ADVANCED ALGORITHMS (IX)

CHIHAO ZHANG

Today we begin to introduce Markov chains, a powerful and widely used tool in the design of algorithms. Some
of you might have met them in the probability class. In this course, I will develop the theory mainly based on the
spectral methods we learnt before.

1. Basic CONCEPTS

I assume that you know what a Markov chain is. We use {2 to denote the state space and in most cases today, {2 is
simply [n]. We only consider the case that €2 is finite and the chain is time-homogeneous, which means the transition
matrix is the same at each step. We let P € R™" be the transition matrix, namely P(i, j) is the probability that one
moves from state i to state j. The matrix P is a stochastic matrix in the sense that each entry of P is non-negative,
and the sum of entries in each row of P is one. Sometimes we just use P to denote the chain. For every t > 1, you
can verify that P! is the transition matrix of the chain in ¢-steps, namely P (i, j) is the probability that one moves
from state i to state j in ¢ steps. Sometimes, it is convenient to talk about the transition graph Gp = (€2, Ep) where
an edge (i,j) € Ep iff P(i,j) > 0. Moreover, an edge (i, j) is associated with a weight P(i, j).

A distribution 7 on € is called a stationary distribution if 7P = 7 holds. Note that for any stochastic matrix P,
a stationary distribution always exists (this is a consequence of the Brouwer Fixed Point Theorem).

In this section, we use a two-state Markov chain as an example to introduce some important concepts. Let the

i, . 1-
transition matrix be P = [1 f q q p] where p, q € [0, 1] are two reals.
T
It is not hard to verify that 7 = (1%’ 1%1) is a stationary distribution of P. We are interested in the following

question: Does p P! converge to 77 when t — oo for any distribution y?

Atleast for our two-state chain P, the question is not hard to answer. Assume we start from any initial distribution
p and let y; = p’ P! be the distribution after i steps. Define A; 2 |p;(0) — n(0)| as the distance between y; and .
Then p; converges to r if and only if A; converges to zero. We can directly compute
q

pi(0) - (1=p) + (1 —ﬂi(O))'q—m =1-p-ql- A

q
it1(0) = ———| =
Il+1()p q

Therefore, unless y = 7, lim; 0o A; = 0ifand only if |1 —p —¢| # 1.
In fact, there are two cases that can make |1 —p —q| = 1 happen: p = ¢ = 1 or p = q = 0. These two cases
prevent the chain from converging for different reasons.

Aif1 =

(1) When p = g = 0, the chain is called reducible, which means the state space is disconnected. If we start at
state 0 in the beginning, then we will always stay there (and the same holds for state 1).
(2) When p = q = 1, the chain is called periodic. In our example, we will alternate between state 0 and state 1.

We now formally define (the opposite of) these two concepts. We call a Markov chain irreducible, if for every
x,y € €, P!(x,y) > 0 for some . For every x € Q, let C(x) = {t > 1 : P’(x,x) > 0}. Then we call a Markov chain
aperiodic if for every x € Q, ged C(x) = 1.

We remark that for an irreducible chain, when the transition matrix P satisfies P(x,y) > 0 < P(y,x) > 0, the
aperiodic condition is equivalent to that the transition graph Gp is not bipartite.

The following proposition describes an important property of chains that are both irreducible and aperiodic. The
proof is not hard and I leave it as an exercise.

Proposition 1. If P is the transition matrix of an irreducible and aperiodic chain, then there exists some t > 1 such
that P*(x,y) > 0 holds for every x,y € ().

In our two-state example, we know that both irreducibility and aperiodicity are necessary for the chain to con-
verge to stationary distribution. We now prove that they are also sufficient.
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Theorem 2. If a finite time-homogeneous chain P is irreducible and aperiodic, then it has a unique stationary distribu-
tion . Moreover, for any initial distribution p, it holds that
lim p’ P! = 7T,
t—o0
Theorem 2 can be proved in many ways. In fact, I will introduce three proofs in this course. The proofs are based
on different tools that can be used to analyze Markov chains. We will also see some further development of these
tools.
Today we prove theorem 2 by decomposing P into the sum a good matrix and a bad one. We then show that the

bad one vanishes during the iteration.

Proof of Theorem 2. We assume the state space of the chain P is [n] and 7 be an arbitrary stationary distribution
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of P, whose existence can be guaranteed by the Brouwer fixed point theorem. Let Il = | : | be the n X n matrix

7-[T

whose rows are 77. Then p I = 7 holds for any distribution y. The matrix IT is our good matrix. It follows from
proposition 1 that for some ¢ > 1, each entry of the matrix P! is positive. Therefore, we can find some constant
8 > 0 such that each entry of P! — §II is non-negative. Let Q = Pfl:gn (equivalently P! = 811 + (1 — §)Q), then Q
is stochastic.

We now show by induction that P*¥ = (1 — 6%)IT + 6%Q¥, where # = 1 — §. The base case k = 1 is just our

definition of Q. Assuming it is true for smaller k, then

Pt(k+1) _ Ptth _ ((1 _ ek)H + ngk) pt = (1 _ ek)H + eka ((1 _ 0)]._.[ + QQ) — (1 _ 0k+1)1—[ + 0k+1Qk+17

where in the third equality, we used the fact that IIP = II and in the last equality, we used the fact that QI = II.
Therefore, for every 0 < j < t, we have

PR = (1 - 0)IT + 0FQFP/.
The above tends to II when k — oo since 0 < 6 < 1. O

2. SPECTRAL METHOD

Consider a transition matrix P. We would like to apply spectral methods developed in previous lectures to analyze
P. However, the spectral decomposition theorem requires the matrix to be symmetric in order to guarantee its
eigenvalues to be real. This is not true in general for P, but we can still apply these tools for at least a large family
of Markov chains.

Let 7 € R be a distribution over the space and P € R®* be a stochastic matrix. If the following detailed balance
condition

@ 7 (x)P(x,y) = n(y)P(y, x),

holds for every x,y € €2, then x is a stationary distribution of P. To see this, we note that

2TP(x) = > x(y)P(y,x) = Y. x(x)P(x,y) = x(x).
yeN yeQ

It is worth to note that the detailed balance condition is only a sufficient condition for 7 to be a stationary distribu-
tion, but not a necessary one. We call those Markov chains whose stationary distribution satisfies eq. (1) the (time)
reversible chains. The condition 1 implies that the transition matrix of a reversible chain is symmetric in the following
sense:

Let 7 be the stationary distribution of a reversible Markov chain P on the space [n]. We define an inner product
(-, ) such that for every x,y € Rl

(yde 2 ) w(@)x(D)y(i):

If we let D, = diag(x(1),...,n(n)) be the diagonal matrix whose i-th entry on the diagonal is (i), then the
above inner product can be written as {(x,y), = y’D,x. In other words, we are working on a Hilbert space R”"
endowed with the inner product (., -),, and P is considered to be symmetric here. We have the following spectral
decomposition theorem:



Theorem 3. Let P € R™" be reversible with respect to , then the Hilbert space (R", (-, ), ) has an orthonormal basis
{vi}ie[n) corresponding to real eigenvalues {A;};e[,)-

Proof. We prove the theorem by reducing it to the spectral decomposition theorem with respect to the ordinary inner
I 1
product (-, -) (See notes of Lecture 5). Since P is reversible with respect to x, if we define a matrix Q = D2PD,?,

then Q is symmetric. To see this, we have

1 _1 _1 _1 _1 _1
Q(x.y) = m(x)2P(x, y)m(y)> = m(x) 27w (x)P(x,y)7(y)"2 = 7(x) 27 (y)P(y, x)7(y)"? = Q(y,x).

Then we can apply spectral decomposition theorem on Q, and let {w;};[,) and {4;};c[,) be corresponding orthonor-

mal eigenvectors and eigenvalues. We have

n
11
Q=D}:PD,? = Z,uiwiwiT.
i=1

The above implies

_1 1
P = ,ul-D,ﬂwiwiTDfr.

n
i=1
_1
For every i € [n], we let v; = D, >w; and A; = ;. We can verify that
_1 _1
(i, Vj)x = UjTDnvi =w;jD,> DD, > w; = (wi, wj),

and therefore {v;};¢[,) is an orthonormal basis with respect to (-, -},. Moreover, it holds that
n
P= Z/L”Ui'()iTD”,
i=1

and this implies that A; is the eigenvalue of v; for every i € [n]. o

Consider the random walk on a d-regular graph G with adjacency matrix A. The transition matrix of this Markov
chain is exactly /73. In general, the transition matrix P can be viewed as a weighted adjacency matrix of the transition
graph Gp. So the following properties of P is quite similar to those of normalized Laplacians that we are familiar
with:

Proposition 4. Let P be the transition matrix of a reversible Markov chain on [n] with stationary distribution rr. Let
A < Ay < -+ < Ay, be its eigenvalues. Then

(1) An=1;

(2) A1 = -1 and A; = -1 if and only if one of components of Gp is bipartite;

(3) An—1 = 1 ifand only if P is reducible.

You can compare the statement of above proposition with Proposition 6 of Lecture 5. We leave the proof of this
proposition as an exercise. It is easy to see that we can take v, = 1 since P is stochastic.
It is instructive to compute P! using the spectral decomposition, which gives

n t n
Pt = (Zl A,-v,-viTD,, = lelfv,-viTD,,.
1= 1=

Therefore, it follows from proposition 4 and v, = 1 that when P is irreducible (A,-1 < 1) and aperiodic (4; > —1),
we have lim;_,., P! = 117D, = IL. This again justifies theorem 2 for reversible chains.

3. REMARK

More details on Markov chains can be found in the monograph [LP17].
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