respectively. Also, prove that Y and Z are independent.

Exercise 5.7: Use the Taylor expansion

2 X3 x4

In(1 —x— 4T 4.
n(l+x)=x 2—|—3 4-i-

to prove that, for any x with |x| < 1,
e(l—x*) <1+4+x<e"

Exercise 5.8: Suppose that n balls are thrown independently and uniformly at random
into n bins.
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(a) Find the conditional probability that bin 1 has one ball given that exactly one ball
fell into the first three bins.

(b) Find the conditional expectation of the number of balls in bin 1 under the condition
that bin 2 received no balls.

(c) Write an expression for the probability that bin 1 receives more balls than bin 2.

Exercise 5.9: Our analysis of Bucket sort in Section 5.2.2 assumed that n elements
were chosen independently and uniformly at random from the range [0, 2¥). Suppose
instead that n elements are chosen independently from the range [0, 2¥) according to
a distribution with the property that any number x € [0, 2¥) is chosen with probability
at most a/ 2k for some fixed constant @ > 0. Show that, under these conditions, Bucket
sort still requires linear expected time.

Exercise 5.10: Consider the probability that every bin receives exactly one ball when
n balls are thrown randomly into » bins.

(a) Give an upper bound on this probability using the Poisson approximation.

(b) Determine the exact probability of this event.

(c) Show that these two probabilities differ by a multiplicative factor that equals the
probability that a Poisson random variable with parameter n takes on the value n.
Explain why this is implied by Theorem 5.6.

Exercise 5.11: Consider throwing m balls into n bins, and for convenience let the
bins be numbered from 0 to n — 1. We say there is a k-gap starting at bin i if bins
i+ 1,...,i+ k— 1 are all empty.

(a) Determine the expected number of k-gaps.

(b) Prove a Chernoff-like bound for the number of k-gaps. (Hint: If you let X; = 1
when there is a k-gap starting at bin i, then there are dependencies between X; and
Xi+1; to avoid these dependencies, you might consider X; and X;.)

Exercise 5.12: The following problem models a simple distributed system wherein
agents contend for resources but “back off” in the face of contention. Balls represent
agents, and bins represent resources.

The system evolves over rounds. Every round, balls are thrown independently and
uniformly at random into n bins. Any ball that lands in a bin by itself is served and
removed from consideration. The remaining balls are thrown again in the next round.
We begin with n balls in the first round, and we finish when every ball is served.

(a) If there are b balls at the start of a round, what is the expected number of balls at
the start of the next round?

(b) Suppose that every round the number of balls served was exactly the expected
number of balls to be served. Show that all the balls would be served in O(log log n)
rounds. (Hint: If x; is the expected number of balls left after j rounds, show and
use that x; | < xi/n.)
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Exercise 5.13: Suppose that we vary the balls-and-bins process as follows. For conve-
nience let the bins be numbered from 0 to n — 1. There are log, n players. Each player
randomly chooses a starting location £ uniformly from [0, n — 1] and then places one
ball in each of the bins numbered £ modn, £ + 1 modn, ..., £+ n/log, n — 1 modn.
Argue that the maximum load in this case is only O(log log n/ log log log n) with prob-
ability that approaches 1 as n — oo.

Exercise 5.14: We prove that if Z is a Poisson random variable of mean p, where
@ > 11is an integer, then Pr(Z > u) > 1/2.

(@) ShowthatPr(Z=pu+h)>PrZ=pu—-h—-1)forO<h<u-—1.

(b) Using part (a), argue that Pr(Z > p) > 1/2.

(¢) Show thatPr(Z < u) < 1/2 for all integers w from 1 to 10 by explicitly performing
the calculation. (This is in fact true for all integers ;> 1, but it is more difficult to
prove.)

Exercise 5.15: (a) In Theorem 5.7 we showed that, for any nonnegative functions f,
E[/(1", . )] = B[ (X", X)] Pr (o1 = m).

Prove that if E[ f(X l(m), A Xé’”))] is monotonically increasing in m, then

E[f(Yl(’"), e Yn(m))] = E[f(Xl(m), cee X,Sm))] Pr(ZYi(’") > m),

again under the condition that fis nonnegative. Make a similar statement for the case
when E[f(X"™, ..., X(™)] is monotonically decreasing in .

(b) Using part (a) and Exercise 5.14, prove Theorem 5.10 for the case that
E[f (Xl(m), ..., X™)] is monotonically increasing.

Exercise 5.16: We consider another way to obtain Chernoff-like bounds in the setting
of balls and bins without using Theorem 5.7. Consider n balls thrown randomly into
n bins. Let X; = 1 if the ith bin is empty and O otherwise. Let X = ) | X;. Let ¥},
i=1,...,n, be independent Bernoulli random variables that are 1 with probability
p=0—=1/n)"LetY =37 Y.

(a) Show that E[X1X; - - X;] < E["Y;---Y;] forany k > 1.

(b) Show that E[e’X] < E[e'Y] for all t > 0. (Hint: Use the expansion for e* and com-
pare E[X*] to E[Y*].)

(c) Derive a Chernoff bound for Pr(X > (1 + §)E[X]).

Exercise 5.17: Let G be a random graph generated using the G, , model.

(a) A clique of k vertices in a graph is a subset of k vertices such that all (;) edges
between these vertices lie in the graph. For what value of p, as a function of n, is
the expected number of cliques of five vertices in G equal to 1?

(b) A Kj 3 graphis a complete bipartite graph with three vertices on each side. In other
words, it is a graph with six vertices and nine edges; the six distinct vertices are
arranged in two groups of three, and the nine edges connect each of the nine pairs
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of vertices with one vertex in each group. For what value of p, as a function of n,
is the expected number of K3 3 subgraphs of G equal to 1?

(c) For what value of p, as a function of n, is the expected number of Hamiltonian
cycles in the graph equal to 1?

Exercise 5.18: Theorem 5.7 shows that any event that occurs with small probability
in the balls-and-bins setting where the number of balls in each bin is an independent
Poisson random variable also occurs with small probability in the standard balls-and-
bins model. Prove a similar statement for random graphs: Every event that happens
with small probability in the G, , model also happens with small probability in the
G,y model for N = ('21) p.

Exercise 5.19: An undirected graph on n vertices is disconnected if there exists a set
of k < n vertices such that there is no edge between this set and the rest of the graph.
Otherwise, the graph is said to be connected. Show that there exists a constant ¢ such
thatif N > cnlog n then, with probability 1 — o(1), a graph randomly chosen from G, y
is connected.

Exercise 5.20: Prove Theorem 5.15.

Exercise 5.21: (a) Let f(n) be the expected number of random edges that must be
added before an empty undirected graph with n vertices becomes connected. (Con-
nectedness is defined in Exercise 5.19.) That is, suppose that we start with a graph on
n vertices with zero edges and then repeatedly add an edge, chosen uniformly at ran-
dom from all edges not currently in the graph, until the graph becomes connected. If
X, represents the number of edges added, then f(n) = E[X,].

Write a program to estimate f(n) for a given value of n. Your program should track
the connected components of the graph as you add edges until the graph becomes con-
nected. You will probably want to use a disjoint set data structure, a topic covered in
standard undergraduate algorithms texts. You should try n = 100, 200, 300, 400, 500,
600, 700, 800, 900, and 1000. Repeat each experiment 100 times, and for each value of
n compute the average number of edges needed. Based on your experiments, suggest a
function h(n) that you think is a good estimate for f(n).

(b) Modify your program for the problem in part (a) so that it also keeps track of
isolated vertices. Let g(n) be the expected number of edges added before there are no
more isolated vertices. What seems to be the relationship between f(rn) and g(n)?

Exercise 5.22: In hashing with open addressing, the hash table is implemented as an
array and there are no linked lists or chaining. Each entry in the array either contains
one hashed item or is empty. The hash function defines, for each key k, a probe sequence
h(k, 0), h(k, 1), ... of table locations. To insert the key k, we first examine the sequence
of table locations in the order defined by the key’s probe sequence until we find an
empty location; then we insert the item at that position. When searching for an item in
the hash table, we examine the sequence of table locations in the order defined by the
key’s probe sequence until either the item is found or we have found an empty location
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in the sequence. If an empty location is found, this means the item is not present in the
table.

An open-address hash table with 2n entries is used to store n items. Assume that the
table location h(k, j) is uniform over the 2n possible table locations and that all i(k, j)
are independent.

(a) Show that, under these conditions, the probability of an insertion requiring more
than k probes is at most 27

(b) Show that, fori = 1,2, ..., n, the probability that the ith insertion requires more
than 2 log n probes is at most 1/n>.

Let the random variable X; denote the number of probes required by the ith insertion.
You have shown in part (b) that Pr(X; > 2logn) < 1/n’. Let the random variable X =
maxj <j<, X; denote the maximum number of probes required by any of the n insertions.

(¢) Show that Pr(X > 2logn) < 1/n.
(d) Show that the expected length of the longest probe sequence is E[X] = O(logn).

Exercise 5.23: Bloom filters can be used to estimate set differences. Suppose you have
a set X and I have a set Y, both with n elements. For example, the sets might represent
our 100 favorite songs. We both create Bloom filters of our sets, using the same number
of bits m and the same k hash functions. Determine the expected number of bits where
our Bloom filters differ as a function of m, n, k, and |X N Y|. Explain how this could be
used as a tool to find people with the same taste in music more easily than comparing
lists of songs directly.

Exercise 5.24: Suppose that we wanted to extend Bloom filters to allow deletions as
well as insertions of items into the underlying set. We could modify the Bloom filter
to be an array of counters instead of an array of bits. Each time an item is inserted
into a Bloom filter, the counters given by the hashes of the item are increased by one.
To delete an item, one can simply decrement the counters. To keep space small, the
counters should be a fixed length, such as 4 bits.

Explain how errors can arise when using fixed-length counters. Assuming a setting
where one has at most n elements in the set at any time, m counters, k hash functions,
and counters with b bits, explain how to bound the probability that an error occurs over
the course of ¢ insertions or deletions.

Exercise 5.25: Suppose that you built a Bloom filter for a dictionary of words with
m = 2P bits. A co-worker building an application wants to use your Bloom filter but
has only 22! bits available. Explain how your colleague can use your Bloom filter to
avoid rebuilding a new Bloom filter using the original dictionary of words.

Exercise 5.26: For the leader election problem alluded to in Section 5.5.4, we have n
users, each with an identifier. The hash function takes as input the identifier and outputs
a b-bit hash value, and we assume that these values are independent and uniformly
distributed. Each user hashes its identifier, and the leader is the user with the smallest
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hash value. Give lower and upper bounds on the number of bits b necessary to ensure
that a unique leader is successfully chosen with probability p. Make your bounds as
tight as possible.

Exercise 5.27: Consider Algorithm 5.2, the modified algorithm for finding Hamilto-
nian cycles. We have shown that the algorithm can be applied to find a Hamiltonian
cycle with high probability in a graph chosen randomly from G, ,, when p is known
and sufficiently large, by initially placing edges in the edge lists appropriately. Argue
that the algorithm can similarly be applied to find a Hamiltonian cycle with high prob-
ability on a graph chosen randomly from G, y when N = cinlnn for a suitably large
constant c;. Argue also that the modified algorithm can be applied even when p is not
known in advance as long as p is at least ¢, Inn/n for a suitably large constant c;.

5.8. An Exploratory Assignment

Part of the research process in random processes is first to understand what is going on
at a high level and then to use this understanding in order to develop formal mathemat-
ical proofs. In this assignment, you will be given several variations on a basic random
process. To gain insight, you should perform experiments based on writing code to
simulate the processes. (The code should be very short, a few pages at most.) After
the experiments, you should use the results of the simulations to guide you to make
conjectures and prove statements about the processes. You can apply what you have
learned up to this point, including probabilistic bounds and analysis of balls-and-bins
problems.

Consider a complete binary tree with N = 2" — 1 nodes. Here n is the depth of the
tree. Initially, all nodes are unmarked. Over time, via processes that we shall describe,
nodes becomes marked.

All of the processes share the same basic form. We can think of the nodes as having
unique identifying numbers in the range of [1, N]. Each unit of time, I send you the
identifier of a node. When you receive a sent node, you mark it. Also, you invoke the
following marking rule, which takes effect before I send out the next node.

« If a node and its sibling are marked, its parent is marked.
« If a node and its parent are marked, the other sibling is marked.

The marking rule is applied recursively as much as possible before the next node is
sent. For example, in Figure 5.3, the marked nodes are filled in. The arrival of the node
labeled by an X will allow you to mark the remainder of the nodes, as you apply the
marking rule first up and then down the tree. Keep in mind that you always apply the
marking rule as much as possible.

Now let us consider the different ways in which I might be sending you the nodes.

Process 1: Each unit of time, I send the identifier of a node chosen independently and
uniformly at random from all of the N nodes. Note that I might send you a node that
is already marked, and in fact I may send a useless node that I have already sent.
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Figure 5.3: The arrival of X causes all other nodes to be marked.

Process 2: Each unit of time I send the identifier of a node chosen uniformly at random
from those nodes that I have not yet sent. Again, a node that has already been marked
might arrive, but each node will be sent at most once.

Process 3: Each unit of time I send the identifier of a node chosen uniformly at random
from those nodes that you have not yet marked.

We want to determine how many time steps are needed before all the nodes are
marked for each of these processes. Begin by writing programs to simulate the sending
processes and the marking rule. Run each process ten times for each value of # in the
range [10, 20]. Present the data from your experiments in a clear, easy-to-read fashion
and explain your data suitably. A tip: You may find it useful to have your program print
out the last node that was sent before the tree became completely marked.

1. For the first process, prove that the expected number of nodes sent is (N log N).
How well does this match your simulations?

2. For the second process, you should find that almost all N nodes must be sent before
the tree is marked. Show that, with constant probability, at least N — 24/N nodes
must be sent.

3. The behavior of the third process might seem a bit unusual. Explain it with a proof.

After answering these questions, you may wish to consider other facts you could prove
about these processes.
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CHAPTER SIX

The Probabilistic Method

The probabilistic method is a way of proving the existence of objects. The under-
lying principle is simple: to prove the existence of an object with certain properties,
we demonstrate a sample space of objects in which the probability is positive that a
randomly selected object has the required properties. If the probability of selecting an
object with the required properties is positive, then the sample space must contain such
an object, and therefore such an object exists. For example, if there is a positive proba-
bility of winning a million-dollar prize in a raffie, then there must be at least one raffle
ticket that wins that prize.

Although the basic principle of the probabilistic method is simple, its application to
specific problems often involves sophisticated combinatorial arguments. In this chapter
we study a number of techniques for constructing proofs based on the probabilistic
method, starting with simple counting and averaging arguments and then introducing
two more advanced tools, the Lovasz local lemma and the second moment method.

In the context of algorithms we are generally interested in explicit constructions
of objects, not merely in proofs of existence. In many cases the proofs of existence
obtained by the probabilistic method can be converted into efficient randomized con-
struction algorithms. In some cases, these proofs can be converted into efficient deter-
ministic construction algorithms; this process is called derandomization, since it con-
verts a probabilistic argument into a deterministic one. We give examples of both
randomized and deterministic construction algorithms arising from the probabilistic
method.

6.1. The Basic Counting Argument

To prove the existence of an object with specific properties, we construct an appropriate
probability space S of objects and then show that the probability that an object in &
with the required properties is selected is strictly greater than 0.

For our first example, we consider the problem of coloring the edges of a graph
with two colors so that there are no large cliques with all edges having the same color.
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Let K, be a complete graph (with all (;) edges) on n vertices. A clique of k vertices in
K, is a complete subgraph K.

Theorem 6.1: If(Z)27(§)Jrl < 1 then it is possible to color the edges of K, with two
colors so that it has no monochromatic Kj, subgraph.

Proof: Define a sample space, consisting of all possible colorings of the edges of K,
using two colors. There are 2(20) possible colorings, so if one is chosen uniformly at
random then the probability of choosing each coloring in our probability space is 2_{'5.
A nice way to think about this probability space is: if we color each edge of the graph
independently, with each edge taking each of the two colors with probability 1/2, then
we obtain a random coloring chosen uniformly from this sample space. That is, we flip
an independent fair coin to determine the color of each edge.

Fix an arbitrary ordering of all of the (Z) different k-vertex cliques of K,,, and for
i=1,..., (Z) let A; be the event that clique i is monochromatic. Once the first edge
in clique i is colored, the remaining (’2‘) — 1 edges must all be given the same color. It
follows that

Pria) =2 (87,
Using a union bound then yields
0\ © N
Pr UAi = ZPT(Ai) = (k) ()1 - 1,
i=1 i=1

where the last inequality follows from the assumptions of the theorem. Hence

(1) (1)
Pr ﬂ/T,- =1—Pr UAi > 0.

i=1 i=1

Since the probability of choosing a coloring with no monochromatic k-vertex clique
from our sample space is strictly greater than 0, there must exist a coloring with no
monochromatic k-vertex clique. |

As an example, consider whether the edges of Kjggy can be 2-colored in such a way
that there is no monochromatic Kj(. Our calculations are simplified if we note that, for
n<2%2and k > 3,

k k!
ok/2+1

k!

k
(") o (841 _ a2

=

< 1.

Observing that for our example n = 1000 < 2'° = 2¥/2, we see that by Theorem 6.1
there exists a 2-coloring of the edges of Kjyy9 with no monochromatic Kyg.
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Can we use this proof to design an efficient algorithm to construct such a coloring?
Let us consider a general approach that gives a randomized construction algorithm.
First, we require that we can efficiently sample a coloring from the sample space. In
this case sampling is easy, because we can simply color each edge independently with
arandomly chosen color. In general, however, there might not be an efficient sampling
algorithm.

If we have an efficient sampling algorithm, the next question is: How many sam-
ples must we generate before obtaining a sample that satisfies our requirements? If
the probability of obtaining a sample with the desired properties is p and if we sam-
ple independently at each trial, then the number of samples needed before finding a
sample with the required properties is a geometric random variable with expectation
1/p. Hence we need that 1/p be polynomial in the problem size in order to have an
algorithm that finds a suitable sample in polynomial expected time.

If p=1—o0(1), then sampling once gives a Monte Carlo construction algorithm
that is incorrect with probability o(1). In our specific example of finding a coloring on
a graph of 1000 vertices with no monochromatic Ky, we know that the probability that
a random coloring has a monochromatic Kj( is at most

220/2+1

20!

Hence we have a Monte Carlo algorithm with a small probability of failure.

If we want a Las Vegas algorithm — that is, one that always gives a correct construc-
tion — then we need a third ingredient. We require a polynomial time procedure for
verifying that a sample object satisfies the requirements; then we can test samples until
we find one that does so. An upper bound on the expected time for this construction
can be found by multiplying together the expected number of samples 1/p by the sum
of an upper bound on the time to generate each sample and an upper bound on the time
to check each sample.! For the coloring problem, there is a polynomial time verifica-
tion algorithm when k is a constant: simply check all (Z) cliques and make sure they
are not monochromatic. It does not seem that this approach can be extended to yield
polynomial time algorithms when k grows with n.

<8.5-107'°,

6.2. The Expectation Argument

As we have seen, in order to prove that an object with certain properties exists, we
can design a probability space from which an element chosen at random yields an
object with the desired properties with positive probability. A similar and sometimes
easier approach for proving that such an object exists is to use an averaging argument.
The intuition behind this approach is that, in a discrete probability space, a random
variable must with positive probability assume at least one value that is no greater
than its expectation and at least one value that is not smaller than its expectation.

! Sometimes the time to generate or check a sample may itself be a random variable. In this case, Wald’s equation
(discussed in Chapter 13) may apply.
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For example, if the expected value of a raffle ticket is $3, then there must be at least
one ticket that ends up being worth no more than $3 and at least one that ends up being
worth no less than $3.

More formally, we have the following lemma.

Lemma 6.2: Suppose we have a probability space S and a random variable X defined
on S such that E[X] = u. Then Pr(X > ) > 0and Pr(X < pn) > 0.

Proof: We have

u=E[X]=) xPr(X =x),

where the summation ranges over all values in the range of X. If Pr(X > p) = 0, then
w= Zx Pr(X =x) = ZxPr(X:x) < ZV“ Pr(X =x) = pu,
X x<p xX<p
giving a contradiction. Similarly, if Pr(X < u) = 0 then
w= ZxPr(X —x) = ZxPr(X =x) > Z“ Pr(X = x) = u,
X x> x>
again yielding a contradiction. |

Thus, there must be at least one instance in the sample space of S for which the value
of X is at least u and at least one instance for which the value of X is no greater than .

6.2.1. Application: Finding a Large Cut

We consider the problem of finding a large cut in an undirected graph. A cut is a parti-
tion of the vertices into two disjoint sets, and the value of a cut is the weight of all edges
crossing from one side of the partition to the other. Here we consider the case where
all edges in the graph have the same weight 1. The problem of finding a maximum cut
is NP-hard. Using the probabilistic method, we show that the value of the maximum
cut must be at least 1/2 the number of edges in the graph.

Theorem 6.3: Given an undirected graph G with m edges, there is a partition of V
into two disjoint sets A and B such that at least m/2 edges connect a vertex in A to a
vertex in B. That is, there is a cut with value at least m/2.

Proof: Construct sets A and B by randomly and independently assigning each vertex
to one of the two sets. Let e, ..., e, be an arbitrary enumeration of the edges of G.
Fori =1, ..., m, define X; such that

1 if edge i connects A to B,
X = .
0 otherwise.

The probability that edge e; connects a vertex in A to a vertex in B is 1/2, and thus
1
E[X]= X
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Let C(A, B) be a random variable denoting the value of the cut corresponding to the
sets A and B. Then

E[C(A.B)] =E [Zx,} =S EX]=m- % -z
i=1 i=1

Since the expectation of the random variable C(A, B) is m/2, there exists a partition A
and B with at least m/2 edges connecting the set A to the set B. |

We can transform this argument into an efficient algorithm for finding a cut with value
at least m/2. We first show how to obtain a Las Vegas algorithm. In Section 6.3, we
show how to construct a deterministic polynomial time algorithm.

It is easy to randomly choose a partition as described in the proof. The expectation
argument does not give a lower bound on the probability that a random partition has a
cut of value at least m/2. To derive such a bound, let

m
p=PFPr (C(A,B) > 5) ,
and observe that C(A, B) < m. Then
7 =EIC@4. B)

= Y iPr(C(A,B)=i)+ Y iPr(C(A,B)=1i)

i<m/2 i>m/2
m
<(1-p (5 - 1) + pm,

which implies that

1

—
=2

The expected number of samples before finding a cut with value at least m/2 is therefore
just m/2 + 1. Testing to see if the value of the cut determined by the sample is at least
m/2 can be done in polynomial time simply by counting the edges crossing the cut. We
therefore have a Las Vegas algorithm for finding the cut.

6.2.2. Application: Maximum Satisfiability

We can apply a similar argument to the maximum satisfiability (MAXSAT) problem.
In a logical formula, a literal is either a Boolean variable or the negation of a Boolean
variable. We use X to denote the negation of the variable x. A satisfiability (SAT) prob-
lem, or a SAT formula, is a logical expression that is the conjunction (AND) of a set
of clauses, where each clause is the disjunction (OR) of literals. For example, the fol-
lowing expression is an instance of SAT:

(X1 VX2 VX)) A QT VX)) A VX Vxg) A xgVI3) A (xg VD).
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A solution to an instance of a SAT formula is an assignment of the variables to the
values True and False so that all the clauses are satisfied. That is, there is at least one
true literal in each clause. For example, assigning x; to True, x, to False, x3 to False,
and x4 to True satisfies the preceding SAT formula. In general, determining if a SAT
formula has a solution is NP-hard.

A related goal, given a SAT formula, is satisfying as many of the clauses as pos-
sible. In what follows, let us assume that no clause contains both a variable and its
complement, since in this case the clause is always satisfied.

Theorem 6.4: Given a set of m clauses, let k; be the number of literals in the ith clause
fori=1,...,m. Let k = min}., k;. Then there is a truth assignment that satisfies at
least
m
>4 =27) = m(1-27)

i=1

clauses.

Proof: Assign values independently and uniformly at random to the variables. The
probability that the ith clause with k; literals is satisfied is at least (1 —27%). The
expected number of satisfied clauses is therefore at least

> =27 =m1-27h,

i=1
and there must be an assignment that satisfies at least that many clauses. |

The foregoing argument can also be easily transformed into an efficient randomized
algorithm; the case where all k; = k is left as Exercise 6.1.

6.3. Derandomization Using Conditional Expectations

The probabilistic method can yield insight into how to construct deterministic algo-
rithms. As an example, we apply the method of conditional expectations in order to
derandomize the algorithm of Section 6.2.1 for finding a large cut.

Recall that we find a partition of the n vertices V of a graph into sets A and B by
placing each vertex independently and uniformly at random in one of the two sets. This
gives a cut with expected value E[C(A, B)] > m/2. Now imagine placing the vertices
deterministically, one at a time, in an arbitrary order vy, vy, ..., v,. Let x; be the set
where v; is placed (so x; is either A or B). Suppose that we have placed the first k
vertices, and consider the expected value of the cut if the remaining vertices are then
placed independently and uniformly into one of the two sets. We write this quantity
as E[C(A, B) | x1, x2, ..., x]; it is the conditional expectation of the value of the cut
given the locations xi, xp, ..., x; of the first k vertices. We show inductively how to
place the next vertex so that

E[CA,B) | x1,x2, ..., xx] <E[CA, B) | x1,x2, ..., Xp1].
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It follows that
E[C(A7 B)] S E[C(Av B) | xlv x27 LA ] xn]-

The right-hand side is the value of the cut determined by our placement algorithm,
since if xy, x, . .., X, are all determined then we have a cut of the graph. Hence our
algorithm returns a cut whose value is at least E[C(A, B)] > m/2.

The base case in the induction is

E[C(A, B) | x;] = E[C(A, B)],

which holds by symmetry because it does not matter where we place the first vertex.
We now prove the inductive step, that

E[CA,B) | x1,x2, ..., xx] <E[C(A, B) | x1,x2, ..., Xi1]. (6.1)

Consider placing vy randomly, so that it is placed in A or B with probability 1/2 each,
and let Y| be a random variable representing the set where it is placed. Then

1
E[CA,B) | x1,x2, ..., x] = EE[C(A,B) | X1, %2, ..., Xk, Yip1 = Al

1
+ EE[C(A, B) | X1y X2y o ooy Xky Yk+1 = B]
It follows that

max (E[C(A, B) | x1, %2, ..., %k, Yir1 = AL E[C(A, B) | x1, %2, ..., X, Y1 = B])
> E[C(A, B) | x1, x2, ..., X].

Therefore, all we have to do is compute the two quantities E[C(A, B) | x1, x2, .. .,
X, Yir1 = Al and E[C(A, B) | x1, x2, . . ., Xk, Yr+1 = B] and then place the vi, in the
set that yields the larger expectation. Once we do this, we will have a placement satis-
fying

E[C(A, B) | x1, x2, ..., x¢] < E[C(A, B) | x1, %2, « ., Xgt1]-

To compute E[C(A, B) | x1, X2, ..., Xk, Y3+1 = A], note that the conditioning gives
the placement of the first k + 1 vertices. We can therefore compute the number of edges
among these vertices that contribute to the value of the cut. For all other edges, the
probability that it will later contribute to the cut is 1/2, since this is the probability
its two endpoints end up on different sides of the cut. By linearity of expectations,
E[C(A, B) | x1,x2, ..., Xz, Yk+1 = A] is the number of edges crossing the cut whose
endpoints are both among the first k 4 1 vertices, plus half of the remaining edges. This
is easy to compute in linear time. The same is true for E[C(A, B) | x1, x2, .. ., X, Yer1 =
B].

In fact, from this argument, we see that the larger of the two quantities is determined
just by whether vi, | has more neighbors in A or in B. All edges that do not have vy,
as an endpoint contribute the same amount to the two expectations. Our derandomized
algorithm therefore has the following simple form: Take the vertices in some order.
Place the first vertex arbitrarily in A. Place each successive vertex to maximize the
number of edges crossing the cut. Equivalently, place each vertex on the side with
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fewer neighbors, breaking ties arbitrarily. This is a simple greedy algorithm, and our
analysis shows that it always guarantees a cut with at least m/2 edges.

6.4. Sample and Modify

Thus far we have used the probabilistic method to construct random structures with the
desired properties directly. In some cases it is easier to work indirectly, breaking the
argument into two stages. In the first stage we construct a random structure that does not
have the required properties. In the second stage we then modify the random structure
so that it does have the required property. We give two examples of this sample-and-
modify technique.

6.4.1. Application: Independent Sets

An independent set in a graph G is a set of vertices with no edges between them. Find-
ing the largest independent set in a graph is an NP-hard problem. The following the-
orem shows that the probabilistic method can yield bounds on the size of the largest
independent set of a graph.

Theorem 6.5: Let G = (V, E) be a connected graph on n vertices withm > n/2 edges.
Then G has an independent set with at least n> /4m vertices.

Proof: Let d =2m/n > 1 be the average degree of the vertices in G. Consider the
following randomized algorithm.

1. Delete each vertex of G (together with its incident edges) independently with prob-
ability 1 — 1/d.
2. For each remaining edge, remove it and one of its adjacent vertices.

The remaining vertices form an independent set, since all edges have been removed.
This is an example of the sample-and-modify technique. We first sample the vertices,
and then we modify the remaining graph.

Let X be the number of vertices that survive the first step of the algorithm. Since
the graph has n vertices and since each vertex survives with probability 1/d, it follows
that

n

E[X] = -.

[X] p
Let Y be the number of edges that survive the first step. There are nd/2 edges in
the graph, and an edge survives if and only if its two adjacent vertices survive.

Thus
2
E[Y]zn_d o
2 \d 2d

The second step of the algorithm removes all the remaining edges and at most Y
vertices. When the algorithm terminates, it outputs an independent set of size at least
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X —Y,and
n n n
EX-Y]=-—-—=—.
d 2d 2d
The expected size of the independent set generated by the algorithm is at least n/2d,
so the graph has an independent set with at least n/2d = n*/4m vertices. [

6.4.2. Application: Graphs with Large Girth

As another example we consider the girth of a graph, which is the length of its smallest
cycle. Intuitively we expect dense graphs to have small girth. We can show, however,
that there are dense graphs with relatively large girth.

Theorem 6.6: For any integer k > 3, for n sufficiently large there is a graph with n
nodes, at least %n'*l/ k edges, and girth at least k.

Proof: We first sample a random graph G € G, , with p = n'/¥~!. Let X be the number
of edges in the graph. Then

EX]=p (;) = %(1 - i)wkﬂ.

Let Y be the number of cycles in the graph of length at most k — 1. Any specific
possible cycle of length i, where 3 < i < k — 1, occurs with probability p'. Also, there
are ('I’) (’_Tl)' possible cycles of length i; to see this, first consider choosing the i vertices,
then consider the possible orders, and finally keep in mind that reversing the order
yields the same cycle. Hence,

k—1 n (l _ 1)‘ k—1 k—1

i=3 i=3 i=3

We modify the original randomly chosen graph G by eliminating one edge from each
cycle of length up to k — 1. The modified graph therefore has girth at least k. When n
is sufficiently large, the expected number of edges in the resulting graph is

E[X _ Y] > l 1— l nl/k+1 _ kn(k—l)/k > lnl/k+1.
-2 n ~ 4

L 117k

Hence there exists a graph with at least 3 edges and girth at least . |

6.5. The Second Moment Method

The second moment method is another useful way to apply the probabilistic method.
The standard approach typically makes use of the following inequality, which is easily
derived from Chebyshev’s inequality.

Theorem 6.7: If X is an integer-valued random variable, then
Var[X]
(E[X1*

Pr(X =0) < (6.2)
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Proof:
Var[X]

Pr(X = 0) < Pr(|X — E[X]| > E[X]) < (E[X])?" "

6.5.1. Application: Threshold Behavior in Random Graphs

The second moment method can be used to prove the threshold behavior of certain
random graph properties. That is, in the G, , model it is often the case that there is a
threshold function f such that: (a) when p is just less than f(n), almost no graph has the
desired property; whereas (b) when p is just larger than f(n), almost every graph has
the desired property. We present here a relatively simple example.

Theorem 6.8: In G, ,, suppose that p = f(n), where f(n) = o(n=2/3). Then, for any
& > 0and for sufficiently large n, the probability that a random graph chosen from G,
has a clique of four or more vertices is less than e. Similarly, if f(n) = w(n=?/?) then,
for sufficiently large n, the probability that a random graph chosen from G, , does not
have a clique with four or more vertices is less than .

Proof: We first consider the case in which p = f(n) and f(n) = o(n=?/3). Let
Ci,..., C(ﬁi) be an enumeration of all the subsets of four vertices in G. Let

X — 1 if C; is a 4-clique,
"7 10 otherwise.

Let

)
X = ZX,-,
i=1

E[X] = (Z) .

In this case E[X] = o(1), which means that E[X] < ¢ for sufficiently large n. Since X is
a nonnegative integer-valued random variable, it follows that Pr(X > 1) < E[X] < ¢.
Hence, the probability that a random graph chosen from G, , has a clique of four or
more vertices is less than €.

We now consider the case when p = f(n) and f(n) = w(n=?/3). In this case,
E[X] — oo as n grows large. This in itself is not sufficient to conclude that, with high
probability, a graph chosen random from G, , has a clique of at least four vertices. We
can, however, use Theorem 6.7 to prove that Pr(X = 0) = o(1) in this case. To do so
we must show that Var[X] = o((E[X])?). Here we shall bound the variance directly;
an alternative approach is given as Exercise 6.12.

We begin with the following useful formula.

so that

Lemma6.9: LetY,i=1,...,m, be 0-I randomvariables, andletY = Z:":l Y. Then

Var[Y] <E[Y]+ Y Cov(¥..Y)).

1<i, j<m;ist]
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Proof: For any sequence of random variables Y1, ..., Yy,

Var [Xm: Y,-] = Xm:Var[Yi] + Z Cov(Y;, Y)).
i=1

i=1 1<i, j<m;i#j

This is the generalization of Theorem 3.2 to m variables.
When Y; is a 0-1 random variable, E[Yiz] = E[Y;] and so

Var[Y;] = E[Y?] — (E[Y}])’ < E[Y]],
giving the lemma. u

We wish to compute
)
Var[X] = Var | Y " X;
i=1

Applying Lemma 6.9, we see that we need to consider the covariance of the X;. If
|C; N Cj| = 0 then the corresponding cliques are disjoint, and it follows that X; and X
are independent. Hence, in this case, E[X;X;] — E[X;]E[X;] = 0. The same is true if
IGNCj|l =1.

If |C; N Cj| = 2, then the corresponding cliques share one edge. For both cliques to
be in the graph, the eleven corresponding edges must appear in the graph. Hence, in
this case E[X;X;] — E[X;]E[X;] < E[X)X;] < p'!. There are (|} ) ways to choose the six
vertices and (2;3;2) ways to split them into C; and C; (because we choose two vertices
for C; N C}, two for C; alone, and two for C; alone).

If |C; N Cj| = 3, then the corresponding cliques share three edges. For both cliques
to be in the graph, the nine corresponding edges must appear in the graph. Hence, in
this case E[X;X;] — E[X;]E[X;] < E[XX/] < p°. There are (g’) ways to choose the five
vertices, and (3;1 ] ) ways to split them into C; and C;.

Finally, recall again that E[X] = (Z) pand p = f(n) = w(n~??). Therefore,

WHMJS(Z)f+<2)(232>p“+<2)(}il)ﬁGmm%ﬁ)=o«Emn%,

since
2
<mmf=(G)ﬁ)=®m%%.

Theorem 6.7 now applies, showing that Pr(X = 0) = o(1) and thus the second part of
the theorem. [

6.6. The Conditional Expectation Inequality

For a sum of Bernoulli random variables, we can derive an alternative to the second
moment method that is often easier to apply.
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Theorem 6.10: Ler X =Y ., X;, where each X; is a O—1 random variable. Then

n

Pr(X >0)> >

i=1

Notice that the X; need not be independent for Eqn. (6.3) to hold.

Pr(X; = 1)

EX X =11 (6.3)

Proof: LetY = 1/X if X > 0, with Y = 0 otherwise. Then
Pr(X > 0) = E[XY].

However,

E[XY]=E [Z X,-Y:|
i=1

- Z E[X.Y]
i=1

= Z (ELX;Y | X; = 1] Pr(X; = 1) + E[X;Y | X; = 0] Pr(X; = 0))

i=1

:ZE[Y|X,-=1]PT(X1'=])
i=1

=Y E[/X | X;=1]Pr(X;=1)
i=1

T EX X =1]

The key step is from the third to the fourth line, where we use conditional expectations

in a fruitful way by taking advantage of the fact that E[X;Y | X; = 0] = 0. The last line

makes use of Jensen’s inequality, with the convex function f(x) = 1/x. |

We can use Theorem 6.10 to give an alternate proof of Theorem 6.8. Specifically, if
p = f(n) = w(n~??), we use Theorem 6.10 to show that, for any constant ¢ > 0 and
for sufficiently large n, the probability that a random graph chosen from G,, , does not
have a clique with four or more vertices is less than .

As in the proof of Theorem 6.8, let X = Z,(i)l X;, where X; is 1 if the subset of four
vertices C; is a 4-clique and 0 otherwise. For a specific X;, we have Pr(X; = 1) = pS.
Using the linearity of expectations, we compute

4 4
EX | X;=11=E|) X|X;=1|=)> E[X;|X;=1].
i=1 i=1
Conditioning on X; = 1, we now compute E[X; | X; = 1] by using that, for a 0-1 ran-
dom variable,

EX; | X;=1]1=Pr(X; =1|X; = 1).
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There are (”;4) sets of vertices C; that do not intersect C;. Each corresponding X;
is 1 with probability p°. Similarly, X; = 1 with probability p° for the 4(";*) sets C; that
have one vertex in common with Cj.

For the remaining cases, we have Pr(X; = 1 | X; = 1) = p° for the 6(”;4) sets C;
that have two vertices in common with C; and Pr(X; = 1 | X; = 1) = p? for the 4( ”;4)
sets C; that have three vertices in common with C;. Summing, we have

()
E[X | X;=1]1=) EIX;|X;=1]

i=1

n—4 n—4 n—4 n—4
=1 44 °+6 44 .
() (e () s ()
Applying Theorem 6.10 yields
(3) P°
1+<n14)p6+4(ng4)[)6+6<n;4> p5+4<n14>p3

which approaches 1 as n grows large when p = f(n) = w(n=%/3).

Pr(X > 0) >

6.7. The Lovasz Local Lemma

One of the most elegant and useful tools in applying the probabilistic method is the
Lovasz Local Lemma. Let E1, . .., E, be a set of bad events in some probability space.
We want to show that there is an element in the sample space that is not included in
any of the bad events.

This would be easy to do if the events were mutually independent. Recall
that events Ey, Ej, ..., E, are mutually independent if and only if, for any subset
I [1,n],

Pr (ﬂ E,-) = ]_[ Pr(E)).

iel iel

Also, if £y, ..., E, are mutually independent then so are E\, ..., E,. (This was left as
Exercise 1.20.) If Pr(E;) < 1 for all i, then

Pr (ﬂ E,-) = HPr(El-) >0,
i=1 i=1
and there is an element of the sample space that is not included in any bad event.
Mutual independence is too much to ask for in many arguments. The Lovasz local
lemma generalizes the preceding argument to the case where the n events are not mutu-
ally independent but the dependency is limited. Specifically, following from the defi-
nition of mutual independence, we say that an event E,, | is mutually independent of
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the events E1, E, ..., E, if, for any subset I C [1, n],

Pr| Evi1 | () Ej | =Pr(En).
jel

The dependency between events can be represented in terms of a dependency graph.

Definition 6.1: A dependency graph for a set of events Ey, ..., E, is a graph G =
(V,E)suchthatV = {1,...,n}and, fori =1, ..., n, event E; is mutually independent
of the events {E; | (i, j) & E}. The degree of the dependency graph is the maximum
degree of any vertex in the graph.

We discuss first a special case, the symmetric version of the Lovasz Local Lemma,
which is more intuitive and is sufficient for most algorithmic applications.

Theorem 6.11 [Lovasz Local Lemmal): Let Ey, ..., E, be a set of events, and assume
that the following hold:

1. foralli, Pr(E;) < p;
2. the degree of the dependency graph given by Ey, ..., E, is bounded by d;
3. 4dp < 1.

Then
Pr (ﬂ Ei> > 0.
i=1

Proof: LetS C {1, ..., n}. We prove by inductionons =0, ..., n — 1 that, if |S| < s,
then for all k ¢ S we have

Pr Ek}ﬂEj <2p.
jes

For this expression to be well-defined when S is not empty, we need Pr ( N jes E j) > 0.
The base case s = 0 follows from the assumption that Pr(E;) < p. To perform the

inductive step, we first show that Pr ( N jes E j) > (. This is true when s = 1, because

Pr(Ej-) >1—p>0.Fors > 1, without loss of generality let S = {1, 2, ..., s}. Then

N N i—1
Pr(ﬂE,):l_[Pr E_',|mEj
i=1 i=1 Jj=1
s i—1
=[[(1-Pr|E]|E
i=1 Jj=1

> ﬁ(l —2p) > 0.

i=1
In obtaining the last line we used the induction hypothesis.
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For the rest of the induction, letS; = {j € S| (k, j) € E}and S, = S — S;.If S, =S
then E is mutually independent of the events E;, i € S, and

Pr | E | ﬂE, = Pr(Ey) < p.
JES

We continue with the case |S,| < s. It will be helpful to introduce the following nota-
tion. Let Fg be defined by

Fs = ﬂE',
jes

and similarly define Fg, and Fs,. Notice that Fg = Fs, N F,.
Applying the definition of conditional probability yields

Pr(E, N F.
Pr(E, | Fs) = %. (6.4)

Applying the definition of conditional probability to the numerator of Eqn. (6.4), we
obtain

PI'(Ek N FS) = PI'(Ek N FS] N Fsz)
= PI'(Ek N FS] | FSz) PI'(FSZ).

The denominator can be written as

Pr(Fy) = Pr(Fs, N Fs,)
= PI‘(FS] | FSZ) PI‘(FSZ).
Canceling the common factor, which we have already shown to be nonzero, yields

PI'(Ek N FS1 | FSQ)
Pr(Fs, | Fs,)

Pr(E; | Fs) = (6.5)

Note that Eqn. (6.5) is valid even when S, = @.

Since the probability of an intersection of events is bounded by the probability of
any one of the events and since E}, is independent of the events in S,, we can bound the
numerator of Eqn. (6.5) by

Pr(Ey N Fs, | Fs,) < Pr(Ey | Fs,) = Pr(Ey) < p.
Because |S>| < |S] = s, we can apply the induction hypothesis to

Pr(E; | Fs,) =Pr | Ei | () E; |-

JES>
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Using also the fact that |S;| < d, we establish a lower bound on the denominator of
Eqn. (6.5) as follows:

Pr(Fs, | Fs,) =Pr | (E | [ E

i€ JjESH
=1-) Pr(E|[[)E
i€S; j€S2
>1-% 2p
i€S;
>1—2pd
1
> —.
-2

Using the upper bound for the numerator and the lower bound for the denominator,
we prove the induction:
Pr(Ek N F51 | FSQ)

Pr(Fs, | Fs,)
P

Pr(Ey | Fs) =

=2p.

The theorem follows from

> ]_[(1 —2p)>0.
i=1 | |

6.7.1. Application: Edge-Disjoint Paths

Assume that n pairs of users need to communicate using edge-disjoint paths on a given
network. Each pairi = 1, ..., n can choose a path from a collection F; of m paths. We
show using the Lovész local lemma that, if the possible paths do not share too many
edges, then there is a way to choose n edge-disjoint paths connecting the n pairs.

Theorem 6.12: If any path in F; shares edges with no more than k paths in Fj, where
i # j and 8nk/m < 1, then there is a way to choose n edge-disjoint paths connecting
the n pairs.

Proof: Consider the probability space defined by each pair choosing a path indepen-
dently and uniformly at random from its set of m paths. Define E; ; to represent the

150



6.7 THE LOVASZ LOCAL LEMMA

event that the paths chosen by pairs i and j share at least one edge. Since a path in F;
shares edges with no more than k paths in F},

k
p=PrE;) = —.
m
Let d be the degree of the dependency graph. Since event E; ; is independent of all

events E; ; when i’ ¢ {i, j} and j’ ¢ {i, j}, we have d < 2n. Since

8nk
4dp < — < 1,
m

all of the conditions of the Lovdsz Local Lemma are satisfied, proving

Pr ﬂ E_‘i’j > 0.
i#]

Hence, there is a choice of paths such that the n paths are edge disjoint. |

6.7.2. Application: Satisfiability

As a second example, we return to the satisfiability question. For the k-satisfiability (k-
SAT) problem, the formula is restricted so that each clause has exactly k literals. Again,
we assume that no clause contains both a literal and its negation, as these clauses are
trivial. We prove that any k-SAT formula in which no variable appears in too many
clauses has a satisfying assignment.

Theorem 6.13: If no variable in a k-SAT formula appears in more than T = 2% /4k
clauses, then the formula has a satisfying assignment.

Proof: Consider the probability space defined by giving a random assignment to the
variables. Fori = 1, ..., m, let E; denote the event that the ith clause is not satisfied by
the random assignment. Since each clause has k literals,

Pr(E;) =27,

The event E; is mutually independent of all of the events related to clauses that do
not share variables with clause i. Because each of the k variables in clause i can appear
in no more than T = 2¥/4k clauses, the degree of the dependency graph is bounded by
d < kT < 2K2,

In this case,

4dp < 4.2227F < 1,

so we can apply the Lovasz Local Lemma to conclude that

Pr (ﬂ E,-) > 0;
i=1
hence there is a satisfying assignment for the formula. [
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6.8." Explicit Constructions Using the Local Lemma

The Lovasz Local Lemma proves that a random element in an appropriately defined
sample space has a nonzero probability of satisfying our requirement. However, this
probability might be too small for an algorithm that is based on simple sampling. The
number of objects that we need to sample before we find an element that satisfies our
requirements might be exponential in the problem size.

In a number of interesting applications, the existential result of the Lovasz Local
Lemma can be used to derive efficient construction algorithms. Although the details
differ in the specific applications, many known algorithms are based on a common two-
phase scheme. In the first phase, a subset of the variables of the problem are assigned
random values; the remaining variables are deferred to the second stage. The subset of
variables that are assigned values in the first stage is chosen so that:

1. using the Local Lemma, one can show that the random partial solution fixed in the
first phase can be extended to a full solution of the problem without modifying any
of the variables fixed in the first phase; and

2. the dependency graph H between events defined by the variables deferred to the
second phase has, with high probability, only small connected components.

When the dependency graph consists of connected components, a solution for the
variables of one component can be found independently of the other components. Thus,
the first phase of the two-phase algorithm breaks the original problem into smaller
subproblems. Each of the smaller subproblems can then be solved independently in the
second phase by an exhaustive search.

6.8.1. Application: A Satisfiability Algorithm

We demonstrate this technique in an algorithm for finding a satisfying assignment for
a k-SAT formula. The explicit construction result will be significantly weaker than the
existence result proven in the previous section. In particular, we obtain a polynomial
time algorithm only for the case when k is a constant. This result is still interesting, since
for k > 3 the problem of k-satisfiability is NP-complete. For notational convenience we
treat here only the case where k is an even constant with k > 12; the case where k is a
sufficiently large odd constant is similar.

Consider a k-SAT formula F, with k£ an even constant, such that each variable
appears in no more than 7 = 2%* clauses for some constant & > 0 determined in the
proof. Let xy, ..., x; be the £ variables and Cy, .. ., G, the m clauses of F.

Following the outline suggested in Section 6.8, our algorithm for finding a satisfying
assignment for F has two phases. Some of the variables are fixed at the first phase,
and the remaining variables are deferred to the second phase. While executing the first
phase, we call a clause C; dangerous if both the following conditions hold:

1. k/2 literals of the clause C; have been fixed; and
2. C; is not yet satisfied.
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Phase I can be described as follows. Consider the variables xp, . . ., x, sequentially.
If x; is not in a dangerous clause, assign it independently and uniformly at random a
value in {0, 1}.

A clause is a surviving clause if it is not satisfied by the variables fixed in phase I.
Note that a surviving clause has no more than k/2 of its variables fixed in the first
phase. A deferred variable is a variable that was not assigned a value in the first phase.
In phase II, we use exhaustive search in order to assign values to the deferred variables
and so complete a satisfying assignment for the formula.

In the next two lemmas we show that:

1. the partial solution computed in phase I can be extended to a full satisfying assign-
ment of F, and

2. with high probability, the exhaustive search in phase II is completed in time that is
polynomial in m.

Lemma 6.14: There is an assignment of values to the deferred variables such that all
the surviving clauses are satisfied.

Proof: Let H = (V, E) be a graph on m nodes, where V = {1, ..., m}, and let (i, j) €
E if and only if C; N C; # . That is, H is the dependency graph for the original prob-
lem. Let H = (V’, E’) be a graph with V' C V and E’ C E such that (a) i € V' if and
only if C; is a surviving clause and (b) (i, j) € E’ if and only if C; and C; share a deferred
variable. In the following discussion we do not distinguish between node i and clause i.

Consider the probability space defined by assigning a random value in {0, 1} inde-
pendently to each deferred variable. The assignment of values to the nondeferred vari-
ables in phase I, together with the random assignment of values to the deferred vari-
ables, defines an assignment to all the £ variables. Fori = 1, ..., m, let E; be the event
that surviving clause C; is not satisfied by this assignment. Associate the event E; with
node i in V’. The graph H' is then the dependency graph for this set of events.

A surviving clause has at least k/2 deferred variables, so

p=Pr(E) <272

A variable appears in no more than T clauses; therefore, the degree of the dependency
graph is bounded by

d = kT < k2°%.
For any k > 12, there is a corresponding suitably small constant « > 0 so that
4dp = 4k2%k2 k2 < 1

and so, by the Lovasz Local Lemma, there is an assignment for the deferred variables
that — together with the assignment of values to variables in phase I — satisfies the
formula. [ |

The assignment of values to a subset of the variables in phase I partitions the problem
into as many as m independent subformulas, so that each deferred variable appears
in only one subformula. The subformulas are given by the connected components of
H'. If we can show that each connected component in H' has size O(log m), then each
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subformula will have no more than O(k log m) deferred variables. An exhaustive search
of all the possible assignments for all variables in each subformula can then be done in
polynomial time. Hence we focus on the following lemma.

Lemma 6.15: All connected components in H' are of size O(log m) with probability
1 —o(1).

Proof: Consider a connected component R of r vertices in H. If R is a connected com-
ponent in A’, then all its r nodes are surviving clauses. A surviving clause is either
a dangerous clause or it shares at least one deferred variable with a dangerous clause
(i.e., it has a neighbor in H' that is a dangerous clause). The probability that a given
clause is dangerous is at most 27%/2, since exactly k/2 of its variables were given ran-
dom values in phase I yet none of these values satisfied the clause. The probability that
a given clause survives is the probability that either this clause or at least one of its
direct neighbors is dangerous, which is bounded by

(d+ 1)27%2,

where againd = kT > 1.

If the survival of individual clauses were independent events then we would be in
excellent shape. However, from our description here it is evident that such events are
not independent. Instead, we identify a subset of the vertices in R such that the survival
of the clauses represented by the vertices of this subset are independent events. A 4-free
S of a connected component R in H is defined as follows:

1. Sis arooted tree;

2. any two nodes in S are at distance at least 4 in H;

3. there can be an edge in S only between two nodes with distance exactly 4 between
them in H;

4. any node of R is either in S or is at distance 3 or less from a node in S.

Considering the nodes in a 4-tree proves useful because the event that a node u in
a 4-tree survives and the event that another node v in a 4-tree survives are actually
independent. Any clause that could cause u to survive has distance at least 2 from
any clause that could cause v to survive. Clauses at distance 2 share no variables, and
hence the events that they are dangerous are independent. We can take advantage of
this independence to conclude that, for any 4-tree S, the probability that the nodes in
the 4-tree survive is at most

((d + D27

A maximal 4-tree S of a connected component R is the 4-tree with the largest possible
number of vertices. Since the degree of the dependency graph is bounded by d, there
are no more than

d+dd—-1)+dd—-1Dd-1)<d -1

nodes at distance 3 or less from any given vertex. We therefore claim that a maximal
4-tree of R must have at least r/d> vertices. Otherwise, when we consider the vertices
of the maximal 4-tree S and all neighbors within distance 3 or less of these vertices,
we obtain fewer than r vertices. Hence there must be a vertex of distance at least 4
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from all vertices in S. If this vertex has distance exactly 4 from some vertex in S, then
it can be added to S and thus § is not maximal, yielding a contradiction. If its dis-
tance is larger than 4 from all vertices in S, consider any path that brings it closer to S;
such a path must eventually pass through a vertex of distance at least 4 from all ver-
tices in S and of distance 4 from some vertex in S, again contradicting the maximality
of S.

To show that with probability 1 — o(1) there is no connected component R of size
r > clog, m for some constant ¢ in H’, we show that there is no 4-tree of H of size
r/d? that survives with probability 1 — o(1). Since a surviving connected component
R would have a maximal 4-tree of size r/d>, the absence of such a 4-tree implies the
absence of such a component.

We need to count the number of 4-trees of size s = r/d> in H. We can choose the
root of the 4-tree in m ways. A tree with root v is uniquely defined by an Eulerian tour
that starts and ends at v and traverses each edge of the tree twice, once in each direction.
Since an edge of S represents a path of length 4 in H, at each vertex in the 4-tree the
Eulerian path can continue in as many as d* different ways, and therefore the number
of 4-trees of size s = r/d> in H is bounded by

m(d*y? = md®>/®.
The probability that the nodes of each such 4-tree survive in H' is at most
(d + 12742y = ((d + 12742/,
Hence the probability that H' has a connected component of size r is bounded by
md®¥/ T (d + 127 H2y/ 8 < o k/d)Bat2a=1/2) _ 1)
for r > clog, m and for a suitably large constant ¢ and a sufficiently small constant
a > 0. |

Thus, we have the following theorem.

Theorem 6.16: Consider a k-SAT formula with m clauses, where k > 12 is an even
constant and each variable appears in up to 2°* clauses for a sufficiently small constant
a > 0. Then there is an algorithm that finds a satisfying assignment for the formula in
expected time that is polynomial in m.

Proof: As we have described, if the first phase partitions the problem into subformu-
las involving only O(klogm) variables, then a solution can be found by solving each
subformula exhaustively in time that is polynomial in m. The probability of the first
phase partitioning the problem appropriately is 1 — o(1), so we need only run phase I
a constant number of times on average before obtaining a good partition. The theorem
follows. [

6.9. Lovasz Local Lemma: The General Case

For completeness we include the statement and proof of the general case of the Lovasz
Local Lemma.
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Theorem 6.17: Let Ey, ..., E, be a set of events in an arbitrary probability space,
and let G = (V, E) be the dependency graph for these events. Assume there exist
X1y ..., Xy € [0, 1] such that, forall 1 <i <n,

Pr(E) <x; [] (1 —xp.
(i,))€E

Then

Pr (ﬁ Ei) > ﬁ(l —X;).
i=1 i=1

Proof: LetS C {1,...,n}. We prove by inductionons = 0, ..., nthat, if |S| < s, then
for all £ we have

Pr | E; { mE_] < Xg.
jes

As in the case of the symmetric version of the Local Lemma, we must be careful that
the conditional probability is well-defined. This follows using the same approach as in
the symmetric case, so we focus on the rest of the induction.

The base case s = 0 follows from the assumption that

Pr(Ey) < x; 1_[ (I —xj) < x.
(k,j)eE

For the inductive step, let S ={j € S| (k, j) € E}and S, = § — §|. If S, = S then
E; is mutually independent of the events E;, i € S, and

Pr | E | ﬂEj = Pr(E}) < xi.
JES

We continue with the case |S,| < s. We again use the notation
Fg = m E b
jes
and define Fs, and Fg, similarly, so that Fy = Fg, N Fg,.
Applying the definition of conditional probability yields

Pr(E, N F.
Pr(E, | Fs) = %. (6.6)

By once again applying the definition of conditional probability, the numerator of
Eqn. (6.6) can be written as

Pr(E, N Fs) = Pr(Ey N Fy, | Fs,) Pr(Fs,)
and the denominator as
Pr(Fs) = Pr(Fy, | F,) Pr(Fs,).
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Canceling the common factor then yields

Pr(E, N Fs, | F.
Pr(E; | Fs) = ENFy | Fs) 6.7)

Pr(Fs, | Fs,)
Since the probability of an intersection of events is bounded by the probability of
each of the events and since Ej is independent of the events in S,, we can bound the

numerator of Eqn. (6.7) by

Pr(E; N Fy, | Fs,) < Pr(Ey | Fs,) =Pr(Ex) <xc [ (1—xy).
(k,j)eE

To bound the denominator of Eqn. (6.7), let S; = {ji, ..., j-}. Applying the induc-
tion hypothesis, we have

Pr(Fs, | Fs,) =Pr | () E | () E

Jes Jj€Sa

i—1
ZlL[ 1—Pr Eji| (hE_‘]}>m ﬂE_J
i=1 t=1 JES>
> [[a—xp
i=1

= [T a-xp.

(k,j)eE

Using the upper bound for the numerator and the lower bound for the denominator,
we can prove the induction hypothesis:

Pr|Ec | ()E; | =Pr(E | Fy)
jes
_ Pr(ExNFs, | F,)
~ Pr(Fs, | Fs,)
- Xk n(k,j)eE(l — X))

B H(k,j)eE(l — X))
= Xk.

The theorem now follows from:

Pr(Er ... . E) =] [Pr(Ei | Er ... Eicy)
i=1

= l_[(l —Pr(E; | Ey,...,Ei_}))

i=1

> ﬁ(l —x;) > 0.

i=1
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6.10.* The Algorithmic Lovasz Local Lemma

Recently, there have been several advances in extending the Lovasz Local Lemma. We
briefly summarize the key points here, and start by looking again to the k&-SAT problem
to provide an example of these ideas in action.

We have shown previously that if no variable in a k-SAT formula appears in more
than 2% /(4k) clauses, then the formula has a satisfying assignment, and we have shown
that if each variable appears in no more that 2*¥ clauses for some constant « a solution
can be found in expected polynomial time. Here we provide an improved result which
again provides a solution in expected polynomial time.

Theorem 6.18: Suppose that every clause in a k-SAT formula shares one or more
variables with at most 2¥=3 — 1 other clauses. Then a solution for the formula exists
and can be found in expected time that is polynomial in the number of clauses m.

Before starting the proof, we informally describe our algorithm. As before, let
X1, X2, ..., X¢ be the £ variables and Cy, (5, ..., C,, be the m clauses in the formula.
We begin by choosing a random truth assignment (uniformly at random). We then look
for a clause C; that is unsatisfied; if no such clause exists we are done. If such a clause
exists, we look specifically at the variables in the clause, and randomly choose a new
truth assignment for those variables. Doing so will hopefully “fix” the clause C; so that
it is satisfied, but it may not; even worse, it may end up causing a clause C; that shares
a variable with C; to become unsatisfied. We recursively fix these neighboring clauses,
so that when the recursion is finished, we have that C; is satisfied and we have not
damaged any clause by making it become unsatisfied. We therefore have improved the
situation by satisfying at least one previously unsatisfied clause. We then continue to
the next unsatisfied clause; we have to do this at most m times.

The underlying question that we need to answer to show that this algorithm works
is how we know that the recursion we have described stops successfully. Perhaps it
simply goes on forever, or for an exponential amount of time. The proof we provide
shows that this cannot be the case through a new type of argument. Specifically, we
show that if such bad recursions occur with non-trivial probability, then one could
compress a random string of n independent, unbiased flips into much fewer than 7 bits.
That should seem impossible, and it is. While compression is a theme we cover in much
more detail in Chapter 10, we explain the compression result we need here in the proof
of the theorem. All we need is that a string of r random bits, where each bit is chosen
independently and uniformly at random, cannot be compressed so that the average
length of the representation over all choices of the r random bits is less than » — 2.

To see that this must be true, assume the best possible setting for us, where we don’t
have to worry about the “end” of our compressed sequence, but can use each string of
bits of length less than r to represent one of the 2" possible strings we aim to compress.
That is, we won’t worry that one compressed string might be “0” and another one
might be “00”, in which case it might be hard to distinguish whether “00” was meant
to represent a single compressed string, or two copies of the string represented by “0”.
(Essentially, a compressed string can be terminated for free; this allowance can only
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hurt us in our argument.) Still, each string of s < r bits can only represent a single
possible string of length r. Hence we have available one string of length O (the empty
string), two strings of length 1, and so on. There are only 2" — 1 strings of length less
than r; even if we count only those in computing the average length of the compressed
string, which again can only hurt us, the average length would be at least

r—1 1 .

Z - >r—=2.
2r—1

i=1

The same compression fact naturally holds true for any collection of 2" equally likely
strings; they do not have to be limited to strings of r random bits.
Given this fact, our proof proceeds as follows.

Proof of Theorem 6.18: The algorithm we use is explicitly provided as the k-
Satisfiability Algorithm below.

k-Satisfiability Algorithm (Using Algorithmic LLL):

Input: A collection Cy, (s, ..., G, of clauses for a k-SAT formula over n variables.
Output: A truth assignment for these variables.

Main routine:

1. Start with a random assignment.

2. While some C; is not satisfied:
(a) choose the unsatisfied C; with the smallest value of i;
(b) enter i in binary using [log, m] bits in the history;
(¢) use localcorrect on clause C;.

localcorrect(C):

1. Resample new values for every variable in clause C.
2. While some C; that shares a variable with C (including possibly C itself) is not
satisfied
(a) choose the unsatisfied C; sharing a variable with C with the smallest value
of j;
(b) enter “0” followed by j in binary using k — 3 bits in the history;
(¢) use localcorrect on clause C;.
3. Enter “1” in the history.

We note the algorithm produces a history, which we use in the analysis of the algo-
rithm.

It is important to realize that while a clause can become satisfied and unsatisfied
again multiple times through the recursive process, when we return to the main routine
and complete the call to localcorrect, we have satisfied the clause C; that localcorrect
was called on from the main routine, and further any clause that was previously satisfied
has stayed satisfied because of the recursion. What we wish to show is that the recursive
process has to stop.
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Our analysis makes use of the fact that our algorithm makes use of a random string.
We provide two different ways to describe how our algorithm runs.

We can think of our algorithm as being described by the random string of bits it uses.
It takes n bits to initially assign random truth values to each of the variables. After that,
it takes k bits to resample values for a clause each time localcorrect is called. Let us refer
to each time localcorrect is called as a round. Then one way to describe our algorithm’s
actions for j rounds is with the random string of n 4 jk bits used by the algorithm.

But here is another way of describing how our algorithm works. We keep track of the
“history” of the algorithm as shown in the algorithm. The history includes a list of the
clauses that localcorrect is called on by the main routine. The history also includes a list
of the recursive calls to localcorrect, in a slightly non-obvious way. First, we note that
the algorithm uses a flag bit 0 and a flag bit 1 to mark the start and end of recursive calls,
so the algorithm tracks the stack of recursive calls in a natural way. Second, instead of
the natural approach of using [log, m] bits to represent the index of the clause in our
recursive calls, the algorithm uses only k — 3 bits. We now explain why only k — 3 bits
are needed. Since there are at most 2573 possible clauses that share a variable with the
current clause (including the current clause itself) that could be the next one called, the
clause can be represented by an index of k — 3 bits. (Imagine having an ordered list of
the up to 273 clauses that share a variable with each clause; we just need the index into
that list.) Finally, our history will also include the current truth assignment of # bits.
Note that the current truth assignment can be thought of as in an separate updatable
storage area for the history; every time the truth assignment is updated, so is this part
of the history.

We now show that when the algorithm has run j rounds, we can recover the random
string of n + jk bits that the algorithm has used from the history we have described.
Start with the current truth assignment, and break the history up, using the flags that
mark invocations of localcorrect. We can use the history to determine the sequence of
recursive calls, and what clauses localcorrect was called on. Then, going backwards
through the history, we know at each step which clause was being resampled. For that
clause to have to be resampled, it must have been unsatisfied previously. But there is
only one setting of the variables that makes a clause unsatisfied, and hence we know
what the truth values for those variables were before the clause was resampled. We
can therefore update the current truth assignment so that it represents the truth assign-
ment before the resampling, and continue backwards through the process. Repeating
this action, we can determine the original truth assignment, and since at each step we
can determine what variable values were changed and what their values were on each
resampling, we recover the whole string of n + jk random bits.

Our history takes at most n + m[log, m] 4+ j(k — 1) bits; here we use the fact that
each resampling uses at most k — 1 bits, including the two bits that may be necessary as
flags for the start and end of the recursion given by that resampling. For large enough j,
our history yields a compressed form of the the random string used to run the algorithm,
since only k — 1 bits are used to represent each resampling in the history instead of the
k bits used by the algorithm.

Now suppose there were no truth assignment, in which case the algorithm would
run forever. Then after a large enough number of rounds J, the history will be at most
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n + mflog, m] 4+ J(k — 1) bits, while the random string running the algorithm would
be n 4 Jk bits. By our result on compressing random strings, we must have

n+mflog,m| +J(k—1)>n+Jk—2.
Hence
J < mflog, m] + 2.

This contradicts that the algorithm can run forever, so there must be a truth assignment.

Similarly, the number of rounds J is more than m[log, m] 4 2 4 i with probability
at most 27, To see this, suppose the probability of lasting to this round is greater than
27", Again consider the algorithm after J = m[log, m] + 2 + i rounds, so the history
will be at most n 4+ m[log, m| 4 J(k — 1) bits. The algorithm can also be described
by the n + Jk random bits that led to the current state. As there are at least 2"*/* ran-
dom bit strings of this length, and the probability of lasting at least this many rounds
is greater than 2~ by assumption, there are at least 2"*/¥~% random bit strings associ-
ated with reaching this round. By our result on compressing random strings, it requires
more than n + Jk — i — 2 bits on average to represent the at least 2"/~ random bit
strings associated with reaching this round. But the history, as we have already argued,
provides a representation of these random bit strings, in that we can reconstruct the
algorithm’s random bit string from the history. The number of bits the history uses is
only

n+mllog,m| +Jk—1)=n+Jk—i—2,

a contradiction.
Since the probability of lasting more than m[log, m] + 2 + i is at most 27/, we can
bound the expected number of rounds by

oo
mflog,m] +2 + Z 27"
i=1
The expected number rounds used by the algorithm is thus at most m[log, m] + 4.
The work done in each resampling round can easily be made to be polynomial in

m, so the total expected time to find an assigment can be made polynomial in m as
well. |

While already surprising, the proof above can be improved slightly. A more careful
encoding shows that the expected number of rounds required can be reduced to O(m)
instead of O(mlogm). This is covered in the Exercise 6.21.

The algorithmic approach we have used for the satisfiability problem in the proof of
Theorem 6.18 can be extended further to obtain an algorithmic version of the Lovasz
local lemma, which we now describe. Let us suppose that we have a collection of n
events Ey, E, ..., E, that depend on a collection of £ mutually independent variables
Y1, Y2, - .., ye. The dependency graph on events has an edge between two events if they
both depend on at least one shared variable y;. The idea is that at each step if there
is an event that is unsatisfied, we resample only the random variables on which that
event depends. As with the k-Satisfiability Algorithm using the algorithmic Lovasz
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Local Lemma, this resampling process has to be ordered carefully to ensure progress.
If the dependencies are not too great, then the right resampling algorithm terminates
with a solution.

The symmetric version is easier to state.

Theorem 6.19: Let E|, E,, ..., E, be a set of events in an arbitrary probability space
that are determined by mutually independent random variables yi, ya, . .., Ve, and let
G = (V, E) be the dependency graph for these events. Suppose the following conditions
hold for values d and p:

1. each event E; is adjacent to at most d other events in the dependency graph, or
equivalently, there are only d other events that also depend on one or more of the
v, that E; depends on;

2. Pr(E) < p;

3. epd+1)<1.

Then there exists an assignment of the y; so that the event ﬂl’.‘ZIE'i holds, and a resam-
pling algorithm with the property that the expected number of times the algorithm
resamples the event E; in finding such an assignment is at most 1/d. Hence the expected
total number of resampling steps taken by the algorithm is at most n/d.

However, we also have a corresponding theorem for the asymmetric version.

Theorem 6.20: Let E, E, ..., E, be a set of events in an arbitrary probability

space that are determined by mutually independent random variables yi, ya, ..., Ve,
and let G = (V,E) be the dependency graph for these events. Assume there exist
X1, X2, ..., X, € [0, 1] such that, forall 1 <i <n
Pr(E) <x [ ] (1—x)).
G, /)E

Then there exists an assignment of the y; so that the event ﬂf’zlE,- holds, and a resam-
pling algorithm with the property that the expected number of times the algorithm
resamples the event E; in finding such an assignment is at most x;/(1 — x;). Hence
the expected total number of resampling steps taken by the algorithm is at most

Yo xi/(1 = xp).

The proofs of these theorems are beyond the scope of the book. Similar to the algo-
rithm for satisfiability based on resampling given above, the proof relies on bounding
the expected number of resamplings that occur over the course of the algorithm.

6.11. Exercises

Exercise 6.1: Consider an instance of SAT with m clauses, where every clause has
exactly k literals.

(a) Give a Las Vegas algorithm that finds an assignment satisfying at least m(1 — 27)
clauses, and analyze its expected running time.
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(b) Give a derandomization of the randomized algorithm using the method of condi-
tional expectations.

Exercise 6.2:

(a) Prove that, for every integer n, there exists a coloring of the edges of the complete
graph K,, by two colors so that the total number of monochromatic copies of Ky is
at most (})27°.

(b) Give a randomized algorithm for finding a coloring with at most (Z) 273 mono-
chromatic copies of Ky that runs in expected time polynomial in 7.

(¢) Show how to construct such a coloring deterministically in polynomial time using
the method of conditional expectations.

Exercise 6.3: Given an n-vertex undirected graph G = (V, E), consider the following
method of generating an independent set. Given a permutation o of the vertices, define
a subset S(o') of the vertices as follows: for each vertex i, i € S(o) if and only if no
neighbor j of i precedes i in the permutation o.

(a) Show that each S(o) is an independent set in G.
(b) Suggest a natural randomized algorithm to produce o for which you can show that
the expected cardinality of S(o) is

"1
. di—|—1,

where d; denotes the degree of vertex i.
(¢) Prove that G has an independent set of size at least ) ;_, 1/(d; + 1).

Exercise 6.4: Consider the following two-player game. The game begins with k tokens
placed at the number O on the integer number line spanning [0, n]. Each round, one
player, called the chooser; selects two disjoint and nonempty sets of tokens A and B.
(The sets A and B need not cover all the remaining tokens; they only need to be disjoint.)
The second player, called the remover; takes all the tokens from one of the sets off the
board. The tokens from the other set all move up one space on the number line from
their current position. The chooser wins if any token ever reaches n. The remover wins
if the chooser finishes with one token that has not reached n.

(a) Give a winning strategy for the chooser when k > 2".

(b) Use the probabilistic method to show that there must exist a winning strategy for
the remover when k < 2".

(c) Explain how to use the method of conditional expectations to derandomize the
winning strategy for the remover when k < 2".

Exercise 6.5: We have shown using the probabilistic method that, if a graph G has n
nodes and m edges, then there exists a partition of the n nodes into sets A and B such
that at least m/2 edges cross the partition. Improve this result slightly: show that there
exists a partition such that at least mn/(2n — 1) edges cross the partition.
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Exercise 6.6: We can generalize the problem of finding a large cut to finding a large
k-cut. A k-cut is a partition of the vertices into k disjoint sets, and the value of a cut is
the weight of all edges crossing from one of the k sets to another. In Section 6.2.1 we
considered 2-cuts when all edges had the same weight 1, showing via the probabilistic
method that any graph G with m edges has a cut with value at least m/2. Generalize
this argument to show that any graph G with m edges has a k-cut with value at least
(k — 1)m/k. Show how to use derandomization (following the argument of Section 6.3)
to give a deterministic algorithm for finding such a cut.

Exercise 6.7: A hypergraph H is a pair of sets (V, E), where V is the set of vertices
and E is the set of hyperedges. Every hyperedge in E is a subset of V. In particular, an
r-uniform hypergraph is one where the size of each edge is r. For example, a 2-uniform
hypergraph is just a standard graph. A dominating set in a hypergraph H is a set of
vertices S C V such that e N S # @ for every edge e € E. That is, S hits every edge of
the hypergraph.

Let H = (V, E) be an r-uniform hypergraph with n vertices and m edges. Show
that there is a dominating set of size at most np + (1 — p)"'m for every real number
0 < p < 1. Also, show that there is a dominating set of size at most (m + nlnr)/r.

Exercise 6.8: Prove that, for every integer n, there exists a way to 2-color the edges
of K, so that there is no monochromatic clique of size k when

x=n-— (Z) 21-().

(Hint: Start by 2-coloring the edges of K, then fix things up.)

Exercise 6.9: A tournament is a graph on n vertices with exactly one directed edge
between each pair of vertices. If vertices represent players, then each edge can be
thought of as the result of a match between the two players: the edge points to the win-
ner. A ranking is an ordering of the n players from best to worst (ties are not allowed).
Given the outcome of a tournament, one might wish to determine a ranking of the play-
ers. A ranking is said to disagree with a directed edge from y to x if y is ahead of x in
the ranking (since x beat y in the tournament).

(a) Prove that, for every tournament, there exists a ranking that disagrees with at most
50% of the edges.

(b) Prove that, for sufficiently large n, there exists a tournament such that every ranking
disagrees with at least 49% of the edges in the tournament.

Exercise 6.10: A family of subsets F of {1, 2, ..., n} is called an antichain if there is
no pair of sets A and B in F satisfying A C B.

(a) Give an example of F where |F| = (Ln72 | )

(b) Let f; be the number of sets in F with size k. Show that
POFEt
= ()
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(Hint: Choose a random permutation of the numbers from 1 to n, and let X; = 1 if
the first k numbers in your permutation yield a setin F. If X = > ;_, Xi, what can
you say about X?)

(c) Argue that | F| < (Ln72 ) for any antichain F.

Exercise 6.11: Consider a graph in G, , with n vertices and each pair of vertices
independently connected by an edge with probability p. We prove a threshold for the
existence of triangles in the graph.

Lett,..., 1y be an enumeration of all triplets of three vertices in the graph. Let
X; = 1 if the the three edges of the triplet #; appear in the graph, so that ¢; forms a triangle

in the graph. Otherwise X; = 0. Let X = Z,(;l X;.

(a) Compute E[X].

(b) Use (a) to show that if pn — 0 then Pr(X > 0) — 0.

(c) Show that Var[X;] < p>.

(d) Show that Cov(X;, X;) = p° — pS for O(n*) pairs i # j, otherwise Cov(X;, X;) =
0.

(e) Show that Var[X] = 0(n’p® + n*(p° — p%)).

(f) Conclude that if p is such that pn — oo then Pr(X = 0) — 0.

Exercise 6.12: In Section 6.5.1, we bounded the variance of the number of 4-cliques
in a random graph in order to demonstrate the second moment method. Show how to
calculate the variance directly by using the equality from Exercise 3.9: forX = > 7_, X;
the sum of Bernoulli random variables,

E[X?] = ZPr(Xi =DE[X | X; = 1].
i=1

Exercise 6.13: Consider the problem of whether graphs in G, , have cliques of con-
stant size k. Suggest an appropriate threshold function for this property. Generalize the
argument used for cliques of size 4, using either the second moment method or the
conditional expectation inequality, to prove that your threshold function is correct for
cliques of size 5.

Exercise 6.14: Consider a graph in G, ,, with p = cInn/n. Use the second moment
method or the conditional expectation inequality to prove that if ¢ < 1 then, for any
constant ¢ > 0 and for n sufficiently large, the graph has isolated vertices with proba-
bility at least 1 — .

Exercise 6.15: Consider a graph in G, ,, with p = 1/n. Let X be the number of trian-
gles in the graph, where a triangle is a clique with three edges. Show that

PriX >1)<1/6
and that
nlirgoPr(X >1)>1/7.
(Hint: Use the conditional expectation inequality.)
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Exercise 6.16: Consider the set-balancing problem of Section 4.4. We claim that there
is an n x n matrix A for which [|Ab]| is §(/7) for any choice of . For convenience
here we assume that # is even.

(a) We have shown in Eqn. (5.5) that

n! < eﬁ(g)n.

n! > aﬁ(%)n

Using similar ideas, show that

for some positive constant a.

(b) Let by, by, ..., by all equal 1, and let by, o41, by, - .., by all equal —1. Let
Y1, Y, ..., Y, each be chosen independently and uniformly at random from {0, 1}.
Show that there exists a positive constant ¢ such that, for sufficiently large m,

.

Xm: bY;
i=1

1

(Hint: Condition on the number of ¥; that are equal to 1.)

(c) Letby, by, ..., b, each be equal to either 1 or —1. Let Y}, Y2, ..., Y, each be cho-
sen independently and uniformly at random from {0, 1}. Show that there exists a
positive constant ¢ such that, for sufficiently large m,

o

Z b}Y;
i=1

1
> c\/ﬁ) > 5
(d) Prove that there exists a matrix A for which ||Ab|| is Q(ﬁ ) for any choice of b.

Exercise 6.17: Use the Lovasz Local Lemma to show that, if

()2 0=

then it is possible to color the edges of K,, with two colors so that it has no monochro-
matic K subgraph.

Exercise 6.18: Use the general form of the Lovdsz Local Lemma to prove that the
symmetric version of Theorem 6.11 can be improved by replacing the condition 4dp <
1 by the weaker conditionep(d + 1) < 1.

Exercise 6.19: Let G = (V, E) be an undirected graph and suppose each v € V is
associated with a set S(v) of 8r colors, where » > 1. Suppose, in addition, that for each
v € V and ¢ € S(v) there are at most r neighbors u of v such that c lies in S(u). Prove
that there is a proper coloring of G assigning to each vertex v a color from its class
S(v) such that, for any edge (u, v) € E, the colors assigned to u# and v are different.
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You may want to let A, , . be the event that u and v are both colored with color ¢ and
then consider the family of such events.

Exercise 6.20: A k-uniform hypergraph is an ordered pair G = (V, E), but edges con-
sist of sets of k (distinct) vertices, instead of just 2. (So a 2-uniform hypergraph is just
what we normally call a graph.) A hypergraph is k-regular if all vertices have degree
k; that is, they are in k hypergraph edges.

Show that for sufficiently large k, the vertices of a k-uniform, k-regular hypergraph
can be 2-colored so that no edge is monochromatic. What’s the smallest value of k you
can achieve?

Exercise 6.21: In our description of the k-Satisfiability Algorithm using the algo-
rithmic Lovdsz local lemma, we used [log, m] bits in the history to represent each
clause called in the main routine. Instead, however, we could simply record in the his-
tory which clauses are initially unsatisfied with an array of m bits. Explain any other
changes you need to make in the algorithm in order to properly record a history that
you can “reverse” to obtain the initial assignment, and explain how this allows one to
modify the proof of Theorem 6.18 so that only O(m) rounds are needed in expectation.

Exercise 6.22: Implement the algorithmic Lovasz Local Lemma for the following
scenario. Consider a 9-SAT formula where each variable appears in 8 clauses. Set up
a formula with 112,500 variables and 100,000 clauses in the following manner: set up
8 copies of each of the 112,500 variables (900,000 total variables), permute them, and
use the ordering to assign the variables to the 100,000 clauses. (If any clauses share a
variable, which is likely to happen, try to locally correct for this by swapping one copy
to another clause.) Then assign a random “sign” to each variable — with probability
1/2, use x instead of x. This gives a formula that satisfies the conditions of Theorem
6.18.

Your implementation of the algorithmic Lovdsz Local Lemma does not need to keep
track of the history. However, you should track how many times the local correction
procedure is required before termination. Repeat this experiment with 100 different
formulas derived from the process above, and report on the distribution of the number
of local corrections required. Note that you may want to take some care to make the
local correction step efficient in order to have your program run effectively.
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CHAPTER SEVEN

Markov Chains and
Random Walks

Markov chains provide a simple but powerful framework for modeling random pro-
cesses. We start this chapter with the basic definitions related to Markov chains and
then show how Markov chains can be used to analyze simple randomized algorithms
for the 2-SAT and 3-SAT problems. Next we study the long-term behavior of Markov
chains, explaining the classifications of states and conditions for convergence to a sta-
tionary distribution. We apply these techniques to analyzing simple gambling schemes
and a discrete version of a Markovian queue. Of special interest is the limiting behav-
ior of random walks on graphs. We prove bounds on the covering time of a graph and
use this bound to develop a simple randomized algorithm for the s—¢ connectivity prob-
lem. Finally, we apply Markov chain techniques to resolve a subtle probability problem
known as Parrondo’s paradox.

7.1. Markov Chains: Definitions and Representations

A stochastic process X = {X(t) : t € T} is a collection of random variables. The index
t often represents time, and in that case the process X models the value of a random
variable X that changes over time.

We call X (t) the state of the process at time ¢. In what follows, we use X, inter-
changeably with X (¢). If, for all ¢, X; assumes values from a countably infinite set, then
we say that X is a discrete space process. If X; assumes values from a finite set then the
process is finite. If T is a countably infinite set we say that X is a discrete time process.

In this chapter we focus on a special type of discrete time, discrete space stochastic
process Xp, X1, Xz, . . . in which the value of X; depends on the value of X;_; but not on
the sequence of states that led the system to that value.

Definition 7.1: A discrete time stochastic process Xo, X1, X, . . . is a Markov chain if'
PrX, =a; | Xi 1 =a1, X, 2 =a;2,...,.Xo=ap) =Pr(Xi =a, | X,-1 = a;1)

= Pat—laar‘

I Strictly speaking, this is a time-homogeneous Markov chain; this will be the only type we study in this book.
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This definition expresses that the state X, depends on the previous state X;_; but is
independent of the particular history of how the process arrived at state X,_;. This is
called the Markov property or memoryless property, and it is what we mean when we
say that a chain is Markovian. It is important to note that the Markov property does not
imply that X; is independent of the random variables Xy, X1, .. ., X;—»; it just implies
that any dependency of X; on the past is captured in the value of X;_;.

Without loss of generality, we can assume that the discrete state space of the Mar-
kov chain is {0, 1, 2, ..., n} (or {0, 1, 2, ...} if it is countably infinite). The transition
probability

P j=Pr(X,=j| X1 =1)

is the probability that the process moves from i to j in one step. The Markov property
implies that the Markov chain is uniquely defined by the one-step transition matrix:

Pyo Py - P

Pio Py - P
P=

Po P11 - Py

That is, the entry in the ith row and jth column is the transition probability P, ;. It
follows that, foralli, 3. P, ; = 1.

This transition matrix representation of a Markov chain is convenient for computing
the distribution of future states of the process. Let p;(t) denote the probability that the
process is at state i at time z. Let p(¢) = (po(¢), p1(t), p2(t), .. .) be the vector giving
the distribution of the state of the chain at time 7. Summing over all possible states at
time ¢t — 1, we have

pit) =) pit — DP;;
j=0
or-
p(t) = pt — HP.

We represent the probability distribution as a row vector and multiply pP instead
of Pp to conform with the interpretation that starting with a distribution p(t — 1) and
applying the operand P, we arrive at the distribution p(z).

For any m > 0, we define the m-step transition probability

le] =PrX1m=Jj | X =1)

as the probability that the chain moves from state i to state j in exactly m steps.
Conditioning on the first transition from i, we have

= X nar )
k>0

2 Qperations on vectors are generalized to a countable number of elements in the natural way.
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0 1/2 1/4 1/4

Figure 7.1: A Markov chain (/eft) and the corresponding transition matrix (right).

Let P™) be the matrix whose entries are the m-step transition probabilities, so that the
entry in the ith row and jth column is P;";. Then, applying Eqn. (7.1) yields

P™ _p. P(m—l);
by induction on m,
P™ = p™,
Thus, forany ¢t > 0 and m > 1,
Pt +m) = pP™.

Another useful representation of a Markov chain is by a directed, weighted graph
D = (V, E, w). The set of vertices of the graph is the set of states of the chain. There
is a directed edge (i, j) € E if and only if P, ; > 0, in which case the weight w(i, j) of
the edge (i, j) is given by w(i, j) = P, ;. Self-loops, where an edge starts and ends at
the same vertex, are allowed. Again, for each i we require that ) . J)eE w(i, j)=1.A
sequence of states visited by the process is represented by a directed path on the graph.
The probability that the process follows this path is the product of the weights of the
path’s edges.

Figure 7.1 gives an example of a Markov chain and the correspondence between the
two representations. Let us consider how we might calculate with each representation
the probability of going from state O to state 3 in exactly three steps. With the graph,
we consider all the paths that go from state O to state 3 in exactly three steps. There are
only four such paths: 0-1-0-3, 0-1-3-3, 0-3-1-3, and 0-3-3-3. The probabilities that
the process follows each of these paths are 3/32, 1/96, 1/16, and 3/64, respectively.
Summing these probabilities, we find that the total probability is 41/192. Alternatively,
we can simply compute

3/16  7/48  29/64  41/192
5/48 5/24 79/144  5/36
0 0 1 0

1/16 13/96 107/192 47/192
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2-SAT Algorithm:

1. Start with an arbitrary truth assignment.
2. Repeat up to 2mn? times, terminating if all clauses are satisfied:
(a) Choose an arbitrary clause that is not satisfied.
(b) Choose uniformly at random one of the literals in the clause and switch the
value of its variable.
3. If a valid truth assignment has been found, return it.
4. Otherwise, return that the formula is unsatisfiable.

Algorithm 7.1: 2-SAT algorithm.

The entry P8’3 = 41/192 gives the correct answer. The matrix is also helpful if we want
to know the probability of ending in state 3 after three steps when we begin in a state
chosen uniformly at random from the four states. This can be computed by calculating

(1/4,1/4,1/4, 1/4)P° = (17/192, 47/384, 737/1152, 43/288):;

here the last entry, 43/288, is the required answer.

7.1.1. Application: A Randomized Algorithm for 2-Satisfiability

Recall from Section 6.2.2 that an input to the general satisfiability (SAT) problem is a
Boolean formula given as the conjunction (AND) of a set of clauses, where each clause
is the disjunction (OR) of literals and where a literal is a Boolean variable or the nega-
tion of a Boolean variable. A solution to an instance of a SAT formula is an assignment
of the variables to the values True (T) and False (F) such that all the clauses are satisfied.
The general SAT problem is NP-hard. We analyze here a simple randomized algorithm
for 2-SAT, a restricted case of the problem that is solvable in polynomial time.

For the k-satisfiability (k-SAT) problem, the satisfiability formula is restricted so that
each clause has exactly k literals. Hence an input for 2-SAT has exactly two literals per
clause. The following expression is an instance of 2-SAT:

(x1 VX)) A (X1 VX3) A (X1 VX)) A (xg vV X3) A (Xg VX7). (7.2)

One natural approach to finding a solution for a 2-SAT formula is to start with an
assignment, look for a clause that is not satisfied, and change the assignment so that
the clause becomes satisfied. If there are two literals in the clause, then there are two
possible changes to the assignment that will satisfy the clause. Our 2-SAT algorithm
(Algorithm 7.1) decides which of these changes to try randomly. In the algorithm, n
denotes the number of variables in the formula and m is an integer parameter that deter-
mines the probability that the algorithm terminates with a correct answer.

In the instance given in (7.2), if we begin with all variables set to False then the
clause (x; V xy) is not satisfied. The algorithm might therefore choose this clause and
then select x; to be set to True. In this case the clause (x4 V X7) would be unsatisfied
and the algorithm might switch the value of a variable in that clause, and so on.
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If the algorithm terminates with a truth assignment, it clearly returns a correct
answer. The case where the algorithm does not find a truth assignment requires some
care, and we will return to this point later. Assume for now that the formula is satisfi-
able and that the algorithm will actually run as long as necessary to find a satisfying
truth assignment.

We are mainly interested in the number of iterations of the while-loop executed by
the algorithm. We refer to each time the algorithm changes a truth assignment as a
step. Since a 2-SAT formula has O(n?) distinct clauses, each step can be executed in
O(n?) time. Faster implementations are possible but we do not consider them here. Let
S represent a satisfying assignment for the n variables and let A; represent the variable
assignment after the ith step of the algorithm. Let X; denote the number of variables
in the current assignment A; that have the same value as in the satisfying assignment
S. When X; = n, the algorithm terminates with a satisfying assignment. In fact, the
algorithm could terminate before X; reaches n if it finds another satisfying assignment,
but for our analysis the worst case is that the algorithm only stops when X; = n. Starting
with X; < n, we consider how X; evolves over time, and in particular how long it takes
before X; reaches n.

First, if X; = O then, for any change in variable value on the next step, we have
X;+1 = 1. Hence

PI'(X,'+1 =1 |X, = 0) =1.

Suppose now that 1 < X; < n — 1. At each step, we choose a clause that is unsatis-
fied. Since S satisfies the clause, that means that A; and S disagree on the value of at least
one of the variables in this clause. Because the clause has no more than two variables,
the probability that we increase the number of matches is at least 1/2; the probability
that we increase the number of matches could be 1 if we are in the case where A; and
S disagree on the value of both variables in this clause. It follows that the probability
that we decrease the number of matches is at most 1/2. Hence, for 1 < j <n —1,

PriXi=j+ 11 Xi=j) = 1/2
PriXppr=j—11X;=)) <1/2.
The stochastic process Xy, X1, Xo, ... is not necessarily a Markov chain, since the
probability that X; increases could depend on whether A; and S disagree on one or
two variables in the unsatisfied clause the algorithm chooses at that step. This, in turn,

might depend on the clauses that have been considered in the past. However, consider
the following Markov chain Yy, Y1, Y2, .. .:

Yo = Xo;

Pr(Yiy, =11Y=0)=1,
Pr(Yip1 = j+11Yi=j)=1/2%
Pr(Yipi =j—-11Yi=j)=1/2.

The Markov chain Yy, Y}, Y2, ... is a pessimistic version of the stochastic process
Xo, X1, X2, ... in that, whereas X; increases at the next step with probability at least
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1/2, Y; increases with probability exactly 1/2. It is therefore clear that the expected
time to reach n starting from any point is larger for the Markov chain Y than for the
process X, and we use this fact hereafter. (A stronger formal framework for such ideas
is developed in Chapter 12.)

This Markov chain models a random walk on an undirected graph G. (We elaborate
further on random walks in Section 7.4.) The vertices of G are the integers O, ..., n
and, for 1 <i < n — 1, node i is connected to node i — 1 and node i + 1. Let &; be the
expected number of steps to reach n when starting from j. For the 2-SAT algorithm, 4;
is an upper bound on the expected number of steps to fully match S when starting from
a truth assignment that matches S in j locations.

Clearly, h, = 0 and hy = h; + 1, since from hy we always move to 4; in one step.
We use linearity of expectations to find an expression for other values of 4;. Let Z; be a
random variable representing the number of steps to reach n from state j. Now consider
starting from state j, where 1| < j < n — 1. With probability 1/2, the next stateis j — 1,
and in this case Z; = 1 + Z;_;. With probability 1/2, the next step is j + 1, and in this
case Z; = 1+ Z;,. Hence

1 1
E(Z;] = E|:§(1 +Zi 1)+ 5(1 +Zj+1)i|-

But E[Z;] = h; and so, by applying the linearity of expectations, we obtain
hj_l +1 n hj+1 +1 _ /’Lj_l " hj+1

h: = 1.
/ 2 2 2 2 T

We therefore have the following system of equations:

hn =0;

hj—1  hj .
hj=-1—4+-2L"4+1, 1<j<n-1;
j 5 + > + <Jj<n
ho = hy + 1.

We can show inductively that, for0 < j <n — 1,
hj=hj1+2j+1.
It is true when j = 0, since i = hy — 1. For other values of j, we use the equation
hj= }% + }% +1
to obtain
hivi =2hj—hj_y —2
=2hj—(hj+2(j—-1D+1)—-2
=h;j—2j—1,

using the induction hypothesis in the second line. We can conclude that
n—1
ho=h+l=h+1+3=-=> Qi+1)=n".
i=0
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An alternative approach for solving the system of equations for the £, is to guess and
verify the solution /; = n*> — j*. The system has n + 1 linearly independent equations
and n + 1 unknowns, and hence there is a unique solution for each value of n. Therefore,
if this solution satisfies the foregoing equations then it must be correct. We have h, = 0.
For1 < j <n—1, we check

w—G=1" =G+ 1)7

h; = 1
/ 2 + 2 +

and

ho=m —1)+1
=n’.
Thus we have proven the following fact.

Lemma 7.1: Assume that a 2-SAT formula with n variables has a satisfying assign-
ment and that the 2-SAT algorithm is allowed to run until it finds a satisfying assign-
ment. Then the expected number of steps until the algorithm finds an assignment is at
most n’.

We now return to the issue of dealing with unsatisfiable formulas by forcing the algo-
rithm to stop after a fixed number of steps.

Theorem 7.2: The 2-SAT algorithm always returns a correct answer if the formula
is unsatisfiable. If the formula is satisfiable, then with probability at least 1 — 27" the
algorithm returns a satisfying assignment. Otherwise, it incorrectly returns that the
formula is unsatisfiable.

Proof: 1t is clear that if there is no satisfying assignment then the algorithm correctly
returns that the formula is unsatisfiable. Suppose the formula is satisfiable. Divide the
execution of the algorithm into segments of 2n” steps each. Given that no satisfying
assignment was found in the firsti — 1 segments, what is the conditional probability that
the algorithm did not find a satisfying assignment in the ith segment? By Lemma 7.1,
the expected time to find a satisfying assignment, regardless of its starting position,
is bounded by n2. Let Z be the number of steps from the start of segment i until the
algorithm finds a satisfying assignment. Applying Markov’s inequality,

Pr(Z > 2n%) < o]
(Z > — = -
"=0m T2
Thus the probability that the algorithm fails to find a satisfying assignment after m
segments is bounded above by (1/2)™. |

7.1.2. Application: A Randomized Algorithm for 3-Satisfiability

We now generalize the technique used to develop an algorithm for 2-SAT to obtain a
randomized algorithm for 3-SAT. This problem is NP-complete, so it would be rather
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3-SAT Algorithm:

1. Start with an arbitrary truth assignment.
2. Repeat up to m times, terminating if all clauses are satisfied:
(a) Choose an arbitrary clause that is not satisfied.
(b) Choose one of the literals uniformly at random, and change the value of the
variable in the current truth assignment.
3. If a valid truth assignment has been found, return it.
4. Otherwise, return that the formula is unsatisfiable.

Algorithm 7.2: 3-SAT algorithm.

surprising if a randomized algorithm could solve the problem in expected time poly-
nomial in n.> We present a randomized 3-SAT algorithm that solves 3-SAT in expected
time that is exponential in #n, but it is much more efficient than the naive approach of
trying all possible truth assignments for the variables.

Let us first consider the performance of a variant of the randomized 2-SAT algorithm
when applied to a 3-SAT problem. The basic approach is the same as in the previous
section; see Algorithm 7.2. In the algorithm, m is a parameter that controls the prob-
ability of success of the algorithm. We focus on bounding the expected time to reach
a satisfying assignment (assuming one exists), as the argument of Theorem 7.2 can be
extended once such a bound is found.

As in the analysis of the 2-SAT algorithm, assume that the formula is satisfiable
and let S be a satisfying assignment. Let the assignment after i steps of the process be
A;, and let X; be the number of variables in the current assignment A; that match S. It
follows from the same reasoning as for the 2-SAT algorithm that, for 1 < j <n —1,

PriXii = j+ 11X =j)=1/3;
PriXppr = j— 11X =Jj) =2/3.

These equations follow because at each step we choose an unsatisfied clause, so A; and
S must disagree on at least one variable in this clause. With probability at least 1/3, we
increase the number of matches between the current truth assignment and S. Again we
can obtain an upper bound on the expected number of steps until X; = n by analyzing
a Markov chain Y, Y1, ... such that Y = X, and

Pr(Yi = 11%=0) =1,
Pr(Yir = j+11Y = j)=1/3,
Pr(Yi = j— 1Y = j)=2/3.

In this case, the chain is more likely to go down than up. If we let /; be the expected
number of steps to reach n when starting from j, then the following equations hold

3 Technically, this would not settle the P = NP question, since we would be using a randomized algorithm and not
a deterministic algorithm to solve an NP-hard problem. It would, however, have similar far-reaching implications
about the ability to solve all NP-complete problems.
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for h;:
h, = 0;
2h;_ hj
=+ L Isjsa-t
hy = h; + 1.

Again, these equations have a unique solution, which is given by
hj =22 — 272 —3(n — j).
Alternatively, the solution can be found by using induction to prove the relationship
hj=hj +2/7 =3,

We leave it as an exercise to verify that this solution indeed satisfies the foregoing
equations.

The algorithm just described takes ®(2") steps on average to find a satisfying assign-
ment. This result is not very compelling, since there are only 2" truth assignments to
try! With some insight, however, we can significantly improve the process. There are
two key observations.

1. If we choose an initial truth assignment uniformly at random, then the number of
variables that match S has a binomial distribution with expectation n/2. With an
exponentially small but nonnegligible probability, the process starts with an initial
assignment that matches S in significantly more than n/2 variables.

2. Once the algorithm starts, it is more likely to move toward O than toward n. The
longer we run the process, the more likely it has moved toward 0. Therefore, we are
better off restarting the process with many randomly chosen initial assignments and
running the process each time for a small number of steps, rather than running the
process for many steps on the same initial assignment.

Based on these ideas, we consider the modified procedure of Algorithm 7.3. The mod-
ified algorithm has up to 3n steps to reach a satisfying assignment starting from a ran-
dom assignment. If it fails to find a satisfying assignment in 3n steps, it restarts the
search with a new randomly chosen assignment. We now determine how many times
the process needs to restart before it reaches a satisfying assignment.

Let g represent the probability that the modified process reaches S (or some other
satisfying assignment) in 3n steps starting with a truth assignment chosen uniformly
at random. Let g; be a lower bound on the probability that our modified algorithm
reaches S (or some other satisfying assignment) when it starts with a truth assignment
that includes exactly j variables that do not agree with S. Consider a particle moving
on the integer line, with probability 1/3 of moving up by one and probability 2/3 of
moving down by one. Notice that

j+2K) (2 k 1 Jj+k
k 3 3
is the probability of exactly k moves down and k 4 j moves up in a sequence of j + 2k

moves. It is therefore a lower bound on the probability that the algorithm reaches a
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Modified 3-SAT Algorithm:

1. Repeat up to m times, terminating if all clauses are satisfied:
(a) Start with a truth assignment chosen uniformly at random.
(b) Repeat the following up to 3n times, terminating if a satisfying assignment
is found:
i. Choose an arbitrary clause that is not satisfied.
ii. Choose one of the literals uniformly at random, and change the value of
the variable in the current truth assignment.
2. If a valid truth assignment has been found, return it.
3. Otherwise, return that the formula is unsatisfiable.

Algorithm 7.3: Modified 3-SAT algorithm.

satisfying assignment within j + 2k < 3n steps, starting with an assignment that has
exactly j variables that did not agree with S. That is,

. k Jj+k
. JE2y (2) (1
4 zki%fl.-)-(,j< k ) <3 3 '

In particular, consider the case where k = j. In that case we have

v=(1) () ()

In order to approximate (3j.j ) we use Stirling’s formula, which is similar to the bound of
Eqn. (5.5) we have previously proven for factorials. Stirling’s formula is tighter, which
proves useful for this application. We use the following loose form.

Lemma 7.3 [Stirling’s Formula]: Form > 0,

m m
m! = 2mm <—> (1 £o(1)).
e
In particular, for m > 0,

2nm <ﬂ> <m! <2V2mm (ﬂ> .
e

(&

Hence, when j > 0,
37\ _ G
(1’ ) e
A () ()€
T AV2mj2m2)) \ e 2j) \ij
V3 27V
NG (T)

()

177

&le



MARKOV CHAINS AND RANDOM WALKS

for a constant ¢ = +/3/ 8./7. Thus, when j > 0,

J 3 3

27\ (2’ [ 1\
() 6) 3)

1
j2r

v

qj

vV
|~ &l»

&

Also, g = 1.

Having established a lower bound for ¢, we can now derive a lower bound for g, the
probability that the process reaches a satisfying assignment in 3n steps when starting
with a random assignment:

n
q> Z Pr(a random assignment has j mismatches with S) - g;
j=0

2 () ()

j=!

S0P IO
—Jn\2 = Jj/) \2
c (1\" /3"
-5 ) ()
c (3"
-8
where in (7.3) we used Zj‘:o (;’.)(%)1(1)”_j =(1+ %)n
Assuming that a satisfying assignment exists, the number of random assignments the
process tries before finding a satisfying assignment is a geometric random variable with
parameter g. The expected number of assignments tried is 1/¢g, and for each assignment
the algorithm uses at most 3n steps. Thus, the expected number of steps until a solution
is found is bounded by O(1n*/?(4/3)"). As in the case of 2-SAT (Theorem 7.2), the
modified 3-SAT algorithm (Algorithm 7.3) yields a Monte Carlo algorithm for the 3-
SAT problem. If the expected number of steps until a satisfying solution is found is

bounded above by a and if m is set to 2ab, then the probability that no assignment is
found when the formula is satisfiable is bounded above by 27°.

A%

7.2. Classification of States

A first step in analyzing the long-term behavior of a Markov chain is to classify its
states. In the case of a finite Markov chain, this is equivalent to analyzing the connec-
tivity structure of the directed graph representing the Markov chain.
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Definition 7.2: State j is accessible from state i if, for some integer n > 0, P! ;> 0.1f
two states i and j are accessible from each other, we say that they communicate and we

write i <> j.

In the graph representation of a chain, i <> j if and only if there are directed paths
connecting i to j and j to i.

The communicating relation defines an equivalence relation. That is, the communi-
cating relation is

1. reflexive — for any state i, i <> i;
2. symmetric —if i < jthen j <> i; and
3. transitive —if i <> jand j <> k, theni < k.

Proving this is left as Exercise 7.4. Thus, the communication relation partitions the
states into disjoint equivalence classes, which we refer to as communicating classes. It
might be possible to move from one class to another, but in that case it is impossible to
return to the first class.

Definition 7.3: A Markov chain is irreducible if all states belong to one communicat-
ing class.

In other words, a Markov chain is irreducible if, for every pair of states, there is a
nonzero probability that the first state can reach the second. We thus have the following
lemma.

Lemma 7.4: A finite Markov chain is irreducible if and only if its graph representation
is a strongly connected graph.

Next we distinguish between transient and recurrent states. Let r/ ; denote the proba-
bility that, starting at state i, the first transition to state j occurs at time #; that is,

r[”j:Pr(X,:jand,forlfsft—l, X, #j| Xo=1).

Definition 7.4: A state is recurrent if ) ., r/; = 1, and it is transient if ) |, r{, < L.
A Markov chain is recurrent if every state in the chain is recurrent.

If state i is recurrent then, once the chain visits that state, it will (with probability 1)
eventually return to that state. Hence the chain will visit state i over and over again,
infinitely often. On the other hand, if state i is transient then, starting at i, the chain
will return to i with some fixed probability p = )", r/,. In this case, the number of
times the chain visits i when starting at i is given by a geometric random variable. If
one state in a communicating class is transient (respectively, recurrent) then all states
in that class are transient (respectively, recurrent); proving this is left as Exercise 7.5.

We denote the expected time to return to state i when starting at state i by
hii=7Y .t ri{ ;- Similarly, for any pair of states i and j, we denote by h; ; =
ZIZ] t- rZ ; the expected time to first reach j from state i. It may seem that if a chain is
recurrent, so that we visit a state i infinitely often, then 4; ; should be finite. This is not
the case, which leads us to the following definition.
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Definition 7.5: A recurrent state i is positive recurrent if h; ; < 0o. Otherwise, it is
null recurrent.

To give an example of a Markov chain that has null recurrent states, consider a chain
whose states are the positive integers. From state i, the probability of going to state
i+ 1isi/(i+ 1). With probability 1/(i + 1), the chain returns to state 1. Starting at
state 1, the probability of not having returned to state 1 within the first 7 steps is thus

M=
ETAA RS

Hence the probability of never returning to state 1 from state 1 is 0, and state 1 is
recurrent. It follows that

. 1
r,=—0—.
e+ 1)

However, the expected number of steps until the first return to state 1 from state 1 is

oo o0 ]
h = f- ¢ = _,
w=3 =Y

t=1 t=1

which is unbounded.
In the foregoing example the Markov chain had an infinite number of states. This is

necessary for null recurrent states to exist. The proof of the following important lemma
is left as Exercise 7.16.

Lemma 7.5: In a finite Markov chain:

1. at least one state is recurrent; and
2. all recurrent states are positive recurrent.

Finally, for our later study of limiting distributions of Markov chains we will need to
define what it means for a state to be aperiodic. As an example of periodicity, consider
arandom walk whose states are the positive integers. When at state i, with probability
1/2 the chain moves to i + 1 and with probability 1/2 the chain moves to i — 1. If
the chain starts at state 0, then it can be at an even-numbered state only after an even
number of moves, and it can be at an odd-numbered state only after an odd number of
moves. This is an example of periodic behavior.

Definition 7.6: A state j in a discrete time Markov chain is periodic if there exists an
integer A > 1 such thatPr(X;1s = j | X; = j) = Ounless s is divisible by A. A discrete
time Markov chain is periodic if any state in the chain is periodic. A state or chain that
is not periodic is aperiodic.

In our example, every state in the Markov chain is periodic because, for every state j,
Pr(X;y s = j | X, = j) = O unless s is divisible by 2.

We end this section with an important corollary about the behavior of finite Markov
chains.
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Definition 7.7: An aperiodic, positive recurrent state is an ergodic state. A Markov
chain is ergodic if all its states are ergodic.

Corollary 7.6: Any finite, irreducible, and aperiodic Markov chain is an ergodic
chain.

Proof: A finite chain has at least one recurrent state by Lemma 7.5, and if the chain
is irreducible then all of its states are recurrent. In a finite chain, all recurrent states
are positive recurrent by Lemma 7.5 and thus all the states of the chain are positive
recurrent and aperiodic. The chain is therefore ergodic. [

7.2.1. Example: The Gambler’s Ruin

‘When a Markov chain has more than one class of recurrent states, we are often inter-
ested in the probability that the process will enter and thus be absorbed by a given
communicating class.

For example, consider a sequence of independent, fair gambling games between
two players. In each round a player wins a dollar with probability 1/2 or loses a dollar
with probability 1/2. The state of the system at time ¢ is the number of dollars won by
player 1. If player 1 has lost money, this number is negative. The initial state is 0.

It is reasonable to assume that there are numbers £; and ¢, such that player i cannot
lose more than ¢; dollars, and thus the game ends when it reaches one of the two states
—£ or £;. At this point, one of the gamblers is ruined; that is, he has lost all his money.
To conform with the formalization of a Markov chain, we assume that for each of these
two end states there is only one transition out and that it goes back to the same state.
This gives us a Markov chain with two absorbing, recurrent states.

What is the probability that player 1 wins ¢, dollars before losing ¢; dollars? If
£, = L1, then by symmetry this probability must be 1/2. We provide a simple argument
for the general case using the classification of the states.

Clearly —¢, and ¢, are recurrent states. All other states are transient, since there is a
nonzero probability of moving from each of these states to either state —¢; or state £5.

Let P/ be the probability that, after ¢ steps, the chain is at state i. For —¢; < i < {5,
state i is transient and so lim,_, o P! = 0.

Let g be the probability that the game ends with player 1 winning ¢, dollars, so
that the chain was absorbed into state £,. Then 1 — g is the probability the chain was
absorbed into state —¢;. By definition,

tlirglo Pzz =4
Since each round of the gambling game is fair, the expected gain of player 1 in each
step is 0. Let W’ be the gain of player 1 after ¢ steps. Then E[W’] = 0 for any ¢ by
induction. Thus,

153
EW']= ) iPl=0

i=—0,
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and
tlilgoE[W’] =lg— (1 —q)
=0.
Thus,
— &
=0t

That is, the probability of winning (or losing) is proportional to the amount of money
a player is willing to lose (or win).

Another approach that yields the same answer is to let g; represent the probabil-
ity that player 1 wins ¢, dollars before losing ¢; dollars when having won j dollars
for —¢; < j < {,. Clearly, g_¢;, = 0 and g;, = 1. For —¢; < j < £,, we compute by
considering the outcome of the first game:

We have ¢, + £; — 2 linearly independent equations and £, 4+ £; — 2 unknowns, so
there is a unique solution to this set of equations. It is easy to verify that g; = (£; + j)/
(£1 + £,) satisfies the given equations.

In Exercise 7.20, we consider the question of what happens if, as is generally the
case in real life, one player is at a disadvantage and so is slightly more likely to lose

than to win any single game.

7.3. Stationary Distributions

Recall that if P is the one-step transition probability matrix of a Markov chain and if
p(2) is the probability distribution of the state of the chain at time ¢, then

pt+ 1) = p(t)P.

Of particular interest are state probability distributions that do not change after a tran-
sition.

Definition 7.8: A stationary distribution (also called an equilibrium distribution) of a
Markov chain is a probability distribution & such that

7 =aP.
If a chain ever reaches a stationary distribution then it maintains that distribution for all
future time, and thus a stationary distribution represents a steady state or an equilibrium
in the chain’s behavior. Stationary distributions play a key role in analyzing Markov
chains. The fundamental theorem of Markov chains characterizes chains that converge
to stationary distributions.
We discuss first the case of finite chains and then extend the results to any discrete

space chain. Without loss of generality, assume that the finite set of states of the Markov
chainis {0, 1, ..., n}.
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Theorem 7.7: Any finite, irreducible, and ergodic Markov chain has the following
properties:

1. the chain has a unique stationary distribution 7 = (7g, 71, ..., Ty);
2. for all j and i, the limit lim,_, o, PJ’.’i exists and it is independent of j;
3. T = 11m,_>oo Pjt-’i = l/hl',,‘.

Under the conditions of this theorem, the stationary distribution 7 has two interpre-
tations. First, 7r; is the limiting probability that the Markov chain will be in state i
infinitely far out in the future, and this probability is independent of the initial state. In
other words, if we run the chain long enough, the initial state of the chain is almost for-
gotten and the probability of being in state i converges to ;. Second, 7; is the inverse of
hij=Y2t- ri{ ;» the expected number of steps for a chain starting in state i to return
to i. This stands to reason; if the average time to return to state i from i is A, ;, then
we expect to be in state i for 1/h;; of the time and thus, in the limit, we must have
T = 1/]11',,'.

Proof of Theorem 7.7: We prove the theorem using the following result, which we
state without proof. |

Lemma 7.8: For any irreducible, ergodic Markov chain and for any state i, the limit
lim, o P;; exists and
) 1

lim P/, = —.

t—oo " hi,i
This lemma is a corollary of a basic result in renewal theory. We give an informal
justification for Lemma 7.8: the expected time between visits to i is 4; ;, and therefore
state 7 is visited 1/h; ; of the time. Thus lim,_, Pl’ ;» which represents the probability a
state chosen far in the future is at state i when the chain starts at state 7, must be 1/4; ;.

Using the fact that lim,_, Pf ; exists, we now show that, for any j and i,

. . 1
lim P, = lim P/, = —;
t—oo t—oo 7’ ii
that is, these limits exist and are independent of the starting state j.

Recall that rj’., ; is the probability that starting at j, the chain first visits i at time ¢.
Since the chain is irreducible we have that Z;’i T j’l = 1, and for any ¢ > O there exists
(a finite) 7; = 1;(¢) such that Y5, rf, > 1 — .

For j # i, we have

t

Pi= ) bt
=1
Fort > 14,
f t
r];',iPit,:k = rlj(',iPit,i_k = P,t',z*

k=1 k=1
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Using the facts that lim,_, o, Pl’ ; €xists and 7y is finite, we have

1

lim P}, > lim ) /% Pi7*
t—00 ’ t—00 ’ ’

k=1

n
_ ko 1: s
=D 7 lim P,
k=1

I3l
= lim P'. E i
t—>oo ! St
k=1

(1 —¢)lim P,
t—oo 7

v

Similarly,

IA
S
X
=%

_|_

5\‘)

from which we can deduce that

t—oo 7 t—00

1
: : k pi—k
lim P;; < lim E rP te
k=1

n
= E r’j‘-i lim P + ¢
=00 ’
k=1
< lim P/, + ¢.
11— 00 ’

Letting & approach 0, we have proven that, for any pair i and j,

1
lim P.. = lim P!, = —.
t—oo It t—o0 bl hi,i
Now let
. 1
i = lim P = hii

We show that 7 = (g, 7y, ...) forms a stationary distribution.
For every ¢t > 0, we have Pl.’J > 0 and thus 77; > 0. For any t >0, Y P}i =1
and thus

n n n
lim E P, = E lim P}, = E =1,
t—00 S t—o0 b

i=0 i=0 i=0

and 7 is a proper distribution. Now,

n
t+1 !
P = ZPj’kPk,i.
k=0
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Letting ¢+ — oo, we have

n
T = E By i,
k=0

proving that 77 is a stationary distribution.
Suppose there were another stationary distribution ¢. Then by the same argument
we would have

n
¢i=Y &P,
k=0

and taking the limit as t — oo yields

bi = Z¢k”i =7 Z¢k-
k=0 k=0

Since Y }_, ¢« = 1 it follows that ¢; = mr; for all i, or ¢ =T. |

It is worth making a few remarks about Theorem 7.7. First, the requirement that the
Markov chain be aperiodic is not necessary for the existence of a stationary distribution.
In fact, any finite Markov chain has a stationary distribution; but in the case of a periodic
state i, the stationary probability 7; is not the limiting probability of being in i but
instead just the long-term frequency of visiting state i. Second, any finite chain has at
least one component that is recurrent. Once the chain reaches a recurrent component,
it cannot leave that component. Thus, the subchain that corresponds to that component
is irreducible and recurrent, and the limit theorem applies to any aperiodic recurrent
component of the chain.

One way to compute the stationary distribution of a finite Markov chain is to solve
the system of linear equations

P =r.
This is particularly useful if one is given a specific chain. For example, given the tran-
sition matrix
0o 1/4 0 3/4
12 0 1/3 1/6
/4 1/4 172 0 |’
0 1/2 1/4 1/4
we have five equations for the four unknowns 7y, 1, 7», and 73 given by 7P = 7 and
Z?:o m; = 1. The equations have a unique solution.

Another useful technique is to study the cut-sets of the Markov chain. For any state
i of the chain,

n n
E P = =, E P ;
J=0 J=0
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Figure 7.2: A simple Markov chain used to represent bursty behavior.

or

Z miPj; = Z P j.

J#i J#

That is, in the stationary distribution the probability that a chain leaves a state equals
the probability that it enters the state. This observation can be generalized to sets of
states as follows.

Theorem 7.9: Let S be a set of states of a finite, irreducible, aperiodic Markov chain.
In the stationary distribution, the probability that the chain leaves the set S equals the
probability that it enters S.

In other words, if C is a cut-set in the graph representation of the chain, then in the
stationary distribution the probability of crossing the cut-set in one direction is equal
to the probability of crossing the cut-set in the other direction.

A basic but useful Markov chain that serves as an example of cut-sets is given in
Figure 7.2. The chain has only two states. From state 0, you move to state 1 with prob-
ability p and stay at state O with probability 1 — p. Similarly, from state 1 you move
to state O with probability ¢ and remain in state 1 with probability 1 — g. This Markov
chain is often used to represent bursty behavior. For example, when bits are corrupted in
transmissions they are often corrupted in large blocks, since the errors are often caused
by an external phenomenon of some duration. In this setting, being in state O after ¢
steps represents that the rth bit was sent successfully, while being in state 1 represents
that the bit was corrupted. Blocks of successfully sent bits and corrupted bits both have
lengths that follow a geometric distribution. When p and g are small, state changes are
rare, and the bursty behavior is modeled.

The transition matrix is

p_ [1 -P P }
9 1-gq

Solving 7P = 7 corresponds to solving the following system of three equations:

mo(1 — p) + w1 = mo;
mop +m(1 — q) = m1;

o + T = 1.
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The second equation is redundant, and the solution is 7y = q/(p +¢) and 7| =
p/(p + q). For example, with the natural parameters p = 0.005 and g = 0.1, in the
stationary distribution more than 95% of the bits are received uncorrupted.

Using the cut-set formulation, we have that in the stationary distribution the proba-
bility of leaving state O must equal the probability of entering state 0, or

Top = T14.

Again, now using 7o + 711 = 1 yields mg = q/(p + q) and 7wy = p/(p + q).
Finally, for some Markov chains the stationary distribution is easy to compute by
means of the following theorem.

Theorem 7.10: Consider a finite, irreducible, and ergodic Markov chain with
transition matrix P. If there are nonnegative numbers 7@ = (my, ..., 7,) such that
> o = L and if, for any pair of states i, j

i=0 TCi ) Yy p J>

miP j = mjP;,
then 7 is the stationary distribution corresponding to P.

Proof: Consider the jth entry of 7P. Using the assumption of the theorem, we find
that it equals

n n
Y miPj =Y mPi=7
i=0 i=0

Thus 7 satisfies 7 = 7P. Since ) ., 7; = 1, it follows from Theorem 7.7 that 7 must
be the unique stationary distribution of the Markov chain. |

Chains that satisfy the condition
P j = 7P

are called time reversible; Exercise 7.13 helps explain why. You may check that the
chain of Figure 7.2 is time reversible.

We turn now to the convergence of Markov chains with countably infinite state
spaces. Using essentially the same technique as in the proof of Theorem 7.7, one can
prove the next result.

Theorem 7.11: Any irreducible aperiodic Markov chain belongs to one of the follow-
ing two categories:

1. the chain is ergodic — for any pair of states i and j, the limit lim;_, o P,t',i exists
and is independent of j, and the chain has a unique stationary distribution w; =
lim,_ o0 Pj’.’ ;> 0;0r

2. no state is positive recurrent — for all i and j, lim,_, P;y ; =0, and the chain has
no stationary distribution.

Cut-sets and the property of time reversibility can also be used to find the stationary
distribution for Markov chains with countably infinite state spaces.
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7.3.1. Example: A Simple Queue

A queue is a line where customers wait for service. We examine a model for a bounded
queue where time is divided into steps of equal length. At each time step, exactly one
of the following occurs.

« If the queue has fewer than n customers, then with probability A a new customer joins
the queue.

« If the queue is not empty, then with probability p the head of the line is served and
leaves the queue.

« With the remaining probability, the queue is unchanged.

If X, is the number of customers in the queue at time 7, then under the foregoing rules
the X; yield a finite-state Markov chain. Its transition matrix has the following nonzero
entries:

Py =Ar ifi<n

Piy=pn ifi>0;
1—A if i =0,
Pi=31l—-Xr2x—p ifl<i<n-—1,
1—u if i =n.

The Markov chain is irreducible, finite, and aperiodic, so it has a unique stationary
distribution 7. We use 7 = 7P to write
o = (1 — M)mo + urmy,
i =Ami+ (1= A —pwm +pumiyy, 1<i<n-—1,
Ty = ATp—1 + (1 - ,LL)T[”.

()
;=T | —
2

is a solution to the preceding system of equations. Adding the requirement Y ., 7; =
1, we have

It is easy to verify that

Zn:m = Xn:ﬂo (&>l =1
i=0 i=0 K

or
o 1
DS INCYID G
Forall0 <i <n,
(/)
AL i a— 7.4
R S INCYIN: 7.4)
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Another way to compute the stationary probability in this case is to use cut-sets. For
any i, the transitions i — i + 1 and i + 1 — i constitute a cut-set of the graph represent-
ing the Markov chain. Thus, in the stationary distribution, the probability of moving
from state i to state i + 1 must be equal to the probability of moving from state i + 1
to i, or

AT = UTTit1.

()
;=T | — .
w

In the case where there is no upper limit #» on the number of customers in a queue,
the Markov chain is no longer finite. The Markov chain has a countably infinite state
space. Applying Theorem 7.11, the Markov chain has a stationary distribution if and
only if the following set of linear equations has a solution with all 7; > 0:

A simple induction now yields

o = (1 — A)mo + umy;
. (1.5)
i =Amiop + (1 = A —pm; + pmipy, > 1

N VD (&)'(1_&)
YRy \ I

is a solution of the system of equations (7.5). This naturally generalizes the solution
to the case where there is an upper bound n on the number of the customers in the
system given in Eqn. (7.4). All of the 7r; are greater than O if and only if A < w, which
corresponds to the situation when the rate at which customers arrive is lower than the
rate at which they are served. If & > p, then the rate at which customers arrive is higher
than the rate at which they depart. Hence there is no stationary distribution, and the
queue length will become arbitrarily long. In this case, each state in the Markov chain
is transient. The case of A = u is more subtle. Again, there is no stationary distribution
and the queue length will become arbitrarily long, but now the states are null recurrent.
(See the related Exercise 7.17.)

It is easy to verify that

7.4. Random Walks on Undirected Graphs

A random walk on an undirected graph is a special type of Markov chain that is often
used in analyzing algorithms. Let G = (V, E) be a finite, undirected, and connected
graph.

Definition 7.9: A random walk on G is a Markov chain defined by the sequence of
moves of a particle between vertices of G. In this process, the place of the particle at
a given time step is the state of the system. If the particle is at vertex i and if i has d(i)
outgoing edges, then the probability that the particle follows the edge (i, j) and moves
to a neighbor j is 1/d(i).
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We have already seen an example of such a walk when we analyzed the randomized
2-SAT algorithm.

For a random walk on an undirected graph, we have a simple criterion for aperiod-
icity as follows.

Lemma 7.12: A random walk on an undirected graph G is aperiodic if and only if G
is not bipartite.

Proof: A graph is bipartite if and only if it does not have cycles with an odd number
of edges. In an undirected graph, there is always a path of length 2 from a vertex to
itself. If the graph is bipartite then the random walk is periodic with period d = 2.
If the graph is not bipartite then it has an odd cycle, and by traversing that cycle we
have an odd-length path from any vertex to itself. It follows that the Markov chain is
aperiodic. |

For the remainder of this section we assume that G is not bipartite. A random walk
on a finite, undirected, connected, and non-bipartite graph G satisfies the conditions of
Theorem 7.7, and hence the random walk converges to a stationary distribution. We
show that this distribution depends only on the degree sequence of the graph.
Theorem 7.13: A random walk on G converges to a stationary distribution T, where
d(v)
Ty = ——.
2|E|
d(v) = 2|E|, it follows that
IRESNTE
21E| b

veV veV

Proof: Since )

veV

and 7 is a proper distribution over v € V.
Let P be the transition probability matrix of the Markov chain. Let N(v) represent
the neighbors of v. The relation # = 7P is equivalent to

Z dw) 1 d(v)
210E|d(u)  2|E|’

v =
ueN(v)

and the theorem follows. [ |

Recall that we have used £, , to denote the expected time to reach state v when
starting at state u. The value 4, , is often referred to as the hitting time from u to v,
or just the hitting time where the meaning is clear. Another value related to the hitting
time is the commute time between u and v, given by h,, ,, + h, ,,. Unlike the hitting time,
the commute time is symmetric; it represents the time to go from u to v and back to u,
and this is the same as the time to go from v to u and back to v. Finally, for random
walks on graphs, we are also interested in a quantity called the cover time.

Definition 7.10: The cover time of a graph G = (V, E) is the maximum over all ver-
tices v € V of the expected time to visit all of the nodes in the graph by a random walk
starting from v.
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We consider here some basic bounds on the commute time and the cover time for
standard random walks on a finite, undirected, connected graph G = (V, E).

Lemma 7.14: If (u, v) € E, the commute time h,, , + h,, is at most 2|E|.

Proof: Let D be a set of directed edges such that for every edge (u, v) € E we have
the two directed edges u — v and v — u in D. We can view the random walk on G as
a Markov chain with state space D, where the state of the Markov chain at time ¢ is the
directed edge taken by the random walk in its 7th transition. The Markov chain has 2|E]|
states and it is easy to verify that it has a uniform stationary distribution. (This is left
as Exercise 7.29.) Since the stationary probability of being in state u — v is 1/2|E],
once the original random walk traverses the directed edge u — v the expected time
to traverse that directed edge again is 2|E|. Because the random walk is memoryless,
once it reaches vertex v we can “forget” that it reached it through the edge u — v, and
therefore the expected time starting at v to reach u and then traverse the edge u — v
back to v is bounded above by 2|E|. As this is only one of the possible ways to go from
v to u and back to v, we have shown that h, , + h, , < 2|E|. [ |

Lemma 7.15: The cover time of G = (V, E) is bounded above by 2|E|(|[V| — 1).

Proof: Choose a spanning tree T of G; that is, choose any subset of the edges that gives
an acyclic graph connecting all the vertices of G. Starting from any vertex v, there exists
a cyclic (Eulerian) tour on the spanning tree in which every edge is traversed once in
each direction; for example, such a tour can be found by considering the sequence of
vertices passed through by a depth first search. The maximum expected time to go
through the vertices in the tour, where the maximum is over the choice of starting
vertex, is an upper bound on the cover time. Let vy, vy, ..., vpjv|—2 be the sequence of
vertices in the tour starting from vy = v. Then the expected time to go through all the
vertices in sequence order is

2|V|-3
> My = Y (hey+hyy) < 2AE(V] = 1).
=0

(x,y)eT

In words, the commute time for every pair of adjacent vertices in the tree is bounded
above by 2|E|, and there are |V| — 1 pairs of adjacent vertices. [

The following result is known as Matthews’ theorem, which relates the cover time
of a graph to the hitting time. Recall that we use H(n) to denote the harmonic number

Yo 1/i~Inn.
Lemma 7.16: The cover time Cg of G = (V, E) with n vertices is bounded by

Co<Hm—1) max hy,.
u,veV:iu#v
Proof: For convenience let B = max,, yev.uxy hu,v. Consider a random walk starting
from a vertex u. We choose an ordering of the vertices according to a uniform permu-
tation; let Zy, Zs, ..., Z, be the ordering. Let T; be the first time when all of the first
J vertices in the order, Z;, Z, ..., Z;, have been visited, and let A; be the last vertex
from the set {Z, ..., Z;} that was visited. Following the spirit of the coupon collector’s
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analysis, we consider the successive time intervals T; — T;_;. If the chain’s history is
given by X1, X, .. ., then in particular for j > 2 we consider

Yj:E[Tj—Tj_l |Zl,...,Zj;Xl,...,XT._I].

J

The expected time to cover the graph starting from u is

> Y +E[T].

J=2

If Z; is chosen to be u, which happens with probability 1/n, then T; is 0. Otherwise,
E[T\ | Z]1=h,z < B.Hence E[T;] < (1 —1/n)B.

For the Y, there are two cases to consider. If Z; is not the last vertex seen from the set
{Z1,2,,...,Z;},then Y} is 0, since T; = T;_; in that case. If Z; is the last vertex seen
from this set, then, regardless of the rest of the history of the chain, ¥; < B, since Y, is
the hitting time hz, 7z, for the Z; that was visited last out of {Z,, Z,, ..., Z;_1}. As the
Z; were chosen according to a random permutation, independent of the random walk,
we have Z; is last out of the set {Z;, Z, ..., Z;} with probability 1/j. It follows that

> Y +E[T] _2134—(1—%)3

= =

A

1+Z B——B

=H[n— l)B.
Since this holds for every starting vertex u, the lemma is proven. |

One can similarly obtain lower bounds using the same technique. A natural lower

bound is
Cc>Hn—-1) mm Ry .
u,veV:iu#v
However, the minimum hitting time can be very small for some graphs, making this
bound less useful. In some cases, the lower bound can be made stronger by considering
a subset of vertices V/ C V. In this case, the proof can be modified to give
Co>H(V'|—1) min hy,,.
u,veV’u#v

The term from the harmonic series is smaller, but the minimum hitting time used in the
bound may correspondingly be larger.

7.4.1. Application: An s—t Connectivity Algorithm

Suppose we are given an undirected graph G = (V, E) and two vertices s and t in G. Let
n = |V| and m = |E|. We want to determine if there is a path connecting s and ¢. This
is easily done in linear time using a standard breadth-first search or depth-first search.
Such algorithms, however, require €2(n) space.
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s—t Connectivity Algorithm:

1. Start a random walk from s.
2. If the walk reaches ¢ within 21 steps, return that there is a path. Otherwise,
return that there is no path.

Algorithm 7.4: s—t Connectivity algorithm.

Here we develop a randomized algorithm that works with only O(log n) bits of mem-
ory. This could be even less than the number of bits required to write the path between
s and t. The algorithm is simple: perform a random walk on G for enough steps so that
a path from s to ¢ is likely to be found. We use the cover time result (Lemma 7.16)
to bound the number of steps that the random walk has to run. For convenience,
assume that the graph G has no bipartite connected components, so that the results of
Theorem 7.13 apply to any connected component of G. (The results can be made to
apply to bipartite graphs with some additional technical work.)

Theorem 7.17: The s—t connectivity algorithm (Algorithm 7.4) returns the correct
answer with probability 1/2, and it only errs by returning that there is no path from s
to t when there is such a path.

Proof: If there is no path then the algorithm returns the correct answer. If there is a path,
the algorithm errs if it does not find the path within 27 steps of the walk. The expected
time to reach ¢ from s (if there is a path) is bounded from above by the cover time
of their shared component, which by Lemma 7.15 is at most 2nm < n’. By Markov’s
inequality, the probability that a walk takes more than 2> steps to reach ¢ from s is at
most 1/2. |

The algorithm must keep track of its current position, which takes O(log n) bits, as well
as the number of steps taken in the random walk, which also takes only O(log n) bits
(since we count up only to 2n°). As long as there is some mechanism for choosing a
random neighbor from each vertex, this is all the memory required.

7.5. Parrondo’s Paradox

Parrondo’s paradox provides an interesting example of the analysis of Markov chains
while also demonstrating a subtlety in dealing with probabilities. The paradox appears
to contradict the old saying that two wrongs don’t make a right, showing that two losing
games can be combined to make a winning game. Because Parrondo’s paradox can be
analyzed in many different ways, we will go over several approaches to the problem.

First, consider game A, in which we repeatedly flip a biased coin (call it coin a) that
comes up heads with probability p, < 1/2 and tails with probability 1 — p,. You win
a dollar if the coin comes up heads and lose a dollar if it comes up tails. Clearly, this is
a losing game for you. For example, if p, = 0.49, then your expected loss is two cents
per game.
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In game B, we also repeatedly flip coins, but the coin that is flipped depends on how
you have been doing so far in the game. Let w be the number of your wins so far and
£ the number of your losses. Each round we bet one dollar, so w — £ represents your
winnings; if it is negative, you have lost money. Game B uses two biased coins, coin b
and coin c. If your winnings in dollars are a multiple of 3, then you flip coin b, which
comes up heads with probability p, and tails with probability 1 — p;. Otherwise, you
flip coin ¢, which comes up heads with probability p. and tails with probability 1 — p,.
Again, you win a dollar if the coin comes up heads and lose a dollar if it comes up tails.

This game is more complicated, so let us consider a specific example. Suppose coin
b comes up heads with probability p, = 0.09 and tails with probability 0.91 and that
coin ¢ comes up heads with probability p, = 0.74 and tails with probability 0.26. At
first glance, it might seem that game B is in your favor. If we use coin b for the 1/3 of
the time that your winnings are a multiple of 3 and use coin c the other 2/3 of the time,
then your probability w of winning is

19 274 157 1

wW=—-———+————=——> —.
3100 3100 300 2

The problem with this line of reasoning is that coin b is not necessarily used 1/3 of
the time! To see this intuitively, consider what happens when you first start the game,
when your winnings are 0. You use coin b and most likely lose, after which you use
coin ¢ and most likely win. You may spend a great deal of time going back and forth
between having lost one dollar and breaking even before either winning one dollar or
losing two dollars, so you may use coin b more than 1/3 of the time.

In fact, the specific example for game B is a losing game for you. One way to show
this is to suppose that we start playing game B when your winnings are 0, continuing
until you either lose three dollars or win three dollars. If you are more likely to lose
than win in this case, by symmetry you are more likely to lose three dollars than win
three dollars whenever your winnings are a multiple of 3. On average, then, you would
obviously lose money on the game.

One way to determine if you are more likely to lose than win is to analyze the absorb-
ing states. Consider the Markov chain on the state space consisting of the integers
{—3, ..., 3}, where the states represent your winnings. We want to know, when you
start at 0, whether or not you are more likely to reach —3 before reaching 3. We can
determine this by setting up a system of equations. Let z; represent the probability you
will end up having lost three dollars before having won three dollars when your current
winnings are i dollars. We calculate all the probabilities z_3, z—3, z—1, 20, 21, 22, and 23,
although what we are really interested in is zo. If zp > 1/2, then we are more likely to
lose three dollars than win three dollars starting from 0. Here z_3 = 1 and z3 = 0O; these
are boundary conditions. We also have the following equations:

22 = (1 = po)z—3 + pez-1,
z-1 = (I = pe)z—2 + pezos
z0 = (1 = pp)z—1 + ppz1,
z1 = (1 = pe)zo + pezas
22 = (1 = pe)zi + pez3.
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This is a system of five equations with five unknowns, and hence it can be solved easily.
The general solution for zj is

U= —p)
O (= pp)(1 = pe) + pup?

For the specific example here, the solution yields zo = 15,379/27,700 =~ 0.555, show-
ing that one is much more likely to lose than win playing this game over the long run.
Instead of solving these equations directly, there is a simpler way of determining
the relative probability of reaching —3 or 3 first. Consider any sequence of moves that
starts at 0 and ends at 3 before reaching —3. For example, a possible sequence is

s=0,1,2,1,2,1,0,-1,-2,-1,0,1,2, 1,2, 3.

We create a one-to-one and onto mapping of such sequences with the sequences that
start at 0 and end at —3 before reaching 3 by negating every number starting from the
last O in the sequence. In this example, s maps to f(s), where

fs)=0,1,2,1,2,1,0,-1,-2,-1,0, -1, =2, -1, =2, 3.

It is simple to check that this is a one-to-one mapping of the relevant sequences.
The following lemma provides a useful relationship between s and f(s).

Lemma 7.18: For any sequence s of moves that starts at 0 and ends at 3 before reach-
ing —3, we have

Pr(s occurs) pbpf

Pr(f(s) occurs) (1 = pp)(1 = p)?’

Proof: For any given sequence s satisfying the properties of the lemma, let ¢; be the
number of transitions from O to 1; #,, the number of transitions from O to —1; ¢z, the
sum of the number of transitions from —2 to —1, —1 t0 0, 1 to 2, and 2 to 3; and 14,
the sum of the number of transitions from2to 1, 1to 0, —1 to —2, and —2 to —3. Then
the probability that the sequence s occurs is p}} (1 — p)?p3(1 — p.)-.

Now consider what happens when we transform s to f(s). We change one transition
from O to 1 into a transition from 0 to —1. After this point, in s the total number of
transitions that move up 1 is two more than the number of transitions that move down
1, since the sequence ends at 3. In f(s), then, the total number of transitions that move
down 1 is two more than the number of transitions that move up 1. It follows that
the probability that the sequence f(s) occurs is pi ~' (1 — p,)2*!' p3=2(1 — p.)**+2. The
lemma follows. |

By letting S be the set of all sequences of moves that start at O and end at 3 before
reaching —3, it immediately follows that

Pr(3 is reached before —3) . Y e Pr(s occurs) _ Db p%
Pr(—3 is reached before 3) > _<Pr(f(s) occurs) (1 — pp)(1 — p.)?’

If this ratio is less than 1, then you are more likely to lose than win. In our specific
example, this ratio is 12,321/15,379 < 1.
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Finally, yet another way to analyze the problem is to use the stationary distribution.
Consider the Markov chain on the states {0, 1, 2}, where here the states represent the
remainder when our winnings are divided by 3. (That is, the state keeps track of w — £
mod 3.) Let 7; be the stationary probability of this chain. The probability that we win
a dollar in the stationary distribution, which is the limiting probability that we win a
dollar if we play long enough, is then

Po7t0 + perti + peta = pp7o + pe(l — 7o)
= pc — (e — Pp)T00.
Again, we want to know if this is greater than or less than 1/2.
The equations for the stationary distribution are easy to write:
T+ t+m=1,
porto + (1 = pe)my = 1y,
peti + (1 — pp)mo = 72,
pery + (1 = po)my = mo.

Indeed, since there are four equations and only three unknowns, one of these equations
is actually redundant. The system is easily solved to find

o — 1 —pe+p?
3—2pc— pp+2pppe + P2
S PoPe — pet+ 1
3 —2p. — pp+ 2pppe + p*’
- pspe — pp+ 1

3 —=2pc— py+2ppe + P2
Recall that you lose if the probability of winning in the stationary distribution is less

than 1/2 or, equivalently, if p. — (p. — pp)mo < 1/2. In our specific example, 7y =
673/1759 ~ 0.3826. .., and

86,421 1
175,900 ~ 2°
Again, we find that game B is a losing game in the long run.

We have now completely analyzed game A and game B. Next let us consider what
happens when we try to combine these two games. In game C, we repeatedly perform
the following bet. We start by flipping a fair coin, call it coin d. If coin d is heads, we
proceed as in game A: we flip coin a, and if the coin is heads, you win. If coin d is tails,
we then proceed to game B: if your current winnings are a multiple of 3, we flip coin b;
otherwise, we flip coin ¢, and if the coin is heads then you win. It would seem that this
must be a losing game for you. After all, game A and game B are both losing games,
and this game just flips a coin to decide which of the two games to play.

In fact, game C is exactly like game B, except the probabilities are slightly different.
If your winnings are a multiple of 3, then the probability that you win is pj = % Pa +
% Dp. Otherwise, the probability that you win is pf = % Pa + % pe- Using p;y and pf in
place of p, and p., we can repeat any of the foregoing analyses we used for game B.
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For example: if the ratio

Py(PE)?
(1= pp — pp)?
then the game is a losing game for you; if the ratio is larger than 1, it is a winning game.
In our specific example the ratio is 438,741/420,959 > 1, so game C appears to be a
winning game.

This seems somewhat odd, so let us recheck by using our other approach of consid-
ering the stationary distribution. The game is a losing game if p} — (pi — pj)mo <
1/2 and a winning game if p} — (p} — p;)mo > 1/2, where my is now the station-
ary distribution for the chain corresponding to game C. In our specific example,
my = 30,529/88,597, and

<1,

4,456,523 1
—_— > —_—
8,859,700 = 2’

so game C again appears to be a winning game.

How can randomly combining two losing games yield a winning game? The key
is that game B was a losing game because it had a very specific structure. You were
likely to lose the next round in game B if your winnings were divisible by 3, but if
you managed to get over that initial barrier you were likely to win the next few games
as well. The strength of that barrier made game B a losing game. By combining the
games that barrier was weakened, because now when your winnings are divisible by 3
you sometimes get to play game A, which is close to a fair game. Although game A
is biased against you, the bias is small, so it becomes easier to overcome that initial
barrier. The combined game no longer has the specific structure required to make it a
losing game.

You may be concerned that this seems to violate the law of linearity of expectations.
If the winnings from a round of game A, B, and C are X4, Xp, and X¢ (respectively),
then it seems that

pi— (pi — pp)mo =

E[Xc] =E [%XA + %XB] = %E[XA] + %E[XB]»
so if E[X4] and E[Xp] are negative then E[X] should also be negative. The problem
is that this equation does not make sense, because we cannot talk about the expected
winnings of a round of games B and C without reference to the current winnings. We
have described a Markov chain on the states {0, 1, 2} for games B and C. Let s represent
the current state. We have

1
ElXc [s]=E |:§(XA + Xp) | S}

1 1
= EE[XA | s]1+ EE[XB | s].

Linearity of expectations holds for any given step, but we must condition on the current
state. By combining the games we have changed how often the chain spends in each
state, allowing the two losing games to become a winning game.
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7.6. Exercises

Exercise 7.1: Consider a Markov chain with state space {0, 1, 2, 3} and a transition
matrix
0 3/10 1/10 3/5
1/10 1/10 7/10 1/10
1/10 7710 1/10 1/10]|°
9/10 1/10 O 0

so Py3 = 3/5 is the probability of moving from state O to state 3.

(a) Find the stationary distribution of the Markov chain.

(b) Find the probability of being in state 3 after 32 steps if the chain begins at state 0.

(c) Find the probability of being in state 3 after 128 steps if the chain begins at a state
chosen uniformly at random from the four states.

(d) Suppose that the chain begins in state 0. What is the smallest value of ¢ for which
max, |P6’S — mg| < 0.01? Here 7 is the stationary distribution. What is the smallest
value of t for which max |P6y5 — | <0.001?

Exercise 7.2: Consider the two-state Markov chain with the following transition

matrix
1 —
p=| ? Pl
l-p p

. . . "
Find a simple expression for F ;.

Exercise 7.3: Consider a process Xy, X1, Xz, . .. with two states, 0 and 1. The process
is governed by two matrices, P and Q. If k is even, the values P; ; give the probability
of going from state i to state j on the step from X; to X;; . Likewise, if k is odd then
the values Q; ; give the probability of going from state i to state j on the step from X; to
Xi+1- Explain why this process does not satisfy Definition 7.1 of a (time-homogeneous)
Markov chain. Then give a process with a larger state space that is equivalent to this
process and satisfies Definition 7.1.

Exercise 7.4: Prove that the communicating relation defines an equivalence relation.

Exercise 7.5: Prove that if one state in a communicating class is transient (respectively,
recurrent) then all states in that class are transient (respectively, recurrent).

Exercise 7.6: In studying the 2-SAT algorithm, we considered a 1-dimensional ran-
dom walk with a completely reflecting boundary at 0. That is, whenever position 0 is
reached, with probability 1 the walk moves to position 1 at the next step. Consider
now a random walk with a partially reflecting boundary at 0. Whenever position 0 is
reached, with probability 1/2 the walk moves to position 1 and with probability 1/2 the
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walk stays at 0. Everywhere else the random walk moves either up or down 1, each with
probability 1/2. Find the expected number of moves to reach n, starting from position
i and using a random walk with a partially reflecting boundary.

Exercise 7.7: Suppose that the 2-SAT Algorithm 7.1 starts with an assignment chosen
uniformly at random. How does this affect the expected time until a satisfying assign-
ment is found?

Exercise 7.8: Generalize the randomized algorithm for 3-SAT to k-SAT. What is the
expected time of the algorithm as a function of k?

Exercise 7.9: In the analysis of the randomized algorithm for 3-SAT, we made the pes-
simistic assumption that the current assignment A; and the truth assignment S differ on
just one variable in the clause chosen at each step. Suppose instead that, independently
at each step, the two assignments disagree on one variable in the clause with probabil-
ity p and at least two variables with probability 1 — p. What is the largest value of p
for which you can prove that the expected number of steps before Algorithm 7.2 termi-
nates is polynomial in the number of variables n? Give a proof for this value of p and
give an upper bound on the expected number of steps in this case.

Exercise 7.10: A coloring of a graph is an assignment of a color to each of its vertices.
A graph is k-colorable if there is a coloring of the graph with & colors such that no two
adjacent vertices have the same color. Let G be a 3-colorable graph.

(a) Show that there exists a coloring of the graph with two colors such that no triangle
is monochromatic. (A triangle of a graph G is a subgraph of G with three vertices,
which are all adjacent to each other.)

(b) Consider the following algorithm for coloring the vertices of G with two colors
so that no triangle is monochromatic. The algorithm begins with an arbitrary 2-
coloring of G. While there are any monochromatic triangles in G, the algorithm
chooses one such triangle and changes the color of a randomly chosen vertex of
that triangle. Derive an upper bound on the expected number of such recoloring
steps before the algorithm finds a 2-coloring with the desired property.

Exercise 7.11: Ann x n matrix P with entries P,  is called stochastic if all entries are
nonnegative and if the sum of the entries in each row is 1. It is called doubly stochastic
if, additionally, the sum of the entries in each column is 1. Show that the uniform
distribution is a stationary distribution for any Markov chain represented by a doubly
stochastic matrix.

Exercise 7.12: Let X, be the sum of n independent rolls of a fair die. Show that, for
any k > 2,

1
lim Pr(X; is divisible by k) = A

n—0o0
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Exercise 7.13: Consider a finite Markov chain on # states with stationary distribution
7 and transition probabilities P; ;. Imagine starting the chain at time 0 and running it for
m steps, obtaining the sequence of states Xy, X1, . . . , X;;. Consider the states in reverse
order, Xm, Xm—l’ ey X().

(a) Argue that given X; |, the state X} is independent of X2, Xi+3, - . ., X;u. Thus the
reverse sequence is Markovian.
(b) Argue that for the reverse sequence, the transition probabilities Q; ; are given by
7T:P;;
s
Qt, J 7

(c) Prove that if the original Markov chain is time reversible, so that ;P ; = m;P;;,
then Q; ; = P, ;. That is, the states follow the same transition probabilities whether
viewed in forward order or reverse order.

Exercise 7.14: Prove that the Markov chain corresponding to a random walk on an
undirected, non-bipartite graph that consists of one component is time reversible.

Exercise 7.15: Let P/, be the probability that a Markov chain returns to state i when
started in state i after ¢ steps. Prove that

oo
t
2_Fi
=1
is unbounded if and only if state i is recurrent.

Exercise 7.16: Prove Lemma 7.5.

Exercise 7.17: Consider the following Markov chain, which is similar to the 1-dimen-
sional random walk with a completely reflecting boundary at 0. Whenever position 0
is reached, with probability 1 the walk moves to position 1 at the next step. Otherwise,
the walk moves from 7 to i + 1 with probability p and from i to i — 1 with probability
1 — p. Prove that:

(a) if p < 1/2, each state is positive recurrent;
(b) if p = 1/2, each state is null recurrent;
(c) if p > 1/2, each state is transient.

Exercise 7.18: (a) Consider a random walk on the 2-dimensional integer lattice, where
each point has four neighbors (up, down, left, and right). Is each state transient, null
recurrent, or positive recurrent? Give an argument.

(b) Answer the problem in (a) for the 3-dimensional integer lattice.

Exercise 7.19: Consider the gambler’s ruin problem, where a player plays until she
lose £, dollars or win £, dollars. Prove that the expected number of games played is
£14;.
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Exercise 7.20: We have considered the gambler’s ruin problem in the case where the
game is fair. Consider the case where the game is not fair; instead, the probability of
losing a dollar each game is 2/3 and the probability of winning a dollar each game is
1/3. Suppose that you start with i dollars and finish either when you reach » or lose it
all. Let W, be the amount you have gained after ¢ rounds of play.

(a) Show that E[2%+1] = E[2"].

(b) Use part (a) to determine the probability of finishing with 0 dollars and the proba-
bility of finishing with n dollars when starting at position i.

(¢) Generalize the preceding argument to the case where the probability of losing is
p > 1/2. (Hint: Try considering E[c"] for some constant c.)

Exercise 7.21: Consider a Markov chain on the states {0, 1, ..., n}, where fori < n
we have P, ;y; = 1/2 and P,y = 1/2. Also, P,, = 1/2 and P, o = 1/2. This process
can be viewed as a random walk on a directed graph with vertices {0, 1, ..., n}, where

each vertex has two directed edges: one that returns to O and one that moves to the
vertex with the next higher number (with a self-loop at vertex n). Find the stationary
distribution of this chain. (This example shows that random walks on directed graphs
are very different than random walks on undirected graphs.)

Exercise 7.22: A cat and a mouse each independently take a random walk on a con-
nected, undirected, non-bipartite graph G. They start at the same time on different
nodes, and each makes one transition at each time step. The cat eats the mouse if they
are ever at the same node at some time step. Let n and m denote, respectively, the
number of vertices and edges of G. Show an upper bound of O(m?n) on the expected
time before the cat eats the mouse. (Hint: Consider a Markov chain whose states are
the ordered pairs (a, b), where a is the position of the cat and b is the position of the
mouse.)

Exercise 7.23: One way of spreading information on a network uses a rumor-
spreading paradigm. Suppose that there are n hosts currently on the network. Initially,
one host begins with a message. Each round, every host that has the message con-
tacts another host chosen independently and uniformly at random from the other n — 1
hosts, and sends that host the message. We would like to know how many rounds are
necessary before all hosts have received the message with probability 0.9999.

(a) Explain how this problem can be viewed in terms of Markov chains.

(b) Determine a method for computing the probability that j hosts have received the
message after round k given that i hosts have received the message after round
k — 1. (Hint: There are various ways of doing this. One approach is to let P(i, j, ¢)
be the probability that j hosts have the message after the first ¢ of the i hosts have
made their choices in a round; then find a recurrence for P.)

(¢) As a computational exercise, write a program to determine the number of rounds
required for a message starting at one host to reach all other hosts with probability
0.9999 when n = 128.
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path on n/2 vertices

Figure 7.3: Lollipop graph.

Exercise 7.24: The lollipop graph on n vertices is a clique on n/2 vertices connected
to a path on n/2 vertices, as shown in Figure 7.3. The node u is a part of both the clique
and the path. Let v denote the other end of the path.

(a) Show that the expected covering time of a random walk starting at v is @ (n?).
(b) Show that the expected covering time for a random walk starting at u is ©(n°).

Exercise 7.25: The following is a variation of a simple children’s board game. A
player starts at position 0. On a player’s turn, she rolls a standard six-sided die. If her
old position was the positive integer x and her roll is y, then her new position is x + y,
except in two cases:

« if x + y is divisible by 6 and less than 36, her new position is x + y — 6;
« if x 4 y is greater than 36, the player remains at x.

The game ends when a player reaches the goal position, 36.

(a) Let X; be a random variable representing the number of rolls needed to get to 36
from position i for 0 < i < 35. Give a set of equations that characterize E[X;].

(b) Using a program that can solve systems of linear equations, find E[X;] for0 <i <
35.

Exercise 7.26: Let n equidistant points be marked on a circle. Without loss of gen-
erality, we think of the points as being labeled clockwise from O to n — 1. Initially, a
wolf begins at 0 and there is one sheep at each of the remaining n — 1 points. The wolf
takes a random walk on the circle. For each step, it moves with probability 1/2 to one
neighboring point and with probability 1/2 to the other neighboring point. At the first
visit to a point, the wolf eats a sheep if there is still one there. Which sheep is most
likely to be the last eaten?

Exercise 7.27: Suppose that we are given n records, Ry, Ry, ..., R,. The records are
kept in some order. The cost of accessing the jth record in the order is j. Thus, if we
had four records ordered as R, R4, R3, R}, then the cost of accessing R4 would be 2
and the cost of accessing R; would be 4.

Suppose further that, at each step, record R; is accessed with probability p;, with
each step being independent of other steps. If we knew the values of the p; in advance,
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we would keep the R; in decreasing order with respect to p;. But if we don’t know the
p;j in advance, we might use the “move to front” heuristic: at each step, put the record
that was accessed at the front of the list. We assume that moving the record can be done
with no cost and that all other records remain in the same order. For example, if the
order was Ry, R4, R3, R before R; was accessed, then the order at the next step would
be R3, Ry, R4, Ry

In this setting, the order of the records can be thought of as the state of a Markov
chain. Give the stationary distribution of this chain. Also, let X} be the cost for accessing
the kth requested record. Determine an expression for limy_, o, E[X;]. Your expression
should be easily computable in time that is polynomial in 7, given the p;.

Exercise 7.28: Consider the following variation of the discrete time queue. Time is
divided into fixed-length steps. At the beginning of each time step, a customer arrives
with probability A. At the end of each time step, if the queue is nonempty then the
customer at the front of the line completes service with probability .

(a) Explain how the number of customers in the queue at the beginning of each time
step forms a Markov chain, and determine the corresponding transition probabili-
ties.

(b) Explain under what conditions you would expect a stationary distribution 7 to
exist.

(c) If a stationary distribution exists, then what should be the value of 7y, the proba-
bility that no customers are in the queue at the beginning of the time step? (Hint:
Consider that, in the long run, the rate at which customers enter the queue and the
rate at which customers leave the queue must be equal.)

(d) Determine the stationary distribution and explain how it corresponds to your con-
ditions from part (b).

(e) Now consider the variation where we change the order of incoming arrivals and
service. That is: at the beginning of each time step, if the queue is nonempty then
a customer is served with probability w; and at the end of a time step a customer
arrives with probability A. How does this change your answers to parts (a)—(d)?

Exercise 7.29: Prove that the Markov chain from Lemma 7.14 where the states are
the 2|E| directed edges of the graph has a uniform stationary distribution.

Exercise 7.30: We consider the covering time for the standard random walk on a
hypercube with N = 2" nodes. (See Definition 4.3 if needed to recall the definition of
a hypercube.) Let (¢, v) be an edge in the hypercube.

(a) Prove that the expected time between traversals of the edge (1, v) from u to v is
Nn.

(b) We consider the time between transitions from u to v in a different way. After
moving from u to v, the walk must first return to u. When it returns to u, the walk
might next move to v, or it might move to another neighbor of «, in which case it
must return to u again before moving to v for there to be a transition from u to v.
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Use symmetry and the above description to prove the following recurrence:

oo 1 1 i—1
Nn=Z;(nn ) (i + 1)) = nhyy + 1).

i=1

(¢) Conclude from the above that i, ,, =N — 1.

(d) Using the result on the hitting time of adjacent vertices and Matthews’ theorem,
show that the cover time is O(N 10g2 N).

(e) As a much more challenging problem, you can try to prove that the maximum
hitting time between any two vertices for the random walk on the hypercube is
O(N), and that the cover time is correspondingly O(N log N).
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CHAPTER EIGHT

Continuous Distributions and
the Poisson Process

This chapter introduces the general concept of continuous random variables, focusing
on two examples of continuous distributions: the uniform distribution and the expo-
nential distribution. We then proceed to study the Poisson process, a continuous time
counting process that is related to both the uniform and exponential distributions. We
conclude this chapter with basic applications of the Poisson process in queueing theory.

8.1. Continuous Random Variables

8.1.1. Probability Distributions in R

The continuous roulette wheel in Figure 8.1 has circumference 1. We spin the wheel,
and when it stops, the outcome is the clockwise distance X (computed with infinite
precision) from the “0” mark to the arrow.

The sample space 2 of this experiment consists of all real numbers in the range
[0, 1). Assume that any point on the circumference of the disk is equally likely to face
the arrow when the disk stops. What is the probability p of a given outcome x?

To answer this question, we recall that in Chapter | we defined a probability function
to be any function that satisfies the following three requirements:

1. Pr(2) = 1;
2. for any event E,

0<Pr(E)<1;
3. for any (finite or enumerable) collection B of disjoint events,

Pr (U E) = Pr(E).

EeB EeB

Let S(k) be a set of k distinct points in the range [0, 1), and let p be the probability that
any given point in [0, 1) is the outcome of the roulette experiment. Since the probability
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3

Figure 8.1: A continuous roulette wheel.

of any event is bounded by 1,
Pr(x € S(k)) =kp < 1.

We can choose any number k& of distinct points in the range [0, 1), so we must have kp <
1 for any integer k, which implies that p = 0. Thus, we observe that in an infinite sample
space there may be possible events that have probability 0. Taking the complement of
such an event, we observe that in an infinite sample space there can be events with
probability 1 that do not correspond to all possible experimental outcomes, and thus
there can be events with probability 1 that are, in some sense, not certain!

If the probability of each possible outcome of our experiment is 0, how do we define
the probability of larger events with nonzero probability? For probability distributions
over R, probabilities are assigned to intervals rather than to individual values.'

The probability distribution of a random variable X is given by its distribution func-
tion F (x), where for any x € R we define

F(x) =Pr(X <x).

We say that a random variable X is continuous if its distribution function F(x) is
a continuous function of x. We will assume that our random variables are continuous
throughout this chapter. In this case, we must have that Pr(X = x) = 0 for any specific
value x. This further implies that Pr(X < x) = Pr(X < x), a fact we make use of freely
throughout this chapter.

If there is a function f(x) such that, for all —co < a < oo,

F(a) = /a f@)dt,

then f(x) is called the density function of F(x), and
f) =F'(x)

where the derivative is well-defined.
I A formal treatment of nondenumerably infinite probability spaces relies on measure theory and is beyond the
scope of this book. We just note here that the probability function needs to be measurable on the set of events.

This cannot hold in general for the family of all subsets of the sample space, but it does always hold for the
Borel set of intervals.
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Because
Prix <X <x+dx)=F(x+dx)— F(x)~ f(x)dx,

we can informally think of f(x)dx as the “probability” of the infinitesimal interval
(x, x 4 dx]. Carrying this analogy forward, in discrete spaces the probability of an event
E is the sum of the probabilities of the simple events included in E. The parallel concept
in the case of events in R is the integral of the probability density function over the basic
events in E.

For example, the probability of the interval [a, b) is given by the integral

b
Pra<x<b)= / fx)dx,

and the expectation and higher moments of a random variable X with density function
f(x) are defined by the integrals

E(X'] = / X f(x)dx.

More generally, for any function g,

e e]

E[g(X)] = / gx) f(x) dx,

when this integral exists. The variance of X is given by
o0
Var[X] = E[(X — E[X])*] = / (x — E[X])*f(x) dx = E[X’] — (E[X])*.

The following lemma gives the continuous analog to Lemma 2.9.

Lemma 8.1: Let X be a continuous random variable that takes on only nonnegative
values. Then

E[X] = / ” Pr(X > x)dx.
0

Proof: Let f(x) be the density function of X. Then

/ Pr(X > x)dx = / fO) dydx

=0 x=0 y=x

o py
= [ [ soaray
y=0 Jx=0

=/ yf()dy

y=0

— E[X].

The interchange of the order of the integrals is justified because the expression being
integrated is nonnegative. u
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8.1.2. Joint Distributions and Conditional Probability

The notion of a distribution function for a real-valued random variable easily general-
izes to multiple random variables.

Definition 8.1: The joint distribution function of X and Y is
Fl,y) =PrX =x,Y <y).

The variables X and Y have joint density function f if, for all x, y,

F(x,y)=/y /X f(u, v)dudv.

Again, we denote
2

dx dy

when the derivative exists. These definitions are generalized to joint distribution func-
tions over more than two variables in the obvious way.

Given a joint distribution function F(x,y) over X and Y, one may consider the
marginal distribution functions

S, y) =

F(x,y)

Fy(x) = Pr(X <x), Fy(y) =Pr(Y <y),
and the corresponding marginal density functions fx(x) and fy (y).
Definition 8.2: The random variables X and Y are independent if, for all x and y,
Pr(X =x)N (¥ <y)) =Pr(X <x) Pr(Y < y).

From the definition, two random variables are independent if and only if their joint
distribution function is the product of their marginal distribution functions:

F(x,y) = Fx(0)Fy (y).

It follows from taking the derivatives with respect to x and y that, if X and Y are inde-
pendent, then

o, y) = fx@fr(),

and this condition is sufficient as well.
As an example, let a and b be positive constants, and consider the joint distribution
function for two random variables X and Y given by

Fx,y)=1—e® — et 4 g-(@vtt
over the range x, y > 0. We can compute that
Fx(x)=F(x,00)=1—e"*,
and similarly Fy(y) = 1 — e~ Alternatively, we could compute
fx.y) = abe™ @),
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from which it follows that

Z oo Z
Fx(z) = / / abe™ ) gy dx = / —ae " =1 —e %,
x=0 Jy=0 x=0

‘We obtain
F,y)=1—e ™ —e? +e @ = (1 —e™)(1 —e ™) = Fk(0)FK (),

so X and Y are independent. Alternatively, working with the density functions we verify
their independence by

fr) =ae™, fr)=be?  fx,y) = fx)fy).

Conditional probability for continuous random variables introduces a nontrivial sub-
tlety. The natural definition,

Pr(ENF)
Pr(E | F) = W’

is suitable when Pr(F’) # 0. For example,

Pr((X <3)N(Y <6))
Pr(Y <6)

PriX <31Y <6)=

when Pr(Y < 6) is not zero.

In the discrete case, if Pr(F) = 0 then Pr(E | F) was simply not well-defined. In
the continuous case, there are well-defined expressions that condition on events that
occur with probability 0. For example, for the joint distribution function F(x, y) =
1 —e @ — e 4 e~(@+h) examined previously, it seems reasonable to consider

Pr(X <3|Y =4),

but since Pr(Y = 4) is an event with probability 0, the definition is not applicable.
If we did apply the definition, it would yield

Pr(X <3)N(Y =4))

Pr(X <3|Y =4)= =)

Both the numerator and denominator are zero, suggesting that we should be taking a
limit as they both approach zero. The natural choice is

Pr(X53|Y=4)=§irr(1)Pr(xs3|4§Y54+3),

This choice leads us to the following definition:

Pr(X§x|Y:y):/x ACH .

U=—00 fY(y)
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To see informally why this is a reasonable choice, consider
%in%Pr(X§X|ySY§y+5)

i Pr(X =x) Ny =Y <y+4))
= 500 Pry <Y <y+4)
— lim F(x,)’“‘fs)—F(x»)’)
=0 Fy(y+36) — Fr(y)
) /x 0F(u,y+38)/0x — 0F (u, y)/dx
= lim du
60 J,— o FO+68)— F (@)
. /" lim (0F(u,y+38)/ox — 0F (u, y)/0x)/8
[ N S (Fr(y+8) — Fy()/8

Z/" f(u,y)du‘
w=—oo JY()

Here we have assumed that we can interchange the limit with the integration and that

fr() #0.

The value

du

fx,y)
fr»)

is also called a conditional density function. We may similarly use

fx.y)

fx(x)

Our definition yields the natural interpretation that, in order to compute Pr(X < x |
Y =y), we integrate the corresponding conditional density function over the appropri-
ate range. You can check that this definition yields the standard definition for Pr(X < x |
Y <y) through appropriate integration. Similarly, we may compute the conditional
expectation

Sxr(x,y) =

Srix(x,y) =

EX|Y =y]= / Xfxy(x, y)dx

using the conditional density function.
For our example, when F(x,y) = 1 — e~ — e~ 4 e~ @+ it follows that

3 —ax+4b

Pr(X <3|Y =4) / abe ™ =1 — e
T = = — 0 au = —¢€ N
o u=0 be=4

a result we could also have achieved directly using independence.

8.2. The Uniform Distribution

When a random variable X assumes values in the interval [a, b] such that all subintervals
of equal length have equal probability, we say that X has the uniform distribution over
the interval [a, b] or alternatively that it is uniform over the interval [a, b]. We denote
such a random variable by Ula, b]. We may also talk about uniform distributions over
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|
__________ -

b—a | | :
| | |
| | |
| | |
| | |
| | |
| | l
a b a b

@ f(x)=;-,a<x<b. (b) F(x) =, a <x <b.

b—a’ a

Figure 8.2: The uniform distribution.

the interval [a, b), (a, b], or (a, b). Indeed, since the probability of taking on any specific
value is 0 when b > q, the distributions are essentially the same.
The probability distribution function of such an X is

0 ifx <a,
F(x) = ;}‘%Z ifa<x<hb,
1 if x > b,
and its density function is
0 ifx < a,
f) =1 ifa<x<b,
0 ifx > b.

These are shown in Figure 8.2.
The expectation of X is

E[X] /b X d /- b+a
= —_—dax = = s
. b—a 2(b—a) 2

and the second moment is
b .2 3 3 2 2
b’ — b b
E[X2]=/ Y dx= @« _rraota
« b—a 3(b—a) 3

The variance is computed by
bV +ab+a>  (b+a)} (b—a)
3 4 12

In our continuous roulette example, the outcome X of the experiment has a uniform
distribution over [0, 1). Thus, the expectation of X is 1/2 and the variance of X is 1/12.

Var[X] = E[X?] — (E[X])* =

8.2.1. Additional Properties of the Uniform Distribution

Suppose you have a random variable X chosen from a uniform distribution, say over
[0, 1], and it is revealed that X is less than or equal to 1/2. With this information, the
conditional distribution of X remains uniform over the smaller interval [0, 1/2].
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Lemma 8.2: Ler X be a uniform random variable on [a, b). Then, for ¢ < d,
c—a

d—a

That is, conditioned on the fact that X < d, X is uniform on [a, d].

PriX <c|X <d)=

Proof:
PriX =o)NX =d))
Pr(X <d)
_ PrX <o0)
T Pr(X <d)
c—a
d—a
It follows that X, conditioned on being less than or equal to d, has a distribution function
that is exactly that of a uniform random variable on [a, d]. |

PriX <c|X <d)=

Of course, a similar statement holds if we consider Pr(X < ¢ | X > d); conditioned on
X > d, the resulting distribution is uniform over [d, b].

Another fact about the uniform distribution stems from the intuition that, if n points
are uniformly distributed over an interval, we expect them to be roughly equally spaced.
We can codify this idea as follows.

Lemma8.3: Let Xy, X, ..., X, be independent uniform random variables over [0, 1].
LetY1,Y,, ..., Y, be the same values as Xy, X, ..., X, in increasing sorted order. Then
EYi] =k/(n+1).

Proof: Let us first prove the result for ¥; with an explicit calculation. By definition,
Y, = min(Xl, Xp, ot Xn). Now
Pr(Y; > y) = Pr(min(X, Xa, ..., Xy) > y)
=Pr(Xi =) N =y)N---N(X, = y))
n
= nPr(Xi >y)

i=1
=1 -=-y"
It follows from Lemma 8.1 that
1
B = [ a-pray=
y=0 n+1

Alternatively, one could use F(y) = 1 — (1 — y)" so that the density function of Y] is
f(y) = n(1 —y)"~!, and hence using integration by parts yields

1 1
_ 1
E[Y1]=/ ny(1 —y)y" " dy = —y(1 —y)”li;é+/ (1 =y)'dy=—-—:.

y:O - y:() n+1

This analysis can be extended to find E[Y;] with some computation, which we leave
as Exercise 8.5. A simpler approach, however, makes use of symmetry. Consider the
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P, P,
Py
P, P,
Py
P,
0 1
| | | | | [
f T T T T 1
P, P P, P, P, P, P,

Figure 8.3: A correspondence between random points on a circle and random points on a line.

circle of circumference 1, and place n + 1 points Py, Py, ..., P, independently and uni-
formly at random on the circle. This is equivalent to choosing each point by a spin of
the continuous roulette wheel of Section 8.1.1. Label the point P as 0, and let X; be
the distance traveling clockwise from P, to P;. The X; are then independent, uniform
random variables from [0, 1]. The value Y} is just the distance to the kth point reached
traveling clockwise from Py. See Figure 8.3.

The distance between Y and Yy is the length of the arc between the two correspond-
ing adjacent points. By symmetry, however, all of the arcs between adjacent points must
have the same expected length. The expected length of each arc is therefore 1/(n + 1),
since there are n 4 1 arcs created by the n points and since their total length is 1. By
the linearity of expectations, E[Y;] is the sum of the expected lengths of the first & arcs,
and hence E[Y;] = k/(n + 1). [ |

This proof makes use of an interesting one-to-one correspondence between choos-
ing n points independently and uniformly at random from [0, 1] and choosing n + 1
points independently and uniformly at random from the boundary of the circle with cir-
cumference 1. Such relationships, when they are available, can often greatly simplify
an otherwise lengthy analysis. We develop other similar relationships throughout this
chapter.

8.3. The Exponential Distribution

Another important continuous distribution is the exponential distribution.

Definition 8.3: An exponential distribution with parameter 0 is given by the following
probability distribution function:

1—e % for x>0,

F(x) =
0 otherwise.
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@ f(x)=0e% x>0. (b) F(x)=1-¢% x>0.

Figure 8.4: The exponential distribution.

The density function of the exponential distribution is
f(x)=6e% for x> 0.

See Figure 8.4.
Its first and second moments are

= —0t 1
EX]= [ 10 dr=—,
0 0

2 ~ 2n.—0t 2
EXY) = | 0 "di=_.
0 0

Hence,

1
Var[X] = E[X?] — (E[X])* = 7
8.3.1. Additional Properties of the Exponential Distribution

Perhaps the most important property of the exponential distribution is that, like the
discrete geometric distribution, it is memoryless.

Lemma 8.4: For an exponential random variable with parameter 0,
PriX >s4+¢t|X >1t) =Pr(X > s).

Proof:

Pr(X > s+1¢)
Pr(X > 1)
1 =PrX <s+1)

1 —Pr(X <1)
6—0(s+t)

Pr(X >s4+1|X >1t)=

e~ 0t
— e—é)s

= Pr(X > s). |
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The exponential distribution is the only continuous memoryless distribution. It can be
viewed as the continuous version of the discrete geometric distribution, which is the
only discrete memoryless distribution. The geometric distribution models the time until
first success in a sequence of independent identical Bernoulli trials, whereas the expo-
nential distribution models the time until the first event in a memoryless continuous
time stochastic process.

The minimum of several exponential random variables also exhibits some interesting
properties.

Lemma8.5: IfX;, Xy, ..., X, are independent exponentially distributed random vari-
ables with parameters 01, 0,, ..., 0,, respectively, then min(X;, Xp, ..., X)) is expo-
nentially distributed with parameter y__, ; and
. 0;
Pr(mln(Xl y Xz, e ,Xn) = Xl) = m

Proof: Itsuffices to prove the statement for two exponential random variables; the gen-
eral case then follows by induction. Let X; and X; be independent exponential random
variables with parameters 6; and 8,. Then

Pr(min(X;, X5) > x) = Pr((X; > x) N (X2 > x))
= Pr(X; > x) Pr(X; > x)

— e—Glxe—sz

— g~ (Ortb)x

Hence the minimum has an exponential distribution with parameter 0; + 0.
Moreover, let f(x1, x;) be the joint distribution of (Xj, X,). Since the variables are
independent, we have f(x, x) = 6;e=9%16,e =% Hence
o0 X2

Pr(X; < X;) = fG, x2) dxy dxp

X2=0 X1=0

00 X2
= / eze—ezxz </ 916_9"” dx1> d)CQ
=0 x1=0

o0
= / e~ (1 — e ") dx,
xz=0

= / N (02" — GO0 iy,
X2:0
0>
01+ 6>
046, [

For example, suppose that an airline ticket counter has n service agents, where the time
that agent i takes per customer has an exponential distribution with parameter 6;. You
stand at the head of the line at time 7j, and all of the n agents are busy. What is the
average time you wait for an agent?
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Because service times are exponentially distributed, it does not matter for how long
each agent has been helping another customer before time 7p; the remaining time for
each customer is still exponentially distributed. This is a feature of the memoryless
property of the exponential distribution. Lemma 8.5 therefore applies. The time until
the first agent becomes free is exponentially distributed with parameter ) ., 6;, so the
expected waiting timeis 1/ ) ._, 6;. Indeed, you can even determine the probability that
each agent is the first to become free; the jth agent is first with probability 6,/ >, 6;.

8.3.2.* Example: Balls and Bins with Feedback

As an application of the exponential distribution, we consider an interesting variation
of our standard balls-and-bins model. In this problem we have only two bins, and balls
arrive one by one. Initially both bins have at least one ball. Suppose that, if bin 1 has
x balls and bin 2 has y balls, then the probability that bin 1 obtains the next ball is
x/(x 4 y) while the probability that bin 2 obtains the next ball is y/(x + y). This system
has feedback: the more balls a bin has, the more balls it is likely to obtain in the future.
An equivalent problem is given in Exercise 1.6. You may wish to check (by induction)
that, if both bins start with one ball and there are n total balls, then the number of balls
in bin 1 is uniformly distributed in the range [1, n — 1].

Suppose instead that we strengthen the feedback in the following way. If bin 1 has
x balls and bin 2 has y balls, then the probability that bin 1 obtains the next ball is
xP/(xP 4+ yP) and the probability that bin 2 obtains the next ball is y”/(x” + y?) for
some p > 1. For example, when p = 2, if bin 1 has three balls and bin 2 has four balls,
then the probability that the next ball goes into bin 1 is only 9/25 < 3/7. Setting p > 1
strengthens the advantage of the bin with more balls.

This model has been suggested to describe economic situations that result in
monopoly. For example, suppose there are two operating systems, Lindows and Winux.
Users will tend to purchase machines with the same operating system that other users
have in order to maintain compatibility. This effect might be nonlinear in the number
of users of each system; this is modeled by the parameter p.

We now show a remarkable result: as long as p > 1, there is some point at which
one bin obtains all the rest of the balls thrown. In the economic setting, this is a very
strong form of monopoly; the other competitor simply stops obtaining new customers.

Theorem 8.6: Under any starting conditions, if p > 1 then with probability 1 there
exists a number c such that one of the two bins gets no more than c balls.

Note the careful wording of the theorem. We are not saying that there is some fixed ¢
(perhaps dependent on the initial conditions) such that one bin gets no more than ¢ balls.
(If we meant this, we would say that there exists a number ¢ such that, with probabil-
ity 1, one bin gets no more than c¢ balls.) Instead, we are saying that, with probability 1,
at some point (which we do not know ahead of time) one bin stops receiving balls.

Proof: For convenience, assume that both bins start with one ball; this does not affect
the result.
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Bin | | L

Bin 2 i I

Bins 1 and 2 | | | | | | |

Figure 8.5: In the setup where the time between ball arrivals is exponentially distributed, each bin
can be considered separately; an outcome of the original process is obtained by simply combining
the timelines of the two bins.

We start by considering a very closely related process. Consider two bins that start
with one ball at time 0. Balls arrive at each of the bins. If bin 1 obtains its zth ball
at time ¢ then it obtains its next ball at a time ¢ + T;, where 7, is a random variable
exponentially distributed with parameter z”. Similarly, if bin 2 obtains its zth ball at
time 7 then it obtains its next ball at a time ¢ + U,, where U, is also a random variable
exponentially distributed with parameter z”. All values of T, and U, are independent.
Each bin can be considered independently in this setup; what happens at one bin does
not affect the other.

Although this process may not seem related to the original problem, we now claim
that it mimics it exactly. Consider the point at which a ball arrives, leaving x balls in
bin 1 and y balls in bin 2. By the memoryless nature of the exponential distribution,
it does not matter which bin the most recently arrived ball has landed in; the time for
the next ball to land in bin 1 is exponentially distributed with mean x~” and the time
for the next ball to land in bin 2 is exponentially distributed with mean y~”. Moreover,
by Lemma 8.5, the next ball lands in bin 1 with probability x”/(x” 4+ y”) and in bin 2
with probability y?/(x” 4 y”). Therefore, this setup mimics exactly what happens in
the original problem. See Figure 8.5.

Let us define the saturation time F) for bin 1 by F} = Z?’;l T;, and similarly F> =
Z;il U;. The saturation time represents the first time in which the total number of balls
received by a bin is unbounded. It is not clear that saturation times are well-defined
random variables: What if the sum does not converge, and thus its value is infinity? It
is here that we make use of the fact that p > 1. We have

oo o0 [e¢] 1
EIFI=E|> T | =) ETl=) .
j=1 j=1 =7

Here we used linearity of expectations for a countably infinite summation of random
variables, which holds if Z?‘;l E[|T;|] converges. (Chapter 2 discusses the applicabil-
ity of the linearity of expectations to countably infinite summations; see in particular
Exercise 2.29.) It suffices to show that Z;’il 1/jP converges to a finite number when-
ever p > 1. This follows from bounding the summation by the appropriate integral:
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Indeed, all of the integral moments converge to a finite number. It follows that both F;
and F; are, with probability 1, finite and hence well-defined.

Furthermore, F; and F; are distinct with probability 1. To see this, suppose that the
values for all of the random variables T, and U, are given except for 7;. Then, for F] to
equal F3, it must be the case that

o o0
=) U-> T,
j=1 j=2

But the probability that 77 takes on any specific value is 0, just as the probability that
our roulette wheel takes on any specific value is 0. Hence, F; # F, with probability 1.
Suppose that F; < F,. Then we must have for some » that

n+1

in <F] < ZUJ
j=1 j=1

This implies that, for any sufficiently large number m,
n+1

Xn:Uj < ZT <Y U,
j=1 i=1 j=1

which means that bin 1 has obtained m balls before bin 2 has obtained its (n + 1)th
ball. Since our new process corresponds exactly to the original balls-and-bins process,
this is also what happens in the original process. But this means that, once bin 2 has
n balls, it does not receive any others; they all go to bin 1. The argument is the same
if F, < F;. Hence, with probability 1, there exists some n such that one bin obtains no
more than n balls. |

When p is close to 1 or when the bins start with a large and nearly equal number
of balls, it can take a long time before one bin dominates enough to obtain such a
monopoly. On the other hand, monopoly happens quickly when p is much greater than
1 (such as p = 2) and the bins start with just one ball each. You are asked to simulate
this process in Exercise 8.25.

8.4. The Poisson Process

The Poisson process is an important counting process that is related to both the uniform
and the exponential distribution. Consider a sequence of random events, such as arrivals
of customers to a queue or emissions of alpha particles from a radioactive material. Let
N(t) denote the number of events in the interval [0, ¢]. The process {N(¢), t > 0} is a
stochastic counting process.

Definition 8.4: A Poisson process with parameter (or rate) A is a stochastic counting
process {N(t), t > 0} such that the following statements hold.

1. N(0)=0.
2. The process has independent and stationary increments. That is, foranyt, s > 0, the
distribution of N(t 4+ s) — N(s) is identical to the distribution of N(t), and for any
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two disjoint intervals [t|, t;] and [t3, t4], the distribution of N(t;) — N(t1) is inde-
pendent of the distribution of N(t4) — N(t3).

3. lim,_,¢ Pr(N(¢t) = 1)/t = A. That is, the probability of a single event in a short inter-
val t tends to At.

4. lim,,o Pr(N(t) > 2)/t = O. That is, the probability of more than one event in a short
interval t tends to zero.

The surprising fact is that this set of broad, relatively natural conditions defines a unique
process. In particular, the number of events in a given time interval follows the Poisson
distribution defined in Section 5.3.

Theorem 8.7: Let {N(t) | t > 0} be a Poisson process with parameter A. Foranyt, s >
0 and any integer n > 0,

P,(t) =Pr(N(t+s)—N(s)=n)=c¢e -

Proof: We first observe that P, (¢) is well-defined since, by the second property of Def-
inition 8.4, the distribution of N(¢ 4 s) — N(s) depends only on ¢ and is independent
of s.

To compute Py(#), we note that the number of events in the intervals [0, ¢] and
(t,t + h] are independent random variables and therefore

Po(t+ h) = Po(t)Po(h).

We now write

Po(t+ h]/)l — Py(1) _ P()(l‘)PO(h})l —1
_ Po(t)l —Pr(N(h) =1) ; Pr(N(h) >2)—1
_ p PN = 1) — PV = 2)

h
Taking the limit as 4~ — 0 and applying properties 2—4 of Definition 8.4, we obtain
Po(t+ h) — Po(?)
h
—Pr(N(h) =1) — Pr(N(h) = 2)
h

Pj(r) = lim
h—0

= lim Py(1)
h—0
= —)»P()(l‘).
To solve
Py(1) = —APy(1),
we rewrite it as

Py(1) _
Py()

Integrating with respect to ¢ gives
In Py(t) = —At 4+ C,
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or
Py(1) = e+
Since Py(0) = 1, we conclude that
Po(1) = e (8.1)

Forn > 1, we write

Py(t+h) = Pui(OPi(h)
k=0

= P,(O)Py(h) + P (DP1(h) + ZPnfk(t) Pr(N(h) = k).
k=2

Computing the first derivative of P,(¢) yields
Pyt + h) — P (1)

PO = i 2

1 n
_ }P—I)% X <P,,(t)(Po(h) — D+ P ()P (h) + ;Pn—k(t) Pr(N(h) = k))
= —AP,(t) + AP,_((1),

where we use the facts that

Pi(h
1im£=k
h—0 h

(by properties 2 and 3) and

n

] B . Pr(N(h)22)
0 < lim ;Pn,k(n Pr(N(h) = k) < lim —— === =0

h
(by property 4), so
1 n
lim — » P,_(t) Pr(N(h) = k) = 0.
h—0 h
k=2
To solve
Py(t) = —APy(t) + APy (1)
we write
e (Py(1) + AP,(1)) = AP, 1 (1),
which gives
d
E(ek’Pn(t)) = 1e" P, (D). (8.2)
Using Eqn. (8.1) then yields
d
E(CMPI (1) = AeMPy(1) = 1,
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implying
Pi(7) = (At + c)e ™.
Since P;(0) = 0, we conclude that
Pi(t) = ae™. (8.3)
We continue by induction on n to prove that, for all n > 0,

P,(t) =¢e
n!

Using Eqn. (8.2) and the induction hypothesis, we have

L B(1) = 1Py (1) = i
de T R
Integrating and using the fact that P,(0) = 0 gives the result. |

The parameter A is also called the rate of the Poisson process, since (as we have proved)
the number of events during any time period of length ¢ is a Poisson random variable
with expectation At.

The reverse is also true. That is, we could equivalently have defined the Poisson
process as a process with Poisson arrivals, as follows.

Theorem 8.8: Let {N(¢) | t > 0} be a stochastic process such that:

1. N(O) =0;

2. the process has independent increments (i.e., the number of events in disjoint time
intervals are independent events), and

3. the number of events in an interval of length t has a Poisson distribution with mean
AL

Then {N(t) | t > 0} is a Poisson process with rate A.

Proof: The process clearly satisfies conditions 1 and 2 of Definition 8.4. To prove
condition 3, we have

_ Pr(N(H =1) e MAt

m = =

li lim =A.
t—0 t t—0 t

Condition 4 follows from

—ht (9 K
lim Pr(N(r) > 2) _ Z e M(Ar) _o.

0 !
t— t =2 k't [ |

8.4.1. Interarrival Distribution

Let X; be the time of the first event of the Poisson process, and let X, be the interval of
time between the (n — 1)th and the nth event. The X, are generally referred to as inter-
arrival times, since they represent the time between arrivals of events. Here, we show
that all of the X,, have the same distribution and that this distribution is exponential.
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We begin by deriving the distribution of Xj.
Theorem 8.9: X has an exponential distribution with parameter A.
Proof:
Pr(X, > 1) = Pr(N(r) = 0) = e ™.
Thus,
FX)=1=Pr(X;>t)=1—e". [}

Using the fact that the Poisson process has independent and stationary increments, we
can prove the following stronger result.

Theorem 8.10: The random variables X;, i = 1,2, ..., are independent, identically
distributed, exponential random variables with parameter A.

Proof: The distribution of X; is given by

PriX; > | Xo=t0) NX1 =t)N---N(Ximy =1-1))

() ()

— e—)\[,'.
Thus, the distribution of X; is exponential with parameter A, and it is independent of
other interarrival values. |

Theorem 8.10 states that, if we have a Poisson arrival process, then the interarrival times
are identically distributed exponential random variables. In fact, it is easy to check that
the reverse is also true (this is left as Exercise 8.17).

Theorem 8.11: Let {N(¢) | t > 0} be a stochastic process such that:

1. N(O)=0; and
2. the interarrival times are independent, identically distributed, exponential random
variables with parameter A.

Then {N(t) | t > 0} is a Poisson process with rate A.

8.4.2. Combining and Splitting Poisson Processes

The correspondence between Poisson processes and exponentially distributed inter-
arrival times is quite useful in proving facts about the behavior of Poisson processes.
One immediate fact is that Poisson processes combine in a natural way. We say that
two Poisson processes N;(#) and N,(¢) are independent if and only if the values N;(x)
and N,(y) are independent for any x and y. Let N;(¢) 4+ N,(¢) denote the process that
counts the number of events corresponding to both of the processes N;(#) and N, ().
We show that, if N, (¢) and N,(¢) are independent Poisson processes, then they combine
to form a Poisson process Ny (¢) 4+ N (7).
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Theorem 8.12: Let N1 (t) and N,(t) be independent Poisson processes with parame-
ters L1 and )y, respectively. Then Ni(t) + N,(t) is a Poisson process with parameter
A1 + Ay, and each event of the process N (t) + N,(t) arises from the process N, (t) with
probability A1 /(A + A3).

Proof: Clearly N1(0) + N>(0) = 0, and since the two processes are independent and
each has independent increments, the sum of the two processes also has independent
increments. The number of arrivals N, (¢) + N>(¢) is a sum of two independent Poisson
random variables, which (as we saw in Lemma 5.2) has a Poisson distribution with
parameter A + A;. Thus, by Theorem 8.8, N;(¢) + N,(#) is a Poisson process with rate
AL+ Ao

By Theorem 8.9, the interarrival time for N;(¢) + N,(¢) is exponentially distributed
with parameter A; + A,, and by Lemma 8.5 an event in N;(t) + N,(¢) comes from the
process N (¢) with probability A /(A1 + A2). |

The theorem extends to more than two processes by induction.

It is interesting to note that Poisson processes can be split as well as combined. If
we split a Poisson process with rate A by labeling each event as being either type 1
with probability p or type 2 with probability (1 — p), then it seems that we should get
two Poisson processes with rates Ap and A(1 — p). In fact, we can say something even
stronger: the two processes will be independent.

Theorem 8.13: Suppose that we have a Poisson process N(t) with rate ). Each event
is independently labeled as being type 1 with probability p or type 2 with probabil-
ity 1 — p. Then the type-1 events form a Poisson process Ni(t) of rate \p, the type-2
events form a Poisson process N,(t) of rate (1 — p), and the two Poisson processes
are independent.

Proof: We first show that the type-1 events in fact form a Poisson process. Clearly
N (¢) = 0, and since the process N(¢) has independent increments, so does the process
Ni(¢). Next we show that N (¢) has a Poisson distribution:

Pr(Ni(t) = k) = Y Pr(Ni(t) = k | N(t) = j) Pr(N(®) = j)

j=k
> (i e M (Ar)

-3 () a0
= I

_ e Op)E g e MIP (1 = p)y

k! pr (j — k)!
B C_)”Pt()\,pl)k
B k!

Thus, by Theorem 8.8, N (¢) is a Poisson process with rate A p.
To show independence, we need to show that N;(¢) and N,(u) are independent for
any ¢ and u. In fact, it suffices to show that N;(¢) and N,(¢) are independent for any ¢;
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we can then show that N, (¢) and N, (u) are independent for any 7 and u by taking advan-
tage of the fact that Poisson processes have independent and stationary increments (see
Exercise 8.18). We have:

Pr((Ni(1) = m) N (N2(1) = n)) = Pr((N (1) = m + n) N (N2(t) = n))
e—)\t()\t)m+n m-n " .

P ( N )p (1-p)
—At m-+n

e M (ap)" e M1 (ut(1 = p))”

m! n!
= Pr(Ni(t) = m) Pr(N>(t) = n). |

8.4.3. Conditional Arrival Time Distribution

We have used the fact that a Poisson process has independent increments to show
that the distribution of the interarrival times is exponential. Another application of this
assumption is the following: If we condition on exactly one event occurring in an inter-
val, then the actual time at which that event occurs is uniformly distributed over that
interval. To see this, consider a Poisson process where N(#) = 1, and consider the time
X, of the single event that falls in the interval (0, ¢]:

Pr((X; <s)N(N(@) = 1))
Pr(NG) = 1)
_ Pr((N(s)=1)N(N(@) — N(s) = 0))
Pr(N() = 1)
(Ase M) =9
Are—M

Pr(X; <s|N@t)=1) =

N
t'

Here we have used the independence of N(s) and N(¢) — N(s).

To generalize this to the case of N(¢#) = n, we use the concept of order statistics. Let
X1, ..., X, be nindependent observations of a random variable. The order statistics of
X1, ..., X, consists of the n observations in (increasing) sorted order. For example, if
X1, X5, X3, X4 are independent random variables generated by taking a number chosen
uniformly on [0, 1] and rounding to two decimal places, we might have X; = 0.47,
X, =0.33, X3 = 0.93, and X4 = 0.26. The corresponding order statistics, where ¥(;
is used to refer to the ith smallest, would be Y1) = 0.26, Yoy = 0.33, Y3y = 0.47, and
Yy = 0.93.

Theorem 8.14: Given that N(t) = n, the n arrival times have the same distribution as
the order statistics of n independent random variables with uniform distribution over

[0, 1].
224



8.4 THE POISSON PROCESS

Proof: We first compute the distribution of the order statistics of n independent obser-
vations Xj, Xy, ..., X, drawn from a uniform distribution in [0, t]. Let Yy, ..., Y
denote the order statistics.

We want an expression for

Pr(Y1y < s1, Yo) <52, ..., Yy < 50).

Let £ be the event that

Yoy <s1, Yoy <s2,..., Yiu) < 55.
For any permutation iy, iy, .. ., i, of the numbers from 1 to n, let &, ;, . ; be the event
that
X, <s1, X, =X, <s82,..., Xj | =X, < s
The events &, ,.....;, are disjoint, except for the cases where X;; = X;,, for some j. Since

two uniform random variables are equal with probability O, the total probability of
such events is 0 and can be ignored. By symmetry, all events &, ;,. . ; have the same
probability. Also,

€=J&nivs

where the union is over all permutations. It follows that

Pr(Yi) < s1,Y0) <s2,..., Y < 50)
=Y Pr(X, <s1. X, <X, <s..... X, <X, <s0)
=n!Pr(X; <5, X1 <X <s2,..., X1 <X, < 50),

where the sum in the second line is over all n! permutations. If we now think of u; as
representing the value taken on by X;, then

PriXp <s1,Xi <X <82, ..., Xum1 <X < 50)

S1 52 Sn 1 n
(2 e,
u;=0 Jur=u, Up=Uy,_| t

where we use the fact that the density function of a uniform random variable on [0, ¢]
is f(¢#) = 1/t. This gives

n! S 52 Sn
PY(Y(1)§S1,Y(2)SS2,.--,Y(n)SSn)=—n/ / / duy, - - - duy.
t u;=0 Jup=u, Up=Up,_|

We now consider the distribution of the arrival times for a Poisson process, condi-
tioned on N(¢t) = n. Let Sy, ..., S,y be the first n + 1 arrival times. Also, let 7} = §;
and 7; = S; — S;_; be the length of the interarrival intervals. By Theorem 8.10, we
know that (a) without the condition N(¢) = n, the distributions of the random variables
Ti, ..., T, are independent, and (b) for each i, 7; has an exponential distribution with

parameter A. Recalling that the density function of the exponential distribution is Ae ™,
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we have

Pr(Sl S 51752 S S27 "'7Sn S SmN(t) =n)

=Pr T1Ssl,Tstz—Tl,...,TnSsn—ZTi,I;m>r—ZTi

$2=1 ’ l tL 1 n+1
/ / / / A C_MZ":‘ W dtn+1 .- dt.
151 =0 = 1, = Inp1=t— Zx 1t

Integrating with respect to 7, then yields

o0
n+1 n+1
/ )LnJrle*)»(Z[:l 1) dtys) = )\ [e*)‘ pan ti]toilzt—zf’ .
gt =t—Y0 1 ! =t
— Ane—lt
Thus,
Pr(S| <s51,8 < s,... Sn,N(t)—")

N So—1 Sp—
N )\'n - / / / o dtl
Hh= h= t,=
:me—m/ / / dity - -~ duy,
u1=0 Jup=u, Uy =1ty

where the last equation is obtained by substituting u; = Zl,=1 t;.
Since

Pr(N(t) = n) = e—“M
n!

and because the number of events in an interval of length ¢ has a Poisson distribution
with parameter Af, the conditional probability computation gives

PI(S]SS[,SZSSZ,... n_sn|N(t)—n)
_PrS =51, <8,...,8 =5, NO)=n)
- Pr(N(t):n)

n! S1 §2 Sn
R
t u;=0 Jur=u, Up=Up—

This is exactly the distribution function of the order statistics, proving the theorem. B

8.5. Continuous Time Markov Processes

In Chapter 7 we studied discrete time and discrete space Markov chains. With the intro-
duction of continuous random variables, we can now study the continuous time ana-
logue of Markov chains, where the process spends a random interval of time in a state
before moving to the next one. To distinguish between the discrete and continuous
processes, when dealing with continuous time we speak of Markov processes.
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Definition 8.5: A continuous time random process {X, | t > 0} is Markovian (or is
called a Markov process) if, for all s,t > 0:

PriX(s+t)=x|Xu), 0<u<t)=Pr(X(s+1t)=x| X)),
and this probability is independent of the time t.”

The definition says that distribution of the state of the system at time X (s + t), condi-
tioned on the history up to time ¢, depends only on the state X (¢) and is independent of
the particular history that led the process to state X (¢).

Restricting our discussion to discrete space, continuous time Markov processes,
there is another equivalent way of formulating such processes that is more convenient
for analysis. Recall that a discrete time Markov chain is determined by a transition
matrix P = (P, ;), where P, ; is the probability of a transition from state i to state j in
one step. A continuous time Markov process can be expressed as a combination of two
random processes as follows.

1. A transition matrix P = (p; ;), where p; ; is the probability that the next state is
J given that the current state is i. (We use lowercase letters here for the transition
probabilities in order to distinguish them from the transition probabilities for cor-
responding discrete time processes.) The matrix P is the transition matrix for what
is called the embedded or skeleton Markov chain of the corresponding Markov pro-
cess.

2. A vector of parameters (61, 85, . .. ) such that the distribution of time that the process
spends in state i before moving to the next step is exponential with parameter ;. The
distribution of time spent at a given state must be exponential in order to satisfy the
memoryless requirement of the Markov process.

A formal treatment of continuous time Markov processes is more involved than their
discrete counterparts, and a full discussion is beyond the scope of this book. We limit
our discussion to the question of computing the stationary distribution (also called
equilibrium distribution) for discrete space, continuous time processes, assuming that
a stationary distribution exists. As for the discrete time case, the value 7; in a stationary
distribution 7 gives the limiting probability that the Markov process will be in state i
infinitely far out in the future, regardless of the initial state. That is, if we let P;;(¢)
be the probability of being in state i at time ¢ when starting from state j at time 0,
then

lim Pj,i(l‘) = T;.
t—00
Similarly, 7r; gives the long-term proportion of the time the process is in state i. Further-

more, if the initial state j is chosen from the stationary distribution, then the probability
of being in state i at time ¢ is 7; for all ¢.

2 Technically, as with the discrete time Markov chains, this is a time-homogeneous Markov process; this will be
the only type we study in this book.
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To determine the stationary distribution, consider the derivative PJ’.’ (1)

Pj,i(l + h) — Pj,i(l)

P, (1) = lim
/”( ) h—0

h
— lim Y« Pik(®Pi(h) — Pj (1)
h—0 h
. Pyi(h) 1 — P i(h)
=lim | > = = Pa) = —— = P;i(0)

ki

Since the distribution of time spent at state k is exponential with parameter 6, we
can use the properties of the Poisson process to observe that, as & tends to zero, the
limiting probability of a transition out of state k in an interval of length £ is h6, and
the limiting probability of more than one transition is 0. Thus,

. Pei(h)
lim
h—0

= Opr.i-

Similarly, 1 — P; ;(h) is the probability that a transition occurs over the interval of time
h, and the transition is not from state i back to itself. Thus,
1 — P i(h)

%lir(l) — = 0;(1 — pi.i).

We now assume that we can interchange the limit and the summation; we emphasize
that this interchange is not always justified for countably infinite spaces. Subject to this
assumption,

. Py.i(h) 1 =P i(h)
lim > TPk = ——=—Pi(0
i
= Z OkpriPj (1) — Pji(0)(6; — 6;pii)
kit

= Z Okpr,iPj k(1) — OiP; i (2).
X

Taking the limit as t — oo, we have

lim P} (1) = tlgglo Zekpk,ipj,k(t) — 0P (1) = Z Ok pr.iTtk — O;7;.
;

t—00
k

If the process has a stationary distribution, it must be that
lim P, (1) = 0.
t—oo It

Otherwise, P;;() would not converge to a stationary value. Hence, in the stationary
distribution 77 we have the following rate equations:

mi = TibPri- (8.4)
k

This set of equations has a nice interpretation. The expression on the left, 7;6;, is the
rate at which transitions occur out of state i. The expression on the right, ) ", 76 px.;,
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is the rate at which transitions occur into state i. (A transition that goes from state i
back to state i is counted both as a transition into and as a transition out of state i.)
At the stationary distribution, these rates must be equal, so that the long-term rates
of transitions into and out of the state are equal. This equalization of rates into and
out of every state provides a simple, intuitive way to find stationary distributions for
continuous Markovian processes. This observation can be generalized to sets of states,
showing that a result similar to the cut-set equations of Theorem 7.9 for discrete time
Markov chains can be formulated for continuous time Markov processes.

If the exponential distributions governing the time spent in all of the states have the
same parameter, so that all the 6; are equal, then Eqn. (8.4) becomes

T, = E Tk Pk,i-
k

This corresponds to
7 =nrP,

where P is the transition matrix of the embedded Markov chain. We can conclude that
the stationary distribution of the continuous time process is the same as the stationary
distribution of the embedded Markov chain in this case.

8.6. Example: Markovian Queues

Queues appear in many basic applications in computer science. In operating systems,
schedulers can hold tasks in a queue until the processor or other required resources
are available. In parallel or distributed programming, threads can queue for a critical
section that allows access to only one thread at a time. In networks, packets are queued
while waiting to be forwarded by a router. Even before computer systems were preva-
lent, queues were widely studied to understand the performance of telephone networks,
where similar scheduling issues arise. In this section we analyze some of the most basic
queueing models, which use Poisson processes to model the stochastic process of cus-
tomers arriving at a queue and exponentially distributed random variables to model the
time required for service.

In what follows, we refer to queue models using the standard notation Y/Z/n, where
Y represents the distribution of the incoming stream of customers, Z represents the ser-
vice time distribution, and n represents the number of servers. The standard notation
for a Markovian or memoryless distribution is M. Thus, M/M/n stands for a queue
model with customers arriving according to a Poisson process and served by n servers
having identical and independent exponentially distributed service times. Other queue-
ing models include the M/M /oo model, where there are an infinite number of servers,
and the M/G/1 model, where the G indicates that the service time can be any arbitrary
general distribution.

A queue must also have a rule for determining the order in which customers are
served. Unless otherwise specified, we assume that a queue follows the First In First
Out (FIFO) rule, where customers are served in order of their arrival.
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8.6.1. M/M /1 Queue in Equilibrium

Assume that customers arrive to a queue according to a Poisson process with parameter
A, and assume they are served by one server. The service times for the customers are
independent and exponentially distributed with parameter .

Let M(t) be the number of customers in the queue at time ¢. Since both the arrival
process and the service time have memoryless distributions, the process {M(t) | t > 0}
defines a continuous time Markov process. We consider the stationary distribution for
this process.

Let

Pu(t) = Pr(M(t) = k)

denote the probability that the queue has k customers at time ¢. We use the fact that, in
the limit as & approaches 0, the probability of an arrival (respectively, a departure) over
a time interval is Ah (respectively, wh). Thus,

db(t) _ . ot +h) — R(®)

ar oo n
. Po(t)(1 — Ah) + Pi(t)h — Po(t)
= lim
h—0 h
= —APy(t) + uPi (1), (8.5)
and fork > 1,
dP.(t) . Pt+h)— P(1)
= lim
dt h—0 h
— lim P()(1 — Ah — puh) + Pe_1(OAh + Py (D ph — Pi(t)
T =0 h
= —(A + wP(t) + AP () + uPiy1 (2). (8.6)
In equilibrium,
dP.(t
KD Ofork=0.1.2,...
dt

If the system converges to a stationary distribution® 7, then applying Eqn. (8.5)
yields

Ut = ATT.

This equation has a simple interpretation in terms of rates. In equilibrium, the rate into
the state where there are no customers in the queue is pr;; the rate out is Amy. These
two rates must be equal. If we write this as 7, = my(A/ur), then Eqn. (8.6) and a simple

induction give
A A\
Ty =M1\ — )| =T\ — .
2 2

3 Again, the proof that the system indeed converges relies on renewal theory and is beyond the scope of this book.
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Since ) ., = 1, we must have

A k
m)Z(ﬁ) =1. (8.7)

k>0

Assuming that A < p, it follows that

If A > u, then the summation in Eqn. (8.7) does not converge and, in fact, the system
does not reach a stationary distribution. This is intuitively clear; if the rate of arrival of
new customers is larger than the rate of service completions, then the system cannot
reach a stationary distribution. If A = u, the system also cannot reach an equilibrium
distribution, as discussed in Exercise 8.23.

To compute the expected number of customers in the system in equilibrium, which
we denote by L, we write

I
T ET|>
gt

»

p—

|
T >
N—"
N
T |>
N—
T

where in the third equation we used the fact that the sum is the expectation of a geo-
metric random variable with parameter 1 — A /.

It is interesting that we have nowhere used the fact that the service rule was to serve
the customer that had been waiting the longest. Indeed, since all service times are expo-
nentially distributed and since the exponential distribution is memoryless, all customers
appear equivalent to the queue in terms of the distribution of the service time required
until they leave, regardless of how long they have already been served. Thus, our equa-
tions for the equilibrium distribution and the expected number of customers in the sys-
tem hold for any service rule that serves some customer whenever at least one customer
is in the queue.

Next we compute the expected time a customer spends in the system when the sys-
tem is in equilibrium, denoted by W, assuming a FIFO queue. Let L(k) denote the event
that a new customer finds k customers in the queue. We can write

W = ZE[W | L(k)] Pr(L(k)).
k=0
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Since the service times are independent, memoryless, and have expectation 1/u, it
follows that

1
E[W | L(k)] = (k+ 1);.

To compute Pr(L(k)), we observe that if the system is in equilibrium then the rate
of transitions out of state k is 76, where 8y = A and 6, = A + u for k > 1. Applying
Lemma 8.5, the probability that the next transition from state k is caused by the arrival
of a new customer is A/0;. Therefore, the rate at which customers arrive and find k
customers already in the queue is

Or— = A
TT, TTpA.
kk@k k

Since the total rate of new arrivals to the system is A, we conclude that the probability
that a new arrival finds k customers in the system is

Pr(L(k)) = nTM = Ty

This is an example of the PASTA principle, which states that Poisson Arrivals See
Time Averages. That is, if a Markov process with Poisson arrivals has a stationary
distribution and if the fraction of time the system is in state k is m, then m; is also
the proportion of arrivals that find the system in state k when they arrive. The PASTA
principle, which is due to the independence and memoryless properties of the Poisson
process, is a useful tool that often simplifies analysis. A proof of the PASTA principle
for more general situations is beyond the scope of this book.

We can now compute

W = "E[W | L(k)] Pr(L(k))
k=0

=Zk:1ﬂk

k=0

1 o0
S (1 + ank>
K k=0

The relationship L = AW is known as Little’s result, and it holds not only for M/M/1
queues but for any stable queueing system. The proof of this fundamental result is
beyond the scope of this book.
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Although the M/M/1 queue represents a very simple process, it can be useful for
studying more complicated processes. For example, suppose that we have several types
of customers entering a queue, with each type arriving according to a Poisson process,
and that all customers have exponentially distributed service times of mean w. Since
Poisson processes combine, the arrival process to the queue is Poisson, and this can be
modeled as an M/M/1 queue. Similarly, suppose that we have a single Poisson arrival
process, and we establish a separate queue for each type of customer. If each arriving
customer is of type i with some fixed probability p;, then the Poisson process splits
into independent Poisson processes for each type of customer, and hence the queue for
each type is an M/M/1 queue. This type of splitting might occur, for example, if we
use separate processors for different types of jobs in a computer network.

8.6.2. M/M/1/K Queue in Equilibrium

AnM/M/1/K queue is an M/M/1 queue with bounded queue size. If a customer arrives
while the queue already has K customers, then this customer leaves the system instead
of joining the queue. Models with bounded queue size are useful for applications such
as network routers, where packets that arrive once the packet buffer is full must be
dropped.

The system is entirely similar to the previous example. In equilibrium we have

mo(A /)t fork <K,
0 fork > K,
and
. 1
PRI

These equations define a proper probability distribution for any A, u > 0, and we no
longer require that A < .

o

8.6.3. The Number of Customers in an M /M [co Queue

Suppose new users join a peer-to-peer network according to a Poisson process with rate
A. The length of time a user stays connected to the network has exponential distribution
with parameter . Assume that, at time 0, no users were connected to the network. Let
M(t) be the number of connected users at time 7. What is the distribution of M (¢)?

We can view this process as a Markovian queue with an unlimited number of servers.
A customer starts being served the moment she joins the system and leaves when she
is done. We demonstrate two ways of analyzing this process. We first use the rate equa-
tions (8.4) to compute the stationary distribution for the process. The second approach
is more complex, but it yields more information: we explicitly compute the distribution
of the number of customers in the system at time ¢ and then consider the limit as 7 goes
to infinity.

To write the rate equations of the process, we observe that if (at a given time) there
are k > O customers in the system, then the next event can be either termination of
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service of one of the k current customers or the arrival of a new customer. Thus, the
time to the first event is the minimum of k& + 1 independent exponentially distributed
random variables; k of these variables have parameter , and one has parameter A.
Applying Lemma 8.5 shows that, when there are k customers in the system, the time
to the first event has an exponential distribution with parameter ki + A. Furthermore,
the lemma implies that, given that an event occurs, the probability that the event is an
arrival of a new customer is

A
Pkk+1 = m,
and when k > 1 the probability that the event is the departure of a customer is
ku
Pki—1 = P

Plugging these values into (8.4), we have that the stationary distribution 7 satisfies
oA = T U
and, fork > 1,
(A + kp) = w1 & + miq (k+ D (8.8)
We rewrite (8.8) as

(A + k) — w1 A
T + ke — g A

Trr1(k+ p

A simple induction yields that

Tk = 1A,
and therefore
A
= .
k+1 Wkt 1) k

and therefore

1= iﬂo <£>kl = moe/H
k=0 wyok

We conclude that 7o = e™*/* and, more generally,

e MGyt
ST
so that the equilibrium distribution is the discrete Poisson distribution with parameter
A
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We now proceed with our second approach: computing the distribution of the num-
ber of customers in the system at time ¢, denoted by M (¢), and then considering the limit
of M(¢) as t goes to infinity. Let N(¢) be the total number of users that have joined the
network in the interval [0, #]. Since N(t) has a Poisson distribution, we can condition
on this value and write

ﬂ. (8.9)

s _ o _ 7)L[
Pr(M(1) = j) = Z;PT(MU)—J | N@ =me™ =

If a user joins the network at time x, then the probability that she is still connected
at time ¢ is e =%, From Section 8.4.3, we know that the arrival time of an arbitrary
user is uniform on [0, ¢]. Thus, the probability that an arbitrary user is still connected
at time 7 is given by

t
p= / e*ll«(t*x) d_x — L(l _ eﬂu)‘
0 t ut
Because the events for different users are independent, for j < n we have
. n j n—j
Pr(M(1) = j | N(1) = n) = (J) pa—pr.

Plugging this value into Eqn. (8.9), we find that

o0

s =15 (3) - pro
o ap) &S a1 = p)y
IRNT 2:; (n— )
Lo DY N (At (1 — p))”
SRy P e
— e—At (}\t.p)j ext(l_p)
J!
Ap (Atp)y
Jj!

Thus, the number of users at time ¢ has a Poisson distribution with parameter Azp.
Since

. 1 A
lim Atp = lim Aar—(1 —e™ ) = —,
t—00 M[ w

=00

it follows that, in the limit, the number of customers has a Poisson distribution with
parameter A /u, matching our previous calculation.
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8.7. Exercises

Exercise 8.1: Let X and Y be independent, uniform random variables on [0, 1]. Find
the density function and distribution function for X 4 Y.

Exercise 8.2: Let X and Y be independent, exponentially distributed random variables
with parameter 1. Find the density function and distribution function for X + Y.

Exercise 8.3: Let X be a uniform random variable on [0, 1]. Determine Pr(X < 1/2 |
1/4<X <3/4)andPr(X <1/4| (X <1/3)U (X = 2/3)).

Exercise 8.4: We agree to try to meet between 12 and 1 for lunch at our favorite
sandwich shop. Because of our busy schedules, neither of us is sure when we’ll arrive;
we assume that, for each of us, our arrival time is uniformly distributed over the hour.
So that neither of us has to wait too long, we agree that we will each wait exactly 15
minutes for the other to arrive, and then leave. What is the probability we actually meet
each other for lunch?

Exercise 8.5: In Lemma 8.3, we found the expectation of the smallest of n independent
uniform random variables over [0, 1] by directly computing the probability that it was
larger than y for 0 <y < 1. Perform a similar calculation to find the probability that
the kth smallest of the n random variables is larger than y, and use this to show that its
expected value is k/(n + 1).

Exercise 8.6: Let X|, X, ..., X, be independent exponential random variables with
parameter 1. Find the expected value of the kth largest of the n random variables.

Exercise 8.7: Consider a complete graph on n vertices. Each edge is assigned a
weight chosen independently and uniformly at random from the real interval [0, 1].
Show that the expected weight of the minimum spanning tree of this graph is at least
1-1/ (1 + (’3)) Find a similar bound when each edge is independently assigned a
weight from an exponential distribution with parameter 1.

Exercise 8.8: Consider a complete graph on n vertices. Each edge is assigned a weight
chosen independently and uniformly at random from the real interval [0, 1]. We propose
the following greedy method for finding a small-weight Hamiltonian cycle in the graph.
At each step, there is a head vertex. Initially the head is vertex 1. At each step, we find
the edge of least weight between the current head vertex and a new vertex that has
never been the head. We add this edge to the cycle and set the head vertex to the new
vertex. After n — 1 steps, we have a Hamiltonian path, which we complete to make
a Hamiltonian cycle by adding the edge from the last head vertex back to vertex 1.
What is the expected weight of the Hamiltonian cycle found by this greedy approach?
Also, find the expectation when each edge is independently assigned a weight from an
exponential distribution with parameter 1.

Exercise 8.9: You would like to write a simulation that uses exponentially dis-
tributed random variables. Your system has a random number generator that produces
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independent, uniformly distributed numbers from the real interval (0, 1). Give a proce-
dure that transforms a uniform random number as given to an exponentially distributed
random variable with parameter A.

Exercise 8.10: Let n points be placed uniformly at random on the boundary of a circle
of circumference 1. These n points divide the circle into n arcs. Let Z; for 1 < Z; <n
be the length of these arcs in some arbitrary order.

(a) Prove that all Z; are at most cInn/(n — 1) with probability at least 1 — 1/n°~".

(b) Prove that, for sufficiently large n, there exists a constant ¢’ such that at least one
Z; is at least ¢’ Inn with probability at least 1/2. (Hint: Use the second moment
method.)

(¢) Prove that all Z; are at least 1/2n” with probability at least 1/2.

(d) Prove that, for sufficiently large n, there exists a constant ¢’ such that at least one
Z; is at most ¢//n”> with probability at least 1/2. (Hint: Use the second moment
method.)

(e) Explain how these results relate to the following problem: X, X5, ..., X, are
values chosen independently and uniformly at random from the real interval [0, 1].
We let Y1, Ys, ..., Y,_ represent these values in increasing sorted order, and we
alsodefine Yy = O and ¥;,, = 1. The points Y; break the unit interval into n segments.
What can we say about the shortest and longest of these segments?

Exercise 8.11: Bucket sort is a simple sorting algorithm discussed in Section 5.2.2.

(a) Explain how to implement Bucket sort so that its expected running time is O(n)
when the n elements to be sorted are independent, uniform random numbers that
are chosen from [0, 1].

(b) We now consider how to implement Bucket sort when the elements to be sorted
are not necessarily uniform over an interval. Specifically, suppose the elements to
be sorted are numbers of the form X + Y, where (for each element) X and Y are
independent, uniform random numbers chosen from [0, 1]. How can you modify
the buckets so that Bucket sort still has expected running time O(n)? What if the
elements to be sorted were numbers of the form max(X, Y) instead of X + Y?

Exercise 8.12: Let n points be placed uniformly at random on the boundary of a circle
of circumference 1. These n points divide the circle into n arcs. Let Z; for 1 < Z; <n
be the length of these arcs in some arbitrary order, and let X be the number of Z; that
are at least 1/n. Find E[X] and Var[X].

Exercise 8.13: A digital camera needs two batteries. You buy a pack of n batteries,
labeled 1 to n. Initially, you install batteries 1 and 2. Whenever a battery is drained,
you immediately replace the drained battery with the lowest numbered unused battery.
Assume that each battery lasts for an amount of time that is exponentially distributed
with mean p before being drained, independent of all other batteries. Eventually, all
the batteries but one will be drained.
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(a) Find the probability that the battery numbered i is the one that is not eventually
drained.
(b) Find the expected time your camera will be able to run with this pack of batteries.

Exercise 8.14: Let X, X, ... be exponential random variables with parameter 1.

(a) Argue that X; 4 X, is not an exponential random variable.
(b) Let N be a geometric random variable with parameter p. Prove that vaz 1 Xi is
exponentially distributed with parameter p.

Exercise 8.15: (a) Let X, X5, ... be a sequence of independent exponential random
variables, each with mean 1. Given a positive real number £, let N be defined by

N = min {n : ZXi > k}.
i=1

That is, N is the smallest number for which the sum of the first N of the X; is larger than
k. Determine E[N].

(b) Let X1, X5, ... be a sequence of independent uniform random variables on the
interval (0, 1). Given a positive real number k£ with 0 < k < 1, let N be defined by

N = min {n : HX,- < k}.
i=1
That is, N is the smallest number for which the product of the first N of the X; is smaller
than k. Determine E[N]. (Hint: You may find Exercise 8.9 helpful.)

Exercise 8.16: There are n tasks that are given to n processors. Each task has two
phases, and the time for each phase is given by an exponentially distributed random
variable with parameter 1. The times for all phases and for all tasks are independent.
We say that a task is half-done if it has finished one of its two phases.

(a) Derive an expression for the probability that there are k tasks that are half-done at
the instant when exactly one task becomes completely done.

(b) Derive an expression for the expected time until exactly one task becomes com-
pletely done.

(c) Explain how this problem is related to the birthday paradox.

Exercise 8.17: Prove Theorem 8.11.

Exercise 8.18: Complete the proof of Theorem 8.13 by showing formally that, if Ny (7)
and N, (¢) are independent, then so are N (¢) and N,(u) for any ¢, u > 0.

Exercise 8.19: You are waiting at a bus stop to catch a bus across town. There are
actually n different bus lines you can take, each following a different route. Which bus
you decide to take will depend on which bus gets to the bus stop first. As long as you are
waiting, the time you have to wait for a bus on the ith line is exponentially distributed
with mean p; minutes. Once you get on a bus on the ith line, it will take you #; minutes
to get across town.
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Figure 8.6: The Ehrenfest model.

Design an algorithm for deciding — when a bus arrives — whether or not you should
get on the bus, assuming your goal is to minimize the expected time to cross town.
(Hint: You want to determine the set of buses that you want to take as soon as they
arrive. There are 2" possible sets, which is far too large for an efficient algorithm. Argue
that you need only consider a small number of these sets.)

Exercise 8.20: Given a discrete space, continuous time Markov process X (¢), we can
derive a discrete time Markov chain Z(¢) by considering the states the process visits.
That is, let Z(0) = X (0), let Z(1) be the state that process X (¢) first moves to after
time ¢ = 0, let Z(2) be the next state process X (¢) moves to, and so on. (If the Markov
process X (¢) makes a transition from state i to state i, which can occur when p;; # 0
in the associated transition matrix, then the Markov chain Z(¢) should also make a
transition from state i to state i.)

(a) Suppose that, in the process X(f), the time spent in state i is exponentially dis-
tributed with parameter §; = 6 (which is the same for all ;). Further suppose that
the process X (¢) has a stationary distribution. Show that the Markov chain Z(t) has
the same stationary distribution.

(b) Give an example showing that, if the 6; are not all equal, then the stationary distri-
butions for X (¢) and Z(¢) may differ.

Exercise 8.21: The Ehrenfest model is a basic model used in physics. There are n
particles moving randomly in a container. We consider the number of particles in the
left and right halves of the container. A particle in one half of the container moves to
the other half after an amount of time that is exponentially distributed with parameter 1,
independently of all other particles. See Figure 8.6.

(a) Find the stationary distribution of this process.
(b) What state has the highest probability in the stationary distribution? Can you sug-
gest an explanation for this?

Exercise 8.22: The following type of geometric random graph arises in the analy-
sis of dynamic wireless and sensor networks. We have n points uniformly distributed
in a square S of area n. Each point is connected to its k closest points in the square.
Denote this random graph by G, ;. We show that there is a constant ¢ > 0 such that if
k = clog n then with probability at least 1 — 1/n the graph G, x is connected. Consider
tessellating (tiling with smaller squares) the square S with n/(blogn) squares of area
blogn each, for some constant b; we assume that blog n divides n for convenience.
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(a) Choose constants b and c; such that with sufficiently high probability, every square
has at least 1 point, and at most c¢; log n points.

(b) Conclude that with ¢ > 25¢), the graph is connected with probability at least 1 —
1/n.

Exercise 8.23: We can obtain a discrete time Markov chain from the M/M/1 queueing
process in the manner described in Exercise 8.20. The discrete time chain tracks the
number of customers in the queue. It is useful to allow departure events to occur with
rate A at the queue even when it is empty; this does not affect the queue behavior, but
it gives transitions from state 0 to state 0 in the corresponding Markov chain.

(a) Describe the possible transitions of this discrete-time chain and give their proba-
bilities.

(b) Show that the stationary distribution of this chain when A < p is the same as for
the M/M/1 process.

(c) Show that, in the case A = u, there is no valid stationary distribution for the Mar-
kov chain.

Exercise 8.24: In a randem queue, customers arrive to an M/M/1 queue according to a
Poisson process of rate A with service times independent and exponentially distributed
with parameter 1. After completing service at this first queue, the customers proceed
immediately to a second queue, also being served by a single server, where service
times are independent and exponentially distributed with parameter w,. Find the sta-
tionary distribution of this system. (Hint: Try to generalize the form of the stationary
distribution for a single queue.)

Exercise 8.25: Write a program to simulate the model of balls and bins with feedback.

(a) Start your simulation with 51 balls in bin 1 and 49 balls in bin 2, using p = 2. Run
your program 100 times, having it stop each time one bin has 60% of the balls. On
average, how many balls are in the bins when the program stops? How often does
bin 1 have the majority?

(b) Perform the same experiment as in part (a) but start with 52 balls in bin 1 and 48
balls in bin 2. How much does this change your answers?

(c) Perform the same experiment as in part (a) but start with 102 balls in bin 1 and 98
balls in bin 2. How much does this change your answers?

(d) Perform the same experiment as in part (a), but now use p = 1.5. How much does
this change your answers?

Exercise 8.26: We consider here one approach for studying a FIFO queue with a
constant service time of duration 1 and Poisson arrivals with parameter A < 1. We
replace the constant service time by k exponentially distributed service stages, each
of mean duration 1/k. A customer must pass through all k stages before leaving the
queue, and once one customer begins going through the k stages, no other customer
can receive service until that customer finishes.
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(a) Derive Chernoff bounds for the probability that the total time taken in k exponen-
tially distributed stages, each of mean 1/k, deviates significantly from 1.

(b) Derive a set of equations that define the stationary distribution for this situation.
(Hint: Try letting 7; be the limiting probability of having j stages of service left to
be served the queue. Each waiting customer requires k stages; the one being served
requires between 1 and & stages.) You should not try to solve these equations to give
a closed form for 7;.

(c) Use these equations to numerically determine the average number of customers
in the queue in equilibrium, say for A = 0.8 and for k = 10, 20, 30, 40, and 50.
Discuss whether your results seem to be converging as k increases, and compare
the expected number of customers to an M/M/1 queue with arrival rate A < 1 and
expected service time u = 1.

Exercise 8.27: Write a simulation for a bank of n M/M/1 FIFO queues, each with
Poisson arrivals of rate A < 1 per second and each with service times exponentially
distributed with mean 1 second. Your simulation should run for ¢ seconds and return
the average amount of time spent in the system per customer who completed service.
You should present results for your simulations for n = 100 and for# = 10,000 seconds
with A = 0.5, 0.8, 0.9, and 0.99.

A natural way to write the simulation that we now describe is to keep a priority
queue of events. Such a queue stores the times of all pending events, such as the next
time a customer will arrive or the next time a customer will finish service at a queue.
A priority queue can answer queries of the form, “What is the next event?” Priority
queues are often implemented as heaps, for example.

When a customer bound for queue k arrives, the arrival time for the next customer
to queue k must then be calculated and entered in the priority queue. If queue k is
empty, the time that the arriving customer will complete service should be put in the
priority queue. If queue k is not empty, the customer is put at the tail of the queue. If
a queue is not empty after completing service for a customer, then the time that the
next customer (at the head of the queue) will complete service should be calculated
and put in the priority queue. You will have to track each customer’s arrival time and
completion time.

You may find ways to simplify this general scheme. For example, instead of con-
sidering a separate arrival process for each queue, you can combine them into a single
arrival process based on what we know from Section 8.4.2. Explain whatever simplifi-
cations you use.

You may wish to use Exercise 8.9 to help construct exponentially distributed random
variables for your simulation.

Modify your simulation so that, instead of service times being exponentially dis-
tributed with mean 1 second, they are always exactly 1 second. Again present results
for your simulation for n = 100 and for + = 10,000 seconds with A = 0.5, 0.8, 0.9,
and 0.99. Do customers complete more quickly with exponentially distributed service
times or constant service times?
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CHAPTER NINE
The Normal Distribution

The normal (or Gaussian) distribution plays a central role in probability theory and
statistics. Empirically, many real-world observable quantities, such as height, weight,
grades, and measurement error, are often well approximated by the normal distribution.
Furthermore, the central limit theorem states that under very general conditions the dis-
tribution of the average of a large number of independent random variables converges
to the normal distribution.

In this chapter we introduce the basic properties of univariate and multivariate nor-
mal random variables, prove the central limit theorem, compute maximum likelihood
estimates for the parameters of the normal distribution, and demonstrate the applica-
tion of the Expectation Maximization (EM) algorithm to the analysis of a mixture of
Gaussian distributions.'

9.1. The Normal Distribution

9.1.1. The Standard Normal Distribution

The standard normal distribution, denoted N (0, 1), is the basic building block of all
univariate and multivariate normal distributions. We say a standard normal random
variable Z comes from N (0, 1), or just say that Z is a standard normal random variable,
where the meaning is clear. The standard normal distribution is a continuous distribu-
tion over the real numbers, with density function

¢(Z) — 1 e*ZZ/Z
V2

and distribution function

1 z
D7) = —— / e /dx.
\/27‘[ —00

! Following the conventions of the different communities we use the term normal distribution in the context of
probability theory and the term Gaussian distribution in the context of machine learning.
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Because (see Exercise 9.1)

R | 2
—x°/2 _
—e dx=1,
[oo A/ 2

the density function defines a proper probability distribution.

While the distribution function ®(z) is well-defined for any z, it does not have a
closed form expression. The actual values of the standard normal distribution can be
computed numerically, as seen in Table 9.1. The distribution is related to what is known
as the error function in statistics, which is commonly denoted by

erf(z)—i/Ze 2
RN

and it is straightforward to check that

1 z
P(z) = —+2eﬁ<ﬁ>.

Since the density of a standard normal random variable Z is symmetric with respect
to z = 0, it follows that E[Z] = 0. The variance of Z can be found by using integration
by parts (where the parts used below are u = x and dv = xe ™ 2dx):

Var[Z] = E[Z%] = 2e="/2x

il
= 7= s
1

S xe F12 e 2dx = 1.

N m/

In the last equality, the first term is 0, and we have already observed that the second
term equals 1.

9.1.2. The General Univariate Normal Distribution

The univariate (or single-variable) normal distribution is characterized by two para-
meters u and o, corresponding to the mean and the standard deviation, and is denoted
by N(u, o2). Notice that we use the variance rather than the standard deviation in how
we denote the normal distribution, for reasons that will become clear later. As before,
we may say that X is a normal random variable (with parameters © and o) to denote
that X is a random variable with a normal distribution.

The density function of a normal random variable X from N(j, o?) is

1 2
(x) = g~ ((=m)/e)/2
fx V2rmo
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Table of Distribution Function ®

of the standard normal N(0, 1) distribution
[=] 000[ 001] 002] 003] 004 005 006 0.07] 0.08] 0.09]
0.0/{0.50000.5040|0.5080{0.5120(0.5160|0.5199|0.5239|0.5279{0.5319{0.5359
0.1//0.53980.5438|0.547810.5517(0.5557|0.5596 |0.5636|0.5675|0.5714|0.5753
0.2/(0.57930.5832|0.5871{0.5910(0.59480.5987|0.6026|0.6064 |0.61030.6141
0.31/0.61790.6217|0.6255]0.6293|0.6331|0.6368 |0.6406|0.6443|0.6480(0.6517
0.41/0.65540.6591|0.6628|0.6664 |0.67000.6736 |0.6772|0.6808 | 0.6844 |0.6879
0.5/[0.69150.6950|0.6985(0.7019(0.7054|0.7088 |0.7123|0.7157|0.7190|0.7224
0.6{|0.7257{0.7291|0.732410.7357]0.7389(0.74220.7454|0.7486 |0.7517 |0.7549
0.71(0.75800.7611|0.764210.7673(0.7704|0.7734 |0.7764|0.7794|0.7823 | 0.7852
0.8/(0.78810.7910|0.7939{0.7967|0.7995|0.8023 |0.8051|0.8078 0.8106|0.8133
0.9//0.8159/0.8186|0.8212]0.8238(0.8264|0.8289|0.8315|0.8340|0.8365|0.8389
1.0[0.8413/0.8438|0.8461|0.8485(0.8508|0.8531 |0.8554|0.8577|0.8599(0.8621
1.1{/0.8643|0.8665|0.8686|0.87080.8729(0.8749|0.8770]0.8790(0.8810|0.8830
1.21/0.88490.8869|0.8888|0.8907(0.8925|0.8944 |0.8962|0.8980{0.8997[0.9015
1.31/0.903210.9049|0.9066{0.9082(0.9099/0.9115|0.9131|0.9147{0.9162{0.9177
1.41[0.919210.9207|0.9222{0.9236(0.92510.9265|0.9279|0.9292{0.93060.9319
1.5[0.9332/0.9345|0.9357]0.9370(0.9382|0.9394 |0.9406|0.94180.9429 {0.9441
1.6[0.9452/0.9463|0.947410.9484{0.9495/0.9505 |0.9515]0.9525|0.9535|0.9545
1.7{/0.9554|0.9564{0.9573]0.9582]0.9591{0.95990.9608 |0.9616 [0.9625 |0.9633
1.8{/0.9641{0.9649|0.9656|0.9664 0.9671{0.9678 |0.9686 |0.9693 [0.9699 |0.9706
1.91[0.9713/0.9719|0.9726|0.9732(0.9738|0.9744/0.9750|0.97560.9761 |0.9767
2.0(0.977210.9778|0.9783]0.9788(0.9793|0.9798 |0.9803|0.98080.9812|0.9817
2.1/(0.98210.9826|0.9830{0.9834(0.9838|0.9842|0.9846|0.9850|0.9854|0.9857
2.2|(0.98610.9864|0.98680.9871(0.9875|0.9878 |0.9881|0.9884|0.98870.9890
2.3(/0.9893{0.9896|0.98980.9901[0.9904 {0.9906 |0.99090.9911{0.9913|0.9916
2.41(0.99180.9920|0.992210.9925(0.9927|0.99290.9931|0.9932|0.99340.9936
2.5(/0.9938{0.9940{0.9941]0.9943]0.9945(0.99460.9948 |0.9949 (0.9951 |0.9952
2.6(/0.9953{0.9955{0.9956|0.9957[0.9959(0.99600.9961 |0.99620.9963 |0.9964
2.7110.99650.9966|0.99670.9968 [0.99690.9970|0.9971|0.9972|0.99730.9974
2.8(/0.9974{0.9975|0.99760.9977]0.9977(0.9978 0.99790.9979 |0.9980 | 0.998 1
2.9{/0.9981{0.9982{0.998210.9983]0.9984 [0.9984 |0.9985 |0.9985 |0.9986 |0.9986
3.01[0.99870.9987|0.998710.9988(0.9988|0.9989 |0.9989|0.9989|0.99900.9990
3.1{/0.9990{0.9991{0.9991]0.9991]0.9992(0.999210.99920.9992|0.9993 |0.9993

Table 9.1: Standard normal distribution table. For z < 0 use ®(z) = 1 — ®(—z).

and its distribution function is

1 X
LY, 2no /—oo

These expressions generalize the corresponding expressions for standard normal ran-
dom variables, where © = 0 and o = 1.

Fy(x) = e—((t—u)/U)Z/Zdt_
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9.1 THE NORMAL DISTRIBUTION

Indeed, let X be a normal random variable with parameters 1 and o, and let Z =
(X — n)/o. Then

PrZ<z)=PrX <oz+pu)=

1 o7+ )
/ (=024,
V2mo J-x

Substituting x = (t — i)/o and using dt = odx, we find the density of the standard
normal distribution,

Pr(Z <z)= 24y = d(z).

b / e
V21 )
We see that the normal distribution X is a linear transformation of the standard normal
distribution. That is, if X is a normal random variable with parameters © and o, then
Z = (X — n)/o is a standard normal random variable (with mean O and variance 1),
and similarly, if Z is a standard normal random variable, then X = ¢Z + w is a normal
random variable with parameters ; and . We have shown the following.

Lemma 9.1: A random variable has a normal distribution if and only if it is a linear
transformation of a standard normal random variable.

Since a random variable X from the distribution N(u, o%) has the same distribution
as 0Z + n, we have that E[X] = n and Var[X] = o2, so  and o are indeed the mean
and standard deviation.

Example: Signal Detection

Assume that we have a transmitter that is sending a bit via the encoding S € {—1, +1},
and the communication channel adds noise Y to the signal, where Y is a normal ran-
dom variable with mean 0 and standard deviation o. The receiver decodes by taking
the sign of the received signal, R = sgn(S 4 Y). (Here sgn is the sign function, where
sgn(x) = 1ifx > 0, sgn(x) = —1 if x < 0, and by convention sgn(0) = 0.) We find the
probability that the decoded message is different from the original message, that is the
probability that R # S.

The probability of an error when S = 1 is the probability that Y < —1:

Pr(Yg-]):Pr(Y_“g _1_“>=<p<_l).
o o o

Similarly, the probability of an error when S = —1 is the probability that Y > 1:

Pr(Yzl):l—Pr(Y_MgI_M)zl—d)(l).

o o o

By the symmetry of the normal distribution around its mean, ® (—UL) =1-9 (;),
and the total error probability is 2 (1 - (%))

We can use Table 9.1 to determine the error probabilities (up to four decimal places).
For 0 = 0.5, 1,2, we find ®(2) =0.9772, ®(1) = 0.8413, and ®(0.50) = 0.6915.
The error probabilities are therefore 0.0456, 0.3174, and 0.6170, respectively.
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9.1.3. The Moment Generating Function

We next compute the moment generating function of normal random variable X from
N(it, o). In what follows, let z = (x — i)/o, and note odz = dx.

Mx(t) = E[e"*]

1 fm rx —(x—u)z/(%z)d
= ec’ec X
V2o Jx=—o0

1 * toz+tp —22/2 d
= (2 € "'Toaz
V2o

=—00

o0
/ o102+ l0 /2 g
=—00

= —1 ep,t
V21 Z

_ (etzo—z/erm) 1 /0@
V2 Ji=—c0

ef(zft(T)Z/ZdZ

_ 61202/2+m‘
Here in the last equality we used the fact that

1 o 2
/ e—(Z—to’) /de — 1,
A/ 21 —00
to see this, note that

1 ' —(z—10)*/2
— e dz
A/ 27'[ —00
is the distribution function of a normal random variable with mean ¢ and standard
deviation 1, and hence when x goes to infinity the integral is 1.

We can use the moment generating function to verify our computation of the expec-
tation and variance of the normal distribution from Section 9.1.2.

My (1) = (u + t07)e 7 /20
and
M;é(l,) — (M +t0_2)261202/2+/l.l + 026t202/2+ul'

Thus, E[X]=M'(0) = u, E[X*]=M"(0) = > + 0%, and Var[X]=E[X?] — (E[X])?
=02

Another important property of the normal distribution is that a linear combination
of normal random variables has a normal distribution:

Theorem 9.2: Let X and Y be independent random variables with distributions
N(u1, 012) and N(i7, 022 ), respectively. Then X + Y is distributed according to the nor-
mal distribution N(u, + o, 012 + 022).

Proof: The moment generating function of a sum of independent random variables is
the product of their moment generating functions (Theorem 4.3). Thus,

My y(t) = My(H)My (1) = el lol /2t mit g?oy 2kt _ o (@7 +07)/ 24+ G2t
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9.2* LIMIT OF THE BINOMIAL DISTRIBUTION

The rightmost expression is the moment generating function of a normal distribu-
tion. Theorem 4.2 implies that X + Y has a normal distribution with the corresponding
parameters. |

Using the moment generating function we can also obtain a large deviation bound
for a normal random variable.

Theorem 9.3: Let X have distribution N(u, o'%), then

X —
Pr(‘ i
o

> a) < 2e= /2,

Proof: LetZ = (X — u)/0o, so Z has distribution N (0, 1). Using the general technique
presented in Section 4.2, for any ¢ > 0,

Pr(Z > a) = Pr(e'? > &'%)

- E[etZ]

ela

< etz /2—ta

< efaZ/Z

El

where in the last inequality we set ¢t = a. The case Z < a similarly yields the same
bound, proving the claim. [

9.2.* Limit of the Binomial Distribution

A function similar to the density of the normal distribution appeared first (around 1738)
in the De Moivre—Laplace approximation of the binomial distribution. De Moivre used
it to approximate the number of heads in a sequence of coin tosses, Laplace extended the
result to a sequence of Bernoulli trials. We present this result here since it gives insight
into the density function of the normal distribution and to the central limit theorem
presented in the next section.

Theorem 9.4: For a constant p with O <p <1 and q=1—p, for k=np=+

O(/npq),

e—(k—np)*/Q2npg)

n
lim Fl—py = ——
Jm <k>p (1-p) Aripg

Proof: Applying Stirling’s formula (Lemma 7.3),

n—oo

lim n! = ~/27n (g) (14 o(1)),
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we have
n k n—k n! k n—k
1-— = —p( -
<k>p( p) k!(n_k)!p( p)
2nn eken—kpn

=P = p)y (1 £ o(1))

T k2 — ) ek (n — k)

1 k —k n—k —(n—k)
:—(_) ( ) (1 +0(1)).
o W) g
For k = np + O(/npq),

1 1
lim = .
n—00 \/zmiﬁu V2rnpq

n

Lett = (k —np)//npg = O(1). Thenk = np +t./npq,and n — k = nqg — t./npq.

Thus
() (5 (o2 (-2

Using the Taylor series expansion

2

In(1 4 x) = x — % + 06,

we have
) (5]
In —
np nq

() (-2) "]

_ Vi _rq iy (-2 _ P L
‘_(’”’“V’”"’)(«/—np_znp)_(”q_’ e (‘m_ 2nq> +0<ﬁ)
= (-t +t2—qr2+z +t2—pt2+0i
= (o 5t =)+ (s 5 ) o ()

—k —(k—n)
lim (i) (n — k) —e /2,
n—oo \ np ng

Combining the two limits we obtain

lim (Z)pk(l —p) k= ! /2 _ 1 e (k=np)*/Q2npg)

i =V Vo
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9.3 THE CENTRAL LIMIT THEOREM

Theorem 9.4 estimates a discrete probability; it does not define a density function.
However, as n — oo, it implies the following estimate which is a simple version of the
central limit theorem for a sum of independent Bernoulli random variables:

k np np+b./npq 1
lim Pr{a<—=X <b) = L o k—npP/Qupg)
=00 ( - J/npg ) Z J2mnpq

k=np—a./npq
np+b./npq 1
% /

k=np—a./apg V Znnpq

! /b /24
N — e ,
A/ 2 a

where we have approximated the sum by an integral and again used the substitution

t = (k—np)//npq.

e—(k=np)*/Qnpa) g

9.3. The Central Limit Theorem

The central limit theorem is one of the most fundamental results in probability theory,
giving the theoretical foundation for many statistical analysis techniques. The theorem
states that, under various mild conditions, the distribution of the average of a large num-
ber of independent random variables converges to the normal distribution, regardless
of the distribution of each of the random variables. The convergence is in distribution.

Definition 9.1: A sequence of distributions Fy, F,, . .. converges in distribution to a

distribution F, denoted F, i> F, if for any a € R at which F is continuous,
lim F,(a) = F(a).
n—oo

Convergence in distribution is a relatively weak notion of convergence. In particular,
it does not guarantee a uniform bound on the rate of convergence of F,(a) for different
values of a.

We prove here a basic version of the central limit theorem for the average of inde-
pendent, identically distributed, random variables with finite mean and variance.

Theorem 9.5 [The Central Limit Theorem]: Let Xy, ..., X, be nindependent, iden-
tically distributed random variables with mean w and variance o°. Let X,, = rll Yo X
Then for any a and b,

lim Pr (a< Xo — 1t <b> L, o) — d(a).
n— 00 - o'/\/ﬁ -

That is, the average X, converges in distribution to a normal distribution with the
appropriate mean and variance. Our proof of the central limit theorem uses the follow-
ing result, which we quote without proof.

Theorem 9.6 [Lévy’s Continuuity Theorem]: Let Y1, Y, ... be a sequence of ran-
dom variables with Y; having distribution F; and moment generating functions M;. Let
Y be a random variable with distribution F and moment generating function M. If

lim,,_, oo M, (t) = M(?) for all t, then F, 2, F for all t for which F (t) is continuous.
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Proof of the Central Limit Theorem: LetZ; = (X; — n)/o.ThenZ,, Z,, ... are inde-
pendent, identically distributed, random variables with expectation E[Z;] = 0, variance
Var(Z] =1, and

X — :«/_EX":XI'—M _2inZ
o/Jn n ‘= o N
To apply Theorem 9.6 we show that the moment generating functions for the random

variables Y, = Y, Z;//n converge to the moment generating function of the standard
normal distribution. That is, we need to show that

lim E[e' Z?’:lzi/«/fz] _ o2

n—oo

for all ¢.
Let M(t) = E[e'%] be the moment generation function of Z;, so the moment gener-

ating function of Z;/\/n is
t
E[e“VT | =M(—].
@ = (L

Since the Z; are independent and identically distributed,

- (o)

Let L(t) = InM(t). Since M(0) =1, we have L(0)=0, and L'(0) = % =
E[Z;] = 0. We also can compute the second derivative:
M(O)M"(0) — (M'(0))*

L' (0) = —E[Z?] =1.
©) (M(0))? 7]

We need to show that (M(t/s/n))" — /2, or equivalently nL(t//n) — t*/2.
Applying L’Hopital’s rule (twice), we have

i O —L'(t/ /n)n™*t
im ———— = lim
n—oo p—1 n—00 —2n—2
L't t
_ oy E@/Vmr

n—oo 2pn=1/2
) _L//(t/\/ﬁ)n—3/2t2
m

o nlioo —on-3/2
t2
= lim L'(t/s/n)—
n— 00 2
t2
2° [ |

The central limit theorem can be proven under a variety of conditions. For example,
in the following version of the theorem that we do not provide a proof for, the random
variables are not required to be identically distributed.
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9.3 THE CENTRAL LIMIT THEOREM

Theorem 9.7: Let Xy, ..., X, be nindependent random variables with E[X;] = w; and
Var[X;] = aiz. Assume that:

1. For some value M, Pr(|1X;| < M) = 1 for all i; and
2. limyo0 Yy 07 = 0.

Then

L X — )

< <b| L o) - da).
Z:'l=1 Ui2

Pr

While the central limit theorem only gives convergence in distribution, under some-
what more stringent conditions one can prove a uniform convergence result.

Theorem 9.8 [Berry-Esséen Theorem]: Let Xy, ..., X, be nindependent, identically
distributed random variables with finite mean w and variance o*. Let p = E[|X; — u|*]
and X, = ,ll Yy X;. Then there is a constant C such that for any a

'Pr (X" g a) — ®(a)
o/n =

0

o3n’

<C

Example: Public Opinion Poll

Suppose that we want to estimate the support for the Yellow party. We poll n people to
determine if they support the party or not. We assume the n people can be considered
independent, uniform samples. If we assume further that # is sufficiently large to justify
approximating the results using a normal distribution as suggested by the central limit
theorem, what is the minimum number of samples needed to guarantee an estimate of
the true fraction of supporters p within an error of at most 0.05 with a 0.95 confidence
interval? Recall from Definition 4.2 that a 1 — y confidence interval for a parameter p
is an interval [p — §, p + &] such that

Pr(pe[p-4p+d)=1—vy.

Let X; = 1 if the ith polled person supports the party and X; = 0 otherwise. The
fraction of support observed in the sample is given by

_ 1 <&
X,,:;;:Xi.

Let § = 0.05 be our target error.
Clearly E[X,] = p and Var[X,] = % p(1 — p). Under our assumption that

7 Xn - E[Xn] — \/ﬁ(Xn - P)
" V' Var[X,] /p(1 —p)
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is distributed as a standard normal distribution, we need to compute the minimum »n
such that

Pr(|%, — p| > §) = Pr(ﬁ(xn I )
V(A —p)  /p(I—p)

+Pr<ﬁ()?n—p)<_ s )
A/p(1 —p) A/p(1 —p)

—2(1-o( ) <oo0s

Thus, we are looking for the minimum 7 such that

o L

—~ ) >0.975 = &(1.96).
+/p(1 —p)) B (1.90)

Solving
8+/n

> 1.96,
p(1 —p)

we obtain

. (1.9@/719(1 - p))2
> |5

Using the fact that p(1 — p) < 1/4, we find n > 385 suffices.

9.4.* Multivariate Normal Distributions

Assume that we want to study the relationship between the heights of parents and their
children. More concretely, consider families with at least one daughter and one son,
and for each such family let (x, x», x3, x4) be the heights of the mother, father, first
daughter, and first son, respectively. We know that each component in this vector can
be approximated by a univariate normal distribution, but what is the joint distribution
of the four variables? It turns out that for many natural phenomena, such as this one,
the joint distribution is well approximated by a multivariate normal distribution.

We saw in Lemma 9.1 that a univariate normal variable is always a linear transfor-
mation of a standard normal random variable. Similarly, the multivariate normal distri-
bution is a linear transformation of a number of independent, standard normal random
variables.

Let X = (Xi, ..., X,)" denote a vector of n independent, standard normal random
variables. Let ¥ = (xy, ..., x,) be a vector of real values. We define

Pr(X <Xx) =Pr(X; <x1,X2 <x2,..., X, < xu).
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9.4* MULTIVARIATE NORMAL DISTRIBUTIONS

The joint cumulative distribution function for X is given as follows, where w =
(w17 M) wn)T:

. 1 >
Pr(X <x) = l_[ <E/ e‘wi/zdwi)
w;=—00

i=1

1 x1 n T i
= 2 )n/2/ / e PP 20w, dw, - - - dw,,.
s w=—00 w,=—0C

Consider now a random variable vector ¥ = (Y}, ..., Y,)! obtained by a linear
transformation on the vector X:

Yi =anXy +apXs + - 4+ a1, Xy + w1
Y = anXi + anXo + -+ - + a0 Xy + 12;

Yo = amXi + appXo + - - + Xy + .
Let A denote the matrix of coefficients g;;, and i = (i, ..., ,um)T. Then we can write
Y = AX + fi.
The Y;s each have a normal distribution, specifically ¥; has distribution

N(u;, Z?:l aizj). However, the ;s are not independent. In particular,

n
Cov(Y;,Y)) = Z a; kaj k.
k=1

(This is left as Exercise 9.3.)

The covariance matrix for Y is given by

Var(Y;] Cov(Y},Y;) ... Cov(Y;, Y,)
Cov(Y1,Y,) Var[Ya] ... Cov(}»,Y,)
Y =AAT = =E[Y — ) — )]

Cov(Y,,, Y1) Cov(Y,,,Y>) ... Var[Y,]
If A has a full rank, then X = A~!(Y — 1), and we can derive a density function for
the joint distribution.

-
= e VP 24w, - dw,.
(2m )2 /1;1<A‘()7;2)

Changing the integration variables to 7 = Aw + & we have

Pr(Y <7¥) = —(2—/7-)T(A71)TA71(Z—li)/QdZ1 <o dzy.

1 b n
V@) AAT /—oo o /-ooe
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Here |[AAT| denotes the determinant of AA”, a term which arises under the multivariate
change of variables.

Applying (A"HTA"! = (AT)"!A~! = (AAT)"! = X!, we can write the distribu-
tion function of Y as

Pr(Y <y)= _(Z-_ﬂ)rz—l(z—ﬂ)/zdzl - dz, 9.1)

1 /’y} /‘}'n
—_— e e
CZOTD I SN

where, again,
T=AAT =E[Y - )Y - )]
In general we have the following definition.

Definition 9.2: A vector Y = (Y1, ...,Y,)T has a multivariate normal distribution,
denoted Y ~ N(fi, X), if and only if there is an n x k matrix A, a vector X =
X1, ..., X" of k independent standard normal random variables, and a vector ji =
(1, -5 )T, such that

Y = AX + fi.
If X = AAT = E[(Y — )Y — )"] has full rank, then the density of Y is
;e—%w—wz*'w—ﬂ)‘
VQryEl
If X is not invertible then the joint distribution has no density function.”

Note that sometimes instead of saying that random variables have a multivariate
normal distribution, one says that they are jointly normal.

The corollary below follows readily, keeping in mind that a multivariate random
variable is a vector of random variables.

Corollary 9.9: Any linear combination of mutually independent multivariate normal
random variables of equal dimension has a multivariate normal distribution.

The special case of the bivariate normal density, with just two random variables,
has a simpler expression, using the correlation coefficient between the two random
variables.

Definition 9.3: The correlation coefficient between random variables X and Y is
Cov(X,Y)
OxOy '

Pxy =

As noted in Exercise 9.4, the correlation coefficient is always in [—1, 1].
If (X, Y)T has a bivariate normal distribution,

<X> NN((MX) ( ox PXYUXUY>>
Y wy )\ pxyoxoy oy ’

2 In some settings multivariate normal distributions are defined so that X is required to be a symmetric positive
definite matrix and therefore invertible, but there are also settings where it is sensible to have X not invertible,
and therefore a distribution with no density function.
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‘
OOSE
0.‘.1:‘l:‘\\
B XL
XXX

05 0 0.5 1 15 2 2 -15 -1 05 0 05 1 15 2

(a) p=-08 (b) p=0 (c) p=038

Figure 9.1: Bivariate Normal density function f(X,Y) (top) and the contour of the function at
increasing values of f(X, Y) (bottom), with uy = puy =0, 0x = oy = 1,and p = —0.8, 0, 0.8.

then for any |pxy| < 1 (and ox, oy > 0) the joint density function of X and Y is given
by

1 e (X—px)?/ Qo)+ (Y —py [ Qo) —pxy X —pux)(Y —pay)/(ox0y) ) /(1= pxy)

2roxoy,/1 — piy

9.2)

Examples of bivariate normal distributions are shown in Figure 9.1.

9.4.1. Properties of the Multivariate Normal Distribution

We outline several important properties of the multivariate normal distribution that
make it particularly amendable to analysis. The proofs are left as Exercise 9.10.

Theorem 9.10: Assume that X is an n x 1 vector distributed as N(ji, X). Let

Xi _ 1
X = and ={_],
(Xz) a (m)

where X| and X, are k x 1 and (n — k) x 1 vectors respectively, and i, and i, are the
expectation vectors of X| and X, respectively. Similarly, let

i X
Y= ,
< Xp X )
where X1 is the k X k correlation matrix of X1, Xy, is the (n — k) x (n — k) correlation

matrix of Xo, X1, is the corresponding (n — k) x k matrix, and X, is the corresponding
k x (n — k) matrix.
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(1) The marginal distributions of X;, i = 1, 2, are N(ji;, X;;).
(2) The distribution of X; conditioned on X; = X; is N(fi;jj, X; ;) where

;= i+ 235 (& — i) and Ty =35 — E[E;'T;

(3) X1 and X, are independent if and only if the matrix X1, = 0 (i.e. all its entries
are 0).

9.5. Application: Generating Normally Distributed Random Values

One natural question is how to produce random values that follow a normal distribution.
More specifically, given random values distributed uniformly in (0, 1), which is a useful
and standard primitive operation to assume that we have available, can we generate
random values that follow a normal distribution? As we have seen, it suffices to generate
random values with a standard normal distribution. These values can then be scaled to
follow a normal distribution with mean y and variance o2

The standard approach to convert arandom variable X uniformly distributed in (0, 1)
to arandom variable Z with cumulative distribution function F(Z)istoset Z = F~1(X).

That is, for X = x we set Z = z where F(z) = x. Indeed
Pr(Z <z)=Pr(F'(X) < F'(x)) = Pr(F(Z) < F(2)) = Pr(X < F(2)) = F(2).

This method cannot be readily used for the normal distribution because the cumula-
tive distribution function ®(X) does not have a closed form, and therefore we cannot
directly compute ®~!(X), although there are various means to approximate ®~!(X)
accurately at some expense in computation or memory.

One simple approach to approximating a standard normal random variable, sug-
gested by the central limit theorem, is to generate Uy, Us, ..., U}y, with the U; inde-
pendent and uniform on (0, 1), and compute

X:(gu)_a

In this case X is obviously not distributed as a standard normal; in particular, it can only
take on values in the range (—6, 6). It is, however, a surprisingly good approximation,
as shown further in Exercise 9.6. You should note that X has both expectation 0 and
variance 1.

It turns out, however, that a standard normal random variable can be generated
exactly using random numbers from (0, 1), with some additional mathematical oper-
ations. In fact, there are two natural related ways to do this. Both rely on the same
approach: instead of generating just one value, we produce two.

To start, consider the joint cuamulative distribution for two independent standard nor-
mal random variables X and Y

Y X 1
F(X.,y)= / / Ee_(xzﬂz)/zdxdy. (9.3)
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The x> + y* term in the double integral actually helps us; it allows us to naturally move
the problem into polar coordinates.

We can think of X and Y as being plotted as a pair (X, Y') on the two-dimensional
plane. Then we let R* = X2 + Y2, where R is the radius of the circle centered at the
origin that the point (X, Y) lies on, and similarly let ® = tan™" )% be the angle the point
makes with the x-axis. Thus

X =Rcos®, Y =Rsin0O.

We use a change of variables in Eqn. (9.3) above; with x = rcos6 and y = rsinf, we

have
9/ r/ l
' nlN —r2/2
F(r,@)—/ / —e rdr do.
o Jo 27

Here we have used that under this change of variables, dx dy = r dr d6. More formally,
from multivariable calculus, the Jacobian for the transformation is

ax Ox

0wy _|or 00

a(r,0) ay dy

or 96

Hence the additional factor of » when we change variables. This expression integrates
nicely to

cosf —rsinf
sin@ —rcosé

’ = r(cos’# +sin’0) = r.

/

F(r’, 9/) — 29_(] _ e—(r’)Z/Z)‘
T

In particular, notice that F(+,0') = G(+')H(0') where H(0') = % and G(¥) =
1 — e~""/2, This means that the radius R and the angle © determined by X and Y
are independent random variables.

But now, thinking in the other direction, we can directly generate R and ® to obtain
our independent standard normal random variables X and Y. We can see from the form
of H(6') that the angle © is uniformly distributed over [0, 277]; this also follows nat-
urally from symmetry considerations. Hence, given a uniform random variable U on
(0, 1), we can take ® = 2 U. For R, we have

Pr(R > 1) =e /2,
while for a uniform (0, 1) random variable V,
Pr(V>=v)=1-—v.

Setting the right-hand sides equal, we find ' = «/—2In(1 — v). Hence, we can take
R = /—2In(1 — V) to obtain a suitably distributed radius R. Since 1 — V and V both
have uniform (0, 1) distributions, equivalently we can take R = /—21nV instead. To
conclude, given two uniform (0, 1) random variables U and V, we can take

X =+-2InVcosRrU), Y =+—2InVsinR2rU)

to obtain two independent standard normal random variables. This is commonly
referred to as the Box—Muller transform.
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A common variation avoids using the sine and cosine functions. Let U’ and V' be
independent and uniform on (0, 1), and let U = 2U’ — 1 and V = 2V’ — 1, so that U
and V are independent and uniform on (—1, 1). If S = U? + V2 > 1, we throw these
values away and start over again. Otherwise, generate

[—2InS [—2InS
X=U , Y=V .
S S

The result is that X and Y are independent standard normal random variables. Think
of the point (U, V) in the xy-plane, and note that U/+/S and V/+/S play the role of
cos ® and sin ® in the Box—Muller transform; note here that the corresponding © is
independent of the value of S itself. Also, S is uniformly distributed over [0, 1), because
(U, V) is uniform over the circle of radius 1 centered at (0, 0), and hence

Pr(S < s5) =Pr(U?> +V? <)

is the probabilility that a random point in the unit circle lies within a circle of radius
/s around the origin. But this probability is just

Pr(S <) =Pr(U2 + V> <s)= > =5
T

so S has a uniform distribution. Hence o/—2 In § takes the role of /—21nV in the Box—
Muller transform. (As S takes on the value 0 with probability 0, we can equivalently
think of S as uniform on (0, 1).)

9.6. Maximum Likelihood Point Estimates

Normal distributions are often used to model observed data. We see a sample of data
points, such as the heights of individuals, and then we try to fit a normal distribution to
that data. How do we characterize and find the best fit? This is similar in some ways to
the question of the confidence interval. We have seen in Chapter 4 and in this chapter
that when obtaining a sample by polling for a yes—no question, the natural estimate is
to take the fraction of responders that answer “yes” and use that as our guess for the
fraction of the population that would answer yes to the question. We could also find
probabilistic guarantees that this fraction was within some interval of the true answer,
under assumptions about the independence of our samples.

Here we also consider the question of finding the best parameter for a distribution
given a collection of data points, but more generally. Our goal is to find the best rep-
resentative value for the parameter. Maximum likelihood (ML) estimators give such a
value.’

3 Here we follow a classical statistics approach, where the ML estimator assumes no prior knowledge on the
parameter and just reports the value that maximizes the probability or the density of the observed data, as
described in Definition 9.4. In contrast, the Bayesian statistics approach starts with a prior distribution on the
space of possible parameter choices and computes a maximum a posterior estimation, which is the value of the
parameter conditioned on the observed data. The two estimators give the same value when the prior distribution
is uniform on the range of the parameter, as discussed further in Exercise 9.13.
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Definition 9.4:

1. Let Px(x, 0) be the probability function of a discrete random variable X that depends
on a parameter 0. Let x, . . ., X, be n independent observations of X. The Maximum
Likelihood (ML) estimator of 0 is

arg moax lj! Px(x;,0).

2. Let fx(x, 0) be the density function of a continuous random variable X that depends
on a parameter 0. Let x, . . . , X, be n independent observations of X. The Maximum
Likelihood (ML) estimator of 0 is

arg meax U fx(x;, 0).

Note that 6 in Definition 9.4 can correspond to a single parameter (such as for the
exponential distribution) or a vector of parameters (such as the mean and variance for
the normal distribution).

As a simple example consider a sequence of n independent, identically distributed,
Bernoulli experiments with k successes. What is the maximum likelihood estimate for
the probability of success p? Intuitively, it seems that it should be the fraction of flips
that came up heads. We prove this intuition holds.

For a success probability of p, the probability of obtaining k heads is

f(p) = (Z) P = py .

We therefore need to compute

arg max f(p) = arg max (n)pk(l — p) k.
P p \k

Computing the first derivative of f(p) yields

)pk—‘(l A O k)(Z)p"(l -p)y

We see that f'(p) = 0 when p = k/n. A further check shows that k/n provides the local
maximum, not a local minimum. It follows that the maximum likelihood value is the
fraction of successes, matching our intuition.

We turn now to computing an ML estimator for the expectation and the variance of
the normal distribution. In the case of continuous random variables it is often easier
to maximize the logarithm of the likelihood function, which is referred to as the log-
likelihood function, Z?:l In( fx (x;, 6)). This is equivalent to maximizing the likelihood
function, since

n

f'(p)= k(k

argmeaxlj!fx(x,-, 0) = argm@ax;ln(fx(x,-, 0)).
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Let xq,...,x, be n independent observations from a normal distribution with
unknown expectation and variance. The ML estimate is given by

n
l 2 2 l n 2 2
—(—p)*/(20%) _ =2 imi (i—p)?/20%)
arg max e = arg max e
g(;w) ll:! V2ro g(u,d) Q2mro?)y?
.| n S —p)?
= arg min | = log(2no?) + == T2
& o) |:2 &l ) 202

where here we restrict o > 0.
LetM, = 13" xjand S? = 13"  (x; — M,)?, and observe that

D 0= =Y (= M)+ (M, — )’

i=1 i=1

=) (= M)+ M, — ) +2) (6 — MM, — )

i=1 i=1

= nS2 +n(M, — p)* +2(M, — p) Y (xi — M)

i=1

= nS* + n(M,, — n)*.
Thus we need to compute

n nS>  n(M, — n)?
argmin | = logRro?) + —2 + —2 "~ |.
gu,lo |:2 g(2ro )+2a2+ 202
For any value of o > 0 the argument above is minimized when © = M,,. Hence it
suffices to minimize

2
ns;,
2

() = = log2mo?) +
fa_zog To o

We find

y n 2w ns? n (2
fo)=—3 + = - —1).
o

22702 | 2(02)? 202

The derivative is 0 when o> = §2. We therefore find that u = M,,, 0> = S2 provide the
maximum likelihood estimates of the parameters.

The estimator of a parameter is itself a random variable that is a function of the
observed data. It seems reasonable that its expectation would be equal to the value it
estimates, but this is not always the case.

Definition 9.5: Ler ©,, be a function of n observations X, ..., X, that depend on a
parameter 6.

e ©, is an unbiased estimator for a parameter 0 if
E[®,] =6.
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e O, is an asymptotically unbiased estimator for a parameter 6 if
lim E[®,] = 6.
n—oo

For example, for samples X; taken from any distribution with finite expectation,
the estimator M, = % >, X; gives an unbiased estimate for the expectation. How-
ever, the ML estimate for the variance of a normal distribution we found above,
S,% = % Z?:l(Xl- — M,)?, is not an unbiased estimator for the variance. Since the X;
are independent and identically distributed, let E[X] = E[X;], and note that for i # j,
E[X:X;] = (E[X])?. Then,

2 I ¢ 2 2
E[$2] = - > (E[x?] - 2EIM,X;] + E[(M,)])
i=1
=E[X*] - [(Mn)z]

— E[X?] - — [ZX } +ZE [Xx)]
i#]
—1
- "T<E[X2] — (BIX])?)

n—1
= o’
n

Thus, the ML estimator for the variance of the normal distribution is only asymptoti-
cally unbiased. However, n%]Sﬁ is an unbiased estimator for o2
Indeed, in statistical analysis, when sampling one generally uses

n
— S = Z(xl M,

as the estimate of the variance because it is unbiased. This quantity is called the sample
variance, while

1 n
- ;j(x,- — M,

is called the population variance. The population variance is the correct formula for
the variance when you have the entire population.

9.7. Application: EM Algorithm For a Mixture of Gaussians

Assume that X = xy, ..., x, is a sample of the heights of n students chosen indepen-
dently and uniformly at random. All we know about the students is their height; we do
not know whether each student is male or female. Assume that the height distribution
of females follows a normal distribution N(u1, o7) and the height of males follows a
normal distribution N(u,, 02). Let y be the fraction of female students and 1 — y the
fraction of male students; we assume in what follows that y is not known in advance.
We also assume the student population is large enough that we do not worry about the
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distinction of sampling with replacement or without replacement; concretely, we sam-
ple without replacement, but we treat y as a fixed parameter throughout the sampling.
The density function of each observation in the sample is

1 1
D(xi’ V’ M1, 42,071, 02) = y—ei(Xiiﬂl)z/(zaIZ) + (1 - y)—ei(XiilLZ)Z/(ZUZZ)-
\/2no? \/2mo}

To estimate the parameters of the two normal distributions for the sample X we want
to compute a maximum likelihood estimator for the vector (y, i1, 12, o1, 02). The
likelihood function is

n
1 1
L(Z, ¥, i1, A2, 01, 0.2)21_[ y—e*(xi*/il)2/(2012)+(l_y)—ef(xi*ltz)z/(%zz)
i=1 ,/27T(712 1/27'[(722

and our goal is to find the maximum likelihood vector

ML ML ML _ML _ML -
s WY U 01, 0 )=arg max  L(X, y, u1, 2, 01, 02).

(¥ 141,142,01,02)

(v

This problem is a simple example of an important task in statistical data analysis —
estimating the parameters of a mixture of distributions. The intuitive difficulty behind
solving this problem is that it is not clear which distribution each observation belongs
to; if we knew which students were male and which were female, we could separate
them and solve for each distribution separately. Natural approaches for the problem
would simultaneously assign each observation to one of the distributions, or at least
provide a probability for each observation for which distribution it came from, while
also estimating the parameters of these distributions. The two distributions will over-
lap, making it hard to disentangle which data points correspond to each distribution.
Intuitively, the more overlap, the harder it is to find the most likely parameters.

The Expectation—Maximization (EM) algorithm is a simple iterative heuristic for
estimating the maximum likelihood of a distribution that depends on unobserved vari-
ables, such as the assignments of each observation to the distributions that generated
it. We describe and analyze here the EM algorithm for the problem of learning the
parameters of a mixture of two univariate Gaussian distributions. Extensions of the
algorithm to multivariate Gaussians and to more than two distributions are discussed
in Exercises 9.11 and 9.12. The EM algorithm is also used in many other contexts.

The EM algorithm starts with arbitrary values for the parameters i, p2, 07, 05.
We say more about the initialization below. Each iteration of the algorithm starts with
an Expectation step followed by a Maximization step. The expectation step computes,
for each sample point x;, the probabilitities p;(x;) and p,(x;) that x; was generated
by the first or second distribution, respectively, conditioned on the current estimates
of the parameters of the two distributions. Here p,(x;) = 1 — p;(x;), but for a larger
number of distributions one would compute all of these conditional probabilities. This
step provides a probabilistic assignment of samples to distributions. The maximization
step then computes a new ML estimate for the parameters (1, (2, 012, 022 based on this
assignment (see Algorithm 9.1). The ML estimate generalizes the ML estimate we used
for a single Gaussian in Section 9.6.
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EM Algorithm for Mixture of Two Gaussian Distributions

Input: n samples xi, ..., x,.
Output: ML-estimate (i1, 42, 02, 07, y)

1. Start with arbitrary values for 111, 2, 07, 07, and with y = 1/2.
2 2
2. For j=1,21let f(x, ), 0)) = —A—=e~ Wm)/Co),
\/_

2
27raj

3. Repeat until convergence
(or no significant improvement in L(X, y, i1, 2, 01, 02)):

(a) Fori=1ton
v f(xi,p101)

Jpix) = e - o)
. po(x;) =1—pi(x;)
(b) For j=1,2
P PG

b= e i
.s 2 > P (i— )
. 0f = =57

(© y=13" pi(x).

Algorithm 9.1: EM Algorithm for a Mixture of Two Gaussians.

In practice the initialization can affect the running time. One approach would be to
choose two random observation values as the initial means, and calculate the initial
variance 012 by assuming all observations came from a single Gaussian with mean
(and similarly for 022). An initial value of y = 1/2 is natural as it corresponds to each
point coming with equal probability from each distribution. More complex methods
for initialization can be used.

The following theorem shows that the likelihood function is nondecreasing through-
out the execution of the algorithm. Thus, the EM algorithm always terminates at a local
maximum. The algorithm is not guaranteed to find the maximum likelihood estimate,
which is a global maximum. Nevertheless, the algorithm gives good results in practice.

Theorem 9.11: Let y', u}, i, of, 03 be the estimated parameters at the end of the
tth iteration of the EM algorithm for a mixture of two Gaussians, with the initial values
corresponding tot = 0. Then for all t > 0,

= t+1 t+1 t+1 t+1 t+1 = 1 t t t t
L(E y™, pf w5 ol op ™) = (R v, w1, i, 01, 03).

Proof: The proof has two parts. We first show that, given values u}, 15, o}, o, the
algorithm’s choice of y’ +1 maximizes the likelihood, so that
y't! = argmax L(%, y, u}, b, o}, 03).
¥
In particular, this implies
L(x, y™', ), wh, o, 03) = L(%, v', uf, ph, 0, 03).
Next we show that, given y'*!,

t+1 t+1 t+1 t+1 = 1+l
(/'Ll vl’Lz 701 302 ) = arg max L(-xv V 7““]7#27 61762)'
(11,142,01,02)
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Thus

= t+1 t+1 _t+1 1+l = 0] t t t .t
L(x, y™, wf™ w5t ot oY) = L(%, y'™, ), wh, of, 03).

Let f(x, 1), 0,) = \/%e_(x—ﬂj)z/(hsz), and let

2
JT(T/.

L%, ¥, 1, 2, 01,00) = | [ (rf (i, 1, 01) 4+ (1= y) f(xi, 112, 62) -

i=1

Taking the derivative of L(X, v, L1, U2, 01, 02) With respect to y we have

) A
3 = YA TT G s o0+ = ) f &), 2, 020)f iy 1, 00) = f(xis 2, 02))
i=1 | j#i
. . Sy, 01) — [, o, 02)
—HE o "”; Y F G o) + (1= 9)f G 2, 02)

The likelihood function is never 0. So, when the derivative is 0,

n

Z Sy, 01)
= v i, 00) + (= y)f(xi, 2, 02)

_ Xn: S (xiy pa, 02) _
= v fGi w00 + (= y)f(xi, 12, 02)

Now

A=yri+(1 =y

ZZ v f(xi, 1, 01)
= vfGi pr,00) + (1= y)f(xi, 2, 02)

- (I = y)f(xi, pa, 02)
+
; yf@i, wr,01) + (1= y)f(xi, 12, 02)

=n.

Since A = n,

n:i S, s 01)
—y [, 1, 01) + (L= ) f(xi, o, 02)

and hence

1 Y f (i 1, 01) 1<
VZ;E : —E p1(x;).
i=1

— yfi 1, 00) + (= y)f(xi, 2, 02) T

Thus, the choice of probabilities p;(x;) in each iteration maximizes the likelihood
function with respect to y .
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Next we show that

t+1 t+1 t+1 t+1 = . 1+1
(i w5 o™ ol =arg max LKy, s pa, 01, 02)
(11,142,01,02)

n

=arg max l—[()/f(xi,,ul,(fl)+(1—V)f(xi,/iz,ﬁz))-

(h1,12,01,02) ©

Taking the derivative with respect to | we have

n

oL Zzy(xi—m)

o 202 F&i iy o1) 1_[ (v f(xi, wa, 01) + (1= y) f(xi, w2, 02))

J#

52D () — )
== Z —;L(x, )/Hl, U1, 2, 01, 02).
201

i=1

i=1

When the derivative is 0, independent of the choice of u,, 01, and o,, we have

n

Z 2p1(x)(x;i — 1) _

0’
2012

i=1

or

_ Yoy pr(x)x;
Yripia)

Similar computations show the choices used in the algorithm for w, u,, o1, and o
all individually maximize the likelihood function over that iteration given y’*! and
regardless of the values of the other parameters. We conclude

- t+1 t+1 +1 t+1 +1 = t+1 t t t t
L(x ™ wit w5 o oot = Lk v wd, wh, of, 03). -

9.8. Exercises

Exercise 9.1: Prove that for any x and o > 0,

/oo 1 e—(x—u)z/(%z)d 1
[pppe—— X = 1.
—o0 vV 2no

Hint: As a lemma, use a transformation to polar coordinates to prove that

o0 o0 N ) )
/ / e~ W/ gy dv = 2o,
—o00 J—00

Exercise 9.2: Let X be a standard normal random variable. Prove that E[X"] = O for
odd n > 1, and E[X"] > 1 for even n > 2. (Hint: you can use integration by parts to
derive an expression for E[X"] in terms of E[X"~2].)
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Exercise 9.3: Recall that in discussing multivariate normal distributions we consid-
ered random variables

Yi =an Xy +apXo + -+ ainXy + w1
Yo = anXi) 4+ anXo + - - - + an Xy + W2

Ym = alel + amZXZ + -+ aman + -

Here the a;; and p; are constants, and the X; are independent standard normal random
variables. Prove that

n
Cov(Y,, Y)) =) aixaj.

k=1

Exercise 9.4: Let pxy = % be the correlation coefficient of X and Y.

(a) Prove that for any two random variables X and Y, |pxy| < 1.

(b) Prove that if X and Y are independent then pyy = 0.

(¢) Give an example of two random variables X and Y that are not independent but
pxy = 0.

Exercise 9.5: Prove that for the bivariate normal distribution the right hand side of
Eqn. (9.1) and the expression given in (9.2) are equal.

Exercise 9.6: Let

12
X = (Z Ui) —6,
i=1

where the U; are independent and uniform on (0, 1). Let Y be a random variable from
N(0, 1). Using a computer program or other tools, find as good an approximation as you
can to max, | Pr(X < z) — Pr(Y < z)|. If you can, try to ensure that your approximation
is an upper bound.

Exercise 9.7: Write a program that generates independent uniform (0, 1) random vari-
ables U and V, and compute

X =+-2InVcos@RrU), Y =+-—2InVsin@rU)

to obtain two values according to the Box—Muller method. Repeat this experiment
100,000 times, and plot the corresponding distribution function for the 200,000 sam-
ples. Also, determine how many sampled values x satisfy [x| < kfork =1, 2, 3, 4. Do
your results seem reasonable? Explain.

Exercise 9.8: Write a program that generates independent uniform (0, 1) random vari-
ables U and V, and repeats this process until finding a pair such that § = U? + V? < 1.
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Then compute

—2InS —2InS
X=U , Y=V
S S
to obtain two values. Repeat this experiment 100,000 times, and plot the correspond-
ing distribution function for the 200,000 samples. Also, determine how many sampled

values x satisfy |x| < k for k = 1, 2, 3, 4. Do your results seem reasonable? Explain.

Exercise 9.9: Suppose that X is normally distributed with expectation 1 and standard
deviation 0.25, Y is normally distributed with expectation 1.5 and standard deviation
0.4, and X and Y have correlation coefficient 0.4. Calculate the following probabilities:

(@) PriX +Y > 2);

(b) Pr(X +Y > 3);

(©) Pr(Y < X);

(d) Perform the same calculations above but with correlation coefficient 0.6;

(e) How do these probabilities seem to change as the correlation ceofficient increases?
Explain.

Exercise 9.10: In this exercise we prove Theorem 9.10.

(a) Prove that the marginal distribution of X is N(u1, X11).
(b) Use f(X;|X2) = % to prove that the distribution of X; conditioned on X, = %,
is N(fi1)2, X12) where

i = i1 + T2y (B — i) and Ejp =Ty — ELE T

(This is relatively easy to show for the bivariate distribution, more challenging for
a higher dimension multivariate distribution.)

(c) Show that when X, = 0 the joint density function of X; and X, can be written
as a product of the marginal densities of X; and X;, proving that the two random
variables are independent.

Exercise 9.11: Assume that (x, y;), ..., (x,, ¥,) are n independent samples from a
mixture of two bivariate normal distributions. Write and analyze an EM algorithm for
computing a maximum likelihood estimate of the parameters of the mixed distribution.

Exercise 9.12: Assume that x, ..., x, are n independent samples from a mixture
of three normal distributions. Write and analyze an EM algorithm for computing a
maximum likelihood estimate of the parameters of the mixed distribution.

Exercise 9.13: We briefly consider the setting of maximum a posterior estimation.
For convenience, assume that we are working over discrete spaces. Let Py (x, 6) be the
probability function of a discrete random variable X that depends on a parameter 6. Let
X1, - - ., X, be n independent observations of X. We think now in terms of the following
setting: the parameter ® was chosen according to some initial distribution, and we wish
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to find the value 6 that maximizes
Pr(® =0 |X1 =)C1,X2 = X2, -‘-an =xn)’

where the X; correspond to random variables whose values are that of the observed
data. That is, we seek the 6 value that is most likely given our observations.

(a) Argue that

PI‘(®=9 |X1 =x1,X2=x2,...,X,,=xn)
_ Pr(Xi =x, X =x,...,X,=x, | ®=60)Pr(® =0)
B PriX, =x, X =x, ..., X, =Xx,) '

where here Pr(® = 0) is the distribution governing the initial choice of 6.

(b) Suppose that Pr(® = 6) is uniform over all possible values. Then explain why
maximizing Pr(® =6 | X; = x1, Xo = x2, ..., X, = x,,) yields the same result as
maximizing Pr(X; = x1, X, =x, ..., X, =%, | © =0).

(¢) Modify the above argument to hold for settings where the observations X and the
parameter ® are governed by continuous probability distributions.

Exercise 9.14: Let X be a standard normal random variable, and let Y = XZ, where
Z is a random variable independent of X that takes on the value 1 with probability 1/2
and the value —1 with probability 1/2.

(a) Show that Y is also a standard normal random variable.

(b) Explain why X and Y are not independent.

(¢) Provide a reasoning that shows that X and Y are not jointly normal.
(d) Calculate the correlation coefficient of X and Y.

Exercise 9.15: The standard Cauchy distribution has density function

f) = ———

(a) Show that the standard Cauchy distribution is actually a probability distribution.

(b) Find the distribution function for the standard Cauchy distribution.

(c) Show that the standard Cauchy distribution does not have a finite expectation.

(d) Let X and Y be independent standard normal random variables. Show that the dis-
tribution of X/Y is the standard Cauchy distribution.
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CHAPTER TEN

Entropy, Randomness,
and Information

Suppose that we have two biased coins. One comes up heads with probability 3 /4, and
the other comes up heads with probability 7/8. Which coin produces more randomness
per flip? In this chapter, we introduce the entropy function as a universal measure of
randomness. In particular, we show that the number of independent unbiased random
bits that can be extracted from a sequence of biased coin flips corresponds to the entropy
of the coin. Entropy also plays a fundamental role in information and communication.
To demonstrate this role, we examine some basic results in compression and coding
and see how they relate to entropy. The main result we prove is Shannon’s coding
theorem for the binary symmetric channel, one of the fundamental results of the field
of information theory. Our proof of Shannon’s theorem uses several ideas that we have
developed in previous chapters, including Chernoff bounds, Markov’s inequality, and
the probabilistic method.

10.1. The Entropy Function

The entropy of a random variable is a function of its distribution that, as we shall see,
gives a measure of the randomness of the distribution.
Definition 10.1:

1. The entropy in bits of a discrete random variable X is given by

H(X) =~ Pr(X = x)log, Pr(X = x),

where the summation is over all values x in the range of X. Equivalently, we may
write

1
HX)=E [log2 Pr(X)] .

2. The binary entropy function H(p) for a random variable that assumes only two
possible outcomes, one of which occurs with probability p, is

H(p) = —plog, p— (1 — p) log,(1 — p).
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0.8

0.6 1

H(p)

0.4 1

0.2 1

p

Figure 10.1: The binary entropy function.

We define H(0) = H(1) = 0, so the binary entropy function is continuous in the inter-
val [0, 1]. The function is drawn in Figure 10.1.
For our two biased coins, the entropy of the coin that comes up heads with proba-
bility 3/4 is
1

3 3 3 1 3

while the entropy of the coin that comes up heads with probability 7/8 is

7 7 7 1 1 7 N
Hence the coin that comes up heads with probability 3/4 has a larger entropy.
Taking the derivative of H(p),

dH(p) 1-p
p = —log, p 4 log,(1 — p) = log, o

we see that H(p) is maximized when p = 1/2 and that H(1/2) = 1 bit. One way of
interpreting this statement is to say: each time we flip a two-sided coin, we get out at
most 1 bit worth of randomness, and we obtain exactly 1 bit of randomness when the
coin is fair. Although this seems quite clear, it is not yet clear in what sense H(3/4) =
2 — %log2 3 means that we obtain H(3/4) random bits each time we flip a coin that
lands heads with probability 3/4. We clarify this later in the chapter.

As another example, the entropy of a standard six-sided die that comes up on each
side with probability 1/6 has entropy log, 6. In general, a random variable that has n
equally likely outcomes has entropy

1 1
—Z —log, — =log, n.
—n n
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10.1 THE ENTROPY FUNCTION

The entropy of an eight-sided die is therefore 3 bits. This result should seem quite
natural; if the faces of the die were numbered from O to 7 written in binary, then the
outcome of the die roll would give a sequence of 3 bits uniform over the set {0, 1}°,
which is equivalent to 3 bits generated independently and uniformly at random.

It is worth emphasizing that the entropy of a random variable X depends not on the
values that X can take but only on the probability distribution of X over those values.
The entropy of an eight-sided die does not depend on what numbers are on the faces of
the die; it only matters that all eight sides are equally likely to come up. This property
does not hold for the expectation or variance of X, but it does makes sense for a measure
of randomness. To measure the randomness in a die, we should not care about what
numbers are on the faces but only about how often the die comes up on each side.

Often in this chapter we consider the entropy of a sequence of independent random
variables, such as the entropy of a sequence of independent coin flips. For such situa-
tions, the following lemma allows us to consider the entropy of each random variable
to find the entropy of the sequence.

Lemma 10.1: Let X and X, be independent random variables, and let Y = (X1, X»).
Then

HY)=H(X,)+ H(X).

Of course, the lemma is trivially extended by induction to the case where Y is any finite
sequence of independent random variables.

Proof: In what follows, the summations are to be taken over all possible values that
can be assumed by X; and X,. The result follows by using the independence of X; and
X, to simplify the expression:

H(Y) == Pr((X, X2) = (x1, %)) log, Pr((Xy, X2) = (x1,%2))

= _ Z Pr(X; = x1) Pr(Xa = x) log,(Pr(X; = x1) Pr(Xs = x2))
==Y Pr(X; = x) Pr(X = x,)(log, Pr(X; = x1) + log, Pr(X, = x,))
= — Z ZPr(Xz = x) Pr(X; = x;)log, Pr(X; = x1)

- Z Z Pr(X; = x1) Pr(Xo = xp) log, Pr(X; = x,)

- (Z Pr(X, = x;)log, Pr(X; = xl)) (Z Pr(X, = x2)>

X1 X2

— (Z Pr(X, = x,)log, Pr(X, = xz)) (Z Pr(X; = x1)>

X2

= Z Pr(X, = x;)log, Pr(X; = x;) — Z Pr(X, = x,)log, Pr(X, = x,)

X1 X2

=HX))+ H(X>). |
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10.2. Entropy and Binomial Coefficients

As a prelude to showing the various applications of entropy, we first demonstrate how
it naturally arises in a purely combinatorial context.

Lemma 10.2: Suppose that nq is an integer in the range [0, n]. Then
H(q)
2T (M < g
n+1 7" \ng) —

Proof: The statement is trivial if ¢ = 0 or ¢ = 1, so assume that 0 < g < 1. To prove
the upper bound, notice that by the binomial theorem we have

(:q) g"(1 — @' < k; (Z) dl—gF<@+d-q)' =1

Hence,
(n”q) < g (1 — g)" 1m0 = gmanlomay—(1=gmlog(1=q) _ HnH(@),

For the lower bound, we know that (n';)qq”(l — ¢)'=9" is one term of the expression
Yo (1) ¢ (1 — @)"*. We show that it is the largest term. Consider the difference
between two consecutive terms as follows:

N koo -k n k1,1 n—k—1
(k)q(l q) <k+1>q (I-q

I N O
‘(k)‘”l ? (1 k+11—q)'

This difference is nonnegative whenever

_n—ki>
k+11—q —

or (equivalently, after some algebra) whenever
k>gn—1+gq.

The terms are therefore increasing up to k = gn and decreasing after that point. Thus
k = gn gives the largest term in the summation.

Since the summation has n + 1 terms and since (n"q)qq"( 1 — g)1=9" is the largest
term, we have

n
(] — g)1-on >
<nq) q"( %) T n+1

or

—qn _ —(1—g)n nH(q)
YL g e
ng) ~ n+1 n+1 u
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We often use the following slightly more specific corollary.

Corollary 10.3: When 0 < g <1/2,

( " ) < H@. (10.1)
Lng]
similarly, when 1/2 < g < 1,
< " ) < @ (10.2)
[nq]
For1/2 <g <1,
nH(q) n
< ( ) ; (10.3)
n+1 - \lngl
similarly, when 0 < g < 1/2,
onH(q) n
< ( ) . (10.4)
n+1 [ng]

Proof: We first prove Eqn. (10.1); the proof of Eqn. (10.2) is entirely similar. When
0=<qg=1/2

n neq (=g n lgnl 1 _ \n—lqn] — ke oyn—k _
(anj)qq(l g7 s(anJ)qqu gyl ka_;(k)"“ =1,

from which we can proceed exactly as in Lemma 10.2.
Eqn. (10.3) holds because, when ¢ > 1/2, Lemma 10.2 gives

n onH(lngl/m)  onH(q)
> > :
<anj>_ n+1 “n+1’

Eqn. (10.4) is derived similarly. |

Although these bounds are loose, they are sufficient for our purposes. The relation
between the combinatorial coefficients and the entropy function arises repeatedly in
the proofs of this chapter when we consider a sequence of biased coin tosses, where
the coin lands heads with probability p > 1/2. Applying the Chernoff bound, we know
that, for sufficiently large n, the number of heads will almost always be close to np. Thus
the sequence will almost always be one of roughly (n"p) ~ 2"H(P) sequences, where the
approximation follows from Lemma 10.2. Moreover, each such sequence occurs with
probability roughly

PPl — p)n(l—P) A~ H(P)
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Hence, when we consider the outcome of n flips with a biased coin, we can essen-
tially restrict ourselves to the roughly 2" outcomes that occur with roughly equal
probability.

10.3. Entropy: A Measure of Randomness

One way of interpreting the entropy of a random variable is as a measure of how many
unbiased, independent bits can be extracted, on average, from one instantiation of the
random variable. We consider this question in the context of a biased coin, showing
that, for sufficiently large n, the expected number of bits that can be extracted from n
flips of a coin that comes up heads with probability p > 1/2 is essentially nH(p). In
other words, on average, one can generate approximately H(p) independent bits from
each flip of a coin with entropy H(p). This result can be generalized to other random
variables, but we focus on the specific case of biased coins here (and throughout this
chapter) to keep the arguments more transparent.
We begin with a definition that clarifies what we mean by extracting random bits.

Definition 10.2: Let |y| be the number of bits in a sequence of bits y. An extraction
function Ext takes as input the value of a random variable X and outputs a sequence
of bits y such that

Pr(Ext(X) =y | Iyl = k) = 1/2¢
whenever Pr(Jy| = k) > 0.

In the case of a biased coin, the input X is the outcome of n flips of our biased coin.
The number of bits in the output is not fixed but instead can depend on the input. If
the extraction function outputs k bits, we can think of these bits as having been gener-
ated independently and uniformly at random, since each sequence of k bits is equally
likely to appear. Also, there is nothing in the definition that requires that the extraction
function be efficient to compute. We do not concern ourselves with efficiency here,
although we do consider an efficient extraction algorithm in Exercise 10.12.

As a first step toward proving our results about extracting unbiased bits from biased
coins, we consider the problem of extracting random bits from a uniformly distributed
integer random variable. For example, let X be an integer chosen uniformly at ran-
dom from {0, ..., 7}, and let Y be the sequence of 3 bits obtained when we write
X as a binary number. If X =0 then ¥ = 000, and if X =7 then ¥ = 111. It is
easy to check that every sequence of 3 bits is equally likely to arise, so we have
a trivial extraction function Ext by associating any input X with the corresponding
output Y.

Things are slightly harder when X is uniform over {0, ..., 11}.If X < 7, then we can
again let Y be the sequence of 3 bits obtained when we write X in binary. This leaves the
case X € {8,9, 10, 11}. We can associate each of these four possibilities with a distinct
sequence of 2 bits, for example, by letting Y be the sequence of 2 bits obtained from
writing X — 8 as a binary number. Thus, if X = 8 then ¥ = 00, and if X = 11 then
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Input 0 1 2 3 4 5 6 7

Output | 000 | 001 | 010 | 011 | 100 | 101 | 110 | 111

Input 0 1 2 3 4 5 6 718191011

Output | 000 | 001 | 010 | 011 | 100 | 101 | 110 | 111 [ 00 | 01 | 10 | 11

Figure 10.2: Extraction functions for numbers that are chosen uniformly at random from {0, ..., 7}
and {0, ..., 11}

Y = 11. The entire extraction function is shown in Figure 10.2. Every 3-bit sequence
arises with the same probability 1/12, and every 2-bit sequence arises with the same
probability 1/12, so Definition 10.2 is satisfied.

We generalize from these examples to the following theorem.

Theorem 10.4: Suppose that the value of a random variable X is chosen uniformly
at random from the integers {0, ..., m — 1}, so that H(X) = log, m. Then there is an
extraction function for X that outputs on average at least |log, m| — 1 = [H(X)] — 1
independent and unbiased bits.

Proof: If m > 1 is a power of 2, then the extraction function can simply output the
bit representation of the input X using log, m bits. (If m = 1, then it outputs nothing
or, equivalently, an empty sequence.) All output sequences have log, m bits, and all
sequences of log, m bits are equally likely to appear, so this satisfies Definition 10.2. If
m is not a power of 2, then matters become more complicated. We describe the extrac-
tion function recursively. (A nonrecursive description is given in Exercise 10.8.) Let
a = [log, m|. If X < 2% — 1, then the function outputs the a-bit binary representation
of X; all sequences of « bits are equally likely to be output in this case. If X > 2%,
then X — 2% is uniformly distributed in the set {0, ..., m — 2% — 1}, which is smaller
than the set {0, . . ., m}. The extraction function can then recursively produce the output
from the extraction function for the variable X — 2.

The recursive extraction function maintains the property that, for every k, each of the
2% sequences of k bits is output with the same probability. We claim by induction that
the expected number of unbiased, independent bits produced by this extraction function
is at least [log, m| — 1. The cases where m is a power of 2 are trivial. Otherwise, by
induction, the number of bits Y in the output satisfies

o

2 m
E[Y] > —a+
m

(logy(m —2%)] — 1)

m
o

_2
72 (a— Llogy(m — 2%)] + 1).

= —
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Suppose |log,(m —2%)] = B, where 0 < 8 < o — 1. Then (m — 2%)/m is maximized
when m is as large as possible, which corresponds to m = 2% 4+ 2f+! — 1. Hence

28+1 _
E[Y]Za—m(“—ﬂ+l)
1
Za—m@l—ﬂ‘f‘l)
205—1,

where we use 2% 4+ 21 — 1 > 28+ — 1)(2* A1 4 1) for the second line, and
x/(2*72 + 1) < 1 for integers x > 2 for the third line.
This completes the induction. |

We use Theorem 10.4 in our proof of the main result of this section.

Theorem 10.5: Consider a coin that comes up heads with probability p > 1/2. For
any constant § > 0 and for n sufficiently large:

1. there exists an extraction function Ext that outputs, on an input sequence of n inde-
pendent flips, an average of at least (1 — 8)nH (p) independent random bits; and

2. the average number of bits output by any extraction function Ext on an input
sequence of n independent flips is at most nH(p).

Proof: We begin by describing an extraction function that generates, on average, at
least (1 — §)nH (p) random bits from 7 flips of the biased coin. We saw before that, in
the case of a biased coin, the outcome of n flips is most likely to be one of roughly
2"H(P) sequences, each occurring with probability roughly 277 _If we actually had
a uniform distribution of this type, we could use the extraction function that we have
just described for numbers chosen uniformly at random to obtain on average almost
nH (p) uniform random bits. In what follows, we handle the technical details that arise
because the distribution is not exactly uniform.

There are (;’) possible sequences with exactly j heads, and each of them has the same
probability of occurring, p/(1 — p)"~/. For each value of j, 0 < j < n, we map each of
the ('jl) sequences with j heads to a unique integer in the set {0, ceeh (;’) — 1}. When
J heads come up, we map the sequence to the corresponding number. Conditioned on
there being j heads, this number is uniform on the integers {O, R (;’ ) —1 }, and hence
we can apply the extraction function of Theorem 10.4 designed for this case. Let Z be
a random variable representing the number of heads flipped, and let B be the random
variable representing the number of bits our extraction function produces. Then

E[B] = Z Pr(Z = k)E[B | Z = k]
k=0

EB|Z=k> Llogz (Z)J — 1

Let e < min(p — 1/2, 1 — p) represent a constant to be determined. We compute a
lower bound for E[B] by considering only values of k with n(p — &) < k < n(p + ¢).
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n n 2nH(p+e)
> >
(0)2 (o) =

where the last inequality follows from Corollary 10.3. Hence

For every such k,

[n(p+e)l
EBl> Y  Pr(Z=KkE[B|Z=k|
k=|n(p—e)]
[n(p+e)l n
> Pr(Z =k I —1
> 3 we=b(|n(})]|-1)
k=|n(p—e)]
onH(p+e) [n(p+e)]
> (1 2 Pr(Z =k
_<og2 p ) Y PZz=k)

k=[n(p—e)]
> mH(p+¢)—log,(n+ 1) —2)Pr(|Z — np| < en).

Now E[Z] = np, and Pr(|]Z — np| > en) can be bounded by using the Chernoff bound
of Eqn. (4.6), giving

Pr(1Z — np| > en) < 27"/,
Hence
E[B] > (nH(p + &) — logy(n + 1) — 2)(1 — 2e™"/?P),
We conclude that, for any constant § > 0, we can have
E[B] > (1 — §)nH(p)

by choosing ¢ sufficiently small and »n sufficiently large. For example, for sufficiently
small ¢,

nH(p +¢) = (1—-35/3)nH(p),
and when n > (3p/¢?)1In(6/8) we have
1 —2e"Pr > 1 —§/3.
Hence, with these choices,
E[B] = ((1 = 8/3)nH(p) —log,(n + 1) — 2)(1 — §/3).

As long as we now also choose n sufficiently large that (§/3)nH(p) is greater than
log,(n + 1) 4+ 2, we have

E[B] = ((1 =25/3)nH(p))(1 = §/3) = (1 = 8)nH(p),

proving there exists an extraction function that can extract (1 — §)nH (p) independent
and uniform bits on average from » flips of the biased coin.

We now show that no extraction function can obtain more than nH(p) bits on
average. The proof relies on the following basic fact: If an input sequence x occurs
with probability ¢, then the corresponding output sequence Ext(x) can have at most
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|Ext(x)| <log,(1/qg) bits. This is because all sequences with |[Ext(x)| bits would have
probability at least g, so
2\Exl(x)|q S 1’

giving the desired bound on Ext(x). Given any extraction function, if B is a random
variable representing the number of bits our extraction function produces on input X,
then

E[B] = ) Pr(X = x)|Ext(x)|
1
< Xx: Pr(X = X) 10g2 m

1
=k [k’gz Pr(X)}
= H(X). | |

Another natural question to ask is how we can generate biased bits from an unbiased
coin. This question is partially answered in Exercise 10.11.

10.4. Compression

A second way of interpreting the entropy value comes from compression. Again sup-
pose we have a coin that comes up heads with probability p > 1/2 and that we flip
it n times, keeping track of which flips are heads and which flips are tails. We could
represent every outcome by using one bit per flip, with O representing heads and 1 rep-
resenting tails, and use a total of n bits. If we take advantage of the fact that the coin is
biased, we can do better on average. For example, suppose that p = 3/4. For a pair of
consecutive flips, we use 0 to represent that both flips were heads, 10 to represent that
the first flip was heads and the second tails, 110 to represent that the first flip was tails
and the second heads, and 111 to represent that both flips were tails. Then the average
number of bits we use per pair of flips is
9 3 3 1 27

.~ 42. 2 43.243. ==L _»
6 16T 16T 16 16 -

Hence, on average, we can use less than the 1 bit per flip of the standard scheme by
breaking a sequence of n flips into pairs and representing each pair in the manner shown.
This is an example of compression.

It is worth emphasizing that the representation that we used here has a special prop-
erty: if we write the representation of a sequence of flips, it can be uniquely decoded
simply by parsing it from left to right. For example, the sequence

011110

corresponds to two heads, followed by two tails, followed by a heads and a tails.
There is no ambiguity, because no other sequence of flips could produce this output.
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Our representation has this property because no bit sequence we use to represent a pair
of flips is the prefix of another bit sequence used in the representation. Representations
with this property are called prefix codes, which are discussed further in Exercise 10.15.

Compression continues to be a subject of considerable study. When storing or trans-
mitting information, saving bits usually corresponds to saving resources, so finding
ways to reduce the number of used bits by taking advantage of the data’s structure is
often worthwhile.

We consider here the special case of compressing the outcome of a sequence of
biased coin flips. For a biased coin with entropy H(p), we show (a) that the outcome
of n flips of the coin can be represented by approximately nH (p) bits on average and
(b) that approximately nH (p) bits on average are necessary. In particular, any represen-
tation of the outcome of » flips of a fair coin essentially requires » bits. The entropy is
therefore a measure of the average number of bits generated by each coin flip after com-
pression. This argument can be generalized to any discrete random variable X, so that
n independent, identically distributed random variables X;, X5, ..., X,, with the same
distribution X can be represented using approximately nH (X) bits on average. In the
setting of compression, entropy can be viewed as measuring the amount of information
in the input sequence. The larger the entropy of the sequence, the more bits are needed
in order to represent it.

We begin with a definition that clarifies what we mean by compression in this con-
text.

Definition 10.3: A compression function Com takes as input a sequence of n coin
flips, given as an element of {H, T}", and outputs a sequence of bits such that each
input sequence of n flips yields a distinct output sequence.

Definition 10.3 is rather weak, but it will prove sufficient for our purposes. Usually,
compression functions must satisfy stronger requirements; for example, we may require
a prefix code to simplify decoding. Using this weaker definition makes our lower-bound
proof stronger. Also, though we are not concerned here with the efficiency of compress-
ing and decompressing procedures, there are very efficient compression schemes that
perform nearly optimally in many situations. We will consider an efficient compression
scheme in Exercise 10.17.

The following theorem formalizes the relationship between the entropy of a biased
coin and compression.

Theorem 10.6: Consider a coin that comes up heads with probability p > 1/2. For
any constant § > 0, when n is sufficiently large:

1. there exists a compression function Com such that the expected number of bits output
by Com on an input sequence of n independent coin flips is at most (1 + 8)nH (p);
and

2. the expected number of bits output by any compression function on an input
sequence of n independent coin flips is at least (1 — §)nH(p).

Theorem 10.6 is quite similar to Theorem 10.5. The lower bound on the expected num-
ber of bits output by any compression function is slightly weaker. In fact, we could raise
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this lower bound to nH (p) if we insisted that the code be a prefix code — so that no out-
put is the prefix of any other — but we do not prove this here. The compression function
we design to prove an upper bound on the expected number of output bits does yield
a prefix code. Our construction of this compression function follows roughly the same
intuition as Theorem 10.5. We know that, with high probability, the outcome from the
n flips will be one of roughly 2"} sequences with roughly np heads. We can use
about nH (p) bits to represent each one of these sequences, yielding the existence of an
appropriate compression function.

Proof of Theorem 10.6: We first show that there exists a compression function as guar-
anteed by the theorem. Let ¢ > 0 be a suitably small constant with p — e > 1/2. Let
X be the number of heads in n flips of the coin. The first bit output by the compres-
sion function we use as a flag. We set it to O if there are at least n(p — ¢) heads in the
sequence and to 1 otherwise. When the first bit is a 1, the compression function uses
the expensive default scheme, using 1 bit for each of the n flips. This requires that n + 1
total bits be output; however, by the Chernoff bound of Eqn. (4.5), the probability that
this case happens is bounded by

Pr(X < n(p—¢)) < e "/,

Now let us consider the case where there are at least n(p — €) heads. The number of
coin-flip sequences of this form is

. n . n EnH(—s)
2 (j)f 2 ((n(p—eﬂ)fzz o

J=[n(p—e)] J=n(p—e)l

The first inequality arises because the binomial terms are decreasing as long as j > n/2,
and the second is a consequence of Corollary 10.3. For each such sequence of coin
flips, the compression function can assign a unique sequence of exactly [nH(p — ¢) +
log, n] bits to represent it, since

2LnH(p—6)-Hog2 n| > Ean(p—s).

Including the flag bit, it therefore takes at most nH (p — ¢) + log, n + 1 bits to represent
the sequences of coin flips with this many heads.

Totaling these results, we find that the expected number of bits required by the com-
pression function is at most

e PP (4 1)+ (1 — e ™ P nH(p — &) + logyn + 1) < (1 + 8)nH(p),

where the inequality holds by first taking e sufficiently small and then taking n suffi-
ciently large in a manner similar to that of Theorem 10.5.

We now show the lower bound. To begin, recall that the probability that a specific
sequence with k heads is flipped is p*(1 — p)*~*. Because p > 1/2, if sequence S; has
more heads than another sequence S,, then S| is more likely to appear than S;. Also,
we have the following lemma.
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Lemma 10.7: If sequence S| is more likely than S, then the compression function that
minimizes the expected number of bits in the output assigns a bit sequence to S, that is
at least as long as S.

Proof: Suppose that a compression function assigns a bit sequence to S, that is shorter
than the bit sequence it assigns to S;. We can improve the expected number of bits
output by the compression function by switching the output sequences associated with
S, and S, and therefore this compression function is not optimal. |

Hence sequences with more heads should get shorter strings from an optimal compres-
sion function.

We also make use of the following simple fact. If the compression function assigns
distinct sequences of bits to represent each of s coin-flip sequences, then one of the out-
put bit sequences for the s input sequences must have length at least log, s — 1 bits. This
is because there are at most 1 +2 +4 4 ... 4+ 20 =2°+1 _ 1 distinct bit sequences
with up to b bits, so if each of s sequences of coin flips is assigned a bit sequence of at
most b bits, then we must have 2°*! > s and hence b > log, s — 1.

Fix a suitably small & > 0 and count the number of input sequences that have
L(p + e)n] heads. There are ( sequences with |(p + e)n] heads and, by
Corollary 10.3,

L)
L(p+e)n]

n 2nH(p+a)
<L(p+8)nJ>Z n+1 -

Hence any compression function must output at least log, 2"+ /(n + 1)) — 1 =
nH(p+ ¢) —log,(n+ 1) — 1 bits on at least one of the sequences of coin flips with
L(p + &)n] heads. The compression function that minimizes the expected output length
must therefore use at least this many bits to represent any sequence with fewer heads,
by Lemma 10.7.

By the Chernoff bound of Eqn. (4.2), the number of heads X satisfies

Pr(X > [n(p+e)]) < Pr(X > n(p+e — 1/n)) < e "1/ < gmne?/12p

as long as n is sufficiently large (specifically,n > 2/¢). We thus obtain, with probability
at least 1 — e™"¢"/127_an input sequence with fewer than [n(p + £)] heads, and by our
previous reasoning the compression function that minimizes the expected output length
must still output at least nH(p + ¢) — log,(n 4+ 1) — 1 bits in this case. The expected
number of output bits is therefore at least

(1 — e/ (nH(p + £) — logy(n + 1) — ).

This can be made to be at least (1 — §)nH (p) by first taking ¢ to be sufficiently small
and then taking n to be sufficiently large. [

10.5.* Coding: Shannon’s Theorem

We have seen how compression can reduce the expected number of bits required to
represent data by changing the representation of the data. Coding also changes the
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representation of the data. Instead of reducing the number of bits required to represent
the data, however, coding adds redundancy in order to protect the data against loss
Or errors.

In coding theory, we model the information being passed from a sender to a receiver
through a channel. The channel may introduce noise, distorting the value of some of
the bits during the transmission. The channel can be a wired connection, a wireless
connection, or a storage network. For example, if I store data on a recordable medium
and later try to read it back, then I am both the sender and the receiver, and the storage
medium acts as the channel. In this section, we focus on one specific type of channel.

Definition 10.4: The input to a binary symmetric channel with parameter p is a
sequence of bits x1, xa, ..., and the output is a sequence of bits y1, y,, . .., such that
Pr(x; = y;) = 1 — pindependently for each i. Informally, each bit sent is flipped to the
wrong value independently with probability p.

To get useful information out of the channel, we may introduce redundancy to help
protect against the introduction of errors. As an extreme example, suppose the sender
wants to send the receiver a single bit of information over a binary symmetric channel.
To protect against the possibility of error, the sender and receiver agree to repeat the bit
n times. If p < 1/2, a natural decoding scheme for the receiver is to look at the n bits
received and decide that the value that was received more frequently is the bit value
the sender intended. The larger 7 is, the more likely the receiver determines the correct
bit; by repeating the bit enough times, the probability of error can be made arbitrarily
small. This example is considered more extensively in Exercise 10.18.

Coding theory studies the trade-off between the amount of redundancy required and
the probability of a decoding error over various types of channels. For the binary sym-
metric channel, simply repeating bits may not be the best use of redundancy. Instead
we consider more general encoding functions.

Definition 10.5: A (k, n) encoding function Enc: {0,1}* — {0,1}" takes as input
a sequence of k bits and outputs a sequence of n bits. A (k, n) decoding function

Dec: {0,1}" — {0,1}* takes as input a sequence of n bits and outputs a sequence of
k bits.

With coding, the sender takes a k-bit message and encodes it into a block of n > k
bits via the encoding function. These bits are then sent over the channel. The receiver
examines the n bits received and attempts to determine the original k-bit message using
the decoding function.

Given a binary channel with parameter p and a target encoding length of n, we wish
to determine the largest value of k so that there exist (k, n) encoding and decoding
functions with the property that, for any input sequence of k bits, with suitably large
probability the receiver decodes the correct input from the corresponding n-bit encod-
ing sequence after it has been distorted by the channel.

Let m € {0,1}* be the message to be sent and Enc(m) the sequence of bits sent over
the channel. Let the random variable X denote the sequence of received bits. We require
that Dec(X') = m with probability at least 1 — y for all possible messages m and a pre-
chosen constant y. If there were no noise, then we could send the original k bits over
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the channel. The noise reduces the information that the receiver can extract from each
bit sent, and so the sender can reliably send messages of only about k = n(1 — H(p))
bits within each block of n bits. This result is known as Shannon’s theorem, which we
prove in the following form.

Theorem 10.8: For a binary symmetric channel with parameter p < 1/2 and for any
constants 8,y > 0, when n is sufficiently large:

1. for any k < n(1 — H(p) — §), there exist (k, n) encoding and decoding functions
such that the probability the receiver fails to obtain the correct message is at most
y for every possible k-bit input message; and

2. there are no (k, n) encoding and decoding functions with k > n(1 — H(p) + &) such
that the probability of decoding correctly is at least y for a k-bit input message
chosen uniformly at random.

Proof: We first prove the existence of suitable (k, n) encoding and decoding functions
when k < n(1 — H(p) — &) by using the probabilistic method. In the end, we want our
encoding and decoding functions to have error probability at most y on every possi-
ble input. We begin with a weaker result, showing that there exist appropriate coding
functions when the input is chosen uniformly at random from all k-bit inputs.

The encoding function assigns to each of the 2* strings an n-bit codeword chosen
independently and uniformly at random from the space of all n-bit sequences. Label
these codewords Xy, X1, ..., Xox_;. The encoding function simply outputs the code-
word assigned to the k-bit message using a large lookup table containing an entry for
each k-bit string. (You may be concerned that two codewords may turn out to be the
same; the probability of this is very small and is handled in the analysis that follows.)

To describe the decoding function, we provide a decoding algorithm based on the
lookup table for the encoding function, which we may assume the receiver possesses.
The decoding algorithm makes use of the fact that the receiver expects the channel to
make roughly pn errors. The receiver therefore looks for a codeword that differs from
the 7 bits received in between (p — €)n and (p + €)n places for some suitably small
constant ¢ > 0. If just one codeword has this property, then the receiver will assume
that this was the codeword sent and will recover the message accordingly. If more than
one codeword has this property, the decoding algorithm fails. The decoding algorithm
described here requires exponential time and space. As in the rest of this chapter, we
are not now concerned with efficiency issues.

The corresponding (k, n) decoding function can be obtained from the algorithm by
simply running through all possible n-bit sequences. Whenever a sequence decodes
properly with the foregoing algorithm, the output of the decoding function for that
sequence is set to the k-bit sequence associated with the corresponding codeword.
Whenever the algorithm fails, the output for the sequence can be any arbitrary sequence
of k bits. For the decoding function to fail, at least one of the two following events must
occur:

« the channel does not make between (p — ¢)n and (p + €)n errors; or
« when a codeword is sent, the received sequence differs from some other codeword in
between (p — €)n and (p + ¢)n places.
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The path of the proof is now clear. A Chernoff bound can be used to show that, with
high probability, the channel does not make too few or too many errors. Conditioning
on the number of errors being neither too few nor too many, the question becomes
how large k can be while ensuring that, with the required probability, the received
sequence does not differ from multiple codewords in between (p — ¢)n and (p + €)n
places.

Now that we have described the encoding and decoding functions, we establish the
notation to be used in the analysis. Let R be the received sequence of bits. For sequences
s1 and s, of n bits, we write A(sy, s,) for the number of positions where these sequences
differ. This value A(sy, s7) is referred to as the Hamming distance between the two
strings. We say that the pair (sy, s,) has weight

w(sy, §2) = pA(S1,sz)(1 _ p)n—A(sl,SZ).

The weight corresponds to the probability that s, is received when s; is sent over
the channel. We introduce random variables Sy, Si, ..., Sy and Wy, Wy, ..., Wa
defined as follows. The set S; is the set of all received sequences that decode to X;. The
value W; is given by

W= w(X, ).

res;

The S; and W; are random variables that depend only on the random choices of
Xo, Xi, ..., Xx-1. The variable W; represents the probability that, when X; is sent, the
received sequence R does not lie in S; and hence is decoded incorrectly. It is also helpful
to express W; in the following way: letting J; ; be an indicator random variable that is 1
if s ¢ S; and O otherwise, we can write

Wi =Y L,wX, 7).
r

We start by bounding E[W;]. By symmetry, E[W;] is the same for all i, so we bound
E[W;]. Now

E[W] =E [Z Io (X, r)}

=Y E[wXo, Nl

We split the sum into two parts. Let 7] = {s : |A(Xop, s) — pn| > en} and T, = {s :
|A(Xp, s) — pn| < en}, where ¢ > 0 is some constant to be determined. Then

> ElwXo, Nl =Y ElwXo, Nl 1+ Y ElwXo, ro,],

reTh rel

and we bound each term.
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We first bound
> ElwXo, Nl < Y w(Xo, r)
reTy reT)

— Z pA(Xo,r)(l . p)an(XO,r)
r:|A(Xo,r)—pn|>¢en

= Pr(|A(Xp, R) — np| > ¢en).

That is, to bound the first term, we simply bound the probability that the receiver fails
to decode correctly and the number of errors is not in the range [(p — €)n, (p + &)n]
by the probability that the number of errors is not in this range. Equivalently, we obtain
our bound by assuming that, whenever there are too many or too few errors introduced
by the channel, we fail to decode correctly. This probability is very small, as we can
see by using the Chernoff bound of Eqn. (4.6):

Pr(|A(Xo, R) — np| > en) < 26—8211/317‘

For any ¢ > 0, we can choose n sufficiently large so that this probability, and hence
ZreT, E[w(Xy, r)l,,], is less than y /2.

We now find an upper bound for ZreTz E[w(Xo, 1)l ]. For every r € T,, the decod-
ing algorithm will be successful when r is received unless r differs from some other
codeword X; in between (p — ¢)n and (p + ¢)n places. Hence Iy, will be 1 only if such
an X; exists, and thus for any values of Xy and r € T, we have

E[w(Xo, N1
= w(Xy, r)Pr(for some X; with 1 <i <2 —1, |[AX;, r) — pn| < ¢en).
It follows that if we obtain an upper bound
Pr(for some X; with 1 <i <2 —1, |AX;, r) — pn| <en) <y/2

for any values of X; and r € T5, then

> ElwXo. nh,] = Y wio.nd < 2.

rel rel

To obtain this upper bound, we recall that the other codewords X;, X5, ..., Xy-1 are
chosen independently and uniformly at random. The probability that any other specific
codeword X, i > 0, differs from any given string r of length n in between (p — ¢)n and
(p + e)n places is therefore at most

In(p+e)) (n) ( n )
Z J [n(pte)]

<n
n = 2n
J=In(p—e)]
Here we have bounded the summation by n times its largest term; (;’) is largest when
Jj = |n(p + ¢€)] over the range of j in the summation, as long as ¢ is chosen so that

pt+e<1/2
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Using Corollary 10.3,

n
( n(p+e)) ) 2H (ptemm
<
" - 0
_ o—n(1-H(p+e))

Hence the probability that any specific X; matches a string » on a number of bits so as
to cause a decoding failure is at most n2~"(!=#(+#) By a union bound, the probability
that any of the 2¥ — 1 other codewords cause a decoding failure when Xj is sent is at
most

n2 - A=Hpe) 9k _ 1) < ponH(p+e)=H(p)=5)

where we have used the fact that k < n(1 — H(p) — 8). By choosing ¢ small enough
so that H(p + ¢) — H(p) — 4 is negative and then choosing n sufficiently large, we can
make this term as small as desired, and in particular we can make it less than y /2.

By summing the bounds over the two sets 7; and 75, which correspond to the two
types of error in the decoding algorithm, we find that E[W,] < y.

We can bootstrap this result to show that there exists a specific code such that, if
the k-bit message to be sent is chosen uniformly at random, then the code fails with
probability y. We use the linearity of expectations and the probabilistic method. We
have that

28—1 28—1

D EWI=E| ) W | =2y,
j=0 j=0

where again the expectation is over the random choices of the codewords X, Xi, ...,
Xy_1. By the probabilistic method, there must exist a specific set of codewords
X0, X1, - - ., Xpk_q such that

When a k-bit message to be sent is chosen uniformly at random, the probability of
error is

1 2k—1
w2 Wisy
j=0

for this set of codewords, proving the claim.

We now prove the stronger statement in the theorem: we can choose the codewords
so that the probability of failure for each individual codeword is bounded above by y.
Notice that this is not implied by the previous analysis, which simply shows that the
average probability of failure over the codewords is bounded above by y.
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We have shown that there exists a set of codewords xg, Xy, ..., X, for which

Without loss of generality, let us assume that the x; are sorted in increasing order of
W;. Suppose that we remove the half of the codewords that have the largest values W;;
that is, we remove the codewords that have the highest probability of yielding an error
when being sent. We claim that each x;, i < 2!, must satisfy W; < 2y. Otherwise we
would have

2k—1

>ow =22y =2y,
j:2k—l

a contradiction. (We used similar reasoning in the proof of Markov’s inequality in Sec-
tion 3.1.)

We can set up new encoding and decoding functions on all (k — 1)-bit strings using
just these 2¢~! codewords, and now the error probability for every codeword is simulta-
neously at most 2y. Hence we have shown that, when k — 1 < n(1 — H(p) — §), there
exists a code such that the probability that the receiver fails to obtain the correct mes-
sage is at most 2y for any message that is sent. Since § and y were arbitrary constants,
we see that this implies the first half of the theorem.

Having completed the first half of the theorem, we now move to the second
half: for any constants &, y > 0 and for n sufficiently large, there do not exist (k, n)
encoding and decoding functions with k > n(1 — H(p) + §) such that the probabil-
ity of decoding correctly is at least y for a k-bit input message chosen uniformly at
random.

Before giving the proof, let us first consider some helpful intuition. We know that
the number of errors introduced by the channel is, with high probability, between
[(p—e)n] and [ (p + ¢)n] for a suitable constant € > 0. Suppose that we try to set
up the decoding function so that each codeword is decoded properly whenever the
number of errors is between (p — ¢)n and (p + ¢)n. Then each codeword is associated

with
[n(p+e)] n n onH(p)
(0= ()=
k/ — T n+1

k=Tn(p—e)] [np]

bit sequences by the decoding function; the last inequality follows from Corollary 10.3.
But there are 2% different codewords, and

onH(p) 2"1‘1(]7)
2k > 2}1(1*1‘](]7)4’5) > Zn

n+1 "~ n+1

when 7 is sufficiently large. Since there are only 2" possible bit sequences that can be
received, we cannot create a decoding function that always decodes properly whenever
the number of errors is between (p — €)n and (p + €)n.
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We now need to extend the argument for any encoding and decoding functions.
This argument is more complex, since we cannot assume that the decoding func-
tion necessarily tries to decode properly whenever the number of errors is between
(p —e)n and (p+ ¢)n, even though this would seem to be the best strategy to
pursue.

Given any fixed encoding function with codewords xp, X, ..., Xp«_; and any fixed
decoding function, let z be the probability of successful decoding. Define S; to be the
set of all received sequences that decode to x;. Then

2%_1
7= Z Z Pr((x; is sent) N (R = s))
i=0 seS;
2%_1
= Z Z Pr(x; is sent) Pr(R = s | x; is sent)

i=0 seS;

2%—1
1
= 7% Z ZPr(R =5 | x; is sent)

i=0 seS;
2k—1

= % Z Z w(x;, s).

i=0 SES,'

The second line follows from the definition of conditional probability. The third line
uses the fact that the message sent and hence the codeword sent is chosen uniformly
at random from all codewords. The fourth line is just the definition of the weight
function.

To bound this last line, we again split the summation leigl > ses, Wi, 5) into two
parts. Let S; 1 = {s € S;: |A(x;,s) — pn| > en} and S;p = {s € S; : |A(x;, s) — pn| <
en}, where again ¢ > 0 is some constant to be determined. Then

Z w(x;, s) = Z w(x;, s) + Z w(x;, s).

seS; SGS,;] s€Sin

Now

Yowen< Y ws),

SESi 1 s:|A(x;,8)—pn|>en

which can be bounded using Chernoff bounds. The summation on the right is simply
the probability that the number of errors introduced by the channel is not between
(p — ¢)n and (p + ¢)n, which we know from previous arguments is at most 2e~¢n/3p,
This bound is equivalent to assuming that decoding is successful even if there are too
many or too few errors introduced by the channel; since the probability of too many or
too few errors is small, this assumption still yields a good bound.
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To bound ) 5., Wi, s), we note that w(x;, s) is decreasing in A(x;, s). Hence, for
NS S,"z,
w(x, s) < prT(L = p)iTrr
&n
=p"(1 — p)(l—P)” (1—_]7)
p
l _ en
— p—H(pn ( P ) .
p
Therefore,

Z w(x;, ) < Z 7—H(p)n (1_—p)8n

SES;2 S€Sin p

1 _ en
= 2~Hwn (Tp> |Si.2]-

We continue with

21
= % ZZw(xi,s)

i=0 seS;
| 2%-]
=5 Z Z w(x;, s) + Z w(x;, §)
i=0 \seS;i; SES;2
VA e e (1= p\*
< > <2e e 4 g Hpn <7> |Si,2|>
i=0

1 1 en 21

, _

— et n/3p + ?2—H(P)n (Tp) E |Si,2|
i=0

1 1— en
< 2e—szn/3p + _2—H(p)n ( p) on.
2k p

In this last line, we have used the important fact that the sets of bit sequences S; and
hence all the S;, are disjoint, so their total size is at most 2". This is where the fact
that we are using a decoding function comes into play, allowing us to establish a useful
bound.

To conclude,

en
7 < 2e=n/3p  pn—(1=H(p)+Sn—H(p)n (ﬂ)
- p

2 l—p & _ n
=268n/3p+ - rF 25 .
p
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As long as we choose ¢ sufficiently small that

1_ £
(—p> 27 < 1,
P

then, when 7 is sufficiently large, z < y, which proves Theorem 10.8. ]

Shannon’s theorem demonstrates the existence of codes that transmit arbitrarily closely
to the capacity of the binary symmetric channel over long enough blocks. It does not
give explicit codes, nor does it say that such codes can be encoded and decoded effi-
ciently. It took decades after Shannon’s original work before practical codes with near-
optimal performance were found.

10.6. Exercises

Exercise 10.1: (a)LetS = Y ;° 1/k2. Consider arandom variable X such that Pr(X =
k) = 1/Sk? for integers k = 1, ..., 10. Find H(X).

(b) Let S = Y}, 1/k%. Consider a random variable X such that Pr(X = k) = 1/5k
for integers k = 1, ..., 10. Find H(X).

(¢) Consider S, = Z,iil 1/k*, where @ > 1 is a constant. Consider random vari-
ables X, such that Pr(X, = k) = 1/S,k% for integers k =1, ..., 10. Give an intu-
itive explanation explaining whether H(X,) is increasing or decreasing with o and
why.

Exercise 10.2: Consider an n-sided die, where the ith face comes up with probability
pi- Show that the entropy of a die roll is maximized when each face comes up with
equal probability 1/n.

Exercise 10.3: (a) A fair coin is repeatedly flipped until the first heads occurs. Let X
be the number of flips required. Find H(X).

(b) Your friend flips a fair coin repeatedly until the first heads occurs. You want
to determine how many flips were required. You are allowed to ask a series of yes—
no questions of the following form: you give your friend a set of integers, and your
friend answers “yes” if the number of flips is in that set and “no” otherwise. Describe
a strategy so that the expected number of questions you must ask before determining
the number of flips is H(X).

(c¢) Give an intuitive explanation of why you cannot come up with a strategy that
would allow you to ask fewer than H(X) questions on average.

Exercise 10.4: (a) Show that

=1
§S=Y —;
e kln” k
1s finite.
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(b) Consider the integer-valued discrete random variable X given by

Pr(X =k) =

Skin?k’
Show that H(X) is unbounded.

Exercise 10.5: Suppose p is chosen uniformly at random from the real interval [0, 1].
Calculate E[H(p)].

Exercise 10.6: The conditional entropy H(Y | X) is defined by

H(Y | X) =) Pr((X =x) N (¥ =y))log, Pr(Y =y | X = x).
X,y

If Z = (X,Y), show that
HZ)=HX)+HY | X).

Exercise 10.7: One form of Stirling’s formula is

n n n n
2n (—) <n! <2nn (—) el/azm,
e

€
n nH(q)
> 9
(qn> T 2yn

which is a tighter bound than that of Lemma 10.2.

Using this, prove

Exercise 10.8: We have shown in Theorem 10.5 that we can use a recursive proce-
dure to extract, on average, at least |log, m| — 1 independent, unbiased bits from a
number X chosen uniformly at random from § = {0, ..., m — 1}. Consider the follow-
ing extraction function: let « = [log, m], and write

m= 2%+ Buc12® + -+ B2°,

where each g; is either O or 1.

Let k be the number of values of i for which §; equals 1. Then we split S into k disjoint
subsets in the following manner: there is one set for each value of §; that equals 1, and
the set for this 7 has 2/ elements. The assignment of S to sets can be arbitrary, as long
as the resulting sets are disjoint. To get an extraction function, we map the elements
of the subset with 2/ elements in a one-to-one manner with the 2/ binary strings of
length i.

Show that this mapping is equivalent to the recursive extraction procedure given in
Theorem 10.5 in that both produce i bits with the same probability for all i.

Exercise 10.9: We have shown that we can extract, on average, at least [log, m| — 1
independent, unbiased bits from a number chosen uniformly at random from
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{0, ..., m — 1}. It follows that if we have k numbers chosen independently and uni-
formly at random from {0,...,m — 1} then we can extract, on average, at least
k|log, m| — k independent, unbiased bits from them. Give a better procedure that
extracts, on average, at least k|log, m| — 1 independent, unbiased bits from these num-
bers.

Exercise 10.10: Suppose that we have a means of generating independent, fair coin
flips.

(a) Give an algorithm using the coin to generate a number uniformly from
{0,1,...,n— 1}, where n is a power of 2, using exactly log, n flips.

(b) Argue that, if n is not a power of 2, then no algorithm can generate a number
uniformly from {0, 1, ..., n — 1} using exactly k coin flips for any fixed k.

(c) Argue that, if n is not a power of 2, then no algorithm can generate a number
uniformly from {0, 1, ..., n — 1} using at most k coin flips for any fixed k.

(d) Give an algorithm using the coin to generate a number uniformly from
{0,1,...,n— 1}, even when n is not a power of 2, using at most 2[log, n| expected
flips.

Exercise 10.11: Suppose that we have a means of generating independent, fair coin
flips.

(a) Give an algorithm using the fair coin that simulates flipping a biased coin that
comes up heads with probability p. The expected number of flips your algorithm
uses should be at most 2. (Hint: Think of p written as a decimal in binary, and use
the fair coin to generate binary decimal digits.)

(b) Give an algorithm using the coin to generate a number uniformly from
{0, 1, ...,n— 1}. The expected number of flips your algorithm uses should be at
most [log, n] + 2.

Exercise 10.12: Here is an extraction algorithm .4 whose input is a sequence X =
X1, X2, ..., X, of n independent flips of a coin that comes up heads with probability
p > 1/2. Break the sequence into |n/2] pairs, a; = (xp;_1, xp;) fori=1,..., |n/2].
Consider the pairs in order. If y; = (heads, tails) then output a O; if @; = (tails, heads)
then output a 1; otherwise, move on to the next pair.

(a) Show that the bits extracted are independent and unbiased.
(b) Show that the expected number of extracted bits is [n/2|2p(1 — p) = np(1 — p).
(c) We can derive another set of flips ¥ = y;, 2, ... from the sequence X as fol-
lows. Start with j, k = 1. Repeat the following operations until j = |[n/2]: If
aj = (heads, heads), set y; to heads and increment j and k; if a; = (tails, tails),
set y to tails and increment j and k; otherwise, increment j. See Figure 10.3 for an
example.
The intuition here is that we take some of the randomness that .4 was unable
to use effectively and re-use it. Show that the bits produced by running .A on Y

292



10.6 EXERCISES

X HHTTHTHHHTHHHTTTHTTT
H T H H T T

V4 H H T H T H T H T H

Y HTHHTT Z HHTHTHTHTH
H T H

T H H H T T T T

Figure 10.3: After running A on the input sequence X, we can derive further sequences Y and Z; after
running A on each of Y and Z, we can derive further sequences from them; and so on.

are independent and unbiased, and further argue that they are independent of those
produced from running A on X.

(d) We can derive a second set of flips Z = z1, 22, .. ., Z|u/2) from the sequence X as
follows: let z; be heads if a; = (heads, heads) or (tails, tails), and let z; be tails
otherwise. See Figure 10.3 for an example. Show that the bits produced by running
A on Z are independent and unbiased, and further argue that they are independent
of those produced from running .A on X and Y.

(e) After we derive and run A on Y and Z, we can recursively derive two further
sequences from each of these sequences in the same way, run A on those, and
so on. See Figure 10.3 for an example. Let A(p) be the average number of bits
extracted for each flip (with probability p of coming up heads) in the sequence X,
in the limit as the length of the sequence X goes to infinity. Argue that A(p) satisfies
the recurrence

_ _ 15, 5 r 1o 2
Ap)=pl—p)+ - +q )A(p2+q2>+2A(p + (1 —=p)).

(f) Show that the entropy function H (p) satisfies this recurrence for A(p).

(g) Implement the recursive extraction procedure explained in part (e). Run it 1000
times on sequences of 1024 bits generated by a coin that comes up heads with
probability p = 0.7. Give the distribution of the number of flips extracted over the
1000 runs and discuss how close your results are to 1024 - H(0.7).

Exercise 10.13: Suppose that, instead of a biased coin, we have a biased six-sided
die with entropy 4 > 0. Modify our extraction function for the case of biased coins
so that it extracts, on average, almost 4 random bits per roll from a sequence of die
rolls. Prove formally that your extraction function works by modifying Theorem 10.5
appropriately.

Exercise 10.14: Suppose that, instead of a biased coin, we have a biased six-sided die
with entropy 4 > 0. Modify our compression function for the case of biased coins so
that it compresses a sequence of n die rolls to almost nk bits on average. Prove formally
that your compression function works by modifying Theorem 10.6 appropriately.
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Exercise 10.15: We wish to compress a sequence of independent, identically dis-
tributed random variables X;, X5, . ... Each X; takes on one of n values. We map the
ith value to a codeword, which is a sequence of ¢; bits. We wish these codewords to
have the property that no codeword is the prefix of any other codeword.

(a) Explain how this property can be used to easily decompress the string created by
the compression algorithm when reading the bits sequentially.
(b) Prove that the ¢; must satisfy

n
doat<
i=1
This is known as the Kraft inequality.

Exercise 10.16: We wish to compress a sequence of independent, identically dis-
tributed random variables Xi, X5, .. .. Each X; takes on one of n values. The ith value
occurs with probability p;, where p; > p, > --- > p,. The result is compressed as fol-
lows. Set

i—1
=) p;
Jj=1

and let the ith codeword be the first [log,(1/p;)] bits of T;. Start with an empty string,
and consider the X; in order. If X; takes on the ith value, append the ith codeword to
the end of the string.

(a) Show that no codeword is the prefix of any other codeword.
(b) Let z be the average number of bits appended for each random variable X;. Show
that

HX)<z=<=HX)+1.

Exercise 10.17: Arithmetic coding is a standard compression method. In the case
where the string to be compressed is a sequence of biased coin flips, it can be described

as follows. Suppose that we have a sequence of bits X = (X1, X, ..., X,;), where each
X; is independently O with probability p and 1 with probability 1 — p. The sequences
can be ordered lexicographically, so for x = (x,x2,...,x,) and y = (y1,¥2, ..., Yn)

we say x <y if x; =0 and y; = 1 in the first coordinate i such that x; # y;. If z, is
the number of zeroes in the string x, then define p(x) = p*(1 — p)" % and g(x) =

> y<x POY).

(a) Suppose we are given X = (Xi, X5, ..., X,) sequentially. Explain how to compute
¢q(X) in time O(n). (You may assume that any operation on real numbers takes
constant time.)

(b) Argue that the intervals [¢(x), g(x) + p(x)) are disjoint subintervals of [0, 1).

(c) Given (a) and (b), the sequence X can be represented by any point in the inter-
val [¢(X), ¢(X) + p(X)). Show that we can choose a codeword in [¢(X), g(X) +
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p(X)) with [log,(1/p(X))] + 1 binary decimal digits to represent X in such a way
that no codeword is the prefix of any other codeword.

(d) Given a codeword chosen as in (c), explain how to decompress it to determine the
corresponding sequence (Xi, Xz, ..., Xp).

(e) Using a Chernoff bound, argue that log, (1/p(X)) is close to nH (p) with high prob-
ability. Hence this approach yields an effective compression scheme.

Exercise 10.18: Alice wants to send Bob the result of a fair coin flip over a binary
symmetric channel that flips each bit with probability p < 1/2. To avoid errors in trans-
mission, she encodes heads as a sequence of 2k + 1 zeroes and tails as a sequence of
2k + 1 ones.

(a) Consider the case where k = 1, so heads is encoded as 000 and tails as 111. For
each of the eight possible sequences of 3 bits that can be received, determine the
probability that Alice flipped a heads conditioned on Bob receiving that sequence.

(b) Bob decodes by examining the 3 bits. If two or three of the bits are 0, then Bob
decides the corresponding coin flip was a heads. Prove that this rule minimizes the
probability of error for each flip.

(c) Argue that, for general k, Bob minimized the probability of error by deciding the
flip was heads if at least k + 1 of the bits are 0.

(d) Give a formula for the probability that Bob makes an error that holds for general
k. Evaluate the formula for p = 0.1 and k ranging from 1 to 6.

(e) Give a bound on the probability computed in part (d) using Chernoff bounds.

Exercise 10.19: Consider the following channel. The sender can send a symbol from
the set {0, 1, 2, 3, 4}. The channel introduces errors; when the symbol k is sent, the
recipient receives k + 1 mod 5 with probability 1/2 and receives k — 1 mod 5 with
probability 1/2. The errors are mutually independent when multiple symbols are sent.

Let us define encoding and decoding functions for this channel. A (j, n) encoding
function Enc maps a number in {0, 1, ..., j — 1} into sequences from {0, 1, 2, 3, 4}",
and a (j, n) decoding function Dec maps sequences from {0, 1,2, 3, 4}" back into
{0, 1, ..., j — 1}. Notice that this definition is slightly different than the one we used
for bit sequences over the binary symmetric channel.

There are (1, 1) encoding and decoding functions with zero probability of error. The
encoding function maps 0 to 0 and 1 to 1. When a 0 is sent, the receiver will receive
either a 1 or 4, so the decoding function maps 1 and 4 back to 0. When a 1 is sent, the
receiver will receiver either a 2 or 0, so the decoding function maps 2 and 0 back to 1.
This guarantees that no error is made. Hence at least one bit can be sent without error
per channel use.

(a) Show that there are (5, 2) encoding and decoding functions with zero probability
of error. Argue that this means more than one bit of information can be sent per
use of the channel.

(b) Show that if there are (j, n) encoding and decoding functions with zero probability
of error, then n > log, j/(log, 5 — 1).
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Exercise 10.20: A binary erasure channel transfers a sequence of n bits. Each bit
either arrives successfully without error or fails to arrive successfully and is replaced
by a ‘?” symbol, denoting that it is not known if that bit is a O or a 1. Failures occur
independently with probability p. We can define (k, n) encoding and decoding functions
for the binary erasure channel in a similar manner as for the binary symmetric channel,
except here the decoding function Dec: {0, 1, ?}* — {0, 1}* must handle sequences
with the ?” symbol.

Prove that, for any p > 0 and any constants §, y > 0, if n is sufficiently large then
there exist (k, n) encoding and decoding functions with k¥ < n(1 — p — §) such that the
probability that the receiver fails to obtain the correct message is at most y for every
possible k-bit input message.

Exercise 10.21: In proving Shannon’s theorem, we used the following decoding
method: Look for a codeword that differs from the received sequence of bits in between
(p — ¢)n and (p + ¢)n places, for an appropriate choice of ¢; if there is only one such
codeword, the decoder concludes that that codeword was the one sent. Suppose instead
that the decoder looks for the codeword that differs from the received sequence in the
smallest number of bits (breaking ties arbitrarily), and concludes that that codeword
was the one sent. Show how to modify the proof of Shannon’s theorem for this decod-
ing technique to obtain a similar result.
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CHAPTER ELEVEN

The Monte Carlo Method

The Monte Carlo method refers to a collection of tools for estimating values through
sampling and simulation. Monte Carlo techniques are used extensively in almost all
areas of physical sciences and engineering. In this chapter, we first present the basic
idea of estimating a value through sampling, using a simple experiment that gives an
estimate of the value of the constant 7. Estimating through sampling is often more com-
plex than this simple example suggests. We demonstrate the potential difficulties that
can arise in devising an efficient sampling procedure by considering how to appropri-
ately sample in order to estimate the number of satisfying assignments of a disjunctive
normal form (DNF) Boolean formula.

We then move to more general considerations, demonstrating a general reduction
from almost uniform sampling to approximate counting of combinatorial objects. This
leads us to consider how to obtain almost uniform samples. One method is the Markov
chain Monte Carlo (MCMC) technique, introduced in the last section of this chapter.

11.1. The Monte Carlo Method

Consider the following approach for estimating the value of the constant 7. Let (X, Y)
be a point chosen uniformly at random in a 2 x 2 square centered at the origin (0, 0).
This is equivalent to choosing X and Y independently from a uniform distribution on
[—1, 1]. The circle of radius 1 centered at (0, 0) lies inside this square and has area .
If we let

1 if VX247Y2<1,

0 otherwise,

then — because the point was chosen uniformly from the 2 x 2 square — the probability
that Z = 1 is exactly the ratio of the area of the circle to the area of the square. See
Figure 11.1. Hence

PrZ=1)="
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()
\__/

Figure 11.1: A point chosen uniformly at random in the square has probability 7 /4 of landing in the
circle.

-1,1) 1,1)

(-1,-1) (1,-1)

Assume that we run this experiment m times (with X and Y chosen independently
among the runs), with Z; being the value of Z at the ith run. f W = )", Z;, then

EW]=E Zi|=) ElZ]=—/,
and hence W’ = (4/m)W is a natural estimate for 7. Applying the Chernoff bound of
, mm
Pr(|lW' —m| > er) =Pr (‘W - —

Eqn. (4.6), we compute
emm
>
417 4 )

= Pr(|W — E[W]| = ¢E[W])
< ze—mmsz/IZ.

Therefore, by using a sufficiently large number of samples we can obtain, with high
probability, as tight an approximation of 7 as we wish.

This method for approximating  is an example of a more general class of approx-
imation algorithms that we now characterize.

Definition 11.1: A randomized algorithm gives an (g, §)-approximation for the value
V if the output X of the algorithm satisfies

Pr(X — V| <eV)>1—38.

Our method for estimating 7 gives an (&, §)-approximation, as long as ¢ < 1 and we
choose m large enough to make

Zefmn’é‘z/lz S 6

Algebraic manipulation yields that choosing
. 121n(2/6)
- me?
is sufficient.
We may generalize the idea behind our technique for estimating 7 to provide a

relation between the number of samples and the quality of the approximation. We use
the following simple application of the Chernoff bound throughout this chapter.
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Theorem 11.1: Let Xy, ..., X, be independent and identically distributed indicator
random variables, with i = E[X;]. If m > (31n(2/8))/&* 11, then

T
P — X — > <.

i=1
That is, m samples provide an (g, §)-approximation for 1.

The proof is left as Exercise 11.1.

More generally, we will want an algorithm that approximates not just a single value
but instead takes as input a problem instance and approximates the solution value for
that problem. Here we are considering problems that map inputs x to values V (x). For
example, given an input graph, we might want to know an approximation to the number
of independent sets in the graph.

You might ask why we should settle for an approximation; perhaps we should aim
for an exact answer. In the case of 7, we cannot obtain an exact answer because 7 is an
irrational number. Another reason for seeking an approximation is that, as we shall see
shortly, there are problems for which the existence of an algorithm that gives an exact
answer would imply that P = NP, and hence it is unlikely that such an algorithm will
be found. This, however, does not preclude the possibility of an efficient approximation
algorithm.

Definition 11.2: A fully polynomial randomized approximation scheme (FPRAS) for
a problem is a randomized algorithm for which, given an input x and any parameters &
and § with 0 < g, 8 < 1, the algorithm outputs an (g, §)-approximation to V (x) in time
that is polynomial in 1/¢, In 87", and the size of the input x.

Exercise 11.3 considers a seemingly weaker but actually equivalent definition of an
FPRAS that avoids the parameter §.

The Monte Carlo method essentially consists of the approach we have outlined here
to obtain an efficient approximation for a value V. We require an efficient process
that generates a sequence of independent and identically distributed random samples
X1, X2, ..., X, such that E[X;] = V. We then take enough samples to get an (g, §)-
approximation to V. Generating a good sequence of samples is often a nontrivial task
and is a major focus of the Monte Carlo method.

The Monte Carlo method is also sometimes called Monte Carlo simulation. As an
example, suppose we want to estimate the expected price of a stock sometime in the
future. We may develop a model where the price p(Y1, ..., ¥;) of the stock at that time
depends on random variables Y}, Y,, ..., Y;. If we can repeatedly generate indepen-
dent random vectors (y1, ys, . . . , yx) from the joint distribution of the ¥;, then we can
repeatedly generate independent random variables X;, X5, ..., where

Xi=pM, ..., Y.

We can then use the X; to estimate the expected future price E[p(Y1, ..., Y;)] with the
Monte Carlo method. That is, by simulating the possible future outcomes of the ¥; many
times, we can estimate the desired expectation.
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11.2. Application: The DNF Counting Problem

As an example of an estimation problem that requires a nontrivial sampling technique,
we consider the problem of counting the number of satisfying assignments of a Boolean
formula in disjunctive normal form (DNF). A DNF formula is a disjunction (OR) of
clauses C; v G, V - - - v Cy, where each clause is a conjunction (AND) of literals. For
example, the following is a DNF formula:

(x1 AX2 AX3) V(X2 AXg) V (XT A X3 A Xg).

Recall from Section 6.2.2 that, in a standard satisfiability problem, the input formula
is a conjunction (AND) of a set of clauses, and each clause is the disjunction (OR) of
literals. This is commonly called conjunctive normal form (CNF). While determining
the satisfiability of a formula in CNF form is difficult, determining the satisfiability of
a formula in DNF form is simple. Since a satisfying assignment for a DNF formula
needs to satisfy only one clause, it is easy to find a satisfying assignment or prove that
it is not satisfiable.

How hard is it to exactly count the number of satisfying assignments of a DNF
formula? Given any CNF formula H, we can apply de Morgan’s laws to obtain a DNF
formula for H, the negation of the formula H, with the same number of variables and
clauses as the original CNF formula. The formula H has a satisfying assignment if and
only if there is some assignment for the variables that does not satisfy H. Thus, H has
a satisfying assignment if and only if the number of satisfying assignments of H is
strictly less than 2", the total number of possible assignments for n Boolean variables.
We conclude that counting the number of satisfying assignments of a DNF formula is
at least as hard as solving the NP-complete problem SAT.

There is a complexity class associated with the problem of counting solutions to
problems in NP, denoted by P and pronounced ‘“‘sharp-P”. Formally, a problem is in
the class P if there is a polynomial time, nondeterministic Turing machine such that,
for any input /, the number of accepting computations equals the number of different
solutions associated with the input /. Counting the number of satisfying assignments
of a DNF formula is actually fP-complete; that is, this problem is as hard as any other
problem in this class. Other complete problems for the class §P include counting the
number of Hamiltonian cycles in a graph and counting the number of perfect matchings
in a bipartite graph.

It is unlikely that there is a polynomial time algorithm that computes the exact num-
ber of solutions of a fP-complete problem, as at the very least such an algorithm would
imply that P = NP. It is therefore interesting to find an FPRAS for the number of sat-
isfying assignments of a DNF formula.

11.2.1. The Naive Approach

We start by trying to generalize the approach that we used to approximate 7, and we
demonstrate why it is unsuitable in general. We then show how to improve our sampling
technique in order to solve the problem.
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DNF Counting Algorithm I:

Input: A DNF formula F with n variables.
Output: Y = an approximation of c(F').

1. X < 0.
2. Fork =1 tom, do:
(a) Generate a random assignment for the n variables, chosen uniformly at ran-
dom from all 2" possible assignments.
(b) If the random assignment satisfies F', then X < X + 1.
3. Return Y < (X/m)2".

Algorithm 11.1: DNF counting algorithm I.

Let ¢(F) be the number of satisfying assignments of a DNF formula F. Here we
assume that ¢(F) > 0, since it is easy to check whether ¢(F) = 0 before running our
sampling algorithm. In Section 11.1 we approximated 7 by generating points uniformly
at random from the 2 x 2 square and checking to see if they were in the target: a circle
of radius 1. We try a similar approach in Algorithm 11.1: we generate assignments
uniformly at random for the n variables and then see if the resulting assignment is in
the target of satisfying assignments for F.

Let X; be 1 if the kth iteration in the algorithm generated a satisfying assignment and
0 otherwise. Then X = Y-, Xi, where the X, are independent 0-1 random variables
that each take the value 1 with probability c(F)/2". Hence, by linearity of expectations,

E[X]2"
E[Y]= =

= ¢(F).

Applying Theorem 11.1, we see that X/m gives an (g, §)-approximation of c¢(F)/2",
and hence that Y gives an (g, §)-approximation of ¢(F), when

_ 32" In(2/8)
g2c(F)

If ¢(F) = 2" /a(n) for some polynomial «, then the foregoing analysis tells us we
only need a number of samples m that is polynomial in n, 1 /¢, and In(1/5). We cannot,
however, exclude the possibility that ¢(F) is much less than 2". In particular, c¢(F)
might be polynomial in n. Since our analysis requires a number of samples m that is
proportional to 2" /c(F'), our analysis does not yield that the run time of the algorithm
is always polynomial in the problem size.

This is not simply an artifact of the analysis. We provide a rough sketch of an argu-
ment that is elaborated on in Exercise 11.4. If the number of satisfying assignments is
polynomial in n and if at each step we sample uniformly at random from all 2" pos-
sible assignments, then with high probability we must sample an exponential number
of assignments before finding the first satisfying assignment. We can conclude, for
example, that we cannot distinguish between instances with n, n%, and n® satisfying
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assignments without considering exponentially many random assignments, since with
high probability we would obtain zero satisfying assignments in all three cases.

The problem with this sampling approach is that the set of satisfying assignments
might not be sufficiently dense in the set of all assignments. This is an additional
requirement of our sampling technique that was not explicit before. In the phrasing
of Theorem 11.1, the value u that we are attempting to approximate needs to be suffi-
ciently large that sampling is efficient.

To obtain an FPRAS for this problem, we need to devise a better sampling scheme
that avoids wasting so many steps on assignments that do not satisfy the formula. We
need to construct a sample space that includes all the satisfying assignments of F and,
moreover, has the property that these assignments are sufficiently dense in the sample
space to allow for efficient sampling.

11.2.2. A Fully Polynomial Randomized Scheme for DNF Counting

We now revise our sampling procedure to obtain an FPRAS. Let F =C, VG VvV --- VvV
C,;, and assume without loss of generality that no clause includes a variable and its
negation. (If there is such a clause, it is not satisfiable and we can eliminate it from
the formula.) A satisfying assignment of F needs to satisfy at least one of the clauses
Cy, ..., C;. Each clause is a conjunction of literals, so there is only one assignment of
the variables appearing in the clause that satisfies the clause. All other variables can
have arbitrary values. For example, for the clause (x; A X; A x3) to be satisfied, x; and
x3 must be set to True and x, must be set to False.

It follows that if clause C; has ¢, literals then there are exactly 2"~ satisfying assign-
ments for C;. Let SC; denote the set of assignments that satisfy clause 7, and let

U=1{Ga)|l<i<tanda e SC;}.

Notice that we know the size of U, since

t
Y oIscl =1ul,

i=1

and we can compute |SC;|.
The value that we want to estimate is given by

t
Jsc
i=1

Here c(F') < |U|, since an assignment can satisfy more than one clause and thus appear
in more than one pair in U.

To estimate c¢(F), we define a subset S of U with size ¢(F'). We construct this set
by selecting, for each satisfying assignment of F', exactly one pair in U that has this
assignment; specifically, we can use the pair with the smallest clause index number,
giving

c(F) =

S={G,a)|1 <i<t,aeSC;a¢SCforj<i}.
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DNF Counting Algorithm II:

Input: A DNF formula F with n variables.
Output: Y = an approximation of c(F').

1. X < 0.
2. Fork =1 tom, do:
(a) With probability |SC;|/ Y_'_, |SC;| choose, uniformly at random, an assign-
ment a € SC;.
(b) Ifaisnotinany SC;, j <i,then X <« X + 1.
3. Return Y <« (X/m) Y i_, ISCil.

Algorithm 11.2: DNF counting algorithm II.

Since we know the size of U, we can estimate the size of S by estimating the ratio
|S|/|U|. We can estimate this ratio efficiently if we sample uniformly at random from
U using our previous approach, choosing pairs uniformly at random from U and count-
ing how often they are in S. We can avoid the problem we encountered when simply
sampling assignments at random, because S is relatively dense in U. Specifically, since
each assignment can satisfy at most ¢ different clauses, |S|/|U| > 1/t.

The only question left is how to sample uniformly from U. Suppose that we first
choose the first coordinate, i. Because the ith clause has |SC;| satisfying assignments, we
should choose i with probability proportional to |SC;|. Specifically, we should choose
i with probability

ISCGi|  |SCil
Y scl ol

We then can choose a satisfying assignment uniformly at random from SC;. This is easy
to do; we choose the value True or False independently and uniformly at random for
each literal not in clause i. Then the probability that we choose the pair (i, a) is

Pr((i, a) is chosen) = Pr(i is chosen) - Pr(a is chosen | i is chosen)

_IsGl 1
U |SCil
1
U\’

giving a uniform distribution.
These observations are implemented in Algorithm 11.2.

Theorem 11.2: DNF counting algorithm Il is a fully polynomial randomized approx-
imation scheme (FPRAS) for the DNF counting problem when m = [(3t/&?)In(2/8)].

Proof: Step 2(a) of the algorithm chooses an element of U uniformly at random. The
probability that this element belongs to S is at least 1/¢. Fix any ¢ > 0 and § > O,
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3t 2
m=|—In-|.
e §

Then m is polynomial in ¢, €, and In(1/8), and the processing time of each sample is
polynomial in z. By Theorem 11.1, with this number of samples, X/m gives an (g, §)-
approximation of ¢(F)/|U| and hence Y gives an (g, §)-approximation of c(F'). |

and let

11.3. From Approximate Sampling to Approximate Counting

The example of DNF formulas demonstrates that there is a fundamental connection
between being able to sample from an appropriate space and being able to count the
number of objects with some property in that space. In this section we present the
outline of a general reduction that shows that, if you can sample almost uniformly a
solution to a “self-reducible” combinatorial problem, then you can construct a random-
ized algorithm that approximately counts the number of solutions to that problem. We
demonstrate this technique for the problem of counting the number of independent sets
in a graph. In the next chapter, we also consider the problem of counting the number
of proper colorings in a graph, applying this technique there as well.

We first need to formulate the concept of approximate uniform sampling. In this set-
ting we are given a problem instance in the form of an input x, and there is an underlying
finite sample space 2(x) associated with the input.

Definition 11.3: Let w be the (random) output of a sampling algorithm for a finite
sample space Q2. The sampling algorithm generates an -uniform sample of Q2 if, for
any subset S of €2,
p IS
r(wes)——| <e.

12|
A sampling algorithm is a fully polynomial almost uniform sampler (FPAUS) for a
problem if, given an input x and a parameter ¢ > 0, it generates an e-uniform sample
of Q(x) and runs in time that is polynomial in Ine~" and the size of the input x.

In the next chapter, we introduce the notion of total variation distance, which allows
for an equivalent definition of an e-uniform sample.

As an example, an FPAUS for independent sets would take as input a graph G =
(V, E) and a parameter ¢. The sample space would be all independent sets in the graph.
The output would be an ¢-uniform sample of the independent sets, and the time to
produce such a sample would be polynomial in the size of the graph and Ine~!. In fact,
in the reduction that follows we only need the running time to be polynomial in ¢!,
but we use the standard definition given in Definition 11.3.

Our goal is to show that, given an FPAUS for independent sets, we can construct an
FPRAS for counting the number of independent sets. Assume that the input G has m
edges, and let ey, . . ., ¢, be an arbitrary ordering of the edges. Let E; be the set of the
first i edges in E and let G; = (V, E;). Note that G = G,, and that G,_; is obtained from
G; by removing a single edge.
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We let ©2(G;) denote the set of independent sets in G;. The number of independent
sets in G can then be expressed as

[€2(G) " [€2(Gp—1)I o 1€2(Gpu—2) . x 1€2(Gy)

[22Gn-1)|  [Q(Gu-2)l  [$2(Gp-3)| 1€2(Go)|

12(6)] = X |€(Go)l.

Since Gy has no edges, every subset of V is an independent set and 2(Gp) = 2". In
order to estimate |2(G)|, we need good estimates for the ratios
G
QG-I

i

More formally, we will develop estimates 7; for the ratios r;, and then our estimate for
the number of independent sets in G will be

m

2"1_[71',

i=1

while the true number is

m

1QG)| =2"] [

i=1
To evaluate the error in our estimate, we need to bound the ratio

m ~

ri
R=]]-.
>

i=1 "'

Specifically, to have an (e, §)-approximation, we want Pr(|[R — 1| <¢) > 1 — 4. We
will make use of the following lemma.

Lemma 11.3: Suppose that for all i, 1 <i < m, 7; is an (¢/2m, §/m)-approximation
for ri. Then

PrfR—1|<¢e)>1-4.

Proof: Foreach 1 <i < m, we have

3
Pr <|75 —ril = _ri> >1—-—.
2m m

Equivalently,

B e 1)
Pr (lr,- —ril > —r,-) < —.
2m m
By the union bound, the probability that |7 — r;| > (¢/2m)r; for any i is at most §;
therefore, |7; — r;| < (¢/2m)r; for all i with probability at least 1 — §. Equivalently,

2m ~ 2m
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Estimating r;:

Input: Graphs G;_1 = (V, E;_1) and G; = (V, E)).

Qutput: 7 = an approximation of r;.

1. X < 0.
2. Repeat for M = [1296m*¢ 2 In(2m/8)] independent trials:
(a) Generate an (¢/6m)-uniform sample from Q(G;_1).
(b) If the sample is an independent set in G;, let X < X + 1.
3. Return 7; < X/M.

Algorithm 11.3: Estimating ;.

holds for all i with probability at least 1 — §. When these bounds hold for all i, we can
combine them to obtain

3

1—s§(1—§n>msngs(1+%)m51+e,

i=1 !

giving the lemma. |

Hence all we need is a method for obtaining an (¢/2m, § /m)-approximation for the
r;. We estimate each of these ratios by a Monte Carlo algorithm that uses the FPAUS
for sampling independent sets. To estimate r;, we sample independent sets in G;_; and
compute the fraction of these sets that are also independent sets in G;, as described in
Algorithm 11.3. The constants in the procedure were chosen to facilitate the proof of
Lemma 11.4.

Lemma 11.4: When m > 1 and 0 < ¢ < 1, the procedure for estimating r; yields an
(¢/2m, § /m)-approximation for r;.

Proof: We first show that r; is not too small, avoiding the problem that we found in
Section 11.2.1. Suppose that G;_; and G; differ in that edge (u, v) is present in G; but
not in G;_;. An independent set in G; is also an independent set in G;_1, so

Q(Gi) € QGi-).

An independent set in Q2(G;—;) \ ©2(G;) contains both u and v. To bound the size of
the set Q(Gi_1) \ R(G;), we associate each I € Q(G;—1) \ (G;) with an independent
set I\ {v} € Q(G;). In this mapping an independent set I’ € Q(G;) is associated with
no more than one independent set I' U {v} € Q(G;_1) \ Q(G;), and thus |Q2(G;_1) \
Q(G))| < |2(G))|. It follows that

D 1Q(G)) 1
"TIQGID T 1QUGH+ G \ QG| T 2
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Now consider our M samples, and let X = 1 if the kth sample is in ©2(G;) and 0
otherwise. Because our samples are generated by an (&/6m)-uniform sampler, by Def-
inition 11.3 each X; must satisfy
12(Gi)l €

Pr(X =1)— — | < =
"= 9G] = o

Since the X}, are indicator random variables, it follows that
Q(G;
‘E[Xk] _ Rl _ e
12(Gi—1)|| — 6m
and further, by linearity of expectations,
o T Xe | _ 126G
M| IRG)

£
< —.
6m

‘We therefore have

IE[7] —ri| = |E _Z?ika 180G
o | M 192G
&
< - .
— 6m

We now complete the lemma by combining (a) the fact just shown that E[7;] is close
to r; and (b) the fact that 7; will be close to E[7;] for a sufficiently large number of
samples. Using r; > 1/2, we have

1 1
E[f]>r—— > — >~
bm — 2 6m ~ 3
Applying Theorem 11.1 yields that, if the number of samples M satisfies
3In(2m/s 2
L C UL P R I
(e/12m)*(1/3) b)
then
Ti

- . ) ] - .
br (‘E[fi] B 1‘ Z @) =Pr (|Vi —E[#]| = @E[r,-]) < —.

Equivalently, with probability 1 — &/m,

& 7,'

—-— < <1l+4+—. 11.1
12m — E[F] — + 12m ( )
As |E[F] — ;| < &¢/6m, we have that
I3 E[7] e
1— < <1+ .
6mr; ri 6mr;
Using that r; > 1/2 then yields
E[7;
AL (11.2)
3m ri 3m
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Combining Eqns. (11.1) and (11.2), it follows that, with probability 1 — §/m,

£ £ e i £ e e
l——— =<1l )< —=<({14+—|[1+— ) <14+ —.
2m — ( 3m> ( 12m> T ( + 3m> < + 12m) =it 2m
This gives the desired (¢/2m, § /m)-approximation. |

The number of samples M is polynomial in m, &, and In !, and the time for each sam-
ple is polynomial in the size of the graph and In s~'. We therefore have the following
theorem.

Theorem 11.5: Given a fully polynomial almost uniform sampler (FPAUS) for inde-
pendent sets in any graph, we can construct a fully polynomial randomized approxi-
mation scheme (FPRAS) for the number of independent sets in a graph G.

In fact, this theorem is more often used in the following form.

Theorem 11.6: Given a fully polynomial almost uniform sampler (FPAUS) for inde-
pendent sets in any graph with maximum degree at most A, we can construct a fully
polynomial randomized approximation scheme (FPRAS) for the number of independent
sets in a graph G with maximum degree at most A.

This version of the theorem follows from our previous argument, since our graphs G;
are subgraphs of the initial graph G. Hence, if we start with a graph of maximum degree
at most A, then our FPAUS need only work on graphs with maximum degree at most
A. In the next chapter, we will see how to create an FPAUS for graphs with maximum
degree 4.

This technique can be applied to a broad range of combinatorial counting problems.
For example, in Chapter 12 we consider its application to finding proper colorings of
a graph G. The only requirement is that we can construct a sequence of refinements of
the problem, starting with an instance that is easy to count (the number of independent
sets in a graph with no edges, in our example) and ending with the actual counting
problem, and such that the ratio between the counts in successive instances is at most
polynomial in the size of the problem.

11.4. The Markov Chain Monte Carlo Method

The Monte Carlo method is based on sampling. It is often difficult to generate a random
sample with the required probability distribution. For example, we saw in the previous
section that we can count the number of independent sets in a graph if we can generate
an almost uniform sample from the set of independent sets. But how can we generate
an almost uniform sample?

The Markov chain Monte Carlo (MCMC) method provides a very general approach
to sampling from a desired probability distribution. The basic idea is to define an
ergodic Markov chain whose set of states is the sample space and whose stationary dis-
tribution is the required sampling distribution. Let Xy, X, . . ., X, be a run of the chain.
The Markov chain converges to the stationary distribution from any starting state X
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and so, after a sufficiently large number of steps r, the distribution of the state X, will be
close to the stationary distribution, so it can be used as a sample. Similarly, repeating
this argument with X, as the starting point, we can use X,, as a sample, and so on. We
can therefore use the sequence of states X,, Xo,, X3,, . . . as almost independent samples
from the stationary distribution of the Markov chain. The efficiency of this approach
depends on (a) how large » must be to ensure a suitably good sample and (b) how much
computation is required for each step of the Markov chain. In this section, we focus on
finding efficient Markov chains with the appropriate stationary distribution and ignore
the issue of how large r needs to be. Coupling, which is one method for determining
the relationship between the value of r and the quality of the sample, is discussed in
the next chapter.

In the simplest case, the goal is to construct a Markov chain with a stationary distri-
bution that is uniform over the state space 2. The first step is to design a set of moves
that ensures the state space is irreducible under the Markov chain. Let us call the set of
states reachable in one step from a state x (but excluding x) the neighbors of x, denoted
by N(x). We adopt the restriction that if y € N(x) then also x € N(y). Generally N(x)
will be a small set, so that performing each move is simple computationally.

We again use the setting of independent sets in a graph G = (V, E) as an example.
The state space is all of the independent sets of G. A natural neighborhood framework
is to say that states x and y, which are independent sets, are neighbors if they differ
in just one vertex. That is, x can be obtained from y by adding or deleting just one
vertex. This neighbor relationship guarantees that the state space is irreducible, since all
independent sets can reach (respectively, can be reached from) the empty independent
set by a sequence of vertex deletions (respectively, vertex additions).

Once the neighborhoods are established, we need to establish transition probabil-
ities. One natural approach to try would be performing a random walk on the graph
of the state space. This might not lead to a uniform distribution, however. We saw in
Theorem 7.13 that, in the stationary distribution of a random walk, the probability of
a vertex is proportional to the degree of the vertex. Nothing in our previous discussion
requires all states to have the same number of neighbors, which is equivalent to all
vertices in the graph of the state space having the same degree.

The following lemma shows that, if we modify the random walk by giving each
vertex an appropriate self-loop probability, then we can obtain a uniform stationary
distribution.

Lemma 11.7: For a finite state space Q2 and neighborhood structure {N(X) | x € Q},
let N = max,cq |N(x)|. Let M be any number such that M > N. Consider a Markov
chain where

1/M ifx#yandy e N(x),
Px,y: 0 U”x#yandygéN(x),
1 -NxX)/M ifx=y.

If this chain is irreducible and aperiodic, then the stationary distribution is the uniform
distribution.
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Proof: We show that the chain is time reversible and then apply Theorem 7.10. For
any x # y, if m, = m, then

nXPX’y - 7T)7Py,x,

since P, = P, . = 1/M. It follows that the uniform distribution 7, = 1/|€2| is the sta-
tionary distribution. u

Consider now the following simple Markov chain, whose states are independent sets
ina graph G = (V, E).

1. X is an arbitrary independent set in G.
2. To compute X;:
(a) choose a vertex v uniformly at random from V;
(b) ifve Xi then Xi+1 = Xi \ {U},
(¢) if v ¢ X; and if adding v to X; still gives an independent set, then X =
Xi U {v};
(d) otherwise, X;11 = X;.

This chain has the property that the neighbors of a state X; are all independent sets
that differ from X; in just one vertex. Since every state can reach and is reachable
from the empty set, the chain is irreducible. Assuming that G has at least one edge
(u, v), then the state {v} has a self-loop (P, > 0), and the chain is aperiodic. Further,
when y # x, it follows that P, = 1/|V]| or 0. Lemma 11.7 therefore applies, and the
stationary distribution is the uniform distribution.

11.4.1. The Metropolis Algorithm

We have seen how to construct chains with a uniform stationary distribution. In some
cases, however, we may want to sample from a chain with a nonuniform stationary
distribution. The Metropolis algorithm refers to a general construction that transforms
any irreducible Markov chain on a state space €2 to a time-reversible Markov chain with
a required stationary distribution. The approach generalizes the idea we used before to
create chains with uniform stationary distributions: add self-loop probabilities to states
in order to obtain the desired stationary distribution.

Let us again assume that we have designed an irreducible state space for our Markov
chain; now we want to construct a Markov chain on this state space with a station-
ary distribution 7, = b(x)/B, where for all x € 2 we have b(x) > 0 and such that B =
Y o b(x)is finite. As we see in the following lemma (which generalizes Lemma 11.7),
we only need the ratios between the required probabilities; the sum B can be
unknown.

Lemma 11.8: For a finite state space Q2 and neighborhood structure {N(X) | x € Q},
let N = max,cq |N(x)|. Let M be any number such that M > N. For all x € Q, let w, >
0 be the desired probability of state x in the stationary distribution. Consider a Markov
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chain where

(1/M)min(1, 7y/m,) ifx#yandy € N(x),
Px,y: 0 ifx#yandy & N(x),
1 —Zy#Px,y ifx=y.

Then, if this chain is irreducible and aperiodic, the stationary distribution is given by
the probabilities .

Proof: As in the proof of Lemma 11.7, we show that the chain is time reversible and
apply Theorem 7.10. For any x # y, if m, < 7, then P., = 1 and P, , = m,/m,. It fol-
lows that P, , = 7y P, . Similarly, if 7, > 7, then P, , = 7, /n, and P,, = 1, and it
follows that m,P, , = m,P, .. By Theorem 7.10, the stationary distribution is given by
the values ,. |

As an example of how to apply Lemma 11.8, let us consider how to modify our previ-
ous Markov chains on independent sets. Let us suppose that now we want to create a
Markov chain where, in the stationary distribution, each independent set / has probabil-
ity proportional to A/l for some constant parameter A > 0. That is, 7, = A/ /B, where
I, is the independent set corresponding to state x and where B = ) ", A When A =1,
this is the uniform distribution; when A > 1, larger independent sets have a larger prob-
ability than smaller independent sets; and when A < 1, larger independent sets have a
smaller probability than smaller independent sets.

Consider now the following variation on the previous Markov chain for independent
sets in a graph G = (V, E).

1. Xj is an arbitrary independent set in G.
2. To compute X;;1:
(a) choose a vertex v uniformly at random from V;
(b) ifv € X;, set X1 = X; \ {v} with probability min(1, 1/1);
(¢) if v ¢ X; and if adding v to X; still gives an independent set, then put X;;; =
X; U {v} with probability min(1, A);
(d) otherwise, set X;;; = X.

We now follow a two-step approach. We first propose a move by choosing a vertex v
to add or delete, where each vertex is chosen with probability 1/M; here M = |V|. This
proposal is then accepted with probability min(1, 7y /7, ), where x is the current state
and y is the proposed state to which the chain will move. Here, 7, /7, is A if the chain
attempts to add a vertex and is 1/A if the chain attempts to delete a vertex. This two-
step approach is the hallmark of the Metropolis algorithm: each neighbor is selected
with probability 1/M, and then it is accepted with probability min(1, 7, /m,). Using
this two-step approach, we naturally obtain that the transition probability P, , is

1 . Ty
Poy=—min|1, —],
M Ty
so Lemma 11.8 applies.

It is important that, in designing this Markov chain, we never needed to know B =
>, AL A graph with n vertices can have exponentially many independent sets, and
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calculating this sum directly would be too expensive computationally for many graphs.
Our Markov chain gives the correct stationary distribution by using the ratios 7, /m,,
which are much easier to deal with.

11.5. Exercises
Exercise 11.1: Formally prove Theorem 11.1.

Exercise 11.2: Another method for approximating w using Monte Carlo tech-
niques is based on Buffon’s needle experiment. Research and explain Buffon’s nee-
dle experiment, and further explain how it can be used to obtain an approximation
for .

Exercise 11.3: Show that the following alternative definition is equivalent to the defi-
nition of an FPRAS given in the chapter: A fully polynomial randomized approximation
scheme (FPRAS) for a problem is a randomized algorithm for which, given an input x
and any parameter ¢ with 0 < ¢ < 1, the algorithm outputs an (&, 1/4)-approximation
in time that is polynomial in 1/¢ and the size of the input x. (Hint: To boost the prob-
ability of success from 3/4 to 1 — §, consider the median of several independent runs
of the algorithm. Why is the median a better choice than the mean?)

Exercise 11.4: Suppose we have a class of instances of the DNF satisfiability prob-
lem, each with «(n) satisfying truth assignments for some polynomial «. Suppose we
apply the naive approach of sampling assignments and checking whether they sat-
isfy the formula. Show that, after sampling 2"/? assignments, the probability of find-
ing even a single satisfying assignment for a given instance is exponentially small
inn.

Exercise 11.5: (a) Let S1, 53, ..., S,, be subsets of a finite universe U. We know |S;|
for I < i < m. We wish to obtain an (&, §)-approximation to the size of the set

We have available a procedure that can, in one step, choose an element uniformly at
random from a set S;. Also, given an element x € U, we can determine the number of
sets S; for which x € S;. We call this number c(x).

Define p; to be

i
l Z?:l |Sj|
The jth trial consists of the following steps. We choose a set S, where the probability of

each set S; being chosen is p;, and then we choose an element x; uniformly at random
from S;. In each trial the random choices are independent of all other trials. After ¢
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trials, we estimate |S| by

t

1 1 m
Y (Zm)_

i=1

Determine — as a function of m, ¢, and § — the number of trials needed to obtain an
(&, §)-approximation to |S].

(b) Explain how to use your results from part (a) to obtain an alternative approxi-
mation algorithm for counting the number of solutions to a DNF formula.

Exercise 11.6: The problem of counting the number of solutions to a knapsack
instance can be defined as follows: Given items with sizes a;, dp, ..., a, > 0 and
an integer b > 0, find the number of vectors (xi,xs,...,x,) € {0, 1}" such that
Zle a;x; < b. The number b can be thought of as the size of a knapsack, and the
x; denote whether or not each item is put into the knapsack. Counting solutions cor-
responds to counting the number of different sets of items that can be placed in the
knapsack without exceeding its capacity.

(a) A naive way of counting the number of solutions to this problem is to repeatedly
choose (x1, xz, ..., x,) € {0, 1}"* uniformly at random, and return the 2" times the
fraction of samples that yield valid solutions. Argue why this is not a good strategy
in general; in particular, argue that it will work poorly when each a; is 1 and b =

J/n.
(b) Consider a Markov chain Xy, X1, ... on vectors (x1, X2, ..., x,) € {0, 1}"*. Suppose
Xjis (x1, x2, ..., X,). At each step, the Markov chain chooses i € [1, n] uniformly

at random. If x; = 1, then X, is obtained from X; by setting x; to 0. If x; =0,
then X4 is obtained from X by setting x; to 1 if doing so maintains the restriction
Z:‘lzl a;x; < b. Otherwise, Xj+l = Xj.

Argue that this Markov chain has a uniform stationary distribution whenever
Y, a; > b. Be sure to argue that the chain is irreducible and aperiodic.

(c) Argue that, if we have an FPAUS for the knapsack problem, then we can derive
an FPRAS for the problem. To set the problem up properly, assume without loss
of generality that a; <a; <--- < a,. Letby = 0and b; = Z;Zl aj. Let Q(b;) be

the set of vectors (x|, x2, ..., x;) € {0, 1}" that satisfy Z:‘Zl a;x; < b;. Let k be the

smallest integer such that b; > b. Consider the equation

12(D)] Qb1 1©2(b))]
X X e X
Qb1 [R(be—2) 1€2(bo)|

You will need to argue that |2(b;_1)|/|€2(b;)]| is not too small. Specifically, argue
that |Q(b;)| < (n+ D[Q(bi-1)|.

1) = X |€2(bo).

Exercise 11.7: An alternative definition for an e-uniform sample of Q2 is as follows:
A sampling algorithm generates an e-uniform sample w if, for all x € Q,

[Pr(w =x) = 1/12]l _
1712 B
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Show that an e-uniform sample under this definition yields an e-uniform sample as
given in Definition 11.3

Exercise 11.8: Let S =Y ", i"> = n2/6. Design a Markov chain based on the
Metropolis algorithm on the positive integers such that, in the stationary distribution,
m; = 1/Si%. The neighbors of any integer i > 1 for your chain should be only i — 1 and
i + 1, and the only neighbor of 1 should be the integer 2.

Exercise 11.9: Recall the Bubblesort algorithm of Exercise 2.22. Suppose we have n
cards labeled 1 through n. The order of the cards X can be the state of a Markov chain.
Let f(X) be the number of Bubblesort moves necessary to put the cards in increasing
sorted order. Design a Markov chain based on the Metropolis algorithm such that, in
the stationary distribution, the probability of an order X is proportional to A/X) for a
given constant A > 0. Pairs of states of the chain are connected if they correspond to
pairs of orderings that can be obtained by interchanging at most two adjacent cards.

Exercise 11.10: A A-coloring C of an undirected graph G = (V, E) is an assignment
labeling each vertex with a number, representing a color, from the set {1, 2, ..., A}.
An edge (1, v) is improper if both u and v are assigned the same color. Let 1(C)
be the number of improper edges of a coloring C. Design a Markov chain based on
the Metropolis algorithm such that, in the stationary distribution, the probability of a
coloring C is proportional to A/©) for a given constant A > 0. Pairs of states of the
chain are connected if they correspond to pairs of colorings that differ in just one
vertex.

Exercise 11.11: In Section 11.4.1 we constructed a Markov chain on the indepen-
dent sets of a graph where, in the stationary distribution, 7, = A/ /B. Here I, is the
independent set corresponding to state x and B = Y All. Using a similar approach,
construct a Markov chain on the independent sets of a graph excluding the empty set,
where m, = |I;|/B for a constant B. Because the chain excludes the empty set, you
should first design a neighborhood structure that ensures the state space is connected.

Exercise 11.12: The following generalization of the Metropolis algorithm is due to
Hastings. Suppose that we have a Markov chain on a state space €2 given by the transi-
tion matrix Q and that we want to construct a Markov chain on this state space with a
stationary distribution 7, = b(x)/B, where forall x € Q, b(x) > 0and B =) _, b(x)
is finite. Define a new Markov chain as follows. When X,, = x, generate a random vari-
able Y with Pr(Y = y) = Q. ,. Notice that ¥ can be generated by simulating one step
of the original Markov chain. Set X, to Y with probability

. (0,
min (—)Q)’x, 1) ,
T Oxy

and otherwise set X, | to X,,. Argue that, if this chain is aperiodic and irreducible, then
it is also time reversible and has a stationary distribution given by the .
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Exercise 11.13: Suppose we have a program that takes as input a number x on the
real interval [0, 1] and outputs f(x) for some bounded function f taking on values in
the range [1, b]. We want to estimate

1
/ fx)dx.
x=0
Assume that we have a random number generator that can generate independent uni-
form random variables X;, X,, . ... Show that
m
Z J(X)
- "

gives an (g, §)-approximation for the integral for a suitable value of m.

11.6. An Exploratory Assignment on Minimum Spanning Trees

Consider a complete, undirected graph with (g) edges. Each edge has a weight, which
is a real number chosen uniformly at random on [0, 1].

Your goal is to estimate how the expected weight of the minimum spanning tree
grows as a function of n for such graphs. This will require implementing a minimum
spanning tree algorithm as well as procedures that generate the appropriate random
graphs. (You should check to see what sorts of random number generators are available
on your system and determine how to seed them — say, with a value from the machine’s
clock.)

Depending on the algorithm you use and your implementation, you may find that
your program uses too much memory when 7 is large. To reduce memory when n is
large, we suggest the following approach. In this setting, the minimum spanning tree is
extremely unlikely to use any edge of weight greater than k(n) for some function k(n).
We can first estimate k(n) by using repeated runs for small values of n and then throw
away edges of weight larger than k(n) when # is large. If you use this approach, be sure
to explain why throwing away edges in this manner will not lead to a situation where
the program finds a spanning tree that is not actually minimal.

Run your program for n = 16, 32, 64, 128, 256, 512, 1024, 2048, 4096, 8192, and
larger values, if your program runs fast enough. Run your program at least five times
for each value of n and take the average. (Make sure you re-seed the random number
generator appropriately!) You should present a table listing the average tree size for the
values of n that your program runs successfully. What seems to be happening to the
average size of the minimum spanning tree as n grows?

In addition, you should write one or two pages discussing your experiments in more
depth. The discussion should reflect what you have learned from this assignment and
might address the following topics.

« What minimum spanning tree algorithm did you use, and why?
« What is the running time of your algorithm?
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« If you chose to throw away edges, how did you determine k(7n), and how effective
was this approach?

« Can you give a rough explanation for your results? (The limiting behavior as n grows
large can be proven rigorously, but it is very difficult; you need not attempt to prove
any exact result.)

« Did you have any interesting experiences with the random number generator? Do
you trust it?
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CHAPTER TWELVE"

Coupling of Markov Chains

In our study of discrete time Markov chains in Chapter 7, we found that ergodic Markov
chains converge to a stationary distribution. However, we did not determine how quickly
they converge, which is important in a number of algorithmic applications, such as
sampling using the Markov chain Monte Carlo technique. In this chapter, we introduce
the concept of coupling, a powerful method for bounding the rate of convergence of
Markov chains. We demonstrate the coupling method in several applications, including
card-shuffling problems, random walks, and Markov chain Monte Carlo sampling of
independent sets and vertex coloring.

12.1. Variation Distance and Mixing Time

Consider the following method for shuffling n cards. At each step, a card is chosen
independently and uniformly at random and put on the top of the deck. We can think
of the shuffling process as a Markov chain, where the state is the current order of the
cards. You can check that the Markov chain is finite, irreducible, and aperiodic, and
hence it has a stationary distribution.

Let x be a state of the chain, and let N(x) be the set of states that can reach x in
one step. Here |[N(x)| = n, since the top card in x could have been in n different places
in the previous step. If m, is the probability associated with state y in the stationary
distribution, then for any state x we have

m= 3w,

YEN(x)

The uniform distribution satisfies these equations, and hence the unique stationary dis-
tribution is uniform over all possible permutations.

We know that the stationary distribution is the limiting distribution of the Markov
chain as the number of steps grows to infinity. If we could run the chain “forever”,
then in the limit we would obtain a state that was uniformly distributed. In practice,
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Figure 12.1: Example of variation distance. The areas shaded by upward diagonal lines correspond
to values x where D, (x) < D,(x); the areas shaded by downward diagonal lines correspond to values

x where D;(x) > D,(x). The total area shaded by upward diagonal lines must equal the total area
shaded by downward diagonal lines, and the variation distance equals one of these two areas.

we run the chain for a finite number of steps. If we want to use this Markov chain to
shuffle the deck, how many steps are necessary before we obtain a shuffle that is close
to uniformly distributed?

To quantify what we mean by “close to uniform”, we must introduce a distance
measure.

Definition 12.1: The variation distance between two distributions D, and D, on a
countable state space S is given by

1
1Dy = Dall = 5 3 1D1(x) = Do),
xes§
A pictorial example of the variation distance is given in Figure 12.1.
The factor 1/2 in the definition of variation distance guarantees that the variation

distance is between 0 and 1. It also allows the following useful alternative characteri-
zation.

Lemma 12.1: Forany A C S, let D;(A) = Y___, Di(x) fori =1, 2. Then

X€A
D1 — Dz|| = max|D;(A) — Dy(A)|.
ACS
A careful examination of Figure 12.1 helps make the proof of this lemma transparent.

Proof: Let ST C S be the set of states such that D;(x) > D,(x), and let S~ C S be the
set of states such that D,(x) > D (x).
Clearly,

max D(A4) = D>(A) = Dy (8T) — Dy(ST)
and
max Da(A) = Di(A) = Da(S™) = Di(S7).
But since D (S) = D»(S) = 1, we have
Di(ST)+Di(S7) = Da(ST) + Dr(S7) = 1,
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which implies that
D(S*) = Dy(S*) =Dy (S7) — Di(S7).
Hence

max|Dy(A4) — Dy(A)] = ID1(ST) = Do(ST)| = |D1(S7) = Da(S7)I.
Finally, since

ID1(ST) = Da(SH)| + ID1(S7) = Da(ST)| = Y ID1(x) — Dy(x)| = 2||Dy — D2,

xeS§

we have

max|D(A) — Dy(A)| = [[D1 — Dsl,
ACS

completing the proof. [

As an application of Lemma 12.1, suppose that we run our shuffling Markov chain until
the variation distance between the distribution of the chain and the uniform distribution
is less than e. This is a strong notion of close to uniform, because every permutation
of the cards must have probability at most 1/n! + ¢. In fact the bound on the variation
distance gives an even stronger statement: For any subset A C S, the probability that the
final permutation is from the set A is at most 7w (A) + ¢. For example, suppose someone
is trying to make the top card in the deck an ace. If the variation distance from the
distribution to the uniform distribution is less than ¢, we can safely say that probability
that an ace is the first card in the deck is at most ¢ greater than if we had a perfect
shuffle.

As another example, suppose we take a 52-card deck and shuffle all the cards — but
leave the ace of spades on top. In this case, the variation distance between the resulting
distribution D, and the uniform distribution D, could be bounded by considering the
set B of states where the ace of spades is on the top of the deck:

D1 — D2l = max|Di(A) — Dy(A)| = |D1(B) — D2(B)| =1 — . 2
AcS - 52 52

The definition of variation distance coincides with the definition of an e-uniform
sample (given in Definition 11.3). A sampling algorithm returns an e-uniform sample
on 2 if and only if the variation distance between its output distribution D and the
uniform distribution U satisfies

ID=Ul <e.

Bounding the variation distance between the uniform distribution and the distribution
of the state of a Markov chain after some number of steps can therefore be a useful
way of proving the existence of efficient e-uniform samplers, which (as we showed in
Chapter 11) can in turn lead to efficient approximate counting algorithms.

We now consider how to bound this variation distance after ¢ steps. In what follows,
we assume that the Markov chains under consideration are ergodic discrete space and
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discrete time chains with well-defined stationary distributions. The following defini-
tions will be useful.

Definition 12.2: Let 7 be the stationary distribution of an ergodic Markov chain with
state space S. Let P/, represent the distribution of the state of the chain starting at state
x after t steps. We define

A1) = lIp, — 7I; A(t) = max A (1).
xeS

That is, A(t) is the variation distance between the stationary distribution and p',, and
A(t) is the maximum of these values over all states x.
We also define

T(e) = min{r : A,(t) < &}; T(e) = ngx 7,(&).

That is, t,(g) is the first step t at which the variation distance between p'. and the
stationary distribution is less than e, and t(¢) is the maximum of these values over all
states X.

When 7(¢) is considered as a function of ¢, it is generally called the mixing time of the
Markov chain. A chain is called rapidly mixing if 7(¢) is polynomial in log(1/¢) and
the size of the problem. The size of the problem depends on the context; in the shuffling
example, the size would be the number of cards.

12.2. Coupling

Coupling of Markov chains is a general technique for bounding the mixing time of a
Markov chain.

Definition 12.3: A coupling of a Markov chain M, with state space S is a Markov
chain Z; = (X;, Y;) on the state space S x S such that:

Pr(X,1 =X | Z, = (x,y)) = Pr(M, 4y = X' | M, = x);
Pr(Yop1 =Y | Z, = (x,y)) =Pr(M,11 =Y | M, = y).

That is, a coupling consists of two copies of the Markov chain M running simultane-
ously. These two copies are not literal copies; the two chains are not necessarily in the
same state, nor do they necessarily make the same move. Instead, we mean that each
copy behaves exactly like the original Markov chain in terms of its transition probabil-
ities. One obvious way to obtain a coupling is simply to take two independent runs of
the Markov chain. As we shall see, such a coupling is generally not very useful for our
purposes.

Instead, we are interested in couplings that (a) bring the two copies of the chain to
the same state and then (b) keep them in the same state by having the two chains make
identical moves once they are in the same state. When the two copies of the chain reach
the same state, they are said to have coupled. The following lemma motivates why we
seek couplings that couple.
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Lemma 12.2 [Coupling Lemmal]: LetZ, = (X;, Y;) be a coupling for a Markov chain
M on a state space S. Suppose that there exists a T such that, for every x,y € S,

Pr(Xr Y7 | Xo=x, Yy =y) <e.
Then
t(e) <T.

That is, for any initial state, the variation distance between the distribution of the state
of the chain after T steps and the stationary distribution is at most €.

Proof: Consider the coupling when Y; is chosen according to the stationary distribution
and Xy takes on any arbitrary value. For the given T and ¢ and for any A C S,

Pr(Xr € A) = Pr(Xr =Yr) N (Yr € A))
=1—=Pr((Xr #Yr)U (Y1 ¢ A))
> (1 —Pr(Yr ¢ A)) — Pr(Xr # Yr)
>Pr(Yy €A)—¢
=m(A) —e.

Here the third line follows from the union bound. For the fourth line, we used the fact
that Pr(X7 # Y7r) < ¢ for any initial states Xy and Yy; in particular, this holds when
Yy is chosen according to the stationary distribution. For the last line, we used that
Pr(Yr € A) = w(A), since Yy is also distributed according to the stationary distribu-
tion. The same argument for the set S — A shows that Pr(X; ¢ A) > n (S — A) — ¢, or
Pr(Xr e A) <mw(A)+e.

It follows that

max|pl (A) — m(A)] < e,
XA

so by Lemma 12.1 the variation distance from the stationary distribution after the chain
runs for 7 steps is bounded above by €. |

12.2.1. Example: Shuffling Cards

To apply the coupling lemma effectively to the card-shuffling Markov chain, we must
choose an appropriate coupling. Given two copies X; and Y; of the chain in different
states, one possibility for the coupling is to choose a position j uniformly at random
from 1 to n and simultaneously move to the top the jth card from the top in both chains.
This is a valid coupling, because each chain individually acts as the original shuffling
Markov chain. Although this coupling is natural, it does not appear immediately useful.
Since the chains start in different states, the jth cards from the top in the two chains will
usually be different. Moving these two different cards to the top does not seem to bring
the two copies of the chain toward the same state.

A more useful coupling is to choose a position j uniformly at random from 1 to n
and then obtain X, from X; by moving the jth card to the top. Denote the value of this
card by C. To obtain Y4 from Y¥;, move the card with value C to the top. The coupling
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is again valid, because in both chains the probability a specific card is moved to the top
at each step is 1/n. With this coupling, it is easy to see by induction that, once a card C
is moved to the top, it is always in the same position in both copies of the chain. Hence,
the two copies are sure to become coupled once every card has been moved to the top
at least once.

Now our coupling problem for the shuffling Markov chain looks like a coupon col-
lector’s problem; to bound the number of steps until the chains couple, we simply bound
how many times cards must be chosen uniformly at random before every card is cho-
sen at least once. We know that when the Markov chain runs for nlnn 4 cn steps,
the probability that a specific card has not been moved to the top at least once is at
most

Inn+cn —_

1\" , e
(1 - < e*(]l’l}’H»L) — ,
n n

and thus (by the union bound) the probability that any card has not been moved to
the top at least once is at most e~ . Hence, after only nlnn 4+ nln(1/¢) = nln(n/e)
steps, the probability that the chains have not coupled is at most . The coupling
lemma allows us to conclude that the variation distance between the uniform distribu-
tion and the distribution of the state of the chain after n In(n/¢) steps is bounded above
by e.

12.2.2. Example: Random Walks on the Hypercube

Recall from Section 4.6.1 that an n-dimensional hypercube, or n-cube, consists of N =
2" nodes numbered from 0 to N — 1. Let ¥ = (x, ..., x,,) be the binary representation
of x. Nodes x and y are connected by an edge if and only if X and y differ in exactly one
bit.

We consider the following Markov chain defined on the n-cube. At each step, choose
a coordinate i uniformly at random from [1, n]. The new state x’ is obtained from the
current state x by keeping all coordinates of X the same, except possibly for x;. The
coordinate x; is set to 0 with probability 1/2 and to 1 with probability 1/2. This Markov
chain is exactly the random walk on the hypercube, except that with probability 1/2
the chain stays at the same vertex instead of moving to a new one, which removes the
potential problem of periodicity. It follows easily that the stationary distribution of the
chain is uniform over the vertices of the hypercube.

We bound the mixing time 7 (¢) of this Markov chain by using the obvious coupling
between two copies X; and ¥; of the Markov chain: at each step, we have both chains
make the same move. With this coupling, the two copies of the chain will surely agree
on the ith coordinate, once the ith coordinate has been chosen for a move of the Markov
chain. Hence the chains will have coupled after all n coordinates have each been chosen
at least once.

The mixing time can therefore be bounded by bounding the number of steps until
each coordinate has been chosen at least once by the Markov chain. This again reduces
to the coupon collector’s problem, just as in the case of the shuffling chain. By the same
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argument, the probability is less than ¢ that after n1n(ne~") steps the chains have not
coupled, and hence by the coupling lemma the mixing time satisfies

7(e) < nln(ne™).

12.2.3. Example: Independent Sets of Fixed Size

We consider a Markov chain whose states are all independent sets of size exactly k in
a graph G = (V, E). Because we restrict ourselves to independent sets of a fixed size,
we need a different Markov chain than the chain for all independent sets developed in
Section 11.4. A move is made from the independent set X; by choosing a vertex v € X;
uniformly at random and a vertex w € V uniformly at random. The move m(v, w, X;)
can be described as follows: if w ¢ X; and (X; — {v}) U {w} is an independent set, then
Xir1 = (X; — {v}) U {w}; otherwise, X;; = X;. Let n be the number of vertices in the
graph and let A be the maximum degree of any vertex. We show here that this chain
is rapidly mixing whenever k < n/(3A 4 3). We leave the task of showing that the
Markov chain is ergodic and has a uniform stationary distribution as Exercise 12.11,
and assume this in the following argument.

We consider a coupling on Z; = (X;, ¥;). Our coupling will require an arbitrary per-
fect matching M between the vertices of X; — Y¥; and ¥; — X; at each step; for example,
we may label the vertices 1 to n and match the elements of X; — Y in sorted order via a
one-to-one mapping with the elements of ¥; — X; in sorted order. For our coupling, we
first choose a transition for the chain X; by choosing v € X; and w € V uniformly at ran-
dom and then perform the move m(v, w, X;). Cleatly, the copy of the chain X; follows
the original Markov chain faithfully as required by Definition 12.3. For the transition
of Y}, if v € ¥, then we use the same pair of vertices v and w and perform the move
m(v, w, ¥;); if v ¢ Y;, we perform the move m(M(v), w, Y;) (where M(v) denotes the
vertex matched to v). The copy of the chain ¥; also follows the original Markov chain
faithfully, since each pair of vertices with v € ¥; and w € V is chosen with probability
1/kn.

An alternative way of establishing the coupling is as follows. We again choose v € X,
and w € V uniformly at random and then perform the move m(v, w, X;) in the chain
X;. If v € Y;, we perform the move m(v, w, Y;) in the chain Y;; otherwise, we choose
uniformly at random a vertex v’ € ¥; — X, and perform the move m(v’, w, Y;) in the
chain Y;. We see in Exercise 12.10 that this also satisfies Definition 12.3.

Let d;, = |X; — Y;| measure the difference between the two independent sets after ¢
steps. Clearly d; can change by at most 1 at each step. We show that d; is more likely
to decrease than increase, and we use this fact to establish an upper bound on the prob-
ability that d;, > O for sufficiently large ¢.

Suppose that d; > 0. In order for d;| = d; + 1, it must be that at time 7 the vertex
v is chosen from X; NY;, and w is chosen so that there is a transition in exactly one
of the chains. Thus, w must be either a vertex or a neighbor of a vertex in the set
X; — ;) U (Y; — X;). It follows that

k_dt 2dt(A + 1)

Pr(dy1 =di+1|d > 0) <
k n
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Similarly, in order for d,; = d; — 1, it is sufficient that at time t we have v ¢ Y¥; and
w neither a vertex nor a neighbor of a vertex in the set X; UY;, — {v, v'}. Note that
|X; UY,| = k + d,. Therefore,

din—(k+d —2)(A+1)

Pr(dip1 =d; —11d >0)> — .
k n

‘We thus have, for d; > 0,

Eldyi | d] = d, +Pr(diys = di + 1) = Pr(di1 = d, — 1)
k—d2d(A+1) dn—(k+d —2)(A+1)

<d, + X ;. X ;.
:dt<1_n—(3k—dt—2)(A—l—l)>
kn
Sd;<1—n_(3k_3)(A+1)).
kn

Once d; = 0, the two chains follow the same path and so E[d, | d; = 0] = 0.
Using the conditional expectation equality, we have

n— 3k —3)(A+ 1))

E[d1] = E[E[d/4 | d/]] < E[d/] <1 - o

By induction, we find that

— Bk =3)(A + 1)

E[d,]idg(l—n Ok =) +)).
kn

Since dy < k and since d; is a nonnegative integer, it follows that

t
n— (3k —k 3)(A + 1)) < ke t(n=GE=3)A+ D)/ tn)
n

Pr(d, = 1) < E[d] =k (1 -

A consequence of this result is that the variation distance converges to zero whenever
k <n/(3A 4+ 3), and in this case

knln(ke™")
n—Gk—=3)(A+1)
We thus find that 7 (¢) is polynomial in # and In(1/¢), implying that the chain is rapidly
mixing, whenever k < n/(3A + 3).
We can actually improve upon this result. In Exercise 12.12 we use a slightly more
sophisticated coupling to obtain a bound that holds for any k < n/(2A + 2).

T(e) <

12.3. Application: Variation Distance Is Nonincreasing

We know that an ergodic Markov chain eventually converges to its stationary distribu-
tion. In fact, the variation distance between the state of a Markov chain and its stationary
distribution is nonincreasing in time. To show this, we start with an interesting lemma
that gives another useful property of the variation distance.
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Lemma 12.3: Given distributions ox and oy on a state space S, let Z = (X,Y) be a
random variable on S x S, where X is distributed according to ox and Y is distributed
according to oy. Then

Pr(X #Y) = [lox — oyl 2.1

Moreover, there exists a joint distribution Z = (X, Y ), where X is distributed according
to ox and Y is distributed according to oy, for which equality holds.

Again, examining a specific example (such as in Figure 12.1) helps us understand the
following proof.

Proof: For each s € S, we have
Pr(X =Y = x) < min(Pr(X = x), Pr(Y = x)).
Hence
PriX =Y) < Zmin(Pr(X =x), Pr(Y = x)),
xS
and therefore

Pr(X #Y) > 1 — » min(Pr(X = x), Pr(Y = x))

xes
= > (Pr(X = x) — min(Pr(X = x), Pr(Y = x))).
xeS
Hence we are done if we can show
llox —oy]| = Z (Pr(X = x) — min(Pr(X =x), Pr(Y = x))). (12.2)
xes

But Pr(X = x) — min(Pr(X = x), Pr(Y = x)) =0 when ox(x) < oy(x), and when
ox(x) > oy(x)itis

Pr(X =x) — Pr(Y = x) = ox(x) — oy (x).

If we let ST be the set of all states for which ox(x) > oy (x), then the right-hand side of
Eqn. (12.2) is equal to ox(St) — oy(S), which equals |[ox — oy|| from the argument
in Lemma 12.1. This gives the first part of the lemma.

Equality holds in Eqn. (12.1) if we take a joint distribution where X = Y as much as
possible. Specifically, let m(x) = min(Pr(X = x), Pr(Y = x)). If > _m(x) = 1, then X
and Y have the same distribution and we are done. Otherwise, let Z = (X, Y) be defined
by

m(x) if x =y;
PriX = x, Y =y) = | (ox(x) — m(x))(oy (y) — m(y))
=3 m@)

The idea behind this choice of Z is to first match X and Y as much as possible and then
force X and Y to behave independently if they do not match.
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For this choice of Z,

Pr(X =Y) =Y m(x) =1— |loy — oy].

It remains to show that, for this choice of Z, Pr(X = x) = ox(x); the same argument
will hold for Pr(Y = y). If m(x) = ox(x) then Pr(X = x,Y = x) = m(x) and Pr(X =
x,Y =y) =0 when x # y, so Pr(X = x) = ox(x). If m(x) = oy(x), then

Pr(X = x) = ZPr(X:x,Y=y)
y

=mx)+ Y (ox (x) — m(x))(ay (¥) — m(y))

= 1= m()
- (ox (1) = m() Y, .oy () — m(y))
= m(x) + =y me)
~ (ox () = m()(1 = oy (x) = (X, m(z) — m(x)))
= m(x) + =y me)
= m(x) + (ox(x) — m(x))
= ox(x),
completing the proof. |

Recall that A(r) = max, A,(t), where A,(¢) is the variation distance between the sta-
tionary distribution and the distribution of the state of the Markov chain after ¢ steps
when starting at state x. Using Lemma 12.3, we can prove that A(¢) is nonincreasing
over time.

Theorem 12.4: For any ergodic Markov chain M;, A(T + 1) < A(T).

Proof: Let x be any given state, and let y be a state chosen from the stationary distri-
bution. Then

AT = |Ipl = plI.

Indeed, if X7 is distributed according to p){ and if Y7 is distributed according to pg,
then by Lemma 12.3 there exists a random variable Zy = (X7, Y7) with Pr(Xy # Y7) =
A,(T). From this state Z7, consider any one-step coupling for the Markov chain that
takes Zr = (X7, Yr) to Zy41 = (X741, Yr+1) in such a way that, whenever X = Y7,
the coupling makes the same move, so that X7, = Y74;. Now X7y is distributed
according to p] ™' and Y74, is distributed according to p ', which is the stationary
distribution. Hence, by Lemma 12.3,

A(T) = Pr(Xr # Yr)
> Pr(Xrq1 # Yrq1)

> |lpi+ = pl
= AT + D).
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The second line follows from the first because the one-step coupling assures X7, =
Y741 whenever X7 = Yr. The result follows since the foregoing relations hold for every
state x. |

12.4. Geometric Convergence

The following general result, derived from a trivial coupling, is useful for bounding the
mixing time of some Markov chains.

Theorem 12.5: Let P be the transition matrix for a finite, irreducible, aperiodic
Markov chain. Let m; be the smallest entry in the jth column of the matrix, and let
m=}_;mj. Then, for all x and t,

1P =7l < (1 —m).

Proof: 1f the minimum entry in column j is m;, then in one step the chain reaches state
J with probability at least m; from every state. Hence we can design a coupling where
the two copies of the chain both move to state j together with probability at least m; in
every step. Since this holds for all j, at each step the two chains can be made to couple
with probability at least m. Hence the probability they have not coupled after m steps
is at most (1 — m), yielding the theorem via the coupling lemma. |

Theorem 12.5 is not immediately helpful if there is a zero entry in each column, in
which case m = 0. In Exercise 12.6, we consider how to make it useful for any finite,
irreducible, aperiodic Markov chain. Theorem 12.5 shows that, under very general con-
ditions, Markov chains converge quickly to their stationary distributions, with the vari-
ation distance converging geometrically in the number of steps.

A more general related result is the following. Suppose that we can obtain an upper
bound on t(c) for some constant ¢ < 1/2. For example, such a bound might be found
by a coupling. This is sufficient to bootstrap a bound for 7(¢) for any ¢ > 0.

Theorem 12.6: Let P be the transition matrix for a finite, irreducible, aperiodic
Markov chain M; with t©(c) <T for some c < 1/2. Then, for this Markov chain,
7(¢) < [Ine/In2c)]T.

Proof: Consider any two initial states Xy = x and ¥y = y. By the definition of 7(c),
we have ||pl — || < cand ||p] — 7| < c. It follows that || pl — p7|| < 2c and hence,
by Lemma 12.3, there exists a random variable Z7 . , = (X7, Yr) with X7 distributed
according to pl and Y7 distributed according to p[ such that Pr(Xy # ¥7) < 2c.

Now consider the Markov chain M| given by the transition matrix P”, which corre-
sponds to a chain that takes T steps of M, for each of its steps; the Zr , , give a coupling
for this new chain. That is, given two copies of the chain M] in the paired state (x, y),
we can let the next paired state be given by the distribution Zr . ,,, which guarantees that
the probability the two states have not coupled in one step is at most 2¢. The probability
that this coupling of the chain M has not coupled over & steps is then at most (2¢c)* by
induction. By the coupling lemma, M is within variation distance ¢ of its stationary
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distribution after k steps if
) <e.

It follows that, after at most [In e/ In(2¢)] steps, M, is within variation distance ¢ of its
stationary distribution. But M; and M, have the same stationary distribution, and each
step of M; corresponds to T steps of M,. Therefore,

- Ine T
we) = Ln(zc)—‘

for the Markov chain M;. [ |

12.5. Application: Approximately Sampling Proper Colorings

A vertex coloring of a graph gives each vertex v a color from a set C, which we can
assume without loss of generality is the set {1, 2, ..., c}. In a proper coloring, the two
endpoints of every edge are colored by two different colors. Any graph with maximum
degree A can be colored properly with A + 1 colors by the following procedure: choose
an arbitrary ordering of the vertices, and color them one at a time, labeling each vertex
with a color not already used by any of its neighbors.

Here we are interested in sampling almost uniformly at random a proper coloring
of a graph. We present a Markov chain Monte Carlo (MCMC) process that generates
such a sample and then use a coupling technique to show that it is rapidly mixing.
In the terminology of Chapter 11, this gives an FPAUS for proper colorings. Apply-
ing the general reduction from approximate counting to almost uniform sampling, as
in Theorem 11.5, we can use the FPAUS for sampling proper colorings to obtain an
FPRAS for the number of proper colorings. The details of this reduction are left as part
of Exercise 12.15.

To begin, we present a straightforward coupling that allows us to approximately
sample colorings efficiently when there are ¢ > 4A + 1 colors. We then show how to
improve the coupling to reduce the number of colors necessary to 2A + 1.

Our Markov chain on proper colorings is the simplest one possible. At each step,
choose a vertex v uniformly at random and a color £ uniformly at random. Recolor
vertex v with color £ if the new coloring is proper (that is, v does not have a neighbor
colored ¢), and otherwise let the state of the chain be unchanged. This finite Markov
chain is aperiodic because it has nonzero probability of staying in the same state. When
¢ > A + 2, itis also irreducible. To see how from any state X we can reach any other
state Y, consider an arbitrary ordering of the vertices. Recolor the vertices in X to match
Yin this order. If there is a conflict at any step, it must arise because a vertex v that needs
to be colored is blocked by some other vertex v’ later in the ordering. But v’ can be
recolored to some other nonconflicting color, since ¢ > A + 2, allowing the process to
continue. Hence, when ¢ > A + 2, the Markov chain has a stationary distribution. The
fact that this stationary distribution is uniform over all proper colorings can be verified
by applying Lemma 11.7.
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When there are 4A + 1 colors, we use a trivial coupling on the pair of chains (X;, ¥;):
choose the same vertex and color on both chains at each step.

Theorem 12.7: For any graph with n vertices and maximum degree A, the mixing
time of the graph-coloring Markov chain satisfies

[ ()]
c—4A £

Proof: Let D; be the set of vertices that have different colors in the two chains at time
t, and let d; = |D;|. At each step in which d; > 0, either d; remains at the same value
or d; increases or decreases by at most 1. We show that d; is actually more likely to
decrease than increase; then we use this fact to bound the probability that d; is nonzero
for sufficiently large ¢.

Consider any vertex v that is colored differently in the two chains. Since the degree
of vis at most A, there are at least c — 2A colors that do not appear on the neighbors
of v in either of the two chains. If the vertex is recolored to one of these ¢ — 2A colors,
it will have the same color in both chains. Hence

provided that ¢ > 4A + 1.

dc—2A
Pr(dysy =di —1]d, > 0) > %€ .
n C

Now consider any vertex v that is colored the same in both chains. For v to be colored
differently at the next step, it must have some neighbor w that is differently colored in
the two chains; in that case, it is possible that trying to recolor v using a color that the
neighbor w has in one of the two chains will recolor the vertex v in one chain but not the
other. Every vertex colored differently in the two chains can affect at most A neighbors
in this way. Hence, when d; > 0,

Ad, 2

Pr(dy1=di+1]d >0) < —-.
n oc

We find that

Eldiy1 1 d) =d, +Pr(di1y =d; + 1) = Pr(d;11 = d; — 1)
Ad;2  dic—2A

which also holds if d; = 0.
Using the conditional expectation equality, we have

Eld11] = E[E[d/4 | d/]] < E[d/] (1 - 4A> -

nc

By induction, we find
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Since dy < n and since d, is a nonnegative integer, it follows that

t
c—4A < pe—i(c—48)/nc
nc -

Pr(d, > 1) < E[d,] < n (1 -

Hence the variation distance is at most ¢ after

IZL—HZA IHGH

steps. |

Assuming that each step of the Markov chain can be accomplished efficiently in time
that is polynomial in n, Theorem 12.7 gives an FPAUS for proper colorings.

Theorem 12.7 is rather wasteful. For example, when bounding the probability that
d; decreases, we used the loose bound ¢ — 2A. The number of colors that decrease d;
could be much higher if some of the vertices around v have the same color in both
chains. By being a bit more careful and slightly more clever with the coupling, we can
improve Theorem 12.7 to hold for any ¢ > 2A + 1.

Theorem 12.8: Given an n-vertex graph with maximum degree A, the mixing time of
the graph-coloring Markov chain satisfies

=] (3)]
c—2A e

Proof: As before, let D, be the set of vertices that have different colors in the two
chains at time ¢, with |D,| = d,. Let A, be the set of vertices that have the same color in
the two chains at time 7. For a vertex v in A,, let d’(v) be the number of vertices adjacent
to v that are in D,; similarly, for a vertex w in D,, let d’(w) be the number of vertices
adjacent to w that are in A;. Note that

Y dw=) dw),

VEA, weDy

provided that ¢ > 2A + 1.

since the two sums both count the number of edges connecting vertices in A, to vertices
in D;. Denote this summation by m'.

Consider the following coupling: if a vertex v € D, is chosen to be recolored, we
simply choose the same color in both chains. That is, when v is in D;, we are using
the same coupling we used before. The vertex v will have the same color whenever the
color chosen is different from any color on any of the neighbors of v in both copies of
the chain. There are ¢ — 2A + d’(v) such colors; notice that this is a tighter bound than
we used in the proof of Theorem 12.7. Hence the probability that d;y; = d; — 1 when
d; > 01is at least

/
1 Z c-2A+d@) i((c —2A)d, +m).
nig c cn

Assume now that the vertex to be recolored is v € A;. In this case we change the cou-
pling slightly. Recall that, in the previous coupling, recoloring a vertex v € A, results in
v becoming differently colored in the two chains if the randomly chosen color appears
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(@)
Xt Xt+
e 00
Yr Yt+
O "0
(b)
Xt Xt+l
@ O@
Yt Yz+
0O "0

Figure 12.2: (a), original coupling; (b), improved coupling. In the original coupling of part (a), the
gray vertex has the same color in both chains and has a neighbor with different colors in the two
chains, one black and one white. If an attempt is made to recolor the gray vertex black, then the move
will succeed in one chain but not the other, increasing d,. Similarly, if an attempt is made to recolor
the gray vertex white, then the move will succeed in one chain but not the other, giving a second move
that increases d,. In the improved coupling of part (b), if the gray vertex is recolored white in X, then
the gray vertex is recolored black in ¥; and vice versa, giving just one move that increases d;.

on a neighbor of v in one chain but not the other. For example: if v is colored green, and
a neighbor w is colored red in one chain and blue in the other, and no other neighbor of
v is colored red or blue in either chain, then attempting to color v either red or blue will
cause v to be recolored in one chain but not the other. Hence there are two potential
choices for v’s color that increase d,.

In this specific case where just one vertex w neighboring v has different colors in the
two chains, we could improve the coupling as follows: when we try to recolor v blue in
the first chain, we try to recolor it red in the second chain; and when we try to recolor it
red in the first chain, we try to recolor it blue in the second chain. Now v either changes
color in both chains or stays the same in both chains. By changing the coupling, we
have collapsed two potentially bad moves that increase d; into just one bad move. See
Figure 12.2 for an example.

More generally, if there are d’(v) differently colored vertices around v then we can
couple the colors so that at most d’(v) color choices cause d; to increase, instead of up
to 2d’'(v) choices in the original coupling. Concretely, let S; (v) be the set of colors on
neighbors of v in the first chain but not the second, and similarly let S,(v) be the set
of colors on neighbors of v in the second chain but not the first. Couple pairs of colors
c1 € S1(v) and ¢; € S>(v) as much as possible, so that when c; is chosen in one chain
¢ is chosen in the other. Then the total number of ways to color v that increases d; is
at most max(|S;(v)|, |[S2(v)]) < d'(v).

As a result, the probability that d,.; = d; + 1 when d;, > 0 is at most

1 dw) m
n Z c en

VEA,;
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‘We therefore find that

c—2A
E[dt+1 | dt] = dt (1 - > .

ne
Following the same reasoning as in the proof of Theorem 12.7, we have

c—2A
nc

t
Pr(d, > 1) <E[d,] <n (1 - ) < ne!(72A)ne,

and the variation distance is at most ¢ after

steps. |

Hence we can use the Markov chain for proper colorings to give us an FPAUS whenever
c > 2A.

12.6. Path Coupling

In Section 11.3 we showed that, if we can obtain an FPAUS for independent sets for
graphs of degree at most A, then we can approximately count the number of inde-
pendent sets in such graphs. Here we present a Markov chain on independent sets,
together with a coupling argument, to prove that the chain gives such an FPAUS when
A < 4. The coupling argument uses a further technique, path coupling. We demon-
strate this technique specifically for the Markov chain sampling independent sets in a
graph, although with appropriate definitions the approach can be generalized to other
problems.

Interestingly, it is very difficult to prove that the simple Markov chain for sampling
independent sets given in Section 11.4, which removes or attempts to add a random
vertex to the current independent set at each step, mixes quickly. Instead, we consider
here a different Markov chain that simplifies the analysis. We assume without loss of
generality that the graph consists of a single connected component. At each step, the
Markov chain chooses an edge (u, v) in the graph uniformly at random. If X; is the
independent set at time ¢, then the move proceeds as follows.

« With probability 1/3, set X;11 = X; — {u, v}. (This move removes u and v, if they are
in the set.)

o With probability 1/3,letY = (X; — {u}) U {v}. If Yis an independent set, then X, | =
Y; otherwise, X;11 = X;. (This move tries to remove u if it is in the set and then add
v.)

o With probability 1/3,1letY = (X, — {v}) U {u}. If Yis an independent set, then X, | =
Y; otherwise, X;+1 = X;. (This move tries to remove v if it is in the set and then add

u.)
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It is easy to verify that the chain has a stationary distribution that is uniform on all
independent sets. We now use the path coupling argument to bound the mixing time of
the chain.

The idea of path coupling is to start with a coupling for pairs of states (X;, ¥;) that
differ in just one vertex. This coupling is then extended to a general coupling over all
pairs of states. When it applies, path coupling is very powerful, because it is often much
easier to analyze the situation where the two states differ in a small way (here, in just
one vertex) than to analyze all possible pairs of states.

Consider a graph G = (V, E). We say that a vertex is bad if it is an element of X; or
Y; but not both; otherwise, the vertex is good. Let d, = |X, — Y;| + |Y; — X,|, so that d,
counts the number of bad vertices. Assume that X; and Y; differ in exactly one vertex
(i.e., d, = 1). We apply a simple coupling, performing the same move in both states,
and show that under this coupling E[d,; | d;] < d; when d, = 1 or, equivalently, that
Eldiy1 —d; | d =1] <0.

Without loss of generality, let X; = I and ¥; = I U {x}. A change in d; can occur only
when a move involves a neighbor of x. Thus, in analyzing this coupling, we can restrict
our discussion to moves in which the chosen random edge is adjacent to a neighbor of
x. Let §; = 1 if the vertex z # x goes from good to bad between step ¢ and step ¢ + 1.
Similarly, let §, = —1 if the vertex x goes from bad to good between step ¢ and step
t 4+ 1. By linearity of expectations,

Eld.1 —d; | d; = 1] =E[Zaw | d, = 1] =) Elsu [d, =1].

As we shall see, in the summation we need only consider those w that are equal to x, a
neighbor of x, or a neighbor of a neighbor of x, since these are the only vertices that can
change from good to bad or bad to good in one step of the chain. We shall demonstrate
how to balance the moves in such a way that it becomes clear that E[d;;, — d; | d; =
I] <0Oaslongas A <4.

Assume that x has k neighbors, and let y be one of these neighbors. For each vertex
y that is a neighbor of x, we consider all of the moves that choose an edge adjacent to
y. The subsequent analysis makes use of the restriction A < 4. There are three cases,
as shown in Figure 12.3.

1. Suppose that y has two or more neighbors in the independent set / = X;. Then no
move that involves y can increase the number of bad vertices, and hence d,| cannot
be larger than d; as a result of any such move.

2. Suppose that y has no neighbors in /. Then d; can increase by 1 if the edge (y, z;)
(where 1 < i < 3) is chosen and an attempt is made to add y and remove z;. These
moves are successful on X, but not on Y;, and hence §, = 1 with probability at most
3.1/3|E| = 1/|E]|. No other move involving y increases d,.

The possible gain from §, is balanced by moves that decrease 8. Any of the three
possible moves on the edge (x, y) match the vertex x, so that §, = —1, and no other
bad vertices are created. Hence 6, = —1 with probability at least 1/|E|. We see that
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(1) (2) (3)
2 Z Z
X y X y X y
2 ) )
23 23 23

Figure 12.3: Three cases for the independent set Markov chain. Vertices colored black are in both
independent sets of the coupling. Vertex x is colored gray, to represent that it is a member of the
independent set of one chain in the coupling but not the other.

the total effect of all of these moves on ), E[8,, | d; = 1]is

1 1
|E] |E]

so that the moves from this case do not increase E[d,; — d, | d, = 1].

3. Suppose that y has one neighbor in /. If the edge (x, y) is chosen, then two moves
can give 6, = —1: the move that removes both x and y, or the move that removes y
and adds x. The third move, which tries to add y and remove x, fails in both chains
because y has a neighbor in /. Hence §, = —1 with probability at least %(1 /1E]).

Let z be the neighbor of y in /. Both y and z can become bad in one step if the
edge (y, z) is chosen and an attempt is made to add y and remove z. This move is
successful on X; but not on Y;, causing d; to increase by 2 since §, and §, both equal 1.
No other move increases d;. Hence the probability that the number of bad vertices
is increased in this case is 1/3|E|, and the increase is by 2. Again, the total effect of
all of these moves on ), E[8,, | d; = 1] is

1 21
2-—=1-=-— =
3IE] 3|E]

so that the moves from this case do not increase E[d; | — d; | d, = 1].

)

Ov

The case analysis shows that if we consider moves that involve a specific neighbor y,
they balance so that every move that increases d,+; — d; is matched by corresponding
moves that decrease d;; — d;. Summing over all vertices, we can conclude that

Eld. —d; | d; = 1] =E[Zaw | di = 1] =) Elby|d=1]<0.

We now use an appropriate coupling to argue that E[d,, | d;] < d, for any pair of
states (X;, ¥;). The statement is trivial if d; = 0, and we have just shown it to be true
if d, = 1. If d; > 1, then create a chain of states Zy, Z,, ..., Z; as follows: Zy = X,

and each successive Z; is obtained from Z;_; by either removing a vertex from X; — Y,
or adding a vertex from Y; — X;. This can be done, for example, by first removing all
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vertices in X; — Y; one by one and then adding vertices from ¥, — X; one by one. Our
coupling now arises as follows. When a move is made in X, = Z, the coupling for the
case when d; = 1 gives a corresponding move for the state Z;. This move in Z; can
similarly be coupled with a move in state Z,, and so on, until the move in Z;,_; yields
amove for Z; =Y,. Let Z/ be the state after the move is made from state Z;, and let

AZ,Z) =12/, - Z]|+|Z] - Z]_,|.

Note that Zj = X, and Za’,t =Y,.1. We have shown thatE[d,,| — d, | d, = 1] <0, so
we can conclude that

E[A(Z[,,Z)] < 1;

that is, because the two states Z;_; and Z; differ in just one vertex, the expected number
of vertices in which they differ after one step is at most 1. Using the triangle inequality
for sets,

|A—B| <|A—-C|+|C—B|,

we obtain
d
Xt — Yot 4+ Yopr = Xt | £ D (12, = Z/ 1+ 12/ = Z,])
i=1
or
d
dip1r = [Xip1 = Yol + Yo — Xea| = Z MZ,. Z).
i=1
Hence,

d
Eldiy1 | d] < E[Z Az, z,f)}

i=1
d
= > E[AZ,.Z))]
i=1
S dt .
In previous examples we were able to prove a strict inequality of the form
Eld+ | d] < Bd,

for some B < 1, and we used this strict inequality to bound the mixing time. How-
ever, the weaker condition E[d,, | d;] < d, that we have here is sufficient for rapid
mixing, as we shall see in Exercise 12.7. Thus, the Markov chain gives an FPAUS for
independent sets in graphs when the maximum degree is at most 4; as we showed in
Section 11.3, this can be used to obtain an FPRAS for this problem.
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12.7. Exercises

Exercise 12.1: Write a program that takes as input two positive integers n; and n, and
two real numbers pi, p» with 0 < p;, p» < 1. The output of your program should be
the variation distance between the binomial random variables B(n, p;) and B(n,, p2),
rounded to the nearest thousandth. Use your program to compute the variation distance
between the following pairs of distributions: B(20, 0.5) and B(20, 0.49); B(20, 0.5) and
B(21, 0.5); and B(21, 0.5) and B(21, 0.49).

Exercise 12.2: Consider the Markov chain for shuffling n cards, where at each step
a card is chosen uniformly at random and moved to the top. Suppose that, instead of
running the chain for a fixed number of steps, we stop the chain at the first step where
every card has been moved to the top at least once. Show that, at this stopping time, the
state of the chain is uniformly distributed on the n! possible permutations of the cards.

Exercise 12.3: Consider the Markov chain for shuffling n cards, where at each step
a card is chosen uniformly at random and moved to the top. Show that, if the chain is
run for only (1 — ¢)nlnn steps for some constant ¢ > 0, then the variation distance is
1 —o(1).

Exercise 12.4: (a) Consider the Markov chain given by the transition matrix

12 0 12 0 0
0 1/2 12 0 0
P=|1/4 1/4 0 1/4 1/4
0 0 1/2 12 0
0 0 12 0 1,2

Explain why Theorem 12.5 is not useful when applied directly to P. Then apply The-
orem 12.5 to the Markov chain with transition matrix P2, and explain the implications
for the convergence of the original Markov chain to its stationary distribution.

(b) Consider the Markov chain given by the transition matrix

12 0 12 0 0
0 1/2 12 0 0
P=|1/5 1/5 1/5 1/5 1/5
0 0 1/2 12 0
0o 0 12 0 1/2

Apply Theorem 12.5 to P. Then apply Theorem 12.5 to the Markov chain with transi-
tion matrix P2, and explain the implications for the convergence of the original Markov
chain to its stationary distribution. Which application gives better bounds on the vari-
ation distance?

Exercise 12.5: Suppose [ repeatedly roll a standard six-sided die and obtain a sequence
of independent random variables X;, X5, ..., where X; is the outcome of the ith roll.
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12.7 EXERCISES
Let

J
Y; =) X, mod 10

i=1

be the sum of the first j rolls considered modulo 10. The sequence Y; forms a Markov
chain. Determine its stationary distribution, and determine a bound on 7(¢) for this
chain. (Hint: One approach is to use the method of Exercise 12.4.)

Exercise 12.6: Theorem 12.5 is useful only if there exists a nonzero entry in at least
one column of the transition matrix P of the Markov chain. Argue that for any finite,
aperiodic, irreducible Markov chain, there exists a time 7 such that every entry of P”
is nonzero. Explain how this can be used in conjunction with Theorem 12.5.

Exercise 12.7: A technique we use repeatedly in the chapter is to define a distance
function d, that represent the distance between the two states of our coupling after ¢
steps, and then show that when d; > 0 there exists a 8 < 1 such that

Eldis1 | di] < Bd,.

(a) Under this condition, give an upper bound for 7(¢) in terms of 8 and d*, where d*
is the maximum distance over all possible pairs of initial states for the coupling.
(b) Suppose that instead we have

E[dt—H | dt] =< dt~

Suppose we have the additional conditions that d;, is one of d;, d; — 1, or d; + 1
and that Pr(d; # d;+1) > y. Give an upper bound for 7(¢) in terms of ¢, d*, and
y. Your answer should by polynomial in d* and 1/y. (Hint: Think of d; as being
similar to a random walk on the line.)

(¢) Using (a) and (b), show that the mixing time of the coloring chain of Section 12.5
is polynomial in the number of vertices in the graph and In(1/¢), even when the
number of colors is only 2A.

(d) By extending the argument of part (b), show that the mixing time of the Markov
chain for independent sets given in Section 12.6 is polynomial in the number of
vertices in the graph and In(1/¢).

Exercise 12.8: Consider the random walk on a non-bipartite, connected graph on n
vertices, where each vertex has the same degree d > n/2, d < n. Show that

Ine
T(e) < .
In(1 — (2d — n)/d)

Exercise 12.9: Consider a Markov chain on n points [0, n — 1] lying in order on a
circle. At each step, the chain stays at the current point with probability 1/2 or moves
to the next point in the clockwise direction with probability 1/2. Find the stationary
distribution and show that, for any & > 0, the mixing time 7(¢) is O(n> In(1/¢)).
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Exercise 12.10: In Section 12.2.3, we suggested the following coupling Z; = (X;, ¥;).
First choose a transition for the chain X;, with v € X; and w € V. If v € Y, use the
same vertices v and w for the transition of the chain Y;; otherwise, choose uniformly at
random a vertex v’ € ¥; — X; and then perform the transition in the chain ¥; with the
pair v" and w. Show that this is a valid coupling that satisfies Definition 12.3.

Exercise 12.11: Show that the Markov chain for sampling all independent sets of size
exactly k < n/(3A + 3) in a graph with n nodes and maximum degree A, as defined
in Section 12.2.3, is ergodic and has a uniform stationary distribution.

Exercise 12.12: We wish to improve the coupling technique used in Section 12.2.3 in
order to obtain a better bound. The improvement here is related to the technique used
to prove Theorem 12.8. As with the coupling in Section 12.2.3, if an attempt is made to
move v € X; — ¥, to a vertex w then the same attempt is made with the matched vertex
in the other chain. If, however, an attempt is made to move a vertex v € X; N Y; in both
chains, we no longer attempt to make the same move.

(a) Assume there exists a set S; of exactly d;(A + 1) distinct vertices that are members
of or neighbors of vertices in X; — Y; and, likewise, a set S, of exactly d;,(A + 1)
distinct vertices that are members of or neighbors of vertices in ¥; — X;; assume
further that S, and S, are disjoint. Suppose that we match up the vertices in §; and
S> in a one-to-one fashion. Argue that the moves can be coupled so that, when one
chain attempts and fails to move v to a vertex in S} in one chain, it also attempts
and fails to move v to the matching vertex in S, in the other chain. Similarly, argue
that the moves can be coupled so that, when one chain attempts and succeeds in
moving v to a vertex in S} in one chain, it also attempts and succeeds in moving v
to the matching vertex in S, in the other chain. Show that the coupling gives

k — dt dt(A + 1)

Pr(dyy =dy+1) < — 52T
k n

(b) In the general case, S| and S, are not necessarily disjoint or of equal size. Show
that in this case, by pairing up failing moves as much as possible, the number of
choices for w that can increase d; is max(|Sy|, |S2]) < d;(A + 1). Then argue that

k—d d(A+1
Prldysr =y + 1) < = T HEED
n

holds in all cases.
(¢) Use this coupling to obtain a polynomial bound on 7(¢) that holds for any k <
n/(2A +2).

Exercise 12.13: Consider a Markov chain with state space S and a stationary dis-
tribution 77, and recall the definitions of p/, and A(¢) from Definition 12.2. For any
nonnegative integer ¢ let

A(r) = max || pl, — pylI.
x,yeS 7
Assume also that the Markov chain has a stationary distribution.
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(a) Prove A(s +t) < A(s)A(¢) for any positive integers s and .
(b) Prove A(s +t) < A(s)A(t) for any positive integers s and t.
(¢) Prove

A1) < A1) <2A(1)

for any positive integer .

Exercise 12.14: Consider the following variation on shuffling for a deck of n cards.
At each step, two specific cards are chosen uniformly at random from the deck, and
their positions are exchanged. (It is possible both choices give the same card, in which
case no change occurs.)

(a) Argue that the following is an equivalent process: at each step, a specific card is
chosen uniformly at random from the deck, and a position from [1, n] is chosen
uniformly at random; then the card at position i exchanges positions with the spe-
cific card chosen.

(b) Consider the coupling where the two choices of card and position are the same
for both copies of the chain. Let X; be the number of cards whose positions are
different in the two copies of the chain. Show that X; is nonincreasing over time.

(¢) Show that

1

X 2
PriXp =X — 11X, >0) > (—) .
n

(d) Argue that the expected time until X; is 0 is O(n?), regardless of the starting state
of the two chains.

Exercise 12.15: Modify the arguments of Lemma 11.3 and Lemma 11.4 to show that,
if we have an FPAUS for proper colorings for any ¢ > A + 2, then we also have an
FPRAS for this value of c.

Exercise 12.16: Consider the following simple Markov chain whose states are inde-
pendent sets in a graph G = (V, E). To compute X, from X;:

« choose a vertex v uniformly at random from V, and flip a fair coin;

« if the flip is heads and v € X, then X, = X; \ {v};

« if the flip is heads and v ¢ X, then X;;| = X;;

« if the flip is tails, v ¢ X;, and adding v to X; still gives an independent set, then X;, | =
Xi U {vh

« if the flip is tails and v € X, then X;;| = X;.

(a) Show that the stationary distribution of this chain is uniform over all independent
sets.

(b) We consider this Markov chain specifically on cycles and line graphs. For a line
graph with n vertices, the vertices are labeled 1 to n, and there is an edge from 1 to
2,2t03, ...,n— 1ton. A cycle graph on n vertices is the same with the addition
of an edge from n to 1.
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Devise a coupling (X;, Y;) for this Markov chain such that, on line graphs and
cycle graphs, if d; = |X; — Y| + |¥; — X;| is the number of vertices on which the
two independent sets disagree, then at each step the coupling is at least as likely to
reduce d, as to increase d;.

(c) With the coupling from part (b), argue that you can use this chain to obtain an
FPAUS for independent sets on a cycle graph or line graph. You may want to use
Exercise 12.7.

(d) For the special cases of line graphs and cycle graphs, we can derive exact formulas
for the number of independent sets. Derive exact formulas for these cases and prove
that your formulas are correct. (Hint: You may want to express your results in terms
of Fibonacci numbers.)

Exercise 12.17: For integers a and b, an a x b grid is a graph whose vertices are all
ordered pairs of integers (x, y) with 0 < x < a and 0 <y < b. The edges of the graph
connect all pairs of distinct vertices (x, y) and (x',y") such that [x — x| + |y — Y| =
1. That is, every vertex is connected to the neighbors up, down, left, and right of it,
where vertices on the boundary are connected to the relevant points only. Consider the
following problems on the graph given by the 10 x 10 grid.

(a) Implement an FPAUS to generate an e-uniform proper 10-coloring of the graph,
where ¢ is given as an input. Discuss how many steps your Markov chain runs for,
what your starting state is, and any other relevant details.

(b) Using your FPAUS as a subroutine, implement an FPRAS to generate an (g, §)-
approximation to the number of proper 10-colorings of the graph. Test your code
by running it to obtain a (0.1, 0.001)-approximation. (Note: This may take a sig-
nificant amount of time to run.) Discuss the ordering you choose on the edges, how
many samples are required at each step, how many steps of the Markov chain you
perform in total throughout the process, and any other relevant details.

Exercise 12.18: In Section 12.2.3 we considered the following Markov chain on
independent sets: a move is made from the independent set X; by choosing a vertex
v € X; uniformly at random and picking a vertex w uniformly at random from the
graph. If X; — {v} + {w} is an independent set, then X, | = X; — {v} + {w}; otherwise,
X;+1 = X;. We have shown that the chain converges quickly to its stationary distribu-
tion via bounding t(¢) by an expression that is polynomial in n and In(1/¢) whenever
k <n/(2A 4+ 2). Use the idea of path coupling to simplify the proof.

Exercise 12.19: In Section 12.5, we considered a simple Markov chain for coloring.
Suppose that we can apply the path coupling technique. (You do not need to show this.)
In this case, we can just consider the case where d, = 1. Give a simpler argument that,
when d, = 1 and ¢ > 2A, E[d,1 | d;] < Bd, for some § < 1. Also show that, when
d,=1and c =2A,E[d;4 | d] < d,.
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CHAPTER THIRTEEN

Martingales

Martingales are sequences of random variables satisfying certain conditions that arise
in numerous applications, such as random walks and gambling problems. We focus
here on three useful analysis tools related to martingales: the martingale stopping theo-
rem, Wald’s inequality, and the Azuma—Hoeffding inequality. The martingale stopping
theorem and Wald’s equation are important tools for computing the expectation of
compound stochastic processes. The Azuma—Hoeffding inequality is a powerful tech-
nique for deriving Chernoff-like tail bounds on the values of functions of dependent
random variables. We conclude this chapter with applications of the Azuma—Hoeffding
inequality to problems in pattern matching, balls and bins, and random graphs.

13.1. Martingales

Definition 13.1: A sequence of random variables Zy, Z,, ... is a martingale with
respect to the sequence Xy, X1, . .. if, for all n > 0, the following conditions hold:

e 7, is a function of Xy, X1, - . ., Xu;
e E[|Z,]] < o0,
. E[Zn+1 | XO’ L Xl =2Z,

A sequence of random variables Zy, Z,, . . . is called a martingale when it is a mar-
tingale with respect to itself. That is, E[|Z,|] < oo, and E[Z,+1 | Zo, - .., Z,] = Z,.

A martingale can have a finite or a countably infinite number of elements. The indexing
of the martingale sequence does not need to start at 0. In fact, in many applications it
is more convenient to start it at 1. When we say that Z,, Z;, ... is a martingale with
respect to Xi, X», . .., then we may consider X;, to be a constant that is omitted.

For example, consider a gambler who plays a sequence of fair games. Let X; be the
amount the gambler wins on the ith game (X; is negative if the gambler loses), and let
Z; be the gambler’s total winnings at the end of the ith game. Because each game is
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fair, E[X;] = 0 and
ElZi | X1, X, ..., Xl =Z; + E[Xi11] = Z,.

Thus, Zy, Z,, . .., Z, is a martingale with respect to the sequence X1, X3, .. ., X),. Inter-
estingly, the sequence is a martingale regardless of the amount bet on each game, even
if these amounts are dependent upon previous results.

A Doob martingale refers to a martingale constructed using the following general
approach. Let Xy, X1, . .., X, be a sequence of random variables, and let Y be a random
variable with E[|Y|] < oco. (Generally, Y will depend on Xy, ..., X,,.) Then

Z;=E[Y | Xp,...,X;], i=0,1,...,n,
gives a martingale with respect to Xy, X1, .. ., X, since

E[Z 1| Xo, ..., Xi| =E[E[Y | X, ..., Xi1] | Xo, ..., Xi]

=E[Y | Xo, ..., X;]
=Z;.
Here we have used the fact that E[Y | Xy, ..., X;;+1] is itself a random variable and that

Definition 2.7 for conditional expectation yields
E[V | W] =EIE[V |U,W] | W].

In most applications we start the Doob martingale with Zy = E[Y], which corre-
sponds to Xy being a trivial random variable that is independent of Y. To understand the
concept of the Doob martingale, assume that we want to predict the value of the random
variable Y and that the value of Y is a function of the values of the random variables
Xi, ..., X,. The sequence Zy, Z1, . . ., Z, represents a sequence of refined estimates of
the value of Y, gradually using more information on the values of the random vari-
ables X1, X5, ..., X,. The first element, Z, is just the expectation of Y. Element Z; is
the expected value of Y when the values of Xj, ..., X; are known, and if Y is fully
determined by X}, ..., X, thenZ, =Y.

We now consider two examples of Doob martingales that arise in evaluating the
properties of random graphs. Let G be a random graph from G,, ,. Label the m = (g)
possible edge slots in some arbitrary order, and let

1 if there is an edge in the jth edge slot,

7710 otherwise.

Consider any finite-valued function F defined over graphs; for example, let F(G) be
the size of the largest independent set in G. Now let Zy = E[F(G)] and

Z:=E[FG) | X,....X], i=1,...,m.

The sequence Zy, Zy, ..., Z, is a Doob martingale that represents the conditional
expectations of F(G) as we reveal whether each edge is in the graph, one edge at a
time. This process of revealing edges gives a martingale that is commonly called the
edge exposure martingale.
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Similarly, instead of revealing edges one at a time, we could reveal the set of edges
connected to a given vertex, one vertex at a time. Fix an arbitrary numbering of the
vertices 1 through n, and let G; be the subgraph of G induced by the first i vertices.
Then, setting Zy = E[F(G)] and

Z;=E[F(G)|Gy,...,G]l, i=1,...,n,

gives a Doob martingale that is commonly called the vertex exposure martingale.

13.2. Stopping Times

Returning to the gambler who participates in a sequence of fair gambling rounds, we
saw in the previous section that Z;, Z,, . .. is a martingale, where Z; is the gambler’s
winnings after the ith game. If the player decides (before starting to play) to quit after
exactly k games, what are the gambler’s expected winnings?

Lemma 13.1: [f the sequence Zy,Z,...,7Z, is a martingale with respect to
Xo, X1, ..., X, then

E[Z,] = E[Z].
Proof: Since Zy, Z1, . .. is a martingale with respect to Xp, X1, ..., X, it follows that
Z;=E[Z1 | Xo, ..., Xi].

Taking the expectation of both sides and using the definition of conditional expectation,
we have

E(Zi11] = E[E[Z, | Xo, ..., Xi]] = E[Z;].
Repeating this argument yields
E[Z,] = E[Z]. u

Thus, if the number of games played is initially fixed then the expected gain from
the sequence of games is zero. Suppose now that the number of games played is not
fixed. For example, the gambler could choose to play a random number of games. An
even more complex (and realistic) situation arises when the gambler’s decision to quit
playing is based on the outcome of the games already played. For example, the gambler
could decide to keep playing until his winnings total at least a hundred dollars. The
following notion proves quite powerful.

Definition 13.2: A nonnegative integer-valued random variable T is a stopping time
for the sequence {Z;, i > 0} if the probability of the event T = n is independent of the
variables {Z,; | Zi, ..., Z,, j > 1} (i.e. the variables Z,.1, Zn42, . . . conditioned on
the values of Z1, . .., Zp)."

' More formally, in the discrete case we define a “filtration” Fy, Fq, ... such that the distribution of Zj is fully
defined by events in F, and the joint distribution of Zy, . . ., Z, is fully defined by events in F,,. Theevent T = n
is a stopping time if it is an event in F,.
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A stopping time corresponds to a strategy for determining when to stop a sequence
based only on the outcomes seen so far. For example, the first time the gambler wins
five games in a row is a stopping time, since this can be determined by looking at the
outcomes of the games played. Similarly, the first time the gambler has won at least
a hundred dollars is also a stopping time. Letting 7 be the last time the gambler wins
five games in a row, however, would not be a stopping time, since determining whether
T = n cannot be done without knowing Z,,11, Z, 12, . . ..

In order to fully utilize the martingale property, we need to characterize conditions
on the stopping time 7 that maintain the property E[Zy] = E[Z;] = 0. It would seem,
if the game is fair, that E[Z7] = 0 should always hold. But consider the case where
the gambler’s stopping time is the first 7 such that Z;y > B, where B is a fixed constant
greater than 0. In this case, the expected gain when the gambler quits playing is greater
than 0. The subtle problem with this stopping time is that it might not be finite, so the
gambler may never finish playing. The martingale stopping theorem shows that, under
certain conditions and in particular when the stopping time is bounded or has bounded
expectation, the expected value of the martingale at the stopping time is equal to E[Z].
We state a version of the martingale stopping theorem (sometimes called the optional
stopping theorem) without proof.

Theorem 13.2 [Martingale Stopping Theorem]: If 7y, Z,, ... is a martingale with
respect to X1, X, ... and if T is a stopping time for X;, Xz, ..., then

E[Zr] = E[%)]
whenever one of the following holds:

e the Z; are bounded, so there is a constant ¢ such that, for all i, |Z;| < ¢,
o T is bounded;
e E[T] < o0, and there is a constant c such that E[|Z;+1 — Z;| | X1, ..., Xi] < c.

We use the martingale stopping theorem to derive a simple solution to the gambler’s
ruin problem introduced in Section 7.2.1. Consider a sequence of independent, fair
gambling games. In each round, a player wins a dollar with probability 1/2 or loses a
dollar with probability 1/2. Let Zy = 0, let X; be the amount won on the ith game, and
let Z; be the total won by the player after i games (again, X; and Z; are negative if the
player loses money). Assume that the player quits the game when she either loses ¢;
dollars or wins £, dollars. What is the probability that the player wins £, dollars before
losing £, dollars?

Let the time T be the first time the player has either won £, or lost £;. Then T is a
stopping time for Xi, X5, .... The sequence Zy, Z;, ... is a martingale and, since the
values of the Z; are clearly bounded, we can apply the martingale stopping theorem.
We therefore have

E(Z;] = 0.
Let g be the probability that the gambler quits playing after winning £, dollars. Then
E[Zr] = tg—6(1 —¢q) =0,
344



13.2 STOPPING TIMES

giving
£
O+ 4

matching the result found in Section 7.2.1.

q:

13.2.1. Example: A Ballot Theorem

The following ballot theorem is another application of the martingale stopping theo-
rem. Suppose that two candidates run for an election. Candidate A obtains a votes,
and candidate B obtains b < a votes. The votes are counted in a random order, chosen
uniformly at random from all permutations on the a + b votes. We show that the prob-
ability that candidate A is always ahead in the count is (a — b)/(a + b). Although this
can be determined combinatorially, we provide an elegant martingale argument.

Let n = a + b be the total number of votes, and let S; be the number of votes by
which candidate A is leading after k votes are counted (S, can be negative). Then S, =
a—b.For0 <k <n-—1, define

Sp_
X, = =k
n—=k
We first show that the sequence Xy, X, ..., X;,—; forms a martingale. Note that the
sequence Xy, X1, ..., X, relates to the counting process in a backward order; Xj is a

function of S,, X,,_; is a function of S}, and so on. Consider
E[Xk | Xo, ..., Xi—1].

Conditioning on Xy, ..., X;_; is equivalent to conditioning on S,,, S;,_1, .. ., Sp—k+1>
which in turn is equivalent to conditioning on the values of the count when counting
the last k — 1 votes.
Conditioning on S, 1, the number of votes that candidate A had after counting the
firstn — k4 1 votes is
I’l—k+ 1 +Sn—k+1
5 )
and the number of votes that candidate B had is
n—k+1—S8_1
> .
The (n — k + 1)th vote in the count is a random vote from among these first n — k + 1
votes. Also, S,_; is equal to S, + 1 if the (n — k + 1)th vote was for candidate B
and equal to S,,_;4+; — 1 if that vote was for candidate A. Thus, for k > 1,

n—k+1 _Sn—k+1

E[Snfk | Sn7k+l] = (Sn7k+1 + 1)

2n—k+1)
n—k—l—l—I—S,,_k_,_l
Sn—k+1 — 1
+ (Sn—k+1 ) 2n—k+ D)
S n—k
= On—k+1 —k+1
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Therefore,
Sn—k
E[Xk |X07"'5Xk71]:E |Sna"'7Sn7k+l
n—=k
 Snkn
n—k+1
= Xi1,
showing that the sequence Xp, X|, ..., X;;—1 is a martingale.

Define T to be the minimum k such that X; = 0 if such a k exists, and T =n — 1
otherwise. Then T is a bounded stopping time, satisfying the requirements of the mar-
tingale stopping theorem, and

E[S,] a-—b

E[X7] = E[Xo] = = axb

‘We now consider two cases.

Case 1: Candidate A leads throughout the count. In this case, all S,_; (and therefore
all X;) are positive for0 <k <n—1,T =n— 1, and

XT =Xn—1 == S] =1.

That S; = 1 follows because candidate A must receive the first vote in the count to
be ahead throughout the count.

Case 2: Candidate A does not lead throughout the count. In that case we claim that for
some k < n — 1, X; = 0. Candidate A clearly has more votes at the end. If candidate
B ever leads, then there must be some intermediate point k where S (and therefore
Xy)is 0. Inthiscase,T =k <n—1and X7 = 0.

Observe that

—b
E[Xr] = Z = 1-Pr(Case 1) + 0 - Pr(Case 2),

+b

and thus the probability of Case 1, in which candidate A leads throughout the count, is
(a—0b)/(a+D).

13.3. Wald’s Equation

An important corollary of the martingale stopping theorem is known as Wald’s equa-
tion. Wald’s equation deals with the expectation of the sum of independent random
variables in the case where the number of random variables being summed is itself a
random variable.

Theorem 13.3 [Wald’s Equation]: Let X;, X5, ... be nonnegative, independent, iden-
tically distributed random variables with distribution X. Let T be a stopping time for
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this sequence. If T and X have bounded expectation, then

T
E [Z X,} — E[T]- E[X].
i=1

In fact, Wald’s equation holds more generally; there are different proofs of the equality
that do not require the random variables X, X5, . . . to be nonnegative.
Proof: Fori>1,let
Z = Z(Xj — E[X]).
J=1

The sequence Z;, Z;, . . . is a martingale with respect to X;, X», ..., and E[Z;] = 0.
Now, E[T] < o0 and

EllZip1 = Z| | X1, ..., Xi] = E[|Xi11 — E[X]]] < 2E[X].
Hence we can apply the martingale stopping theorem to compute

E[Z;] =E[Z,] =0.

‘We now find
T
E[Z;]=E| > (X; - E[X])
_J=1
/T
=E| (> X;| - TELX]
j=1
T
=E ZX,- — E[T] - E[X]
_j:1
=0,
which gives the result. |

In the case of a sequence of independent random variables, we have an equivalent,
simpler definition of stopping time that is easier to apply.

Definition 13.3: Let Zy, Z,, ... be a sequence of independent random variables. A
nonnegative, integer-valued random variable T is a stopping time for the sequence if
the event T = n is independent of Z,11, Zy12, . . ..

As a simple example, consider a gambling game in which a player first rolls one stan-
dard die. If the outcome of the roll is X then she rolls X new standard dice and her gain
Z is the sum of the outcomes of the X dice. What is the expected gain of this game?
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For 1 <i < X, letY; be the outcome of the ith die in the second round. Then

X
E[Z] =E {Z Y{| :
i=1
By Definition 13.3, X is a stopping time, and hence by Wald’s equality we obtain

7\° 49
E[Z] = E[X]-E[Y] = <§> =—.
Wald’s equation can arise in the analysis of Las Vegas algorithms, which always
give the right answer but have variable running times, as we saw for the randomized
algorithm for the median described in Section 3.5. In a Las Vegas algorithm we often
repeatedly perform some randomized subroutine that may or may not return the right
answer. We then use some deterministic checking subroutine to determine whether or
not the answer is correct; if it is correct then the Las Vegas algorithm terminates with
the correct answer, and otherwise the randomized subroutine is run again. If N is the
number of trials until a correct answer is found and if X; is the running time for the
two subroutines on the ith trial, then — as long as the X; are independent and identically
distributed with distribution X — Wald’s equation gives that the expected running time
for the algorithm is

N
E |:ZX,-:| = E[N] - E[X].
i=1

An example of this approach is given in Exercise 13.13.

As another example, consider a set of n servers communicating through a shared
channel. Time is divided into discrete slots. At each time slot, any server that needs
to send a packet can transmit it through the channel. If exactly one packet is sent at
that time, the transmission is successfully completed. If more than one packet is sent,
then none are successful (and the senders detect the failure). Packets are stored in the
server’s buffer until they are successfully transmitted. Servers follow the following sim-
ple protocol: at each time slot, if the server’s buffer is not empty then with probability
1/n it attempts to send the first packet in its buffer. Assume that servers have an infinite
sequence of packets in their buffers. What is the expected number of time slots used
until each server successfully sends at least one packet?

Let N be the number of packets successfully sent until each server has successfully
sent at least one packet. Let ¢; be the time slot in which the ith successfully transmitted
packet is sent, starting from time 7y = 0, and let r; = t; — #;_,. Then T, the number of
time slots until each server successfully sends at least one packet, is given by

N
T = Zri.
i=1

You may check that N is independent of the r;, and N is bounded in expectation; hence
N is a stopping time for the sequence of ;.
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The probability that a packet is successfully sent in a given time slot is

(- -

The r; each have a geometric distribution with parameter p, so E[r;] = 1/p ~ e.

Given that a packet was successfully sent at a given time slot, the sender of that
packet is uniformly distributed among the n servers, independent of previous steps.
Using our analysis of the expectation of the coupon collector’s problem from Chap-
ter 2, we deduce that E[N] = nH(n) = nlnn + O(n). We now use Wald’s equality to
compute

E[T] =E [XN: r,}

i=1
= E[N] - E[r]
nH(n)
p 9

which is about en In n.

13.4. Tail Inequalities for Martingales

Perhaps the most useful property of martingales for the analysis of algorithms is that
Chernoff-like tail inequalities can apply, even when the underlying random variables
are not independent. The main results in this area are Azuma’s inequality and Hoeft-
ding’s inequality. They are quite similar, so they are often together referred to as the
Azuma-Hoeffding inequality.

Theorem 13.4 [Azuma-Hoeffding Inequality]: Ler Xy, ..., X, be a martingale such
that

Xk — Xi—1] < ck.
Then, forallt > 1 and any A > 0,
Pr(|X, — Xo| = &) < 2e7*/CX ),

Proof: The proof follows the same format as that for Chernoff bounds (Section 4.2).
We first derive an upper bound for E[e** —%)]_ Toward that end, we define

Y=X-X_, i=1,...,t.
Note that |Y;| < ¢; and, since Xj, X|, .. . is a martingale,
E[Y: | Xo, X1, ..., Xi1] = E[Xi — Xi1 | Xo, X1, ..., Xi1]
=E[X; | X0, X1, ..., Xi-1] — X;i1 = 0.
Now consider
Ele*Y | Xo, X1, ..., Xi_1].
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Writing
1 —Y/ci 1+Yi/ci
Yi=—q¢ i
c 5 +c )

and using the convexity of e*¥:, we have that
eYi < - Yi/ciefac,- + 1+Y/ci Qi
2 2
eOlC,‘ + e—D[C,‘ Yl

- v eaci _ efacl- .
2 + 2Ci( )

Since E[Y; | Xp, Xi, ..., X;_1] = 0, we have

eO{Ci +e—occ,- Y
G g € e ) [ Xo. Xa. .,Xl-_l]
1

e()l(,‘[ + e—()lC[
2

< e(aci)z/z‘

E[e” | X0, X1, ..., Xi1] < E[

Here we have used the Taylor series expansion of e to find

eOtC,' _|_ e—OtC,'
2

in a manner similar to the proof of Theorem 4.7. It follows that

< e(a01)2/2’

E [ea(X:—Xo)] —E lL[eOlYi
L i=1 .

Il
=

[1—1
[Te | ELe™ | Xo. X, ... Xici]
L i=1 J

. _
<E l_[an,- elac)’/2
L i=1 .

< eot2 Z;\:] cf/2‘
Hence,

Pr(X, — Xo > A) = Pr(e*®—%0) > %)

E [ea(Xr —Xo )]
60‘)‘

< eaz e C2/2—a

< e M@,

where the last inequality comes from choosing @ = A/ Z;{:l ci. A similar argument
gives the bound for Pr(X; — Xy < —A), as can be seen for example by replacing X;
everywhere by —X;, giving the theorem. |
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The following corollary is often easier to apply.
Corollary 13.5: Let Xy, X1, . .. be a martingale such that, for all k > 1,
X — Xkl < c.
Then, for allt > 0 and A > 0,
Pr(IX; — Xo| > Aev/7) < 2e7*/2,

We now present a more general form of the Azuma—Hoeffding inequality that yields
slightly tighter bounds in our applications.

Theorem 13.6 [Azuma-Hoeffding Inequality]: Let Xy, ..., X, be a martingale such
that

By < Xk — Xi—1 < By +di

for some constants dj, and for some random variables By that may be functions of
Xo, X1, .- -, Xk—1. Then, for allt > 0 and any A > 0,

Pr(|X; — Xo| = A) < 2”2/ Xkt )

This version of the inequality generalizes the requirement of a bound on |X; — X;_1|.
The key is the gap d; between the lower and upper bounds for X; — X;_;. Notice that,
when we have the bound |X; — X;_| < ¢, this result is equivalent to Theorem 13.4
using By, = —c; with a gap d; = 2¢,. The proof is similar to that for Theorem 13.4 and
is left as Exercise 13.7.

13.5. Applications of the Azuma-Hoeffding Inequality

13.5.1. General Formalization

Before giving several applications of the Azuma—Hoeffding inequality, we describe a
useful general technique. Let us say that a function

f(X):f(leXZa'--aXn)

satisfies a Lipschitz condition with bound c if, for any i and for any set of values
X1y ..., X, and y;,

If(xlax27 ceey X1, Xy Xit1, "‘7xVL) _f(xl’x27 cees X1, Yis Xit1, ---7xn)| <c.

That is, changing the value of any single coordinate can change the function value by
at most c.
Let

Zy = E[f(X1, Xz, ..., Xu)]
and
Zi =E[f(X1, Xo, ..., X)) | X1, X2, ..., Xi]-
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The sequence Zy, Z;, ... is a Doob martingale, and if the X; are independent ran-
dom variables then we claim that there exist random variables By, depending only on
2o, ..., Zp—1, With By < Z; — Zx—1 < By + c. The gap between the lower and upper
bounds on Z; — Z;_, is then at most ¢, so the Azuma—Hoeffding inequality of Theo-
rem 13.6 applies. This variation on the Azuma-Hoeffding inequality is often referred
to as McDiarmid’s inequality, which we now formalize.

Theorem 13.7 [McDiarmid’s Inequality]: Let f be a function on n variables that
satisfies the above Lipschitz condition with bound c. Let X, ..., X, be independent
random variables such that f(Xi, ..., X,) is in the domain of f. Then

Pr(|f(X1, ..., X)) — E[f(X1, ..., X,))] = ) < 2e~ 2/,

Proof: We prove this for the case of discrete random variables (although the result
holds more generally). To ease the notation, we use Sy as shorthand for X;, X5, ..., X;,
so that we write

E[f(X) | S$i]
for
E[fX) | X1, Xo, ..., Xi].

Also, let us abuse notation and define

fiX,x) = FXt, oo X1, X Xt 1 -+ X))
That is, fi(X, x) is f(X) with the value x in the kth coordinate. We shall likewise write

Jie@x) = f(@1, ooy Zhm1s Xy Zhpds - - o5 Zn)-
Given this notation, we have

Zy — Zioy = E[f(X) | Si] — E[f(X) | Si-1].
Hence Z; — Z;_, is bounded above by

S‘;PE[f(X) | Sk—1, Xk = x] — E[f(X) | Sk—1]
and bounded below by

igMﬂﬁL%«&=ﬂ—Eudn&41

(If we are dealing with random variables that can take on only a finite number of values,
we could use max and min in place of sup and inf.) Therefore, letting

By = iQfE[f(X) | Sk—1, Xk = y] — E[f(X) | Sk-1],
if we can bound

sup E[f(X) | Si—1, Xi = x] —in}fE[f(X) | Sk-1, Xk =yl = ¢
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then we will have appropriately bounded the gap Z; — Z;_;. Now
sup E[f(X) | Si—1, Xk = x] — inle[f(X) | Sk—1, X = ]

= sup (ELfX) | Sk—1, Xk = x] — E[f(X) | Si—1, Xk = y])
= SUPE[fk(X,X) — filX,9) | Sl

Because the X; are independent, the probability of any specific set of values for
Xp+1 through X, does not depend on the values of X, ..., X;. Hence, for any values
X, ¥, 21, - - - » Zk—1 We have that

E[fiX,x) — filX, ) | Xi =21, .., Xee1 = Z1]

is equal to

Z Pr((Xir1 = 241) N -+ N (X = 20)) - (i@ 1) — fi(Z, ).

Zhk1see0s Zn

But
Sz, x) = fi@,y) < c,

and hence

E[fi(X,x) — fiX,¥) | Sk=1] < ¢,

giving the required bound, so that we may apply Theorem 12.6 to conclude the
proof. [

The requirement that the X; be independent random variables is essential to applying
this general framework. Finding a counterexample when the X; are not independent is
left as Exercise 13.21.

13.5.2. Application: Pattern Matching

In many scenarios, including examining DNA structure, a goal is to find interesting
patterns in a sequence of characters. In this context, the phrase “interesting patterns”
often refers to strings that occur more often than one would expect if the characters were
simply generated randomly. This notion of “interesting” is reasonable if the number of
occurrences of a string is concentrated around its expectation in the random model.
We show concentration using the Azuma—Hoeffding inequality for a simple random
model.

Let X = (Xi, ..., X,) be a sequence of characters chosen independently and uni-
formly at random from an alphabet X, where s = |X|. Let B = (b4, ..., by) be a fixed
string of k characters from X. Let F be the number of occurrences of the fixed string B
in the random string X. Clearly,

1 k
E[F] = (n—k+ 1)(;) .
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We use a Doob martingale and the Azuma—Hoeffding inequality to show that, if k
is relatively small with respect to n, then the number of occurrences of B in X is highly
concentrated around its mean.

Let

Zy = E[F],
andfor 1 <i <nlet
Z;=E[F | X,...,X].
The sequence Zy, ..., Z, is a Doob martingale, and
Z,=F.

Since each character in the string X can participate in no more than k possible
matches, for any 0 < i < n we have

|Zix1 — Zi| < k.

In other words, the value of X, can affect the value of F by at most & in either direction,
since X;, | participates in no more than k possible matches. Hence the difference

|E[F | X1, ..., Xipn] = E[F | Xy, ..., Xil| = |Ziy1 — Zi]
must be at most k. Applying Theorem 13.4 yields
Pr(IF — E[F]| > &) < 27/,
or (from Corollary 13.5)
Pr(|F — E[F]| = Aky/n) < 2e7%/2,

We can obtain slightly better bounds by applying the general framework of Theo-
rem 13.6. Let F = f(X1, Xz, ..., X,). Then, by our preceding argument, changing the
value of any single X; can change the value of F by at most k, and hence the function
satisfies the Lipschitz condition with bound k. Theorem 13.6 then applies to give

Pr(|F — E[F]| > ¢) < 2e %7/"

improving the value in the exponent by a factor of 4.

13.5.3. Application: Balls and Bins

Suppose that we are throwing m balls independently and uniformly at random into n
bins. Let X; be the random variable representing the bin into which the ith ball falls.
Let F be the number of empty bins after the m balls are thrown. Then the sequence

Z;=E[F | Xi,...,X]

is a Doob martingale. We claim that ' = f(X;, X», ..., X,,) satisfies the Lipschitz con-
dition with bound 1. Consider how F changes from the placement of the ith ball. If the
ith ball lands in a bin on its own, then changing X; so that the ith ball lands in a bin with
some other ball will increase F by 1. Similarly, if the ith ball lands in a bin with other
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balls, then changing X; so that the ith ball lands in an otherwise empty bin decreases F'
by 1. In all other cases, changing X; leaves F the same. We therefore obtain

Pr(|F — E[F]| > &) < 2e~%/m

by the Azuma-Hoeffding inequality of Theorem 13.6. We could also apply Theo-
rem 13.4 with |Z;1; — Z;| < 1, but this gives a slightly weaker result. Here

1 m
E[F]:n(]——) ,
n

but we could obtain the concentration result without knowing E[F].
This result can be improved by taking more care in bounding the gap between the
bounds on Z;;; — Z;. This is considered in Exercise 13.20.

13.5.4. Application: Chromatic Number

Given a random graph G in G, ,, the chromatic number x(G) is the minimum number
of colors needed in order to color all vertices of the graph so that no adjacent vertices
have the same color. We use the vertex exposure martingale defined in Section 13.1 to
obtain a concentration result for x (G).

Let G; be the random subgraph of G induced by the set of vertices 1, ..., i, let
Zy = E[x(G)], and let

Z; =E[x(G)]| Gy, ...,G].

Since a vertex uses no more than one new color, again we have that the gap between Z;
and Z;_; is at most 1, so we can apply the general framework of the Azuma—Hoeffding
inequality from Theorem 13.6. We conclude that

Pr(|x(G) — Blx(G)]| = Av/n) < 2672
This result holds even without knowing E[ x (G)].

13.6. Exercises

Exercise 13.1: Show that, if Zy, Z;,...,Z, is a martingale with respect to
Xo, X1, - - ., Xy, then it is also a martingale with respect to itself.

Exercise 13.2: Let Xp, X;, ... be a sequence of random variables, and let S; =
Z’j:l Xj. Show that if Sp, Sy, ... is a martingale with respect to Xo, X, ..., then for

all i # j, E[X;X;] = 0.
Exercise 13.3: Let Xy = 0 and for j > 0 let X;,| be chosen uniformly over the real
interval [X;, 1]. Show that, for k > 0, the sequence
Yo =21 — Xp)
is a martingale.
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Exercise 13.4: Let X|, X, . .. be independent and identically distributed random vari-
ables with expectation 0 and variance o> < oco. Let

" 2
Z, = (ZX,) — no’.
i=1
Show that Z;, Z,, . .. is a martingale.

Exercise 13.5: Consider the gambler’s ruin problem, where a player plays a sequence
of independent games, either winning one dollar with probability 1/2 or losing one
dollar with probability 1/2. The player continues until either losing £; dollars or win-
ning ¢, dollars. Let X,, be 1 if the player wins the nth game and —1 otherwise. Let

Z, = (Z?:1 Xi)2 —n

(a) Show that Z;, Z,, ... is a martingale.

(b) Let T be the stopping time when the player finishes playing. Determine E[Z].

(c) Calculate E[T]. (Hint: You can use what you already know about the probability
that the player wins.)

Exercise 13.6: Consider the gambler’s ruin problem, where now the independent
games are such that the player either wins one dollar with probability p < 1/2 or loses
one dollar with probability 1 — p. As in Exercise 13.5, the player continues until either
losing £ dollars or winning £, dollars. Let X, be 1 if the player wins the nth game and
—1 otherwise, and let Z, be the player’s total winnings after n games.

1 _ Zn
A, = ( p>
p
is a martingale with mean 1.
(b) Determine the probability that the player wins £, dollars before losing £; dollars.
(¢) Show that

(a) Show that

B,=27,— (2]? —Dn

is a martingale with mean 0.

(d) Let T be the stopping time when the player finishes playing. Determine E[Z7], and
use it to determine E[T]. (Hint: You can use what you already know about the
probability that the player wins.)

Exercise 13.7: Prove Theorem 13.6. [Hint: Use Lemma 4.13.]

Exercise 13.8: In the bin-packing problem, we are given items with sizes
ap, ap, ...,a, with0 < a; <1for 1 <i <n. The goal is to pack them into the mini-
mum number of bins, with each bin being able to hold any collection of items whose
total sizes sum to at most 1. Suppose that each of the a; is chosen independently accord-
ing to some distribution (which might be different for each i). Let P be the number of
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bins required in the best packing of the resulting items. Prove that

Pr(|P — E[P]| > A) < 2 2'/n,

Exercise 13.9: Consider an n-cube with N = 2" nodes. Let S be a nonempty set of
vertices on the cube, and let x be a vertex chosen uniformly at random among all vertices
of the cube. Let D(x, S) be the minimum number of coordinates in which x and y differ
over all points y € S. Give a bound on

Pr(|D(x, S) — E[D(x, S)]| > A).

Exercise 13.10: In Chapter 4 we developed a tail bound for the sum of {0, 1} random
variables. We can use martingales to generalize this result for the sum of any random
variables whose range lies in [0, 1]. Let X, X5, ..., X,, be independent random vari-
ables such that Pr(0 < X; < 1) = 1. If S, = >_"_, X, show that

Pr(|S, — E[S,]] = 1) < 2e7 2/,

Exercise 13.11: A parking-lot attendant has mixed up n keys for n cars. The n car
owners arrive together. The attendant gives each owner a key according to a permutation
chosen uniformly at random from all permutations. If an owner receives the key to his
car, he takes it and leaves; otherwise, he returns the key to the attendant. The attendant
now repeats the process with the remaining keys and car owners. This continues until
all owners receive the keys to their cars.

Let R be the number of rounds until all car owners receive the keys to their cars. We
want to compute E[R]. Let X; be the number of owners who receive their car keys in
the ith round. Prove that

Y, = Z(X, —EX; | X;,...,X;1])
j=1

is a martingale. Use the martingale stopping theorem to compute E[R].

Exercise 13.12: Alice and Bob play each other in a checkers tournament, where the
first player to win four games wins the match. The players are evenly matched, so the
probability that each player wins each game is 1/2, independent of all other games.
The number of minutes for each game is uniformly distributed over the integers in the
range [30, 60], again independent of other games. What is the expected time they spend
playing the match?

Exercise 13.13: Consider the following extremely inefficient algorithm for sorting
n numbers in increasing order. Start by choosing one of the n numbers uniformly at
random, and placing it first. Then choose one of the remaining n — 1 numbers uniformly
at random, and place it second. If the second number is smaller than the first, start
over again from the beginning. Otherwise, next choose one of the remaining n — 2
numbers uniformly at random, place it third, and so on. The algorithm starts over from
the beginning whenever it finds that the kth item placed is smaller than the (k — 1)th
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item. Determine the expected number of times the algorithm tries to place a number,
assuming that the input consists of n distinct numbers.

Exercise 13.14: Suppose that you are arranging a chain of n dominos so that, once
you are done, you can have them all fall sequentially in a pleasing manner by knocking
down the lead domino. Each time you try to place a domino in the chain, there is some
chance that it falls, taking down all of the other dominos you have already carefully
placed. In that case, you must start all over again from the very first domino.

(a) Let us call each time you try to place a domino a trial. Each trial succeeds with
probability p. Using Wald’s equation, find the expected number of trials necessary
before your arrangement is ready. Calculate this number of trials for n = 100 and
p=0.1.

(b) Suppose instead that you can break your arrangement into k components, each
of size n/k, in such a way so that once a component is complete, it will not fall
when you place further dominos. For example: if you have 10 components of size
10, then once the first component of 10 dominos are placed successfully they will
not fall; misplacing a domino later might take down another component, but the
first will remain ready. Find the expected number of trials necessary before your
arrangement is ready in this case. Calculate the number of trials for n = 100, k =
10, and p = 0.1, and compare with your answer from part (a).

Exercise 13.15: (a) Let X;, X5, ... be a sequence of independent exponential random
variables, each with mean 1. Given a positive real number £, let N be defined by

N = min{n : in > k}.
i=1
That is, N is the smallest number for which the sum of the first N of the X; is larger than
k. Use Wald’s inequality to determine E[N].
(b) Let X1, X, ... be a sequence of independent uniform random variables on the
interval (0, 1). Given a positive real number k with 0 < k < 1, let N be defined by

N:min{n:ﬁXi <k}.

i=1

That is, N is the smallest number for which the product of the first N of the X; is smaller
than k. Determine E[N]. (Hint: You may find Exercise 8.9 helpful.)

Exercise 13.16: A subsequence of a string s is any string that can be obtained by delet-
ing characters from s. Consider two strings x and y of length n, where each character
in each string is independently a O with probability 1/2 and a 1 with probability 1/2.
We consider the longest common subsequence of the two strings.

(a) Show that the expected length of the longest common subsequence is greater than
cn and less than cyn for constants ¢; > 1/2 and ¢; < 1 when n is sufficiently large.
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(Any constants c¢; and ¢, will do; as a challenge, you may attempt to find the best
constants ¢ and c¢; that you can.)

(b) Use a martingale inequality to show that the length of the longest common subse-
quence is highly concentrated around its mean.

Exercise 13.17: Given a bag with r red balls and g green balls, suppose that we uni-
formly sample n balls from the bin without replacement. Set up an appropriate martin-
gale and use it to show that the number of red balls in the sample is tightly concentrated
around nr/(r + g).

Exercise 13.18: We showed in Chapter 5 that the fraction of entries that are 0 in a
Bloom filter is concentrated around

) ( 1>km
P = I—-- s
n

where m is the number of data items, & is the number of hash functions, and » is the
size of the Bloom filter in bits. Derive a similar concentration result using a martingale
inequality.

Exercise 13.19: Consider arandom graph from G,, , where N = cn for some constant
¢ > 0. Let X be the number of isolated vertices (i.e., vertices of degree 0).

(a) Determine E[X].
(b) Show that

Pr (X — E[X]| > 2h/cn) < 2e7+72,
(Hint: Use a martingale that reveals the locations of the edges in the graph, one at

a time.)

Exercise 13.20: We improve our bound from the Azuma—Hoeffding inequality for
the problem where m balls are thrown into n bins. We let F' be the number of empty
bins after the m balls are thrown and X; the bin in which the ith ball lands. We define
Zy=E[Fland Z, = E[F | X1, ..., X;].

(a) Let A; denote the number of bins that are empty after the ith ball is thrown. Show

that in this case
1 m—i+1
Zi1=Ai (1 - —) .
n

(b) Show that, if the ith ball lands in a bin that is empty when it is thrown, then

Z,-=(Ai_1—1)(1—1> -
n

(c) Show that, if the ith ball lands in a bin that is not empty when it is thrown, then

1 m—i
Zi=Ai_ (1--) .
n
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(d) Show that the Azuma—-Hoeffding inequality of Theorem 13.6 applies with d; =
(1 —1/n)y™
(e) Using part (d), prove that

Pr(|F — E[F]| > A) < 2¢ ™ @D/ =E®IFD")
Exercise 13.21: Let f(X|, Xz, ..., X,,) satisfy the Lipschitz condition so that, for any
i and any values xi, ..., x, and y;,

|FQen, Xy oy Xty Xy X1« ooy Xn) — fO01L X2, 0o Xim 1, Vi Xig 1, 0 )| S €
We set
Zy =E[f(Xi, X2, ..., Xy)]

and

Z;=E[f(X1, X2, ..., X)) | X1, X2, ..., Xi].

Give an example to show that, if the X; are not independent, then it is possible that
|Zi —Zi—1| > c.
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CHAPTER FOURTEEN

Sample Complexity,
VC Dimension, and
Rademacher Complexity

Sampling is a powerful technique at the core of statistical data analysis and machine
learning. Using a finite, often small, set of observations, we attempt to estimate prop-
erties of an entire sample space. How good are estimates obtained from a sample? Any
rigorous application of sampling requires an understanding of the sample complexity
of the problem — the minimum size sample needed to obtain the required results. In this
chapter we focus on the sample complexity of two important applications of sampling:
range detection and probability estimation. Here a range is just a subset of the underly-
ing space. Our goal is to use one set of samples to detect a set of ranges or estimate the
probabilities of a set of ranges, where the set of possible ranges is large, in fact possibly
infinite. For detection, we mean that we want the sample to intersect with each range
in the set, while for probability estimation, we want the fraction of points in the sample
that intersect with each range in the set to approximate the probability associated with
that range.

As an example, consider a sample x1, ..., x,, of m independent observations from
an unknown distribution D, where the values for our samples are in R. Given an
interval [a, b], if the probability of the interval is at least ¢, i.e., Pr(x € [a, b]) > €,
then the probability that a sample of size m = éln% intersects (or, in this context,
detects) the interval [a, b] is at least 1 — (1 — €)™ > 1 — . Given a set of k intervals,
each of which has probability at least €, we can apply a union bound to show that the
probability that a sample of size m’ = % In ’g‘ intersects each of the k intervals is at least
1—k(l—ey™ >1-35.

In many applications we need a sample that intersects with every interval that has
probability at least €, and there can be an infinite number of such intervals. What sample
size guarantees that? We cannot use a simple union bound to answer this question, as
our above analysis does not make sense when k is infinite. However, if there are many
such intervals, there can be significant overlap between them. For example, consider
samples chosen uniformly over [0, 1] with € = 1/10; there are infinitely many intervals
[a, b] of length at least 1/10, but the largest number of disjoint intervals of size at least
1/10is ten. A sample point may intersect with many intervals, and thus a small sample
may be sufficient.
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Indeed, the technique we will develop in this chapter will show that for any distribu-
tion D, a sample of size Q(é In %), with probability at least 1 — §, intersects all intervals
of probability at least €. Similarly, we will show that a sample of size Q(si2 In %), with
probability at least 1 — §, simultaneously estimates the probabilities of all intervals,
where each probability is estimated within an additive error bounded by €.

The above example shows that the set of intervals on a line corresponds to a set of
ranges that is easy to sample. In this chapter we develop general methods for evaluating
the sample complexity of sets of ranges. We will see an example of sets of ranges with
significantly larger sample complexity than the intervals example, and even sets of
ranges with infinite sample complexity for either detection or probability estimation.
We also present applications of the theory to rigorous machine learning and data mining
analysis.

14.1. The Learning Setting

The study of sample complexity was motivated by statistical machine learning. To moti-
vate our discussion of these concepts, we show how the task of learning a binary clas-
sification can be framed as either a detection or a probability estimation problem.

As a starting example, suppose that we know that a publisher uses a certain rule when
determining whether to review or reject a book based on the submitted manuscript. The
rule is a conjunction over certain Boolean variables (or their negations); for example,
there could be a Boolean variable for whether the manuscript is over 100 pages, for
whether the topic was of wide interest, for whether the author had suitable experience,
and so on. As outsiders, we might not know the rule, and the question is whether we
can learn the rule after seeing enough examples.

A second example involves learning the range of temperatures in which some elec-
tronic equipment is functioning correctly. We test the equipment at various tempera-
tures: some are too low and some are too high, but in between there is an interval of
temperatures in which the equipment is functioning correctly. The question is to deter-
mine an appropriate range of temperatures where the equipment functions.

Here is a general model for this sort of problem; we formalize these definitions later.
We have a universe U of objects that we wish to classify, and letc : U — {—1, 1} be the
correct, unknown classification. Usually c¢(x) = 1 corresponds to x being a “positive”
example, and c(x) = —1 corresponds to x being a “negative” example. The correct
classification also can be thought of as the subset of the universe corresponding to the
positive examples.

The learning algorithm receives a training set (xj, c(x1)), ..., (Xu, c(xy)), where
x; € U is chosen according to an unknown distribution D, and c(x;) is the correct clas-
sification of x;. The algorithm also receives a collection C of hypotheses, or possi-
ble classifications, to choose from. This collection of hypotheses can be referred to as
the concept class. The output of the algorithm is a classification /2 € C. In the context
of binary classification, every & € C is also a function & : U — {—1, 1}. Equivalently,
each hypothesis is itself a subset of the universe, corresponding to the elements x with
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h(x) = 1. The correctness of the chosen classification is evaluated with respect to its
error in classifying new objects chosen according to the distribution D.

In our first example, C is the collection of all possible conjunctions of subsets of
the Boolean variables or their negations. That is, each & € C corresponds to a Boolean
formula given by a conjunction of variables; i(x) is 1 if the Boolean expression evalu-
ates to true on x, and —1 if it evaluates to false. In the second example, C is the set of
all intervals in R, so that for each & € C, h(x) = 1 if x is a point in the corresponding
interval and h(x) = —1 otherwise.

Assume first that the correct classification ¢ is included in the collection C of possible
classifications. For any other & € C let

Alc,h) = {x € U | c(x) # h(x)}

be the set of objects that are not classified correctly by classification 4. The proba-
bility of a set A(c, k) is the probability that the distribution D generates an object
in A(c, h). If our training set intersects with every set A(c, /) that has probability at
least €, then the learning algorithm can eliminate any classification /2 € C that has error
at least € on input from D. Thus, a sample (training set) that with probability 1 — §
detects (or intersects with) all sets {A(c, h)| Prp(A(c, h)) > €, h € C} guarantees that
such an algorithm outputs with probability 1 — § a classification that errs with proba-
bility bounded by e.

A more realistic scenario is that no classification in C is perfectly correct. In that case,
we require the algorithm to return a classification in C with an error probability that is
no more than € larger (with respect to D) than any classification in C. If our training set
approximates all sets {A(c, h) | h € C} to within an additive error € /2, then the learning
algorithm has sufficient information to eliminate any & € C with error which is at least
€ larger than the error of the best hypothesis in C.

Finally, we note a major difference between the two examples above. Since the num-
ber of possible conjunctions over a bounded number of variables or their complements
is bounded, the set of possible classifications in the first example is finite, and we can
use standard techniques (union bound and Chernoff bound) to bound the size of the
required sample (training set), though the bound may be loose. In the second example,
the size of the concept class is not bounded and we need more advanced techniques
to obtain a bound on the sample complexity. We present here two major techniques to
evaluate the sample complexity, VC dimension and Rademacher complexity.

14.2. VC Dimension

We begin with the formal definitions, using the setting of intervals on a line to help
explain them, and then consider other examples.
The Vapnik—Chervonenkis (VC) dimension is defined on range spaces.

Definition 14.1: A range space is a pair (X, R) where:

1. X is a (finite or infinite) set of points;
2. R is a family of subsets of X, called ranges.
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2 4 6
o © o

Figure 14.1: Let R be the collection of all closed intervals in R. Any 2 points can be shattered, but
there is no interval that separates {2, 6} from {4}. The VC dimension of (R, R) is therefore 2.

If for example X = R is the set of real numbers, then R could be the family of all
closed intervals [a, b] in R.

Given aset S C X, one can obtain a subset of S by intersecting it with arange R € 'R.
The projection of 'R on S corresponds to the collection of all subsets that can be obtained
in this way.

Definition 14.2: Let (X, R) be a range space and let S € X. The projection of R on
Sis

Rs={RNS|ReR}

For example, let X = R and R be the set of all closed intervals. Consider S = {2, 4}.
The intersection of S with the interval [0, 1] gives the empty set; the intersection of S
with the interval [1, 3] is {2}; the intersection of § with the interval [3, 5] is {4}; and
the intersection of S with the interval [1, 5] is {2, 4}. Hence the projection of R on S is
the set of all possible subsets of S in this case, and indeed the same is true for any set
of two distinct points.

Consider now a set S = {2, 4, 6}. You should convince yourself that the projection
of R on S includes seven of the eight subsets of S, but not {2, 6}. This is because an
interval containing 2 and 6 must also contain 4. More generally, the projection of R on
any set S of three distinct points would contain only seven of the eight possible subsets
of S.

We measure the complexity of a range space (X, R) by considering the largest subset
S of X such that all subsets of S are contained in the projection of R on S.

Definition 14.3: Let (X, R) be a range space. A set S C X is shattered by R if
|Rs| = 2. The Vapnik—Chervonenkis (VC) dimension of a range space (X, R) is
the maximum cardinality of a set S C X that is shattered by ‘R. If there are arbitrarily
large finite sets that are shattered by ‘R, then the VC dimension is infinite.

We have shown that any set of two points is shattered by closed intervals on the real
number line, but that any set of three points is not. Of course, that argument also shows
that no larger set of points is shattered by closed intervals. Therefore, the VC dimension
of that range space is 2. Our example shows that a range space with an infinite set
of points and an infinite number of ranges can have a bounded VC dimension. (See
Figure 14.1.)

An important subtlety in the definition is that the VC dimension of a range space is d
if there is some set of cardinality d that is shattered by R. It does not imply that all sets
of cardinality d are shattered by . On the other hand, to show that the VC dimension
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Figure 14.2: Let R be the collection of all half-space partitions on R2. Any three points can be
shattered, but there is no half-space partition that separates the two white points from the two black
points. Thus, the VC dimension of (R?, R) is 3.

is not d + 1 or larger, one must show that all sets of cardinality larger than d are not
shattered by R.

14.2.1. Additional Examples of VC Dimension

We consider some other simple examples of VC dimension.

Linear half-spaces
Let X = R? and let R be the set of all half-spaces defined by a linear partition of the
plane. That is, we consider all possible lines ax 4+ by = ¢ in the plane, and R consists
of all half-spaces ax 4+ by > c¢. The VC dimenstion in this case is at least 3, since any
set of three points that do not lie on a line can be shattered. On the other hand, no set
of four points can be shattered. To see this, we need to consider several cases. First, if
any three points lie on a line they cannot be shattered, as we cannot separate the middle
point from the other two by any half-space. Hence we may assume no three points lie
on a line; this is often referred to as the points being in “general position”. Second, if
one point lies within the convex hull defined by the other three points, no half-space
can separate that point from the other three. Finally, if the four points define a convex
hull, then there is no half-space that separates two non-neighboring points from the
other two. (See Figure 14.2.)

While harder to visualize, if X = R? and R corresponds to all half-spaces in d
dimensions, the VC dimension is d + 1. (See Exercise 14.7.)

Convex sets

Let X = R? and let R be the family of all closed convex sets on the plane. We show that
this range space has infinite VC dimension by showing that for every n there exists a set
of size n that can be shattered. Let S,, = {x|, ..., x,,} be a set of n points on the boundary
of a circle. Any subset Y C §,,, Y # (J defines a convex set that does not include any
pointin S, \ Y, and hence Y is included in the projection of R on §,,. The empty set is
easily seen to be in the projection as well. Hence, for any number of points n, the set
S, is shattered and the VC dimension is therefore infinite. (See Figure 14.3.)

Monotone Boolean conjunctions
Let yi, y2, ..., ¥, be n Boolean variables, and let MC, be the collection of functions
defined by conjunctions of subsets of the non-negated variables y;. Let X = {0, 1}"
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Figure 14.3: Let R be the set of all convex bodies in R2. Any partition of the set of points on the
circle can be defined by a convex body. Therefore, the VC dimension of (R?, R) is infinite.

correspond to all possible truth assignments of the n variables in the natural way. For
each function f € MC, let Ry = {a € X : f(a) = 1} be the set of inputs that satisfy
f,andlet R = {R; | f € MC,}. Consider the set S C X of n points:

©,1,1,...,1)
(1,0,1,...,1)
(1,1,0,...,1)
(1,1,1,...,0).

We claim that each subset of § is equal to § N Ry for some Ry. For example, the com-
plete set S corresponds to S N Ry for the trivial function that is always 1, i.e., f(a@) = 1.
More generally, the subset of S that has all points except those with a 0 in coordinates
i1,02, ..., Ijisequal to S N Ry for f(a@) = yi; A yi, A -+ Ay;;. This set can therefore be
shattered by ‘R and the VC dimension is at least n. The VC dimension cannot be larger
than n since |R| = |MC,| = 2", and hence there can be at most 2" distinct intersec-
tions of the form S N Ry. If the VC dimension was larger than 7, at least 21+ different
intersections would be needed.

14.2.2. Growth Function

The combinatorial significance of the concept of the VC dimension is that it gives
a bound on the number of different ranges in the projection of the range space on a
smaller set of points. In particular, when a range space with finite VC dimension d > 2
is projected on a set of n points, the number of different ranges in the projection is
bounded by a polynomial in » with maximum degree d.

To prove this property we define the growth function

d

Gd,m=y" (’f)

i=0
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For n = d, we have G(d, n) = 2%, and for n > d > 2, we have
d_ i
Gd,m =) = <n'
i=0
The growth function is related to the VC dimension through the following theorem.

Theorem 14.1 [Sauer-Shelah]: Let (X, R) be a range space with |X| = n and VC
dimension d. Then |R| < G(d, n).

Proof: We prove the claim by induction on d, and for each d by induction on n. As
the base case, the claim clearly holds for d = 0 or n = 0, as in both of these cases
G(d, n) = 1, with the only possible R being the family containing only the empty set.

Assume that the claim holds for d — 1 and n — 1, and for d and n — 1. We may
therefore assume |X| = n > 0. For some x € X, consider two range spaces on X \ {x}:

Ri={R\ {x} R e R}
and
Ro={R\{x} |RU{x} e Rand R\ {x} € R}.

We first observe that |R| = |R| + |’Rz|. Indeed, each set R € R is mapped to a set
R\ {x} € Ry, butif both RU {x} and R \ {x} are in R, then both sets are mapped to the
same set R \ {x} € R,. By including that set again in R,, we have |R| = |R| + |Ra2|.

Now (X \ {x}, R1)is arange space onn — 1 items, and its VC dimension is bounded
above by d, the VC dimension of (X, R). To see this, assume that R, shatters a set S
of size d + 1 in X \ {x}. Then S is also shattered by R, as for any R € R, there is a
corresponding R’ in R that is either R or R U {x}, and in either case the projection of
‘R on S contains S N R = S N R. But then R would shatter the set S, contradicting the
assumption that (X, R) has VC dimension d.

Similarly, (X \ {x}, R,) is a range space on n — 1 items, and its VC dimension is
bounded above by d — 1. To see this, assume that R, shatters a set S of sized in X \ {x}.
Then consider the set S U {x} in R. For any R € R,, both R and R U {x} are in R, and
hence one can obtain both (SU {x}) "R=SNRand (SU {x}) N (RU {x}) = SU {x}
in the projection of R on S. But then R would shatter the set S U {x}, contradicting the
assumption that (X, R) has VC dimension d.

Applying the induction hypothesis we get

Rl =IRil+1R2l < Gd,n—=1)+Gd—-1,n—1)

41 “lm-1

> ()% ()
>(()+(7)
UL +( .
P i+1 i

(’f’) = G(d, n). -
1
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SAMPLE COMPLEXITY, VC DIMENSION, AND RADEMACHER COMPLEXITY

14.2.3. VC dimension component bounds

We can sometimes bound the VC dimension of a complex range space as a function of
the VC dimension of its simpler components.

The projection of a range space (X, R)onasetY C X defines a range space (¥, Ry)
with Ry = {RNY | R € R}. We have the following corollary of Theorem 14.1.

Corollary 14.2: Let (X, R) be a range space with VC dimension d, and let Y C X.
Then

IRyl = G(d, |YD.
We also require the following technical lemma.
Lemma 14.3: Ify > xInx > e, then ¢ > x.

Proof: Fory = xInxwe have Iny = Inx + Inlnx < 2Inx. Thus

2y - 2xInx

Iny ~ 2Inx
Differentiating f(y) = l;—y’ we find that f(y) is monotonically decreasing when y >
xInx > e, and hence li—; is monotonically increasing on the same interval, proving the
lemma. |

We are now ready for the following theorem.

Theorem 14.4: Let (X, RY), ..., (X, R¥) be k range spaces, each with VC dimen-
sion at most d. Let f: (R',..., R¥) — 2X be a mapping of k-tuples (r1, ..., 1) €
(Rl, R Rk) to subsets of X, and let

R ={f(r,....n) 1 eR", ..., e R
The VC dimension of the range space (X, R') is O(kd In(kd)).

Proof: Let the VC dimension of (X, R7) be at least 1, so there is a set Y C X shattered
by R/ with t = |Y|. Since the VC dimension of (X, R?), 1 <i <k, is at most d, by
Corollary 14.2, |R§/| < G(d,t) < t?. Thus, the number of subsets in the projection of
R/ on Y is bounded by

1 k dk
IRJI < IRy x -+ x [RE| <1,

Since R’; shatters Y, |R§| > 2'. Hence t9¢ > 2'. Let us assume that y > xInx for
y=tandx = % and derive a contradiction. Applying Lemma 14.3,
2 _ 2 20dk+1)
Iny Int~ 2 °
It follows that
t > (dk+1)log,t,

s02' > 1+l 5 % Henceift > x1Inx, whichis Q(dk In(dk)), we have a contradiction.
It follows that ¢t must be O(kd In(kd)). |
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The following stronger result below is proven in Exercise 14.10.

Theorem 14.5: Let (X, RY), ..., (X, R¥) be k range spaces each with VC dimen-
sions at most d. Let f : (R, ..., R*") = 2X be a mapping of k-tuples (ry, ..., 1) €
(R, ..., RY) to subsets of X, and let

R ={f(ri,....,m)Ir eRY, ..., e RF.
The VC dimension of the range space (X, R') is O(kd In k).
This yields the following corollary.

Corollary 14.6: Let (X, R') and (X, R?) be two range spaces, each with VC dimen-
sion at most d. Let

RY={rUr|r e R andr, € R*},
and
RN = {rNr|rne R! andr, € Rz}.
The VC dimensions of the range spaces (X, R”) and (X, R") are O(d).

14.2.4. e-nets and e-samples

The applications of VC dimension to sampling, including to the types of learning prob-
lems mentioned at the beginning of the chapter, can be formulated in terms of objects
called e-nets and e-samples.

As a combinatorial object, an e-net for a subset A C X of a range space is a subset
N C A of points that intersects with all ranges in the range space that are not too small
with respect to A, in that the range contains an e-fraction of A. The object is called a
net because it “catches,” or intersects, every range of sufficient size.

Definition 14.4 [combinatorial definition]: Ler (X, R) be a range space, and let
A C X be a finite subset of X. A set N C A is a combinatorial e-net for A if N has a
nonempty intersection with every set R € R such that |[R N A| > €|A|.

However, e-nets can also be defined more generally with respect to a distribution D
on the point set X. The combinatorial definition above corresponds to a setting where
the distribution D is uniform over the set A. The more general form below is more
useful for many algorithmic applications. In what follows, recall that Prp(R) for a set
R is the probability that a point chosen according to D is in R.

Definition 14.5: Let (X, R) be a range space, and let D be a probability distribution
on X. A set N C X is an e-net for X with respect to D if for any set R € R such that
Prp(R) > €, the set R contains at least one point from N, i.e.,

VReR, Prp(R) > € = RNN # 0.

An e-sample (also called an e-approximation) provides even stronger guarantees
than an e-net. It not only intersects every suitably large range, but also ensures that
every range has roughly the right relative frequency within the sample.
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SAMPLE COMPLEXITY, VC DIMENSION, AND RADEMACHER COMPLEXITY

Definition 14.6: Let (X, R) be a range space, and let D be a probability distribution
onX. A set S C X is an e-sample for X with respect to D if for all sets R € R,
[SNR|
<e€
N

Prp(R) —

Again, by fixing the distribution D to be uniform over a finite set A C X, we obtain
the combinatorial version of this concept.

Definition 14.7 [combinatorial definition]: Ler (X, R) be a range space, and let
A C X be a finite subset of X. A set N C A is a combinatorial e-sample for A if for all
sets R € R,

IANR| |INNR|
— <e€.
|A] IV

In what follows, we may say e-net and e-sample in place of the more exact terms
combinatorial e-net and combinatorial e-sample when the meaning should be clear
from context.

Our goal is to obtain e-nets and e-samples through sampling. We say that a set Sis a
sample of size m from a distribution D if the m elements of S were chosen independently
with distribution D.

Definition 14.8: A range space (X, R) has the uniform convergence property if for
every €,8 > 0 there is a sample size m = m(e, §) such that for every distribution D
over X, if S is a random sample from D of size m then, with probability at least 1 — §,
S is an e-sample for X with respect to D.

In the following sections we show that the minimum sample size that contains an
€-net or an e-sample for a range space can be bounded in terms of the VC dimension
of the range space, independent of the numbers of its points or ranges. In particular,
we will show that a range space has the uniform convergence property if and only if its
VC dimension is finite. These results show that the VC dimension is a concrete, useful
measure of the complexity of a range space.

14.3. The e-net Theorem

As a first step, we use a standard union bound argument to obtain bounds on the size
of a combinatorial e-net via the probabilistic method.

Theorem 14.7: Let (X, R) be a range space with VC dimensiond > 2 and let A C X
have size |A| = n. Then there exists a combinatorial €-net N for A of size at most (@].

Proof: Consider the projection of the range space R on A; denote this by R'. By The-
orem 14.1, the size of R’ is at most G(d, n) < n®.

Suppose we take a sample of k = (dleﬂ] points of A independently and uniformly
at random. For each set R € R such that [RN A| > €|A]|, there is a corresponding set
R’ € R’. The probability that our sample misses a given set R is (1 — €)¥, and there are
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at most n possible sets R’ to consider. Applying a union bound, the probability that
the sample misses at least one such R’ is at most

(1 —e)f < nle 4" =1,

Since the probability that a random sample of size k = (@1 misses at least one set R’
is strictly less than 1, by the probabilistic method there is a set of that size that misses
no set R € R/, and is therefore an e-net for A. [ |

We can, however, in general do much better than the bound of Theorem 14.7. Our
goal is to show that with high probability we can obtain an e-net from a random sample
of elements where the size of the sample does not depend on n, as long as the VC dimen-
sion is finite. This may appear somewhat surprising; while O(1/¢) points on average
are needed to hit any particular range, it is not clear how to hit all of them without some
dependence on n. Essentially, we are finding that the union bound of Theorem 14.7 is
too weak an approach in this setting, and that the VC dimension provides a means to
avoid it.

The following theorem, whose proof takes a somewhat unusual path that we some-
times refer to as “‘double sampling”, provides our main results on e-nets. The theorem
holds for our more general notion of €-nets, not just combinatorial e-nets.

Theorem 14.8: Let (X, R) be a range space with VC dimension d and let D be a
probability distribution on X. For any 0 < §, € < 1/2, there is an
d d 1 1
m= 0<—ln——|— —1n—>
€ € € 9§

such that a random sample from D of size greater than or equal to m is an €-net for X
with probability at least 1 — 6.

In particular, Theorem 14.8 implies that there exists an e-net of size 0(‘;1 In g).

Proof: Let M be a set of m independent samples from X according to D, and let E| be
the event that M is not an €-net for X with respect to the distribution D, i.e.,

E,={3ReR| Prp(R) > e and [RN M| = 0}.

We want to show that Pr(E;) < § for a suitable m. Notice that for any particular R,
since Prp(R) > €, the expected size of |R N M| would be at least em, and hence it seems
natural that Pr(E)) is small. However, as the union bound argument of Theorem 14.7
is too weak to provide this strong a bound, we use an indirect means to bound Pr(E).

To do this, we choose a second set T of m independent samples from X according
to D and define E; to be the event that some range R with Prp(R) > € has an empty
intersection with M but a reasonably large intersection with 7

E;y={3Re R | Prp(R)>€eand |[RNM|=0and |[RNT| > em/2}.

Since T is a random sample and Prp(R) > €, the event [RN T| > em/2 should occur
with nontrivial probability and therefore the events E; and E, should have similar prob-
ability. The following lemma formalizes this intuition:
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Lemma 14.9: Form > 8/¢,
Pr(E;) < Pr(Ey) < 2Pr(Ey).

Proof: As the event E, is included in the event E|, we have Pr(E;) < Pr(E;). For
the second inequality, note that if event E; holds, there is some particular R’ so that
IR N M| =0 and Prp(R’) > €. We use the definition of conditional probability to
obtain
PI'(EQ) PI‘(El N Ez)
Pr(E))  Pr(E)

= Pr(E, | E)) > Pr(IT NR'| > em/2).

Now for a fixed range R’ and a random sample T the random variable |T N R'| has
a binomial distribution B(m, Prp(R’)). Since Prp(R’) > €, by applying the Chernoff
bound (Theorem 4.5), we have for m > 8/¢,

Pr(|T NR'| < em/2) <e "3 < 1/2.

Thus,
Pr(E») ,
—Pi(E; | E)) = Pr(IT NR| = em/2) = 1/2,
Pr(Ey)
giving Pr(E;) < 2Pr(E;) as desired. [ |

The lemma above gives us an approach to showing that Pr(E) ) is small. The intuition
is as follows: since M and T are both random samples of size m, it would be very
surprising to have |[M N R| = 0 but |T N R| be large for some R. If we think of first
sampling the m items that form M and then sampling the m items that form 7', we must
have somehow been very unlucky to have all the samples that intersect R come in the
second set of m samples, and none in the first.

Formally, we bound the probability of E, by the probability of a larger event E:

E;={3Re€R||RNM|=0and [RNT| > em/2}.

The event Ez’ excludes the condition that Prp(R) > €; in some sense, that has been
replaced by the condition on the size of |[R N T|. The event E; now depends only on
the elementsin M U T.

Lemma 14.10: [t holds that
Pr(E)) < 2Pr(E;) < 2Pr(E;) < 2(2m)*27<"/2,

Proof: Since M and T are random samples, we can assume that we first choose a set
of 2m elements and then partition it randomly into two equal size sets M and 7.
For afixed R € R and k = em/2, let

Er={IRNM|=0and |[RNT| > k}.

To bound the probability of Ex we note that this event implies that M U T has at least k
elements of R, but all these elements were placed in 7 by the random partition. That is,
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2m—k

") partitions where

of the (2n'1") possible partitions of M U T, we chose one of the (
no element of R is in M.
Hence

Pr(Eg) <Pr((MNR| =0 ||RN(MUT)| > k)

(2m—k)

)

_ Cm—-Kk)!m!

2m)!(m —k)!

_ omm—1)---(m—k+1)

C2m2m—1)---QCm—k+1)

< 276"1/2‘

Our bound on Pr(ER) does not depend on the choice of the set 7 U M, only on its
random partition into 7 and M. By Theorem 14.1 the projection of R on M U T has no
more than (2m)? ranges. Thus,

Pr(E)) < 2m)?27<m/2, |

To complete the proof of Theorem 14.8 we show that for

84 16d 4 2
€ € € 4

we have
Pr(E;) < 2Pr(E;) < 2(2m)"27<"* <.
Equivalently, we require
em/2 > In(2/8) + d In(2m).

Clearly it holds that em/4 > In(2/§), since m > ‘E—‘ln % It therefore suffices to show
that em/4 > d In(2m) to complete the proof.

Applying Lemma 14.3 with y = 2m > l% In lg—d and x = l%l, we have
4m 16d
> —,
In2m) — €
SO
em
— >dIn(2m)
4
as required. |

The above theorem gives a near tight bound, as shown by the following theorem (see
Exercise 14.13 for a proof).

Theorem 14.11: A random sample of a range space with VC dimension d that, with
probability at least 1 — 8, is an €-net must have size Q(‘e—i).
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14.4. Application: PAC Learning

Probably Approximately Correct (PAC) Learning provides a framework for mathemat-
ical analysis of computational learning from examples. PAC characterizes the complex-
ity of a learning problem in terms of the number of examples and computation needed to
provide answers that are approximately correct, in that they are approximately correct
with good probability, on as yet unseen examples. We use the model of PAC learning to
demonstrate an application of VC dimension to learning theory. However, we note that
the VC dimension technique applies to a broader setting of statistical machine learning.

We turn now to a formal definition of PAC learning. We assume a set of items X
and a probability distribution D defined on X. We work here in the setting of binary
classifications, where a concept (or classification) can be treated as a subset C C X all
items in C are said to have a positive classification and all items in X \ C are said to
have a negative classification. Equivalently, a classification can be treated as a function
c(x) thatis 1 if x € C and —1 if x ¢ C. We use both notions of a classification inter-
changeably, where the meaning is clear. The concept class C is the set of all possible
classifications defined by the problem.

The learning algorithm calls a function ORACLE that produces a pair (x, c(x)), where
x is distributed according to D, and c(x) is 1 if x € C and —1 otherwise. We assume that
successive calls to ORACLE are independent. For clarity, we may write ORACLE(C, D)
to specify the concept and distribution under consideration. We also assume that the
classification problem is realizable, i.e. there is a classification & € C that conforms
with our input distribution. Formally,

34 € C such that Prp(h(x) # c(x)) = 0.
We now define what it means for a concept to be learnable.

Definition 14.9 [PAC Learning]: A concept class C over input set X is PAC learnable'
if there is an algorithm L, with access to a function ORACLE(C, D), that satisfies the
following properties: for every correct concept C € C, every distribution D on X, and
every 0 < €,8 < 1/2, the number of calls that the algorithm L makes to the function
ORACLE(C, D) is polynomial in €' and §~', and with probability at least 1 — § the
algorithm L outputs a hypothesis h such that Prp(h(x) # c(x)) < €.

We first prove that any finite concept class is PAC learnable.

Theorem 14.12: Any finite concept class C can be PAC learned with m =
é(ln IC] +In %) samples.

Proof: Let c¢* € C be the correct classification. A hypothesis % is said to be “bad” if
Prp(h(x) # c*(x)) > €. The probability that any particular bad hypothesis is consistent

! PAC learning is mainly concerned with the computational complexity of learning. In particular, a concept class C
is efficiently PAC learnable if the algorithm runs in time polynomial in the size of the problem, 1/€ and 1/§. Such
an algorithm uses at most polynomially many samples. Here we are only interested in the sample complexity
of the learning process; however, we note that the computational complexity of the learning algorithm is not
necessarily polynomial in the sample size.
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with m random samples is bounded above by (1 — €)™, and hence the probability that
any bad hypothesis is consistent with m random samples is bounded above by

ICI(1 —e)" < 6.
The result follows. [ |

We can also apply the PAC learning framework to infinite concept classes. Let us
consider learning an interval [a, b] € R. The concept class here is the collection of all
closed intervals in R:

C={lxyllx=<ytudg.

Notice that we also include a trivial concept that corresponds to the empty interval.

Let ¢* € C be the concept to be learned, and & be the hypothesis returned by our
algorithm. The training set is a collection of n points drawn from a distribution D on
R, where each point in the interval [a, b] is a positive example and each point outside
the interval is a negative example. If none of the sample points are positive examples,
then our algorithm returns the trivial hypothesis, where i(x) = —1 everywhere. If any
of the sample points are positive examples, then let ¢ and d respectively be the smallest
and largest values of positive examples. Our algorithm then returns the interval [c, d]
as its hypothesis. (If there is only one positive example, the algorithm will return an
interval of the form [c, c].) By design, our algorithm can only make an error on an
input x if x € [a, b]; our algorithm will not make an error outside this interval, because
it always returns —1 for points x ¢ [a, b].

We now determine the probability that our algorithm returns a bad hypothesis. Let
us first consider the case where Prp(x € [a, b]) < €. Because our algorithm can only
return an incorrect answer on points in the interval [a, b], our algorithm always returns
a hypothesis with a probability of error at most € in this case, and hence never returns
a bad hypothesis.

Now let us consider when Prp(x € [a, b]) > €. In this case, let a’ > a be the small-
est value such that Prp([a, a’]) > €/2. Similarly, let b’ < b be the largest value such
that Prp([b’, b]) > €/2. Here a’ < b’ since Prp(x € [a, b]) > €. For convenience, we
assume a’ < b’; the case a’ = b’ can be handled similarly. (If a" = b, then the point
a’ has nonzero probability of being selected, and we can divide up that probability
among the intervals [a, a’] and [b’, b] so the probability of each is at least € /2.) For our
algorithm to return a bad hypothesis with error at least €, it must be the case that no
sample points fell either in the interval [a, a'] or the interval [b’, b], or both. Otherwise,
our algorithm would return a range [c, d] that covers [a’, b'], and correspondingly the
probability our hypothesis would be incorrect on a new input chosen from D would be
at most €.

The probability that a training set of n points does not have any examples from either
[a, a’] or [b, b'] is bounded above by

2 (1 _ E)" < e/,
2

Hence choosing n > 21n(2/8)/e samples guarantees that the probability of choosing a
bad hypothesis is bounded above by §, and therefore this concept class is PAC learnable.
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While the above example of learning intervals demonstrates an infinite concept class
that is PAC learnable, the approach to this problem of considering intervals around the
maximum and minimum sampled points appears ad hoc. The idea behind this approach,
however, can be generalized. Observe that a concept class C over input set X defines
a range space (X, C). We show that the number of examples required to PAC learn a
concept class is the same as the number of samples needed to construct an €-net for a
range space of VC dimension equal to the VC dimension of the range space defined by
the concept class.

Theorem 14.13: Let C be a concept class that defines a range space with VC dimen-
siond. For any 0 < §,€ < 1/2, there is an

d d 1 1
m=0(-In—+-In-
€ € € 4

such that C is PAC learnable with m samples.

Proof: Let X be the ground set of inputs and assume that ¢ € C is the correct classi-
fication. For any ¢’ € C, ¢’ # clet A(c/, ¢) = {x | c(x) # ¢’(x)}, where ¢(x) and ¢'(x)
are the labeling functions for ¢ and ¢’ respectively. Let A(c) = {A(c’,¢) | ¢/ € C}.
That is, A(c) is a collection of all the possible sets of points of disagreement with the
correct classification. The symmetric difference range space with respect to C and c is
(X, A(c)). We prove the following lemma about the symmetric difference range space.

Lemma 14.14: The VC dimension of (X, A(c)) is equal to the VC dimension of (X, C).

Proof: For any set S C X we define a bijection from the projection of (X, C) on S,
denoted by Cs, to the projection of (X, A(c)) on S, denoted by A(c)s. The bijec-
tion maps each element ¢’ NS € Cs to A(c’' NS, cNS) € A(c)s. To show this is a
bijection, we first consider two elements ¢’, ¢” € C with ¢’ NS #£ ¢” N S, and show
that A(c' NS, cNS)# A" NS, cNS). If ¢’ NS # c¢” NS, then there is an element
y € S such that ¢’(y) # ¢”(y). Without loss of generality, assume that ¢’(y) # c(y) but
c¢"(y) = c(y). Inthat case y € A(c' NS, c)NSbuty & A(c” NS, cNS). Similarly, if
for two elements ¢’, ¢” € C there is an element y € S such that A(c' NS, cNS) #
A(c” NS, cNS), then there is an element y € S such that ¢'(y) # ¢”(y), so ¢’ NS #
¢” N S, proving the bijection.

Thus, for any S C X, |Cs| = |A(c)s|, and S is shattered by C if and only if it is
shattered by A(c). The two range spaces therefore have the same VC dimension. W

Since the range space (X, A(c)) has a VC dimension d, by Theorem 14.8 there is an

d d 1 1
m=0(-In—+-In-
€ € € ¢

so that any sample of size m or larger is, with probability at least 1 — 4, an e-net for
that range space, and therefore has a nonempty intersection with every set A(c’, ¢) that
has probability at least €. Thus, with probability at least 1 — §, our training set allows
the algorithm to exclude any hypothesis with error probability at least €. ]
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We saw in Section 14.2.1 that the VC dimension of the collection of closed intervals
on R is 2. Applying Theorem 14.13 to the problem of learning an interval on the line
gives an alternative proof to the result we saw in Section 14.4 that this range space can
be learned with 0(% In %) samples.

14.5. The e-sample Theorem

Recall that an e-sample for a range space (X, R) maintains the relative probability
weight of all sets R € R within a tolerance of € (Definition 14.6), while an e-net just
includes at least one element from each range with total probability at least €. Surpris-
ingly, adding just another O(1/¢€) factor to the sample size gives an e-sample, again
with probability at least 1 — §. The proof of this result uses the same “double sampling”
method as in the proof of the e-net theorem, albeit with a somewhat more complicated
argument.

Theorem 14.15: Let (X, R) be a range space with VC dimension d and let D be a
probability distribution on X. For any 0 < €, < 1/2, there is an

0 d1d+111
m €2 e €4

such that a random sample from D of size greater than or equal to m is an €-sample
for X with probability at least 1 — §.

Proof: Let M be a set of m independent samples from X according to D, and let E| be
the event that M is not an e-sample for X with respect to the distribution D, i.e.
M NR| }
>e€r.

|M]|

We want to show that Pr(E;) < & for a suitable m. We choose a second set T of m
independent samples from X according to D, and define E; to be the event that some
range R is not well approximated by M but is reasonably well approximated by 7':

[RNM)| IRNT]| _€ }
|M| IT| T2

Prp(R) —

E1={EIR€R|

E, = {HR eR| ‘ —PrD(R)‘ > ¢ and ’ — Prp(R)

Lemma 14.16:
Pr(E,) < Pr(Ey) < 2Pr(Ep).

Proof: Clearly the event E; is included in the event E;, thus Pr(E;) < Pr(E,). For
the second inequality we again use conditional probability. If E; holds, there is some
particular R’ so that |M - PrD(R’)| > €. Therefore,
€
<-).
=)

|M|
Now for a fixed range R’ and a random sample 7', the random variable [T N R’| has a
binomial distribution B(m, Prp(R’)), and applying the Chernoff bound (Theorem 4.5)

377

Pr(E>) _ Pr(Ey N E,)
Pr(Ey)  Pr(Ey)

—Prp(R")

IR'NT|
=Pr(Ey | Ey) = Pr |

|T




SAMPLE COMPLEXITY, VC DIMENSION, AND RADEMACHER COMPLEXITY

we have
Pr(||T NR'| — mPrp(R")| > em/2) < 2e~"'12 < 1/2
for m > 24 /€. We conclude

Pr(E;)

Pr(E)) — Pro®)

IR'NT|
=Pr(Ey | Ey) = Pr T

€
<—-)>1/2.
T

Next we bound the probability of E, by the probability of a larger event E:
E} = {EIReR| IRNT| — RN M| > %m]
To see that E, C E;, assume that a set R satisfies the conditions of E», i.e.
[IRAM| — mPrp(R)| = em,
and
[IRNT| —mPrp(R)| < em/2.
In that case
[IRAOM| —mPrp(R)| — [I[RNT| —mPrp(R)| = €m/2,
and by the reverse triangle inequality’
[IRNT|—|RNM|| = ||[RNM| —mPrp(R)| — ||[RNT| — mPrp(R)| = em/2.
The event E; depends only on the elements in M U T
Lemma 14.17:
Pr(E,) < Pr(E}) < 2m)’e "8,

Proof: Since M and T are random samples, we can assume that we first choose a
random sample of 2m elements Z = 7, . . ., 2o,; and then partition it randomly into two
sets of size m each. Since Z is a random sample, any partition that is independent of the
actual values of the elements generates two random samples. We will use the following
partition: for each pair of sampled items zp;—; and z;, i = 1, ..., m, with probability
1/2 (independent of other choices) we place z;,—; in T and z;; in M, otherwise we place
Zoi—1in M and zo;in T.

For a fixed R € R, let Eg be the event {||[RNT| — |[RNM|| > gm}. To bound the
probability of Ex we consider the contribution of the assignment of each pair zp;—1, 22;
to the value of ||[R N T| — |R N M||. If the two items are both in R or the two items are
both not in R, the contribution of the pair is 0. If one item is in R and the other is not
in R then the contribution of the pair is 1 with probability 1/2 and —1 with probability

2 The reverse triangle inequality is simply |x — y| > [|x| — |y||, which follows easily from the triangle inequality.
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1/2. There are no more than m such pairs, so from the Chernoff bound in Theorem 4.7
we can conclude

Pr(Eg) < e <™/,

By Theorem 14.1 the projection of R on Z has no more than (2m)? ranges. Thus,
by the union bound we have

Pr(E}) < Qm)e /8, ]

To complete the proof of Theorem 14.15 we show that for

32d . 64d 16 2

n— + —In-
€2 € 45

we have
Pr(E;) < 2Pr(E}) < 2(2m)%e <"/ <.

‘We remark that this value of m satisfies

as given in the statement of the theorem; although our explicit bound has a In 664—2", that

term is O(In ‘61). Equivalently, we require
€’m/8 > In(2/8) + d In(2m).

Clearly it holds that €2m/16 > In(2/8), since m > i—? In % It therefore suffices to
show that €2m/16 > d In(2m) to complete the proof.

Applying Lemma 14.3 with y = 2m > 664—2‘1 In 664—2" and x = 6:‘—2‘1, we have
4m 64d
> _7
In(2m) — €2
S0
e’m
— >dIn(2m)
16
as required. |

Since an e-sample is also an e-net, the lower bound on the sample complexity of
e-nets in Theorem 14.11 holds for e-samples. Together with the upper bound of Theo-
rem 14.15, this gives:

Theorem 14.18: A range space has the uniform convergence property if and only if
its VC dimension is finite.

14.5.1. Application: Agnostic Learning

In our discussion of PAC learning in Section 14.4, we assumed that the algorithm is
given a concept class C that includes the correct classification ¢. That is, there is a
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classification that is correct on all items in X, and in particular conforms with all exam-
ples in the training set. This assumption does not hold in most applications. First, the
training set may have some errors. Second, we may not know any concept class that
is guaranteed to include the correct classification and is also simple to represent and
compute. In this section we extend our discussion of PAC learning to the case in which
the concept class does not necessarily include a perfectly correct classification, which
is referred to as the unrealizable case or agnostic learning. Since the concept class may
not have a correct or even close to correct classification, the goal of the the algorithm
in this case is to select a classification ¢’ € C with an error that is no more than € larger
than that of any other classification in C. Formally, let ¢ be the correct classification
(which may not be in C). We require the output classification ¢’ to satisfy the following
inequality:

Prp(c(x) # c(x)) < infPrp(h(x) # c(x)) + €.

Recall from Section 14.4 that the symmetric difference range space with respect to
the concept class C and the correct classification c is (X, A(c)). If the examples in the
training set define an € /2-sample for that range space then the algorithm has sufficiently
many examples to estimate the error probability of each ¢’ € C to within an additive
error €/2, and thus can select a classification that satisfies the above requirement.’
Applying Theorem 14.15, agnostic learning of a concept class with VC dimension d
requires O (min (|X|, 4 In % + % In §)) samples.

Finally, we state a general characterization of concept classes that are agnostic PAC
learnable.

Theorem 14.19: The following three conditions are equivalent:

1. A concept class C over a domain X is agnostic PAC learnable.
2. The range space (X, C) has the uniform convergence property.
3. The range space (X, C) has a finite VC dimension.

14.5.2. Application: Data Mining

Data mining involves extracting useful information from raw data. In some cases, such
as anomaly detection, one is interested in rare events. Finding such rare events may
require a complete analysis of the entire data set that is expensive in both computational
time and memory requirements. In other cases, however, the goal of data mining is to
detect major patterns or trends in data and ignore random fluctuations. In such settings,
analyzing a properly selected sample of the data instead of the entire data set can give
an excellent approximation at a fraction of the cost. The crucial question here is how
large the sample should be to give a reliable estimate. We give here two examples where
using e-samples can provide an answer to this question.

3 Recall that we are only concerned here with the sampling complexity of the problem. Depending on the particular
concept class, the computation cost may not be practically feasible.
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Example: Estimating dense neighborhoods

Assume that we are given a large set of n points in the plane and we need to answer a
sequence of queries of the form “what fraction of the points are at distance at most r
from point (x, y)?”, for arbitrary values of (x, y) and r. Estimates of this kind are used
by businesses to determine where to locate new stores or other resources. For example,
if points represent home locations for customers, query locations (x, y) might represent
possible locations for a bank to place an automated teller machine, in which case quick
estimates of how many customers are near the location would be useful for planning
purposes.

We can answer each query by scanning the entire set of n points. Alternatively, we
can define a range space (R?, R), where R includes, for each pair (x,y) € R?> and
r € R, the set of all the points inside the disk of radius r centered at (x, y). Since the
VC dimension of the set of all disks on the plane is 3 (see Exercise 14.6), we can sample
arandom set of m = O (Ei2 In é + Elz In %) points and give fast approximate answers to
all the queries by scanning only the sample.

Generating a random sample may require an initial scan of all the n points, but we
need to execute it only once. The e-sample theorem guarantees that with probability
at least 1 — §, the answers to all of the queries are within € of the correct value. Fur-
thermore, since the e-sample estimates all possible disks, we could also use it for other
purposes, such as approximately identifying the k densest disks.

Example: Mining frequent itemsets

Consider a supermarket that wants to design discounts for customers based on buying
a collection of items. In this case, the supermarket is interested not only in what are
the most frequent items purchased, but also in what sets of items are most frequently
bought together. This problem arises in many settings, and is commonly referred to
as the problem of mining frequent itemsets. Formally, we can describe the problem
as follows: we are given a set of items Z and a collection of transactions 7, where
a transaction is a subset of Z. We are interested in sets of items that appear in many
transactions, where what is meant by many transactions can depend on the setting. We
might use a threshold, or a percentage of transactions.

Mining frequent itemsets is challenging to accomplish efficiently, both because the
number of customer transactions is usually large, and because it takes significant mem-
ory to store all possible frequent itemsets. Even if one limits the problem to itemsets
of size up to k, there are (‘fl) possible itemsets, which grows large even for small .
All known exact solutions to this problem require either several passes over the data or
significant storage or both to store candidate frequent itemsets and their counts. On the
other hand, solving the problem on a relatively small sample can give effective results
much more efficiently.

A natural goal would be to make sure we find all sufficiently frequent itemsets
and discard all sufficiently infrequent itemsets. There might be some itemsets that are
ambiguously in between the thresholds we set for frequent and infrequent itemsets,
and that could therefore be characterized either way. Suppose that we want to cor-
rectly characterize all sets with frequency greater than 0 as frequent and all sets with
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frequency less than 8 — € as infrequent; sets with frequency [0 — €, 6] would be in the
ambiguous range. How many transactions do we need to sample?

Our goal is to approximate the true frequency of each set within an additive error
of €/2. Then we can treat all sets with frequency at least 8 — €/2 as frequent itemsets
and all sets with frequency less than 6 — €/2 as infrequent itemsets, ensuring that we
correctly characterize sets with frequency greater than 6 and sets with frequency less
than 0 — €.

If all transactions have size at most £, then there are O(|Z|*) different itemsets that
could be frequent. Applying a Chernoff bound and a union bound would require a
sample of size Q(:i2 (K In|Z] +In %)) In practice, £ << |Z|. In such a case an e-sample
can give a significantly better bound. (Although, strictly speaking, here we need an
(€/2)-sample.)

For each subset s CZ, let T(s) = {t € 7 and s C ¢t} denote the collection of all
transactions in the data set that include s. Let R = {T'(s) | s € Z}, and consider the
range space (7, R). We would like to bound the VC dimension of this range space
by a parameter that can be evaluated in one pass over the data (say when the data is
first loaded to the system). We first observe that the VC dimension is bounded by ¢,
the maximum size of any transaction in the data set. Indeed, a transaction of size g has
29 subsets and is therefore included in no more than 29 ranges. Since no transaction
can belong to more than 2¢ ranges, no set of more than ¢ transactions can be shattered.
Thus, by Theorem 14.15, with probability at least 1 — §, a sample of size

0615%-111 (14.1)
—In-+—=In- .
e e € 5

can guarantee that all itemsets are accurately determined to within €/2 of their true
proportion with probability at least 1 — &, and thus is sufficient for identifying all the
frequent itemsets. A better bound is proven in Exercise 14.12.

14.6. Rademacher Complexity

Rademacher complexity is an alternative approach for computing sample complex-
ity. Unlike the VC-dimension based bounds, which were distribution independent, the
Rademacher complexity bounds depend on the training set distribution, and thus can
give better bounds for specific input distributions. Furthermore, the Rademacher com-
plexity can, in principle, be estimated from the training set, allowing for strong bounds
derived from a sample itself. Another advantage of Rademacher complexity is that it
can be applied to the estimation of any function, not just O—1 classification functions.
(There are, to be clear, generalizations of VC dimensions to non-binary function.)

To motivate the definition of Rademacher averages, let us start with the binary
classification setting we used in section 14.1 and then generalize. We have a training
set (x1, c(x1)), - .., (X, c(x;,)) where x; € U and c(x;) € {—1, 1}, and a set of possible
hypotheses h € C where each / is a function from the universe U to {—1, 1}. The
training error of a hypothesis on the training set is the fraction of samples where the
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hypothesis disagrees with the given classification. Formally,
1
err(h) = —|{i : h(x;) # c(x;), 1 < i < mj|.
m

Now we make use of the fact that, because i(x;) and c(x;) take on values in {—1, 1},

L —ceph(a) [0 if c(x) = h(x;),
2 1 ife(x) # h(x).
Hence we can write

ebr(h) = 1 Z 1 — c(xi)h(xi)

2

i=1

|
=55 ;c(xi)h(xi).

The expression % Z:": 1 ¢(xp)h(x;) represents the correlation between ¢ and 4; if ¢ and
h always agree, the value of the expression is 1, and if they alway disagree, the value is
—1. The hypothesis that minimizes the training error is the hypothesis that maximizes
the correlation.

Now, given a collection of sample points x;, 1 < i < m, we consider how well our
class of possible hypotheses C can align with all possible classifications of these sample
points. To consider all possible classifications, we use the Rademacher variables: m
independent random variables, 0 = (oy, ..., 0p), With Pr(c; = —1) = Pr(o; = 1) =
1/2. The hypothesis that aligns best with fixed values of the Rademacher variables o
is then the one that maximizes the value

% éaih(xi),

and our training error is

— —max — oih(x;
heC 2m Z ' ( !

To consider all possible sample points, we con51der the expectation over all possible

outcomes for o, or

E, max — Z oih(x;). (14.2)

This expression corresponds intuitively to how expressive our class of hypotheses C
is. For example, if C consisted of just a single hypothesis /, the expectation would be
0, as h(x;) = o; with probability 1/2 for any randomly chosen o. On the other hand,
if C shatters the set {x1, x2, ..., x;,}, then the expectation would be 1, as there would
be some & € C so that h(x;) = o; for all i for each possible randomly chosen o. In this
particular setting, the expectation is always between O and 1, and intuitively a higher
number corresponds to a more expressive set of hypotheses.

To move to a more general definition of Rademacher averages, instead of thinking of
sets of hypotheses, we consider a set of real-valued functions F, where the inputs to the

383



SAMPLE COMPLEXITY, VC DIMENSION, AND RADEMACHER COMPLEXITY

function are defined according to a probability space with distribution D. Hence, for
f € F, when we refer to E[ f], this would correspond to E[ f(Z)] where Z is a random
variable with distribution D. We generalize the expectation (14.2) as follows.

Definition 14.10: The empirical Rademacher average of a set of functions F with

respect to a sample S = {z1, . .., 2w}, is defined as
. | —
Rn(F,$)=E, | sup— > 0:f(z) |,
fer M3

where the expectation is taken over the distribution of the Rademacher variables ¢ =
(01, ..., 0m).

We remark that we use sup instead of max since we are dealing with a family of
real-valued functions, so the maximum technically may not exist.

For a fixed assignment of values to the Rademacher variables the value of
SUp e 7 % > " 0if(z) represents the best correlation between any function in F and
the vector (oy, ..., 0,), generalizing the correlation for binary classifications. The
empirical Rademacher average therefore measures how well one can correlate random
partitions of the sample with some function in the set F, which provides a measure
of how expressive the set is. We therefore use the terms empirical Rademacher aver-
age and empirical Rademacher complexity interchangeably (both terms are used in the
literature).

Now let us look at the empirical Rademacher average in a different way. For large
m, an average % Zf”zl f(z;) over a random sample S = {zi, ..., 2}, should provide a
good approximation to E[ f]. Multiplying by the Rademacher variables, the expression
i Y, 0if (z;) corresponds to splitting the sample S into two subsamples, correspond-
ing to the values of i where o; = 1 and the values of i where o; = —1. If § is a random
sample then the expression is similar to the difference between the average of the two
random subsamples, and hence the expectation

1 m
E, |:n_1 ;Uif(zi):| ,

should be small. Finally, the empirical Rademacher complexity

. 1 &
R.(F,S)=E, [ﬁ‘;ﬁ — ; aif(zi)}

considers the supremum of this expectation over all functions in F. Intuitively, if the
empirical Rademacher average with respect to a sample of size m is small, then we
expect m to be sufficiently large for a sample to provide a good estimate for all functions
in F. We formulate and prove this intuition in Theorem 14.20.

To remove the dependency on a particular sample we can take an expectation over
the distribution of all samples S of size m, where the samples are taken from the distri-
bution D.

384



14.6 RADEMACHER COMPLEXITY

Definition 14.11: The Rademacher average of F is defined as
- 1 <
Ru(F) = Es[R,(F., $)] = EsE, | sup — Y " 0if () | -
ferm iy

where the expectation over S corresponds to samples of size m from a given
distribution D.

We similarly use the terms Rademacher average and Rademacher complexity inter-
changeably.

14.6.1. Rademacher Complexity and Sample Error

A key property of the Rademacher complexity of a set of functions F is that it bounds
the expected maximum error in estimating the mean of any function f € F using a
sample.

Let Ep[f(z)] be the true mean of f with respect to distribution D. The estimate of
Ep[f(z)] using the sample S = {z1, ..., z,} is % Y%, f(zi). The expected maximum
error, averaged over all samples of size m from D, is given by

1 m
Es [sup |Eplf@]— = fG@) | |-
fer me
The following theorem bounds this error in terms of the Rademacher complexity of F.

Theorem 14.20:

m

1
Es {sup <Ep[f(z)] -=> f(zi)ﬂ < 2R (F).
feF m

i=1

Proof: Pick a second sample " = {z/, ..., z,,}.

1 m
Eg [;‘;E (ED[f(Z)] = f(zi))}

i=1

l — l &
=Eg |:sup (ES/E Zf(z,-/) - Zf(Zi)>:|
i=1 i=1

feF
<E su lif(z-’)—lif(z-)
= EBgs feg m Z i m Z i

1 m
=Es5 o |:;2£ (a ;Ui(f(zi) - f(Zi/))>:|
l & l &

<Es, [;161;) = ; O'if(zi):| +Eg » [;161;) = ; O'if(zi/):|
= 2R,,(F).
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The first equality holds because the expectation from the sample S’ is the expectation
of f. The first inequality, in which the order of the expectation with respect to S’ with the
operation sup ;.  is interchanged, follows from Jensen’s inequaliy (Theorem 2.4), and
the fact that supremum is a convex function. For the second equality, we use the fact that
multiplying f(z;) — f(z/) by a Rademacher variable o; does not change the expectation
of the sum. If o; = 1 there is clearly no change, and if o; = —1 this is equivalent to
switching z; and z; between the two samples, which does not change the expectation.
For the second inequality, we use that o; and —o; have the same distribution, so we can
change the sign to simplify the expression. |

Next we show that for bounded functions the Rademacher complexity is well
approximated by the empirical Rademacher complexity, and the estimation error is well
approximated by twice the Rademacher complexity, thereby obtaining a probabilistic
bound on the estimation error of any bounded function in F from a sample.

Theorem 14.21: Let F be a set of functions such that for any f € F and for any
two values x and y in the domain of f, |f(x) — f(¥)| < c¢ for some constant c. Let
R,,(F) be the Rademacher complexity, and R,,(F, S) the empirical Rademacher com-
plexity of the set F, with respect to a random sample S = {z1, . .., Zn} of size m from a
distribution D.

(1) Foranye € (0,1),
Pr(|Ry(F. $) = Ru(F)]) = €) < 2e7 2/
(2) Forall f € Fande € (0, 1),
1 m .
Pr (ED[f @1 — = Y fz) = 2R(F.S) + 36) < 2e e/
m i=1

Proof: To prove the first part of the theorem we observe that R,,(F, S) is a function of
mrandom variables, 71, . . ., Z;, and any change in one of these variables can change the
value of R,,(F, S) by no more than ¢/m. Since Eg[R,,(F, S)] = R,,(F) we can apply
Theorem 13.7 to obtain

Pr(|R(F, S) — Ry(F|) = €) < 26727/

To prove the second part, we observe that Ep[ f(z)] — % Z:"zl f(z;) is a function of
21, - - - » Zm, and a change in one of the z; changes the value of that function by no more
than ¢/m. Applying a one-sided form of Theorem 13.7 we have

Pr ((Ep[f(z)] -~ n% ; f(z») — Eg [Ep[f(z)] —~ n% ; f(zi)] > e) < e el
We now apply the bound in Theorem 14.20,
1 m
Es [ED @1 - ; f(z»] < 2R (F),
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to obtain,

Pr (Ep[f(z)] - % > f@) = 2Ru(F) + e) < e el (14.3)

i=1
From the first part of the theorem we know that R,,(F) < R (F,S)+ € with probabil-

ity at least 1 — gm2me/e Combining this with Eqn. (14.3), we have the second part of
the theorem,

Pr (Ep[f(z)] - % Y ) = 2R (F. S) + 3e> < 267, u

i=1

14.6.2. Estimating the Rademacher Complexity

While the Rademacher complexity can, in principle, be computed from a sample, in
practice it is often hard to compute the expected supremum over a large (or even infinite)
set of functions. Massart’s theorem provides a bound that is often easy to compute for
finite sets of functions.

Theorem 14.22 [Massart’s theorem]: Assume that | F| is finite. Let S = {z1, . . ., Zm}

be a sample, and let
1

m 2
B= 2(z
max (;f @ ))
then
- BJ2In|F
R, 5) < 22T
m
Proof: For any s > 0,

eMRn(F.S) — o5Eqlsuprer YL 0if @)1

where the expectation is taken over the assignments of the Rademacher variables o =

(01, ...\ Om).
By Jensen’s inequality (Theorem 2.4),

eSEa[SUPfef > 0if(z)] < [ SSUp ey D imy 0if () ]

=E, |:su eZ 1 $0if @) >:|
feF
<Y E, (ez,_,smm )]

feF

— Z E, |:ﬁ eSUif(Zi):|
feF i=1

— Z l—[ E, SUxf(Z:
feF i=1
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Here the first line follows from Jensen’s inequality, and the second line is just a
rearrangement of terms. The third line bounds the supremum by a summation, which is
possible since all the terms are positive. The fourth line changes the sum in the exponent
to a product, and the last line arises from the independence of the sample values.

Since E[o;f(z))] =0 and —f(z;) < 0;f(z;) < f(z;), we can apply Hoeffding’s
Lemma (Lemma 4.13) to obtain

E [ewif(zi)] < eS2(2f(Zi))2/8 — eb‘zf(zi)z/z_
Thus,
eSMRn(F.S) _ osElsup;er YL, 0if ()]

feF i=1

=Y ety
feF
< | Fle B2,

Hence, for any s > 0,

. 1 (In|F B?
Rm(]:as)f_<n| |+S_>
m s 2
Setting s = —VQI;;‘F‘ yields

- By21
RouF, 5) < BY2IIFL -
m

14.6.3. Application: Agnostic Learning of a Binary Classification

Let C be a binary concept class defined on a domain X, and let D be a probability
distribution on X. For each x € X let ¢(x) be the correct classification of x. For each
hypothesis 7 € C we define a function f,(x) by

if hi(x) = c(x)
otherwise.

1
Ju(x) = {_1
Let F = {f, | h € C}. Our goalis to find A" € C such that with probability at least | — §

E[fy] > sup E[f;,] — €.
fhE]:
Let S be a sample of size m. We apply Theorem 14.22 to bound the empirical
Rademacher average F with respect to S. Since the functions in F take on only the
values —1 and 1,

=

B = max (; fz(z,-)) = Jm,
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and for a finite F

- 21n | F
RuF,5) < | 2L
m

Next we express this bound in terms of the VC dimension of the concept class C.
Each function fj, € F corresponds to a hypothesis # € C. Let d be the VC dimension
of C. The projection of the range space (X, C) on a sample of size m has no more than
m? different sets, as we know from Theorem 14.1. Thus, the set of different functions
we need to consider is bounded by m<, and hence

- 2dInm
R(F,S) </ .
m

The bound on R,,(F, S) in conjunction with Theorem 14.21 can be used to obtain an
alternative bound on the sample complexity of agnostic learning, similar to the bound
found in Section 14.5.1. The details are considered in Exercise 14.15. However, for
specific distributions, the projection of (X, C) on the training set can be significantly
smaller, yielding a smaller Rademacher complexity and smaller sample complexity.

14.7. Exercises

Exercise 14.1: Consider a range space (X, C) where X = {1, 2, ..., n} and C is the
set of all subsets of X of size k for some k < n. What is the VC dimension of C?

Exercise 14.2: Consider a range space (R?, C) of all axis-aligned rectangles in R2.
Thatis, ¢ € C if for some xy < x; and yp < y;, ¢ = {(x,y) € R? |xg <x < xj and yp <
y=wn}h

(a) Show that the VC dimension of (R?, C) is equal to 4. You should show both a set
of four points that can be shattered, and show that no larger set can be shattered.

(b) Construct and analyze a PAC learning algorithm for the concept class of all axis-
aligned rectangles in R?.

Exercise 14.3: Consider a range space (R?, C) of all axis-aligned squares in R?. Show
that the VC dimension of (R?, C) is equal to 3.

Exercise 14.4: Consider a range space (R?, C) of all squares (that need not be axis-
aligned) in R?. Show that the VC dimension of (R?, C) is equal to 5.

Exercise 14.5: Consider a range space (R?, C) of all axis-aligned rectangular boxes
in R3. Find the VC dimension of (R?, C); you should show both the largest number of
points that can be shattered, and show that no larger set can be shattered.

Exercise 14.6: Prove that the VC dimension of the collection of all closed disks on
the plane is 3.
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Exercise 14.7: Prove that the VC dimension of the range space (R?, R), where R
is the set of all half-spaces in R4, is at least d + 1, by showing that the set consisting
of the origin (0, 0, ..., 0) and the d unit points (1,0,0,...,0), (0,1,0,...,0),...,
(0,0,...,1)is shattered by R.

Exercise 14.8: Let S = (X,R) and S’ = (X, R’) be two range spaces. Prove that if
R’ C R then the VC dimension of S’ is no larger than the VC dimension of S.

Exercise 14.9: Show that for n > 2d and d > 1 the growth function satisfies

d d
w50 =+(5)"
i=0

Exercise 14.10: Use the bound of Exercise 14.9 to improve the result of Theorem 14.4
to show the VC dimension of the range space (X, RY) is O(kd In k).

Exercise 14.11: Use the bound of Exercise 14.9 to improve the result of Theorem 14.8

to show that there is an
d 1 1 1
m=0|-In-+-In-
€ € € 6

such that a random sample from D of size greater than or equal to m suffices to obtain
the required e-net with probability at least 1 — §. (Hint: Use Lemma 14.3 with x =
O(l)andy=2)

Exercise 14.12: (a) Improve the result in Eqn. (14.1) by showing that the VC dimen-
sion of the frequent-itemsets range space is bounded by the maximum number g such
that the data set has g different transactions all of size at least g.

(b) Show how to compute an upper bound on the number g defined in (a) in one pass
over the data.

Exercise 14.13: Prove Theorem 14.11 using the following hints. Let (X, R) be a range
space with VC dimension d. Let Y = {y;, ..., y4} € X be a set of d elements that is
shattered by R. Define a probability distribution D on R as follows: Pr(y;) = 1 — 16€,
Pr(y2) = Pr(y3) = -+ - = Pr(yqs) = 16€/(d — 1), and all other elements have probabil-
ity 0. Consider a sample of size m = (d — 1)/(64¢). Show that with probability at least
1/2 the sample does not include at least half of the elements in {y», .. ., y;}. Conclude
that with probability § > 1/2 the output classification has error at least €.

Exercise 14.14: Given a set of functions F and constants a, b € R, consider the set
of functions

Fap=1{af +b| feF}
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Let R,,() and R,,() denote the Rademacher complexity and the empirical Rademacher
complexity, respectively. Prove that

@) Rou(Fap, S) = lalRu(F, S),
(b) Rm(]:a,b) = |a|Rm(F)

Exercise 14.15: We apply Theorem 14.21 to compute a bound on the sample com-
plexity of agnostic learning a binary classification. Assume a concept class with VC
dimension d and a sample size m.

(a) Find a sample size m; such that the Empirical Rademacher Average of the corre-
sponding set of functions is at most € /4.

(b) Use Theorem 14.21 to find a sample size m such that with probability at least 1 — §
the expectation of all the functions are estimated within error €.

(¢) Compare your bound to the result obtained in Section 14.5.1.
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CHAPTER FIFTEEN

Pairwise Independence and
Universal Hash Functions

In this chapter we introduce and apply a limited notion of independence, known as
k-wise independence, focusing in particular on the important case of pairwise indepen-
dence. Applying limited dependence can allow us to reduce the amount of randomness
used by a randomized algorithm, in some cases enabling us to convert a randomized
algorithm into an efficient deterministic one. Limited dependence is also used in the
design of universal and strongly universal families of hash functions, giving space- and
time-efficient data structures. We consider why universal hash functions are effective
in practice and show how they lead to simple perfect hash schemes. Finally, we apply
these ideas to the design of effective and practical approximation algorithms for finding
frequent objects in data streams, generalizing the Bloom filter data structure introduced
in Chapter 5.

15.1. Pairwise Independence

Recall that in Chapter 2 we defined a set of events E|, E», ..., E, to be mutually inde-
pendent if, for any subset I < [1, n],

Pr <ﬂ E,~> = ]_[ Pr(E)).

iel iel

Similarly, we defined a set of random variables X;, X5, ..., X, to be mutually indepen-
dent if, for any subset I C [1, n] and any values x;, i € I,

Pr (ﬂ(xi = x,.)) = ]_[ Pr(X; = x;).
iel iel

Mutual independence is often too much to ask for. Here, we examine a more limited
notion of independence that proves useful in many contexts: k-wise independence.
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Definition 15.1:

1. Asetofevents E\, E,, ..., E, is k-wise independent if, for any subset I C [1, n] with
1| <k,

Pr (ﬂ E,-) =[] prEn.

iel iel
2. A set of random variables X, X,, ..., X, is k-wise independent if, for any subset
I C [1, n] with |I| < k and for any values x;, i € I,

Pr (ﬂ(xi = xi)) = ]_[ Pr(X; = x;).

iel iel
3. The random variables X\, X,, . . ., X,, are said to be pairwise independent if they are
2-wise independent. That is, for any pair i, j and any values a, b,

Pr(X; = a) N (X; = b)) = Pr(X; = a) Pr(X; = b).

15.1.1. Example: A Construction of Pairwise Independent Bits

A random bit is uniform if it assumes the values 0 and 1 with equal probability. Here we
show how to derive m = 2? — 1 uniform pairwise independent bits from b independent,
uniform random bits X, ..., Xj,.

Enumerate the 22 — 1 nonempty subsets of {1, 2, ..., b} in some order, and let S; be
the jth subset in this ordering. Set

v =Dx.
ieS j
where @ is the exclusive-or operation. Equivalently, we could write this as

Y,' = ZX, mod 2.
iESj
Lemma 15.1: The Y; are pairwise independent uniform bits.

Proof: We first show that, for any nonempty set S, the random bit
Y; = @ X;
iGSj

is uniform. This follows easily using the principle of deferred decisions (see Sec-
tion 1.3). Let z be the largest element of S. Then

vi=| @ x|ox.
ieS;—{z}
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Suppose we reveal the values for X; for all i € §; — {z}. Then it is clear that the value
of X, determines the value of Y; and that ¥; will take on the values 0 and 1 with equal
probability.

Now consider any two variables Y; and Y, with their corresponding sets S; and S,.
Without loss of generality, let z be an element of S, that is not in S; and consider, for
any values ¢, d € {0, 1},

Pr(Y, =d | Y = c).

We claim, again by the principle of deferred decisions, that this probability is 1/2. For
suppose that we reveal the values for X; for all i in (Sx U S¢) — {z}. Even though this
determines the value of Y}, the value of X, will determine Y,. The conditioning on the
value of Y therefore does not change that Y, is equally likely to be O or 1. Hence

Pr(Vi=c)NXe=d)=Pr(Yy =d | Y =c)Pr(Yy = ¢)
=1/4.

Since this holds for any values of c¢,d € {0,1}, we have proven pairwise
independence. |

15.1.2. Application: Derandomizing an Algorithm for Large Cuts

In Chapter 6, we examined a simple randomized algorithm for finding a large cut in an
undirected graph G = (V, E): the algorithm places each vertex on one side of the cut
independently with probability 1/2. The expected value of a cut generated this way is
m/2, where m is the number of edges in the graph. We also showed (in Section 6.3)
that this algorithm could be derandomized effectively using conditional expectations.

Here we present another way to derandomize this algorithm, using pairwise inde-
pendence. This argument exemplifies the approach of derandomization using k-wise
independence.

Suppose that we have a collection Y1, V>, . . ., ¥, of pairwise independent bits, where
n = |V| is the number of vertices in the graph. We define our cut by putting all vertices
i with Y; = 0 on one side of the cut and all vertices i with ¥; = 1 on the other side
of the cut. We show that, in this case, the expected number of edges that crosses the
cut remains m/2. That is, we do not require complete independence to analyze the
expectation; pairwise independence suffices.

Recall the argument of Section 6.2.1: number the edges from 1 tom, and let Z; = 1
if the ith edge crosses the cut and Z; = 0 otherwise. Then Z = )" | Z; is the number
of edges crossing the cut, and

E[Z] =E [Z z,} = ElZ].
i=1 i=1
Let a and b be the two vertices adjacent to the ith edge. Then

Pr(Z = 1) = Pr(Y, # Y,) = 1/2,
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where we have used the pairwise independence of Y, and Y,,. Hence E[Z;] = 1/2, and
it follows that E[Z] = m/2.

Now let our n pairwise independent bits Yy, ..., Y, be generated from b inde-
pendent, uniform random bits Xj, X», ..., X, in the manner of Lemma 15.1 (here
b = [log,(n + 1)]). Then E[Z] = m/2 for the resulting cut, where the sample space
is just all the possible choices for the initial b random bits. By the probabilistic method
(specifically, Lemma 6.2), there is some setting of the b bits that gives a cut with value
at least m/2. We can try all possible 2° settings for the bits to find such a cut. Since
2" is O(n) and since, for each cut, the number of crossing edges can easily be calcu-
lated in O(m) time, it follows that we can find a cut with at least m/2 crossing edges
deterministically in O(mn) time.

Although this approach does not appear to be as efficient as the derandomization
of Section 6.3, one redeeming feature of the scheme is that it is trivial to parallelize.
If we have sufficiently many processors available, then each of the €2(n) possibilities
for the random bits X, X5, ..., X, can be assigned to a single processor, with each
possibility giving a cut. The parallelization reduces the running time by a factor of 2(n)
using O(n) processors. In fact, using O(mn) processors, we can assign a processor for
each combination of a specific edge with a specific sequence of random bits and then
determine, in constant time, whether the edge crosses the cut for that setting of the
random bits. After that, only O(logn) time is necessary to collect the results and find
the large cut.

15.1.3. Example: Constructing Pairwise Independent Values Modulo a Prime

We consider another construction that provides pairwise independent values
Yo,Y1,...,Y,_; that are uniform over the values {0,1,..., p— 1} for a prime p.
Our construction requires only two independent, uniform values X; and X, over
{0,1, ..., p— 1}, from which we derive

Yy=Xi+iX,modp for i=0,...,p—1.

Lemma 15.2: The variables Yy, Yy, ..., Y, | are pairwise independent uniform ran-
dom variables over {0, 1, ..., p—1}.
Proof: 1t is clear that each Y; is uniform over {0, 1, ..., p — 1}, again by applying the

principle of deferred decisions. Given X;, the p distinct possible values for X; give p
distinct possible values for ¥; modulo p, each of which is equally likely.
Now consider any two variables ¥; and Y;. We wish to show that, for any a, b €

{0,1,...,p—1},

1
P =) (=) = .

which implies pairwise independence. The event ¥; = a and ¥; = b is equivalent to

Xi+iX, =amodp and X; + jX; = b modp.
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This is a system of two equations and two unknowns with just one solution:

b— i(b —
X, = =2 modp and X;=a- l(, ?) mod p.
Jj—1 j—i
Since X; and X, are independent and uniform over {0, 1,..., p — 1}, the result
follows. [ |

This proof can be extended to the following useful result: given 2n independent, uni-
form random bits, one can construct up to 2" pairwise independent and uniform strings
of n bits. The extension requires knowledge of finite fields, so we only sketch the result
here. The setup and proof are exactly the same as for Lemma 15.2 except that, instead
of working modulo p, we perform all arithmetic in a fixed finite field with 2" elements
(such as the field GF(2") of all polynomials with coefficients in GF(2) modulo some
irreducible polynomial of degree n). That is, we assume a fixed one-to-one mapping f
from strings of n bits, which can also be thought of as numbers in {0, 1, ..., 2" — 1},
to field elements. We let

Y= (X)) + fG) - (X)),

where X and X; are chosen independently and uniformly over {0, 1, ..., 2" — 1},iruns
over the values {0, 1, ...,2" — 1}, and the addition and multiplication are performed
over the field. The ¥; are then pairwise independent.

15.2. Chebyshev’s Inequality for Pairwise Independent Variables

Pairwise independence is much weaker than mutual independence. For example, we
can use Chernoff bounds to evaluate the tail distribution of a sum of independent ran-
dom variables, but we cannot directly apply a Chernoff bound if the X; are only pairwise
independent. However, pairwise independence is strong enough to allow for easy calcu-
lation of the variance of the sum, which allows for a useful application of Chebyshev’s
inequality.

Theorem 15.3: Let X = ) ', X;, where the X; are pairwise independent random vari-
ables. Then

Var[X] = Z Var[X;].
i=1

Proof: We saw in Chapter 3 that
Var {Z X,-:| = Var[X;]+2)  Cov(X;. X)),
i=1 i=1 i<j
where
Cov(X;, X;) = E[(X; — E[X]D(X; — E[X;]] = E[X.X;] — E[X;]E[X;].
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Since X;, X5, ..., X, are pairwise independent, it is clear (by the same argument as
in Theorem 3.3) that for any i # j we have

E[X,X;] — E[X,]E[X;] = 0.

Therefore,

Var[X] = Z Var[X;]. .

Applying Chebyshev’s inequality to the sum of pairwise independent variables yields
the following.

Corollary 15.4: Let X =) ., X;, where the X; are pairwise independent random
variables. Then

Var([X] Z, ! Var[X]
Cl

Pr(X —E[X]| = @) < .
a

15.2.1. Application: Sampling Using Fewer Random Bits

We apply Chebyshev’s inequality for pairwise independent random variables to obtain
a good approximation through sampling. This uses less randomness than the natural
approach based on Chernoff bounds.

Suppose that we have a function f : {0, 1} — [0, 1] mapping n-bit vectors into real
numbers. Let f = (er oy S (x)) /2" be the average value of f. We want to compute
a 1 — § confidence interval for f. That is, we wish to find an interval [f — ¢, f + €]
such that

Pr(felf—e f+e)>1-34.

As a concrete example, suppose that we have an integrable function g : [0, 1] —
[0, 1] and that the derivative of g exists with |¢'(x)| < C for some fixed constant C over
the entire interval (0, 1). We are interested in fx 1:0 g(x) dx. There may be no direct way
to compute this integral exactly, but through sampling we can obtain a good estimate. If
X is a uniform random variable on [0, 1], then E[g(X)] = fx 1:0 g(x) dx by the definition
of the expectation of a continuous random variable. By taking the average of multiple
independent samples, we can approximate the integral. If our source of randomness
generates only random bits instead of random real numbers, then we might approximate
the integral as follows. For a string of bits x € {0, 1}, we may interpret x as a real
number ¥ € [0, 1] by considering it as a decimal in binary; for example, 11001 would
correspond to 0.11001 = 25/32. Let f(x) denote the value of the function g at the
decimal value %. Then, for any integer i with 0 <i < 2" — 1, fory € [i/2", (i + 1)/2")

we have
j C ] C
f<§)_§<g()7)<f< )‘l‘i
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It follows that

1 C 1 1 C
m Z (f(X)—i)S/xzog(x)dxfi Z (f(x)_f_i)‘

xef{0, 1} xef{0, 1}

By taking n sufficiently large, we can guarantee that f = ()" o1, f(x))/2" differs
from the integral of g by at most a constant y. In this case, a confidence interval
[f — e, f + €] for f would yield a confidence interval [§ — & — y, § + & + y] for the
integral of g.

We could handle the problem of finding a confidence interval for the average value
f by using independent samples and applying a Chernoff bound. That is, suppose
that we sample uniformly with replacement random points in {0, 1}", evaluate f at
all of these points, and take the average of our samples. This is similar to the para-
meter estimation of Section 4.2.3. Theorem 15.5 is an immediate consequence of the
following Chernoff bound, which can be derived using Exercises 4.13 and 4.19. If
2,2, ...,7Z, are independent, identically distributed, real-valued random variables
with mean p that take on one of a finite possible set of values in the range [0, 1],

then
Pr (

Theorem 15.5: Let f : {0, 1} — [0, 1 and f = (X 01 S(0)) /2" Let X, ..., X
be chosen independently and uniformly at random from {0, 1}". If m > In(2/8)/2¢?,

then
Pr ( > 8) <.

Although the exact choice of m depends on the Chernoff bound used, in general
this straightforward approach requires ©(In(1/8)/&?) samples to achieve the desired
bounds.

A possible problem with this approach is that it requires a large number of random
bits to be available. Each sample of f requires n independent bits, so applying Theo-
rem 15.5 means that we need at least Q(nIn(1/8)/e?) independent, uniform random
bits to obtain an approximation that has additive error at most ¢ with probability at least
1-6.

A related problem arises when we need to record how the samples were obtained, so
that the work can be reproduced and verified at a later time. In this case, we also need
to store the random bits used for archival purposes. In this case, using fewer random
bits would lessen the storage requirements.

We can use pairwise independent samples to obtain a similar approximation
using less randomness. Let X, ..., X,, be pairwise independent points chosen from
{0, 1}",and let Y = (Z:"zl f(Xi))/m. Then E[Y] = £, and we can apply Chebyshev’s
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inequality to obtain

Pr(lY — fl = &) <

Var[Y]
2

_ Var[(XF, f(X)/m]
— %
o Var[f(X)]
o m2e2
m 1
< —_
~ m2e2 me?’

since Var[ f(X;)] < E[(f(X;))?] < 1. We therefore find Pr(|Y — f| > &) < § whenm =
1/8¢2. (In fact, one can prove that Var[ f(X;)] < 1/4, giving a slightly better bound; this
is left as Exercise 15.4.)

Using pairwise independent samples requires more samples: ©(1/8¢?) instead of the
©(In(1/8)/*) samples when they are independent. But recall from Section 15.1.3 that
we can obtain up to 2" pairwise independent samples with just 2z uniform independent
bits. Hence, as long as 1/8¢% < 2", just 2n random bits suffice; this is much less than
the number required when using completely independent samples. Usually ¢ and § are
fixed constants independent of n, and this type of estimation is quite efficient in terms
of both the number of random bits used and the computational cost.

15.3. Universal Families of Hash Functions

Up to this point, when studying hash functions we modeled them as being completely
random in the sense that, for any collection of items xi, X2, ..., X, the hash values
h(x1), h(xp), ..., h(x;) were considered uniform and independent over the range of the
hash function. This was the framework we used to analyze hashing as a balls-and-bins
problem in Chapter 5. The assumption of a completely random hash function simplifies
the analysis for a theoretical study of hashing. In practice, however, completely random
hash functions are too expensive to compute and store, so the model does not fully
reflect reality.

Two approaches are commonly used to implement practical hash functions. In many
cases, heuristic or ad hoc functions designed to appear random are used. Although these
functions may work suitably for some applications, they generally do not have any
associated provable guarantees, making their use potentially risky. Another approach
is to use hash functions for which there are some provable guarantees. We trade away
the strong statements one can make about completely random hash functions for weaker
statements with hash functions that are efficient to store and compute.

We consider one of the computationally simplest classes of hash functions that pro-
vide useful provable performance guarantees: universal families of hash functions.
These functions are widely used in practice.

Definition 15.2: Let U be a universe with {U| > nand letV ={0,1,...,n—1}. A
Sfamily of hash functions H from U to V is said to be k-universal if, for any elements

399



PAIRWISE INDEPENDENCE AND UNIVERSAL HASH FUNCTIONS

X1, X2, ..., X and for a hash function h chosen uniformly at random from H, we have
1
Pr(h(X]) = h’(x2) == h(xk)) < F

A family of hash functions H from U to V is said to be strongly k-universal if, for
any elements xi, xp, . .., Xy, any values y1, vz, ...,y € {0, 1,...,n— 1}, and a hash
function h chosen uniformly at random from H, we have

Pr((h(x1) = y1) N (h(x2) = y2) N - N (h(xe) = yi)) = %
We will primarily be interested in 2-universal and strongly 2-universal families of hash
functions. When we choose a hash function from a family of 2-universal hash functions,
the probability that any two elements x; and x, have the same hash value is at most 1 /n.
In this respect, a hash function chosen from a 2-universal family acts like a random hash
function. It does not follow, however, that for 2-universal families the probability of any
three values xj, x,, and x3 having the same hash value is at most 1 /n?, as would be the
case if the hash values of xy, x,, and x3 were mutually independent.

When a family is strongly 2-universal and we choose a hash function from that fam-
ily, the values h(x;) and h(x;) are pairwise independent, since the probability that they
take on any specific pair of values is 1/n. Because of this, hash functions chosen from
a strongly 2-universal family are also known as pairwise independent hash functions.
More generally, if a family is strongly k-universal and we choose a hash function from
that family, then the values h(x;), h(xy), . .., h(x;) are k-wise independent. Notice that
a strongly k-universal hash function is also k-universal.

To gain some insight into the behavior of universal families of hash functions, let
us revisit a problem we considered in the balls-and-bins framework of Chapter 5. We
saw in Section 5.2 that, when n items are hashed into n bins by a completely random
hash function, the maximum load is ®(log n/ log log n) with high probability. We now
consider what bounds can be obtained on the maximum load when 7 items are hashed
into n bins using a hash function chosen from a 2-universal family.

First, consider the more general case where we have m items labeled x|, xp, . . ., X;;,.
For 1 <i< j<m, let X;; =1 if items x; and x; land in the same bin. Let X =
> 1<i< j<m Xij be the total number of collisions between pairs of items. By the linearity
of expectations,

EXI=E| > X;|= Y EX;l

I<i<j<m I<i<j<m

Since our hash function is chosen from a 2-universal family, it follows that

1
E[X;;] = Pr(h(x;) = h(x;)) < "
and hence
m\ 1 m>
E[X] < (2> ~ < (15.1)
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Markov’s inequality then yields
m? 1
Pr{X > — ) <Pr(X > 2E[X]) < 7
n

If we now suppose that the maximum number of items in a bin is Y, then the number
of collisions X must be at least (g) Therefore,

Y m? m? 1
Pr >— ) <Pr|lX>=—)<g,
2 n n 2

Pr(Y —1>my2/n) <

which implies that

In particular, in the case where m = n, the maximum load is at most 1 + \/ﬂ with
probability at least 1/2.

This result is much weaker than the one for perfectly random hash functions, but
it is extremely general in that it holds for any 2-universal family of hash functions.
The result will prove useful for designing perfect hash functions, as we describe in
Section 15.3.3.

15.3.1. Example: A 2-Universal Family of Hash Functions

Let the universe U be the set {0, 1,2, ..., m — 1} and let the range of our hash func-
tionbe V =1{0,1,2,...,n— 1}, with m > n. Consider the family of hash functions
obtained by choosing a prime p > m, letting

hyp(x) = ((ax + b) mod p) mod n
and then taking the family
H={hp|l<a<p-—-1,0<b=<p-1}
Notice that a cannot here take on the value 0.
Lemma 15.6: H is 2-universal.

Proof: We count the number of functions in H for which two distinct elements x; and
x; from U collide.
First we note that, for any x; # xp,

ax; + b # ax, + b mod p.

This follows because ax; + b = ax, + b mod p implies that a(x; — x,) = 0 mod p, yet
here both a and (x; — x;) are nonzero modulo p.

In fact, for every pair of values (u, v) such that u % v and 0 < u, v < p — 1, there
exists exactly one pair of values (a, b) for which ax; + b = u mod p and ax, + b = v
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mod p. This pair of equations has two unknowns, and its unique solution is given by:

V—Uu

a= mod p,

X2 — X1
b =u — ax; mod p.

Since there is exactly one hash function for each pair (a, b), it follows that there is
exactly one hash function in H for which

axi+b=umodp and ax,+ b= v modp.

Therefore, in order to bound the probability that A, ,(x;) = h, p(x2) When h,p is
chosen uniformly at random from H, it suffices to count the number of pairs (i, v),
0 <u,v < p—1, for which u ## v but u = v mod n. For each choice of u there are
at most [p/n] — 1 possible appropriate values for v, giving at most p([p/n] — 1) <
p(p — 1)/n pairs. Each pair corresponds to one of p(p — 1) hash functions, so

Pr(hgp(x1) = hap(x2)) < plp—D/n _ l’
p(p—1) n

proving that H is 2-universal. |

15.3.2. Example: A Strongly 2-Universal Family of Hash Functions

We can apply ideas similar to those used to construct the 2-universal family of hash
functions in Lemma 15.6 to construct strongly 2-universal families of hash functions.
To start, suppose that both our universe U and the range V of the hash function are
{0,1,2,..., p— 1} for some prime p. Now let

hgp(x) = (ax + b) mod p,
and consider the family
H={hap|0=<ab=p—1}

Notice that here a can take on the value 0, in contrast with the family of hash functions
used in Lemma 15.6.

Lemma 15.7: H is strongly 2-universal.

Proof: This is entirely similar to the proof of Lemma 15.2. For any two elements x;
and x; in U and any two values y; and y; in V, we need to show that

1
Pr((ha,b(-xl) =y)n (ha,b(XZ) = y2)) = ?

The condition that both A, ;(x1) = y; and h, ,(x2) = y» yields two equations mod-
ulo p with two unknowns, the values for a and b: ax; +b = y; mod p and ax, + b =
y2 mod p. This system of two equations and two unknowns has just one solution:
a= 27N mod p,
X2 — X1
b =y —ax; mod p.
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Hence only one choice of the pair (a, b) out of the p? possibilities results in x; and x,
hashing to y; and y,, proving that

1
Pr((hap(x1) = y1) N (hap(x2) = y2)) = 7

as required. [

Although this gives a strongly 2-universal hash family, the restriction that the universe
U and the range V be the same makes the result almost useless; usually we want to
hash a large universe into a much smaller range. We can extend the construction in a
natural way that allows much larger universes. LetV = {0, 1,2, ..., p — 1}, butnow let
U=1{0,1,2,..., p* — 1} for some integer k and prime p. We can interpret an element
u in the universe U as a vector i = (uq, Uy, ..., Ux—1), Where 0 <u; < p—1for0 <
i <k — 1 and where Zf-‘;ol u;p' = u. In fact, this gives a one-to-one mapping between
vectors of this form and elements of U.

For any vector a = (ag, ay, ..., ar—1) with0 <a; < p—1,0 <i <k — 1, and for
any value bwith0 < b < p—1, let

k-1
hap(u) = (Z a;u; + b) mod p,

i=0
and consider the family
H=1{hap|0<a,b<p—1forall0<i<k-—1}.
Lemma 15.8: H is strongly 2-universal.

Proof: We follow the proof of Lemma 15.7. For any two elements u; and u, with
corresponding vectors it; = (u; 0, Ui 1, - - -, Ui x—1) and for any two values y; and y, in
V, we need to show that

1
Pr((hap(u1) = y1) N (hap(u2) = y2)) = Ex

Since u; and u, are different, they must differ in at least one coordinate. Without loss
of generality let u; o # us . For any given values of ay, a, . . ., a1, the condition that
hg p(u1) = y1 and hg ,(up) = ys is equivalent to:

k—1

Cloulqo—i-b: Y1 —Zajulqj Il’lOdp
J=1

k-1
apuz o +b= |y — Zajuz,j mod p.

J=1

For any given values of ay, ay, . . ., a;_1, this gives a system with two equations and two
unknowns (namely, ay and b), which — as in Lemma 15.8 — has exactly one solution.
Hence, for every ay, ay, ..., a;_1, only one choice of the pair (ay, b) out of the p2
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possibilities results in u#; and u, hashing to y; and y,, proving that

1
Pr((hap(ur) = y1) N (hap(uz) = y2)) = 7

as required. |

Although we have described both the 2-universal and the strongly 2-universal hash fam-
ilies in terms of arithmetic modulo a prime number, we could extend these techniques
to work over general finite fields — in particular, fields with 2" elements represented by
sequences of n bits. The extension requires knowledge of finite fields, so we just sketch
the result here. The setup and proof are exactly the same as for Lemma 15.8 except that,
instead of working modulo p, we perform all arithmetic in a fixed finite field with 2"
elements. We assume a fixed one-to-one mapping f from strings of n bits, which can
also be thought of as numbers in {0, 1, ..., 2" — 1}, to field elements. We let

k—1
hap(u) = f~! (Z fla) - flu) + f(b)> :

i=0

where the @; and b are chosen independently and uniformly over {0, 1,...,2" — 1}
and where the addition and multiplication are performed over the field. This gives a
strongly 2-universal hash function with a range of size 2".

15.3.3. Application: Perfect Hashing

Perfect hashing is an efficient data structure for storing a static dictionary. In a static
dictionary, items are permanently stored in a table. Once the items are stored, the table
is used only for search operations: a search for an item gives the location of the item in
the table or returns that the item is not in the table.

Suppose that a set S of m items is hashed into a table of n bins, using a hash function
from a 2-universal family and chain hashing. In chain hashing (see Section 5.5.1), items
hashed to the same bin are kept in a linked list. The number of operations for looking
up an item x is proportional to the number of items in x’s bin. We have the following
simple bound.

Lemma 15.9: Assume that m elements are hashed into an n-bin chain hashing table
by using a hash function h chosen uniformly at random from a 2-universal family. For
an arbitrary element x, let X be the number of items at the bin h(x). Then

m/n if x¢sS,

ElX] = {1+(m—1)/n if xes.

Proof: LetX; = 1 if the ith element of S (under some arbitrary ordering) is in the same
bin as x and 0 otherwise. Because the hash function is chosen from a 2-universal family,
it follows that

Pr(X; = 1) < 1/n.
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Then the first result follows from

E[X|=E [ix,} = ijE[X,»] <=,
i=1 i=1

where we have used the universality of the hash function to conclude that E[X;] < 1/n.
Similarly, if x is an element of S then (without loss of generality) let it be the first
element of S. Hence X; = 1, and again

Pr(X; = 1) < 1/n

when i # 1. Therefore,

E[X]=E [ZX} =1+) EX]<1+ mT_l
i=1 =2

Lemma 15.9 shows that the average performance of hashing when using a hash function
from a 2-universal family is good, since the time to look through a bin of any item is
bounded by a small number. For instance, if m = n then, when searching the hash table
for x, the expected number of items other than x that must be examined is at most 1.
However, this does not give us a bound on the worst-case time of a lookup. Some bin
may contain /7 elements or more, and a search for one of these elements requires a
much longer lookup time.

This motivates the idea of perfect hashing. Given a set S, we would like to construct a
hash table that gives excellent worst-case performance. Specifically, by perfect hashing
we mean that only a constant number of operations are required to find an item in a hash
table (or to determine that it isn’t there).

We first show that perfect hashing is easy if we are given sufficient space for the
hash table and a suitable 2-universal family of hash functions.

Lemma 15.10: If h € H is chosen uniformly at random from a 2-universal family of

hash functions mapping the universe U to [0, n — 1] then, for any set S C U of size m,

the probability of h being perfect is at least 1/2 when n > m>.

Proof: Let sy, 52, ..., 5, be the m items of S. Let X;; be 1 if the A(s;) = h(s;) and 0
otherwise. Let X = Zl§i< j<m X;;. Then, as we saw in Eqn. (15.1), the expected number
of collisions when using a 2-universal hash function is

m\ 1 m?
- 1<§j:<m ’ 1<§<m [ j] <2> n = 2n

Markov’s inequality then yields

m? 1
Pr <X > —) <Pr(X > 2E[X]) < 7

n
Hence, when n > m?, we find X < 1 with probability at least 1/2. This implies that a
randomly chosen hash function is perfect with probability at least 1/2. |
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To find a perfect hash function when n > m?, we may simply try hash functions cho-

sen uniformly at random from the 2-universal family until we find one with no colli-
sions. This gives a Las Vegas algorithm. On average we need to try at most two hash
functions.

We would like to have perfect hashing without requiring space for Q(m?) bins to
store the set of m items. We can use a two-level scheme that accomplishes perfect
hashing using only O(m) bins. First, we hash the set into a hash table with m bins using
a hash function from a 2-universal family. Some of these bins will have collisions.
For each such bin, we provide a second hash function from an appropriate 2-universal
family and an entirely separate second hash table. If the bin has £ > 1 items in it then
we use k? bins in the secondary hash table. We have already shown in Lemma 15.10
that with k> bins we can find a hash function from a 2-universal family that will give
no collisions. It remains to show that, by carefully choosing the first hash function, we
can guarantee that the total space used by the algorithm is only O(m).

Theorem 15.11: The two-level approach gives a perfect hashing scheme for m items
using O(m) bins.

Proof: As we showed in Lemma 15.10, the number of collisions X in the first stage
satisfies

m? 1

Pr (x > 7) < Pr(X = 2B[X)) < 5.
When n = m, this implies that the probability of having more than m collisions is at
most 1/2. Using the probabilistic method, there exists a choice of hash function from
the 2-universal family in the first stage that gives at most m collisions. In fact, such
a hash function can be found efficiently by trying hash functions chosen uniformly at
random from the 2-universal family, giving a Las Vegas algorithm. We may therefore
assume that we have found a hash function for the first stage that gives at most m
collisions.

Let ¢; be the number of items in the ith bin. Then there are (
items in the ith bin, so

Ci

') collisions between

2(5)

For each bin with ¢; > 1 items, we find a second hash function that gives no collisions
using space c7. Again, for each bin, this hash function can be found using a Las Vegas
algorithm. The total number of bins used is then bounded above by

m m m
m—i—Zcf§m+22<;>+2ci§m+2m+m:4m.
i=1 i=1 i=1

Hence, the total number of bins used is only O(m). |
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15.4. Application: Finding Heavy Hitters in Data Streams

A router forwards packets through a network. At the end of the day, a natural question
for a network administrator to ask is whether the number of bytes traveling from a
source s to a destination d that have passed through the router is larger than a pre-
determined threshold value. We call such a source—destination pair a heavy hitter.

When designing an algorithm for finding heavy hitters, we must keep in mind the
restrictions of the router. Routers have very little memory and so cannot keep a count
for each possible pair s and d, since there are simply too many such pairs. Also, routers
must forward packets quickly, so the router must perform only a small number of
computational operations for each packet. We present a randomized data structure
that is appropriate even with these limitations. The data structure requires a thresh-
old g; all source—destination pairs that are responsible for at least g total bytes are
considered heavy hitters. Usually ¢ is some fixed percentage, such as 1%, of the total
expected daily traffic. At the end of the day, the data structure gives a list of possi-
ble heavy hitters. All true heavy hitters (responsible for at least g bytes) are listed, but
some other pairs may also appear in the list. Two other input constants, ¢ and &, are
used to control what extraneous pairs might be put in the list of heavy hitters. Sup-
pose that Q represents the total number of bytes over the course of the day. Our data
structure has the guarantee that any source—destination pair that constitutes less than
q — €Q bytes of traffic is listed with probability at most §. In other words, all heavy
hitters are listed; all pairs that are sufficiently far from being a heavy hitter are listed
with probability at most §; pairs that are close to heavy hitters may or may not be
listed.

This router example is typical of many situations where one wants to keep a succinct
summary of a large data stream. In most data stream models, large amounts of data
arrive sequentially in small blocks, and each block must be processed before the next
block arrives. In the setting of network routers, each block is generally a packet. The
amount of data being handled is often so large and the time between arrivals is so
small that algorithms and data structures that use only a small amount of memory and
computation per block are required.

We can use a variation of a Bloom filter, discussed in Section 5.5.3, to solve this
problem. Unlike our solution there, which assumed the availability of completely ran-
dom hash functions, here we obtain strong, provable bounds using only a family of
2-universal hash functions. This is important, because efficiency in the router setting
demands the use of only very simple hash functions that are easy to compute, yet at the
same time we want provable performance guarantees.

We refer to our data structure as a count-min filter. The count-min filter processes
a sequential stream of pairs Xj, Xy, ... of the form X; = (i, ¢;), where i; is an item
and ¢; > 0 is an integer count increment. In our routing setting, i; would be the pair of
source—destination addresses of a packet and ¢; would be the number of bytes in the
packet. Let

Count(i, T) = Z c.

tiy=i,1<t<T
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That is, Count(i, T') is the total count associated with an item i up to time 7. In the
routing setting, Count(i, T') would be the total number of bytes associated with packets
with an address pair i up to time 7. The count-min filter keeps a running approximation
of Count(i, T') for all items i and all times 7 in such a way that it can track heavy hitters.

A count-min filter consists of m counters. We assume henceforth that our coun-
ters have sufficiently many bits that we do not need to worry about overflow; in many
practical situations, 32-bit counters will suffice and are convenient for implementation.
A count-min filter uses k hash functions. We split the counters into k disjoint groups
G1, Gy, ..., Gy of size m/k. For convenience, we assume in what follows that k divides
m evenly. We label the counters by C, j, where 1 <a < kand0 < j < m/k — 1,so that
C,, j corresponds to the jth counter in the ath group. That is, we can think of our counters
as being organized in a 2-dimensional array, with m/k counters per row and k columns.
Our hash functions should map items from the universe into counters, so we have hash
functions H, for 1 < a < k, where H, : U — [0, m/k — 1]. That is, each of the k hash
functions takes an item from the universe and maps it into a number [0, m/k — 1].
Equivalently, we can think of each hash function as taking an item i and mapping it to
the counter C, g, ;. The H, should be chosen independently and uniformly at random
from a 2-universal hash family.

We use our counters to keep track of an approximation of Count(i, 7'). Initially, all
the counters are set to 0. To process a pair (i;, ¢;), we compute H,(i;) for each a with
1 < a < kandincrement C, g ;) by c;. Let C, ;(T') be the value of the counter C, ; after
processing X through X7. We claim that, for any item, the smallest counter associated
with that item is an upper bound on its count, and with bounded probability the smallest
counter associated with that item is off by no more than ¢ times the total count of all the
pairs (i;, ¢;) processed up to that point. Specifically, we have the following theorem.

Theorem 15.12: For any i in the universe U and for any sequence
(i1, c1), ..., (ir, c7),

min Co,j(T) = Count(i, T).
Jj=Hu(i),1<a<k

Furthermore, with probability 1 — (k/me)* over the choice of hash functions,

T
min  C, ;(T) < Count(i, T) + & Z cr.

J=Ha(i),1<a<k ]
=

Proof: The first bound,

~ min C,, ;j(T) = Count(i, T),

J=Ha(i),1=a<k
is trivial. Each counter C, ; with j = H,(i) is incremented by ¢; when the pair (i, ¢;) is
seen in the stream. It follows that the value of each such counter is at least Count(i, T')
at any time 7.

For the second bound, consider any specific i and 7. We first consider the specific
counter Cj g,; and then use symmetry. We know that the value of this counter is at
least Count(i, T') after the first T pairs. Let the random variable Z; be the amount the
counter is incremented owing to items other than i. Let X; be a random variable that is
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1ifi; # i and H,(i;) = H,(i); X; is 0 otherwise. Then

T
Z = Z = ZXtc,.
=1

r1<t<Tip#i
Hy(in=H (i)

Because H| is chosen from a 2-universal family, for any i, # i we have
. . k
Pr(H,(iy) = Hi(i)) < -

and hence

k
ElX] =< —.
m

It follows that

T
E[Z]] =E [;Xc} =) «EX]< % > e

By Markov’s inequality,

T
Pr (zl > Sch> < kjm _ i. (15.2)

& me
t=1

Let Z,, Zs, . . ., Z; be corresponding random variables for each of the other hash func-
tions. By symmetry, all of the Z; satisfy the probabilistic bound of Eqn. (15.2). More-
over, the Z; are independent, since the hash functions are chosen independently from
the family of hash functions. Hence

. T k T
Pr(j_I{leZSZCt) :HPr(ijetXI:ct> (15.3)
j: =

=1
K \F
= <%) . (15.4)

It is easy to check using calculus that (k/me)* is minimized when k = me /e, in which

case
k
k
o — e—ms/e.
me

Of course, k needs to be chosen so that k and m/k are integers, but this does not sub-
stantially affect the probability bounds.

We can use a count-min filter to track heavy hitters in the routing setting as follows.
When a pair (ir, cr) arrives, we update the count-min filter. If the minimum hash value
associated with iy is at least the threshold ¢ for heavy hitters, then we put the item
into a list of potential heavy hitters. We do not concern ourselves with the details of
performing operations on this list, but note that it can be organized to allow updates
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and searches in time logarithmic in its size by using standard balanced search-tree data
structures; alternatively, it could be organized in a large array or a hash table.
Recall that we use Q to represent the total traffic at the end of the day.

Corollary 15.13: Suppose that we use a count-min filter with k = (ln H hash func-
tions, m = (ln H . E] counters, and a threshold q. Then all heavy hitters are put on
the list, and any source—destination pair that corresponds to fewer than g — €Q bytes
is put on the list with probability at most §.

Proof: Since counts increase over time, we can simply consider the situation at the
end of the day. By Theorem 15.12, the count-min filter will ensure that all true heavy
hitters are put on the list, since the smallest counter value for a true heavy hitter will
be at least g. Further, by Theorem 15.12, the smallest counter value for any source—
destination pair that corresponds to fewer than g — £Q bytes reaches g with probability

at most
k\* |
L) <) _ 5

The count-min filter is very efficient in terms of using only limited randomness in its
hash functions, only 0(% In %) counters, and only 0(ln %) computations to process
each item. (Additional computation and space might be required to handle the list of
potential heavy hitters, depending on its representation.)

Before ending our discussion of the count-min filter, we describe a simple improve-
ment known as conservative update that often works well in practice, although it is
difficult to analyze. When a pair (i;, ¢,) arrives, our original count-min filter adds ¢, to
each counter C, ; that the item i hashes to, thereby guaranteeing that

- min C,, j(T) > Count(i, T)

J=Ha(i),1=a<k
holds for all i and T. In fact, this can often be guaranteed without adding ¢, to each
counter. Consider the state after the (+ — 1)th pair has been processed. Suppose that,
inductively, up to that point we have, for all i,

min C,, it —1) = Count(i,t — 1).
j=H,(),1<a<k

Then, when (i;, ¢;) arrives, we need to ensure that
C,,j(t) = Count(i, t)
for all counters, where j = H,(i;),a < 1 < k. But

Count(i, t) = Count(i;,t — 1) +¢, <  min Co it = 1)+ .
J=Hq (i), 1<a<k
Hence we can look at the minimum counter value v obtained from the k counters that
i, hashes to, add ¢, to that value, and increase to v + ¢, any counter that is smaller than
v + ¢;. An example is given in Figure 15.1. An item arrives with a count of 3; at the
time of arrival, the smallest counter associated with the item has value 4. It follows that
the count for this item is at most 7, so we can update all associated counters to ensure
they are all at least 7. In general, if all the counters i, hashes to are equal, conservative
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(1,3)
31815
813
3101519 3101719

Figure 15.1: An item comes in, and 3 is to be added to the count. The initial state is on the left;
the shaded counters need to be updated. Using conservative update, the minimum counter value 4
determines that all corresponding counters need to be pushed up to at least 4 + 3 = 7. The resulting
state after the update is shown on the right.

update is equivalent to just adding ¢, to each counter. When the i; are not all equal, the
conservative update improvement adds less to some of the counters, which will tend to
reduce the errors that the filter produces.

15.5. Exercises

Exercise 15.1: A fair coin is flipped n times. Let X;;, with 1 <i < j < n, be 1 if the
ith and jth flip landed on the same side; let X;; = O otherwise. Show that the X;; are
pairwise independent but not independent.

Exercise 15.2: (a) Let X and Y be numbers that are chosen independently and uni-
formly at random from {0, 1, ..., n}. Let Z be their sum modulo n + 1. Show that X,
Y, and Z are pairwise independent but not independent.

(b) Extend this example to give a collection of random variables that are k-wise
independent but not (k + 1)-wise independent.

Exercise 15.3: For any family of hash functions from a finite set U to a finite set V,
show that, when # is chosen at random from that family of hash functions, there exists
a pair of elements x and y such that

1 1
Pr(h(x) = h(y)) = Vo

This result should not depend on how the function # is chosen from the family.

Exercise 15.4: Show that, for any discrete random variable X that takes on values in
the range [0, 1], Var[X] < 1/4.

Exercise 15.5: Suppose we have a randomized algorithm Test for testing whether a
string appears in a language L that works as follows. Given an input x, the algorithm
Test chooses a random integer r uniformly from the set S = {0, 1, ..., p — 1} for some
prime p. If x is in the language, then Test(x, r) = 1 for at least half of the possible
values of r. A value of r such that Test(x, ) = 1 is called a witness for x. If x is not in
the language, then Test(x, r) = 0 always.
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If we run the algorithm Test twice on an input x € L by choosing two numbers r;
and r, independently and uniformly from $ and evaluating Test(x, ;) and Test(x, »),
then we find a witness with probability at least 3/4. Argue that we can obtain a witness
with probability at least 1 — 1/¢ using the same amount of randomness by letting s; =
rii 4+ r, mod p and evaluating Test(x, s;) for values 0 <i <t < p.

Exercise 15.6: Our analysis of Bucket sort in Section 5.2.2 assumed that n elements
were chosen independently and uniformly at random from the range [0, 2¥). Suppose
instead that n elements are chosen uniformly from the range [0, 2¥) in such a way that
they are only pairwise independent. Show that, under these conditions, Bucket sort still
requires linear expected time.

Exercise 15.7: (a) We have shown that the maximum load when » items are hashed
into n bins using a hash function chosen from a 2-universal family of hash functions is
at most 1 4+ +/2n with probability at least 1/2. Generalize this argument to k-universal
hash functions. That is, find a value such that the probability that the maximum load is
larger than that value is at most 1/2.

(b) In Lemma 5.1 we showed that, under the standard balls-and-bins model, the
maximum load when n balls are thrown independently and uniformly at random into
n bins is at most 3 Inn/ Inlnn with probability 1 — 1/n. Find the smallest value of k
such that the maximum load is at most 3 Inn/ In In n with probability at least 1/2 when
choosing a hash function from a k-universal family.

Exercise 15.8: We can generalize the problem of finding a large cut to finding a large
k-cut. A k-cut is a partition of the vertices into k disjoint sets, and the value of a cut
is the weight of all edges crossing from one of the & sets to another. In Section 15.1.2
we considered 2-cuts when all edges had the same weight 1, and we showed how to
derandomize the standard randomized algorithm using collections of n pairwise inde-
pendent bits. Explain how this derandomization could be generalized to obtain a poly-
nomial time algorithm for 3-cuts, and give the running time for your algorithm. (Hint:
You may want to use a hash function of the type found in Section 15.3.2.)

Exercise 15.9: Suppose we are given m vectors vy, v, ..., Uy € {0, 1}¢ such that any
k of the m vectors are linearly independent modulo 2. Let v; = (vi 1, vi2, ..., Vig). Let
it be chosen uniformly at random from {0, 1}¢, and let X; = Zﬁzl v; ju; mod 2. Show
that the X; are uniform, k-wise independent bits.

Exercise 15.10: We examine a specific way in which 2-universal hash functions differ
from completely random hash functions. Let S = {0, 1, 2, . .., k}, and consider a hash
function /& with range {0, 1, 2, ..., p — 1} for some prime p much larger than k. Con-
sider the values 4(0), h(1), ..., h(k). If h is a completely random hash function, then
the probability that 4(0) is smaller than any of the other values is roughly 1/(k + 1).
(There may be a tie for the smallest value, so the probability that any A(i) is the unique
smallest value is slightly less than 1/(k + 1).) Now consider a hash function % chosen
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uniformly from the family

H="{hip|0=<ab=p—1}

of Section 15.3.2. Estimate the probability that 2(0) is smaller than i(1), ..., h(k) by
randomly choosing 10,000 hash functions from s and computing A(x) for all x € S.
Run this experiment for k = 32 and k = 128, using primes p = 5,023,309 and p =
10,570,849. Is your estimate close to 1/(k + 1)?

Exercise 15.11: In a multi-set, each element can appear multiple times. Suppose that
we have two multi-sets, S; and S5, consisting of positive integers. We want to test if
the two sets are the “same” — that is, if each item appears the same number of times in
each set. One way of doing this is to sort both sets and then compare the sets in sorted
order. This takes O(nlogn) time if each multi-set contains n elements.

(a)

(b)

Consider the following algorithm. Hash each element of S; into a hash table with
cn counters; the counters are initially 0, and the ith counter is incremented each
time the hash value of an element is i. Using another table of the same size and
using the same hash function, do the same for S,. If the ith counter in the first table
matches the ith counter in the second table for all i, report that the sets are the same,
and otherwise report that the sets are different.

Analyze the running time and error probability of this algorithm, assuming that

the hash function is chosen from a 2-universal family. Explain how this algorithm
can be extended to a Monte Carlo algorithm, and analyze the trade-off between its
running time and its error probability.
We can also design a Las Vegas algorithm for this problem. Now each entry in the
hash table corresponds to a linked list of counters. Each entry holds a list of the
number of occurrences of each element that hashes to that location; this list can be
kept in sorted order. Again, we create a hash table for S| and a hash table for S5,
and we test after hashing if the resulting tables are equal.

Argue that this algorithm requires only linear expected time using only linear
space.

Exercise 15.12: In Section 15.3.1 we showed that the family

H=1{hwp|1<a=<p-—-1,0<b=<p-1}

is 2-universal when p > n, where

hap(x) = ((ax + b) mod p) mod n.

Consider now the hash functions

h,(x) = (ax mod p) modn

and the family

H ={h,|1<a<p-1}.
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Give an example to show that H’ is not 2-universal. Then prove that H’ is almost 2-
universal in the following sense: for any x, y € {0, 1,2, ..., p — 1}, if & is chosen uni-
formly at random from 7’ then

2
Pr(h(x) = h(y)) < o

Exercise 15.13: In describing count-min filters, we assumed that the data stream con-
sisted of pairs of the form (i, ¢;), where i; was an item and ¢; > O an integer count
increment. Suppose that one were also allowed to decrement the count for an item, so
that the stream could include pairs of the form (i, ¢,;) with ¢, < 0. We could require
that the total count for an item i,

Count(i, T) = E c,
t:,=i,1<t<T

always be positive.
Explain how you could modify or otherwise use count-min filters to find heavy hit-
ters in this situation.
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CHAPTER SIXTEEN

Power Laws and
Related Distributions

In this chapter, we explore some additional basic probability distributions that arise
in a number of computer science applications. One family of distributions we focus
on are called power law distributions. An interesting aspect of these distributions is
that, unlike many of the distributions we have seen, the variance of the distribution can
be extremely large — with some natural choices of parameters, the variance is infinite.
As a result, certain methods we usually rely on in probabilistic arguments, such as
concentration of the sum of random variables, may not apply.

Power laws and related distributions may initially appear surprising or unusual, but
in fact they are quite natural, and arise easily from a number of basic models. We
examine some of these models in the course of the chapter. Power laws may contrast
sharply with other distributions we have seen, such as Gaussian distributions, which
also appear quite frequently in real-world settings, but both types of distributions have
their uses and their place.

As some groundwork, suppose we want to consider the average height of women
in the United States. We could take a random sample of women, and we would expect
that a fairly small number of samples would quickly lead to a good estimate. (The U.S.
Census Bureau publishes data on height distribution; currently, the average woman’s
height is somewhere between 5’ 4” and 5° 57, although the range depends on the age
group you are considering.) This is because heights fall in a narrow range, with the
number of people of a certain height falling very quickly as you move away from
the average — very few women are more than 7 feet tall. On the other hand, suppose
we wanted to find the average number of times a word appears in all the books printed
in the United States in a year. Some common words, such as “the”, “of”, and “an”,
appear remarkably frequently, while most words would only appear at most a handful
of times. In fact, the distribution of words in literature has been studied in some detail,
and has been found to roughly follow a power law distribution. We consider later some
proposed arguments for why that might naturally be the case.

Many other phenomena share this property that the corresponding distribution is
not well concentrated around its mean, such as the sizes of cities, the strength of
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earthquakes, and the distribution of wealth among families. For many such examples,
a power law distribution provides a plausible model for the distribution.

16.1. Power Law Distributions: Basic Definitions and Properties

Before defining a power law distribution, it may help to give an example. A Pareto
distribution with parameters o > 0 and minimum value m > 0 satisfies

x\ ¢
Pr(X >x) = <Z) .

Here the minimum value m appropriately satisfies Pr(X > m) = 1. The value « is
sometimes called the fail index. Correspondingly, the density function for the Pareto
distribution is

f(x) = am*x "
Let us try to examine the moments of this random variable. The mean E[X] is given

by

E[X] = /‘00 xf(x)dx

=m

/ x(am®x=% Vdx

=m

o0
= am® / x %dx.
X=m

We already notice something unusual; the mean is not finite when o < 1, as the integral
in the expression above diverges. For « > 1, we can complete the calculation to find
the mean is given by

am
a—1"

E[X] =
If we look at the jth moment E[X/], we have

/OO X f(x)dx

=m

E[X/]

o0 .
= / x (am®x~* dx

=m

00 .
=am® / X1y,
X:

=m

The jth moment is not finite when o < j; for « > j, we have

. amj
E[X/] =

a—j
So, for example, when o < 2, the second moment is infinite. Correspondingly, the vari-

ance is infinite when 1 < o < 2; for o < 1 since both the first and second moments are
infinite the variance is not well-defined.
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More generally, we say that a nonnegative random variable X is said to have a power
law distribution if

Pr(X > x) ~cx“

for constants ¢ > 0 and o > 0. Here f(x) ~ g(x) represents that the limit of the ratio of
f(x) and g(x) converges to 1 as x grows large. Roughly speaking, a power law distribu-
tion asymptotically behaves like a Pareto distribution. It is worth noting that the term is
sometimes used slightly differently in other contexts. For example, sometimes people
use power law distribution interchangeably with Pareto distribution, and refer to what
we have called a power law distribution as an asymptotic power law distribution. Also,
sometimes people use « + 1 in the definition where we have used «. (This convention
yields that the density function, rather than the complementary cumulative distribution
function, has parameter «.) Finally, sometimes one allows the ratio to converge not to
1, but to some slowly growing function.

A power law is best visualized on what is called a log—log plot, where both axes
are presented using logarithmic scales. On a log—log plot the relationship y = ax” is
shown by presenting Iny = bInx + In a, so that the polynomial relationship appears as
a straight line whose slope depends on the exponent b. (Here we use a natural logarithm
for our log—log plot, but we could use any base for the logarithm and still obtain a
straight line.) For a Pareto distribution with parameters « > 0 and m > 0, a log—log
plot of F(x) = Pr(X > x) (which we recall is called the complementary cumulative
distribution function) therefore follows a straight line:

InF(x)=—alnx+alnm.

More generally, if X has a power law distribution, then in a log—log plot of the comple-
mentary cumulative distribution function, asymptotically the behavior will be a straight
line. This provides a simple empirical test for whether a random variable may behave
according to a power law given an appropriate sample; while a nearly straight line does
not guarantee a power law distribution, if the results are far from a straight line, a power
law is unlikely. (It is important to emphasize that the “straight-line” test on a log—log
plot is sometimes used to infer that a sample arises from a distribution that follows a
power law, but because many other distributions produce nearly linear outcomes on a
log-log plot, one must take more care to test for power laws.) On a log—log plot the
density function for the Pareto distribution also is a straight line:

Inf(x)=(—a¢—1)Inx+alnm+ Ina.

Similarly, asymptotically the density function for a power law will approach a straight
line.

Thus far we have focused on the mathematical definitions for continuous power
law distributions. But we could also consider discrete variations. For example, the zeta
distribution with parameter s > 1 is defined for all positive integer values according to

—S

Pr(X =k) =
==

)
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where the Riemann zeta function ¢(s) is given by ¢(s) = Z;’il j~%. The fact that
Pr(X = k) is proportional to k~° is the natural discrete analogue for a power law
distribution.

16.2. Power Laws in Language

16.2.1. Zipf’s Law and Other Examples

It has long been observed that the distribution of word frequencies appears to follow
a power law. That is, the frequency of the kth most frequent word in a language is
roughly proportional to kK~ for some exponent s, so the frequency distribution is well
modeled by a (discrete) power law. In terms of probability, this means that if you choose
a word uniformly at random from a collection of texts, the kth most frequent word will
be chosen with probability roughly proportional to k~°. Equivalently, the rank of the
frequency of a randomly chosen word is well modeled by a zeta distribution. For several
languages, the value of s is close to 1.

This empirical observation is commonly referred to as Zipf’s law, as the linguist
George Zipf popularized it in the first half of the twentieth century, although it appears
to have been noticed by others before Zipf. One sometimes also sees reference to the
Zipf-Mandelbrot law, which offers the generalization that the frequency of the kth most
frequent word in a language is roughly proportional to (k + ¢)~* for some exponent s
and some constant g. Also, while one usually hears Zipf’s law in reference to languages,
sometimes Zipf’s law is used to refer to other natural occurences where the frequency
of ranked items of a collection of objects follows a power law distribution.

Is there a mathematical framework that might explain the power law behavior of
languages? Below, we consider multiple models that lead to power laws, and might
apply. (However, we encourage healthy skepticism regarding whether any particular
simple mathematical model offers a complete or compelling explanation for Zipf’s
law.)

Before continuing, it is worth noting that historically power laws have been observed
in a variety of fields in the natural and social sciences, not merely in languages. Perhaps
the earliest references appear in the work by Vilfredo Pareto, whose name we have
seen in the context of the Pareto distribution; he introduced this distribution around
1897 to describe the distribution of income. Over a century ago the German physicist
Felix Auerbach first suggested that city sizes appear to follow a power law distribution,
although Zipf is often credited with this finding as well. Alfred Lotka in the 1920s
found in examining the number of articles produced by chemists that the distribution
followed a power law; the finding that publication frequency follows a power law is
commonly called Lotka’s Law. The Richter scale for measuring the magnitude of an
earthquake is based on the Gutenberg—Richter law, which says that the relationship
between the frequency of earthquakes and their magnitude follows a power law. The
historical record shows that several natural occurrences of power laws have been known
for a long time; it is therefore not especially surprising that power laws would also
naturally occur in several places in computer science and engineering.
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16.2.2. Languages via Optimization

One argument for power laws arising in the context of word frequencies arises naturally
under a framework where the goal is to maximize the efficiency of the language in a
specific sense. Consider a language consisting of n words. Let the cost of using the kth
most frequent word of the language be C;.. For example, if we think of English text, the
cost of a word might be thought of as the number of letters plus the additional cost of
a space. This is the cost to write the word, and (at least roughly) might correspond to
the cost of speaking it.

If the alphabet ¥ has size d, then we have d’ possible words of length j. We
would naturally assign more frequent words to shorter strings to reduce the cost.
With such an assignment, the words with frequency ranks 1+ (d/ — 1)/(d — 1) to
(@' —1)/(d — 1) have j letters. As a simplification, the length of the kth most fre-
quent word would be approximately log, k, and hence a natural cost function has
Ci ~ log, k. For convenience, let us take Cy = log, k in what follows.

Now suppose that we had the power to design the frequencies of words in our
language in order to maximize the ratio between the average amount of information
obtained for each word written and the corresponding average cost. This seems like
a natural goal. We first need to quantify what we mean by information. The natural
choice to use here is entropy. (See Chapter 10.) That is, we now think of each word
used as being selected randomly according to a probability distribution, and the proba-
bility that the kth most frequent word in the language is chosen is p;. Then the average
information given per word is the entropy H = — > ;_, pi 1og, p, and the average cost
per word is C = Y _;_, pxCy. The question is how would the p; be chosen to maximize
the ratio R = H/C. It is slightly easier to look at the equivalent problem of minimizing
the ratio A = C/H.

Taking derivatives, we find

dA  GH + Clog,(epr)
d Pk - H 2 )
Hence all the derivatives are 0 (and A is in fact minimized) when

Pe = 2_HCk/C/e — 2_Rck/€.

Using C; = log, k, we find
pr = 2—R10gdk/e — k_RIOgdz/C.

That is, regardless of what the optimal value R turns out to be, the corresponding py
fall according to a power law distribution.

16.2.3. Monkeys Typing Randomly

The optimization argument appears quite compelling. However, another argument
shows that power law word frequency distributions can arise even without an underly-
ing optimization.

Consider the following experiment. A monkey types randomly on a keyboard with
d characters and a space bar. A space is hit with probability g; all other characters are
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hit with equal probability (1 — g)/d. A space is used to separate words. We consider
the frequency distribution of words.
It is clear that as the monkey types, each word with j characters occurs with proba-

bility
1—¢q J
qj = T q,

and there are d’ words of length j. (We allow the empty word of length O for con-
venience.) The words of longer length are less likely and hence occur lower in the
rank order of word frequency. In particular, the words with frequency ranks 1 + (d/ —
1)/(d — 1) to (d/*' — 1)/(d — 1) have j letters. Hence, the word with frequency rank
k = d’ has length j = log, k and occurs with probability

l—q log, k o
pk:< y > q:klOgd(l q) lq'

For k # d/, as in Section 16.2.2 it is reasonable to use as an approximation that the
length of the kth most frequent word is log, k, in which case p; ~ k'°%(1=0~1g and
the power law behavior is apparent. !

The power law associated with word frequency, although it naturally arises from
optimization, does not seem to actually require it. This result serves as something of a
warning; there are multiple ways that power law distributions can arise. Indeed, we next
turn to one of the most frequently used models that leads to power law distributions,
preferential attachment.

16.3. Preferential Attachment

To describe preferential attachment, let us work with a very simple model of the World
Wide Web. The World Wide Web conists of web pages and directed hyperlinks from
one page to another. The World Wide Web can naturally be thought of as a graph, with
pages corresponding to vertices and hyperlinks corresponding to directed edges. The
graph grows and changes as pages and links are added to the Web.

Our model of the Web’s growth will be very basic; our goal is not detailed accu-
racy, but a high-level understanding of what might be happening. Let us start with two
pages, each linking to the other; the starting configuration does not make a substantial
difference, so this configuration is chosen for convenience. At each time step, a new
page appears, with just a single link. (One could try to be more accurate by having
multiple links or a distribution on links, but having a single link per page simplifies our

! The attentive reader might note that technically the result above does not quite match a power law as we have
defined it; the appropriate limit does not tend to 1 but is bounded above and below by a constant, because instead
of a steady decrease in the frequency with the rank there are discrete jumps. That is, instead of taking a power
law to be defined by Pr(X > x) ~ cx™%, we instead have a case here where Pr(X > x) is ®(x~%). This is a minor
point; small amounts of noise in the frequency of how individual letters are chosen would lead to a smoother
behavior. Also, in some settings, random variables where Pr(X > x) is ®(x~%) are referred to as power laws.
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analysis and yields the important insights.) How should we model what page the new
link points to?

The idea behind preferential attachment is that new links will tend to attach to popu-
lar pages. In the case of the Web graph, new links tend to go to pages that already have
links. We can model this by thinking of the new page as copying a random link, with
some probability. Specifically, with probability y < 1, the link for the new page points
to a page chosen uniformly at random, but with probability 1 — y, the new page copies
arandom link, so that the new page points to an existing page chosen proportionally to
the indegree of that page. We point out that our preferential attachment model of the
World Wide Web is a Markov chain, as we do not care about the history of how links
attached when a new link is added. We only care about the number of links directed
into each page.

Let us start with a not entirely rigorous argument that provides the intuition for how
this model behaves. Let X;(¢) (or just X; where the meaning is clear) be the number
of pages with indegree j when there are ¢ pages in the system. Then for j > 1 the
probability that X; increases is just

yXio1O)/t+ A =) —DX;_1(@)/t;

the first term is the probability a new link is chosen at random and chooses a page
with indegree j — 1, and the second term is the probability that a new link is chosen
proportionally to the indegrees and chooses a page with indegree j — 1. Similarly, the
probability that X; decreases is

yXi@)/t+ (1 —y)jX;@)/t.
Let us write A(X;(¢)) for X;(t + 1) — X;(¢). Then we can write

yX;_1() n 1=y —DX;—1(0)
t t
_yXi() (0 —y)jX;)
t t '

E[AX;®)) | X;—1(), X;(1)] =

(16.1)

The case of X, must be treated specially, since each new page introduces a new
vertex of indegree 0. Hence

E[AXo() | Xo(®)] = 1 — fo(”. (16.2)

While not required for our analysis, it is worth observing that for any value &, the
vector of values (Xy(¢), X;(¢), ..., Xi(¢)) is also a Markov chain.

Now as t grows large, we would suspect that pages of indegree j will constitute a
fraction c; of the total pages. Suppose that in the limit as # grows large X;(¢) = ¢; - ¢,
with high probability. What values of ¢; are consistent with this family of equations?
With these assumptions, we can solve for the appropriate c;, successively starting from
co. In this case, E[A(Xo(?)) | Xo(t)] = co, because on average X, must increase by cg
per new page in order for Xy(¢) to grow like cot. Hence, Eqn. (16.2) becomes

co=1—yco,
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S0 cp = ﬁ More generally, we find using Eqn. (16.1) that
cj=vcjia+U=y)G—=Dcj1—ye; =0 =y)jej. (16.3)
This gives the following recurrence for c;.

y+G-Dd-y)
Ci=Cj-1 N .
I+y+jd=y)
This is enough for us to find the values for ¢; explicitly. If we focus on the asymp-
totics, we find that for large j

G 27 Nl_(2—_y>(1>_
Cj-1 l+y+jd—-vy) l—y /) \J

Asymptotically, for the above to hold we have ¢; ~ j_%, giving a power law. To see

(16.4)

. —2r .
this, we observe that ¢; ~ j~ T implies

(5 -2 0)
Cj—1 J l—y J '

16.3.1. A Formal Version

<

We can formalize the above argument for preferential attachment by using martingales.
We first show that it is enough to find the expectations of the degrees for the preferen-
tial attachment process, as the number of vertices of each degree can be placed in the
framework of a Doob martingale, allowing us to utilize Azuma—Hoeffding tail bounds.
We then formalize how to compute the corresponding expectations.

Consider the preferential attachment process described previously, until there are
T pages overall. To be clear, we start with two pages, pointing at each other. We let
Z; refer to the random variables corresponding to the choices made when there are i
pages in the system to determine the page linked to by the (i + 1)st page. Let X, be
a random variable corresponding to the number of pages of degree j when there are ¢
pages. Further, fort > 2, letY;; = E[X; 7 | 25, Z3, ..., Z,_1].

Lemma 16.1: Then
Pr(1X; 7 — E[X;7]| > 4) < 2e7+/67),
Proof: As mentioned, we show that the Y;; form a Doob martingale with
Yie = Yjral =2

then the result follows immediately from Theorem 13.6. (We could replace the T by
T — 2 in the denominator, as there are only 7 — 2 time steps, but this notation is eas-
ier.) The sequence is clearly a Doob martingale, obtained by revealing the choices at
each step. To bound the difference |Y;; — Y;;1|, we claim that the choice correspond-
ing to Z; affects the number of vertices with degree j at the end of the process by at
most 2. Specifically, if a vertex v; is chosen to receive a link at the tth step, and we
instead consider what would have happened if another vertex v, had been chosen, the
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only vertex degrees affected are those of v; and v,. To see this, consider the evolu-
tion of graphs G and G; arising after choosing v, or v, respectively, at the tth step.
If the next step creates a link to a random vertex (the same random vertex in both
graphs, as the Z,;; would be the same), the degree of every vertex besides v; and v,
remains the same in G| and G,. Similarly, consider if the next step creates a link by
copying a random link; that is, Z,.; says to copy the link created at the £th step of the
process for some €. If £ 5 ¢, then again the degree of every vertex besides v; and v,
clearly remains the same in G| and G, since the same vertex receives a new link. If
£ =t, then v; obtains an extra link in G; and v, obtains an extra link in G»; however,
this only affects the degrees of vertices v; and v,, so the bound on |Y;; — Y; ] still
holds. |

It remains to determine the expectations E[X; r]. We start with E[X ,].

Lemma 16.2: Fort > 2.

1 _g<E[X0,l]< 1 '
1+y = ¢t “ 14y
Proof: It follows from Eqn. (16.2), Theorem 2.7, and the linearity of expectations that
E[X
E[Xo+1] = E[Xo,] + 1 — # — 14 (1 - %) E[Xo.]. (16.5)

Because we started with two pages pointing to each other for convenience, we have the
initial condition E[X »] = 0.

Fort > 2, let
() = t — E[Xy;].
() Tty [Xo./]
From Eqn. (16.5), it is easy to calculate §(2) = % and §(3) = ﬁ—; More generally,

1
8(t+1) = 8(t) = ElXo,] — ElXo 1] + 77—
tv

E[X| 1
:_1+V [0,t]+
t 14y

It follows that 4(¢) is decreasing in #, but is always greater than 0. The lemma follows,
since §(¢) < 2. [ |

More generally, we have the following:

Lemma 16.3: Let c; be the constants given by Eqgn. (16.3). For any constant j, there
is a constant B; such that fort > 2

'E[X,,,] -
t

=

B;
Cj —.
t
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Before beginning the proof, we outline the reasoning behind it. The idea is that if
E[X;,] is too far from c;z, at the next step there will be a push to reduce the difference.
If E[X;,] becomes too large, then it becomes more likely that at the next step a vertex
with degree j will gain a link to it and become a vertex of degree j + 1, reducing the
difference between E[X|,] and c;t. Similarly, if E[X;,] becomes too small, then it is
less likely that a vertex with degree j will gain a link and the difference is similarly
reduced. The complication is that X, | also depends on E[X;_{ ;], which may itself be
deviating from c;_,¢, and therefore may also serve to push E[X; ] from ¢ ;¢. Inductively,
however, those deviations are small, and as such their effect is overcome by the initial
effect that pushes E[X;,] to c;t.

Proof: We know the statement is true for j = 0, and we prove it by induction for larger
J» by also performing an induction on the time #. For j > O and ¢t > 2, let

8i(t) = cjt — E[X;,],
where c; is given by Eqn. (16.3). From Eqn. (16.1), we have for j > 1

Y —p)G—1 F(1—y))
E[X; 1] = E[X;,] + 71 ty)(] VEX, 1] — ME[XN]. (16.6)

Using Eqn. (16.6), we find for j > 1
Sj(l‘ +1)= Cj(t +1)— E[Xj,t+1]

1—y)j—1 1—y)j

— et +¢;—E[x;] - Y t”)(f JBIX 1+ ME[XN]
F(—y)(—1 +(1—p)j

— e 8,0 - YL ty)(f )E[X,_l,,J+ME[X,;t]

y+d=-v)G-1

=cj+6;(t) — , (cjm1t = 8;-1(1)
Lo
+M(Cjt —Sj(l‘))
1—y)G—1 1—y)j
:aj(t)+y+( t)’)(] )5,-_1(t)—y+( V)](Sj(t).

Suppose inductively that |[§;_1(¢)| < B;j_;. Now fort <y + (1 —y)j wecanfind a
constant B; so that |§;_;(t)| < Bj, since this is only over a constant number of steps.
Let us also suppose that B; > B;_; if not, we could simply increase B; to this value.
Fort > y 4+ (1 — y)j, the right-hand side above has absolute value bounded by

'(1 Y +(1t— J/)J)aj(t)+ y+ —t)/)(] — 1

(Sll',l(l) .

.. . +(1—y)j . ..
Ast >y + (1 — y)jimplies =~/ < 1, this expression is bounded above by

(1 v +(1;_ V)j>Bj+ y+d —tJ/)(j— I)Bj_1 < B

where here we have inductively assumed §;(t) < B;, and the right-hand side then
follows from ”+(1t_”)’ > V+(1_§’)(’_1) and B; > Bj_;.

As aresult we have |§;(t + 1)| < B; and by induction the lemma follows. ]
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To summarize, we have shown that under appropriate initial conditions for the pref-
erential attachment model for the World Wide Web with high probability the fraction
of pages with j other pages linking to that page converges to c¢;, where the c¢; follow a
power law given by ¢; ~ jf%. Here 1 — y is the probability a link for a new page is
chosen by copying an existing link.

Although we have presented preferential attachment as a potential model for the
Web graph, our analysis applies generally to preferential attachment models. In fact,
the idea of preferential attachment arose much earlier than the World Wide Web; in
1925, Yule used a similar analysis to explain the distribution of species among gen-
era of plants, which had been shown empirically to satisfy a power law distribution.
Another development of how preferential attachment leads to a power law was given
by Simon in 1955. While Simon was a bit too early to provide a model for the graph
arising from the World Wide Web, he suggested several potential applications of this
type of preferential attachment model: distributions of word frequencies in documents,
distributions of numbers of papers published by scientists, distribution of cities by pop-
ulation, distribution of incomes, and distribution of species among genera.

16.4. Using the Power Law in Algorithm Analysis

In some cases, algorithms can be designed to take advantage of or analyzed taking
advantage of the fact that the object being studied is related to a power law. One pro-
totypical example involves listing or counting triangles in graphs. Counting triangles
often proves important in network analysis; the number of triangles is related to the
clustering coefficient of a graph, which measures the tendency of vertices in a graph
to cluster together. For example, in social networks, where vertices represent people
and edges represent friendships, the closing of a triangle represents two people with a
mutual friend becoming friends themselves.

Let us work in the simple setting of undirected graphs with no self-loops or mul-
tiple parallel edges between vertices, and with n vertices and m edges. Counting and
listing triangles can naturally be done in ®(n?) time by checking all possible triples of
vertices. Counting can be done faster via matrix multiplication; if A is the adjacency
matrix of the graph, then the diagonal of A3 is related to the number of triangles in
the graph. Specifically, the ith diagonal entry is equal to twice the number of triangles
in which the ith vertex is contained. Hence one can divide the sum of the diagonal
entries by six to obtain the total number of triangles in the graph. Since matrix multi-
plication can be done in time o(n*), this approach is faster than checking all possible
triples.

For sparse graphs, we can do even better. We provide an algorithm that can count and
list triangles in O(m>/?) time, which is optimal in that there can be Q(m*/?) triangles in
a graph. We then show that the running time of the algorithm can be improved, under
the assumption that the degree sequence of the graph is governed by a power law.

Theorem 16.4: The Triangle Listing Algorithm runs in O(m*/?) time (assuming
m > n).
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Triangle Listing Algorithm:

Input: An undirected graph G = (V, E) with no self-loops or multiple edges
between vertices, in adjacency list form.

Output: A listing of all triangles in the graph.

Main routine:

1. Sort the vertices by degree, from smallest to largest; let d(v) be the degree of v,
and N(v) be the set of neighbors of v.
2. Let d*(v) be v’s position in the sorted order, with ties broken arbitrarily.
3. Create an array of n lists, where A[v] is a list associated with v. Initially all lists
are empty.
4. For each vertex v, in decreasing order of d*(v):
(a) Foreachu € N(v) with d*(u) < d*(v):
i. for each w € A[u] N A[v] output the triangle {u, v, w};
ii. add v to the list A[u].

Algorithm 16.1: Triangle Listing.

Proof: We first show that all triangles are listed exactly once. Consider a triangle
{x,y, z} with d*(x) > d*(y) > d*(z). Let us say a vertex v is processed when we reach
it as we go through the vertices in decreasing order of the d* values. Then vertex x
is processed before vertices y and z. The triangle is listed precisely when vertex y is
processed, since vertex x was added to A[y] and A[z] when x was processed, and when
y is processed we have that z € N(y) and d*(z) < d*(y), so the triangle will be output.
Moreover, this will be the only time this triangle is output, since when vertex x is pro-
cessed neither y nor z is in A[x], and when vertex z is processed both d*(x) and d*(y)
are greater than d*(z).

To bound the running time, we first see that calculating the vertex degrees is O(m)
and the initial sorting step is O(nlog n), and these are each O(m*/?). We claim that for
each of the O(m) edges, corresponding to the step “For each u € N(v)”, we do at most
O(4/m) work to calculate the intersection of A[u] and A[v]. Because A[u] and A[v] are
in sorted order with vertices ordered by d* as they are added to the list, the intersection
can be computed in time proportional to the maximum list size. But for any vertex x,
A[x] contains only vertices with degree at least as large as x’s degree. If x’s degree was
larger than 2./m, then all of x’s neighbors in A[x] would also have degree larger than
2./m, which would yield at least (2./m)?/2 = 2m edges in the graph. (We divide by
2 as each edge might be counted twice.) This contradicts that there are only m edges
in the graph, so every list A[x] has size at most O(,/m), and the total running time is
bounded by O(m?/?). [ ]

Now let us consider this algorithm in the setting where the graph has a degree dis-
tribution that is governed by a power law. There are various ways one could define
the degree distribution being governed by a power law, but for our purposes here it
will suffice to say that we assume we have a graph where the number of vertices of

426



16.5 OTHER RELATED DISTRIBUTIONS

degree at least j is at most cnj~* for some constants ¢ and «. Notice that if the num-
ber of vertices of degree exactly j is at most cnj~# for some constants ¢, and S, then
this condition is satisfied, with « = B — 1. Such an assumption could hold with high
probability for a random graph produced by, for example, a preferential attachment
model.

Theorem 16.5: The Triangle Listing Algorithm runs in O(mn'/1%®) time if the num-
ber of vertices of degree at least j is at most cnj—“ for some constants c and «.

Theorem 16.5 offers an improved bound over Theorem 16.4 when o > 1. Notice
that such power law graphs are sparse, so in this case m = O(n); hence the running
time could also be expressed as O(n>+®)/(1+@)),

Proof: We again bound the work to calculate the intersections of A[u] and A[v]. For
any vertex x, |A[x]| < d(x), since only neighbors of x are on the list A[x]. Also, A[x]
only contains vertices with degree at least d(x). Hence |A[x]| < min(d(x), cn(d(x))™).
Equalizing terms in the minimization, we find |A[x]| < (cn)/0+®). The theorem
follows. |

16.5. Other Related Distributions

While power law distributions can often provide a natural model, there are other dis-
tributions with similar behaviors that may provide better models in some situations.
Indeed, there can be controversy as to what is the best model in various situations, and
because the tail of a power law distribution corresponds to relatively rare events, the
choice of model can have significant implications regarding the importance of these
rare events. It could be important to have a good model, for example, of exactly how
rarely very strong earthquakes will occur. Here we examine some distributions that are
often suggested as alternatives to a power law distribution.

16.5.1. Lognormal Distributions

A non-negative random variable X has a lognormal distribution if the random variable
Y = In X has a normal (or Gaussian) distribution. Recall from Chapter 9 that the normal
distribution Y is given by the density function

e~ O0—w?/20°

1
gy) = N

where 11 is the mean, o is the standard deviation (o2 is the variance), and the range is
—00 < y < 00. The density function f(x) for alognormal random variable X is simply
g(Inx)/x, over the range 0 < x < oco. The x in the denominator arises because

J@)dx = g(y)dy
for y = Inx, which gives dy = dx/x.
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The density function for a lognormal distribution X therefore satisfies

fx) = 1 ef(lnxfu)z/Zaz
V2mox
and the complementary cumulative distribution function for a lognormal distribution
is given by

o0

1
=x V2027

We say that X has parameters 1 and o> when the associated normal distribution Y
has mean . and variance o2, where the meaning is clear. The lognormal distribution is
skewed, with mean e’““%"z, median e*, and mode eh=o’, (Proving these values is left as
Exercise 16.13.) A lognormal distribution has finite mean and variance, in contrast with
power law distributions, which as we have seen can have infinite mean and variance
under some parameters.

An interesting property of lognormal distributions is that the product of independent
lognormal distributions is again lognormal. This follows from the fact that normal dis-
tributions have the property that the sum of two independent normal random variables
Y, and Y, with @; and @, and variances 012 and 022 respectively is a normal random
variable with mean w; + 1, and variance 012 + 022.

Although it has finite moments, the lognormal distribution is extremely similar in
“shape” to a power law distribution, in the following sense: if X has a lognormal dis-
tribution, then in a log—log plot of the complementary cumulative distribution function
or the density function of X, the plot can appear to be close to linear for much of the
distribution, depending on the variance of the corresponding normal distribution. If the
variance is large, the log—log plot may appear linear for several orders of magnitude.

To see this, let us look at the logarithm of the density function, which is slightly
easier to work with than the complementary cumulative distribution function. We have

Pr(X > x) = e—(lnz—mz/zazdz'

(Inx — p)?
o2

In f(x) = —Inx — Inv270 — (16.7)
If o is large, then the quadratic term in Eqn. (16.7) will be small for a large range of x
values, so In f(x) appears almost linear in Inx over a large range. Recall that checking
for linearity over a log—log plot is the first test (albeit an “eyeball” test) one uses to check
if a distribution is a power law; the lognormal distribution shows why the linearity test
is generally not enough to allow one to conclude that a sampled distribution follows a
power law.

16.5.2. Power Law with Exponential Cutoff

The power law with exponential cutoff refers to a distribution where the density func-
tion is of the form

f(x) ~ x—ae—Ax
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for some «, & > 0. The idea behind using such a distribution is that, similar to a lognor-
mal distribution, it can roughly follow a power law distribution for much of the body
of the distribution when A is small, but for sufficiently large values of x the exponential
term will dominate. The exponential cutoff can model power laws that eventually must
end because of resource limitations. For example, the distribution of wealth may be
better fit to a power law with an exponential cutoff rather than a power law; eventually,
there are limits to the money to be had, and as such the exponential cutoff may better
model the tail of the distribution.

16.6. Exercises

Exercise 16.1: (a) Pareto distributions are often said to be “scale invariant” in the
following sense. If X is a random variable that follows a Pareto distribution and has
density f(x), then the rescaled random variable having density g(x) = f(cx) has density
proportional to f(x). Prove this statement.

(b) An implication of scale invariance is that if we measure our random variable in
different units, it remains a Pareto distribution. For example, if we think wealth follows
a Pareto distribution and we rescale to measure wealth in millions of dollars instead of
dollars, we still have a Pareto distribution. Show that, under such a rescaling (where
g(x) = f(cx)), a Pareto distribution remains a straight line on a log—log plot, and is just
shifted up or down.

Exercise 16.2: Suppose that the time to finish a project in hours is given by a Pareto
distribution with parameter « = 2 and a minimum time of one hour. What is the
expected time to complete the project? Now suppose that the project is not completed
after three hours. If the time to complete the project is given by the initial Pareto dis-
tribution conditioned on the completion time being at least three hours, what is the
expected remaining time until the completion of the project? How does this compare
with the original expected time to complete the project?

Exercise 16.3: Consider a random variable X that has a Pareto distribution with
parameters & > 0 and minimum value m. Determine for x > y > m the conditional
distribution

Pr(X > x| X > y).
Exercise 16.4: Suppose that the time to finish a project in hours is given by a Pareto
distribution with parameter « and a minimum time of one hour. Pareto distributions
can have the property that the longer the project goes without completing, the longer

it is expected to take to complete. That is, if X is the time the project finishes, we are
concerned with

fO)=EX—-y|X >yl

Show that f is an increasing function when o > 1.
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Exercise 16.5: In section 9.6, we discussed maximizing the log-likelihood function
in order to find a maximum likelihood estimate of a parameter. Suppose we have n
samples from a Pareto distribution, x, x,, . . ., X,, where the minimum value is known
to be 1 but the parameter « is unknown.

(a) What is the log-likelihood function in terms of the parameter @ and the sample
values x, xa2, ..., x,?
(b) What is the maximum likelihood estimator for o?

Exercise 16.6: Power law distributions are often described anecdotally by phrases
such as “20% of the population has 80% of the income.” If one assumes a Pareto dis-
tribution, this phrase determines a parameter . What value of « corresponds to this
phrase? Your argument should explain why your result is independent of the minimum
value m.

Exercise 16.7: Consider the standard random walk X, X;, X5, . .. on the integers that
starts at 0 and moves from X; to X; 4+ 1 with probability 1/2 at each step and from X; to
X; — 1 with probability 1/2 at each step. We are interested in the first return time to 0.
Note that this time must be even. Let f; be the probability that the first time the walk
returns to O is at time 2¢. Let u, be the probability the walk is at 0 at time 2¢.

(a) Prove that u, = 2;) 272,

(b) Consider the probability Pr(X; > 0,X; > 0, ..., X5 > 0 | X5, = 0). Show that
this probability is ﬁ (Hint: this can be done using the Ballot Theorem from
Section 13.2.1.)

(¢) Prove that f; = 5.

(d) Using Stirling’s formula, show that f; follows a power law.

Exercise 16.8: Consider the monkey typing randomly experiment with an alphabet
of two letters that are hit with differing probabilities: “a” occurs with probability ¢,
“b” occurs with probability ¢2, and a space occurs with probability 1 — ¢ — ¢*. (Here
g satisfies 1 — g — g*> > 0.)

(a) Show that every word the monkey can type occurs with probability ¢/(1 — g — ¢*)
for some integer j.

(b) Let us say a word has pseudo-rank j if it occurs with probability ¢/(1 — g — ¢?).
Show that the number of words with pseudo-rank j is the (j 4 1)st Fibonacci num-
ber F;; (where here we start with Fy = 0 and F; = 1).

(¢) Use facts about the Fibonacci numbers, such as Zf;l F,=F.,—1,and F, =

@*/+/5 for large k where ¢ = #5 to show that the frequency of the jth most
frequent word behaves (roughly) like a power law, following a similar approach to
that used to analyze the setting of the monkeys typing randomly experiment with
equal character probabilities.

Exercise 16.9: Write a program to simulate the monkeys typing randomly experiment
of Section 16.2.3. Your simulation should consider the following two scenarios.
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« You have an alphabet of 8 letters and space; the space is chosen with probability 0.2,
and the other letters are chosen with equal probability.

« You have an alphabet of 8 letters and space; the space is chosen with probability 0.2,
and the probability for each of the other letters is chosen uniformly at random, with
the constraint that the sum of their probabilities is 0.8.

For each scenario, generate 1 million words, and track the frequency for each word
that appears. Recall that the empty word should be treated as a word, and you will have
many fewer than 1 million distinct words to track.

(a) In practice, you should be able to represent each word seen in an experiment using
at most 256 bits (at least most of the time). Explain why this is the case.

(b) Plot the distribution of word frequencies for each scenario on a log—log plot. The x-
axis should be the rank of the word in terms of its frequency, and the y-axis should
be the frequency. Do the two plots differ?

(¢) Do your plots appear to follow a power law? Explain.

Exercise 16.10: Write a program to simulate the preferential attachement process,
starting with four pages linked together as a cycle on four vertices, adding pages each
with one outlink until there are 1 million pages, and using y = 0.5 as the probability
a link is to a page chosen uniformly at random and 1 — y = 0.5 as the probabiliy a
link is copied from existing links. Draw a plot of the degree distribution, showing the
number of vertices of each degree on a log—log plot. Also draw a plot showing the
complimentary cumulative degree distribution — that is, the number of vertices with
degree at least k for every value of k — on a log—log plot. Does the degree distribution
appear to follow a power law? Explain.

Exercise 16.11: Write a program to simulate the preferential attachement process as in
the prevous problem, but now start with four pages with each page pointing to the other
three, and add pages each with three outlinks until there are 1 million pages. Again
draw the plots of the degree distribution and the complimentary cumulative degree
distribution. How do these plots differ from those in the previous problem? Does the
degree distribution appear to follow a power law?

Exercise 16.12: Derive the expressions for the mean and variance of a power law
distribution with an exponential cutoff with parameters « and A. (You may assume o
is a positive integer.)

Exercise 16.13: Derive the expressions for the mean, median, and mode of a lognor-
mal distribution with parameters 1 and o2. Recall the mean is ¢#*2°” | the median is
e#, and the mode is et

Exercise 16.14: Consider the count-min filter from Section 15.4. We show that the
bounds on its performance can be improved if the distribution of item counts follows a
power law distribution. Suppose we have a collection of N items, where the total count
associated with the £th most frequent item is given by f; = ¢/¢* foraconstantz > 1 and
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avalue c. (You may assume all the f; are suitably rounded integers for convenience.) As
described in Section 15.4, we assume we have k disjoint groups of counters, each with
m/k counters. We use the minimum counter C, ; that an item hashes to as an estimate
for its count.

(a) Show that the tail of the total count for all items after removing the » > 1 most
frequent items is bounded by

N 1—z
I
—z—1

i=b+1

< Fb' ™,

where F = YN | fi.

(b) Consider now an element i with total count f;, and let us consider a single group
of counters. Show that the probability that i collides with any of the m/(3k) items
with the largest count (besides possibly itself) is at most 1/3.

(c) Show that, conditioned on the event £ that i does not collide with any of the m/(3k)
items with the largest count, the expected count for the counter C, ; that i hashes
to is bounded by

(m/3k)'
(m/k)

(d) Lety = 3% Prove that C, j < f; + ¥ F with probability at least 1/3.

(e) Explain why the above implies that the count-min filter produces an estimate for
fi that is at most f; + y F with probability at least 1 — (2/3).

(f) Suppose we want to find all items with a count of at least ¢; when an item is hashed
into the count-min filter, it is put on a list if its minimum counter is at least g.
Prove that we can construct a count-min filter with O([In %1) hash functions and
O([In %1 [e~1/27) counters so that all items with count at least g are put on the list,
and any item that has a count of less than ¢ — € F is put on the list with probability
at most 8. (This improves the result of Corollary 15.13 for this type of skewed
distribution of item counts.)

ElC; €l = fi+ F
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CHAPTER SEVENTEEN"

Balanced Allocations and
Cuckoo Hashing

In this chapter, we examine simple and powerful variants of the classic balls-and-bins
paradigm, where each ball may have a choice of a small number of bins where it can
be placed. In our first setting, often referred to as balanced allocations, the balls have
choices, and a choice of where a ball is to be placed must be made once and for all when
the ball enters the system. In our second setting, referred to as cuckoo hashing, balls
may move to another choice after their initial placement under some circumstances.

17.1. The Power of Two Choices

Suppose that we sequentially place n balls into n bins by putting each ball into a bin
chosen independently and uniformly at random. We studied this classic balls-and-bins
problem in Chapter 5. There we showed that, at the end of the process, the most balls
in any bin — the maximum load — is ®(In n/ In In n) with high probability.

In a variant of the process, each ball comes with d possible destination bins, each
chosen independently and uniformly at random, and is placed in the least full bin among
the d possible locations at the time of the placement. The original balls-and-bins process
corresponds to the case where d = 1. Surprisingly, even when d = 2, the behavior is
completely different: when the process terminates, the maximum load is Inlnn/In2 +
O(1) with high probability. Thus, an apparently minor change in the random allocation
process results in an exponential decrease in the maximum load. We may then ask what
happens if each ball has three choices; perhaps the resulting load is then O(InlnInn).
We shall consider the general case of d choices per ball and show that, whend > 2, with
high probability the maximum load is Inlnn/Ind + ®(1). Although having more than
two choices does reduce the maximum load, for any constant d the reduction changes
it by only a constant factor, so it remains ®(In Inn) for a constant d.

17.1.1. The Upper Bound

Theorem 17.1: Suppose that n balls are sequentially placed into n bins in the fol-
lowing manner. For each ball, d > 2 bins are chosen independently and uniformly at
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random (with replacement). Each ball is placed in the least full of the d bins at the
time of the placement, with ties broken randomly. After all the balls are placed, the
maximum load of any bin is at most Inlnn/Ind + O(1) with probability 1 — o(1/n).

The proof is rather technical, so before beginning we informally sketch the main points.
In order to bound the maximum load, we need to approximately bound the number of
bins with i balls for all values of i. In fact, for any given i, instead of trying to bound the
number of bins with load exactly i, it will be easier to bound the number of bins with
load at least i. The argument proceeds via what is, for the most part, a straightforward
induction. We wish to find a sequence of values f; such that the number of bins with
load at least i is bounded above by f; with high probability.

Suppose that we knew that, over the entire course of the process, the number of bins
with load at least i was bounded above by B;. Let us consider how we would determine
an appropriate inductive bound for B;y; that holds with high probability. Define the
height of a ball to be one more than the number of balls already in the bin in which
the ball is placed. That is, if we think of balls as being stacked in the bin by order of
arrival, the height of a ball is its position in the stack. The number of balls of height at
least i + 1 gives an upper bound for the number of bins with at least i 4 1 balls.

A ball will have height at least i + 1 only if each of its d choices for a bin has load
at least i. If there are indeed at most §; bins with load at least i at all times, then the
probability that each choice yields a bin with load at least i is at most f;/n. Therefore,
the probability that a ball has height at least i + 1 is at most (8;/n)?. We can use a
Chernoff bound to conclude that, with high probability, the number of balls of height
at least i + 1 will be at most 2n(B;/n)?. That is, if everything works as sketched, then

@<2<&>d
n n )

We examine this recursion carefully in the analysis and show that 8; becomes O(In n)
when j = Inlnn/Ind + O(1). At this point, we must be a bit more careful in our ana-
lysis because Chernoff bounds will no longer be sufficiently useful, but the result is
easy to finish from there.

The proof is technically challenging primarily because one must handle the condi-
tioning appropriately. In bounding §;1;, we assumed that we had a bound on B;. This
assumption must be treated as a conditioning in the formal argument, which requires
some care.

We shall use the following notation: the state at time ¢ refers to the state of the system
immediately after the ¢th ball is placed. The variable A(¢) denotes the height of the ¢th
ball, and v;(¢) and w,(z) refer (respectively) to the number of bins with load at least i
and the number of balls with height at least i at time 7. We use v; and w; for v;(n) and
ni(n) when the meaning is clear. An obvious but important fact, of which we make
frequent use in the proof, is that v;(t) < w,(¢), since every bin with load at least i must
contain at least one ball with height at least i.

Before beginning, we make note of two simple lemmas. First, we utilize a specific
Chernoff bound for binomial random variables, easily derived from Eqn. (4.2) by letting
s=1.

434



17.1 THE POWER OF TWO CHOICES

Lemma 17.2:
Pr(B(n, p) > 2np) < e "3, (17.1)

The following lemma will help us cope with dependent random variables in the main
proof.

Lemma 17.3: Let X1, Xz, ..., X, be a sequence of random variables in an arbitrary
domain, and let Y\, Y, ..., Y, be a sequence of binary random variables with the prop-
erty thatY; = Yi(Xy, ..., Xp). If

PrY;=11X1,...,Xi-1) < p.

then

Pr <Z Y > k) < Pr(B(n, p) > k).

i=1

Proof: If we consider the Y; one at a time, then each ¥; is less likely to take on the
value 1 than an independent Bernoulli trial with success probability p, regardless of
the values of the X;. The result then follows by a simple induction. [

We now begin the main proof.

Proof of Theorem 17.1: Following the earlier sketch, we shall construct values §; such
that, with high probability, v;(n) < g; for all i. Let 84 = n/4, and let B, = 2,61“’/11‘1’1
for4 < i < i*, where i* is to be determined. We let £; be the event that v;(n) < ;. Note
that &4 holds with probability 1; there cannot be more than n/4 bins with at least 4 balls
when there are only n balls. We now show that, with high probability, if & holds then
Eir1 holds for 4 < i < i*.

Fix a value of i in the given range. Let Y; be a binary random variable such that

Yy =1lifandonlyif h(t) > i+ land v;(t — 1) < B;.

That is, ¥; is 1 if the height of the ¢th ball is at least i 4 1 and if, at time # — 1, there
are at most fB; bins with load at least i. The requirement that ¥; be 1 only if there are at
most f; bins with load at least i may seem a bit odd; however, it makes handling the
conditioning much easier.

Specifically, let w; represent the bins selected by the jth ball. Then

B
PriY; =1 |wy,...,01) < n—;.
That is, given the choices made by the first # — 1 balls, the probability that ¥; is 1 is
bounded by (B;/n)?. This is because, in order for ¥, to be 1, there must be at most S;
bins with load at least i; and when this condition holds, the d choices of bins for the
tth ball all have load at least i with probability (8;/n)?. If we did not force ¥; to be 0 if
there are more than $; bins with load at least i, then we would not be able to bound this
conditional probability in this way.
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Let p; = B¢ /n®. Then, from Lemma 17.3, we can conclude that

Pr (ZY’ > k) < Pr(B(n, p;) > k).

t=1

This holds independently of any of the events &;, owing to our careful definition of ;.
(Had we not included the condition that ¥; = 1 only if v;(t — 1) < B;, the inequality
would not necessarily hold.)

Conditioned on &;, we have Zle Y, = iy Since vy < wiy1, we have

Pr(vip1 > k| &) < Pr(pip > k| &)

=Pr<2n:Y,>k|5,-)

=1

< Pr(Y0, Y > k)
Pr(&)

_ Pr(Bn, pi) > K)
Pr(&;)

We bound the tail of the binomial distribution by using the Chernoff bound of
Lemma 17.2. Letting k = 8,41 = 2np; in the previous equations yields

Pr(B(n, p;) > 2np;) - 1

Pr(viyr > Biv1 | &) < Pr(E) = B PHE)’

which gives

Pr(=&i11 1 &) < (17.2)

n2 Pr(g,')

whenever p;n > 61Inn.
We now remove the conditioning by using the fact that

Pr(=&i11) = Pr(=E&i11 | &) Pr(&) + Pr(=Eiy1 | =&) Pr(=&))
< Pr(=&i11 | &) Pr(&) + Pr(=&)); (17.3)

then, by Eqns. (17.2) and (17.3),
1
Pr(=&it1) = Pr(=&) + — (17.4)
n

as long as p;n > 61nn.

Hence, whenever p;n > 61nn and &; holds with high probability, then so does &4 1.
To conclude we need two more steps. First, we need to show that p;n < 6Inn when
i is approximately Inlnn/Ind, since this is our desired bound on the maximum load.
Second, we must carefully handle the case where p;n < 6Inn separately, since the
Chernoff bound is no longer strong enough to give appropriate bounds once p; is this
small.
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Let i* be the smallest value of i such that p; = B¢ /n? < 61nn/n. We show that i* is
Inlnn/Ind 4 O(1). To do this, we prove inductively the bound
n

,Bt+4 - 22d‘,72.’./;10 TR

This holds true when i = 0, and the induction argument follows:

_ 2B
Bii+1)+4 = o

d
o(— 1
(220,1_2;—10 &/ )

nd—1
n

22d[+1—2§:0 di’

The first line is the definition of B;; the second follows from the induction hypothesis.
It follows that Bi 4 < n/2 and hence that i* is Inlnn/Ind + O(1). By inductively
applying Eqn. (17.4), we find that

ok

Pr(—E1) < .
n

We now handle the case where p;n < 6Inn. We have

Pr(l)i*+1 > 181nn | gi*) < Pr(pL,-*_H > 181nn | Ei*)
- Pr(B(n,61nn/n) > 181Inn)
B Pr(&;+)
1
=< T e
~ n? Pr(E,»*)

where the last inequality again follows from the Chernoff bound. Removing the con-
ditioning as before then yields

41
n?

1
Pr(l)i*+1 > 181n I’l) < Pr(—é’i*) + ) < (175)
n

To wrap up, we note that
Pr(viy3 = 1) < Pr(uiq3 = 1) < Pr(pisq2 > 2)
and bound the latter quantity as follows:

Pr(B(n, (18 Inn/n)?) > 2)
Pr(vi41 < 181Inn)
(5) (18Inn/n)*

~ Pr(viq < 18Inn)’

Pr(uiq2 > 2 | vy < 181Inn) <

Here the last inequality comes from applying the crude union bound; there are (;) ways

of choosing two balls, and for each pair the probability that both balls have height at
least i* + 2 is at most (18 Inn/n)>?.
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Removing the conditioning as before and then using Eqn. (17.5) yields

Pr(viy3 > 1) < Pr(upqo > 2)
< Pr(//l/l'*+2 > 2 | Vgl < 181nn) Pr(Vi*+] < 181[1")
+ Pr(vi4q > 181Inn)

(18Inn)* i +1
- n2d72 I’l2 ’

showing that Pr(vi,3 > 1) is o(1/n) for d > 2 and hence that the probability the max-
imum bin load is more than i* 4+ 3 = Inlnn/Ind + O(1) is o(1/n). |

Breaking ties randomly is convenient for the proof, but in practice any natural tie-
breaking scheme will suffice. For example, in Exercise 17.1 we show that if the bins
are numbered from 1 to n then breaking ties in favor of the smaller-numbered bin is
sufficient.

As an interesting variation, suppose that we split the n bins into two groups of equal
size. Think of half of the bins as being on the left and the other half on the right.
Each ball now chooses one bin independently and uniformly at random from each half.
Again, each ball is placed in the least loaded of the two bins — but now, if there is a
tie, the ball is placed in the bin on the left half. Surprisingly, by splitting the bins and
breaking ties in this fashion, we can obtain a slightly better bound on the maximum
load: Inlnn/(2In((1 + «/5)/2)) + O(1). One can generalize this approach by splitting
the bins into d ordered equal-sized groups; in case of a tie for the least-loaded bin,
the bin in the lowest-ranked group obtains the ball. This variation is the subject of
Exercise 17.13.

17.2. Two Choices: The Lower Bound

In this section we demonstrate that the result of Theorem 17.1 is essentially tight by
proving a corresponding lower bound.

Theorem 17.4: Suppose that n balls are sequentially placed into n bins in the fol-
lowing manner. For each ball, d > 2 bins are chosen independently and uniformly at
random (with replacement). Each ball is placed in the least full of the d bins at the
time of the placement, with ties broken randomly. After all the balls are placed, the
maximum load of any bin is at least Inlnn/Ind — O(1) with probability 1 — o(1/n).

The proof is similar in spirit to the upper bound, but there are some key differences. As
with the upper bound, we wish to find a sequence of values y; such that the number of
bins with load at least i is bounded below by y; with high probability. In deriving the
upper bound, we used the number of balls with height at least i as an upper bound on
the number of bins with height at least i. We cannot do this in proving a lower bound,
however. Instead, we find a lower bound on the number of balls with height exactly i
and then use this as a lower bound on the number of bins with height at least i.

In a similar vein, for the proof of the upper bound we used that the number of bins
with at least i balls at time n was at least v;(¢) for any time ¢ < n. This is not helpful
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17.2 TWO CHOICES: THE LOWER BOUND

now that we are proving a lower bound; we need a lower bound on v;(7), not an upper
bound, to determine the probability that the ¢th ball has height i + 1. To cope with this,
we determine a lower bound y; on the number of bins with load at least i that exist at
time n(1 — 1/2%) and then bound the number of balls of height i + 1 that arise over the
interval (n(1 — 1/2%), n(1 — 1/2*1)]. This guarantees that appropriate lower bounds
hold when we need them in the induction, as we shall clarify in the proof.

We state the lemmas that we need, which are similar to those for the upper bound.

Lemma 17.5:

Pr(B(n, p) < np/2) < e"7I8. (17.6)
Lemma 17.6: Let X1, X3, ..., X, be a sequence of random variables in an arbitrary
domain, andlet Yy, Ys, ..., Y, be a sequence of binary random variables with the prop-

erty thatY; = Y;(Xq, ..., Xp). If
PrY; =1|X1,....Xi—1) > p,
then
Pr (Z Y; > k) > Pr(B(n, p) > k).
i=1
Proof of Theorem 17.4: Let F; be the event that v;(n(1 — 1/27)) > y;, where y; is
given by:

Yo =15

o n J/id
%H_F o)

Clearly Fy holds with probability 1. We now show inductively that successive J; hold
with sufficiently high probability to obtain the desired lower bound.
We want to compute

Pr(=Fiy1 | Fi).

With this in mind, for # in the range R = [n(1 — 1/2), n(1 — 1/2*!)], define the binary
random variable by

Z;=1lifandonlyifh(r) =i+ lorvi (t — 1) > yip1-

Hence Z, is always 1 if vii1(f — 1) > yiy1.
The probability that the ¢th ball has height exactly i 4+ 1 is

(w(r—l))" (Vi+1(l—1)>d
n ) U )

The first term is the probability that all the d bins chosen by the rth ball have load at
least i. This is necessary for the height of the ¢th ball to have height exactly i + 1.
However, we must subtract out the probability that all d choices have at least i + 1
balls, because in this case the height of the ball will be larger than i + 1.
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Again letting w; represent the bins selected by the jth ball, we conclude that
v\ (v’
Pr(Z =1 w1y ..os 1, F) > (_> _ (_+1) ,
n n

This is because Z; is automatically 1 if v, (¢t — 1) > y,41; hence we can consider the
probability in the case where v (f — 1) < ;4. Also, conditioned on F;, we have

vit = 1) = yi.
From the definition of the y; we can further conclude that

Vi d Yirl d 1 Vi d
Pr(z,=1|w1,...,w,l,f,-)z(—’) —<—+) z—(—’) .
n n 2\ n

Let pi = 5(yi/n)".
Applying Lemma 14.6 yields

Pr(ZZ, <k‘.7-"i) §Pr<3<%,pi) <k>.
1eR

Now our choice of y; nicely satisfies
1 n
Vil = Eﬁpi-
By the Chernoff bound,

o <B (2:«:—1 : pi) < ml) < /B,

which is o(1/n?) provided that p;n/2*! > 171nn. Let i* be a lower bound on the
largest integer for which this holds. We subsequently show that i* can be chosen to
be Inlnn/Ind — O(1); for now let us assume that this is the case. Then, for i < i*, we

have shown that
n 1
Fi SPF(B<F,P1‘><%+1)=0 ek

Pr (Z Zt < Vi+1
Further, by definition we have that ) ,_, Z; < y;;1 implies —=F;;;. Hence, for i < i*,

teR
1
Pr(=Fiy1 | Fi) < Pr (Zzt < Vit | ]:l) — 0<;> .

teR

Therefore, for sufficiently large n,

Pr(Fi) = Pr(Fis | Fisoy) - Pr(Fieoy | Firz) -+ - Pr(Fy | Fo) - Pr(Fo)
> (1= 1/n?)"
=1—o(1/n).
All that remains is to demonstrate that Inlnn/Ind — O(1) is indeed an appropriate

choice for i*. It suffices to show that y; > 171nn when i is Inlnn/Ind — O(1). From

the recursions y; | = yid /(213041 we find by a simple induction that
n
vi= Yo i+2—kydk
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17.3 APPLICATIONS OF THE POWER OF TWO CHOICES

A very rough bound gives

n
Yi 2 =0T
- 210d'*l

‘We therefore look for the maximum i such that
n

W > 17Inn.

For n sufficiently large, we find that we can take i as large as Inlnn/Ind — O(1) by
using the following chain of inequalities:

n
2104~

A%

171nn,

p10d" n ,
~ 17Inn
104" < log, n —log,(171nn),

d~' < —1Inn,

17.3. Applications of the Power of Two Choices

The balanced allocation paradigm has a number of interesting applications to comput-
ing problems. We elaborate here on two simple applications. When considering these
applications, keep in mind that the InIln#n/Ind + O(1) bound we obtain for the bal-
anced allocation paradigm generally corresponds to a maximum load of at most 5 in
practice.

17.3.1. Hashing

When we considered hashing in Chapter 5, we related it to the balls-and-bins paradigm
by assuming that the hash function maps the items being hashed to random entries in the
hash table. Subject to this assumption, we proved that (a) when O(n) items are hashed
to a table with n entries, the expected number of items hashed to each individual entry in
the table is O(1), and (b) with high probability, the maximum number of items hashed
to any entry in the table is ®(Inn/Inlnn).

These results are satisfactory for most applications, but for some they are not, since
the expected value of the worst-case lookup time over all items is ®@(In#n/ Inlnn). For
example, when storing a routing table in a router, the worst-case time for a lookup in
a hash table can be an important performance criterion, and the ®(Inn/ InInn) result
is too large. Another potential problem is wasted memory. For example, suppose that
we design a hash table where each bin should fit in a single fixed-size cache line of
memory. Because the maximum load is so much larger than the average, we will have
to use a large number of cache lines and many of them will be completely empty. For
some applications, such as routers, this waste of memory is undesirable.
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BALANCED ALLOCATIONS AND CUCKOO HASHING

Applying the balanced allocation paradigm, we obtain a hashing scheme with O(1)
expected and O(In In ) maximum access time. The 2-way chaining technique uses two
random hash functions. The two hash functions define two possible entries in the table
for each item. The item is inserted to the location that is least full at the time of insertion.
Items in each entry of the table are stored in a linked list. If n items are sequentially
inserted into a table of size n, the expected insertion and lookup time is still O(1). (See
Exercise 17.3.) Theorem 17.1 implies that with high probability the maximum time to
find an item is O(Inlnn), versus the ®(Inn/Inlnx) time when a single random hash
function is used. This improvement does not come without cost. Since a search for an
item now involves a search in two bins instead of one, the improvement in the expected
maximum search time comes at the cost of roughly doubling the average search time.
This cost can be mitigated if the two bins can be searched in parallel.

17.3.2. Dynamic Resource Allocation

Suppose a user or a process has to choose on-line between a number of identical
resources (choosing a server to use among servers in a network; choosing a disk to
store a directory; choosing a printer; etc.). To find the least loaded resource, users may
check the load on all resources before placing their requests. This process is expensive,
since it requires sending an interrupt to each of the resources. A second approach is
to send the task to a random resource. This approach has minimal overhead, but if all
users follow it then loads will vary significantly among servers. The balanced alloca-
tion paradigm suggests a more efficient solution. If each user samples the load of two
resources and sends his request to the least loaded one, then the total overhead remains
small while the load on the n resources varies much less.

17.4. Cuckoo Hashing

So far in this chapter we have considered balls-and-bins processes that correspond to
multiple choice hashing schemes, where each item can be placed in one of d choices
out of n total bins. Cuckoo hashing is a further variation on multiple choice hashing
schemes that uses the following idea: suppose items not only have multiple choices of
where they can be located, but even after we place an item, we can move it from one
of its choices to another at a later point if needed. This should give us more power to
place items in a way that balances the load. What can we say about cuckoo hashing
schemes?

Let us start our investigation of cuckoo hashing by considering the setting where
d = 2, so an item can be placed in one of two possible bins. We also start by assuming
that each bin can hold only one item, so that our hash table can be kept as a simple
array of m locations. How many items can be placed into such a table?

As a baseline, let us consider what happens when we cannot move items. Each
item looks at its two choices, and is placed in the first if it is empty, or is placed in the
second if it is empty and the first is not. (If the two choices are always made uniformly
at random, and both choices are empty, it does not matter where the item is placed.)
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Figure 17.1: An example of a cuckoo hash table. For each placed item, the directed arrow shows
the other location where that item can be moved to. In the initial configuration (top image), item x is
inserted, but its choices contain items w and y. If x causes y to move and y causes z to move, then the
resulting configuration (bottom image) can hold all items. In the original configuration, if the choices
for x had been the locations containing items u# and w, then x could not have been successfully placed.

As an exercise, you can check that without moves, when there are n bins, with high
probability you can place only O(n*/?) items before a new item being placed finds
both its choices already hold another item. This is a simple variation of the birthday
paradox.

Now let us consider the power that comes from moving items. If, on inserting an
item x, there is no room for an item at either of its two choices, we instead move the
item y in one of those bins to the other of its two choices. If the other bin for y is empty,
then we are done — every item has a suitable place. However, there may be another item
zin y’s other location, in which case we may have to move z, and so on, until either we
find an empty space, or we realize that there is no empty space to be found, which is a
possibility. See Figure 17.1 for an example.

This approach is referred to as cuckoo hashing, taking the name from the cuckoo
bird, which lays its eggs in the nests of other birds and whose young kick out the eggs
or other young residing in the nest. We would like to understand various things about
cuckoo hashing, namely:

« How many items can be successfully placed before an item cannot be placed?
« How long do we expect it to take to insert a new item?
« How can we know if we are in a situation where an item cannot be placed?

We address these issues by relating the cuckoo hashing process to a random graph
process. Let us treat the bins as vertices, and the items being hashed as edges. That
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Figure 17.2: Items u, v, y, and z all reside in a bin, but their choices create a cycle in the cuckoo
graph. Adding item x would create a component with two cycles (when considering the edges as
undirected), which cannot be done. In simpler terms, a cuckoo hash table cannot store five items if
all of their choices fall into four bins.

is, since each item hashes to two possible hash locations, we can view it as an edge
connecting those two bins, or vertices, to which it hashes. As usual, we assume our
hash values are completely random. In that case the resulting graph may have parallel
edges, which are pairs of nodes connected by more than one edge, which occur when
different items hash to the same two locations (vertices). The graph may also have
self-loops, which are edges connecting a vertex to itself, which occur when both
locations (vertices) chosen for an item are the same. We call this graph the cuckoo
graph. We model the cuckoo graph corresponding to m items hashed into a table
of n entries by a random graph with n nodes and m edges, where each of the two
vertices of an edge is chosen independently and uniformly at random from the set of
n nodes.

We remark that self-loops can be eliminated by partitioning the table into two sub-
tables of equal size, and assigning each item a bin at random from each subtable. In that
case we have a random bipartite graph with n/2 vertices on each side and m random
edges, with each edge connecting two nodes, one chosen uniformly at random from
each side. The differences arising from these variations is minimal.

The load of our cuckoo hash table will be m/n, the ratio of the number of items
to the number of locations. Our main result is that if a cuckoo hash table with two
choices has load less than and bounded away from 1/2, placement will succeed with
high probability.

A key approach in studying cuckoo hashing is to look at the connected components
of the cuckoo graph. Recall that a connected component is simply a maximal group
of vertices that are all connected, or reachable, by traversing edges in the graph. We
show that as long as m/n < (1 — €)/2 for some constant € > 0, the maximum-sized
connected component in the cuckoo graph has only O(log n) vertices with high proba-
bility, the expected number of vertices in a connected component for a given vertex v is
constant, and all components are trees or contain a single cycle with high probability.
(Here, a self-loop is considered a cycle on one vertex.) These facts about the cuckoo
graph translate directly into answers to our questions about cuckoo hashing.

It should be clear that an item cannot be placed if it falls into a component that,
after its placement, will have more items than bins to hold them, as shown by exam-
ple in Figure 17.2. On the other hand, when all components are trees or have just a
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single cycle, every item can be placed successfully and efficiently. In fact we have the
following lemma:

Lemma 17.7: If an item is placed by cuckoo hashing so the resulting component is
a tree or has a single cycle, the placement will occur successfully, and can be done in
time proportional to the size of the component. If the resulting component has two or
more cycles, the placement fails.

Proof: If the number of edges, or items, exceeds the number of vertices, or bins, in
the component, as is the case if there are two or more cycles, then an item cannot be
placed.

To analyze the allocations of items to locations, it can help to think of each edge,
or item, as being directed away from the vertex, or bin, in which it currently resides.
Since each bin can store only one item, a proper allocation of items to bins must
have no more than one edge directed out of each vertex. Keep in mind, however, that
when we discuss cycles in components in our analysis, we are considering the undi-
rected edges; the directed edges are just to help us keep track of how items can be
moved.

It is clear that as long as all components are trees or have just a single cycle, the
items can be placed successfully. For a tree, one can simply choose one vertex as a
root, and orient all edges toward that root. That assignment has only one edge directed
out of each vertex and the root of the tree is assigned no element. For a component with
a cycle, the edges around the cycle have to be oriented consistently, and all other edges
have to be directed toward the cycle.

Cuckoo hashing will place items if they can be placed, and each bin is visited at most
twice during an insertion. There are three main cases to consider. When the item, or
edge, is placed into a component that joins two existing tree components (one of which
might be just a single vertex) so that the resulting component remains a tree, directed
edges will be followed until we reach a vertex with no outgoing edge. When a directed
edge is followed, it is reversed, corresponding to the replacement of the old item with
the new item. (See Figure 17.3.)

When the item is placed so that both possible vertices already lie in the same compo-
nent, the behavior is similar to the first case. There is a unique path to an empty vertex,
corresponding to a bin that holds no item, and directed edges are followed and reversed
until that vertex is reached.

The last case is when the item to be placed joins a component that has a cycle with
a component that is a tree. It is possible in that case that placing the item will cause
the process to follow edges around the cycle, reversing the cycle orientation as it goes.
After going around the cycle and returning to the node where the new item was initially
placed, the new item will be kicked out, and then a path is followed to the empty location
in the tree component. It is important to see that while we can return once to the node
the insertion started at, we traverse each edge at most twice, once in each direction. We
never follow the same edge twice back into the cycle, because the edge will be flipped
to point away from the cycle. (See Figure 17.4.)

In each case, placement takes time proportional to the component size. |
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Figure 17.3: Item x is inserted into the cuckoo graph, and placed in the bin (or vertex) on the left
(top image). It kicks out the item already there, moving the item to the neighboring bin in the graph.
In terms of the graph, the vertex can only have one outgoing edge, so the other adjacent edge must
reverse, and so on until the process terminates. In the bottom image, the reversed edges are shown as
dashed.

Lemma 17.7 tells us that to understand how cuckoo hashing performs, we simply
need to understand the component structure of the cuckoo graph. When we place a
new item in the cuckoo hash table, we add a new edge to the graph, which lies in an
existing component or joins two components. If we show the maximum component
size is O(log n) with high probability, then we know from Lemma 17.7 that the max-
imum work needed to insert an item is O(logn) with high probability. Similarly, if
we show that the expected size of a component is constant, then since the insertion
of a new item joins two components, the expected time to insert an item is bounded
by a constant. Of course, it is important to keep in mind that while insertion of a new
item can take a logarithmic number of steps, a lookup of an item always takes constant
time, since it is in one of two locations; this feature remains the key benefit of cuckoo
hashing.

Finally, as we try to place an item by moving other items in the hash table, keeping
track of the corresponding vertices visited in the cuckoo graph allows one to tell if the
graph has a bad component with two cycles, in which case placement of a new item
fails. Alternatively, because the maximum component size is O(log n) with high prob-
ability, in practice in implementations one often allows at most ¢ log n replacements
of items for a suitable constant ¢ before declaring a failure. With this approach, one
does not have to keep track of the vertices seen, avoiding the use of memory during
placement.

We turn now to analyzing the connected component structure of a random cuckoo
graph with n nodes and m = (1 — €)n/2 edges, for any constant € > (. Based on our
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Figure 17.4: Item x is inserted into the cuckoo graph, and placed in the top bin (or vertex) of its two
choices (top image). It kicks out the item already there, moving the item to the neighboring bin in the
graph. In terms of the graph, the vertex can only have one outgoing edge, so the other adjacent edge
must reverse, and so on. In this case, the process goes around the cycle and returns back to the original
vertex where x was placed (middle image). The item x is itself kicked out to its other location, and
the process terminates. Edges in the original graph that changed direction at least once are shown as
dashed; an edge can only change direction at most twice.

analysis thus far, our task now is to analyze the maximum size and the expected size
of connected components in the graph. Here size refers to the number of vertices in the
component. Our proof is based on a branching processes technique.

Lemma 17.8: Consider a cuckoo graph with n nodes and m = (1 — €)n/2 edges for
some constant € > Q.

(1) With high probability the largest connected component in the cuckoo graph has
size O(log n).
(2) The expected size of a connected component cuckoo in the graph is O(1).

Proof: We first focus on bounding the largest connected component. We observe
that parallel edges and self-loops do not increase the size of a connected component.
Thus, assuming a model in which the m edges are chosen uniformly at random with
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no parallel edges or self-loops can only increase the probability of having a large
connected component in the graph. This random graph model was introduced in
Section 5.6 as the G, y model. In our case the number of edges is N = m, and we refer
to graphs with m uniformly chosen edges as being chosen from G, ;.

Our second observation transforms the analysis to the related random graph model
G, p» which we recall from Section 5.6 consists of graphs on n nodes with each of
the possible (;) edges included in the graph independently with probability p. We
recall that having a connected component of size at least k for any value of k is a
monotone increasing graph property; if a graph G(V, E) has that property, then any
graph G’ = (V, E’) with E C E’ also has that property.

Since having a connected component of a given size is a monotone increasing graph
property, we can use Lemma 5.14. In particular, forany 0 < €’ < 1, Lemma 5.14 allows
us to conclude that the probability that a graph drawn from G, ,,, has a connected com-
ponent of size at least k is within e %™ of the probability that a graph drawn from G,
has a connected component of that size, where

p=(+¢) m.o_ 14+€H1 —e€) _ 1—)/.
(%) n—1 n—1
This holds for any constant y with 0 < ¥ < €, by choosing a suitably small €’. Thus,
our problem is reduced to bounding the maximum size of a connected component in a
graph drawn from G, ,, with p = (1 — y)/n.

Fix a vertex v. We explore the connected component containing vertex v by execut-
ing a breadth first search from v. We start by placing node v in a queue and look at
the neighbors of v. We add these neighbors into a queue and look at the neighbors of
these neighbors, adding any new vertices to the queue, and so on. More formally, after
adding all the nodes at distance £ from the root v to the queue, we sequentially look at
the neighbors of each of these nodes, adding to the queue neighbors at distance € 4 1
from the root that are not yet in the queue. The process ends when there are no new
neighbors to add to the queue. Clearly, when the process ends, the queue stores all the

nodes in the connected component that includes v. Let v = vy, vy, .. ., v be the nodes
in the queue at the termination of the process, in the order in which they entered the
queue.

Let Z; be the number of nodes added to the queue while looking at neighbors of
v;, i.e., Z; counts the neighbors of v; that are not neighbors of any node v;, j < i. The
key point in the analysis is that conditioning on the neighborhoods of vy, ..., v;,_j, the
distribution of Z; is stochastically dominated by a binomial random variable distributed

B(n—1,(1=y)/(n—1)).

Definition 17.1: A random variable X stochastically dominates a random variable Y
if for all a,

Pr(X > a) = Pr(Y > a).
Equivalently, X stochastically dominates Y if for all a
Fx(a) < Fy(a),
where Fx and Fy are the cumulative distribution functions of X and Y, respectively.
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To show this, we consider first the distribution of Z;, the number of neighbors of
node v. There are n — 1 other nodes, each connected to v with probability p, thus, Z;
is distributed B(n — 1, (1 — y)/(n — 1)). Consider now the distribution of Z;, i > 1,
where Z; counts the neighbors of v; that are not neighbors of any node v;, j < i. Con-
ditioned on the nodes that were already discovered by the breath first search process,
there are no more than n — i possible new nodes connected to v;, and each of them is
connected to v; with probability p independent of any other edges. Thus, the distribu-
tion of Z;, conditioned on the values of Zi, ..., Z;_1, is stochastically dominated by a
random variable B; with distribution B(n — 1, (1 — y)/(n — 1)).

We bound the probability that our breadth first search found a component of size k.
The breadth first search would have stopped with fewer than & vertices if

k—1
ZZi <k—1,
j=1

because then we would have found fewer than k — 1 additional vertices in exploring
the first k — 1 vertices. So we must have

k—1
Zz,- >k—1
j=1

for the breadth first search to reach k vertices. From our domination argument, the
probability that our breadth first search reaches k vertices is bounded above by

k—1 k=1
Pr Zz,zk—l <Pr ZB,-zk—l
j=1 j=1
=PrB((k—1D(n—1),(1 —y)/(n—1)) >k —1).

Here we have used that the sum of binomials is itself binomial. We are now ready
to apply the standard Chernoff bound (4.2). Let S be a binomial B((k — 1)(n — 1),
(1—y)/(n—1)) of mean E[S] = (1 — y)(k — 1). Then

E
Pr(S2k—1)=Pr<Sz L51 >
-y
< Pr(S= E[SI(1 +y))
< e—(k—l)(l—)/)yz/3‘

Here we have used that 1/(1 — y) > (1 + y). Setting k > 1 + ﬁ Inn, we have
that the probability that v, is part of a connected component of size at least k is
bounded above by 1/n%, and by a union bound the probability that any vertex is part
of a connected component of size at least k is bounded above by 1/n%. Now applying
Lemma 5.14, we can conclude that in the cuckoo graph with n nodes and m edges, the
probability that there is connected component of size at least k is bounded above by
1/n* +e=9™ < 2/n? for large enough n.
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Next we bound the expected size of a connected component that includes a given
node v. Consider first a graph chosen from G, , with p = (1 — y)/(n — 1). Let X the
size of the component that includes vertex v in that graph. As we have seen, for a graph
chosen from G, ,, we can view the breadth first search process as a branching process
where the number of offspring of node v; is Z;, which is stochastically dominated by
a random variable B; distributed as B(n — 1, (1 — y)/(n — 1)) and with expectation
1 — y. As we showed in Section 2.3, a branching process where the expected number
of offspring of a node is bounded above by 1 — y has an expected size of 1/y. Hence,
in G, p, E[X] < 1/y.

Let Y be the size of the connected component that includes v in a graph chosen from
Gy.m- Then, for any v,

n n 1
E[Y]=) Pr(Y 2 k) < ) Pr(X > k) +ne %" < St ne=%" = O(1),
i=1 k=1

where in the first inequality we applied Lemma 5.14 and in the second inequality we
used the bound on E[X]. [ |

Next we need to show that all connected components with more than one node in
the cuckoo graph are either trees or have a single cycle.

Lemma 17.9: Consider a cuckoo hashing graph with n nodes and m = (1 — €)n/2
edges. For any constant € > 0, with high probability all the connected components in
the graph are either single vertices, trees, or unicyclic.

Proof: For the proof, we need a bound on the number of ways k vertices can be a
connected by a tree. We make use of the following combinatorial fact.

Lemma 17.10 [Cayley’s Formula]: The number of distinct labeled trees on k vertices
is k=2,

Here a labeled tree on k vertices is one where each vertex is given a distinct num-
ber from 1 to k, and trees that are isomorphic when taking into account the labels are
considered the same. Hence there is one labeled tree on two vertices with one edge
between them — there are two ways of labeling the vertices, but they are isomorphic.
Similarly, there are three labeled trees on three vertices, with one tree for each assign-
ment of a number to the vertex of degree 2. There are many proofs to Cayley’s formula;
one approach is given in Exercise 17.15.

A connected component that is not a tree or has more than one cycle must include
a tree plus at least two additional edges. Let Y; be a random variable denoting the
number of components with k vertices and at least k 4+ 1 edges. We determine a bound
on E[Y;] to bound the probability of the existence of such a component. We need only
worry about values of k where k = O(logn) since we already proved that with high
probability the graph has no larger connected components.

Given a set of k vertices that form a component, the k vertices must be connected by
a tree. Suppose we choose a tree of k — 1 edges connecting those vertices. We require

450



174 CUCKOO HASHING

all of the edges in the tree to be part of the graph, and because we allow self-loops
and multi-edges, each of the m = (1 — €)n/2 possible random edges will be a given
specific edge of the tree with probability 2/n*. We then must have at least two additional
edges within that component. The two additional edges fall within the component with
probability k*/n?. Finally, all the k(n — k) edges between vertices in the component
and vertices not in the component must not be in the graph, or we would not have a
component of size k. The following expression overcounts the number of components
somewhat, as the same component may be counted multiple times.

2
k
M\l m \(k+1), o (2) (2) (_2k(n—k)>'”k‘
E[Y"]§<k)k <k+1>< 2 )(k 1)!<n2> o)V '

That is, we first choose k vertices from the n vertices, we choose one of the k¥~2 trees
to connect these vertices, and we choose k + 1 of the m edges to form this tree and add
two additional edges to the component, so there is more than one cycle.

2
k
n\ i of m k+1 2\ k1 (2> 2k(n — k) m—k—1
E[Y"]§<k>kk <k+1>( 2 >("_1)! (ﬁ) B (I‘T)

ko k+1 k=1 /72N 2
n‘m* K2 E k_ o= 2k =) (m—k—1)/n?
2k! n? n?

2k
1(1 — eyt kge o~ 2k(n—k)(m—k—1)/n*

IA

IA

1 k 1k2 kn?—2k(n—k)(m—k—1))/n?
—(1 — e)ft! ——lhn —2kin— Ym—k=1))/n

IA

2

2 ( 1—¢ )ke(kn2 —2knm)/n* e4k2 /n
n

IA

2
E k_(l _ e)kekee4k2/n
8n

k2
< —¢

~ 8n
To reach the second line in the equations above we have used that (Z) < nk/k! and
1 — x < e™; to reach the third line we have used k*/k! < e*. Because, from our pre-
vious argument, we can assume that k = O(log n), the final term e*/ in the final line
can be bounded above by 2 for large enough n. The key term in the final line is the
€ + In(1 — €), which is negative, as can be seen using the expansion In(l —€) =
— > €/i; the term € + In(1 — €) is therefore —©(e?) as € goes to 0. The final
expression therefore includes a term of the form e~©%<") that is geometrically decreas-
ing in k. It follows that for any z = O(logn), Zi:l E[Y;] is O(1/n), and hence the
probability that any component contains more than one cycle is O(1/n). We can con-
clude that cuckoo hashing successfully places every item with high probability. |

k(e+In(1-€)) o4k /n
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One might wonder if we could do better. However, it is also easy to check that a cycle
component occurs with probability €2(1/n); for example, there is an 2(1/n) probabil-
ity that two items both choose the same bin for both its choices, or that three items
choose the same distinct pair of bins. We consider ways one might improve this failure
probability in Section 17.5.

Similarly, one might wonder if we could handle loads larger than 1/2, or if the 1/2
is just an outcome of our analysis. In fact, for cuckoo hashing as we have described
it, 1/2 is the limit. With m = (1 4 €)/2 edges, the cuckoo graph looks very different;
a constant fraction of the vertices become joined in a giant component of size Q2(n),
and many of the vertices lie on cycles. We have seen similar threshold behaviors in
random graphs before in Section 6.5.1; the threshold here corresponds directly to the
load that can be handled by cuckoo hashing. However, higher loads are possible for
more complex variations of cuckoo hashing, as we describe in Section 17.5.

Finally, it is worth mentioning that the analysis using Cayley’s formula that we used
to bound the number of components with two or more cycles could also be applied to
bound the expected number of components of each size. There are some subtleties in
the random graph model we have used here, but in Exercise 17.15, we show how to use
this method rather than the branching process method to give an alternative proof that
the largest component size is O(log n) in the G,, , random graph model.

17.5. Extending Cuckoo Hashing

17.5.1. Cuckoo Hashing with Deletions

It is worth noting that our analysis of cuckoo hashing depended only on the proper-
ties of the corresponding random graph. Because of this, our analysis for random hash
functions holds even if we delete items, as long as the deletion process is also random,
so that which items are deleted does not depend on the outcomes from the hash func-
tions. For example, if items have lifetimes governed by a random distribution, then as
long as there are always at most m < n(1 — €)/2 elements in the table, the probability
we will fail on any specific configuration is only O(1/n).

Indeed, we can actually show something slightly stronger; the addition of a new
element causes a failure with probability only O(1/n?). This means we can delete and
insert items for at least roughly a quadratic number of steps before a failure occurs. To
see this, if we have m random edges in our cuckoo graph, we can bound the probability
that a new item leads to the introduction of a double cycle. Suppose the new items cre-
ates a double cycle on exactly k vertices, where as before we can take k to be O(log n),
as larger components are sufficiently unlikely that we can ignore them in our analysis.
For this to happen, there must already be k edges among these k vertices. There are (Z)
ways of choosing these vertices, and ('Z) ways of choosing the items that correspond
to the edges. After adding the new edge for the inserted item, the k 4+ 1 edges must
form a spanning tree, as well as two additional edges. Finally, there can be no other
edges among the k vertices, or between those k vertices and the other n — k vertices.
Following the same analysis as we have used previously, if £ is the event that the new
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vertex introduces a failure, we have

k+1 2N\ k2N
= () 3 (6
k

( k2+2k(n—k))’"‘"‘1
O (B I e s
7’12

kz(k + 1) kF ( ) o= CRO—RHR) m—k1)/?
- 4n k'

Z kz(k‘l' 1) k(1 — e)ke— QK=+ =kt 1/
- Z kz(k + 1) ek(1 — )k etk =2hnm)/n* A% /n
kz(k +1) :
< Z - (1 — e)kekeeht®/n

2
< Z k=(k + l)ek(6+ln(l—e))e4k2/n.
k

Again, we need only consider k = O(log n). The exponential term grows like e=©(€%),

which gives that Pr(£) is O(1/n?).
Of course, deletion of an item in a cuckoo hash table, like insertion, only takes con-
stant time.

17.5.2. Handling Failures

We have shown the failure probability of cuckoo hashing is O(1/n) when inserting m
items into n > 2m bins. Unfortunately, that result is easily shown to be tight. As a first
step, consider the following mode of failure: we find three balls with the same choices
for the two bins. (To ease the calculations, we suppose that all three balls land in two
distinct bins — no self-loops among the three.) The expected number of “triples” of balls

with this property is
m 1 2\’
I--) =] .
3 n) \ n?

This is because there are ( ) ways to choose the three balls. With probability (1 — —) the
first ball did not choose a self-loop; the other two balls then each choose the same pair
of bins with probability 2/n*. We easily observe that when m = Q(n) this expectation
is (1 /n). A calculation of the variance readily yields the probability that there is such
a triple is also €2(1/n), using the second moment method.

While the probability of failure for a cuckoo hash table is o(1), the fact that it is
2(1/n) remains concerning; this could be very high for many practical situations. One
way to cope with this problem is to allow rehashing. If we ever reach a failure point,
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where either we find that we can’t place an item because of cycles, or we simply find
that a component is too large (over c log  for a suitable constant ¢), then we can choose
a new hash function and rehash all the items into a new cuckoo hash table. A question
is how much impact will rehashing have.

The amount of work to rehash using a new hash function for all items is O(n), and we
only have to do it with probability O(1/n). Even if we have to rehash multiple times
before we reach success, the expected work to hash m items can be bounded. Using
order notation rather loosely, we find the total number of operations is

O(m) + Y _k-0(m) - (O(1/n))" = O(n).

k=1

Hence the amortized amount of work per item due to rehashing is only constant in
expectation, and also with high probability, since the probability of rehashing k or more
times is O(1/n*). However, one can imagine that rehashing might not be a suitable
solution in some practical settings, because it would be undesirable for the system to
have to wait for a complete rehashing of the hash table.

An alternative approach to rehashing that generally does quite well is to set aside a
small amount of memory for a stash. If an item cannot be placed because it creates a
component with more than one cycle, it can be placed in the stash. Usually, the stash
will be empty; however, when it is not empty, it will need to be checked on every lookup.
(Further, if items are deleted, one should check whether an item in the stash can then
be put back into the cuckoo hash table.) We have seen that the use of the stash should
be rare, since the failure probability is only O(1/n). Extending the previous analysis,
one can show that failures behave “nearly independently”; the probability that j items
need to be held in a stash falls like O(1/n/). Hence, even a very small stash, such as one
that can hold four items, can greatly reduce the failure probability. The use of stashes
is considered further in Exercise 17.17.

17.5.3. More Choices and Bigger Bins

There are many ways to vary or enhance cuckoo hashing. One way, as we have seen,
is by using a stash. One can also slightly improve the performance using the following
method: split the table into two subtables and make one choice randomly from each
subtable for each item; when inserting an item, just place the new element in the first
subtable, kicking out the element already there if needed; and finally, optimize the sub-
table sizes by making the first slightly larger, since now it will tend to hold more items.
The slight asymmetry that arises from favoring the first subtable, both in placement
and in size, can yield a small improvement in behavior, but the additional complexity
may not be worthwhile for many applications.

However, more important variations of cuckoo hashing allow more than one item per
bin, more than two choices per item, or both. Both of these approaches can significantly
enhance the load that can be achieved, as well as reduce the probability of failure, at
the expense of more complications in the insertion and lookup processes.
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If each item has two choices but we allow b > 1 items per bin, then we continue
to have a random graph problem, but now the question is whether cuckoo hashing
can effectively find an orientation with at most b edges pointing away from a vertex.
Allowing more than one item per bin can be very natural; for example, a bin may
correspond to a fixed amount of memory, such as a cache line, that might correspond
to the size of multiple items. One issue is how to choose which item to kick out of a
bin when it is necessary to place an item into a full bin. Natural possibilities include
breadth first search, or a “random walk” style search where at each step a random item
is selected from the bin to be kicked out to make room for the existing element.

If each item has d > 2 choices but there is just one item per bin, then our problem
involves random hypergraphs, rather than random graphs, where each edge is a col-
lection of d vertices. When all choices for an item lead to a bin that already contains
an item, we again face the issue of how to choose which item to kick out. One could
again use approaches based on a breadth first search, or a “random walk” style search.
A further variation is to allow different items differing number of choices, according to
some distribution, where the number of choices is itself determined by a hash function
on the item.

Of course, one can also combine more than two choices per item and more than one
item per bin. With four choices and one item per bin, the maximum load that can be
achieved with no failures with high probability (as n grows large) is over 0.97, much
more than the 0.5 bound for two choices. Similarly, two choices with up to four items
per bin allow loads over 0.98. Combining multiple choices with multiple items per bin
yields even higher load factors.

The following theorem provides the form of the load threshold as the number of bin
choices and the number of items per bin varies. Its proof is quite complex and beyond
the scope of this book.

Theorem 17.11: Consider a cuckoo hash table with n items, m/£ bins that each can
hold up to € items, and k choices per item. We consider a regime when n/m is held
fixed, but n, m — oo. Let B(c) denote the largest value of B so that

1 B _
k (Pr(Po(B) = )1 ©

where Po(x) refers to a discrete Poisson random variable with mean x. Define cy ¢ to
be the unique value of c that satisfies

B(e)-PriPo(B(e) = €] _,
k-PrlPo(B(c) = (+1]

The following results hold for any constant values k > 3 and £ > 1, or for k = 2 and
constant £ > 2. For every € > 0, for large enough n, we have that if n/m < ¢y — €,
there is a way of placing the items in the hash table that respects their choices and
the limits on the number of items per bin with probability 1 — o(1). If n/m > cp¢ + €,
then there is no way to place the items that respects their choices and the limits on the
number of items per bin with probability 1 — o(1).
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17.6. Exercises

Exercise 17.1: (a) For Theorems 17.1 and 17.4, the statement of the proof is for the
case that ties are broken randomly. Argue informally that, if the bins are numbered from
1 to n and if ties are broken in favor of the lower-numbered bin, then the theorems still
hold.

(b) Argue informally that the theorems apply to any tie-breaking mechanism that
has no knowledge of the bin choices made by balls that have not yet been placed.

Exercise 17.2: Consider the following variant of the balanced allocation paradigm:
n balls are placed sequentially in » bins, with the bins labeled from O to n — 1. Each
ball chooses a bin i uniformly at random, and the ball is placed in the least loaded of
binsi, i+ 1modn, i+ 2modn, ...,i+ d — 1 modn. Argue that, when d is a constant,
the maximum load grows as ®@(Inn/ Inlnn). That is, the balanced allocation paradigm
does not yield an O(In In n) result in this case.

Exercise 17.3: Explain why, with 2-way chaining, the expected time to insert an item
and to search for an item in a hash table of size n with n items is O(1). Consider two
cases: the search is for an item that is in the table; and the search is for an item that is
not in the table.

Exercise 17.4: Consider the following variant of the balanced allocation paradigm:
n balls are placed sequentially in n bins. Each ball comes with d choices, chosen
independently and uniformly at random from the »n bins. When a ball is placed, we
are also allowed to move balls among these d bins to equalize their load as much as
possible. Show that the maximum load is still at least Inlnn/Ind — O(1) with proba-
bility 1 — o(1/n) in this case.

Exercise 17.5: Suppose that in the balanced allocation setup there are n bins, but the
bins are not chosen uniformly at random. Instead, the bins have two types: 1/3 of the
bins are type A and 2/3 of the bins are type B. When a bin is chosen at random, each
of the type-A bins is chosen with probability 2/n and each of the type-B bins is chosen
with probability 1/2n. Prove that the maximum load of any bin when each ball has d
bin choices is still at most Inlnn/Ind 4+ O(1).

Exercise 17.6: Consider a parallel version of the balanced allocation paradigm in
which we have n/k rounds, where k new balls arrive in each round. Each ball is placed
in the least loaded of its d choices, where in this setting the load of each bin is the load
at the end of the previous round. Ties are broken randomly. Note that the k new balls
cannot affect each other’s placement. Give an upper bound on the maximum load as a
function of n, d, and k.

Exercise 17.7: We have shown that sequentially throwing n balls into n bins randomly,
using two bin choices for each ball, yields a maximum load of Inlnn/In2 + O(1)
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with high probability. Suppose that, instead of placing the balls sequentially, we had
access to all of the 2n choices for the n balls, and suppose we wanted to place each ball
into one of its choices while minimizing the maximum load. In this setting, with high
probability, we can obtain a maximum load that is constant.

Write a program to explore this scenario. Your program should take as input a para-
meter k and implement the following greedy algorithm. At each step, some subset of the
balls are active; initially, all balls are active. Repeatedly find a bin that has at least one
but no more than k active balls that have chosen it, assign these active balls to that bin,
and then remove these balls from the set of active balls. The process stops either when
there are no active balls remaining or when there is no suitable bin. If the algorithm
stops with no active balls remaining, then every bin is assigned no more than & balls.

Try running your program with 10,000 balls and 10,000 bins. What is the smallest
value of k for which the program terminates with no active balls remaining at least four
out of five times? If your program is fast enough, try experimenting with more trials.
Also, if your program is fast enough, try answering the same question for 100,000 balls
and 100,000 bins.

Exercise 17.8: The following problem models a simple distributed system where
agents contend for resources and back off in the face of contention. As in Exercise 5.12,
balls represent agents and bins represent resources.

The system evolves over rounds. In the first part of every round, balls are thrown
independently and uniformly at random into » bins. In the second part of each round,
each bin in which at least one ball has landed in that round serves exactly one ball from
that round. The remaining balls are thrown again in the next round. We begin with n
balls in the first round, and we finish when every ball is served.

(a) Show that, with probability 1 — o(1/n), this approach takes at most log, log, n +
O(1) rounds. (Hint: Let by be the number of balls left after k£ rounds; show that
biy1 < c(by)*/n, for a suitable constant ¢ with high probability, as long as by, | is
sufficiently large.)

(b) Suppose that we modify the system so that a bin accepts a ball in a round if and only
if that ball was the only ball to request that bin in that round. Show that, again with
probability 1 — o(1/n), this approach takes at most log, log, n + O(1) rounds.

Exercise 17.9: The natural way to simulate experiments with balls and bins is to create
an array that stores the load at each bin. To simulate 1,000,000 balls being placed into
1,000,000 bins would require an array of 1,000,000 counters. An alternative approach
is to keep an array that records in the jth cell the number of bins with load j. Explain
how this could be used to simulate placing 1,000,000 balls into 1,000,000 bins using
the standard balls-and-bins paradigm and the balanced allocation paradigm with much
less space.

Exercise 17.10: Write a program to compare the performance of the standard balls-
and-bins paradigm and the balanced allocation paradigm. Run simulations placing n
balls into n bins, with each ball having d = 1, 2, 3, and 4 random choices. You should
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try n = 10,000, n = 100,000, and n = 1,000,000. Repeat each experiment at least 100
times and compute the expectation and variance of the maximum load for each value
of d based on your trials. You may wish to use the idea of Exercise 17.9.

Exercise 17.11: Write a simulation showing how the balanced allocation paradigm
can improve performance for distributed queueing systems. Consider a bank of n FIFO
queues with a Poisson arrival stream of customers to the entire bank of rate An per sec-
ond, where A < 1. Upon entry a customer chooses a queue for service, and the service
time for each customer is exponentially distributed with mean 1 second. You should
compare two settings: (i) where each customer chooses a queue independently and uni-
formly at random from the n queues for service; and (ii) where each customer chooses
two queues independently and uniformly at random from the n queues and waits at
the queue with fewer customers, breaking ties randomly. Notice that the first setting is
equivalent to having a bank of n M/M /1 FIFO queues, each with Poisson arrivals of rate
A < 1 per second. You may find the discussion in Exercise 8.27 helpful in constructing
your simulation.

Your simulation should run for # seconds, and it should return the average (over all
customers that have completed service) of the time spent in the system as well as the
average (over all customers that have arrived) of the number of customers found waiting
in the queue they selected for service. You should present results for your simulations
for n = 100 and for + = 10,000 seconds, with A = 0.5, 0.8, 0.9, and 0.99.

Exercise 17.12: Write a program to compare the performance of the following vari-
ation of the standard balls-and-bins paradigm and the balanced allocation paradigm.
Initially n points are placed uniformly at random on the boundary of a circle of circum-
ference 1. These n points divide the circle into n arcs, which correspond to bins. We
now place n balls into the bins as follows: each ball chooses d points on the boundary of
the circle, uniformly at random. These d points correspond to the arcs (or, equivalently,
bins) that they lie on. The ball is placed in the least loaded of the d bins, breaking ties
in favor of the smallest arc.

Run simulations placing n balls into n bins for the cases d =1 and d = 2. You
should try n = 1,000, n = 10,000, and n = 100,000. Repeat each experiment at least
100 times; for each run, the » initial points should be re-chosen. Give a chart showing
the number of times the maximum load was &, based on your trials for each value of d.

You may note that some arcs are much larger than others, and therefore when d = 1
the maximum load can be rather high. Also, to find which bin each ball is placed in
may require implementing a binary search or some other additional data structure to
quickly map points on the circle boundary to the appropriate bin.

Exercise 17.13: There is a small but interesting improvement that can be made to the
balanced allocation scheme we have described. Again we will place n balls into n bins.
We assume here than »n is even. Suppose that we divide the n bins into two groups of
size n/2. We call the two groups the left group and the right group. For each ball, we
independently choose one bin uniformly at random from the left and one bin uniformly
at random from the right. We put the ball in the least loaded bin, but if there is a tie we
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always put the ball in the bin from the left group. With this scheme, the maximum load
is reduced to Inlnn/2In¢ + O(1), where ¢ = (1 ++/5)/2 is the golden ratio. This
improves the result of Theorem 17.1 by a constant factor. (Note the two changes to our
original scheme: the bins are split into two groups, and ties are broken in a consistent
way; both changes are necessary to obtain the improvement we describe.)

(a) Write a program to compare the performance of the original balanced allocation
paradigm with this variation. Run simulations placing n balls into n bins, with
each ball having d = 2 choices. You should try n = 10,000, n = 100,000, and n =
1,000,000. Repeat each experiment at least 100 times and compute the expectation
and variance of the maximum load based on your trials. Describe the extent of the
improvement of the new variation.

(b) Adapt Theorem 17.1 to prove this result. The key idea in how the theorem’s proof
must change is that we now require two sequences, f; and ;. Similar to Theo-
rem 17.1, B; represents a desired upper bound on the number of bins on the left
with load at least i, and y; is a desired upper bound on the number of bins on the
right with load at least i. Argue that choosing

c1Bivi c2Biv1yi
Biv1 = 2 and  yip = )

for some constants c; and c; is suitable (as long as §; and y; are large enough that
Chernoff bounds may apply).

Now let F; be the kth Fibonacci number. Apply induction to show that, for suf-
ficiently large 7, B; < nC3cfz" and y; < n03c4F”+1 for some constants ¢z and c4. Fol-
lowing Theorem 17.1, use this to prove the Inlnn/21n ¢ + O(1) upper bound.

(c) This variation can easily be extended to the case of d > 2 choices by splitting the
n bins into d ordered groups, choosing one bin uniformly at random from each
group, and breaking ties in favor of the group that comes first in the ordering.
Suggest what would be the appropriate upper bound on the maximum load for this
case, and give an argument backing your suggestion. (You need not give a complete
formal proof.)

Exercise 17.14: The birthday paradox (discussed in Section 5.1) shows that if balls
are sequentially thrown randomly into #n bins, with constant probability there will be a
collision after ®(/n) balls are thrown.

(a) Suppose that balls are placed sequentially, each ball has two choices of where to be
placed, and a ball will choose a bin that avoids a collision if that is possible. Show
that there are constants ¢; and ¢, so that after ¢;n?? — o(n?/?) balls are thrown no
collision has occurred with probability at least 1/2, and after c,n>/> + o(n*/?) balls
are thrown at least one collision has occurred with probability at least 1/2.

(b) How close can you make the constants ¢; and ¢;?

(¢) Extend your analyis for more than two choices. Specifically, show that if each ball
has k choices for some constant k, there are constants ¢ and ¢, so that after

1=1/k _ o(n'=1/%) balls are thrown no collision has occurred with probability

459

C1,kn



BALANCED ALLOCATIONS AND CUCKOO HASHING

at least 1/2, and after ¢, yn' =/ + o(n'~1/¥) balls are thrown at least one collision

has occurred with probability at least 1/2.
(d) How close can you make the constants c; x and ¢ ;?

Exercise 17.15: In our analysis for cuckoo hash tables we showed that the largest com-
ponent size was O(log n) with high probability. Here we provide part of an alternative
proof of this result in the G, , model, using an analysis that makes use of Cayley’s
formula. Consider a random graph G chosen from G, ,, with p = ¢/n for a constant
c< 1.

(a) Let X; be the expected number of tree components on exactly k vertices for a ran-
dom graph from G, , with p = ¢/n for a constant ¢ < 1. A tree component on k
vertices will be connected with k — 1 edges, and will have no edges to the other
n — k vertices. Show that

k—1
_ n k2 E _ E kn—k(k+3)/2+1
ElXd = (k) k <n) (1 n) ’

(b) Show that for 1 < k < \/n,
. (I—ctnok
E[X;] < C@e

for some constant C for large enough n.
(c) Using the expression for E[X;], show that

E[Xi1] 1\ !¢ c\n—k-2
e =o-n(1+g) (-9

EXen] _ 1_f el —e(—k/m) (l_f)_2
EXd —\n o

(d) Show that xe!™ < 1 for x > 0, and conclude that
-2
ElX1] _ (1 _ g) .
E[X;]
(e) Using the above, argue that the probability that there is any tree component with

more than /i vertices in G is o(1/n), and that therefore the maximum size of a
tree component of G is O(log n) with probability 1 — o(1/n).

and in turn

n

Exercise 17.16: Complete the argument from Section 17.5.2 to show that the failure
probability for standard cuckoo hashing is at least €2(1/n).

Exercise 17.17: Write code to implement the following experiment. You will build a
cuckoo hash table using two choices per item and one item per bin, with an array of
size 22°, and you will insert 514,000 items into it. (This is a bit more than than 49%
of 22°.) You have to decide how many moves you will allow before deciding a failure
has occurred; 200 should be sufficient. If during the insertion process an item cannot
be inserted, place the item in a stash and continue inserting the remaining items.
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17.6 EXERCISES

Perform 100,000 trials. How often would you need a stash to hold an item? How
often would a stash that can hold one item suffice? Two items?

Exercise 17.18: We show here one way to derive Cayley’s formula. A directed rooted
tree is a tree with a special root vertex, and all the edges in the tree are assigned a
direction, with all edges directed away from the root. We count the number of sequences
of directed edges that can lead to a directed rooted tree in two different ways, and use
it to calculate an expression for 7 (k), the number of distinct labeled trees on k vertices.

(a) We create an ordered triple as follows. We first choose a labeled but undirected
tree. We next choose a vertex as a root, and now we can think of the tree as being a
directed rooted tree. Finally, we choose one of the (k — 1)! possible permutations
of the directed edges. We can think of our choices of labeled tree, root vertex, and
edge permutation as an ordered triple.

Show that there is a one-to-one correspondence between these ordered triples
and sequences of directed edges on k vertices that lead to a directed rooted tree.
Explain why this shows that the number of sequences of directed edges that can
lead to a directed rooted tree on k vertices is (k!) - T'(k).

(b) Now suppose instead we start with an empty graph, where we think of each vertex
as initially its own rooted tree (with no edges), and add directed edges one at a
time. At each step we will have a forest of directed edges. After £ steps the forest
will have k — € roots, so that after k — 1 edges are added, we will have a directed
rooted tree. At each step we choose an edge to add by first choosing any of the
k vertices in the graph. This vertex will be in one of the trees in the forest. We
then choose a root from another tree to connect to, with the edge directed from
the first vertex to the second. This removes one of the roots from consideration,
so each step reduces the number of roots by one. Show that there is a one-to-one
correspondence between sequences of directed edges that lead to a directed rooted
tree and the sequences of edges that can be chosen in this manner, and show that
there are k*~!(k — 1)! ways of choosing the sequences of edges as above.

(c) Argue from the above steps that 7'(k) = k*—2.

Exercise 17.19: Suppose we consider the effects of adding a stash that can hold a
single item, with standard cuckoo hashing using two choices and one item per bin.
In this case, we can consider two ways to fail; we might have a single component of
k vertices with at least k 4+ 2 edges, or we might have two disjoint components, one
with k; vertices with at least k; + 1 edges and one with &, vertices with at least k; + 1
edges. By extending our previous analysis regarding components and edges, show that
the probability of having a failure with cuckoo hashing when using a stash that can
hold one item is O(1/n?).

Exercise 17.20: Write code to implement the following experiment. You will build a
cuckoo hash table using four choices per item and one item per bin, with an array of
size 229 If all choices are full, choose one of the items to kick out randomly. (You may,
if you like, optimize after the first move on an insertion by not allowing yourself to
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choose to place an item in a bin that it has just been kicked out of at the last step.) You
have to decide how many moves you will allow before deciding a failure has occurred;
200 should be sufficient. Load the table until you reach an item that cannot be placed.
Record the load, or the fraction of the array that has been filled; that is, the number
of items divided by 2?°. Repeat the experiment 1000 times. What load level seems
safe with four choices? How does this compare to Theorem 17.11? (Theorem 17.11 is
about the existence of a valid assignment, not about this placement algorithm, and is
an asymptotic result. It is therefore not necessarily expected that the experiment should
achieve the performance suggested by the theorem.)

Exercise 17.21: Modify your code above so that you can experiment with varying
numbers of choices per item and varying numbers of items per bin. For different values
of these parameters, determine (approximately) the load where the failure probability
appears to be nontrivial and compare to Theorem 17.11.
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