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1 Review of Basic Probability

In any probability experiment, the set of all possible outcomes is often called sample space and denoted by
Q. We typically wish to study the probability of certain subsets of the sample space; these subsets are called
event. It is important to note that it may not be possible to “talk about” probability of every subset of the
sample space!

1.1 o-Algebra and Probability Space:

To overcome this difficulty, the notion of o-algebra (also known as o-field) has been introduced. It is defined
as follows.

Definition 1.1 (o-Algebra). A o-algebra over a set Q, is a set F C 2 of some subsets of Q) which satisfies the
following properties.

D QeF
(ii) (closed under complements) for every A € F, we have Q\ A € F
(iii)) (closed under countable unions) for every countable collection A; € J foreveryi € N, we have | JicyAi € F

A o-algebra is often denoted by (Q,F). We observe that the second and third properties o-algebra
together imply closeness under countable intersections due to De Morgan’s Law: for every countable collection
Ai € T for every i € N, we have [y
o-algebra together imply that () € F. In a o-algebra, Q is called the sample space and elements of F are called

A; € F. We also observe that the first and second properties of

events. Below are some examples of o-algebra.

Example 1.1 (Examples of o-algebra). Following are few examples of c-algebra.
1. ({Head, Tail},{{Head},{Tail},{Head, Tail}, 0}) is a o-algebra.
2. More generally, let Q be any set. Then (Q,29) is a o-algebra.
3. Let Q be any set. Then (Q,{Q, 0}) is a o-algebra.

4. Let Q =R, O be the set of all open sets in R, and B be the smallest set of sets that contains O and satisfies
all the properties of o-algebra (for example, the power set 2F of R contains O and satisfies all the properties
of o-algebra but it is not the smallest set). Then (R, B) is a o-algebra which is popularly known as the
Borel o-algebra. It is important to note that B # 2R. However, B is so rich that one often struggles to find
a set which does not belong to B*.

A probability distribution (also called probability measure or probability function) is defined on a o-
algebra as follows.

Definition 1.2 (Probability distribution). Given a o-algebra (Q,JF), a probability distribution P on it is a
function P : F — [0, 1] which satisfies the following properties.

@ PlQl=1

IFor an example of a set which is not a Borel set, refer https://en.wikipedia.org/wiki/Borel_set#Non-Borel_sets


https://en.wikipedia.org/wiki/Borel_set#Non-Borel_sets

(i) (Pis countably o-additive) for every countable collection A; € F,1 € N of pairwise disjoint sets in F, we

have P [Uien A ZCP

ieN

A probability distribution is often denoted as (Q, F, P).

1.2 Discrete and Continuous Probability Distributions:

A probability distribution P on a c-algebra (Q, F) is called a discrete probability distribution if Q) is a countable
set. Otherwise P is called a continuous probability distribution. A discrete probability distribution on a o-
algebra (Q, 2%) is often described by what is called a probability mass function (pmf for short) p : Q — [0, 1]
which specifies the probability of every element w € Q. The probability of any event & € 29 is defined as
P(€) = 3_ee P{w}). On the other hand, a continuous probability distribution on (R, B) is often specified
by what is called a probability density function (pdf for short) f: R — R>o such that j x)dx = 1. The
probability of any event € € B is defined as P(€) = [, f . The following corollary follows from the
definition of a probability density function.

Corollary 1.1. Let f be a pdf on (R, B). Then, for every & € B, we have [,, f(x)dx € [0, 1].

Proof. Since the function f never takes negative value, we have [,; f(x)dx > 0. On the other hand, we have
the following chain of inequalities: [, f(x)dx < ft;’z f(x)dx = 1. Again the inequality follows from the fact
that f never takes any negative value. O

Let us now look into some important examples of probability distribution.

> The function p : {0, 1} — R>( defined as p({0}) = A, p({1}) = 1 — A for any A € [0, 1] on the o-algebra
({0, 1}, 2%1}) is a probability distribution. This distribution is called the Bernoulli distribution.

> Let n € N be any natural number. Let us define Q = x € N:x < n. Then the functionp : Q —
R defines as p(k) = (})A%(1 —A)"* for any A € [0, 1] on the o-algebra (Q,2?) is a probability
distribution. This probability distribution is called the Binomial distribution.

> The function p : N — R defined as p(n) = 672!7‘“ for any A € R for n € N on the o-algebra (N, 2N)

is a probability distribution. This distribution is called the Poisson distribution.

> The function p : N — R defined as p(n) = A(1 —A)™ for any A € (0, 1) for n € N on the o-algebra
(N, 2%} is a probability distribution. This distribution is called the Geometric distribution.

> Let Q be any finite set. The function p : QO — R, defined as p(w) = /0| on the o-algebra (Q, 2?)
is a probability distribution. This distribution is called the discrete uniform distribution.

> Let a,b € R with a < b. Then the function f : R — Ry, defined as f(x) = /(v—a) for every
x € [a, b] and f(x) = O for every other x on the c-algebra (R, B) is a probability density function. This
distribution is called the continuous uniform distribution.

2Can you see another critical use of the fact that B does not contain every subset of R? The integral is defined for every subset of B
but not defined for some subsets outside B. The proof of these claims are out of scope of the course. Interested people are advised to
take a course on measure theory and probability theory.
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> The function f : R — R defined as f(x) = e 2 forany p € R, 0 € R.g for every x € R on the

V2mo?
o-algebra (R, B) is a probability density function. This distribution is called the normal distribution or
e—%/2)

Gaussian distribution. If © = 0 and o = 1, then f(x) =
called the standard normal distribution.

T and the corresponding distribution is

> The function f : R — R defined as f(x) = Ae™** for x > 0 and f(x) = 0 otherwise for any A €
(0, c0) on the c-algebra (Q, 2¢?) is a probability distribution. This distribution is called the exponential
distribution.

1.3 Cumulative Distribution Function:

Let P be any probability distribution on a c-algebra (Q,JF) with Q C R and for every x € R, we have
{we Q:w < x} € F Then the cumulative distribution function (often abbreviated by CDF) or simply
distribution function ¥ : R — [0, 1] is defined as F(x) = P{w € Q : w < x}]. The following properties of
CDF are easy to prove from the definition itself (hence left as an exercise). Let F be a CDF of a probability
distribution P.

> & is a non-decreasing function.

> & is right-continuous. Can you find an example of a probability distribution where the corresponding
CDF is not left-continuous? (Hint: very easy!)

> limy__o F(x) = 0 and lim,_,o F(x) = 1.

>> Let P be a continuous distribution on the o-algebra (R, B) with pdf f. Then probe that %(F) =f.

1.4 Conditional Distribution:

Let (Q,J,P) be a probabilities distribution and € € F be an event such that P(&) # 0. For any event A € F,

the conditional probability of A given &, denoted by P(A|E), is defined as TEPA(Q)S ),

1.5 Independence:

Let (Q,F,P) be a probabilities distribution and A, B € F be any two events. Intuitively speaking, we say
that the events A and B are independent if the conditional probability of A given B or vice a versa is the
same as the probability of B given A or vise a versa. That is P(A|B) = P(A). The drawback of taking this
as a definition of independence is that it does not work if P(B) is 0 (in this case, P(A|B) is undefined). We
observe that P(A|B) = P(A) implies P(ANB) = P(A)P(B) and we take the later expression as the definition
of independence since it does not need to assume P(A) or P(B) to be non-zero. That is, we would say that
any two events A and B are independent if we have P(A N B) = P(A)P(B).

1.6 Random Variable:

Intuitively speaking, a random variable is a function which maps the outcomes of a random experiment
to numerical values which helps us understand the random experiment easier. Obviously, it cannot be any
arbitrary function since it needs to “respect” the properties of the probability distribution and o-algebra



discussed above. A random variable is called a real random variable if it maps to the set of real numbers. In
this course, we need only real random variables. It is formally defined as follows.

Definition 1.3 ((Real) Random Variable). Let P be a probability distribution on a o-algebra (Q, ). A random
variable X : Q — R is a function such that for every Borel set A C R, the set {w € Q : X(w) € A} belongs to
F; that is, the inverse image of every Borel set is an event (so that we can talk about the probability of it).

Given a random variable X defined on a probability distribution (Q,J,P) and a Borel set A C R, the
probability that X takes its value in A is Pr[X € A] = P{w € Q : X(w) € A}). We observe that if the
probability of every Borel set in R for a random variable X is somehow specified, then we do not need to
bother about the underlying probability distribution (Q, &, P) and work exclusively with the random variable
X along with the Borel o-algebra (R, B) since all the information about P is already available. In this case,
the distribution and CDF of P induces a corresponding distribution and CDF on the Borel c-algebra (R, B)
which are called respectively the distribution and CDF of the random variable X. A random variable is
called discrete if the underlying probability distribution is discrete. For a discrete random variable X, the set
{x € R : Pr[X = x] # 0} is countable and is called the support of X. Similarly, a random variable is called
continuous if the underlying probability distribution is continuous. The proof of the following facts are left
as exercises.

Fact 1.1. > Let X be a random variable and ¢ : R — R a continuous real valued function. Then &(X) (or
more formally, ¢ o X) is also a random variable.

> Let X and Y be two random variables. Then X +Y,X — Y, XY are also random variables.

1.7 Expectation of Random Variable:

Intuitively, the expectation of a random variable is its average value weighted by corresponding probabilities.
Concretely, let X be a discrete random variable with support 8. Then we say that the expectation E[X] of X
exists if the sum ) ¢ [x|Pr[X = x] converges®. If E[X] exists, then we define E[X] = > xes XPr[X =x]. The
following fact is easy to prove from the definition of convergent series.

Fact 1.2. Let X be a discrete random variable. If expectation of X exists, then ) . s xPr[X = x] converges to a
unique real number.

Similarly, if X is a continuous random variable, then we say that the expectation E[X] of X exists if
ffz [x|f(x)dx converges and If E[X] exists, then we define E[X] = jfgj xf(x)dx. The following fact is easy to
prove again from the definition of convergence.

Fact 1.3. Let X be a continuous random variable. If expectation of X exists, then f:: xf(x)dx converges to a
unique real number.

3Pay special attention to the fact that we demand convergence of 2 xes |XIPr[X = x] instead of } ¢ xPr[X = x]. In other
words, we demand that the series }_| . x Pr[X = x] must converge absolutely for expectation to exist. Without absolute convergence,
it may be possible to rearrange the terms in the series er s X Pr[X = x] to obtain different answers (this is called the Riemann
Rearrangement Theorem or the Reimann Series Theorem)! To see an example, consider the series1—1+1/2—1/2+1/3—1/3+...
converges to 0 but does not absolutely converge (the series1+1+1/2+1/241/3+1/3+... diverges). Let us rearrange the above
series as follows: 1 +1/2—1+4+1/3+1/4—1/2+ ... converges to In 2. A series which converges but does not absolutely converge
is called a conditionally convergence series.



We now prove the most important property of expectation: it is a linear function.

Lemma 1.1 (Linearity of Expectation). Let X and Y be two random variables both having their expectations
and c¢ any real number. Then we have E[cX + Y] = cE[X] + E[Y].

Proof. We prove the result for the case when both X and Y are discrete random variables. The same technique
can be adopted to prove the result for the cases when both X and Y are either discrete and continuous random
variable. The proof for the general case is out of scope of the course. Let Z = X + Y. Since X and Y are
discrete random variable, the support S(Z) of the random variable ¢X + Y is countable (since it is a subset of
the union of the supports of X and Y). The existence of E[Z] follows from the chain of inequalities below.

Y laPriz=z= ) Z (ex +y) Pr[X = x| Pr[y =]

zeS(2) XE€S(X) yeS(Y
< D Z (lex| PrIX = x] Pr[Y = y] + ly| Pr[X = x] Pr[Y =y))
xeS(X)yesS(Y)
= Z Z [x| Pr[X = x] Pr[Y = y] + Z Z [y Pr[X = x] Pr[Y = y]
x€S(X)yeS(Y) x€S(X) yes(yY)
= |c| Z [x| Pr[X = x] Z Pr[Y =yl + Z [yl Pr[Y = y] Z Pr[X = x]
x€S(X) yes(y) yes(Y) x€S(X)
=lcl Y KPrlX=xl+ ) |ylPrlYy =yl
x€S(X) yeS(Y)

The inequality above follows from triangle inequality. Hence } , s, |2z|Pr(Z = z] converges since both
ers Ix\ Pr[X = x] and Zy es(y) ly| Pr[Y = y] converge. From the definition of expectation of Z, we now

have the following.

ElcX+Yl= ) zPriz=2

z€S(2)

= D> D (ex+y)PriX =x]Pr[y =y

xeS(X)yeS(Y)

— Z Z (exPr[X = x] Pr[Y = y] +yPr[X = x] Pr[Y = y])

x€S(X)yeS(Y)

= Z Z (exPr[X = x] Pr[Y =y] + Z Z yPr[X =x]Pr[Y =y])

x€S(X)yeS(Y x€S(X)yeS(Y)

= Z CxPrDC:x} Z Pr[Y =yl + Z yPr(Y =yl Z Pr(X = x]
XES(X) yes(Y) yes(Y) x€S(X)

=c Z xPr[X =x] + Z yPr[Y =yl
xES(X yesS(Y)

= cE[X] +E[‘é]

The second equality follows from the definition of support (of Z); the fourth, fifth, and sixth equality follows
from the existence of expectation of Z, cX, and Y. O

Repeated application of Lemma 1.1 gives us the following.

Corollary 1.2. Let X;,1 € [n] be n random variables having individual expectations for any natural number
n > 1. Then we have E[X1 + - - + X] = E[X1] + - - - + E[X].



1.8 Variance of Random Variable:

Let X be a random variable whose expectation exists and equal to u € R. If the expectation of (X —p1)? exists,
then we say that the variance of X, denoted by var(X) exists and it is equal to E[(X — w)?]. The following
lemma proves an often useful formula for the variance.

Lemma 1.2. Let X be a random variable whose both expectation and variance exist. Then we have var(X) =
E[X?] — (E[X])2

Proof. We have the following chain of equalities.

var(X) = E[(X — p)?]

=E[X* — 2uX + p?]
= E[X?] — 2uE[X] + 12
=E[X? — 2pu® + u?
= E[X?] — (E[X])
The third inequality follows from the linearity of expectation and the fact that u is a constant. O

For any random variable X, we observe that var(X) is the expectation of a non-negative random variable,
namely (X — pn)2. Hence, var(X), if it exists, is always non-negative. This proves the following result.

Corollary 1.3. Let X be a random variable whose both expectation and variance exist. Then we have E[X?] >
(E[X])2.

Later in this course, we may see a generalization of the above Corollary to any convex function; this
generalization is known as Jensen’s inequality.

1.9 Conditional Expectation:
Conditional Expectation given an Event:

Let X be a random variable and A € B be a Borel set with Pr[X € A] # 0. Then the conditional expectation of
X given A is the expectation of the random variable X|A. For any Borel set C € B, the probability Pr[X € C|A]

that X belongs to € given A is defined as Prgff[%” . Hence the formula for condition expectation of X given A
is as follows. Below, 1 4(x) is the indicator random variable for the event A: it takes value 1 if x € A and 0
otherwise.
E[XAl 2 xesup(X)nA xprp[f@:{]’d if X is a discrete random variable
ff;’ x1 4(x) ;r([fq)} dx if X is a continuous random variable

Conditional Expectation given another Random Variable:

Let X and Y be two random variables defined on same underlying probability space (Q, F, P). In this subsec-
tion, we will restrict ourselves to the case where Y is a discrete random variable* (observe how many things

“4Conditional expectation given some continuous random variable is more non-trivial. Interested readers are referred to Section 1.6
of the book “Probability: Theory and Examples” by Durrett, R.



will break down in the following lines without this assumption). For every y in the support of Y, let &, be
the event that the random variable Y takes value y. Then the expectation E[X|Y = y] of the random variable
X given Y =y is defined as E[X|Y = y] = E[X|E,]. Observe that, for every y in the support of Y, E[X|Y = y] is
some real number. Hence, E[X|Y = ] is a discrete random variable (can you see why E[X|Y = ] is a discrete
random variable even when X is a continuous random variable?) taking value E[X|Y = y] with probability

_ !
2y eSup(Y):ELX Y=yl =E[xy—y’) PTTY = Y'L.

10



2 First Few Examples Randomized Algorithm

2.1 Types of Randomized Algorithms

A randomized algorithm has access to coins with probabilities of head being any real number p € (0, 1).
Randomized algorithms can broadly be classified into two types: (i) Las Vegas type randomized algorithm:
this type of randomized algorithms always output the right answer on all instances; however the running
time depends on the outcome of the coin tosses, (ii) Monte Carlo type randomized algorithm: this type
of randomized algorithm takes similar time irrespective of the outcomes of the coin tosses; however it
may sometime answer wrongly. For Las Vegas type randomized algorithms, we study the expected time
complexity (the expectation of the random variable which denotes the number of steps the algorithm takes).
For Monte Carlo type randomized algorithm, we study the probability that the algorithm outputs wrongly.
We now see some examples of both types of algorithms. We will now see a Monte Carlo type randomized
algorithm for our first problem which is popularly known as polynomial identity testing.

2.2 Polynomial Identity Testing (PIT)

Our first problem is the Polynomial Identity Testing problem. In this problem, we are given two polynomials
p and q in F[Xy, X3, ..., X,] (that is, p and q are polynomials in variables X1, X3, ..., X, over a field F) and
we need to compute whether p and g are the same polynomials. That is whether p — q is a O polynomial.
Before going forward, let us first define what is a polynomial.

Definition 2.1 (Polynomial over Fields). A polynomial p(Xj, Xz, ..., Xy) in nvariables X1, Xs, ..., X, over a

...............

.....

...............

monomial.

For any field F, we denote the set® of all polynomials over the field F in variables Xi,...,X, by
F[X1,...,Xn]. Observe that polynomials, as defined Definition 2.1, can as well be treated as formal ob-
jects or formal expressions. We say two polynomials p and q are identical if p — q is the zero polynomial. Let
us see few examples of polynomials.

Example 2.1 (Polynomials). 4X§X% —10.3X1 X5 € R[Xq, Xa], X‘;3 + X%Xz + XoX3 € Fy[X1q, X, X3), etc.

One invariant of any polynomial is its degree. For polynomials in more than one variable, the are many
notion of degree of a polynomial (all of them coincides with our usual notion of degree for polynomials in
single variable). In our context, total degree will be relevant which is defined as follows.

Definition 2.2 (Total Degree of Polynomial). Let p(X1,X2,...,Xn) = 3 (i, i jenn Qi X Xl bea

..........

polynomial in n variables X1, Xa, ..., Xy, over a field F. The total degree of a monomial a;, in)Xil1 o Xin s

,,,,,

defined as Z]T;l ij. The total degree of a polynomial is the highest total degree of its monomials.

SA field, informally speaking, is an algebraic structure which has addition and multiplication as two basic operations and allows
division by non-zero elements. Common examples of field are the field of rational numbers, the field of real numbers. These are
examples of infinite fields (contain infinitely many elements). However, fields can as well be finite. For example, for any prime number
p, there is a field, denoted by F},, which contains {0, 1,...,p — 1} and additions and multiplications are modulo p.

61t actually posses much richer structure than simply a set. For example, F[X1, ..., Xy,] forms an F-algebra.

11



Example 2.2 (Total degree of polynomials). Total degree of 4X3X3 — 10.3X1Xy is 5 and the total degree of
X3 4+ X2X2 + X X3 is 3, etc.

Any polynomial naturally defines a polynomial function as follows.

Definition 2.3 (Polynomial Function). Let p(X1, Xz, ..., Xn) = 3 (i, i jenn Qipnin) X5+ Xip be a poly-

nomial in n variables X1, X, ..., X, over a field F. Then the function f,, : F™* — F induced by the polynomial
p is defined as f5,(x1,X2, .-, Xn) = 3 (i, i jenn Qinmin) X1 -+ - X7 where x1,%a, ..., xn € F.7

.....

It is immediate that if two polynomials p and q are identical, then their corresponding polynomial func-
tions f,, and f are also identical. However, the converse is not true as the following example shows.

Example 2.3 (Example of two polynomials with same induced function). Let us consider p = X(X—1) € Fa[X]
and q = 0 € Fy[X]. We observe that f,(0) = 0 and f,,(1) = 0. We also have f4(0) = f4(1) = 0. Hence f, and
fq are identical functions from Fo to Fo. On the other hand, clearly, p and q are not identical polynomials.

We now formally define our problem.

Definition 2.4 (Polynomial Identity Testing (PIT)). Given a polynomial p(Xy,...,Xn) € F[Xy,...,Xn], com-
pute whether p is a 0 polynomial or not.

We observe that the problem of computing whether two given polynomials p and q in F[Xy, ..., X;,] are
identical polynomial reduces to the problem of deciding whether the polynomial p — q is identically 0.

Input Format: There are various possibilities for specifying the input polynomial. In our context, we
assume that the polynomial has been specified as a formula; an individual monomial aXil1 ... Xin is specified
by the tuple (a,i1,12,...,1in).

Obvious Algorithm is Inefficient: The obvious algorithm for the polynomial identity testing problem may
be to simply expand the polynomial as sum of monomials, perform necessary cancellations, and output that
the input polynomial is identically 0 if and only if all the monomials cancel. This algorithm, although correct,
does not run in polynomial time since expanding the input polynomial as a sum of monomials may require
writing exponentially many terms. For example, try expanding the polynomial (X; + Y1)...(Xn + Yn) €
R[X1,...,Xn, Y1,..., Yn] and see how many terms it involves.

As of the time of writing, we do not know any deterministic polynomial time algorithm for the polynomial
identity testing problem (we also do not know any proof of non-existence). Indeed, finding a deterministic
polynomial time algorithm for this problem has been a challenging research question for many years. How-
ever, there exists a simple randomized algorithm. To see the intuition behind the algorithm, let us assume for
the moment that the input polynomial p is a real polynomial in one variable. Let d be the degree of p. Then
p has at most d zeros (roots of the equation p = 0). Hence, if we randomly pick a real number x and evaluate
p at x, then with very high probability, p(x) # 0 which allows us to conclude that p is not a O polynomial.
Sadly, this simple degree argument breaks down for polynomials in more than one variable. For example,
consider the real polynomial q = X; X, € R[X1X5]. The set of zeros of q is {(x1,%x2) € R? : x; = 0 or x5 = 0}
which is an infinite set although the total degree of q is only 2. Interestingly, although the number of zeros of
a polynomial in at least two variables can be infinite, the probability argument (that we used for univariate
polynomials) still holds as the famous Schwartz-Zippel Lemma proves.

7Why are we not bothered about convergence in the definition of fp(x1,%2,...,%Xn)?
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2.3 Schwartz-Zippel Lemma

Lemma 2.1. Let p(X1,Xa,...,Xy) be a non-zero polynomial in n variables X1, Xa, ..., Xy, of total degree d
over a field F and 8 C F be any finite set. Let x1,X2, . .., Xn be drawn independently and uniformly from 8. Then

we have the following.

d
Pr p(Xl)XZ:"')Xn) :O] g @

Proof. We will prove it by induction on n. For n = 1, the polynomial p is a univariate polynomial of degree
d over the field F. Then the result follows from the fact that p has at most d roots.

Let us now assume the statement for polynomials on n — 1 variables. Let p(Xj, Xs. ..., X;,) be any poly-
nomial. Without loss of generality, let us assume that there exists at least one monomial in p (X1, Xz...., Xy)
where X; appears; if there exist no such monomial, then p is also a polynomial in X3, X3, ..., X;, and the
result follows from the induction hypothesis. We sample x5, 3, ..., X, independently and uniformly from
8. Let &; be the event that the univariate polynomial p(Xj, x2, X3, ..., Xn) is @ non-zero polynomial. Let us
assume that the event &; has happened. We write the univariate polynomial p(Xj, x2, X3, ..., Xy ) in reduced
form as follows. Let us call the polynomial p(Xj,x2,X3,...,%n) as f(Xy); suppose the degree of f(X;) be
k < d.

k
f(Xl) = p(X1,X2, . ,Xn) = Z Xilqi(XZ,Xg, e, Xn)
i=1
We now sample x; uniformly from 8. Let £, be the event that f(x;) = 0. Then from induction base
case, we have Pr[€,|€,] < ¥/;s|. We now bound Pr[€;]. We first observe that the highest degree of X; in
any monomial of p(Xj, Xz, ..., Xy,) is at least k (why?); let that monomial be ale'r(xz,m, ...,Xn) Where
k/ > k and thus the total degree of the polynomial r(x2,xs,..., %) is at most d — k (why?). Hence, for
p(X1,%2,...,Xn), @ necessary condition is that v(xg,xs,...,xn) = 0 which happens with probabilities at

most (d—k)/|s|. We now bound the probability that p(xi, xa,...,xn) = 0 as follows.

Pr [p(xl,xz, oo Xn) = 0] = Pr[€,] + Priesl€1] Pr(ey]

Pr[&1] + Pr[&€,]&4]

_d-k &
S8 8]

N

d
S|
This concludes the proof of the lemma. O

With Schwartz-Zippel Lemma at hand, our randomized algorithm is quite straight forward. Let us assume
that the degree d of the input polynomial p(Xy,...,Xn) € F[Xy,...,Xy] be strictly less than [F|, thatis d <
|F|. The algorithm samples xq, ..., x, uniformly and independently from F and outputs that p is identically
0 if and only if p(x1,...,%xn) = 0. Observe that the algorithm never makes an error if the input polynomial
is indeed identically 0. It can of course sometimes wrongly declare a non-zero polynomial as identically
0. These type of algorithms are said to have one sided error. It follows immediately from Schwartz-Zippel
Lemma that the error probability of the algorithm is at most 1 — (4/|r|) (the error probability is O if the field
IF is an infinite filed, say Q, R, etc.). We can improve the error probability by running the algorithm ¢ = F/a
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times and outputting that p is identically O if and only if p evaluates to O for every random points. Then
the error probability of the algorithm becomes (1 — (d/r))”¢ < 1/e. The inequality follows from the fact that
1—x < e *forevery x € R.

2.4 Application of PIT: Perfect Bipartite Matching

We now see an application of PIT to the perfect bipartite matching problem. In the perfect bipartite matching
problem, the input is a bipartite graph § = (V = £ U R, &) with its bi-partition of vertices being £ and R
and we need to compute if there exists a perfect matching in §. A matching M C & is a set of edges with
no two of them sharing any end point (vertex). A matching M is called perfect if, for every vertex v € V in
the graph, there exists an edge e € M in the matching which is incident on v. Let us assume that we have
|£] = |R| since otherwise G clearly has no perfect matching.

There are many polynomial time algorithms for solving the perfect bipartite matching problem. Here we
will see a randomized algorithm for it. The idea is to reduce the perfect bipartite matching problem to PIT
and use the randomized algorithm for PIT.

One popular representation of any bipartite graph is by its bi-adjacency matrix. The bi-adjacency matrix
A of the bipartite graph § is a matrix whose rows are indexed by £ and columns are indexed by R. For { € £
and r € R, we have A[{][r] = 1 if {{,r} € € (that is there is an edge between { and r); otherwise we have
Al[r] = 0.

We now reduce the perfect bipartite matching problem to PIT. From A, let us construct another matrix
A" as A'[Q][r] = A[[]X¢,y for £ € £ and r € R where X;,,£ € £,r € R are indeterminates. Hence A’ is a
matrix whose entries are either 0 or some indeterminates. We now define a polynomial p({X¢,,{ € £, €
R} € R{X¢r, £ € £, € R}] to be the determinant of A’. That is,

p= Z sign(n)Hﬂle,n(m

LR tel
The following easy observation is central to our reduction.
Observation 2.1. p is a non-zero polynomial if and only if there is a perfect bipartite matching in G.

Proof. (if part) Let M be a perfect matching in §. The perfect matching M naturally defines a bijection 7
from £ to R as follows: 7t({) = v if {{,r} € M, for { € L. It follows from the definition of a perfect bipartite
matching that 7t is well defined and it is a bijection. We observe that the coefficient of the monomial
Hﬂé,ﬂ( ¢) is 1 in p. Hence p is a non-zero polynomial.

tes
(Only if part) Suppose p is a non-zero polynomial. We observe that monomials of p does not cancel.

So, there exists a bijection 7t from £ to R such that Ay, # O for every { € £. Hence the set of edges
{¢, t(€)}: L € £} forms a perfect matching in G. O

Hence our algorithm for computing whether a bipartite graph has a perfect matching is to use our ran-
domized algorithm for PIT to test whether p is a zero polynomial. Note that, we do not need to explicitly
write p as a sum of monomials (actually doing so may take exponential time and thus would not be efficient).
For our randomized algorithm for PIT to work, we only need to be able to evaluate the polynomial p at some
given points which boils down to computing the determinant of a |£| x |R| matrix which can be done in time
O(]£]*) where O(n®) is the time complexity for matrix multiplication.
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2.5 Analysis of Randomized Quick Sort

In the sorting problem, the input is a sequence of n numbers, and our goal is to arrange these n numbers
in non-decreasing order. We know many efficient sorting algorithms like merge sort which makes O(nlogn)
comparisons. Another popular and practical sorting algorithm is the randomized quick sort. On a high level,
the randomized quick sort algorithm picks a random number x from the set of numbers given as input,
partition the input numbers with x as pivot, and recursively sorts the set of numbers less than x and the
set of numbers greater than x. We refer to any standard text book on algorithms for detailed description of
the randomized quick sort algorithm. Observe that the quick sort algorithm is a Las Vegas type randomized
algorithm. We will now prove that the expected number of comparisons that the randomized quick sort
algorithm makes on any input is O(nlogn). Let the input sequence of numbers be aj, az,...,a,. Let a
non-decreasing sequence of these numbers be af, a},...,al; thatis, a] < aj < --- < a/,. We make the
following observation about the randomized quick sort algorithm.

Observation 2.2. Comparisons between numbers are made only in the partition sub-routine of the quick sort
algorithm. Moreover, for any 1 < i < j < n, the numbers a; and a; are compared (exactly once) if and only if
the first pivot selected from the set {a, : 1 < € < j} is either a} or a}.

Proof. Immediate from the algorithm for partition. O

For 1 < i< j < n, we define a Bernoulli random variable X; ; which takes value 1 if the numbers a} and
a; are compared and O otherwise. Since pivot is selected uniformly at random, the probability that X; ; takes
value 1 is 2/(j—i+1). Then we have E[X;;] = 2/(j—i+1). Let us denote by X the number of comparisons that
the quick sort algorithm makes on the above input. Then we have the following.

Hence, we have proved the following result.

Theorem 2.1. On any input, the expected number of comparisons that the randomized quick sort algorithm
makes is at most 2nlnn = O(nlogn).



3 Standard Concentration Bounds

We have seen that the expected number of comparisons that the randomized quick sort algorithm makes
on any input is O(nlogn). However, this statement does not say anything about the probability that the
randomized quick sort algorithm will make say 10 times the expected number of comparisons. In general,
we would like to have the expected cost of our algorithm low and there should be significant probability
mass around the expectation. This would allow us making statements like the cost of our algorithm is at
most something with high probability. We will now see an array to probabilistic tools which would allow us
to make these kind of statements. Our first tool is the classical Markov inequality.

3.1 Markov Inequality

Theorem 3.1. Let X be a non-negative random variable (that is, X never takes any negative value) with finite
expectation E[X]. Then for any positive real number ¢, we have the following.
E[X]

Pr[%)c}gT

Equivalently, we have the following
1
Pr[x>cEM] < ¢
Proof. Let us prove the result when X is a discrete random variable. Since X is a non-negative random

variable, we have the following.

EX]= Y iPr[X =i
i€eSup(X)
> ) iPrlX =i
i€eSup(X),i>c

> Z cPr(X =1]

ieSup(X),i>c
=c )  Prix=i
ieSup(X),i>c

=cPr[X > c]
O

An important point to note is that the Markov inequality is applicable only to non-negative random vari-
ables (can you find an example of a random variable which takes negative values with non-zero probability
where Markov inequality fails?) Using only the knowledge of the expectation of a random variable, Markov
inequality is tight as the following example shows. Let ¢ > 1 be any real number. Consider a random variable
X which takes value 0 with probability (¢—1)/c and 1 with probability 1/c. Hence, by applying Markov in-
equality on Theorem 2.1, we get that the probability that, on any input, the randomized quick sort algorithm
makes more than 100n Inn number of queries is 1/50.
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3.2 Chebyshev Inequality

We may significantly improve the guarantee that Markov inequality provides if we know the variance of the
random variable. This is popularly known as Chebyshev inequality. Interestingly, Chebyshev inequality can
be easily proved by applying Markov inequality.

Theorem 3.2 (Chebyshev Inequality). Let X be a random variable with finite expectation yw and variance o>.

Then for any any positive real number ¢, we have the following.

2

PriX —pl > o < o
c

Proof. We have the following chain of inequalities.

PrX — p| > c] = Pr{(X — p)? > ¢

E[(X — w)?] . . . 9
< 2 [Applying Markov inequality to the r.v. (X — u)“]
02
=2 [From the definition of variance]

O

Let X be a random variable denoting the number of comparisons that the randomized quick sort algorithm
makes on an input of size n. It can be proved (easily) that the variance of X is @(n?). Then, by using
Chebyshev inequality, we bound the probability that the randomized quick sort algorithm performs more
than 2.1nInn comparisons as follows.

var(X) 1

Pr[X > 2.1Inlnn] < Pr[|X — E[X]| > 0.1nlnn] < 5 = 3
Om2ln“n) O(n"n)

Hence, we have just proved the following result. Observe that the Chebyshev inequality gives much
stronger bound for the number of comparisons of the randomized quick sort algorithm than the Markov
inequality.

Theorem 3.3. On any input, the probability that the randomized quick sort algorithm makes more than (2 +

1 8

e)nlnn comparisons is at most —5—°.
e2ln“n

3.3 Chernoff Bounds

Note that, although Chebyshev inequality provides stronger guarantee than the Markov inequality, it makes
stronger assumption (existence of variance which is equivalent to assuming E[X?] < co) than Markov in-
equality. One may as well make even stronger assumption that E[|X|™] < oo for every n € N (that is the ran-
dom variable under consideration has all the moments) and prove even stronger concentration bound. This
idea is realized in Chernoff bounds (note the plurality here; Chernoff bound, unlike Markov and Chebyshev
inequalities, refer to a type of bounds). Interesting, proof of Chernoff bounds also uses Markov inequality.
Let X;,1 € [n] be n pairwise independent random variables each taking values in {0, 1} with expectation
pwand 8 = Y ', X;. This basic set up can be generalized in some ways like the range of the random variable
X could be [a;, bi] with b; — q; is finite for every i € [n] and/or the expectation of the random variable X;

(2+0(1))

8The probability can actually be proved to be equal to .~ elnlnn\H96] using more sophisticated analysis.
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is w;. However, for sake of simplicity, let us restrict ourselves to the basic setting above. The techniques can
be straightforwardly extended to more general set ups.
Using linearity of expectation, we have that E[S] = nu. The general Chernoff bound is as follows.

Theorem 3.4 (Chernoff Bound (general form)). Let X;i,i € [n] be n pairwise independent random variables
each taking values in {0, 1} with expectation pand 8§ = Y ;" ; Xi. Then for any positive real number § we have
the following.
8 H
Pr {8 > (1 +6)u} < <W>
and

S K
Pr [3 <( —5)@ < ((1 _65)1_5)

Proof. Let us first prove the upper bound. Let « be any positive real number.

Pr [S > (1+ 5)}1} =DPr [e"‘s > e“(”é)”} [Since e™* is an increasing function]
E[e*S] . .
< e o [by Markov inequality]
E[Q“Z{Ll xi}
= ecx(1+6)p.
iy Ele*X] .
— % [independence]
[T (e*pi+ (1 —pi))
= L ex(11o)n [let Pr[f)Ci =1] = pl]
I ((e*=1)pi+1)
- ex(1+3)n
[Ip el v X
RS [1+x<eXxeR]
ele*—1) 3 p:
= eoc(l—O—é)p
n
— elle*—1)—x(148))n (1= Zpi]
i=1

The above inequality holds for any real number « > 0. Hence, to make the above inequality tightest, we
would like to pick some « which minimizes f(«) = (e*—1)— «(1+6). We have f'(«) = e*—(1+9), " (x) =
e* > 0 for every real number « > 0. Hence, the function f(x) is minimized for « = In(1 + §). By putting
« =In(1 + 9) in the above inequality, we have the following.

eé w
Prs > (1+5)p} < ((1+6)1+‘”>

Performing similar calculation for the lower bound, we can obtain the desired lower bound (Home work).
O

As we can see, the general form of the Chernoff bound is not very intuitive and may be harder to ap-
ply/remember in practice. To address that, we now see various simplified useful (of course less general and
weaker) forms of the general Chernoff bound. All these forms can be proved by elementary calculus (and
can be observed by simply plotting relevant functions in any software).
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o> [Multiplicative form (useful for small 6)] For 4 € [0, 1]
ézu Bzu
Prls>(1+8)] <o Prs<(1-8m|<e
> [Additive form for large deviation only (not applicable for small deviation)] For any R > 2ey,
Pr [s > R} <2 R
> [Two-sided form] For 6 € [0, 1]
52u
Pr {\8 — = 51@ <23
> [Large deviation] For any k > 1

3.4 Application

We will now see few applications of these bounds.

3.5 Flipping Coin

Suppose we toss a coin n times which comes up head with probability p € (0,1). Let X; be a indicator
random variable for the event that the i-th coin toss comes up head for i € [n]. Let X be a random variable
denoting the number of times the coin comes up head. Then we have, E[X;] =p,X =Y ' ; Xi, E[Xi] = pn.
Then, using Chernoff bound, we have that Pr [|X — pn| > &pn] < 2¢=°"""/2_ In particular, for 5 = ¢/(pvm),
we have Pr [|X —pn| > cy/n] < 20"/ L 262,

3.6 Coupon Collector’s Problem and Union Bound

Suppose we have a bag containing n different coupons. At every step, we draw a random coupon from
the bag. We would like to know how many times we need to draw coupons to observe all the n different
coupons. For i € [n], let X; be a random variable denoting the number of coupons we draw after observing
i — 1 different coupons till we observe another new coupon. Let X be a random variable which denotes
the number of time we draw coupons till we observe all the coupons. Then we have X = Y ' ; X;. We
observe that X; is a geometric random variable with parameter (n—i+1)/n (in this case, it is the probability of
observing a new coupon in next draw). Then, we have E[X;] = "/(n—i+1)? and, by linearity of expectation,
EX]=n} i ;Yn-i+1)=n)Y ], YVi=nH, <n(l+Inn)=0(nlnn).

Using Markov inequality, we have that Pr [X > 2nH,] < 1/2. We now see how we will get much stronger
bound by using Chebyshev inequality. For that, let us first compute the variance of X. We first observe that
the random variables X, i € [n] are pairwise independent. Hence, we have the following.

var(X) = Zvar(xi) [Since X;, i € [n] are independent]

i=1

9Expectation of a geometric random variable with parameter p is 1/p.
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n 2
n . . . . (1—p)
< Z | [variance of a geometric r.v. with parameter p is 5]
+ P
i=1
— 1
2

sn Z?z

i=1
B 22
T 6

Now by Chebyshev inequality, we have Pr [X > 2nH,]| < Pr[|X — E[X]| > nH,] < O(/m®n). However,
we can significantly improve the bound above by using simple union bound as follows. Let us call the n
different coupons as Ci, 1 € [n]. Suppose we draw k times. Let &; be the event that the coupon C; is never
been observed. Then we have the following.

1\K
Pre;| = (1 - ) T
n
Now using union bound, we have the following.
n
Pr [U?:1 51} <) Prlg]=ne /"
i=1
Hence, for k = 2nH,,, we have the following.

2
Pr [U{‘:l Ei} <ne 2t 2

3

Union Bound: For any finite collection of events A;,1 € [n], the union bound states that Pr [U{‘:l Ai} <

i Pr[Ai].

3.7 Balls and Bins, Birthday Paradox

Suppose we randomly put n balls into m bins. That is, we assign each ball to one of the m bins uniformly
randomly. Observe that this simple setting models important problems like hashing a universe of size n to
another universe of size m, etc. We would like to analyze various events of this experiment. For example,
how many balls we need to throw to m bins so that the probability of collision is at most 1/2? With fix n and
m, how many balls the heaviest bin contains?

3.7.1 Probability of Collision: Birthday Paradox

Let us begin with the first example which would lead us to the famous birthday paradox. Let C be the event
that there is a collision. Then using elementary probabilistic argument, we have the following.

#tel= (1-5) (-2) - (-5F)

Using the inequality 1 + x < e* for every x € R, we bound Pr [€] as below.
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n—1
Pr [C] < exp {anl} = exp {H(Zml)}

From above bound, we observe that for n = 14+/2m, we have Pr [C] < V/e. Consider in a party, n people
have gathered. Suppose that their birthdays are uniformly distributed over the years. Then, for n > 23, we
have that Pr [€] < V/2. This fact is known as birthday paradox.

3.7.2 Expected Maximum Load

Let us assume that n = m. Let X;,1i € [n] be the random variable denoting the number of balls in the i-th
bin. We now bound the probabilities that X; > k for any positive integer k with 1 < k < n; that is the i-th
bin contains at least k balls.

Pr[X: > K] < (L‘) (Dk <(%)° <T11>k ()

The first inequality follows from union bound and the second inequality follows from that fact that

(1) < (%)k which can be proved by Starling’s inequality. Using the above inequality, we now bound

maximum load on any bin.

Theorem 3.5. With probability at least 1 — X, every bin has at most 22 balls.

Inlnn

Proof. By putting k = 31‘”; in the above inequality.

Inln

31nn elnlnn il
-
Pr [X; > lnlnn < 3Inn )
elnlnn ) A
Inn
=ex 37(1nlnlnn—1nlnn)
Plininn
3lnnlnlnlnn
=expq—3lnn+ ——-——
Inlnn
< exp{—2Inn}
1
=5
Now using union bound, we have the following.
rl3iem, e s 2hn| 1

Inlnn| " n

Theorem 3.5 allows us to upper bound the expected value of maximum load.

Corollary 3.1. Let X be the random variable denoting the maximum load of any bin in the balls and bin

experiment with n balls and n bins. Then we have E[X] < 1?11111111 + 1.
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Proof. Theorem 3.5 proves the following.

Inlnn n

On the other hand, since there are only n balls, we have the following.

1 1
Pr [“ > x> 1?11?11] Sh
We now bound E[X] as follows.
EX] = ) xPrX =1
x=1
3lnn
InlInn
= ZxPr x] + Z x Pr[X
x=1 x=phRt+1
1311nn n
3lnn «—
lnlnnZP =x]+n Z Pr[X =
x=3pa+1
3lnn 3lnn 3lnn
=——Pr|X< +nPrin>X>
Inlnn Inlnn Inlnn
3lnn
S lnlnn

O

We now show that the bound in Corollary 3.1 is tight up to constant factors. We will prove this by what

is called the “second moment method.” The second moment method is used to show that some non-negative
0} var(X)

E[X]?
which can be proved using Chebyshev inequality. On the other hand, the “first moment method” is used

random variable X takes non-zero values with high probability using the inequality that Pr[X =

to prove that some non-negative random variable X takes the value zero with high probability using the
inequality that Pr[X = 0] > 1 — E[X] which can be proves using Markov inequality.

Theorem 3.6. Let X be the random variable denoting the maximum load of any bin in the balls and bin

experiment with n balls and n bins. Then we have E[X] > %

Proof. Let X; be the random variable denoting the number of balls in bin i. Then we have the following for
any non-negative integer k.

n\ /1\" 1\"k nak /1\%1 1
o ()Y (-2 ()2

The first inequality follows from elementary probability and the second inequality follows from the fact
that () > (%)k For k = 8™ the above inequality gives us the following.

3Inlnn’

=n

wl—

pr {xi > Inn ] > 1 _
3lnlnn (Inn)smmw
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Let Y; be the indicator random variable that the i-th bin contains at least 2"~ balls. Let Y = > Y.

3lnlnn
Then we have E[Y;] > n~3 and thus E[Y] > n3 by linearity of expectation. We now upper bound the
probability that Y takes value zero using the inequality Pr[Y = 0] < ‘]’gf%). For that, we now bound var(Y).

We have var(Y) = Y [, var(Y;) + Z#j cov(Yi,Y;). Observe that the variables are negatively correlated
since the fact that some bins have more balls reduces the probability that some other bin also has more
balls. Hence, we have var(y) > Z{‘:l var(Y;). Since Yi,i € [n] are Bernoulli random variables, we have
var(Y;) < 1. Hence, we have var(Y) < n and thus Pr[X < 311;1’1;‘“} =PrlY =0] < s = n—3. We now lower
bound E[X] as follows.

> Z xPr[X = x]

;_3lnn
= inln +1

3lnn Z
> _— g
i=ppn+1

> (o 1) (1-0%)

3lnn
“Inlnn

The last inequality holds for large enough n. O

3.8 Boosting Success Probability with Few Random Bits: Two Point Sampling

Suppose we have a randomized algorithm A for some decision problem TT that has one sided error. That is,
for every YES instance x, the algorithm always answers correctly. On the other hand, if x is a NO instance,
then the algorithm outputs correctly with probability at least 1 (for example, our algorithm for PIT has
this kind of one sided error). That is, whenever the algorithm outputs NO, the input instance is indeed a
No instance. These type of randomized algorithms are sometimes called zero error randomized algorithm.
Suppose the algorithm A uses d random bits. The randomized algorithm A can be equivalently viewed as
a deterministic algorithm which, along with usual input, also takes a bit string r € {0,1}¢ as input (any

randomized algorithm can be viewed like this). Suppose we wish to decrease the success probability of our

Since A always correctly answers YES instances, let us focus on NO instances only. Let x be any NoO
instance. Since the success probability of A is at least 1/2, there exist at least 29~ possible r € {0, 1}¢ such
that PrlA(x, r)] = YES; we call these values of r as the witnesses of x. An immediate (obvious) approach to
boost the success probability of A is to run A(x, 1) for . €g {0,1}¢,k € [Ign] and output YES if and only
if A(x, ) outputs YES for every k € [Ilgn]. The probability that the algorithm outputs YES on a No instance
1 1

sew = - Lhis approach works perfectly unless randomness is scarce. This approach uses dIgn

random bits. Can we bring down the error probability to % by using less number of random bits? One way

algorithm from J to

x is at most

to do this is 2 point sampling.
The above boosting approach uses every random string 1,1 € [Ign] only to compute A(x,1;). The idea
is to first sample two random strings 1,12 € {0, 1} and generate many “pseudo-random” strings s;,j € [t]
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and compute A(x, s;). However, since every s;,j € [t] is generated from r; and r,, they (loosely speaking)
will not be “completely” independent'?; the 2 point sampling will ensure that the random variables s;,j € [t]
are pairwise independent. Before we proceed further, let us prove an important lemma which is the central
machinery of 2 point sampling.

Lemma 3.1. Let p € N be a prime number and a,b €g F;, be chosen independently and uniformly randomly
from F,, (formally, a and b are random variables distributed uniformly and independently over F,,). Then the
random variables in {ai + b (mod p) : i € [t]} for some t < p — 1 are uniformly distributed and pairwise
independent. That is, for every i € [t] and k € F,,, we have the following (uniform distribution).

Prlai+b =k (mod p)] = %
And, for every i,j € [t],1 # j, and k, k' € [F,,, we have the following (pairwise independence).
Prlai+b =k (mod p),aj+b =k’ (mod p)] =Prlai+ b =k (mod p)]Prlaj + b =k’ (mod p)] = %

Proof. We first prove the first claim as follows.

Priai+b =k (mod p)] = Z Prlai+ b’ =k (mod p)[b = b']Pr[b = b’] [Law of total probability]
b/€eF,
k—b’ 1 . .
= Z Prla= (mod p)lb=b"| = [b is chosen uniformly randomly]
b/eF p
P
1
= Z = [a is chosen uniformly randomly]
P
b/€F,
1
—— [[Fpl =Pl
P P
We now prove pairwise independence.
W R
Priai+ b=k (modp),aj+b =K (modp)] =Pr|a=" _]? (mod p),b= 9 _]? ' (mod p)
1
T p?
=Prlai+b =k (mod p)]Prlaj +b =k’ (mod p)]

The first equality follows from simply solving two equations, the second equality follows from the fact that a
and b are chosen independently uniformly from I,,, and the third equality follows from the first part of the
claim. We have assumed p to be a prime number in the statement. Can you see where we use it in the above
proof? O

Let us now explain how we generate sj,j € [t] from 7 and 1. We define s; = r1j + 12 (mod p) forj € [t].
Our algorithm first samples two random numbers 1, 2 € F}, where p is a random number such that 2P > d,
computes A(x, s;) for every j € [t], and outputs YES if and only if A(x, sj) outputs YES for every j € [t]. Let us
now analyze the error probability of our algorithm. The random variables s;,j € [t] are pairwise independent
due to Lemma 3.1. Hence, the random variables X; = A(x, s;j),j € [t] are also pairwise independent where

10A set of events A;, i € [£] are called independent if, for every subset | C [£], we have Pr [ﬁiemﬂi} = Hie[]] PrlA;i].
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min C min C
k Kk
subject to Xe:me Ve € & subject to Xe:Zfe,i Ve € &
D fuwi= Z fowi  WeVielk D fuwi= Z fowyi  WeVielk
(w,v)e& (w,v)eé
(ILP) Y fuwi=1= Z Flomi vie [k | (LP) > fuwi=1= Z flomi vie [k
(si,v)EE (v, (si,v)EE
Xe < C Vee €& Xe < C Vee &
c>1 c>1
fei€{0,1), Ve &, ie K 0<fei <LVee &, iclk

Figure 1: On the left, we have ILP formulation and on the right side, we have LP relaxation.

Xj is 1 if A(x, sj) outputs NO and O otherwise. Let us define another random variable X = Z)ﬂl Xj. Since
the random variables X; = A(x, s;),j € [t] are pairwise independent, we have var(X) = Z]t pvar(X;) < t/a
where the inequality follows from the fact that X; is a Bernoulli random variable for j € [t]. To bound the
error probability of our algorithm, we observe that our algorithm makes an error for a No instance x if
and only if the random variable X takes the value 0. By linearity of expectation, we have E[X] > t/2 since
E[Xj] > 1/2 for every j € [t]. By Chebyshev inequality, we have the following.

Pr [X:O} <Pr [\fx—E[xH >t/z} <%

Compare the above bound with the 1/4 bound what we would have got by directly feeding r; and r in
A. So, it is excellent that we have reduced the error probability from 1/2 to 1/t by sampling only 2 random
strings. However, this comes at a cost of running time! This phenomenon is called time-randomness trade off:

3.9 Randomized Routing/Rounding: Multi-commodity Flow

Minimizing congestion in a network is a fundamental problem with plenty of applications from managing
road traffics to packet routing in computer networks. An abstraction of these applications is as follows:
Given a graph § = (V, &), a set {(si,t;) : 1 € [k]} of k source destination pairs, and an integer C, compute if
there exist, for every i € [k], a path p; from s; to t; such that, for every edge e € &, the number of paths
Pi,1 € [K] that uses the edge e is at most C.

The problem above is NP-complete. We will now see an approximation algorithm for the congestion
minimization problem. We begin with formulating our problem as an integer linear program (ILP). For
that, we view our problem equivalently as the multi-commodity flow problem where our goal is route 1
unit of flow from s; to t; where every edge carries integral unit of flow (can you prove it formally?). We
introduce variables f.; which takes value 1 if the 1 unit of flow from s; to t; passes through the edge and
0 otherwise. The variable X. denotes the congestion of edge e € £. The ILP formulation of our problem
is on the left side of Figure 1 and on the right side, we have LP relaxation. Do you see the reason for
adding the constraint C > 1? Without this, the integrality gap would be large and we cannot hope to find
sub-polynomial approximation ratio.

Now the idea is that, for every i € [kl, we will pick a path p; from s; to t; randomly in such a way
that, for every edge e € €, the edge belongs to the path p; with probability f. ;. How to pick such a path?
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greedily! Concretely, for i € [k], we pick the path p; one hop at a time as follows. The first vertex of p; is
(obviously) s;. We pick the second vertex of p; as v with probability ZWE‘;‘%:’:’V]’i
suppose we have picked the first { vertices of p; and yet not reached t;. We now prove that the probability
that any edge e = (u,v) € € belongs to the path p; is f.; by induction of the distance of u from s;. Let

= f(s,v),i- Inductively,

the (random) path p; be (s; =)uj, us,...,ur(= t;). We may assume without loss of generality that there
is no repetition of vertices in p; by working with an extreme point solution (not any optimal solution)!!. It
follows immediately from the description of our algorithm that Pr[(s;, v) belongs to p;i] = f(s, 1) for every
(si,Vv) € &. Hence the claim holds for every vertices which are one hop away from s; and thus the induction
starts. Suppose the claim is true for every vertices which are ¢ hops away from s;. Let (u,v) € € be an edge
such that u is ¢ hops away from s; (and thus v is £+ 1 hops away from s;). By induction hypothesis, we have

Prlu € pil =3 (1, u)ee fwou),i (the probability that we pick u by picking any of its incoming edges). Hence,
_ f(u,v),i

B Z(u,x)esf(u,x],i
Hence, by induction principal, we have proved the claim for every edge reachable from s;. If some edge e

we have Pr(u,v) € pil 2 (waee Towu)i = fuv),i due to conservation of flow property.
is not reachable from s;, then we have f.; = 0 and our algorithm can never pick it. So the claim holds for
every edge in the graph.

The above claim can also be proved from the flow to path decomposition theorem which states that
any s — t flows can be decomposed into at most m many flow paths p; carrying a flow f;. Moreover such a
decomposition can be computed in polynomial time. Assuming the above result, let us see another algorithm
to pick a path p; from s; to t; randomly in such a way that, for every edge e € &, the edge belongs to the
path p; with probability f. ;. Let P; be the set of flow paths corresponding to the s; —t, flow. Since, the flow
value from s; to t; is 1, we can view the flows along the paths in P; as probabilities. We pick a path p; from
the set P; with probability being equal to the s; — t; flow value in the path p;. Then, it immediately follows
that, for every edge e, the probability that the edge belongs to p; is the total amount of s; — t; flow that the
edge e is carrying.

We now prove the approximation guarantee of our algorithm. For an edge e € € and i € [k], we define an
indicator random variable X, ; for the event that the edge e belongs to the path p;. We first observe that, for
every edge e € &, the random variables X, ;,1 € [k] are pairwise independent (can you prove it formally?).
Obviously, for any 1 € [k], the random variables X, i, e € € are not independent but we do not need that. For
ec & let X, = Zle Xe,i denotes the congestion of the edge e. Let C* be the optimal value of ILP. Then,
E[X.] < C* since LP is a relaxation of the ILP. Since X, i, 1 € [k] are Bernoulli random variables, by Chernoff
bound, we have the following.

PriX. > (146)C*]=Pr [Xe > (1+9)

o
e(1+8) gy —1

((1 +8) 55

o(1+8) 551 ElXe] .
S\ s o) 9a [Since BXe] < €]

el+8 Cc EIX]
‘<(1+5)1+5> ¢

HRefer any standard book on Linear Programming for extreme point solution. Informally speaking, an extreme point solution is an
optimal solution with maximum number of variables taking value 0.

< -
= Yumm
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el+d cr
< - @
((1 + 6)”5)
Now using union bound, we have the following if we have m(< n?) edges in the graph.

el+d cr
Pr[ﬂe € E,Xe > (1+6)C ] <m (W)

For 6 =1+ 2I8™ we have Pr(de € & X, > (1 +5)C*] < mlc* % since C* > 1. Hence we have a Monte

Inlnm

Carlo randomized algorithm with approximation ratio O(hlﬁr;‘:n ).
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4 Markov Chain

A stochastic process is a set X = {X(t) : t € T} of random variables where T is any index set. The index
set 7 often denote time and, intuitively speaking, the random variable X(t) denote the state of the process
at time t. If T is a countable set, then X is called a discrete time stochastic process. If X(t) is a discrete
random variable for every t € T, then X is called a discrete space stochastic process. Here we focus on only
discrete time and discrete space stochastic process. Whenever we do not mention explicitly, we assume that
the Markov chain under consideration is discrete time and discrete space. So, we can assume without loss of
generality that we have 7 = N.

A discrete time stochastic process is called a Markov chain if the random variable X; depends only on
Xt—1 for every t € T. This property is popularly known as memoryless property or Markov property.

Definition 4.1. A sequence of random variables Xo, X1, X2, . .. is called a Markov chain if the following holds
forevery x; e R,i> 1.

PriX; = xilXi—1 = %xi—1, Xi—2 = X4—2,..., X1 = x1] = Pr[X; = x4/Xi-1 = xi_1]

Without loss of generality, let us assume that the state space of a Markov chain be {0, 1,...,n} (or N). The
Markov property implies that any Markov chain can be specified uniquely by the one-step transition matrix
P = (Pij)ijeio1,.n} € [0,1](nFUX(+1) where Py ; denote the probability of moving to state j from state i.
Hence, we have Z?:o Pi; =1foreveryiec{0,1,...,n}. One of the most popular use of Markov chains is to
model random walks on graphs. Once we have a Markov chain, we are often interested to answer following
questions:

1. Given a start state (which may be a random state too), what is the expected number of steps the
Markov chain takes to reach some state in the Markov chain? This is called hitting time.

2. Given a start state (which may be a random state too), does there exist any limiting distribution (called
stationary distribution) of the Markov chain? Is it unique? If yes, then how many states the Markov
chain takes to reach this unique stationary distribution. This is called mixing time.

Let us now see a randomized algorithm for the 2SAT problem for which we are interested to know the
answer of the first question (of course for a specific Markov chain).

4.1 Randomized Algorithm for 2SAT

In the 2SAT problem, we are given a set {C;j : j € [m]} of m clauses each of which is an OR of two literals
over n Boolean variables {x; : 1 € [n]} and we need to compute if there exists a Boolean assignment to these
n variables which satisfies all the clauses.

Here is a simple randomized algorithm for 2SAT. Start with a uniformly random assignment for the
variables — set each variable to TRUE with probability % and FALSE with probability % If this assignment
satisfies all the clauses, then we have found an assignment which satisfies all the clauses. Otherwise there
exists a clause Cj for some j € [m] which the assignment does not satisfy. We randomly pick a variable
which appears in C; and complement it — this would ensure that the new assignment satisfies C; (of course
it may fail to satisfy some other clause which it was satisfying before). If the new assignment satisfies all
the clauses, then we are done. Otherwise we repeat the above step. If we do not find any assignment which
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satisfies all the clauses after repeating { = ”TZ times, then we output that there does not exist any assignment
to the variables which satisfies all the clauses. We now show that the probability of error of the algorithm
above is at most ¢.

Our randomized algorithm for 2SAT is a Monte Carlo randomized algorithm — if a 2SAT instance is not
satisfiable, then the algorithm always outputs NO (never makes error). So, let us focus on a YES instance
J— the set of clauses be {C; : j € [m]} over the set of variables {x; : i € [n]}. Suppose f: {x;:1 € [n]} —
{TRUE, FALSE} be a satisfying assignment for J. Let us consider the stochastic process Xo, X1, X2, . .. where X;
denotes the number of variables in {x; : i € [n]} where the assignment after the i-th iteration agree from f.
Observe that each X; is a discrete random variable taking values in [0, n]. If any random variable X, takes
the value n for any ¢ < 2n?, then the algorithm successfully discovers a satisfying assignment namely f.
Hence, to bound the error probability, we need to bound the probability that no random variable X, takes
the value n for £ < 2n? which we do below.

Let us see the distribution of Xg, X1,... If X; = 0, then X;.; takes value 1 with probability 1 — if the
current assignment does not agree with f on any variable, then the assignment in the next step will agree
with f on exactly one variable. That is, we have the following.

PriXi;1 =1X; =01 =1

If X; takes the value n, then the algorithm stops (and outputs YES). For other 1 <j < n— 1, we have the
following.

PriXi=j+1Xi1=jl >

— N =

PriXi=j—1Xi_1 =jl < 3

Suppose X;_1 = j for any 1 < j < n — 1 (the assignment in the (i — 1)-th iteration agrees with f on
j variables), and the algorithm picks a clause C¢ which the assignment in the (i — 1)-th iteration does not
satisfy. Then we observe that at least one literal between the two literals in C; is set TRUE by f (since f
satisfies it) and our algorithm picks this variable with probability %

Is the stochastic process Xg, X1, Xo, . ... a Markov chain? No! To see this, it is possible that the algorithm
picks a clause C; in the (i—1)-th iteration and f sets both the literals to TRUE. In this case, X; will be X;_;+1.
So the distribution of the random variable X; depends on the fraction of clauses of the unsatisfied clauses
(by the assignment in the (i — 1)-th iteration) for which f satisfies both its literals. So X; not only depends
only on X;_; but also on Xo, X1, ..., Xi_2. However, there is an easy way to “fix” it.

Consider another stochastic process Yy, Y1, ... defined as follows.

PriYiz1 =1[Y; =0] =1
PriXi =j+1Xi1 =jl =

PriXi =j—1Xi_1 =jl =

NI~ N+~

The stochastic process Yy, Yi,... is clearly a Markov chain (follows directly from the definition of distri-
bution). Intuitively speaking, Yo, Y1, ... is a pessimistic version of X, X1, X2, ... — Yo, Y1, ... moves slower to
n than Xg, X1, Xz, .. .. Hence intuitively, If Tx and Ty are the random variables denoting the number of steps
that the stochastic process X, X1, ... and the stochastic process Yy, Y1, ... respectively take to reach n (the
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first time some variable takes value n), then we have E[T,] < E[Ty]. One can make the above argument
formal by using “coupling technique” (will see soon). Now we are done if we show that E[T,] < n? (Markov
inequality will give the claimed probability guarantee).

To compute E[Ty], let us define a random variable Z; for 0 < i < n which denotes the number of steps
the Markov chain Yy, Y1, ... takes to reach n. Then, we have the following.

E[Zo] =1 + E[Zl]
ElZ,] =0

For any i € [n — 1], we have the following.

E[z] = % (1+EZi 1)) + % (1+E[Zi 1))
ElZi_1] + E[Zi14]
2

= 2E[Zi] =2+ E[Zi_1] + E[Zi41]

=1+

n—1 n—1 n—1
=2) ElZJ=2n-1)+) ElZii]+ ) ElZi]
i=1 i=1 i=1

= E[Z, 1] = E[Z,] = E[Z;] + E[Zo] +2(n —1)
=2n—1

The last equality follows from the fact that E[Zy] = 1 + E[Z,]. Using E[Z,, ;] to compute E[Z,, ] and so
on, we get the following.

ElZn ol=02n—1)4+(2n—3),...,EZd=2n—1)+(2n—3) +---+1=n?

Since E[T] is an weighted average of E[Z,, 1], E[Z,,_1], ..., E[Zo], we have E[T] < n2.
We next study the long term behavior of Markov chain - letting Markov chain to run forever, does the
distribution of n-th state converge as n tends to co?

4.2 Stationary Distribution

Given a finite Markov chain with transition matrix P, a distribution 7t on the set of states is called a stationary
distribution if TP = 7. Observe that if the distribution of the current state is 7t, then the distribution of next
state is tP. Hence, if somehow the distribution of the current state reaches 7, it remains there forever.
To find a stationary distribution (or to check whether any exists), one can try to solve the system of linear
equations 7t = 7t with Z?:l m; = 1 and 7r; > O for every 1 € [n] where n is the number of states in Markov
chain. It can be proved using elementary linear algebra that, for every finite Markov chain, there indeed
exists at least one stationary distribution. If there exists an unique stationary distribution 7t for a Markov
chain, then the probability 7t; is often called the stationary probability of state 1.

Obviously, if any Markov chain starts at a stationary distribution, it stays there forever. However, we
would often like our Markov chain to converge to some stationary distribution even if it does not start from
there. For certain Markov chain, this convergence is obviously not guaranteed from any start state. This is
the case for example for the Markov chain in Figure 2. Its stationary distribution is (1/2,1/2). However, it
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can be proved easily that if the Markov chain starts at any other distribution, it never converges. A closer
inspection at Figure 2 reveals the intuitive reason — the Markov chain is periodic.

Figure 2: Markov chain which does not converge if the starting distribution is anything other than the
stationary distribution (1/2, 1/2).

Definition 4.2 (Periodicity of a Markov Chain). A state a is a discrete Markov chain is called periodic if there
exists a positive integer A such that Pr[Xiys = alX; = a] = 0 unless s is division by A. Equivalently, for any
state q, if S(a) = {s € N: Pr[Xs = a|Xo = a] # 0}, then the state a is called aperiodic if and only if we have
ged(S(a)) = 1. A Markov chain is called periodic if any of its states is periodic.

A standard technique to convert a periodic Markov chain to an aperiodicity one is to make it lazy. For-
mally, suppose we are given a Markov chain with state transition matrix P = (pi;j)ijem). We construct

another Markov chain Q whose state transition matrix Q = (qi,j)ijem) is defined as qi;; = H% and
qi,j = Pui/2 for every i # j — that is, Q = % where J is the identity matrix. If 7t is a stationary distribution

of P, then we have the following which shows that 7 is a stationary distribution for Q too.

nQ = nw =T
2

Now, it actually can be proved that the new Markov chain always converges to the stationary distribution
(1/2,1/2) irrespective of its starting distribution (we will prove a more general result soon). Does aperiodicity
guarantee existence of unique stationary distribution and convergence? Not yet! On a high level, aperiodic-
ity guarantees convergence. However, an aperiodic Markov chain can have multiple stationary distributions
and the stationary distribution the Markov chain converges may depend on its starting distribution. For
example, we can simply take “union” of two copies of the modified Markov chain (with added self loop) and
we will have infinitely many stationary distributions! To guarantee uniqueness of stationary distribution, we
need another property which is called irreducibility. A finite Markov chain is called irreducible is for any two
states a and b, the probability of reaching b from a is non-zero. In graph theoretic terminology, a Markov
chain is irreducible if the corresponding state transition graph is strongly connected. Does irreducibility
alone guarantee uniqueness of stationary distribution? No! Can you find a (easy) counter-example? How-
ever, irreducibility along with aperiodicity guarantee uniqueness of stationary distribution for finite Markov
chains. The following theorem is one of the fundamental results for Markov chains.

Theorem 4.1. Any finite, irreducibile, and aperiodic Markov chain has a unique stationary distribution. More-
over, the Markov chain converges to this unique stationary distribution irrespective of the start state.

We will prove Theorem 4.1 using coupling techniques which we present next. When we say convergence,
there must be some notion of distance for convergence to make sense. In this context, the distance of choice
is the total variation distance which is defined as follows (part of the reason for choosing this distance
measure is if one proves some result on convergence or rate of convergence under total variation distance,
then the result immediately holds for other popular distance measures as well).
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Definition 4.3 (Total variation distance). Given two probability distributions P and Q over some o-algebra
(Q, J), the total variation distance of P and Q is defined as dtv(P, Q) = sup, 5 |P(A) — Q(A)].

It can be proved using elementary combinatorics that, for discrete probability distributions P and Q,
2d1v(P, Q) = |P — Q||; where ||P — Q||; denotes {; norm of P — Q.

4.2.1 Mixing Time and Coupling

We will show that any finite, irreducible, and aperiodic Markov chain converges to unique stationary distri-
bution in total variation distance. That is, for any ¢ > 0, there exists a mixing time tmix(€) € N such that,
for any initial distribution x over the states of the Markov chain, dtvy (xPt, 1) < ¢ for every t > tnix(e).
To prove convergence and mixing time of Markov chains, one of the most useful tools is coupling which is
defined as below.

Definition 4.4 (Coupling). A coupling of two random variables X and Y with distributions py and py is a joint
distribution pxy) on (X,Y) such that the marginal distribution of yu(x yy on X and Y are respectively ux and
Wy (that is the joint distribution ensures correct marginals).

The following result, known as coupling lemma, is the central tool of many coupling applications.

Lemma 4.1 (Coupling Lemma). For any two discrete random variables X and Y on o-algebra (Q, F), we have
the following.
drv(X,Y) < Pr[X # Y]

Proof. For any A € F, we have the following.
PriX e A]=PrlX €c AANY € Al +Pr[X € ANY ¢ A]

Prly e Al =PrlX e ANY € A]+PrX ¢ ANY € A]

Thus we have the following.

|Pr[X € A]—Pr[y € Al| = [PrlX € AAY ¢ Al —PrX ¢ AAY € Al
< Pr[X # Y]
<

= sup |Pr[X € A] —Pr[Y € A]| < Pr[X # Y]

AcT
= drv(X,Y) < Pr[X # Y]

O

Hence, for two random variables X and Y, if we can show that Pr[X # Y] is small, then by coupling
lemma, it follows that d+v (X, Y) is also small.
We need the following result for aperiodic Markov chain to prove Theorem 4.1.

Lemma 4.2. For every state a of a finite aperiodic Markov chain X(= Xo, X1, .. .), there exists a positive integer
14 such that we have Pr[X; = a|Xy = a] # O for every s > 1i,.
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Proof. Let S(a) = {s € N : Pr[X; = a|Xp = a] # 0}. Since the Markov chain X is aperiodic, we have
gced(S(a)) = 1. This implies that there exists a finite subset S’ C S(a) such that ged(S’) = 1. Let §' =
{mq,...,my}and M = ]_[11‘:1 m;. From extended Euclidean algorithm, there exists integers as, ..., ax with
lai] < M/m, for every i € [k] such that Zle aimy = 1. To prove the result, it is enough to show that
there exists an integer i, such that, for every integer s > i, there exists a path from state a to a in the
corresponding state transition diagram.

Ideally, had all a4, ..., ax were positive integers (which is certainly not the case) we could use these
numbers to loop around the state a to get desired path length. To get around the possible negativity problem
with ay, ..., ax, we define b; = a; + M/m, for i € [k] which gives Zle bim; = kM + 1. We observe that,
forevery £ €{0,1,..., M —1}, there exists a loop from state a to itself of length ¢(kM + 1) (traverse the loop
of length m; {b; times). This implies that for every £ € {0,1,..., M — 1}, there is a loop from a to itself of
length (kM)?2 + ¢ (traverse the loop of length (kM + 1) and traverse the loop of length M kM — ¢ times).
For any { > M, we can simply traverse the loop of length M more times. Hence with t, = (kM)?, we have
proved the result. O

We now prove Theorem 4.1. For easy reference, we write Theorem 4.1 once again.

Theorem 4.2. Any finite, irreducibile, and aperiodic Markov chain has a unique stationary distribution. More-
over, the Markov chain converges to this unique stationary distribution irrespective of the start state.

Proof. Let P = (pi;j)ijem) be the transition matrix of any finite, irreducible, and aperiodic Markov chain.
We consider two copies {X;}ien and {Yi}iey of this Markov chain where the first copy {Xi}icy starts at any
arbitrary state x and the second copy {Yi}icn starts at some stationary distribution t. We now define a
coupling between {X; }icny and {Y;}ien (which is noting but a joint distribution on {X;}icy and {Y;}ien which
respect individual marginals) as follows: for any t € N, if X; # Y, then we define Pr(X;,1 = j A Y11 =
j/|Xt =1,Y: = ] = Pi,iPi’i’s if Xy = Y, then we define Pr[Xt+1 =Yy = ]‘Xt =Y, =1 = Pi,j (Verify that
the joint distribution indeed defines a coupling). The proof idea on an intuitive level is as follows. Since
the Markov chain {Y;}icn starts at a stationary distribution, it remains there forever. On the other hand,
the Markov chain {X;}icn runs independently until it collides with {Y;}icn and from there onward it simply
follows {Yi}ien. What we will show below is that the probability of that {X;}icn collides with {Y;}ien within
the first k steps goes to 1 as k goes to co. Then the result will from using Lemma 4.2. We now formally prove
it.

Let us fix any state i € [n] and r be the maximum over all other states j € [n] \ {i} the first passage time
fji: f;i = min{t € N : PrXy = i|Xo = j] # 0}. That is, the first passage time is the first time when the
probability of reaching i from j is non-zero. Let s € N be an integer such that Pr[X; = i|X, = i] # 0 for every
t > s (such an s exists due to Lemma 4.2).

For { € N\ {0}, suppose {X;}ien and {Yi}ien do not collide till time £(r + s); let Xo(r45) = J, Ye(rts) =
i’,j #3j'. We now bound the probability that X (¢ 1)(r+s) 7# Y(e+1)(r+s)- By the definition of r, there exists non-
negative integers u, u’ < r such that there is non-zero probability that that X¢(y )4 =1 and Xgrj )4 = 1.
Now by the definition of s, since r + s —u > s and r + s —u > s, there is non-zero probability that
X(e+1)(r+s) =1 = Y(¢+1)(r+s); let this probability be e. That is, we have Pr{X(¢:1)(r+s) # Y(es1)(res)] = (1 —
€) PriXg(r4s) # Yer+s)) < (1 —¢€). Applying this argument inductively, we obtain Pr(X; # Y] < (1 —¢) L],
Hence Pr[X; # Y] goes to 0 as t goes to co. The distribution of X; is xP'. Hence, by Lemma 4.2 we get
drv(cPt, ) goes to O as t goes to co.

Since {X; }ien converges to 7, the stationary distribution 7t is unique. O
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Note: In the proof of Theorem 4.1, we show that, for any stationary distribution 7t of a finite, irreducibil-
ity, and aperiodic Markov chain, the chain converges to 7t from any starting distribution thereby proving
uniqueness of 7t as a by product. However, one can first prove using linear algebra that any finite and irre-
ducible (we do not need aperiodicity for this part) has unique stationary distribution (which is equivalent to
showing that the corresponding system of linear equations has a unique solution) and then follow the same
approach in the proof of Theorem 4.1 to prove convergence.

4.3 Reversible Markov Chain

Suppose we have a finite, irreducible, and aperiodicity Markov chain whose stationary distribution we wish
to compute. By Theorem 4.1, we know that there exists a unique stationary distribution of the Markov
chain. To compute the stationary distribution, we need to solve a system of linear equations. However, in
many applications, it may not be an easy task. However, many important Markov chains satisfy the following
properties which are called detailed balanced equations.

TP, = TG5Pj,is for any two states l,)

A Markov chain that satisfy detailed balanced equation for any distribution 7t over its states is called a
. . . . n n
reversible Markov chain. For a reversible Markov chain, we have } " ; mipi; = > ;" ;7p;i = 7. Hence
7 is the stationary distribution. Detailed balanced equations often provides us a quick way to compute the
stationary distribution of a Markov chain. Let’s see an example.

4.3.1 Random Walk on Undirected Graph

A model example of a reversible Markov chain is a random walk on any (finite) undirected graph § = (V =
{1,2,...,n},&). The state space of the Markov chain is V and the transition probabilities are defined as

follows.
d% if (i,j) € &
Pij = .
0 otherwise
Let us check that the distribution 7t; = 2‘?;:‘ satisfies the detailed balanced equation.
di 1 1 _ 4 1 _ o . ..
- eTa; = e =z, — P )€€
1P) — .
0 =mipj otherwise

Since the graph is connected, the corresponding Markov chain is irreducible and thus the stationary
distribution of the Markov chain is unique. Thus the distribution 7 is the unique stationary distribution of
the Markov chain.

Given a connected undirected graph G, how to construct a corresponding Markov chain where uniform
distribution is the stationary distribution? The above result indicates the following idea — add enough
number of self loops so that the “degree” of every vertex becomes same. Formally, from a graph § = (V =
{1,2,...,n}, &), we define a Markov chain on the state space [n] with following transition probabilities. Let
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M be any at least as large as the maximum degree of G.

L if (i,j) € €
pij =141 28X jfi—j
0 otherwise

The uniform distribution is the stationary distribution as the following calculation proves.

1 %ﬁ: nPii if (i,j) € €
_ 1 di 1 sfs s
TP =\ n (1 = ) =P ifi=j

0=1p;; otherwise

Actually the above idea of enforcing uniform distribution as the stationary distribution can be generalized
to enforce any distribution of our choice which is popularly known as the Metropolis algorithm.

4.3.2 The Metropolis Algorithm

Lemma 4.3. Let § = (V ={1,2,...,n}, &) be a connected undirected graph and m € A,, be any probability
distribution over V with 7ty > 0 for every i € V. Consider the Markov chain P on 'V defined as follows. Let M be
any integer at least the maximum degree of G.
amin{l, 2} if (i,)) € €
Pij = \1—2;4P UFi=]
0 otherwise
Proof. We will show that 7 satisfies detailed balanced equations. Let i,j € V be any two states. If i = j

or {i,j} ¢ &, then obviously we have m;p;; = mjp; . Let us assume i # j and {i,j} € €. Without loss of
generality, let us assume that 7r; > 71;. Then we have the following.

1 T
TiPij = TY/M = TG = TP
)

4.4 Examples

Let us now see few examples of Markov chain.

4.4.1 Markov Chain with Independent Sets as State Space

Let be § = (V, &) any graph with at least one edge. Let us define the following Markov chain with the set
of all independent sets of G being its state space. Let X; be the current state of the Markov chain. The next
state X, 1 is defined as follows. We first pick a vertex v € V uniformly at random. If

Xt \{V} ifv S Xt
Xir1 = Xy U{v} ifv ¢ X; and X, U{v}is an independent set of §

Xt otherwise
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Since every state is reachable from the empty set (which is an independent set), the Markov chain is
irreducibile. Since G has at least one edge say (u, v), there exists at least one state in the Markov chain which
has a self-loop and since the Markov chain is irreducibile, it is aperiodic. For any two states 1i,j with 1 # j,
if there is a transition between i and j, then we have p;; = p;i = /n where n = |V|. Hence, the stationary
distribution of the chain is the uniform distribution over the independent sets.

4.4.2 Random Walk on Cycle

A cycle is a graph § = (Zn, &) where {i,j} € € if and only if i = j + 1 (mod n). To ensure aperiodicity,

we introduce laziness — we stay at the current state with probability 1 and move to its neighbor each with

1 1
T

probability %. The unique stationary distribution of the Markov chain is ( - %). We now study mixing
time, the time needed to be close to stationary distribution for this Markov chain, using coupling technique.

As usual we take two copies X = {X;}iey and Y = {Y}ien of the Markov chain. The Markov chain {Y; }ien
starts with stationary distribution 7t. We now define a coupling between X and Y: if X; = Y for any t € N,
then X and Y move together from thereon. Otherwise, at every step, we toss a fair coin. If it comes head,
then X stays at the same state whereas Y moves to one of its neighbor with equal probability. If the coin
comes tail, then Y stays at the same state whereas X moves to one of its neighbor with equal probability.

Let us define another stochastic process Z = {Z;}icy as Z; = X;—Y; (mod n). Observe that Z is a random
walk on integers [n — 1] U{0} with 0 as an absorbing state (there is no outgoing transition from 0). We have
seen in the analysis of the randomized 2SAT algorithm that the expected number of steps to reach state 0
is at most n2. That is, if T denotes the first time we have X; = Y;, then we have E[t] < n?. Using Markov
inequality, we have the following:

So the probability that for t > 21g(1/e)n?, we have X; # Y, is at most ¢. Now using coupling lemma,
we have dv (X, ) < € for t > 21g(1/¢)n?. Hence the mixing time tpi(¢) for this Markov chain is at most
21g(1/e)n?.

4.4.3 Shuffling Cards

In many games, we often shuffle a deck of cards with the hope that the permutation of the cards will
be uniformly distributed over all permutations of the cards after shuffling is done. Here, a fundamental
question is how many times shall we shuffle the deck to ensure that the cards are uniformly distributed with
high probability. To answer this question, let us work with a simple model of shuffling — at every step, we
pick a random card from the deck of n cards and put it on the top of every cards. It is immediately clear
that the process is memoryless and thus can be modelled by a Markov chain. The state space of the Markov
chain is the set of all n! permutations of the cards. The shuffling process is simply a random walk on this
Markov chain. Since every vertex has a self loop, the Markov chain is aperiodic. Also, it is clear that the
chain is irreducible. From symmetry, it follows that the unique stationary distribution of the Markov chain is
the uniform distribution over its states. To bound the mixing time, we consider the following coupling.

We take two copies X = {Xi}iey and Y = {Yi}ien of the Markov chain. We let Y start at stationary
distribution and X start at any arbitrary distribution x. We define the following coupling between X and Y-
We pick a position j from [n] uniformly at random. We move the j-th card C in X; to the top position to
arrive next state Xy 1. We also move the card C in X, to the top position to arrive next state Y 1. It is
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clear that the coupling is valid - the each individual Markov chain evolves according to its own transition
matrix. It can be easily proved using induction that, if some card C is chosen to be placed at the top position
at t-th step, its position in both the processes X and Y remains same at every step from t onward. Hence,
two process will become coupled once every card has been chosen at least once. This is exactly the coupon
collector problem. Hence the probability that some specific card, C’ say, has never been chosen after the
Markov chain runs for nlnn + cn steps is

1 nlnn+cn e—¢
(1 o ) < e*(lnT'LJrC) <
n n

Hence, by union bound, the probability that all the cards have not been chosen at least once after nIlnn+
cn steps is at most e~ ©. Hence, for t > nlnn + nln(l/¢), we have Pr[X; # Yi] < V/e. If P is the transition
matrix of the Markov chain, then by Coupling lemma, we have dtv (xPt, 1) < Ve forallt > nlnn+nln(Ye).
Hence, the mixing time of the card shuffling Markov chain is nlnn 4+ nIn(1/e) (compare this number with
the number of states which is n!).

4.5 Hitting Time, Commute Time, and Cover Time

Let us now return to our first question — Given a start state i, what is the expected number of steps the
Markov chain takes to reach some state j in the Markov chain? or given a start state i, what is the expected
number of steps the Markov chain takes to reach some state j in the Markov chain and come back to i? The
first time is called the hitting time and the second one is called the commute time.

Definition 4.5 (Hitting time, commute time, cover time). Given two states i and j of a Markov chain, the
hitting time, denoted by h;;, is the expected number of steps that the Markov chain takes to reach the state j
for the first time starting from state i. The commute time between i and j, denoted by Cy;, is defined to be the
expected number of steps that the Markov chain takes to reach j starting from i and then come back to i. That is,
Cij = hyj; + hy 1. Let C; denote the expected number of steps that the Markov chain takes to visit every state at
least once starting from state 1 and ending at state i. The cover time of a Markov chain is defined as max;c ) Ci.

We will restrict our attention to compute hitting time, commute time, cover time of random walks only.
Note that for two states i and j, h;; may not be equal to h;; for every random walk. Can you find an
example?

We now bound the cover time of any random walk. For that, we will use the following useful fact whose
proof is out of scope of the course.

Fact 4.1. Let P be the transition matrix of a finite, irreducibile, and aperiodic Markov chain with stationary
distribution 7. Then we have the following.

1. For every state i € [n], we have hy; = 7%

2. Let N(i, t) denote the number of times the Markov chain visits the state i in first t steps. Then we have

lim N&Y

t—o00 t

Alternatively, we have limy_,, Pr[X; = i|Xo = 1] = m;.

An immediate corollary of Fact 4.1 is the following.
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Corollary 4.1. Consider a random walk on a undirected connected non-bipartite graph. Then we have h;; =
20€]
deg(i)

for every state 1.
For a pair of states connected by an edge, we prove the following simple and useful bound.

Lemma 4.4. Consider a random walk on a undirected connected non-bipartite graph. For {i,j} € &, we have
hj,i < 2|€|

Proof. We have the following recursion.

ol 1
Gegl) =" = degr 2 (10
JEN(D)

= 2el= ) (1+hy)

JEN(1)
Hence we have h;; < 2[€]. O
We now prove the central result for cover time for random walks.

Theorem 4.3. Consider a random walk on a undirected connected non-bipartite graph G. Then the cover time
is at most 4mn where n and m denote the number of vertices and edges in the graph.

Proof. Let 7 be any spanning tree of 5. Hence, there exists a tour (visiting all the vertices at least once) of
length at most 2(n — 1) (by simply traversing the edges of the spanning tree in both directions). Let such a

tour be vg, v1,...,vi(=vo) for some k < 2(n—1). Then by Lemma 4.4, the cover time C can be bounded as
follow.
k
C< ) v, <2km < 4mn
i=0
O
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5 Monte Carlo Methods

We have seen how one can estimate the probability of a coin coming head by tossing the coin some number
of time (in the application of Chernoff bound). The guarantee we achieved was that, by tossing the coin
O(é log 1) times, our estimate is an ¢ factor approximation of the true probability with error probability at
most &. This kind of guarantee is called an (¢, §)-approximation and this kind of technique is called Monte
Carlo methods.

Definition 5.1 ((¢, §)-Approximation). A randomized algorithm is said to provide an (e, &) approximation for
some value V(x) if the output A(x) of the algorithm satisfies the following for every input instance x.

PriA(x) = V(x)| = eV(x)] < &

An (e, §) approximation algorithm is called a fully polynomial randomized approximation scheme (FPRAS)
1

> g

coming head is actually a FPRAS. We now see some more Monte Carlo methods which are actually an FPRAS.

if it runs in time polynomial in |x|, =, log %. Hence, our algorithm for estimating the probability of the coin

5.1 Estimating 7

Our first example of a Monte Carlo is to estimate the value of 7 and the idea is exactly same as estimating
the probability of a coin coming head. We take a 2 x 2 square § in R? and put a circle C of radius 1 inside
it. We now draw { uniformly random points (xi,yi),1 € [{] from the square 8. Let Z;,1i € [{] be an indicator
random variable for the event that (xi,y;) € C,1 € [{]. Then the probability that Z; = 1 is exactly 7/4 for
ie (. Let W= % Zle Z;. Then we have E[W] = 7. We now have the following.

4

Z Zi — 718/4

i=1

e2on

PrW —m| > en] =Pr > Eﬂ%] < 2e 1z

The inequality above follows from Chernoff bound. By choosing { = 2% 1In2

—=Ing, we get that
Pr{|W —m > en] <.

5.2 DNF Counting

In our examples of Monte Carlo methods so far, we have assumed that we can draw sample from some
specific distribution. This may not be clear for some applications. One such scenario is the DNF counting
problem. In the DNF counting problem, we are given a Boolean formula in disjunctive normal form (DNF).
That is the formula is an OR of some m DNF clauses and each DNF clause is an AND of some literals over
n variables. In the DNF counting problem, the goal is to compute the number of satisfying assignments of a
formula. One can easily prove that the DNF counting problem is NP-hard (by obvious reduction from CNF-
SAT). Hence, one cannot hope to have a polynomial time algorithm for solving the DNF counting problem
exactly (assuming P # NP). We will now see a Monte Carlo based FPRAS for the DNF counting problem.
The obvious Monte Carlo method of checking how many uniformly random assignment of the variables
satisfy the DNF formula does not work. One can actually prove that there exist DNF formulas with satisfying
assignments for which one needs to check exponential number of random assignments to find any satisfying
assignments. Intuitively, the problem with this approach is that we may be searching for needle in a haystack
since the number of satisfying assignments may be few. Also this approach uses the formula only for checking
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whether any assignment is a satisfying assignment. We now see an FPRAS for DNF counting and the idea is
to use the formula to substantially reduce the search space.

Let us assume without loss of generality that no clause contain both some variable and its negation; if
there is any such clause, we simply remove it since that clause is never satisfiable. We observe that any
clause containing t literals has exactly 2"~ * satisfying assignments. Let Cj,j € [m] be the clauses where
the clause Cj contains t; literals for j € [m] and S; be the set of all satisfying assignments of the clause
C;j. Then, by above observation, we have [S;| = 2"~%. Let us define U = {(j,a) : j € [m],a € S;} and
8§ ={(j,a) € S;:j € [m],(i,a) ¢ Si for every i < j}. It is immediate that the set of satisfying assignments
for the formula is in one to one correspondence with 8. Hence, our goal is to estimate |S|. We observe that
I8/ju| = 1/m (bounded away from 0). This follows from the observation that there exists a j € [m] such that
m|S;| > [U| (for example, pick the j with max|S;[). Hence, if we can sample uniformly at random from U
such and check whether the sampled element belongs to 8, then we are done. We do this next.

We sample an element (j, a) € U in the following manner. We first choose j with probability IS;l/y ™, |s;
and then choose a uniformly at random from ;. Hence the probability that an element (j, a) € U is chosen
by the above sampling procedure is llsTll‘lsi]\ = |u| Also, given a sample (j,a) € S; for some j € [m], one
can easily check whether (j, a) belongs to 8. So our algorithm is as follows. We draw some { number of
samples from U uniformly randomly and find that k of them actually belong to U. Then our algorithm
outputs w Now routine application of Chernoff bound shows that, for { = 3{—’;‘ In %, the above algorithm is
an (e, 8)- approximation algorithm for the DNF counting problem (and thus a FPRAS). Actually, we can prove

the following more general and useful result.

Theorem 5.1 (Estimator Theorem). Suppose we wish to estimate |§| and we can draw samples from some
underlying probability space (Q, 2%, P) such that the probability % that a sample belongs to 8 is at least p.
Then the corresponding Monte Carlo method provides a (e, §) approximation if it draws ln £ samples.

Proof. Let{ = p£2
and Y = Zle Y;. Then, we have E[Y;] > p and thus E[Y] > p{. We now have the following.

Qly 0s|| _ etls
e[S |2 es] <[ - 5=

In 2 £,Y: be an indicator random variable for the event that the i-th sample belongs to 8,

Q Q
=Pr [IY E[Y]| > €E[Y]]
< 2e € ENI/S [Chernoff Bound]
< 2e € Pl/3 [E[Y] > pl]
=95

5.3 Approximate Sampling: FPAUS

Our examples of Monte Carlo method shows that there is a fundamental connection between sampling and
counting — if we can sample from an appropriate space approximately uniformly, then we can approximately
count. This motivates the following definition.

Definition 5.2 (Fully Polynomial Almost Uniform Sampler (FPAUS)). A sampling distribution (Q, 29, P) is
called an e-uniform sample if drv (P, w.) < & where W, is the uniform distribution over (Q,2?). A sampling
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algorithm is called a fully polynomial almost uniform sampler if, for every input x and ¢, it outputs an e-uniform
sample in time polynomial in x and In %

Although we insist the running time to be polynomial in In % for FPAUS, often it is enough for the running
time to be polynomial in - to obtain an FPRAS.

5.4 Markov Chain Monte Carlo Method: Counting Number of Independent Sets

Suppose we wish to count the number of independent sets of a given graph. A Monte Carlo based approach
for this problem would need an almost uniform sampler as the first step. Now, it is not clear how we can
sample an independent set uniformly or almost uniformly and Markov chain comes to rescue exactly here.
We have seen a Markov chain on the set of all independent sets of a graph whose stationary distribution
is the uniform distribution (exactly what we want). So, the idea is as follows. We let Markov chain run
for some t steps. Then, for some large enough t, the fundamental theorem of Markov chains state that the
distribution of X is close to its stationary distribution (which is the uniform distribution over all independent
sets) irrespective of the start step. So, we can use X; as our sample. The running time of the above sampler
is dominated by t if every state has polynomial number of outgoing edges which is the case for the Markov
chain on independent sets. How large should t be so that the distribution of X; is close to the uniform
distribution (that is, the total variation distance is at most ¢)? This is exactly the question that mixing time
answers. Let us postpone the issue of mixing time for the time being and assume that tyi(€) is small enough
which we will prove later assuming the maximum degree of the graph being at most 4.

Let § = (V, ) be any graph with the set of edges being € = {e1, e2,...,em}. We define &; = {e;j :j € [i]}
and §; = (V, &) fori €{0,1,..., m}. Hence we have G,,, = G. Let us denote by J(G;) the set of independent
sets of G;. Our goal is to estimate |J(G;,,)|. On the other hand, we know [J(Gp)| = 2™. We express |J(Gm )| as
follows.

9(9)] = 3(Gm)| = 1(S0) 'ng S

for i € [m]. Then we have the following.

m
nl |
=2 Ti

i=1

Hence to estimate |J(G)], it is enough to estimate r; for every i € [m]. For this, we assume that we can

19(S

Let us define r; = Iﬂ(i

draw &= -uniform sample from J(G;). The idea is to draw a of almost uniform samples from J(G; ;) and
consequently it will belong to J(G;) with probability (approximately) r;. Intuitively speaking, if we show
that r; > 1/2, then Theorem 5.1 will ensure that small number of samples will be enough. The above
statement would have been perfectly immediate if our samples were uniform. However, our samples are
only approximately uniform. But, this does not change the result much as we show the following.

Lemma 5.1. There exists a constant ¢ such that the Monte Carlo method for estimating r; using cm In <~ 2‘“

many g&-uniform samples provides a (55 approximation for ;.

2m? m)

Proof. To have any hope to use Theorem 5.1, we first need to who that the probability r; that a uniform
sample from J(S;_1) belongs to J(S;) is not too small. We observe that §; and G;_; differs only in one edge
e; = {u,v}. Hence an independent set W of G;_; is also an independent set of G; unless u,v € W. So the
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map from J(S;_1) \ I(51) to J(G;) where an independent set W € J(Gi_1) \ J(Gi) goes to W\ {v} is injective.
This implies that |J(G;_1)| < 2|9(Gi)| and thus r; > 1/2.

We next show that we can estimate r; even with almost uniform samples from J(G;_1). Suppose we
draw { samples. Let X; be the indicator random variable for the event that the i-th sample from J(S; 1)
belongs to J(Gi). Then, by definition of almost uniform sample, we have the following for every i € [{] where
#1 = Li_1X:/¢ is the estimate for ;.

[9(S4)l €
Prix; =1 — 2 | =
‘ 17(Gi—1)I| ~ 6m
19(G4)I € . L
= |E[Xi] — < — [Since X; is indicator r.v.]
‘ [9(Gi-1) 6m
Y Xi| 199 e L .
= |E L — < — Linearity of expectation
g 0G| 6m [Linearity of exp ]
= B[] — 1| < %
_ |BO <t
Ty 6mr;
< — [ry > 1/2]
3m

Since r; > 1/2, for large enough m, we have E[#;] > r; — ¢/(6m) > 1/3. Now by standard application of
(multiplicative version of) Chernoff bound, there exists a constant c¢ such that for { = c‘:‘—f In sz, we have
the following.

~ ~ € - 1 £ b
Pr [h"i —E[F]l > mE[ﬂ]} =Pr |: E[fi] — ’ = 12111} < H

The above inequality bounds #; with respect to E[;]. However, we need to compare ¥; with r;. Loosely
speaking, ﬁ should be close to :—1 since 1y is close to E[F;] with high probability. Formally, we have the

following with probability at least 1 — %.

€ € € T4 € € €
1ot (1 5) (1 k) < B (155 (1 i) <1
2m 3m 12m Ti + 3m + 12m + 2m

O

m
The Monte Carlo method outputs ALG = Z“Hﬁ. By union bound, we have I— el £ 1+ ﬁ} for

T 2me

i=1
every i € [m] with probability at least 1 — 5. Then we have the following with probability at least 1 — 6.

oo~ L1 [0 5) " (1 ) ] =0 e

This concludes the proof that the above Monte Carlo based method provides an (¢, §)-approximation for
counting the number of independent sets of a graph.

5.5 The Path Coupling Technique

The following write up on path coupling is due to Prof. Jaikumar Radhakrishnan from TIFR Mumbai. I sincerely
thank him for this.
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Let P = (pi;) be the n x n transition matrix of a Markov chain {X} on the set of states [n]. Here py;
denotes pj|;, the probability of moving to state j at time t + 1 given that the state is i at time t, that is,
pij = PrlX¢y1 = jIX¢ = i]. We say that a transition matrix Q = (qij,i/j+) for a Makov chain with states in
[n] x [n] is a coupling for the original Markov chain if for all i,j € [n]:

Z qij,i'j' = Pii’» fOI' all i.l S [Tl]; (1)
j/

Z qij,i/j’ = Pjj’» for all j/ S [ﬂ] . (2)
i/
It follows from this that if we consider the Markov chain {(X, Y¢)} with transition matrix Q, then {X} and
{Y.} are both Markov chains with transition matrix P.

Theorem 5.2. Suppose P is the transition matrix for a random walk on a connected graph G. Suppose that for
all edges (i,j) € E(G), we have a distribution Dyj on [n] x [n] such that if (X,Y) ~ Dyj, then

PriX =1i'] = piy/ for all i’; 3)
PrlY =j'] = pj;, forallj’; 4
E[d(X,Y)] < ad(i,j). (5)

(Note that d(i,j) = 1, when i and j are adjacent.) Then, for all pairs (i,j) € [n] x [n] (not necessarily
adjacent in G), there is a distribution Dy on [n] x [n] such that if (X,Y) € Dy, then egs. (3) to (5) hold.

Remark: The above theorem says that if suitable coupling distributions D;; are available when i and j are
adjacent, then this coupling can be extended to all pairs of states. Note that then the matrix Q = (qyj,i/j/)
with qij,1/5- = Dy5(ij’) will be a valid coupling for the original transition matrix P of the random walk.
Notation: In the following, we will use the following notation.

1. For i € [n], we let D; be the distribution on [n] defined by D;(j) = py;.

2. Similarly, for (i,j) € E(G), and i’ € [n], let Dy;i/(j') = Pr[Y = j’[X = i;] where (X,Y) ~ Dy;; that is,

Dyjir(i') = Dy(15)/ )_ Dy (i'0).
14

3. For (i,j) € E(G) and i’ € [n], let Xi;i+ ~ Dyjiv. We may visualize these as arranged in a three-
dimensional array of random variables; we assume that these random variables are independent.

Claim 5.1. Assume the coupling distributions Dy; for (i,j) € E(G) given in the theorem. Let (i,j) € E(G) and
X ~ Dj be generated independently of the the variables (Xiji : i’ € n]). Then, (X, Xijx) ~ Dyj. In particular,

Xijx ~ Dj; (6)
d(X, Xi5x)) < «. 7
Proof. This follows from the definition of X and properties of the coupling distribution Dj;. O
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Proof of Theorem 5.2

The following randomized procedure, called PathCoupling(i,j), outputs a pair of random variables (X,Y) €
[n] x n]; the distribution of this pair of random variables will be the D;; we seek in the theorem.

Algorithm 1 PathCoupling(i,j) {The procedures outputs (X,Y) ~ Dy;}

1: Fix a shortest (i,j)-path in G: 1 = ko, k1, k2, ..., kg = j.

2: fori,j,i’ € [n] do

3 generate: Xjji- ~ Dyji/ (a three dimensional array of independent random variables)
4: end for

5: generate: Xy ~ D

6: for{=1,2,...,ddo

7 Xo ¢ Xip 1 ke X

8: end for

9: output: (Xo,Xq)

Claim 5.2. Suppose d(i,j) = d. Consider a run of PathCoupling(i, j) with output (X,Y). Then,
() X~ Dy;
(b) Y~ Dj;
(c) fort=0,1,...,d, we have X; ~ Dy,;

(d) fort=0,1,...,d—1, we have (X¢,X¢+1) ~ Dy,

ke

Proof. For 1 = j, the output is (Xp,Xp), and the claim is straightforward from line 5; so we assume i # j
and d > 1. We first show parts (c) and (d) by induction; parts (a) and (b) follow from part (c) by taking
£ = 0 and £ = d, respectively. The base case of part (c), corresponding to £ = 0, follows from line 5; then
part (d) follows for { = O from Claim 5.1. In general, assuming X; ~ Dy,, we conclude from Claim 5.1 that
(Xe,Xe4+1) ~ Dy ke, and then use eq. (6) to conclude that X¢; ~ Dy, ,,. (Note that for Claim 5.1, we
need that X, is generated independently of the variables (Xy, x,,,i- : i’ € [n]); this holds because the k; are
distinct.) O

Claim 5.3. Let (X,Y) ~ Dy;. Then, E[[ d(X,Y)] < ad(i,]).

Proof. Let d = d(i,j). Then, for (X,Y) generated by PathCoupling(i,j), we have

EJdXY)] =E[]d(Xo,X4)] <E[ld(Xo,X1) + d(X1,X2) + - + d(Xa—1,Xq)] ®
=E[[dXo, X)) +E[JdX1,X2)] +--- +E[] d(Xgq—1,Xq)] ©)]

<a+oa+---+a (bypart (c) of the above claim and eq. (5)) (10)

= «d(i, §). (11)

O

Hence what we have essentially argued above is that, to prove polynomial mixing time, it is enough
to give an edge coupling and show that the expected distance between X, and Y, does not increase from
Xt_1 and Y;_; and the distance remains same with probability at least 1 — m.
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6 Probabilistic Method

On a high level, we have so far seen how randomization could be used to design efficient algorithms. Before
continuing to do so, let us take a brief detour and see how randomization could be elegantly used as a
proof technique. The probabilistic method is one of the most powerful tools for proving existence of objects
with certain properties. On a very high level, suppose we wish to prove that some kind of objects (graph
for example) exist with some properties (nonexistence of any short cycle for example). A straightforward
way to prove such claim is to explicitly construct such an object. However, in many scenarios, explicitly
constructing such objects may be non-trivial. In such scenarios probabilistic method can help us prove such
claim without explicitly constructing such objects. The idea, on a very high level, is as follows. You prove
that a random object (say a random graph) has the desired property (say nonexistence of any short cycle)
with non-zero probability. It then follows from basic probability that there indeed exists such an object
with desired properties (otherwise the probability would have been zero). Let us now see some concrete
examples.

6.1 Basic Method
6.1.1 Ramsey Number

Our first example is bounding Ramsey number. For any two positive integers k, {, the corresponding Ramsey
number R(k, £) is defined as follows.

R(k,{¢) = min{n € N : any graph on n vertices either contains a clique of size k or an independent set of size £}

It is not even clear from the definition whether the Ramsey number is finite for any given k and {. The
Ramsey theorem says that R(k, {) is finite for every k and {. However, computing exact values of R(k, {) is
almost always non-trivial except for small values of k and £. We prove the following lower bound for R(k, k).

Theorem 6.1. For any k > 3, we have R(k, k) > 22 1.

Proof. Let G be a random graph on n vertices — between every pair of vertices i,j € [n],1 # j, § has an edge
between i and j with probability 1/2 independent of everything else. Let A C [n] be any subset of k vertices.
Then the probability that A forms either a clique or an independent set is 2~ (2)+1, Now, by union bound,
the probability that there exists a clique or an independent set of size k is at most () 2~ (5)*1, We have the
following for n = 25~ which proves the theorem.

n k 2 2 2
<k>2(2)+1 gnk27%+%+l < 9% kg +E+1 < gl—% <

6.2 Argument Using Expectation

Sometimes, directly showing that the probability of some event is non-zero may not be obvious. One way
out is such cases is to argue using expectation. The idea is as follows. Any random variable X takes values
at least E[X] with non-zero probability (otherwise the expectation would have been less). Let us see an
example. A graph is called a tournament if it is directed and for every pair 1, j, i # j of vertices either we have
an edge from i to j or from j to i.
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Theorem 6.2. There exists a tournament graph on n vertices which has at least > Hamiltonian paths.

Proof. Let G be a random tournament on n vertices — between every pair of vertices i,j € [n],1# j, § has an
edge from i to j with probability 1/2 or from j to i with probability 5 independent of everythlng else. Let p
be a any sequence of vertices of §. The probability that p is a Hamiltonian path is 2!~™. Let X,, denote the
indicator random variable for the event that p is a Hamiltonian path in G. Then, by linearity of expectation,
the expected number of Hamiltonian paths in G is 5= sl
Hamiltonian paths. O

Hence, there exists a tournament which contains

znl

6.3 Alteration

Sometimes, it is not straightforward to show that the probability of good event is non-zero. The idea of
alternation is to show the probability of an almost good event to be non-zero and use the existence of almost
good object to conclude existence of a good object. Again, let us see this trick with an example.

Theorem 6.3 (Weak Turan Theorem). Let G be any graph on n vertices and m edges. Its average degree d is
2m > 1. Then there exists an independent set in G of size at least 55 12.

Proof. Let us construct a random subset 8 of vertices as follows. Every vertex i € [n] belongs to 8§ with
probability p (we will fix the value of p later). Let Vs and £g denote the number of vertices and the number
of edges in the induced graph on 8. Then by linearity of expectation, we have the following.

1
E[Vs] = np,E[Es] = mp® = Ednp2

By choosing p = /a4, we have E[Vg] = n/a, E[€5] = mp? = n/24. Hence the induced graph on § has n/a
vertices and n/24 edges. We now remove one end point of every edge to have a subset 8’ of § which contains
at least n/24 vertices and no edges (and thus an independent set). O

6.4 Lovasz Local Lemma

On a high level, in applications of probabilistic methods, we wish to prove that the probability of something
bad to happen is less than 1. Typically, we have a collection of bad events A;,1 € [n] with Pr[A;] < 1 for
every i € [n] and we wish to claim that Pr [{"_; A;] > 0. Without any assumption on the events, we can use
union bound to have Pr [ ; A;] =1 —Pr[U;; Ai] > 1— Y " PrlA;]. The above bound can be too lose
in many cases. If we have independence of A;,1 € [n], then we can have Pr [ﬂi:l Ai] =115, Pr[A;] > 0.
So, intuitively, if we have “limited independence,” one could expect to have something which is stronger
than union bound but weaker than product formula. Lovasz local lemma makes this intuition concrete. The
dependency relation among the set of events Ai,1 € [n] can be captured by what is called a dependency
graph.

Definition 6.1 (Dependency Graph). Let Ai, 1 € [n] be any n events in a common underlying probability space.
A directed graph G = (V = [nJ, &) is called a dependency graph for Ai,i € [n] if, for every i € [n], the event A;
is independent of every event A;j with (i,j) ¢ €,j € [n],j #1i.

The general version of Lovasz local lemma is the following.

12For Turan Theorem, this bound is a7 Which is tight in general.
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Lemma 6.1 (Lovasz Local Lemma). Let Ai,1i € [n] be any n events in a common underlying probability space
with G = (V = [nl], ) being their dependency graph. Let x; € [0,1),1 € [n] be real numbers which satisfy the
following for every i € [n].
PriAi] < xi H (1—x)
(Lj)e€

Then we have the following.

n

Pr [ﬁ Ai} > H(l —xi) >0
i=1

Proof. The high level idea of the proof is the following. If simultaneous occurrence of some subset Aj,j €
8 C [n] of events guarantee that some other event Ay happens with probability 1, then we do not have any
hope proving the statement. So we need to bound (from above) the probability of any event A, happens
given the events Aj,j € 8§ C [n] happen simultaneously We prove this by induction on |§|. Formally, we
claim that, for any § C [n] and k € [n] \ 8, PrlA| ;s Ai

(Base case) For |8| = 0, the result follows from the assumption since Pr[A;] < x; H (1—x%5) < x40

(ij)ee€
In the inductive step, we assume for any [§| < k and we need to prove for any || =k + 1. Let k € [n] \ 8

be any integer. Let §; = {i € §: (j,1) € &}. If, 8; = 0, then the result follows from the base case. So let us
assume without loss of generality that 8§; # (. We now have the following.

< xk. We prove it by induction on [§].

1€8\81 ‘A ]
ﬂiES\Sl ﬁl}

1 _ Pr [Ak MNies, At

Pr |:Ak —
Pr {nie& ‘Ai

N

ies

We now bound the numerator as below.
Pr Akﬂﬁi ﬂ ﬁi gPl’ Ak m ﬁi gPr[Ak}:xk H (1—Xj)
i€8r  |ies\s; 1€8\8; (kj)ee
We now bound the denominator as below. Let 81 = {i1,1s,...,1:}.

N& N &

ie8;  |ies\8;

=Pr ﬁh m ﬁi Pr Zi.zﬁ m Z -Pr h 'Ailm"'-Ai
1e8\81 €8\

H (1—x5)
k,j)e

From the bounds on the numerator and the denominator, we have Pr[Ay|()
statement of the lemma follows easily.

ies Ail < xx. Now the

Pr [ﬂ A ] = Pr[A;] PriAyAq] -
i=1

1 ﬁl—xi)>0
i=1
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The above general version of the Lovasz local lemma is often difficult to apply since we need to guess the
values of x;. The following simplified version known as the symmetric Lovasz local lemma is often easier to
apply.

Corollary 6.1 (Symmetric Lovasz Local Lemma). Let A;,i € [n] be any n events in a common underlying
probability space with G = (V = [nl], £) being their dependency graph. Suppose we have Pr[A;] < p for every
i € [n] and the out degree of every vertex in G is at most d. If ep(d + 1) < 1, then Pr [, A;| > 0.

Proof. If d = 0, then the statement follows from the product rule of probability. Otherwise, setting x; = d%rl
for every 1 € [n] satisfies the assumption in the Lovasz local lemma as can be seen below.
S | (R P IR T P S
¢ | dr1) “elarn =P
(ij)ee€
Now the statement follows from the Lovasz local lemma. O

Let us see an application of Lovasz local lemma.

2k

Theorem 6.4. If no variable in an exact k-SAT formula appears in more than % (?

formula is satisfiable.

- 1) clauses, then there

Proof. Consider independently assigning each variable to TRUE or FALSE with equal probability. Let E; be the
event that the assignment does not satisfy the j-th clause for j € [m]. Then we have Pr[E;] = 27* = p (say).
From the assumption, the maximum degree d in any dependency graph is at most % — 1. Hence we have
the following.
2k
ep(d+1) < eZ*k? <1

Hence, by the symmetric Lovasz local lemma, we have Pr [ﬂj‘l 1 E} > 0 and thus there exists a satisfying

assignment for the formula. O
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7 Derandomization Using Conditional Expectation

Suppose we have a randomized algorithm A for some problem TT which uses k random bits. Let us de-
note these random bits as Xi, X3, ..., Xx. Suppose we have shown that the randomized algorithm is a
o factor approximation algorithm. Suppose ALG is the random variable denoting the value of the out-
put of the randomized algorithm. Then, E[ALG(X1, Xa, ..., Xx)] = «OPT (for maximization problem). The
method of conditional expectation is a general framework for designing a polynomial time deterministic algo-
rithm with value of the output at least E[ALG (X1, Xa, ..., Xk )]. Suppose the randomized algorithm samples
X1, X2, ..., Xy in this sequence. E[ALG(X1, Xa, ..., Xk )] can be written as follows. Suppose X; ~ Ber(p1).

E[ALG(X1, X2,..., Xk)] = p1E[ALG(X1, Xa, ..., Xi)[X1 = 1] + (1 — p1)E[ALG (X1, X2, ..., Xi)[X1 = 0]

Now, from averaging principle, it follows that,

E[ALG(X1, X2, ..., Xi)] < max{E[ALG(Xq, X, ..., Xy )Xy = 1, E[ALG(Xy, Xa, ..., Xi)IX1 = 0]}

On a high level, the deterministic follows the randomized algorithm exactly, except when the random-
ized algorithm samples X;, the deterministic algorithm sets X; = 1 if E[ALG(X1, Xa,..., Xy ) X3 = 1] >
E[ALG(X1, Xz, ..., Xk)|X; = 0] and O otherwise. In general, say when the randomized algorithm samples X;
and deterministic algorithm have already set X; = x1, ..., Xi_1 = xi_1, the deterministic algorithm sets X; =
1if E[ALG(X1, Xg, ..., Xi)IX1 = x1,..., Xi—1 = xi-1, Xi = 1] 2 E[ALG(X1, Xa, ..., Xy ) X1 = %x1,..., X421 =
xi_1,X;i = 0] and O otherwise. It follows inductively that, E[ALG(X1, X2,..., Xy )| X1 = x1,...,Xi_1 =
xi—1,Xi = xi] = E[ALG(X1,Xa,...,Xy)]l. Hence, when the deterministic algorithm terminates, we have
ALG geterminisic = ALG(X1 = x1,..., Xx = xx) = E[ALG(X1, X2, ..., Xx)]. In particular, if the randomized al-
gorithm is a « factor approximation algorithm, the deterministic algorithm is also a « factor approximation
algorithm. This technique is called the method of conditional expectation. Note that, to be able to apply the
above technique, one needs to be able to compute E[ALG (X1, X2, ..., Xx)IX1 = %1,..., Xi_1 = Xi_1, X{ = X4
in polynomial time for every i € [n] which may not be always straightforward. Let us now see a concrete
example.

In the E3SAT problem, the input is a set of m 3SAT clauses over n Boolean variables and the goal is
to set these variables to Boolean values which satisfies a maximum number of clauses. There is an easy
randomized % approximation algorithm for the E3SAT problem - simply set each of the n variables to TRUE
or FALSE with equal probability independently. Let Z; be the indicator random variable for the event that
j-th clause is satisfied for j € [m] and Z = Z].”Ll Z; denotes the number of satisfied clauses. Then we have
ElZ] = Z,E[2] = > ElZi] = 7. Since any assignment satisfies at most m clauses, it follows that the
above algorithm achieves an approximation ratio of %.

Now, the above de-randomization technique applied straightforwardly as follows. Suppose the variables
are xi,1 € [n]. We set x; = TRUE if E[Z|x; = TRUE] > E[Z|x; = FALSE] and x; = FALSE otherwise. Iter-
atively, in the i-th iteration, suppose we have set the variables x;,...,%x;_1 to ai,...,a;_1 € {TRUE, FALSE}
respectively. Then we set x; = TRUE if E[Z|x; = a1,...,X{_1 = ai_1,%;i = TRUE] > E[Z|x; = a1,...,Xi_1 =
ai—1,Xi = FALSE] and x; = FALSE otherwise. Also it is immediate that E[Z|X1 =Qa1,...,Xi—1 = Aj—1,X{ = a;l
can be computed in polynomial time for every ai, ..., a; € {TRUE, FALSE} (what is the algorithm?). Hence, it
follows that the deterministic algorithm also achieves an approximation ratio of Z.
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8 Hashing

A hash function h : U — M is a function which maps some universe U to a set M. Two elements i,j € U, 1 #
j are said to collide under h if h(i) = h(j). Hash tables are often used as a data structure which guarantees
various operations like search, insertion, etc. in O(1) time. Typically, the universe U is much larger than M
and thus the function M will not be injective (and hence there will be collisions). However, often the design
goal is to minimize the effect of collision as far as possible. Usually, “the description of h” is available to
adversaries and thus the adversary will always be able to “create inputs” so that the number of collisions is
more which in turn degrades system performance. The idea of universal hashing addresses this issue.

8.1 Universal Hashing

As argued, any fixed hash function can be exploited by an adversary to cook up a “bad input.” So the idea is
to not fix the hash function h apriori. Instead, fix a set H of hash functions and select a hash function h from
I uniformly randomly at run time (hence, even the system designer also do not know which hash function
will be used at run time). Intuitively speaking, a hash family is called universal if a random function from H
looks like a random function from U to M. However, it can be proved that, for h picked uniformly randomly
from K to behave like a random function, the family H should be the set of all functions from U to M which is
computationally not appealing. So, we ask if it is possible to get “limited random” behavior by much smaller
hash family. This brings us to the notion of k-universal hash family (also known as k way independent hash
family). A family H of hash functions from U to M is called k-universal if for any distinct x1,xo,...,xx € U
and any yi,ys,...,Yykx € M, we have Pr[h(x1) = yi1,..., h(xx) =yl = ﬁ (what is this probability over?)
where m is [M|. It follows that, for a k universal hash family 7, Pr(h(x1) = h(xa) = - -- = h(x )] = m~ (k=1
for every x1,x2,...,xx € U. The 2-universal hash family is particularly interesting due to its application in
numerous different context. Before seeing a construction of a 2-universal hash family, let us see some use
cases of it.

8.1.1 Application of Universal Hashing: Data Structure

Arguably the most immediate application of hashing is hash tables. We wish to store some set S C U of n
elements in a way so that we can perform various operations like search, insertion, deletion, etc. quickly. A
popular among such data structures is a hash table. In a typical hash table, we keep an m-length array A of
“buckets”. There is a hash function h: U — [m]. To insert an element x € U, we simply put x in the bucket
Alh(x)]. To search for an element x € U, we search in the bucket A[h(x)]. To delete an element x € U, we
delete x from the bucket A[h(x)]. It immediately follows that the efficiency of the above operations depends
on the size of the buckets and how quickly we can find h(x) given x. Typically, h(x) can be computed quickly
from x. So the performance depends solely on size of the buckets. Obviously, the size of individual buckets
depends on the input set S and the hash function h. Since size of U is often much larger than the size of
S, for any hash function h, one can find a set S so that the operations take (close to) linear time. To avoid
this situation, the idea is to not fix the hash function h at design time; instead fix only a hash family 3 and
pick a hash function h from H uniformly at random at run time. It turns out that if the hash family K is
2-universal, then we obtain what we want — insertion, search, and deletion can be performed quickly for
any S. Let S = {x1,%2,....,xn} C U. Suppose we wish to search/insert/delete some y € U. We will show
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that the expected size of the bucket A[h(y)] is O(1) for n = m which immediately implies that all the three
operations could be performed in O(1) expected time.

Let X; be the indicator random variable for the event that h(y) = h(x;). Let Z be the random variable
denoting the size of the bucket A[h(y)]; thatis Z = Y I* ; X;. Then, we have Pr[h(y) = h(x;)] = m ! since K
is a 2-universal hash family. Hence, E[X;] = m~! and, by linearity of expectation, we have E[Z] = n/m = 1.

8.1.2 Application of Universal Hashing: Perfect Hashing

The above application shows that, using 2 universal hash family, one can build data structure which guaran-
tees O(1) time per operation in expectation. Can we improve this guarantee to worst case? Perfect hashing
achieves this goal under the assumption that the set 8§ that we wish to store is static, for example, the set of
words in the English dictionary. For simplicity, let us assume 8§ = [n] and we wish them to store in a table
T of size m = An for some constant A (let the requirement decide the value of A). Suppose we hash § to
T using a hash function picked uniformly at random from a 2 universal hash family. Let us first bound the
number of collisions. For x,y € 8,x # y, let C, y be the indicator random variable for the event that x and
y collides. Then we have, E[Cy ] = 1/m. Let the random variable C denotes the number of collisions. Then
we have the following.
E[CI= Y  E[Cyyl =0()/m=0(n)
X,yES,x#Y

By Markov’s inequality, the probability that the number of collisions is more than O(n) is at most 1/10.
If m = Q(n?), then we would have achieved what we want with few tries (in expectation). But the goal
is to achieve O(1) look up using O(n) space. The idea is to use two level hash function — have a hash
function picked uniformly randomly from a 2 universal hash family and use another hash function again
picked uniformly randomly from a 2 universal hash family per bucket to resolve collision. Let, the size of the
buckets of T be b1, ba, ..., by, in expectation. Now hash the elements in bucket i (which has b; elements) to
another table T; of size O(b?) and the above calculation shows that a hash function can be chosen using few
expected tries which makes no collision in T;. So, the total space used is O(n) + Y_*; O(b?). We are done if
we prove ) ", b? = O(n) which we do next.

Observation 8.1. Suppose bs,1i € [m] are as defined above. Then we have > ", b? = O(n).
Proof. The total number of collisions in expectation is ) ", b? which we have already shown to be O(n). O

Perfect hashing is also known as the FKS hashing after the name of the inventors Fredman, Komlds, and
Szemerédi [FKS84].

8.1.3 Application of Universal Hashing: Data Streaming

In the streaming model, the data is huge and thus one can never store the entire data in any fast storage
device at some place (in these applications, data is often distributed in different locations and stored in low
cost slow devices like magnetic tape, etc.). For example, think of a network router which observes the stream
of IP packets flowing through it or a very large data base application. In these settings, it is desirable that
your algorithm makes only one pass of the data (note that, this restriction is forced in some applications like
Internet router). If n denotes the size of the data, then we are given poly(logn) amount of data storage
capacity. One can intuitively see that most of the interesting functions of the data can not be computed
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exactly in the restricted data streaming model (needless to say that one can formally prove this statement
for individual functions). Hence, one usually tries to compute these functions approximately; the notion of
approximation of course varies from application to application.

One of the basic function is to compute frequencies of individual elements. Formally, we are given a
stream of elements of length m (think of m as the number of IP packets flowing through some router per
day) from a universe U of size n (think if n as the total number of different IP packets possible). The task is
to compute the frequencies of individual elements of U in the stream. We will now see the count min sketch
algorithm for this problem. The high level idea is to incrementally build a small data structure called sketch
such that, whenever a query comes for an element a € U, we can answer an estimate f(a) of the frequency
of f(a) with the guarantee that Pr [?(a) € [f(a),f(a)+em]| >1-06.

We have a two dimensional integer array A with r = [In(Y/s)] rows and ¢ = [¢/¢]| columns. We choose r
hash functions hi, i € [r] uniformly randomly from a 2 universal hash family which maps U to [c]. The array
A is initialized to 0; that is Ali][j] = O for every i € [d],j € [w]. Whenever an element a € U appears in the
stream, we increment A[i][hi(a)] by 1 for every i € [r]. Whenever a query comes with an element x € U, we
output ?(x) to be min{A[i][hi(x)] : 1 € [r]}.

Lemma 8.1. For every a € U, we have Pr [?(a) € [f(a),f(a) + em]} >1-06.

Proof. The lower bound f(a) > f(a) obviously holds with probability 1. For proving the upper bound, we
define an indicator random variable J;(b) for b € U \ {a} for the event that hi(a) = hi(b). Then we have the
following.

Afillhi(@)] = f(a) = ) Ji(b)f(b)

belU\{a}

Y f(b)ED;(b)]

belU\{a}

>~ f(b)Prlhi(a) = hyi(b)]

beU\{a}

= X )
e
belU\{a}
&em
< —

€

= E[A[l[hi(a)]]

Now by Markov’s inequality, we have Pr[A[i][hi(a)] > f(a)+em] < % For f(a) to be more than f(a)+em,
it should be the case that Al[i][h;i(a)] > f(a) + em for every 1 € [r] which happens with probability at most
e~ InlV/e) =5, O

The streaming model described above is called the “insertion only” model or vanilla model — elements
are only inserted and never deleted. One could consider more sophisticated models. One such model is the
“turnstile model” where both insertions and deletions are allowed. One can change the above count min
sketch to what is called the count median sketch — when an element is deleted, we decrement corresponding
entries in each row and instead of outputting minimum of {A[i][hi(x)] : i € [r]}, we output median of
{Alil[hi(x)] : i € [r]}. One can perform similar analysis to show that the count median sketch algorithm (¢, 8)
approximates the frequency of every element in U with same order of space and (update and query) time
complexity.
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8.1.4 Construction of 2 Universal Hash Family: Using Finite Fields

Let us now see a construction of 2 universal hash family. Let U be a given universe and [m] be a given
co-domain of the hash functions. We choose a prime number p with |U| > p. Then U can be associated
with a subset of the field F, (IF, is same as Z, with addition and multiplication module p). Our hash
family is defined by H = {hqp(x) = (ax+b (mod p)) (mod m): a,b € F,}. We now show that H forms a
2 universal hash family.

Lemma 8.2. H ={hqu(x) = (ax+b (mod p)) (mod m): a,b € Fy}is a2 universal hash family if m divides
Pp.

Proof. Letx1,x2 € U, X1 # X2,, Y1, Y2 € [m],y},y5 € F,, be arbitrary. We now have the following.

o F Al
Prlax; +b =y} (modp),axa+b =1y} (modp)l=Pr =172 _ U127 Y2

X1 —x2’ X2 —X1
1
TP
We now have the following.
Prlhqp(x1) =y1, hap(x2) = yal = Z Priax; +b=1y) (mod p),axs+b=y) (mod p)]
yi€F,,yi=y:1 (mod m)
ys€F,,ys=y2 (mod m)
2
= (n%) Priax; +b=1y] (mod p),axs +b=y) (mod p)]
1
T m?

O

If m does not divide p, the strong requirement of 2 universality is not guaranteed by Lemma 8.2. How-
ever, a weaker version of 2 universality holds nevertheless (that is why our definition of 2 universality is
sometimes called strong 2 universality) — for any different x1, xp € U, we must have Pr[h(x;) = h(x2)] < /m.
Now one can check that our applications of 2 universal hash family still work with this weak 2 universal
hash family.

8.1.5 Construction of k Universal Hash Family

The construction of 2 universal hash family can be straightforwardly generalized to k universal hash fam-
ily. Assuming same setting as 2 universal hash family, the k universal hash family is defined by H =

,,,,, =1 (mod p)) (mod m): ag,ay,...,ax—1 € Fp}. The proof of
k universality is also along the same line. One needs elementary linear algebra (like Vandermonde matrix is
non-singular) in the proof.

8.2 Cuckoo Hashing

The guarantees provided by perfect hashing is very good except it assumes that the set to be stored is static.
One could hope to achieve similar guarantee for dynamic set. Cuckoo hashing is one such data structure
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which provides such kind of guarantees for dynamic sets. The search time for Cuckoo hashing is O(1) in the
worst case and the expected insertion time is O(1). The idea of Cuckoo hashing is as follows.

It uses two hash functions h; and h, chosen uniformly random from a k universal family of hash functions
for some appropriate large k. It stores the data in an one dimensional table T. It maintains the invariant that,
for every element x € § (8 is the set of elements stored in the hash table), x is stored in either T[h;(x)] or
TThy(x)]. So, to search for any element x € U, we only need to look at T[h;(x)] and TTh,(x)] and thus search
takes O(1) time in the worst case. The insertion operation works as follows. To insert an element x = x; € U,
if TThy(x1)] or TThy(x1)] is empty, we store x in T[h;(x1)] or T[ha(x1)]. Otherwise, suppose x; is currently
stored in T[h;(x)]. We store x; in T[hy(x1)]. If TThy(x2)] is empty, we store xp in T[ha(xz)]. Otherwise, let
x3 = Tlha(x2)]. We store x; in T[hy(x2)] and now we once again have another new value x3 to insert in
the table. The process continues until an empty cell has been found or it has run for some large number N
iterations where m is the size of 7. If we could not find any empty cell for N iterations, then rehash - pick
once again two hash functions, initialize the table to empty, and insert all the elements currently present in
the table. The running time analysis is little involved. We refer interested readers to [PR04, Pag06].

8.3 Bloom Filter

Bloom filter is a highly space efficient data structure which have small probability of false positive — the data
structure can sometime wrongly output that a given element x € U belongs to the stored set § even if x ¢ 8.
However, the probability of such an event can be made arbitrarily small. The data structure is as follows.

We have a Boolean one dimensional array T of size m (the value of m will be decided later). The table
T is initialized to 0. We choose k hash functions hy, ..., hy uniformly randomly from a k universal hash
family H (again the value of k will be decided later) which maps U to [m]. To store an element x € U, we
set T[hi(x)] = 1 for every i € [k]. When a query for an element x is made, the data structure returns YES if
JThi(x)] =1 for every i € [k] and returns NO otherwise. Obviously, for elements which are indeed inserted,
the data structure can never make any mistake. Hence one only need to analyze the probability that an
element x € U which is never inserted and the data structure answers YES when queried for the element x.
Let us postpone the analysis until we cover martingale.

8.4 Locality Sensitive Hashing and Approximate Nearest Neighbor Search

Indyk and Motwani [IM98] invented locality sensitive hashing (a.k.a LSH) to solve the problem known as
approximate nearest neighbors search (NNS) problem. In this problem, we are given a set P of n points in
R4 and a point p € P, and we wish to find a point q € P which is approximately nearest to p. The naive
approach to this problem is to compute distance from p to every other point in P and output the nearest
point. This approach takes O(nd) time. We want to solve this problem in o(nd) time. In high dimension,
this problem suffers from what is often called curse of dimensionality — simple techniques like assigning each
point to nearby grid points may need exponential time. To tackle this curse of dimensionality, we consider
solving a weaker version of the problem called ¢-nearest neighbor search (e-NNS). In ¢-NNS, given a point
p € P, it is enough to return a point q € P, q # p such that d(p, q) < (1 + ¢) ming/ep,q'2p d(p, q').

As a first step, we (Turing) reduce the ¢-NNS problem to a simpler problem called e-point location in equal
balls (¢e-PLEB). In ¢-PLEB, we are given a set P of n points in R¢, a real number r € R, and a point p € P,
and we wish to return a point q € P, q # p, with d(p, q) < (1 + &)r if there exists a point ¢’ € P,q’ # p,
with d(p,q’) <.
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The (Turing) reduction from ¢-NNS to e-PLEB is as follows. Given an instance (P,p) of ¢-NNS, let
Tmax = Maxp qep d(p, q) and tmin = ming qep p2q d(p,q). We run the e-PLEB algorithm on the instances
(P,p,7) for every 1 € {Tmin(1 + €)% Tmin(1 + €)%, Tmin(1 + €)%, ..., Tmax} to find the minimum r € {ryi(1 +
€)%, Tmin(1 + &)Y, Tmin(1 + €)2, ..., Tmax} for which the ¢-PLEB algorithm returns a point p (how can you find
such an r without knowing .y and ryin?). Then p is a valid output for the e-NNS instance (you can easily
prove this claim formally). Now, we focus on the ¢-PLEB problem. The locality sensitive hashing data
structure was invented to have a o(n) time algorithm for this problem.

Definition 8.1 (Locality Sensitive Hashing). A family of hash functions H is called (r1,72,p1,p2)-locality
sensitive for a distance metric d on the domain of the hash functions if, for every point p, q in the domain, we
have the following.

(@) If d(p, q) < 11, then we have Prlh(p) = h(q)] 1

Zp
(i) If d(p, q) > ro, then we have Pr[h(p) = h(q)] < p2

LSH is only useful if p; > p,. Let us assume we have a LSH with appropriate parameters and use this
to construct a (r1, rz)-PLEB data structure which returns a point within r; with high probability if exists and
never returns a point which is r, distance away. We achieve this in three steps. In the first step, concatenate
multiple hash functions to reduce the probability that far points hash to same bucket. The second step is
to hash our query point and target points multiple times to boost the probability that nearby points hash to
same bucket. The final step (common to almost all randomized algorithms) is to repeat everything to reduce
the error probability to some desired 5. We now elaborate each steps.

For the first step, let k = [log, oo n]. We pick k hash functions hy, hy, ..., hx from H independently u.a.r
and define g(x) = (hi(x), ha(x),...,hx(x)). From here on, our working hash functions are gs. Now, for
p,q € P, if d(p,q) > T2 then we have Prlg(p) = g(q)] < p5 < I/n. By linearity of expectation, given any
point p, there is at most one false match for p among n points.

However, if p; is not substantially larger than p,, we may not be able to find any nearby point of p.
This is where the second step comes in. Let { = nP where p = 28(/r1) _ 18P1 7 We choose { hash

log(Y/py) log p2
functions g1, g2, . .., g¢ independently u.a.r. Every point x € P is first mapped into g;(x) for j € [¢(] which are

themselves hashed into another hash table so that the total space required is O(n). Now, , for p,q € P, if
d(p, q) > r2 then we have the following for every j € [{].

—_

logl/pz n

Prlg; (p) = g;(q)] = p} =p; —nf =

¢

Hence, given a point p, if there exists a point q € P,p # q, with d(p, q) < 71, the probability that we
find this point q by searching ¢ independent buckets is at least 1 — (1 — %)e =1- % + 0(1). We need to
guarantee that we do not see more than O(nf) points. We guarantee this by terminating our search once
we have observed 2¢ points. Recall, we expect to see at most one bad point in each of the ¢ buckets. So,
the probability that all the 2{ points observed are bad is at most 1/2; thus the probability of failure is at most
% + % + o(1) which is some constant say A < 1. We finally drive down this error probability to § by repeating
[log,/, (1/s)| many times.

log pq
The cost of query is O(kllog(Y/s)) = O (nlim logl/mnlog(l/é)) hash function evaluations and
log p
O(tlog(Y/s)) = O <nl‘§vz1 log(l/é)) distance function evaluations. Insertion cost is O (kflog(1/s)) =

lo;
O <n1°§§; log, oy TV log(l/é)) hash function evaluations.
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Now we can use the above (r1, 13)-PLEB data structure to perform a binary search to solve the ¢-PLEB
problem (and thereby solve the ¢-NNS problem).

8.4.1 Construction of Locality Sensitive Hashing for Hamming Distance

Suppose our points are bit vectors of length d; that is x = (x1,x2,...,xq) € R9. Then one can easily prove
that the hash family 3 = {hi(x1,...,xa) = xili € [d]} forms an (r,7(1 +¢),1 — +,1 — ")) 1SH. Again

one can show easily that, if /a < 1/inn, then using the above LSH, one can have an algorithm for the ¢-
NNS with time complexity O (n"/*<) log(1/s)(logn + d) loglog, , . Rlogloglog; , . R) which beats the naive
O(nd) time algorithm.

8.4.2 Construction of Locality Sensitive Hashing for Set Family — Min hash

Suppose our points are subsets of a set U = {1,2,...,n} and the distance function under consideration is
d(A,B) =1—J(A,B) where J(A,B) = :QBE} denotes the Jaccard similarity measure of A and B. Then one

can show easily that the hash family H = {h, : 2¥ — [n],h:(A) = min{n(a) : a € A} € 8.} forms an
(r1,72,1—711,1—75)-LSH.
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9 Sparsification Techniques

We now see various randomized sparsification techniques. On a very high level, sparsification techniques are
tools that reduce the volume of data in a way so that we can still compute our desired functions of the data
approximately.

9.1 Dimensionality Reduction: Johnson-Lindenstrauss Lemma

Our first such tool is Johnson-Lindenstrauss lemma which is a dimensionality reduction technique. The set
up is as follows. Suppose we have n data points x1, X2, ..., X, € R™ in m dimensional Euclidean space and
we wish to compute some function on these data points which depends on the pairwise distance of these
points. Example of one such useful functions is classification. In typical computer science applications, data
often resides in high dimension (m is high). Johnson-Lindenstrauss lemma (J-L lemma for short) states that
there exists a linear transform 7 : R™ — R¢ such that the images of x1, Xy, ..., X, € R™ under T respects
pairwise distances and m is around O(log m). The linear transformation 7 in the J-L lemma is called the J-L
transformation.

Lemma 9.1 (Johnson-Lindenstrauss Lemma). Let x1,X32,...,Xn € R™ any n points and ¢ € (0, 1) be any.
Then for d = O (108 “), there exists a linear transform T : R™ — R9 such that

€2

T(x) = T0)M2 € [(1 = &) lIxi = xjll2, (1 + &) lxi — xjll2] for every i,j € [n]

IT0xi)ll2 € [(1 =€) [Ixill2, (1 + €) [Ixill2] for every i € [n]
Moreover, a T can be found in polynomial time which satisfies the above inequalities with probability at least
1-2,
In the proof of Lemma 9.1 needs the following fact from elementary probability.

Claim 9.1. Let X, ..., Xy be n independent Normal random variables where X; ~ N(0, 0%). Then X; + Xz +
s+ X ~N(0, Y1 o).

Proof of Lemma 9.1: Using Claim 9.1, the rest of the proof is simple application of Chernoff bounds. Let
v € R™ be any vector of unit length. Let us first prove that there is a linear transformation T which preserves
the length of v with high probability. Let r; € R™ for i € [d] where every coordinate of r; is sampled from
N(0, 1). The linear transformation 7T is defined as follows — for any w € R™, the i-th component of T(w) is

defined to be T\‘t/‘g. The length of T(w) can be written as follows.

d

AT = Y (riw)?

i=1

And thus the expected squared length of T(v) is as follows.

d m
dE(ITO)IB = ) _Elriw)?2 =) Y w=d
i=1 i=1j=1

Applying Chernoff bound on the random variable Y = d||T(v)|[3. But since we have proved Chernoff
bounds for sum of independent Bernolli random variables, let us follow the proof technique of the Chernoff
bound. Let us define X; = r{w for i € [d]. Then each X; follows N(0, 1). Let us first prove the upper bound.
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Hence we have the following.

1
PrITw)l > (1+6)] < —
n
The technique can be analogously followed to derive a similar lower bound and thus by union bound we
IOg“) for any w € R™.

€2

have the following for d = O (

Pr{ITw)llz € [(1—e), (1 +e)l] >1— %

X4 XiXj

We now apply the above result for w = =~ fori € [n] and w = Tro—x;T and by union bound, we have

the result. O

9.1.1 Remarks on Johnson Lindenstrauss Lemma

It turns out that the guarantee on the dimension provided by the Johnson Lindenstrauss lemma is optimal
because of the following result by Larsen and Nelson [LN17].
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Theorem 9.1. For m,n > 2 and 1/(min{n,d})°.499 < € < 1, there exists a set X of n points in R™ such that there
exists an embedding f : X — R satisfying

1T(xi) = T(x)ll2 € (1 =€) lIxi —x5ll2, (1 4 €) [[xi — x4ll2] for every xi,x; € X

1T(xi)ll2 € [(1 —¢€) [Ixill2, (1 + €) [Ixill2] for every xi € X
Then we have d = Q (log“>

One can also try to extend Johnson-Lindenstrauss lemma to other distance metrics. It turns out that the
Johnson-Lindenstrauss lemma strongly depends on the properties of the {;, norm. For example, it is known
that, for {; norm, any map which provides a guarantee like J-L must have d = Q (n"/ ““)2) [BCOS5].

9.2 Sub-Gaussian Random Variables and Chernoff Bounds

We have seen that Chernoff type bounds hold for sum of Bernolli random variables and sum of Gaussian
random variable. We can ask for what other kind random variables we can have Chernoff type bounds.
It turns out that if a random variable is sub-Gaussian, then Chernoff type bounds hold. On a high level,
Chernoff bound holds for those random variables which show Gausian type probability distribution. To
formalize the notion of “Gaussian type”, we need the concept of moment generating function.

Let Z be a random variable. Then the moment generating function M : R — R of Z is defined as
M(s) = E [exp(sZ)]. Let us compute the moment generating function a standard Gaussian random variable
Z.

M(s) =E[exp(sZ)] = L JOO es7e = /2dz = 1 Joo e e dz =%
V21 )-o V2n

The sub-Gaussian random variables are defined as follows.

—00

Definition 9.1 (Sub-Gaussian Random Variable). A random variable X is called sub-Gaussian with parameter
o262

02 and denoted by X ~ subG(c?) if its moment generating function M exists and it satisfies M(s) < e“ 2 for

every s € R.

Let us see some examples of sub-Gausian random variables. Obviously a Gaussian random variable is
sub-Gausian with parameter 1.

Example 9.1 (Rademacher random variable). A Rademacher random variable X takes values 1 and —1 with
equal probability. The following shows that a Rademacher random variable is sub-Gaussian random variable
with parameter 1.

sX 1 s = S‘ - s> s2/2
Ele’*] = 2e+e E 1+E Ziilge
! — 2l
O

Example 9.2 (Bounded random variables). Let X be a bounded random variable with upper and lower bounds
being a and b respectively. Then following shows that X — E[X] is a sub-Gausian random variable with pa-
rameter (b—a)*/4, Let X' be another random variable having same distribution as of X. Also observe that, for a
Rademacher random variable Y, the distributions of X — X' and Y(X — X') are the same.

Eqc[e8 B D] < B o [e3 (Y] [Jensen’s inequality]
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:Ex}x/ ]Eld [esﬁ(xfx']:H
r 2 2

< Exx |exp {s(DCZDC) H [Example 9.1]
- 21 _ )2

< Ex’x/ exp {S(bsa)}:|

:exp{sz(b;a)z}

Let us now prove the main result of this section — Chernoff type bounds hold for sub-Gausian random
variable and in particular to bounded random variables.

O

Proposition 9.1. Let X ~ subG(c?). Then, we have E[X] = 0 and Var(X) = E[X?] < o2

Proof. Since X ~ subG(c?), we have E [exp(sX)] < e#. And thus from Lebesgue’s dominated convergence

1

theorem!3, we have the following for every s € R.

i 1E[3Ci]—]E[ ) < o252 _ 2 (os)?t
Z,' =El[exp(sX)] < e —Z 0

i=0 i=0

| .

Py

By taking derivative with respect to s on both side of the above inequality and then putting s = 0, we
have E[X] = 0. By taking derivative with respect to s twice on both side of the above inequality and then
putting s = 0, we have E[X?] < o2. O

Just as sum of Gaussian random variables is another Gaussian random variable, the same holds for sub-
Gaussian random variables.

Proposition 9.2. Let X; ~ subG (0?) fori € [n]. Then } [ ; X; ~ subG (31", o).

Proof. It is enough to prove the result for n = 2. We have the following.

(U%+6%)52

E [exp(sX1 + sX2)] = E[exp(sX1)] E [exp(sXz)] < e 2
[

Following exact same proof of the Chernoff bounds (for Gaussian and Bernolli random variables), one
could prove the following.

Theorem 9.2. [Hoeffding Bound] If X ~ subG(c?), then for any t > 0, we have the following.

Hence, if X; be random variables with expectation ; and X; — p; ~ subG(0?) for i € [n], then we have the
following for any t > 0.

Pr

n tz
Z (X —w) >t| <exp {—n}
2
) 22 103

13The version used here is the following: Let X;,i € N be a sequence of random variables in some underlying probability space
(Q, F, P) having finite expectation. Suppose there exists another random variable Y such that X; (w) < Y(w) for every w € Q for
every i € N and the expectation of Y is finite. Then E[lim;_, o, X;] = lim;_, o, E[X;].
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Proof. For any positive real number s, we have the following.

0%s? 2
PHX > 1] = Prles™ > e*!] < exp{—st}E[e*] < exp {2 - st} < exp {_262}

9.3 Probabilistic Tree Embedding

Any undirected weighted graph § = (V, €) induces a metric dg on V: for u,v € V, dg(u,v) is the distance
between u and v in §. This metric is called a graph metric. A simpler sub-class of graph metric is tree metric
where the graph § involved is actually a tree J. A tree metric d is said to approximate a graph metric dg
within a factor « if V[G] C V[T] and the following holds.

dg(u,v) < dy(u,v) < adg(u,v), Vu,v € V(9]

Given a graph § can we find a tree 7 so that dy provides a good approximation for dg? If G is a cycle
on n vertices, then it is known that every tree T which approximates § have an approximation ratio of at
least T — 1 [RR98]. To tackle the above lower bound, Bartal introduced the notion of probabilistic tree
embedding [Bar96]. A probabilistic tree embedding is a collection T of trees {T; : i € [k]} along with a
probability distribution p on J. A probabilistic tree embedding (T{T; : i € [k}, p) is said to approximate a
graph metric dg within a factor « if V[G] C V[T;] for every i € [k] and the following holds.

dg(u,v) < dr(w,v),Vu,ve VG, T T

dS (U,V) < (X]ETN‘]'[dT (U,V)], VU,V € ’\7[9}

Bartal showed that, for every graph G, there exists a probabilistic tree embedding which approximates
dg within a factor of O(logn) [Bar96] which we see next.

Given a graph G, we construct its corresponding tree T by what is known as a hierarchical cut decom-
position. Let A be the smallest power of 2 greater than the diameter of the graph §. A hierarchical cut
decomposition is a rooted tree with height 1g A (that is IgA + 1 levels); the level of the leaves is 0 and the
level of the root is 1gA. Every node in the tree T corresponds to some subset 8§ of V[S]. The root node
corresponds to V[G] and leaf nodes correspond to singleton sets. The children of any internal node 8 is a
partition of § with the property that the diameter of the sub-graph induced on each children node is at most
half the diameter of the sub-graph induced on 8. The weight of the edges between level i and level i+1 is 2.
Finally, we identify the leaf nodes of the tree by the vertices they contain. We are done with our description
of the hierarchical cut decomposition if we specify the children of every node. But before that, let us make
the following easy observation.

Observation 9.1. Let T be hierarchical cut decomposition of a graph G. Then, every vertex u € V[S] corresponds
to one leaf in T and, for every u,v € V[S], we have ds(u,v) > dg(u,v). Further, if the least common ancestor
of wand v is at level i, then we have d(u,v) < 21+2.

Let us now describe children nodes of any internal node 8. We pick vy € [1/2,1) uniformly at random
and a permutation 7 on V[G] uniformly at random from the set of all permutations. Define r; = 2rq for
i € [lgAl. We observe that r; is distributed uniformly in [2t71, 21). Suppose the level of § is i. We define the
first children of S to be the set of vertices in B(7t(1), ri—1) and delete the B(7t(1), r;_1) from 8. Iteratively, for
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1=2,3,...,n,if B(n(i), ri_1) N 8 is non-empty, define B(7t(i), ri_1) N 8 to be another child of § and remove
B(m(i), ri_l) N 8 from 8.'* We now prove the main theorem of this section.

Theorem 9.3. For any graph G, let T be a hierarchical cut tree output by the above randomized algorithm.
Then for every u,v € V|[S], we have the following.

dg(u,v) < dy(u,v), E[ds(u,v)] < O(logn)dg(u,v)

Proof. We already have dg(u,v) < ds(u,v) due to Observation 9.1. So, we only need to prove the other
inequality. Let u,v € V[G] be any two vertices. Then, we also have dg(u,v) < 2'*3 if the least common
ancestor of uw and v is at level i+ 1; u and v belong to different nodes at level i. This can only happen if there
is a vertex w so that exactly one of u and v belongs to the ball centered at w. We say that w settles the pair u
and v at level i if w is the first vertex in the random permutation 7t such that at least one of u and v belongs
to B(w, r;). We say that w cuts the pair u and v at level i if exactly one of u and v belongs to B(w, ;). Let
Xiw be the event that w cuts the pair u and v at level i and S; ., be the event that w settles the pair u and v
at level i. Then, we have the following.

dg(u,v) < max (3w € V[G] : Xiw A Siw)2i3
i=0,1,. g A—1

lgAa—1
Z Z XI,W N Si,w)21+3
weV[g] i=0
lgA 1
Z D PrXiw ASiwl2?
weV[g] i=0
IgA—1

> ) PriXiwl PriSi X ]2

weVv[g] i=0

N

= E[dg(u,v)]

N

lgA—1

Z Pr[si,wlxi,w] Z Pr[Xi,w}ziJrS

weV[g] i=0

<16dg(w,v) Y Pr(Si[Xin] [From Claim 9.2]
weV([g]

= O(logn)dg(u,v) [From Claim 9.3]

We now prove Claims 9.2 and 9.3.
Claim 9.2. Y 247 Pr{X;,, ]2t < 16dg(u, V).

Proof. Without loss of generality, we may assume that dg(u,w) < dg(v,w). Then, the probability that w
cuts {u,v} at the i-th level is the probability that u € B(w,r;) and v ¢ B(w,r{) which is same as r; €
[dg(u,w), dg(v,w)). Thus, we have the following.

241,24 Nldg(u, w), dg (v, )| _ [12°71,2%) N [dg(w, w), dg (v, w))|

Pr(Xiw] = 21, 21)] = i1

14We observe that this randomized construction of the hierarchical cut tree is equivalent to defining a family of trees along with a
probability distribution on it.
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Summing over all i, we have the following.

lgAa—1 lgAa—1
> PrlXi 2P =16 ) 271,29 nldg(u,w), dg(v, w))| = 16(dg (1, w) — dg(v,w)) < 16dg(u, V)
i=0 i=0

Claim 9.3. ZWGV[S] Pr[si,w‘xi,w} = O(log TL).

Proof. We observe that, if X;,, has happened, then at least one of u and v belong to B(w, r;). Now for
Siw to happen, every vertex z € V[S] that is closer to u and v than w (that is min{dg(z,u), dg(z,v)} <
min{dg(w, u), dg(w,v)}) must appear after w in the random permutation 7. Hence, among all vertices, if w
is the j-th closest to u and v, then Pr[S;,,,Xiw] < 1/j. Hence, we have 3 _yq PrlSiw/Xiwl < Z;‘zl 15 <
Inn.

[ R/

The trees we get in the underlying probability space in Theorem 9.3 has some new vertices other than
V[SG]. Often, in applications of tree embedding, we require to have the trees in the underlying probability
space to be exactly on the set V[G] of vertices. We show next that one can construct a tree embedding on
V[G] itself from a hierarchical cut tree obtained in Theorem 9.3.

Lemma 9.2. For any hierarchical cut tree T defined on V', we can construct another tree T’ on the set V of
leaves of T such that, for every u,v € V, we have dy(u,v) < do (u,v) < 4dy(u,v).

Proof. Initialize 7’ to be T. Let v € V be any vertex so that its parent w in J” is not a leaf node in T; such a
vertex always exists unless J” is a tree on V. We contract the edge {v, w} in 7" and identify the new vertex in
J7 as v. We repeat this process until the vertex set of 77 is V. Finally we multiply the weight of every edge in
J’ by 4. We now claim that J” satisfies the guarantee required in the statement.

Let u,v € V be any two vertices. Since contracting edges can only decrease the distance between u and
v, we have dg/ (u,v) < 4ds(u,v). Suppose the lowest common ancestor of u and v is at level i. Then, we
have dy(u,v) = 2 Z}: 2) = 212 _ 4. A key observation is that, the contraction process contracts at most
one child of any internal node of 7. Hence, we have dqg/(u,v) > 42 > 2142 — 4 = d5(u,v). O

Hence, the main Theorem in this section can be further strengthened as the following.

Theorem 9.4. For any graph G, there is a polynomial time randomized algorithm to construct a tree T on V(3]
such that, for every u,v € V[S], we have the following.

dg(u,v) < dg(u,v), Elds(u,v)] < O(logn)dg(u,v)

9.3.1 Application: Buy-at-Bulk Network Design

Let us now see an application of probabilistic tree embedding. We consider the buy-at-bulk network design
problem. In this problem, the input is an undirected graph § = (V, £) where each edge e € £ has a length
f. € R,. There are k source-destination pairs (si,t;) with demand d; for i € [k]. We need to send d;
units of flow from s; to t;. Every edge has infinite capacity. However, if we wish to send c. units of flow
through the edge e € &, then we need to pay f(c.){. rupees. The function f is sub-additive: f(0) = 0 and
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f(x +y) < f(x) + f(y) for every x,y € R;. A solution is a set of paths pi, 1 € [k] where p; is a path from s;
to t;. The cost of a solution is )} ... f(ce)l. Where c. is the total amount of flow passing through the edge
e. The task is to find a minimum cost solution.

We observe that the problem is trivial for trees because the solution is unique. We now design a O(logn)
factor randomized approximation algorithm for this problem. Using Theorem 9.4, we compute a tree J. Let
pis be the unique paths from s; to t; in T for i € [k]. For u,v € V[9], let p,,, be a shortest path between
u and v. We construct a path p; g between s; and t; in § by concatenating p,, , for every edge {u, v} € pi 7.
We now prove the approximation factor of the algorithm.

The analysis has three steps. We need to map solutions of graph and tree back and forth. Let’s first discuss
how we do that. Let py ), and p(y,y),g denote a shortest path between x € V[G] and y € VI[] respectively
in T and §. A solution can be viewed as buying capacities to every edge. Let c g, e € [S] be a solution of
§G. Then the corresponding solution c. g, e € £[T] is obtained as follows — for every edge e € £[T], we define
Ce,T = 2 (xylee(q): e€p s Clxylg- Similarly, given a solution c.,y, e € €[T] of T, the corresponding solution
in § is obtained as follows — for every edge e € £[S], we define c.,g = Z{x,y}esmzeep(x,y,,g Cix,y), T

Step 1: The optimal solution of tree when mapped to the graph does not increase the cost Let
ALG be the cost of the solution that the algorithm outputs. The following shows that ALG is at most

2 ccei leaflceT).

ALG = Z ee,Sf(Ce,g)

ecélg]

= D lesf > ClxyhT
ec&[S] {x,yle€(Tle€py,y

< Dl > f(Cey.7)
ecélg] {x,yle&lTlie€py,y

= Z f(c{x,y},TT) Z le g
{x,y}teelTl e€px,y

= Z f (Creyyr) dg(x,y)
{x,yleelT]

< Y flepws) oy
{x,y}relT]

Step 2: The cost of optimal solution of tree is at most the cost of the optimal solution of the graph
mapped to tree Obvious.

Step 3: The expected cost of the optimal solution of the graph mapped to tree is at most O(logn)
times the cost of optimal solution of the graph Let c; ; be any optimal solution of §; that is OPT =
> cceg) Ce.g- Then we have the following.

Bl Y Al Y chster|<E| Y Y f(chg)ber

ece[T) {x,yle€lGl:e€px .yt ec&[T] {x,y}e&lGl:e€p(x,y},5
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=E| Y f(cfns) X tr
L{(x.y}te€lg] €EP (x,y},T

=E| Y f(chuys) drio)

| (xyleels]

< O(logn) Z f (C?X,y},g) dg(x,y)
{xyleelsl

= O(logn)OPT

From steps 1, 2, and 3, we have E[ALG] < O(logn)OPT.
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10 Martingales

We have seen that the basic Chernoff bound can be extended to a class of random variables known as sub-
Gaussian random variables. That is, if we have k independent random variables X;,1 € [k] where X; is
sub-Gaussian with parameter o; for i € [k], then Chernoff type bounds hold for Z]f:l Xi. We now generalize
Chernoff type bounds to other direction — do we need to have complete independence to have Chernoff
type concentration? It turns out that Chernoff type concentration holds for Zl-le X; if X; 1 € [k] forms a
martingale'®. While arguing about sum of k random variables, we generally assume that k is fixed (not
random). We will also see what can we say if k itself is random.

10.1 Definition

Intuitively, martingale models fair games in the following sense. Suppose we play a gambling game some n
number of times. Our total profit after playing i games is given by a random variable Z; fori € {0, 1,...,n}.
Hence, by definition, we have Zy = 0. Suppose X; is the outcome of the i-th game. Intuitively speaking, a
game may be termed fair if, in expectation, we neither gain nor lose. That is, E[Z1|Xo] = Zo, E[Z;3|Xo, X1] =
Z1,...,ElZ,|X0,X1,...,Xn_1] = Zn_1; hence after playing i rounds of the game, expected profit after
playing one more round is the same as the current profit. When such a thing happens, we say that Z;,1i €
{0,1,...,n} forms a martingale with respect to X;,1 €{0,1,...,n}L

Definition 10.1 (Martingale). A sequence Z;,1 € N of random variables is called a martingale with respect to
another sequence Xi, 1 € N of random variables if the following holds for every n € N.

(1) Z. is afunction of X;,0 <i<n
(i) EllZn]l < o0
(ii)) E[Zn1[Xo, X1,..., X0l =2Zn

A canonical example of martingale is a gambler who plays a sequence of fair games. Let X;, 1 € N, be his
profit from the i-th game (X; is negative in case of loss). If each game is fair, then we have E[X;] = 0 for
every i € N. The random variable Z; denotes the gambler’s total profit after playing i games. That is, we
have Z; = X1 + X5 +--- + Xj. If each X;,1 € N, is bounded, then Z;,1 € N, is also bounded. We now have
the following.

E[Zi11/Xo0, X1, ..., Xi] = E[X; +Xo 4+ - - + Xi + Xi111Xo0, X1, ..., Xil = Z; + E[Xi 1] = Z4

Hence {Z;}icn forms a martingale with respect to {X;}ien.

10.2 Doob Martingale

One of the most useful martingales is Doob martingale. Let Xg, X, ..., X;, be a sequence of random variables
and Y be a function of Xo, X1,...,X;,. Suppose we have E|Y| < co. An important example of the above
setting is the following. The random variables Xo, X1, ..., X}, corresponds to the pairs of vertices denoting
whether there exists an edge between them or not and Y may be size of minimum vertex cover or size of

I5Needless to say that generalizing Chernoff type bounds is not the only motivation for defining and studying martingale. Martingale
naturally arises in many real worlds applications and gambling games.
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maximum clique, etc. We can naturally define a martingale in this setting as follows. For i € {0,1,...,n},
we define random variable Z; = E[Y|Xq, X1, ..., Xi]. Obviously, Z; is a function of Xo, X1, ..., X; for every
1e€{0,1,...,n}. Also we have E [|Z;|]] < oo for everyi €{0,1,...,n}since E[|Z,|] < co. We now prove that
Zi,i€{0,1,...,n} satisfy the third property.

E[Zi111Xo0, X1, ..., Xi] = E[E[YXo, X1, ..., Xi, Xit1]1Xo0, X1, ..., Xi]
- ]E[Y|X07 Xl) L) Xl] [E [E [A‘By C] |B} - ]E [A|B]]

The Doob martingale corresponding to the setting where X, X1, ..., X, corresponds to the pairs of ver-
tices denoting whether there exists an edge between them or not is called the edge exposure martingale.
Similarly, one can think of a setting where Xg, X1, ..., X, corresponds to the vertices where X; is the random
variable denoting the neighbors of the vertex 1 in {0, 1,...,1}. Then the corresponding Doob martingale is
called the vertex exposure martingale.

10.3 Stopping Time

In our canonical example of a gambler, if the gambler decides to play n rounds of a fair play, then one can
easily show that E[Z,,] = E[Zg] - E[Z,] = E[E[Z.|Xo, X1,...,Xn_1]] = E[Z,_1] = --- = E[Zo]. However,
gambler can "manipulte” such a fair sequence of games can be — he gambles $2! in the i-th game and leaves
whenever he wins first. Observe that, when he wins first, he compensates all his previous losses and makes
a positive profit!'® The famous martingale stopping time theorem proves that, intuitively speaking, the above
strategy is the only unfair strategy. A stopping time T is a random variable which takes only non-negative
integer numbers and the event T = n depends only on the random variables Z;,i € [n] where Z;,1 € N is the
martingale under consideration. We now state the martingale stopping time theorem without proving it.

Theorem 10.1 (Martingale Stopping Time Theorem). Let Z;,1i € N be a martingale with respect to X;,i € N
and T be a stopping time for Xi,1 € N. Then we have E[Z5] = E[Z,] if any one of the following holds.

(i) there is a constant c such that |Z;| < c for every i € N.
(ii) T is bounded.

(iii) E[T] < oo and there is a constant d such that E[|Z; 1 — Z;||Xo, X1,...,Xi] < d foreveryi € N,

Let us see some applications of the martingale stopping time theorem. Suppose, a gambler starts playing
with $¢; and he continues to play until he either wins ${, or loses all his money. Then, what is the probability
that he loses all his money? To find this probability, consider the stopping time T of the canonical gambler
martingale as the firs time the total profit of the gambler hits either £, or —¢;. Then, by martingale stopping

time theorem, we have E[Z5] = E[Zy] = 0. On the other hand, we have E[Z+] = (1 — q){3 — q¢;. Equating

5}
0+

these two, we have q =

10.4 Wald’s Equation

An important corollary of the martingale stopping time theorem is the Wald’s equation.

Theorem 10.2 (Wald’s Equation). Let {X;}icy be sequence of non-negativel’, independent, and identically

160bserve that this strategy ensures positive profit even for unfair games!
17The non-negativity assumption is a caveat of our proof. The result holds without the non-negativity assumption also.
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distributed random variables. If T is a stopping time for the sequence (i.e. the event T = n depends only on the
random variables Xi,1 € [n]) and E|T| < oo and E|X;| < oo, then we have the following.

T

S

i=1

E = E[TIE[X,]

Proof. For n € N, let us define Z, = } ", (X; — E[X1]). Then, it follows that {Z;}ien is a martingale with
respect to {X;}ien. Also, we have E[Z,] = 0.
We have E[J] < co and we also have the following.

E{|Ziy1 —ZilXo, ..., Xil = E[[Xi11 — E[Xq]]] < 2E[X1] < 00
Hence, we can apply the martingale stopping time theorem by which we have the following.
E[Zs] =E[Z:] =0

On the other hand, we have the following from which the statement follows.

T
El27]=E|> (X —EX])

T
(e
L \i=0
rvJoaT
=E (Zf&) — E[T]E[X)]
L \i=0

O

Let us see an immediate use case of Wald’s equation. In Las Vegas type randomized algorithm, we often
run some randomized procedure which succeeds with probability p say repeatedly until the randomized
procedure suceeds. If X; is the running time of the i-th run of the algorithm and X;s are distributed in-
dependently and identically, then, by Wald’s equation, the running time of our Las Vegas type randomized
algorithm is as follows.

(X1]

=EINIE[X;] = —
)

N
E lz Xi
i=1

Next, we prove that Chernoff type concentration bounds hold for martingales too.

10.5 Tail Bounds for Martingales: Azuma-Hoeffding Inequality

Theorem 10.3 (Azuma-Hoeffding Inequality). Let {Xi}icn be a martingale such that |Xy, — Xyx_1| < cx for
every k € N. Then for every t € N and A > 0, we have the following.

}\2
Pr[[X; — Xol = Al < 2exp {—}
ZZLl ct
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Proof. The proof follows the same template as the proof of Chernoff bound. Hence, we first have to derive
an upper bound for E [a(X; — Xo)]. We define the following for i € N,

Yi =Xi — Xi
Hence, we have |Y;| < c; for every i € N. We now have the following.

E [YilXo, ..., Xi—1] = E [X; — Xi—11Xo, . - ., Xi—1]
=E [XilXo, ..., Xi—1] = Xi1

=0 [{Xi}ien is a martingale]

To bound E [e*¥¢[Xo, ..., Xi_1], we have the following.

v 1-X4 1+%
i=—Ci = +c -
2 2
Y 1 \CL: —xCj 1+Ziil xCq X
= et L ———te ¥ 4 L eX [e* is convex]

2 2C1'L
) eOLCi + e xXCi
= E [G“Y‘|X0,...,Xi,1] < 5
(«xci)z
<e 2

L i=1
t—1
2
= Q%E |J | e“Yi]
i=1
2 Xt}
<e* 2

Now, using Markov, we have the following.

PriX, — Xo > A] = Pr [e“(xt*Xﬂ > e"‘)‘}

B [entxex0]

X

exA
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t 2
“2721:21 i——aA

—ar A
<e 2y iyt (=
t 2
23 ¢

10.6 Applications of Azuma’s Inequality: Concentration for Lipschitz Functions

Definition 10.2 (Lipschitz Functions). A function f : R™ — Riis called (c)icn)-Lipschitz for ¢; € Rxo,1 € [n]
if for every i € [n] and every x4, ..., xn, X} € R, we have the following.

|f(X1, e Xiy e, Xn) - f(xl5 cees Xi—1, X/i: Xit15--- 9XT1)| < Ci
We can associate a martingale with respect to any Lipschitz function as follows.

Lemma 10.1. Let f : R™ — R be a bounded (ci)i¢cn-Lipschitz function and X1, Xa, . .., Xy are independent.
Let Z4,...,Z, be the corresponding Doob martingale. Then we have |Z; — Z; 1| < ¢;.

Proof. We will prove the result only for the case when the domain of f is a finite set.'® Recall the definition
of Zi.

Zi =E[flXq,...., X

= Z f(Xl,...,Xi,aHl,...,an)Pr[Xjza,-Vi—l—léjgn\Xl,...,Xi]
(@ig1yeean )ESUPPOIE( Xy 41,000, X0 )
n
= Z f(Xl,...,Xi, aiJrl:"',aTL) H Pr[X] = a]]
(@ig1yean ) ESUPPOIE( Xy 41,000, X0 ) j=i+1

We now bound |Z; — Z;_1]| as follows.
|Ziizi—1|: Z f(Xl,...,Xi, ai+1:""aﬂ)7Zf(xl""sxi—liai;‘"Jan)Pr[Xi:ai]
ai

PrXit1 = aiy1,...,Xn = an]

< Z ciPriXiy1 = aig1,..., Xn = anl

O

Hence, we get the following corollary from the Azuma’s inequality which is popularly known as McDi-
armid’s inequality.
Corollary 10.1 (McDiarmid’s Inequality). If f : R — R be a bounded (ci)ic[n)-Lipschitz function and

X1, X2, ..., Xy, are independent, then we have the following.

)\2
Prif —E[fl| > Al <2 ——
e 21613 < 20 { )

18The result is true without this assumption.
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10.7 Applications of Concentration Bound for Lipschitz Functions: Balls and Bins

Suppose we throw m balls uniformly into n bins and we are interested in maximum load. Let X;, 1 € [m] be
a random variable denoting the bin where the i-th ball lands and f(Xj, ..., X;,) be the maximum load. We
observe that f is Lipschitz with ¢; = 1 for every i € [m]. Hence, using McDiarmid’s inequality, we have the

following.
Pr [|f — E[f]| > ev/m| < 2exp {—¢?/2}

10.8 Applications of Concentration Bound for Lipschitz Functions: Graph Chromatic
Number

Let G be a random graph in G, ;,, and x(G) is the minimum number of colors needed to properly color the
vertices of G. Considering the vertex exposure martingale, we observe that x(G) is Lipschitz with c¢; = 1 for
every i. Hence, using McDiarmid’s inequality, we have the following.

Pr[Ix(G) —E(G)]| > evn] < 2exp {—¢?/2}
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