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2 MIKE MCCAFFREY

ABSTRACT

In this paper, I will discuss the origins of Markov chains, the theory behind them, and
their convergent quality seen in the Ergodic theorem. From there, I will outline the Metropolis-
Hastings algorithm, one of the most important applications of Markov chains, and give examples
of its effectiveness and applicability in various areas.

”Life calls the tune, we dance.”
- John Galsworthy

NOTATION

e N is the set of nonnegative integers.

1. INTRODUCTION

We begin our story in 1856, St. Petersburg, Russia. Andrei Andreyevich Markov was born,
fell in love with mathematics, and became prominent in the Academy of Sciences, established
in St. Petersburg by Peter the Great (1682-1725). Markov was born at a time when the study
of probability was thriving in Europe. During this time Jacob Bernoulli had proved one of the
first versions of the Law of Large Numbers. He formally proved that the proportion of heads in
repeated tossings of a fair coin converged to the expected value of the process. Coin flips are
independent events, meaning that the outcome of a current coin flip does not depend on any
previous coin flips. Thus Bernoulli proved that independent events have a convergence prop-
erty. This inspired a both moral and mathematical argument from a man named Pavel Nekrosov.

Nekrosov was a Russian theologian turned mathematician, and argued that Bernoulli’s dis-
covery was proof of free will. He noted that social data, such as crime rates, converge to a
probabilistic average by the law of large numbers. Therefore he argued individual acts, such as
the commission of a crime, must be independent. In other words individual acts are voluntary
and done out of free will. Nekrosov happened to be one of Markov’s social enemies, a man
that Markov referred to as an abuse of mathematics. Markov claimed that independence was
not needed for such a convergence. In order to prove Nekrosov’s claims false, Markov laid the
foundation of what are now known as Markov chains, probability objects that are dependent on
a current state for a future state. These chains, with certain assumptions, are able to converge
in a way similar to coin flips.

Many events in the natural world are not independent. The weather today cannot possibly be
independent of yesterday’s weather; the probability of passing a test is somehow related to how
much one has studied the night before. Markov’s constructions demonstrate that even though
the future of the natural world is dependent on elements of the past, there may still exist some
higher natural order or convergence. But before we can see Nekrosov proven wrong, we must
delve into the construction of Markov chains, and the properties that underlie the necessary
assumptions (History provided by [10]).

This paper assumes an introductory understanding of basic aspects of probability theory. The
next section will review various concepts, and further discussion can be found in [2, 7, 8]. A
majority of the theory discussed in Markov chains is greatly inspired by [3], in addition to all of
the other references listed.
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2. A FEw PROBABILISTIC FACTS.

2.1. State spaces and random objects. In this paper we define a state space to be a pair
(S,.7) where S is a set and .7 is a o-algebra of subsets of S. The subsets in .7 are called the
measurable or observable subsets of the state space.

A probability measure on (S,.7) is a measure P : .¥ — [0,00] such that P(S) = 1. A
probability space is a triplet (2, 0, P), where (2, 0) is a state space and P : ¢ — [0,1] is a
probability measure. In this case, the subsets E € & are called (observable) events.

Example 2.1 (Fundamental Examples). (a) A finite or countable set I is naturally a state space
in which any subset is measurable. A distribution on I is a function p : I — [0, 00) such that

> (i) =1,

1€l
A distribution defines a probability measure P, on I by setting

P()) = Y u(i) W c L
Jj€J
Conversely, any probability measure P on I defines a distribution p : I — [0, 1],
u(i) = B({i}), Viel

The Dirac distribution concentrated at ¢ € I is the distribution 6; : I — [0, 1] defined by

&@>={§ oy 2.)

(b) The real axis R has a natural structure of state space in which the measurable subsets are
the Borel subsets of R. O

Fix a probability space (£2, &, P). Suppose that (5,.7) is a state space. An S-valued random
object or S-valued random wvariable is a measurable map X : 2 — S, i.e., a map such that

XA eo, vAe.r.

In the special case when S is the canonical state space R we will refer to an R-valued random
variable X simply as a random wvariable. Thus, a random variable X is a function X : Q@ - R
such that the set {X < r} C Q is measurable for any r € R.

The distribution of a random variable is the probability measure Px on the state space R
uniquely determined by the equalities

Px((-o0,r)) =P(X <7), Vr eR.

If X is an integrable random variable, then its expectation is the real number
E[X]:= / X(w)P(dw) = / 2Px (dz).
Q R

Definition 2.2. (a) A collection of events (4;);c; C & is called independent if, for any finite

subset J C I, we have
P((45) =TIP(4;):
jed jed
(b) Let (S,9%) be a state space. A collection of S-valued random variables (X;);cr is called
independent if, for any collection of measurable subsets S; € %, i € I, the collection of events
({X; €5; })z’el is independent.
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(c) A collection of S-valued random variables (X;)ier is called identically distributed if
P(X; € A)=P(X; € A), Vi,jel, Ac.s.

(d) A collection of S-valued random variables (X )7 is called independent, identically distributed
or i.i.d. if it is both independent and identically distributed. O

Definition 2.3. An event A € & happens almost surely (a.s. for brevity) if
P(A) = 1.
A sequence {X,, }n>0 of random variables converges almost surely to a random variable X if

P(hnXﬁzX)zL

n—oo

O

Theorem 2.4 (Strong Law of Large Numbers). If {X,}n>1 is an i.i.d. sequence of random
variables such that

E[Xl] < 0

then, almost surely,
1
7g&nz;&_Em@
1=
O

Example 2.5. If X is a fair coin flip, that is it takes on value 0 with probability % and value 1

with probability %, we have that {X,,},>1 defines an i.i.d. sequence of random variables, where
E[X1] = 1/2. Thus, almost surely,
O Xite+ X, 1
lim ——— = —.
n—oo n 2

O
2.2. Conditional Probability and Independence. Given two events A, B € 0, we define
the conditional probability of A given B to be the the number

BANB)  p(p
P(4|B) ::{ wp) 0 PB) A0,

0, P(B) = 0. 22)

Suppose that B € & has positive probability. Denote by .%p the o-algebra of subsets of B
Fp = {SEgZ; SCB}.
Then the map
Pp: Zp — [0,1], Pr(S)=P(5|B), VS € Zp (2.3)
is a probability measure.
A measurable partition of (2, 0) is a countable subfamily % C & consisting of pairwise

disjoint events whose union is 2. The o-algebra generated by % is the subcollection %7 C &
consisting of unions of subsets of .%.

Example 2.6. (a) Suppose that X : (Q2, ,P) — I is a random object whose range is a countable
set I. The partition determined by X is the measurable partition .#x consisting of the events

{X=i}, iel
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The o-algebra #§ consists of the events
{XeJ}, JCL

(b) More generally, to a finite number of random objects Xi,...,X,, : Q@ — I, I countable, we
can associate the measurable partition Fx, . x, consisting of the events

{X1=id1,....,. Xn=1n}, i1,...,0p €L
The o-algebra g‘}‘{l x,, consists of the events
{(Xl,...,Xn) € E}, EcTI".

(c) Given two measurable partitions .%1, % of 2 we denote by %1 N.%, the measurable partition
of ) consisting of the events F1 N Ey, Ey € %1 and FEy € %#5. Observe that if X1, X5 :Q — 1
are two random objects that

th)ﬁzﬂxlﬁﬁ)ﬁ. a

Suppose that # = (F,)neny C O is a measurable partition of Q. For any event E € & we
define the conditional probability of E given .% to be the function

P(E|F): Q= R,
whose restriction to F,, € .# is equal to the constant P(E|F,).

Definition 2.7. Suppose that we are given three measurable partitions of &, %, %y, .%1. We
say that 71 is independent of %y given %, and we write this % L #.% if

P(AgN A7) = P(Ao|F)P(AL|.F), YAy € Fo, AL € F. (2.4)
It is not hard to verify that the above condition is equivalent to
P(Ey N E1|.F) = P(Ey|F)P(EL|F), VEy € %5, E1 € Z7. (2.5)

In the special case when .% is the partition defined by a random quantity X :  — I, T countable,
then we say that % is independent of .%7 given X. If additionally, % is defined by a random
quantity (Xi,...,X,) : Q@ — I", then we say that Xi,..., X, are independent of %, given X
and we write this (Xi,...,X) 1L x%. O

In the special case when % is the partition defined by a random quantity X : Q@ — I, I
countable, then we say that % is independent of .#; given X. If additionally, .%#; is defined by
a random quantity (Xi,...,X,) : Q — I", then we say that Xi,..., X, are independent of .%
given X.

We have the following elementary but very useful alternate characterization of the conditional
independence of measurable partitions. More precisely given measurable partitions %y, %, %1,
then %, 1L #.% if and only if these partitions satisfy the abstract Markov property

]P)(E1| F N 3?0) = IP’(E1|,9‘), VE, € 7. (26)
3. MARKOV CHAIN THEORY
3.1. Basic facts and examples.

Definition 3.1. Fix a finite or countable set I. A discrete stochastic process consists of a
probability space (€2, &, P) and a sequence of [-valued random variables

X,: Q=1 n=0,1,2,...,
The set I is called the state space of the process.
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We denote by .%,, the measurable partition of 2 associated to Xg, X1,..., X, (see Example
2.6), i.e.,
Fn = FxXy, X

We call X the initial state of the process. We define the initial distribution to be the probability
distribution of Xy, i.e., the function p : I — [0, 1] given by

(i) == P(Xo =), Viel

In the sequel we will think of probability distributions such as p as a row vectors. a

A Markov chain is a special type of discrete stochastic process, one that has certain properties
that describe how our process transitions from one state to another.

Definition 3.2. Given a probability space (€2, &,P), a countable set I and a probability distri-
bution i on I we say that a discrete stochastic process {Xn : (Q,0,P) =1 }n>0 is a Markov
chain with initial distribution p if the following hold: B

(i) The distribution of Xy is p.
(ii) For all n > 1, the random variable X,,1; is independent of .%, given X,

Xno1 L x, .
O
Using the characterization (2.4) of conditional independence we see that the Markov property
is equivalent with the requirement that for any n € N and any ig,1,...,in—1,%,j € I, we have
]P)(Xn-i-l =5, Xn=10,Xp1=tlp-1,..., X0 = Z0’)(71 = Z)
= P(XnJrl = ]|Xn = Z)P(Xn =14,Xn1=ln-1,...,X0= 10|Xn = ’L)
Assuming that P(X,, = i) # 0, we deduce
P(Xni1 =7, Xn=19Xn 1=1in1,...,X0 =1p)

P(X,, =1)
. . P(Xn:iaXn—l :in—lw"aXO:iO)
=P(Xpr1 =71 Xn = .
Knsr = JlXn =1) P(X, = i)
This implies
P(Xpt1 =71 Xn =14, Xno1 =tn-1,...,X0 =10) = P(Xp+1 = j|Xn = 1), (3.1)

or, equivalently,
P(Xp+1=7,Xn=19Xn-1=1n-1,...,X0 = lp)

= P(Xn—i-l - J’Xn = i)P(Xn = 7;7 Xn—l = in—h ceey XO = 7;0)- (3'2)
The above equality implies inductively that for any m,n € N and any ig,%1,...,%men € [ we
have
P(Xintn = fmans - - X1 = b1, X = Gmy Xm—1 = b1, - .., X0 = i0)
=P(Ximtn = fmtns -« s Xm+1 = tm+1] Xm = i) P(Xon = ), Xon—1 = tm—1,..., X0 = io)(. |
3.3

In other words, Vm,n € N we have

me+1,...,Xm+n J'L Xm yXo,m,Xm' (34)
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Remark 3.3. For any n > 0 the o-algebra .%#7 consists precisely of the events that we can detect
only from the evolution of the process up to time n, the present. The conditional independence
(3.4) above is called the Markov property and it expresses the fact that the future is independent
of the past given the present.

Using the abstract Markov property (2.6) we see that (3.4) is equivalent with the condition

]P)(E"gXO:le--me) = P(E’ﬂXm)v Vm,neN, E¢€ ng-l»lv'-me,-Q—n' (35)
|

Let us point out a useful consequence of the Markov property. We have
P(X, =in,..., X1 =11, X0 =10)
=P(X,, = in|Xn-1 =in-1,...,Xo = i0)P(Xpn-1 =tpn-1,..., Xo = o)
D BX, = i Xnot = in 1)P(Xno1 = in_1, .., Xo = i0)-
Arguing inductively we deduce

n
P(Xp = in, ..., X1 = i1, Xo =ig) = | [ P(Xi = ir|Xp—1 = 1) (3.6)
k=1
Using the last inequality in (3.3) we deduce that for any m,n € N, and any i, im+1, - - -, imin € I

we have

n
P(Xnin = imins o> Xyt = b1 Xom = im) = [ [ P = inlXmsho1 = imin—1).  (3.7)
k=1

Definition 3.4. A homogeneous Markov chain (or HMC for brevity) is a Markov chain
{Xn:(Q,0,P) - ]I}nZO

such that
P(X, =j|Xn-1=1) =P(Xp41 = j| X =1), VneN. (3.8)
To a homogeneous Markov chain we associate the I x I matrix
P = {pij}ijer
where
Py = P(Xy = X0 =) = -+ = P(Xp = j|Xno1 =) =+
We call P the transition matriz of the HMC. Its entries are called transition probabilities. O

Remark 3.5. The homogeneity signifies that the probability of moving between states does not
depend on what time we happen to be moving through them, and this allows us to define our
transition matrix P to be the transition matrix of states at any time of the Markov chain. Thus
the value p;; only depends on which states the chain is moving between, which shows why we
represent the probability with such a notation. The transition matrix P inherits nice properties.
The entries in P are probabilities, so p;; € [0,1] for all 4, j € I. If at a moment n the system

is in a state ¢, then at the next moment the system will be, with probability one, in some state
k € 1. This means that the sum of all entries in each row of the transition matrix is equal to 1,
ie.,

Y pr=1, Viel

keE
A matrix of this type is called a stochastic matriz. O
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Example 3.6. A Health Insurance company can assign probabilities to transitions between
states of health, and treat these as values in a Markov Chain. Let H mean that a person is
healthy, S sick, and D dead, and the unit of time be in months. Thus, in this case

I={H,S, D},

prH is the probability that in one month a healthy person stays healthy, pygs that a healthy
person becomes sick, pyp that a healthy person dies, etc. Obviously ppy = pps = 0 and
ppp = 1. Further, we require that pyg + pgs +pup = 1 = psg + pss + psp. Therefore we
have defined a Markov chain, and this gives us the transition matrix

PHH PHS PHD

bsH Pss DPsD
0 0 1

O
Definition 3.7. A graph is a pair (V, E) consisting of an at most countable set of vertices V,
and a set of edges FE, i.e., unordered pairs [v1, ve] of distinct vertices vy, vy. The vertices v; and

vg are called the endpoints of the edge. a

The following is an example of a graph:

Definition 3.8. Let G = (V, E) be a graph.

(i) We say a vertex y € V' is a neighbor to x € V if [x,y] € E. We write this x ~ y. We
define the degree of a vertex v to be the number of neighbors of v.
(ii) The graph is called locally finite if each vertex has finite degree, i.e., each vertex has
only finitely many neighbors.
(iii) A weighted graph is a triplet (V,E,w) where (V, E) is a graph and w is a function
w: E — (0,00) that associates a positive number (weight) to each edge of the graph.
O

Example 3.9. Given a locally finite weighted graph (V, E,w) we define
Zw:V = (0,00), P:VxV —]0,1],
by setting
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{0, by,
Pzy = § w([z,
s, o

The random walk on the graph (V, E) weighted by w, is the Markov chain with state space V'
and transition matrix P = {pyy}syecv. A very important case of this construction is when the
weight w is constant. This walk is called the canonical random walk on the graph, and the
transition matrix is

1 .
pyy = 4 B LT~y
Y 0, otherwise.

For the picture of the graph above, if we set each edge with even weights and define a Markov
chain on the graph, we get the transition matrix

010000
1 1

103000

01 0 Lo 1

3 7 3 1 3 0O
00303 0

00030 3

003030

We have the following important existence result, [7, Thm. 6.1.1].

Theorem 3.10 (Existence of HMCs). Suppose we are given a countable set 1, and a stochastic
I x I-matriz P. We set Q :=1IN so the elements of Q are sequences

w = (’L'o,il,’iQ,...), 1 € L

We denote by O the o-algebra of all the subset of . For each k = 0,1,2,... we define the
measurable map

Xk : Q—>]I, Xk(io,il,...) = 1.
Then, for any probability distribution p on I, there exists a probability measure P, on & such
that the discrete stochastic process (Xp)n>0 is a HMC with initial distribution p and transition

matriz P. For i € I we denote by IP; the probability measure Ps,, where ; is the Dirac measure
on 1 concentrated at i defined in (2.1). 0

Definition 3.11. Let (X,,)n>0 be a HMC with state space 1. Its distribution is the sequence
(Pn)n>0 of probability distributions on I"*! defined by

Pn({io,... ,’Ln}) = ]P(Xo =190, X1 =11,...,Xpn = ’in), 10,01y, 0p € I
O

Remark 3.12. From now on we say that {X,},>0 is HMC (P, u)1 if {X,}n>0 is a HMC with
transition matrix P and initial distribution p on a state space I, which are objects that exist in
this probability space we have just constructed. O

Before we look at more examples of Markov chains, let us look at some immediate consequences
of the definition of a HMC.

Theorem 3.13. The distribution of a HMC' is determined by its initial distribution p and its
transition matrix P.
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Proof. Using the Markov condition we deduce
P(Xo =0, X1 = i1, ..., Xy = in) = 11(0)Pigiy * * * Pin_1in-
O

Definition 3.14. The product P™ is called the m-step transition matrixz. Its entries are char-
acterized by the equalities

pij(m) :=P(Xppm = j|Xn =1), 4,5 €1, Vn>0. (3.9)

For Markov chains, we assume that the future is only dependent upon the present. However,
given this iterative relationship with current steps and next steps, when we know the set of
probabilities of changing between certain states (P), we can predict things far into the future
just by knowing our initial state and powers of this matrix P. Our next theorem gives us a
clever way to construct more Markov chains.

Theorem 3.15. Let (S, .97s) be a state space and I a finite or countable set. Let {Z,}n>1 be an
1.1.d. sequence of S-valued random variables. Let f : 1 xS — I be a measurable function, i.e.,
for any i,7 €1 the set

{seS; fli,s)=j},
is a measurable subset of the state space (S, s). Fiz an l-valued random variable Xo, indepen-
dent of {Zy}n>1. Then the sequence of I-valued random variables defined recurrently by

XnJrl = f(Xn7Zn+1)a n > 07
defines a HMC' with state space 1.

Proof. Applying the equation X,,+1 = f(X,, Zn+1) multiple times shows that there is a mea-
surable function

gn:IXSx- - xS =1,
—_——
n
such that X,, = ¢,(Xo, Z1,...,%Zy). Thus, the event {Xo = ip,..., X1 = in_1,X,, =i} can be
expressed in terms of Xg, Z1,..., Z,, so it is independent of Z, ;. Therefore

P(Xpt1 = 1 Xn = i, Xnot = dnt, ..., Xo = o)
=P(f(i; Znt1) = j|Xn =i, X1 = in-1, ..., Xo = io) = P(f(i, Zny1) = J).
This proves the Markov Property because
P(Xn—H = ]‘Xn =1i) = P(f(ia Zny1) = J)
Moreover, the probability P(f (i, Zn+1) = j) is independent of n. Therefore we have a homoge-
neous Markov chain with transition matrix entries p;; = P(f(i, Z1) = j). O
Example 3.16. Let X be an integer valued random variable, and {Z, },>1 a sequence of i.i.d.
random variables taking values £+1, where
P(Z,=+1)=pe (0,1). (3.10)
Define a HMC with the relation
Xn+1 == Xn + Zn+1. (311)
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This yields a transition matrix

1—p 0 P 0 0
0 1—p 0 p 0
0 0 1—p 0 p

We call this Markov chain a random walk with probability p. O

3.2. Classifying the states of HMCs. In this section we will start to classify different types
of HMCs. We can then analyze which types of Markov chains behave better than others. Fix a
Markov chain {X,, },>0 that is HMC (P, p)r.

Definition 3.17. (a) We say that the state j is accessible from the state i if there exists an
integer m > 0 such that

P(X,, = j|Xo =1) > 0.
Using the notation (3.9) we can rewrite this condition
pij(m) > 0.
Note that any state i is always accessible to itself since we allow m = 0.

(b) We say that states i and j communicate if i is accessible from j and j is accessible from 4.
We denote this by ¢ <> j.

(c) We say that a state i is closed if p;; = 1. A set C of states is closed if for any i € C' we have
that ZjECpij = 1. O

Remark 3.18. If we define a relation ¢ ~ j if and only if 7 +> j, it becomes clear that commu-
nication is an equivalence relation that partitions our state space I into equivalence classes. We
call these classes communication classes. O

Example 3.19. In Example 3.6 on health insurance, we see that D is a closed state since
ppp = 1. Therefore H and S are not accessible from D, and D does not communicate with
states H or S. O

Definition 3.20. A HMC, along with its transition matrix, is said to be irreducible if there
exists only one communication class. O

Example 3.21. The random walk in Example 3.16 is irreducible. For any integers ag, a,, € Z,
we can find a path of integers ag, a1, ..., ay such that paya,Pajas - - Pa,_1a, > 0, that is, we have
a number n > 0 such that pgye,(n) > 0. Hence ag,a, communicate. Since we picked these
integers arbitrarily, all states in Z communicate, hence there is one communication class and
the random walk is irreducible. O

Example 3.22. Let us consider the Example 3.6 on health insurance. Since D is a closed state,
the chain is not irreducible. a

Definition 3.23. We define the period d; of a state i € I to be given by
d; := gcd{n >1 :pii(n) > 0}.
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We define d; = oo if there is no n > 1 such that p;(n) > 0. If d; = 1, we say that state i is
aperiodic. O

Theorem 3.24. If the states i and j communicate, they have the same period.

Proof. If i = j, then clearly d; = d;. Assume i # j. Since ¢ and j communicate, there exist n,m
such that p;j(n), p;ji(m) > 0. We have that for any k,v > 1,

pii(m + vk +n) 2> pij(m)(pj; (k)" pji(n)

Thus for any k > 1 such that p;;(k) > 0 we have that p;(m + vk +n) > 0 for any n > 1. This
implies that d;|(m + vk +n) for any n > 1. Since d;|(m + n), we have that d;|vk for any n > 1,
and that d;|k. And since d; divides any k such that p;;(k) > 0, we have that d;|d;. Reversing
roles of 7 and j, we also get that d;|d;, thus d; = d;. a

Remark 3.25. If a HMC, along with its transition matrix, has one communication class, i.e. is
irreducible, then we define the period of the HMC to be the period of all the states in the state
space (which is the same by the last theorem). Therefore if an irreducible HMC has period one,
the HMC is referred to as aperiodic. O

Example 3.26. We know that the random walk in Example 3.16 is irreducible, therefore the
period of one state is the period of the entire chain. Consider the state 0 € Z. To start at 0 and
return to 0 takes a minimum of two steps. In fact, we can only return to 0 in an even amount of
steps. Therefore the set {n > 1: pgo(n) > 0} = {2,4,6,8,...} Hence dy = ged{2,4,6,8,...} =2,
and thus the random walk has period 2. O

Theorem 3.27. Consider an irreducible HMC with state space I, period d and transition matriz
P. Then for any states i,j € 1 there exist integers m,ng > 0 such that
pij(m +nd) >0, Vn > ny.

Lemma 3.28. Let d be the gcd of A = {a, : n > 1}, a set of positive integers closed under
addition. Then A contains all but a finite number of positive multiples of d.

Proof of Theorem 3.27. Consider the set
A:={k>1:pjj(k)>0}.
This set is closed under addition. Indeed, if k1ko € A, then
pjj(k1 + k2) = pjj(k1)pj;(k2) > 0.

Since j is accessible from i, there exists m such that p;;(m) > 0. Since A is closed under addition
and d = gcd A we deduce from Lemma 3.28 that

dng >0: Vn>ng, nde A ie., pjj(nd) >0, Vn>ng.
Hence, for any n > ng we have
pij(m +nd) > pii(m)pj;(n) > 0.
O

Example 3.29. Reconsider the random walk on the graph (V) F) in Example 3.9, where we
change the graph to be the following;:
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The canonical random walk on the graph is irreducible and aperiodic. For any v;, we can get
back to v; in one step with the edge connecting it to itself. Therefore v; has period one. Since
we can get to any other vertex v; from v; through a series of walks along edges connecting v; to
vj, the chain is irreducible. Therefore the chain is irreducible and aperiodic. O

3.3. Stationary Distributions. We have established two special features of Markov chains:
irreducibility and aperiodicity. These will be important later for our convergence properties.
Now we establish the concept of a stationary distribution. Again, fix a Markov chain {X,, },>0
that is HMC (P, p)s.

Definition 3.30. A probability distribution 7 satisfying
T =7P (3.12)
is called a stationary distribution of a HMC, along with its transition matrix (here 7 is a row

vector). 0

Remark 3.31. This definition is equivalent to saying that Vi € 1
n(@) = > w()pji- (3.13)
JjEE
Note also that when we iterate equation (3.12), we get for any n > 0,
m=7mP". (3.14)
If a chain is started with a stationary distribution, it stays stationary, i.e.
P(X,, =0, Xpg1 =01, .., Xtk = 1k) = 7(%0)Pigis - * Pir_yix

does not depend on n. O

A stationary distribution is an initial distribution that remains the distribution after any
amount of steps in the Markov chain. While this seems like a very useful distribution to have,
one may ask how we find this distribution, and what guarantees its existence.

Definition 3.32. Let {X,,},,>0 be a HMC with transition matrix P and stationary distribution
7 such that 7(7) > 0 for all i € I. We define the time reversal matriz Q, indexed by the same
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state space I as P, by the equation
m(1)qi; = 7(j)pji

Remark 3.33. Q is stochastic because g;; € [0,1] for all ¢, € I, and
7(j) 1 . (1)
P P P —1.
2 %=D, )T 7 2 mUipii =0
]EE jGE jeE
Suppose the initial distribution of the HMC is the stationary distribution (4 = 7). Then
P(X,, =) = m(i). Thus we have that
P(Xpy1 =i X = j)P(Xn = j) _ pjim(4) — gi;
P(X,i1 = 1) (i) "
Thus the i, j entry of Q is the probability of moving backwards in time from state ¢ to state j.
O

P<Xn = j‘Xn-&-l - Z) -

Theorem 3.34. Let P be a stochastic matriz indexed by a countable set I, and m a probability
distribution on 1. Let Q be a stochastic matrixz indexed by 1 such that Vi, j € 1,

m(1)gij = 7 (J)pji- (3.15)
Then m is a stationary distribution of P.

Proof. Fix i in I and sum over j in equation (3.15).

Yorla = Y w()psi

JEE JEE
(i) = ) 7w
JjEE
Thus 7 is a stationary distribution. O

Definition 3.35. A HMC is reversible if there is a probability distribution 7 such that for all
i,j € T we have

m(1)pi; = 7(J)pji- (3.16)
Equation (3.16) is a condition known as detailed balance. O

Corollary 3.36. Let P by a transition matriz over I, and w a probability distribution on 1. If
for all i,j € T we have detailed balance, then 7 is a stationary distribution.

Proof. If P and 7 are such that detailed balance holds, then it follows from Theorem (3.34) that
7 is a stationary distribution. a

Example 3.37. Consider the random walk on the graph that is irreducible and aperiodic
(3.29), and consider the probability distribution 7 = (§,%,2,%,%,%). The graph in (3.29) has
the transition matrix

O O O Owlil-
O O O wfol=ol—=
Wi O W=k |—wl—= O
O W= O O
WFwFw= O O O
WiFWl= Okl—= O O
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It is easy to check that 7 satisfies detailed balance, and to check that 7P = . O

If we can find a probability distribution for our HMC that satisfies detailed balance, then
it is the stationary distribution of our HMC. It still remains to show how we can find such a
probability distribution. Further, we must determine whether such a distribution is unique, and
whether or not this is the object that the chain will converge towards. First, we establish the
notions of stopping times in order to create another classification of Markov chains.

3.4. Stopping Times and the Strong Markov Property.

Definition 3.38. A stopping time for a discrete stochastic process {X,, : @ — I},,>¢ is a random
variable T' : Q — NU{oo} such that, for any m > 0, the event {T' = m} belongs to the o-algebra
Fn.- O

Remark 3.39. The condition {T' = m} C %), signifies that at a given time m we can decide
to stop the process, i.e., decide that T' = m using information about the evolution of the system
up to and including the present moment m. O
The most important example of stopping time is a return time, which we now define.
Definition 3.40. The return time to a set A C I is defined as
Thp=inf{n>1:X, € A},

where Ty = o0 if X;, € A for any n > 1. For i € I we set T; := T;y. O
Remark 3.41. Clearly the event {74 = m} can be decided from the knowledge of X¢, X1,..., X,

so T4 is a stopping time. We will usually consider stopping times 7T; for states ¢ € I. Further we
can define the r*" return time to a state i € I as

TZ.(T) = inf{n > Ti(rfl) c X, =i},

where Ti(o) =0, Ti(l) =1T;. O

Theorem 3.42. Denote by Ti(r) the vt return time to i € I and set

ap:=0, a1 := i(l), as = Ti@) — T-(l), cee

7

Define

E .= <U({k} xI[’f) U <{oo} x ),

k=1
Let
& = (@1, Xu,..., Xy) € E,

52 = (a27XTi(1)+1, . ,XTi(2)> & E,

and, in general,
fn-&-l = (an-‘rlaXTi(n)_i_l, e ,XTi(n+1))’ [ E’ n = 17 2’ .

Fiz k € N, k > 2. Denote by Sy the event

Sk 1= {Ti(l) < oo,...,TZ.(k) <0}
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Note that Sy, depends on the choice of the starting point i. Then the E-valued random variables
&1,89, ..., & are i.i.d. with respect to the probability measure Pf’“() := P;(-|Sk) (on the event

Sk ).
Proof. We will prove for k = 2. We have that
Pilgr = (kyit, i), & = (gt 0), T < 00, T < o0)
= Pi(al =k, X1 =41,...,Xp =i, a0 = l,Xk+1 :jla---,Xk;—&-l =j,a1 < 00,a < OO)
Consider the case when
{ 7& ila s aik—lajb s 7jl—17
i =1=Ji.
because otherwise, the probability is 0. When we have this we get
=Pi(X1 =1, Xpo1 = 1, Xpp = 4, Xppp1 = J1s -+ o1 = Jim1, Xppot = 4)
= PZ'(Xl = 11,... ,Xk = i)Pi(Xk+1 = jl, . 7Xk+l = i|X1 =11,... ,Xk = Z)
And by the Markov Property we get that
:Pz(Xl =01, .., X = 1)PZ(X1 :jl,...,Xl = 7,)
=Pi(Xy =1, .. Xp =0, T =k)Py(Xy = j1,..., X, =0, TV =1).
Summing over all i4,...,%, j1,...,j;, we get that
}P’i(al = k,ag = l) = ]P’i(a,l = k)IP’i(al = l)
Thus we get that
Pi(a1 < 00,a2 < 00) = ]P’i(Ti(l) < oo,TZ-(2) < o0) = Pi(a; < 00)%
Dividing this last equality through the first string of equalities, we get that
S(k . . . .
Pi( & = (kyin, . ovin), & = (L1, 51))
=Pi(&1 = (kyiv, - .- yik)|ar < 00)Pi(§1 = (I, 1, -, i) |ar < o0)

=P = (i, )P (6 = ().
Thus & and & are i.i.d. O

Corollary 3.43. Fori,j € 1, i # j, we have that, with respect to Pf’“() = IP’j(- | Sk (7) ), that
&, ..., & are i.i.d. and also independent of &;1. a

These results demonstrate evidence of the Strong Markov Property. A thorough proof of
the Strong Markov Property is very involved, and beyond the scope of this paper. Instead of
providing an unsatisfactory proof of it, we have included the previous results as building blocks
suggesting the property, and state its final form in the following theorem.

Theorem 3.44 (Strong Markov Property). Suppose {X,}n>0 is HMC (P, p)r and T is the
first return time to i € 1. Conditional on T' < 0o, we have that {X1in}n>0 is Markov (P,d;)r
independent of Xo, X1,...,X7. O

Remark 3.45. Note that the Strong Markov Property works for any stopping time, however
we will only apply it for return times. O
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Definition 3.46. We also denote the time since the rth return time to a state 7 in I as
SZ(T) _ {Ti(r) . Ti(rfl) :Ti(Tfl) < ool
SZ-(T) = 0 when Ti(rfl) = 0. O

Lemma 3.47. Forr = 2,3, ..., and conditional on 7Y < o0 we have that S is independent

of {Xm :m < Ti(r_l)} and

IP’i(S-(T) = n|TZ-(T_1) < o0) =Pi(T; =n).

()

Proof. Let {Xy}n>0 be HMC (P, pu)r. Apply the Strong Markov Property to 7' = Ti(r_l).
Conditional on the fact that T < oo, we have that X7 = i and that {X71,},>0 is Markov
(P, ;) and independent of Xy, X1,..., Xp. But

S’i(r) =inf{n >1: Xpy, =i}.

So we have that Si(r) is the first return time to ¢ of { X714y, }n>0, which is HMC (P, §;)1. Therefore

SZ-(T) are stopping times, independent of the process before T,L-(T_l) , and have the same distribution
as a stopping time starting from the initial distribution ;. O

Definition 3.48. Given a Markov chain {X,,},>0 on a state space I, we define the number of
visits to a state ¢ € I as

Ni=> Igx,—i} (3.17)

n>1

Further, we define the number of visits until time n to a state ¢ € I as

n—1
Ni(n) = Z X, =i}
k=0
g

Theorem 3.49. Let {X,,}n>0 be a Markov chain. Given Xo = j for a state j € 1, the distribu-

tion of N; is
r—1
A fET (1 — fu >1
P](Nz — 7’) _ fﬂ ii ( fm) r =1,
1 — fji r=0.
where fj; = P;(T; < 00).

Proof. For r = 0, we have that the HMC never visits state ¢, which is equal to the probability
1 — fji. We prove r > 1 by induction. Assume the equation is true for k € [1,7]. We have that

Pj(N; > ) =1=3 Pi(Ni = k) = fjiff- (3.18)
k=0

Define T, = TZ-(T), the 7" return time to state i.
]P)](NZ =r+ 1) = ]P)](NZ =r+ 17XTT,1 = Z)
P;(Try2 — Try1 = 00, X1,_, = 1)
= Pj(Tri2 — Tr1 = 00| X1y, = )Pj(Xr,,, = 10)
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But, by the Strong Markov Property,
Pj(Try2 — Trpr = 00| X1,y =4) = P(Trye — Trgq = 00| X7, =14, X0 =)
= P(Thq2 — Trp1 = 00| Xp,y, = 1)
= P(T; = 0| X =)
And since Pj(X7, , = i) = Pj(N; > r), we get that
Pj(Nz =1r 4+ 1) = ]];Dj(Tr_i_Q — TT+1 = OO|XTT+1 = i)Pj(XTT+1 = Z)
(1 — fu) fyifi

Thus we have proved the equation by induction. O

Theorem 3.50. For any i € I, we have that
(i) ]P)Z(Tz < OO) =1& ]P)Z(Ni = OO) =1,
(ii) PZ(TZ < OO) <l& ]EZ[NZ] < 00 <= Pz(Nz = OO) = 0.
Therefore we deduce that the probability P;(N; = 00) has only two possible outcomes, 0 and 1.

Proof. P;(T; < oo) =1 if and only if f;; = 1. Therefore by equation (3.18) we have that
r—00 r—00

Thus P;(V; = o0) = 1. Note that

e}

E;[NV;] = ZTPi(Nz' =)= er[i(l — fu) =

r=1 r=1

fii
1— fu

Thus we have that

fii
1 — fii
And if the expected value of N; starting from ¢ is less than oo, we have that P;(N; = oco0) = 0.

Thus we have proven both items in the theorem, and see that the only possible values for
P;(N; = 00) are 0 and 1. O

Pi(T; < 0) <1<

< 00 <= Ez[Nz] < 00.

3.5. Recurrence. The notion of stopping times allow us to define another class of Markov
chains, those that are recurrent.

Definition 3.51. If P;(7; < oo) = 1, then we call the state i € I recurrent. Otherwise we
call it transient. If a state i € I is recurrent and E;[T;] < oo then we call it positive recurrent.
Otherwise we call it null recurrent. O

A state ¢ is recurrent if the return time to ¢ when starting at ¢ is almost surely finite. Further, ¢
is positive recurrent if the expected return time is also finite. Recurrence and positive recurrence
give guidelines as to how reasonable it is to get to a state in the chain.

Theorem 3.52. The state i € 1 is recurrent if and only if

Zp“(n) = Q.
n=0
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Proof. We have the following succesion of equivalent statements:

The state ¢ € I is recurrent <= P;(T; < c0) =1

n>1 n>0

o0
= an(n) = 00.
n=>0
O

Remark 3.53. Suppose ¢ € I is recurrent and accessible from a state j € 1. This happens if
and only if there exists an m > 0 such that pj;(m) > 0 and > 2 p;i(n) = oo, which happens if
and only if Y pji(n) = occ. 0

Corollary 3.54. Suppose P is a transition matriz for an irreducible recurrent HMC { X, }n>0.
Then for any j € I we have that

P(T; < 00) = 1.
Proof. If we consider all possible starting points ¢ € I, we have that
P(Tj < 00) = > P(Xq = i)Py(Tj < o)
i€l
Therefore we must show that P;(7; < oo) = 1 for all ¢ € I. Choose an m such that pj;(m) > 0.
Theorem (3.52) implies that

1 = Pj(X, = for infinitely many n)
= P;(X, =j for some n >m+1)
= Z]P’j(Xn:jfor some n > m+ 1|X,, = k)Pj( X, = k)
kel

= Z]P’k(T] < 00)pjk(m).

kel
Since ),y pji(m) = 1 we deduce that P;(Tj < oo) =1 for all i € I 0

Theorem 3.55. Ifi,j communicate, then they are both recurrent or both transient.

Proof. i and j communicating implies that there exist M, N > 0 such that
pij(M ) > 0,
Dji (N ) > 0.

We can go from ¢ to j in M steps, return to j in n steps, and go from j to ¢ in N steps. Thus
we have that

pii(M +n+ N) > pii(M)p;;(n)pji(N).
Similarly we derive
pjj(N +n+ M) = p;i(N)pii(n)pi;(M).
Let o = pi;(M)pji(N) > 0. We get that
pii(M +n+ N) > ap;j(n),
pii(N +n+ M) > api(n).
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Thus Y 7 pi(n) is divergent < > >° pj;i(n) is divergent, and ¢ is recurrent < j is recurrent.
Similarly, ¢ is transient < j is transient. a

Remark 3.56. If a HMC is irreducible all states communicate, and therefore all states are
either recurrent or transient. Therefore we can define an irreducible HMC as recurrent if the
states are recurrent. O

3.6. Invariant Measures. We now establish the idea of invariant measures, and demonstrate
their relationship to stationary distributions.

Definition 3.57. An invariant measure of a HMC with state space I and transition matrix P
is a function z : I — [0, 00) such that, when viewed as a row vector it satisfies the equality

P =z, ie., x; = ijpji, Vi el
J€el
O

Theorem 3.58. Let P be the transition matriz of an irreducible HMC { X, }n>0. Let 0 be an
arbitrary state in 1, and Ty the return time to 0. Define for all i € 1

z; = Eo Z Lix, =iy Lin<my

n>1

In other words, x; is the expected number of visits to state i before returning to 0. Then, for any
i € 1, we have that x is an invariant measure of P and xz; € (0,00) for alli € 1.

Proof. We define
pgl(n) = EO[H{Xn:i}]l{nSTO}] = Po(Xl 7& 0, cee ;Xn—l 75 O,Xn = 7,)
Therefore x; =, pd;(n). For any number of steps n € [1,7p] , X, = 0 <= n = Tp. Thus
o=y pgo(n) = 1.
n>1

We have that pj);(1) = pg;. For any n > 2 we can go from i to j in (n — 1) steps and then from
7 to ¢ in one step, i.e.,

poi(n) = Zpgj(” — pji.

J#0
Thus
xi = Zpgi(") = poi(1) + Zpgi(n)
n>1 n>2
=poi+ Y > poi(n—Dpy=poi Y |D>_p0j(n—1)| pji
n>2 j#0 j#0 [n>2
=Ppoi + Z Zjpji = Topoi + Z Tjpji = Z ZjPjis
§#0 J#0 Jel

where the second-last equality comes from the fact that x¢g = 1. This is true for any i € I, thus
we have that x = xP. Iterating this we get x = zP™. Therefore

T = Z z;pji(n) = poi(n) + Z zipji(n).

jel 70
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We have that xg = 1 > 0. Suppose that x; = 0 for some ¢ € I such that i # 0. Then the above
equality would imply that po;(n) = 0 for any n > 0. This would imply that 0 and i do not
communicate, which is a contradiction since our HMC is irreducible. Hence x; > 0 for all 7 € I.
We also have that 1 = zg = Zjeﬂ xjpjo(n) for any n > 1. Therefore, if there is some 4 such
that z; = oo, then p;o(n) = 0 for any n > 1. This contradicts the irreducibility. Hence x is an
invariant measure and z; € (0,00) for all 7 € I 0

Remark 3.59. Note that

ZZ Lix,=tlin<ny = Z [Z ]l{ani}] Lin<nyy

i€l n>1 n>1 Liel
= D l<ny =To
n>1
Therefore
> ai =Eo[Ty). (3.19)
icl
O

Theorem 3.60. Invariant measures of irreducible recurrent stochastic matrices are unique up
to multiplication.

Proof. We define a matrix Q by
Y;
4ji = =pij (3.20)
Yj
where y is an invariant measure of an irreducible recurrent stochastic matrix P. Q makes sense
since we know that y; > 0 for any j € I from the previous theorem. Also,

Z%’i = Zyipij = i*] =1.
j

1
iel Yi e

Suppose that g;i(n) = z—;pij (n). Then

Gin+1) = > qrari(n)

kel
Yk Yi
= > Zpriopir(n)
wer Y3 Yk
= &Zpik(n)pkj
Yi e
Y

i
= =pij(n+1).
P+

Thus by induction the matrix Q™ has the general term
i
gji(n) = ~pij(n), (3.21)
Yj
for all n > 1. Since P is irreducible, for any 4, j € I there exist n > 0 such that p;j(n) > 0. But
equation (3.21) implies that
pl-j(n) >0 qji(n) > 0.
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Thus Q is irreducible. Since P is recurrent, we have that >, o pii(n) = co. But g;i(n) = pii(n)
implies that -, qi(n) =3, 5o pii(n) = co. Thus Q is recurrent as well. Define

gji(n) == P(Y{) == j, Y1 7& i, PN aYn—l 75 i, Yn = i),
where {Y},}n>0 is a HMC with respect to Q. We get that

gzO n+1 Z%gggo
J#0

which implies that
yzgzO n+ 1 Z y]gjo sz
J#0
We recall that
pOz n + 1 ZPO'L p]h
J#0
which implies that
yopm n -+ +1 Z yOPOJpjz
J#0
We have that
yopoi (1) = Yopoi = Yigio = Yigio(1).
Thus it follows that

Yi

poi(n) = = gio(n),
Yo

for any n > 1. Summing across n on both sides we deduce that

Z poi(n) = 2 gio(n)

n>1 n>1

Thus z is a multiple of y. a

Theorem 3.61. Positive recurrence and null recurrence are also class properties.

Proof. We will see in the first part of Theorem (3.67) that for a recurrent irreducible Markov
chain we have that lim,, .~ % = m Suppose that 7 is null recurrent, i.e. E;[T;] = co. Since
the chain is irreducible, we have that there exists r,m > 0 such that p;;(r) > 0,p;i;(m) > 0.
This implies that

> o Pii(n) > Yoo " pii(n)

=3 k e k pij (r)pji(m) (3.22)
k—m—n __ n
B klinolo k nzk mp”n( )Pij(T)pji(m) (3.23)
l A
= o wpw(ﬂpﬁ(m) (3.24)
_ pij(r)pji(m)
TR (3.25)

Which implies that E;[T;] = oo, i.e. that j is null recurrent. O
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Theorem 3.62. An irreducible recurrent HMC' is positive recurrent if and only if its invariant
measure x satisfies
Z xr; < 00.

i€l
Proof. From equation (3.19) we have that ), x; = Eo[Tp]. State 0 is positive recurrent if and

only if Eg[Tp] < oo, that is, >, .;x; < oo. Thus state 0 is positive recurrent if the inequality
holds. Since the HMC is irreducible, the HMC is positive recurrent. O

If we have an irreducible HMC, then we have an invariant measure, which is unique up to
multiplication by a constant. From this, we are able to determine whether or not the HMC is
positive recurrent.

Lemma 3.63. (Dominated Convergence Theorem) Let {ank}n>1k>1 be an array of real numbers
such that for some sequence of non-negative real numbers {by}p>1 satisfying > po by, < 00, we
have that
|ank| < bk-
Moreover, if we have
lim Apk = Ak,
n—oo
then
o0 o (0.9]
dim ) ane =D Jim ane =) o
k=1 k=1 k=1
g

Theorem 3.64. An irreducible HMC' is positive recurrent if and only if there exists a stationary
distribution w. When the stationary distribution m exists, it is unique and ™ > 0.

Proof. If a HMC is irreducible and positive recurrent, we have the existence of a stationary
distribution by taking a multiple of the invariant measure. Conversely, assume there exists a
stationary distribution 7. Iterating the equation m = 7P, we get m = 7P"”. That is, for all ¢ € I,

w(@) =Y 7 (j)pji(n).
jel
If the HMC were transient, we have that for any 4,5 € I,
lim pj;(n) = 0.

n—o0

Since pji(n) is bounded by 1, the dominated convergence theorem (3.63) implies that

m(i) = lim Y w(j)pji(n) = Y w(j)( lim pji(n)) =0.
jel jel
Thus 7 is not a stationary distribution, since we must have ) . ;7(i) = 1. Therefore the chain
is recurrent. And since the sum equals 1, i.e. is finite, we have positive recurrence. 7 is unique
when we take the invariant measure constant to be 1. Further, viewing 7 as an invariant measure,
we see that m(i) > 0 for all i € L. 0

If we have an irreducible HMC, we can form the invariant measure and test whether or not
the chain is positive recurrent. If it is, we have a stationary distribution, which is unique and
strictly positive. Also, if we have an irreducible HMC and a stationary distribution (perhaps
by detailed balance), we have that the chain is positive recurrent, and again that the stationary
distribution is unique and strictly positive. The important thing is that for irreducible chains,
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positive recurrence and unique stationary distributions go hand in hand, giving us a criterion
for the uniqueness of stationary distributions. We will now see that with such assumptions we
get a nice relation between stationary distributions and the expected value of a return time.

Theorem 3.65. Let w be the unique stationary distribution of an irreducible positive recurrent
HMC. Let T; be the return time to a state i € I. Then

m()E;[T;] = 1.
Proof. We obtain 7 by normalization of the invariant measure x.

(i) =

Z;
Zjell Tj

For:=0
Zo 1

Yia®i Eo[To]
Recall that we picked 0 € I arbitrarily, therefore we get that

m(i)E[ T3] = 1,

7(0) =

for any ¢ € L. O

Theorem 3.66. An irreducible HMC with finite state space is positive recurrent.

Proof. The chain is recurrent because if it were transient then for any ¢,j € I we would have
that

Zpij(n) < 0.

n>0

Since the state space is finite, we also have that

Z sz‘j(n) < 00.

j€I n>0
However
E E pij(n) = E 1= o0,
n>0 jel n>0

which is a contradiction. Therefore the chain is recurrent. Since we have an irreducible chain,
we have an invariant measure. And since the state space I is finite, we have that ), ; x; < oo,
which implies positive recurrence. O

A lot of applications of Markov chains deal with finite state spaces. Given this theorem, we
need only check that the chain is irreducible to establish the existence of a unique stationary
distribution. We now establish one of our most important theorems thus far, the Ergodic
Theorem.

3.7. Ergodic Theorem.

Theorem 3.67 (Ergodic Theorem). Let { X, }n>0 be an irreducible HMC (P, ). Define m; =
E;[T;]. Then, a.s.
. N 1
lim — = —.
n—,oo MM m’i
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Further, when { Xy, }n>0 is positive recurrent, with stationary distribution w, then for any bounded
function f:1— R, a.s.,

n—1
i 3 10%) = 7
where f = Zie]l (i) f (7).

Proof. If {X,,}n>0 is transient, then a.s. N; < 0o, so

Nifm) N 1
n " n m;’

since E;[T;] = oo.

Suppose {X,}n>0 is recurrent. Fix a state ¢ € I. Recurrence implies that P(T; < oo) = 1.
Theorem(3.42) shows that the long run proportion % is the same for {X,, }n>0 and {X71,, }n>0,
so we can consider y = §;. By Lemma (3.47), we have that

s @

(2

are i.i.d. with E;[T;] = m;. We have the relationship that
R i R |

since the length of time spent away from ¢ up until the (N;(n) — 1)th visit cannot exceed n — 1.
By similar reasoning we have that

U 4o g sy,
Therefore, dividing by N;(n), we get

S g ST g g

Ni(n) < N (3.26)

By Theorem (2.4) we have that

Since { X}, }n>0 is recurrent, N;(n) — oo as n — oo. Therefore by the squeezing principle

n

Ni(n)

— m;.

Suppose { X, }n>0 is positive recurrent as well. This implies that m; = E;[T;] = ﬁ Therefore

we have that

Let f: I — R be bounded. Without a loss of generality assume that |f| < 1. If f were bounded
by some M, then we will have a factor of M in our inequality and would pick an € accordingly.
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For any J C I, we have that

n—1 (n
;Zﬂxk)—f' — X (M- 1)
k=0 i€l

N
m
=t

I
]
=
=
|
A

IA
(]
=
"Iz
|
2
+
N

S
m
<
<.
m
N
Q

~
m
<
~
m
<
Q

INA
(V]
=
e
|
2
.-1-
]
VN
=
s =2
=
+
=

IA
(]
=
|1z
|
J=g
+
]
=
=
+
N

<
.
m
<
Q
.
m
<
Q

i€

Denote Nyp(J) = > iy NiTE"), m(J) =3 e m(0).
e We can pick J C I such that 7(J) < €.

e We can choose N such that for any n > N we have that} . ; ]NiTE") —m(i)] = Np(J) —

n(J) < §.
o [N, (JC) = 7(JY)| = |Nu(J) — n(J)|, which implies that N, (J) < 7(JC) 4+ |N,(J) —
GOESES B
Thus,
1 € € €
= Xp)—f|l<-4-4-=e
;of( W-flS i+ tg=c

O

For an irreducible positive recurrent HMC (or an irreducible HMC over a finite state space),
and a well behaved function f, we have a convergence relation. We have proven Nekrosov wrong!
However we cannot stop here, as we will deduce yet another convergence property of Markov
chains.

4. CONVERGENCE TO STATIONARY DISTRIBUTIONS

4.1. Distance in Variation. First, we establish a way to measure the distance between prob-
ability distributions, and derive some important consequences.

Definition 4.1. Let I be a countable set, «, 3 probability distributions on I. The distance in
variation between « and [ is

1 1 . .
d(a, ) = Sl =B = 53 lali) = B()],
i€l
The distance in variation between two random variables X,Y with values in I and distributions
Z(X),Z(Y)is
d(L(X), 2 (V) = d(X,Y).
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Lemma 4.2. Let X,Y be two random variables with values in a countable space I. Then

iu%\IP(XEA)—P(YeAH:iu%{IP’(XEA)—P(YeA)} =d(X,Y).

Proof. If P(X € A) —P(Y € A) <0, then let B = A®, and we get that
—(P(X € A)—P(Y € A)) =P(X € B) - P(Y € B) > 0.
Thus we have the first equality. We have that
P(X € A)—P(Y € A) =) 14()(P(X =i) = P(Y =4)).
i€l
The right hand side is maximal for the set
A={iel; P(X =14)>P(Y +1) }.
Since
1€l
we deduce that, for any A C I, we have
Z 14>0) (P(X =4) —P(Y =1)) + Z Lyc(i) (P(X =4) —P(Y =1)) =0.
i€l i€l

On A we have that

Therefore for ZL we have that

D140 (PX =i) —P(Y =4)) = Y 15(i)|P(X =) - P(Y =)

i€l i€l

= S P =) -y =),

i€l
where both equalities come from equation (4.1). O

Definition 4.3. For probability distributions «, 3 on a countable set I, let Z(«, ) be the
collection of couplings of o with 3, i.e., random vectors (X,Y) taking values in I x I, such that
the marginal distribution of X is a and the marginal distribution of Y is 3. a

Theorem 4.4. For any (X,Y) € Z(«, 3), we have that
P(X £Y) > d(a, B).
Proof. For any A C I, we have that
P(X#AY)>P(X €AY c A% =P(X € A) —P(X € A°,Y € A)
>P(Xe€A)-PY €A).
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This implies that

P(X #Y) > iup{IP’(X €A)—PY € A)} =d(a,B).
cI

4.2. Convergence.

Definition 4.5. Let {ay }n>0, 8 be probability distributions on a countable set I. If
lim d(ap, ) =0,
n—oo

we say that {ay, }n>0 converges in variation to 5. Let { X, }n>0 be an I-valued stochastic process.
If 7 is some probability distribution on I, and if the distribution .Z(X,,) of the random variable
X, converges in variation to m, that is, if

lin > P(Xy =) - 7(i)| =0,
i€l

then { X, }n>0 converges in variation to . O

Remark 4.6. Recall that

i€l
for some bounded f : 1 — R and M is an upper bound of |f|. Then

|E[f(Xa)] = F =D fO(P(Xp =) —w(i))| < MY |P(X, = i) — (i)

1€l i€l

Thus {X,, }n>0 converges in variation to m < lim, . E[f(X,)] = f. O

Definition 4.7. Two stochastic processes {X] }n>0,{X] }n>0 taking values in I are said to
couple if there exists almost surely a finite random time 7" such that

n>T= X' =X
T is called a coupling time of {X/] }n>0 and {X]!}n>o0. O

Theorem 4.8. For any coupling time T of {X, }n>0 and {X, }n>0 , we have that
d( X, X)) <P(T >n), ¥n=>0.
Proof. For all A C 1
P(X, € A) —P(X] € A)
=P(X, €A T>n)—P(X) € A T>n)+P(X, € AT <n)-P(X] € AT<n)
=P(X), € A, T>n)—P(X € A,T>n)<P(X], € AT >n) <P(T >n),

where the first equality comes from T being a coupling time. a

We so far have three ideal characteristics of Markov chains. Aperiodicity, irreducibility, and
positive recurrence. We summarize chains that meet all three conditions in the following defini-
tion.

Definition 4.9. A HMC, along with its transition matrix, that is irreducible, positive recurrent,
and aperiodic is called ergodic. O
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Remark 4.10. Note that a HMC need not be ergodic for the Ergodic Theorem (does not need
aperiodicity). This definition may be confusing, but is nevertheless standard in various books.
O

Theorem 4.11 (Convergence to Stationary Distribution). Let P be the transition matriz for
an ergodic Markov chain. For oll probability distributions p,v on I, we have that

lim d(uP™,vP™) =0.
n—oo

Further since P is ergodic, there exists a stationary distribution m with the consequence that for
any initial distribution p we have that

lim [puP" — x| =0.

n—oo

Proof. Let {X,sl)}nzo, {X}?)}nzo be HMC (P, p)1, (P, v)1, respectively, and independent of each
other. For some b € I, consider the stopping time
T =inf{n >0: X,(Ll) = Xy(f) = b}.
We refer to T as coupling time.
Step 1. Show P(T < o) = 1.
Consider the chain {Z,},>¢ given by Z,, = (X,(ll),X}lQ)), which we will show is a HMC on I x L.
Z,, has a transition matrix P’ with entries
PG k) (4,1 = PijPkls

and initial distribution \(; zy = p(i)v(k). Therefore Z, is HMC (P’, \) where X is a probability
distribution on I x I. Since X,(ll), Xr(f) are both irreducible and aperiodic, we have by Theorem
(3.27) that there exists an ng > 0 such that for any n > ng

pik(n) >0,

pji(n) >0,
which implies that pg;yiy(n) = pi(n)pj(n) > 0, and therefore Z, is irreducible. Since

XT(LI) , X,(LQ) are aperiodic, Z,, is also aperiodic. Z,, inherits a stationary distribution {7(i)7(j)}; j)erx1-
Therefore Z,, is positive recurrent. Since T is a return time to (b,b) for Z,, which is positive
recurrent, we have that P(T < c0) = 1.

Step 2. Create a coupling HMC.
Consider the process {Y,, }n>0 given by

v [xD n<r
" X,(f) n>"T.

Apply the Strong Markov Property to Z,, and we see that {XS_&T, XﬁZT}nzo is HMC (P, 6(3,5))
and independent of (X(()l),X(()2)), cee (X:(Fl), Xg)). Similarly, by symmetry, {X7(12-|2T’ Xy(Ll_gT}nZO is
HMC (P',84,) independent of (X2, x{V), ..., (X2, xV). Hence if

xP np<rT,
{X,gl) n>T,
then (Y,,,Y,)) is HMC (P’, \), which implies that Y;, is HMC (P, u).

Y, =

n
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Step 3. Y, and Xr(Lz) couple, and by Theorem (4.8 ), we get that
d(uP", vP™) = d(Y,,, X'?) <P(T > n) — 0,

as n — oo. Further, since P is ergodic, we have a stationary distribution 7, and if we let v = 7,
then 7P™ = 7, and we get the convergence to the stationary distribution. a

4.3. Rate of Convergence. Now that we have established a notion of convergence for ergodic
Markov chains, one wonders how quickly this convergence may occur. We establish a rate with
the following theorem.

Definition 4.12 (E. Landau). The notation f(n) = o(g(n)) means that

im £ _
g ~

The notation f(n) = O(g(n) ) means that there exists ¢ > 0 such that
[f(n)] < clg(n)], n. O
Theorem 4.13. Suppose that the coupling time T' defined in (4.2) satisfies
E[¢(T)] < oo,
for some non-decreasing function ¢ : N — R such that

nl;rgo ¢(n) = oo.

Then, for any initial distributions u,v, we have that

oo 1
uP" = vl <¢><n>>‘

Proof. Since ¢ is non-decreasing, we have that ¢(7)1yp~ny > ¢(n)1ir>yy. Thus

P(T > n)p(n) < E[G(T)Lirsnyl-

Since T' is finite we have that lim, o ¢(T) 17>,y = 0 And since ¢(T)1{7~y) is bounded by
¢(T), which is integrable, Lemma (3.63) implies that

lim E[¢(T)1i7s,] = 0.

n—oo
Hence
d(n)|uP" — vP"| < ¢P(T > n) — 0.

Hence for any ¢ > 0 we have ng > 0 such that for any n > ng,

1
o(n)|uP™ —vP"| <c= |uP" —vP"| < ¢ .
) <o oo

That is, |uP™ — vP"| = 0(%). O



MARKOV CHAINS 31

4.4. Eigenvalues of the Transition Matrix. Up until now, we have been thinking of all
vectors as row vectors. For the entirety of this section, since we will be dealing with both
column vectors and row vectors, denote a vector written v as a column vector and a vector
written vT as a row vector.

Definition 4.14. A square matrix A is called positive/non-negative, and we indicate this using
the notation A > 0 (respectivelyA > 0) if all its entries are positive/non-negative. A non-
negative square matrix A is called primitive if there exists a natural number k > 0 such that
AF > 0. O

Theorem 4.15 (Peron-Frobenius). Let A be a non-negative primitive r X r matriz. We denote
by spec(A) its spectrum (the set of all its eigenvalues). The multiplicity of an eigenvalue is its
multiplicity as a root of the characteristic polynomial. Then the following hold:

(i) The spectral radius of A defined by

max |A| € (0,00),
A€spec(A)

s a simple eigenvalue of A. We denote it by A1.

(i) If X € spec(A) \ {\1}, then |A| < A1.

(iii) The left eigenvector uy and the right eigenvector v1 of A corresponding to the eigenvalue
A1 can be chosen such that they are positive and

u{vl =1

(iv) Order spec(A) \ {A\1} as A2,... A\ so that
AL > Ao > > -

and if |Aa| = |Nj| for j > 3, then the multiplicity of Ay is greater or equal that the
multiplicity of A\;. Then

A" = Aojul + O(m™2 A,
where my is the multiplicity of Aa.
d

Remark 4.16. If we consider a transition matrix P on I = {1,...,r}, and P is irreducible and
aperiodic, then there is some n such that P > 0. For we know that if it is irreducible and
aperiodic, then there is an n such that we can travel between states with positive probability.
P has a unique stationary distribution 7, and u; = 7 , v1 = 1, the vector consisting of all 1’s.
Therefore
P"=1-7"4+0(n™""x|").

This gives us an estimate of how long convergence to a stationary distribution may take, however
this estimate requires a lot of knowledge about the structure of P. For reversible transition
matrices, we will be able to develop better bounds, and in order to do that we must delve into
some vector space theory. O

Definition 4.17. Let P be an irreducible transition matrix on the finite' state space I =
{1,...,7}. Let 7 be a strictly positive probability distribution on I. We denote by .£?(r) to be
the Hilbert space of functions = : I — R equipped with the scalar product

(@, y)e =Y w(D)y(i)m (i),

i€l

IThe finiteness of I implies positive recurrence.
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and norm

1
2
||| == (Zw(i)%(i)> :
el
The mmean of a function z : I — R is the real number
(@)r = x(i)m(i) = (2,1),
iel
while its m-variance is
Varg(z) == [|z]|2 — (z)3.

We denote by & 2(%) to be the dual of R” = R! equipped with scalar product

1
T T L . .
',y >% -—Z$(1)y(l)m~
i€l
Note that (-, ) takes column vectors and (-,-)1 takes row vectors. O

™

Theorem 4.18. The transition matrizc P is reversible (see Definition 3.35) with stationary
probability distribution 7 if and only if P is self adjoint in £L*(r), i.e.,

(Pz,y)r = (2,Py)r, Vz,y € L2().

Proof. Suppose P is reversible with invariant probability distribution 7. Then

P,y = Y| D piyz(i) | y(i)r(i)

iel \ jel
= Zﬂﬂ(z)ngﬂf(ﬁy(l)
= z§ m(3)pjiy(i)z(j)
ijel
- Zaz(j) (ZP;@'ZK@) 7(j)
= Z;?Py)ﬂ. -

Hence P is self adjoint. Now suppose that P is self adjoint in #?(r). Pick 2 = 6; , y = 0;.
Then we get that

w(i)pij = (P&, 65)x = (05, Péj)n = w(5)pji-
Hence P is reversible with distribution . O

Remark 4.19. We can also deduce that P is reversible with probability distribution 7 if and
only if the matrix

P* .= D:PD "3
is symmetric, where D = diag{m(1),...,n(r)}. Indeed &7* is symmetric if and only if
7(1)pij m(J)pji , ,
TRy _ VTG s iy = (i
V() V(i)

We also have that (z,y), = 27 Dy.




MARKOV CHAINS 33

Since &* is symmetric, it has real eigenvalues, it is diagonalizable, and its right eigenvectors
and the same as its left eigenvectors. Let {w1,...,w,} be the set of orthonormal eigenvectors
with corresponding eigenvalues A1, ..., A.. Define u; and v; by

_1
w; = D 2Uq,
1
w; = DQUZ'.

We get that = /7(1)v;, and therefore have that u = Dv. The matrices P and &7* have

L
V(i)
the same eigenvalues, and for a eigenvalue \;, v; is a right (column) eigenvector and u;f is a left
(row) eigenvector.

The column vectors v; are orthonormal in .#%(7), because

(i v5)w = D vilk)v; (R)m(k) = Y wik)w; (k) = 8y,

kel kel
ol =) oi(k)?m(k) = wi(k)* = 1.
kel kel

Where 6;; = 1 if i = j and 0 if i # j.

Similarly, the row eigenvectors u!’s are orthonormal in 32(%) Recall that for P, u; = 7,

vy = 1. Since {vy,...,v,} are r orthonormal vectors in R", they are a basis of R". This implies
that for any x € R" we can write
Tr = Z ;U4

1€l
for some «;’s in R. Since (x,v;)x = > pcp 0k (Vk, Vj)x = @, We can write

r

r = Z(x,vj>7rvj.

j=1

Similarly, we deduce that

! = Z(xT,u%%u;f
j=1
For any j € I, n € N, we have that P"v; = AJv;. Therefore we deduce that

T
Pl = Z )\?<l‘, vj>7rvj,
j=1

T
Tpn __ n,.T T T
' P" = g i (x ,uj)%uj.
J=1
O

Definition 4.20. We define the x? contrast of a probability distribution a with respect to a
probability distribution 3 as

Note that XQ(Oé;W) = ||a — 7TH21 .
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Theorem 4.21. For probability distributions « and 3, we have that
4d(e, B)* < x*(as; ).

Proof.
2 (0) 2
. . a1 AL N1
(Z |a() —ﬁ(@)!) = (Z 30 1‘5(@)?5(%)?)
i€l i€l
a(i) 2
< —= B(i
2 (56 ) g
1 . N2
= Zﬂi o (Z)) )
i€l
where the second line is from Cauchy-Schwarz. O
Theorem 4.22. Let P be an irreducible transition matriz on a finite state set I = {1,...,r}

and reversible on its stationary distribution w. Then for any initial probability distribution u on
I, and for alln > 1,

P — T[] < p"|pn” — =1,
where p = sup(Ae, |\¢|). Further, for any i € L, for any n > 1, and for any A C 1, we have that
1
1—m(2)\ 2 1
67 P(A) - a7(4)] < (22ED) in (w(apd, 1) o
(1) 2
From this, we can deduce that

o 2n
1 7T(l)p no P

m(4) (i)

Proof. Recall that u; = 7, v1 = 1. This implies that

4d, (67 P, 7)? <

. g L . .
(T 7T s = Y2 (l0) — (@) (i) g = S (i) — w(0) = 0.
T e ) G
Let a; = (u — 7TT,Uj>%, and recall that z7P" = > im1 A 27w ]T) .. This yields
(= m)"P[L = ZOM?V"HUTW

_ ZQZ)?TL
< pQ”ZCﬁ = p*lp" =74,

where the second line is from the fact that u;’s are othornormal, and the third line is from the
definition of p.
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For the second part, define 67 P" = uZ.

i (A) = 7 (A =

IA
(]
N
AF =
== -
|
p—
N———
[\
S
=
N———
B
=

. 2
,un(2> .
< (2; (2 -1) m)) " (4)
= [|67P" — 7T |[An(A4) < p*[|6] — 7|37 (A),
where the second line is by Cauchy-Schwarz, and the last line is from the first part. It is easy

to check that ||6] — 71|23 = 1;22(;), which implies that

(NI
AS

e - ot ) < (0 ) e

We also recall that

Thus we get that

67 PP (A) — 7T (A)] < (1 ;g@)” "

Thus we deduce that

oy - ety < ()

By Lemma (4.2), we get the third part of the theorem. O

(]
=
N
3
—~

h

S~—

[ I
N | —
~_

he)

3

Fact 4.23. Let A:V — V be a linear map on an arbitrary vector space V of finite dimension
r with an arbitrary inner product (-, -). Suppose that this map is self adjoint, i.e. for any x € V'

(Az,y) = (z, Ay).

Then there is an orthonormal basis vy, ..., v, of eigenvectors of A, corresponding to eigenvalues
Al, ..., Ar, all of which are real. Suppose also that these eigenvalues are ordered in such a way
that

)\1 << A1"

Then we have that
inf (Az,z) =X\, inf (Az,x) = Ay,
|lz[|=1 |:|CL||U_1i

etc. |
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Definition 4.24. If P is a reversible transition matrix with invariant probability distribution
7, we define the Dirichlet form

E:L%(m) x L(m) - R,
En(z,2) = ((I - P)a:,:c>7r.

Theorem 4.25.

€ =5 Y wli)pij((i) — (i)’
JEL
Proof.
(I-P)z,z)r = > w(i)pya(i)(x(i) — z(j))
i,j€l
= > w()piix() () — x(i))
i,j€l
= Y w(ipir() () — (i)
‘,je]l
= =z Z pz] x(i))Qv
,JEH

where the second line is a change of index, the third line is from reversiblity, and the fourth line
is the sum of the first and third lines, halved to keep equality. O

Remark 4.26. Note that for any ¢ € R, we have that

erlx—c-Lyx—c-1) = *Z i)pij (( —c)— (:C(j)—c))2
i,j€l
= &Ex(z,z).

O

Remark 4.27. If P is irreducible, we have that A\; = 1 and that v; = 1 is a right eigenvector
of P. Further we can order the eigenvalues

1=XM>X>---> A\ > —1.
Here, A2 is the second largest eigenvalue of P (SLE). Recall p = sup(\g, |A.|) was the second
largest eigenvalue modulus (SLEM).
Consider the matrix I — P. This has eigenvalues
Bi=1—-A
for each i € I. This gives the ordering
0=p<Bo<- - <B <2
And the right eigenvectors for I — P are the same as P, the v;’s. Note that
En(z, ) _ (I -P)z,z),
Var,(x) (v, x)p
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Then by Fact (4.23), we get the following theorem. O

Theorem 4.28. Let P be an irreducible transition matriz on a finite state space I = {1,...1}
with stationary distribution 7. If P is reversible with w, then for all j > 2 we have that

@:inf{M:@,mﬂ:o,ie [z’,...j—l]}.

Any vector x in this infimum is an eigenvector of P corresponding to the eigenvalue \; =1 —f;.

O
Remark 4.29. Since v; = 1, we have that
Bo = inf{m {(x)r =0,z # O} = inf {MJ # constant} .
0
Corollary 4.30. If there exists an A > 0 such that for any x € R"
Varg(z) < Aép(z, x),
then
1
)\2 S 1- R
where \a is the SLE of P.
Proof. Tf & < & for all z € R”, then
1
— <
1= B2,
which implies that
S
2 < rE
g

4.5. Summary of Consequences of Ergodic Markov Chains. We summarize our results
in the following theorem.

Theorem 4.31. For an ergodic HMC {X,}n>0 with transition matriz P, we have that there
exists a stationary distribution m > 0. For any bounded function f : 1 — R we have the following:

e The temporal averages of f,
1 n—1
~ > f(X),
k=1
converge almost surely to the spatial average of f

F=>_fm).

i€l

e For any initial state x¢ € 1, limy,_,o P(X,, = j|Xo = x0) = 7(j) for any j € L.

Note that in the Ergodic Theorem (3.67) aperiodicity is not needed, but here we include is as a
result of ergodic chains as well. O
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Remark 4.32. If our HMC is ergodic, it behaves well. It is aperiodic, meaning that it does not
travel between sets of states. It is irreducible, meaning that it can never get stuck. And it is
positive recurrent, meaning that it will return to states in a finite amount of time. Given these
properties, our HMC has a property similar to the SLLN for i.i.d. random variables, that is,
it converges to a probabilistic average. Also, no matter where our HMC starts, if we let it run
long enough it will end with a probability distribution according to 7. O

5. THE SHUFFLING PROBLEM

We have established the concept of convergence to a stationary distribution. One may wonder
how long this convergence takes. One interesting example is the application of Markov chains
with card shuffling.

How many shuffles does it take to randomize a deck? In this example, our state space is the
symmetric group of 52 elements 2~ = Sso , |Ss2| = 52!. We will define riffle shuffling as a
probability density Q on Sso A riffle shuffle will be defined as cutting the deck into 2 packets of
non-negative size, and dropping cards from each of the packets into a new pile with probability
proportional to packet size. For g € Ss2 we have that Q(g) > 0 and Zg Q(g) = 1. We define a
Markov chain by setting Xy as the identity permutation. From there,

P(X1 = g) = Q(9),
P(X2=9)=QxQ(g) = Y QM)Qgh™),

heZ

P(Xy=9)=Q"(9) =Q*Q*" V(g) = > Qm)Q" V (gn71),
h
where Q*~1)"(g) is the (k — 1) repeated convolution.

The Markov chain {X,, },>0 is irreducible, since one can get to any permutation by a series of
riffle-shuffles, and aperiodic, because it can get back to a state in one step by the identity, which
is a riffle shuffle with one packet of size 0 and the other of size 52. Therefore (since the state
space is finite) the chain is ergodic. It turns out that its stationary distribution is the uniform
distribution, since repeated convolutions go towards the uniform distribution as the number of
convolutions goes to infinity, and that

1

Q" (9) = Ulg) = o

as k — oco. However, the question remains as to how many shuffles it takes to get reasonably
close to the uniform distribution. We let dg(k) = Q¥ — U].

Computing dg(k) is possible, but is beyond the scope of this paper. Its formula involves
rising sequences. A rising sequence of a permutation is a maximal consecutively increasing sub-
sequence. <:> is defined as the number of permutations of n elements with r rising sequences,
and there are recursive formulas to easily calculate these. With all of this in mind, it can be

deduced that
52
X 1 52
_ k* _ _
do(k) = 1Q ~ U] 2§j<r>

r=1

Ry 1
252k 52l

For 9 shuffles, we have a graph of the distances in Figure 1. It shows that after 7 shuffles, we
have reasonable enough distance to assume that all possible orderings of the deck are close to
being equally likely. Further information can be found in [1] and [9].



MARKOV CHAINS 39

2 Jo &) o )
=
o
@ _]
o
@ o _] o
2 o=
©
&
']
=]
=+ _]
o
o
™~
S o
o
T T T T
2 4 6 8

shuffles

FIGURE 1. Shuffle Distances

6. METROPOLIS-HASTINGS ALGORITHM

Suppose we want to know information about a probability distribution 7 on a finite state
space Z2°. We will use a process called Markov Chain Monte Carlo, or MCMC. Our goal will
be to find a Markov chain with a stationary distribution equal to the probability distribution .
Then, if we run this chain for a long time (and if it is ergodic), we will arrive at 7. If we run
the Markov chain for NV steps, and do this M times, we can find the proportion of samples that
end in a state i € 2", which we can call uy(i), and do this for each possible i € 2. We can
then measure how far our approximation is by calculating the distance in variation, that is

o =l =5 3 lun(i) — (i)

e

We will not get 0 unless we could make N, M = oo, however we can get pretty close. It remains
to discuss how to construct a HMC with stationary distribution .

6.1. Hard Disks in a Box: Motivating Example. Our motivating example will be the
problem for which the Metropolis algorithm was originally created.

Suppose we have N disks of radius § > 0 contained in the unit square where é < 1 for large
N. Disks are contained in the unit square with a periodic boundary, meaning that if a disk goes
outside the square to the right it comes in on the left. In other words, we think of hard disks
on a torus. The disks in the configuration are not allowed to overlap.

Further, the centers of the disk can only be at the centers of a grid generated by horizontal
and vertical lines. These lines are determined by their intersections with the axes. If we pick m
points on the horizontal axis and n points on the vertical axis, we have mn possible centers for
our disks.

Let H, be the set of m points in the interval [0, 1], and H), be the set of n points in the interval
[0,1]. Therefore the set of all possible centers is H = H, x H,. We denote by 2" (N, d, H) the
set of all possible arrangements of the N disks of radius § with centers at points in the array H.
Thus £ (N, d,H) is a subset of the family (%) of subsets of cardinality N of H.
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Suppose we had a function f: 2 (N, J, H) — R and want to approximate the average

1
Fwem 2 1 oy

€ (N,0,H)

It is easy to see why this is difficult: we do not have a good idea what the set 2 (N, d,H) is. In
particular, finding its cardinality could be a daunting task.
Observe that the map

1

m: Z(N,§,H) = [0,1], w(z)= ZINOH)

is the uniform probability distribution on 2" (N, d, H).

We will evaluate the average (6.1) by constructing an irreducible ergodic Markov chain
(Xk)k>0 with state space 2 (N,d,H) and stationary measure m. The Ergodic Theorem im-
plies that the temporal average

k
> F(X),
=1

converges almost surele to the spatial average (6.1) as k — oo. The construction of the Markov
chain (Xj)k>0 proceeds as follows.
Start with a possible configuration Xy = xg € 2 (N, d,H). Than for £ > 0, we proceed by:

e We are at a configuration X, = x € Z (N, ¢, H).

Pick uniformly at random a disk from the configuration of N disks x.

With the selected disk, create a ball of radius A > 0 from the center of selected disk,
picking h uniformly from the interval (0,1), and pick a random point uniformly from
the intersection of the ball and the grid H.

Move the center of the disk to this new point, and denote this new configuration by y.
If y e Z(N,0,H), set Xi11 =y. Otherwise, set Xp11 = Xj = z.

This forms a chain Xg, X1,... X, ... of configurations of disks in the unit square. This can
be thought of as a Markov chain if we were to define a transition matrix based upon the
possibilities of moving between arrangements. This chain is irreducible because any configuration
in 2°(N,0,H) can be achieved by a finite set of moves described above. The chain is aperiodic
because you can return to a state in one step (when the proposed configuration is rejected).
This chain is positive recurrent since it is irreducible over a finite number of configurations (due
to H being finite).

Therefore the chain is ergodic (for certain values of § and N) and we can compute averages
that approximate our desired information. I will not delve into why this specific algorithm works
or what kind of functions we may wish to approximate. I use this example to show that this
algorithm can be used to study very complicated objects, such as 2 (N, d,H). I also use this
example to illustrate the concepts of acceptance and rejection that are used in the Metropolis-
Hastings Algorithm. Further reading on Hard Disks in a Box can be found in [5].

=

6.2. Proposal and Acceptance. In general, we have a probability distribution 7(z) > 0, for
all x € 27, and a Markov chain {K,,},>¢ with transition matrix Q on a finite state space 2 .
We wish to change { K, },>0 so that it has a stationary distribution 7, and we proceed in a way
similar to how the hard disks in a box worked.

Given that we are at a state i € 27, we propose a state j € 2 according to {Ky}n>0
(specifically, with probability g;;). Then we accept this proposed state j with a probability a;;.
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Clearly, 0 < o;; < 1. This creates a transition probability for our new process given by
qij Qg
fori # j (for i = j, we have 1 —Z#j ¢ijoiij). In order to ensure that 7 will become the stationary
distribution of our new process, we require reversibility with 7, that is,
m(i)gijij = 7(J)qjici-

(J)qji

Setting (i, j) = Tije

, we get that

1
= Waij.
Since 0 < a5, aj; < 1, we require that 0 < a;; <1 and 0 < o5 < 7(4, 7). Thus we have that
0 < ay; < min{l,7(4,5)}.

Oéji

In order to maximize our acceptance rates, we will take the maximum value for a;;. Therefore
a;; = min{1,7(4,7)}.

6.3. Defining the Algorithm. Given an arbitrary transition matrix Q and a probability dis-
tribution m > 0 over a state space 4, given an initial state xg € 2, and given that our process
isat X, =i € Z', we pick X,,11 by:

e Choose Y41 = j according to the transition matrix @), probability g;; (proposal).

(5)qji
o

e Set a;; = min{1 } (acceptance probability).

e Set X, 11 =Y, 11 = j with probability a;; (acceptance). Otherwise, set X, 11 = X, =1
(rejection).

We have defined a Markov chain {X}, },,>0 with probabilities
® pij = qijouy for i # j,
® pii =1 =3 ico Gijouj
Proposition 6.1. This HMC has a stationary distribution equal to .

Proof. Tt suffices to show that we have reversibility with m, that is

m(i)pij = 7 (J)pji-

For i = j, this is trivial. For i # j, we have

m(i)pi; = w(i)gj;
= m(2)g;; min m(1)aji
= (i) min{g;;, 7T(])qﬁ}

(1)

= min{7(7)qi;, 7(j)qji}-

Similarly, 7(j)pji = min{7(j)q;i, 7(i)q;; }. Hence we have reversibility. 0
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Thus we have formed a new Markov chain with stationary distribution 7. If we can show that
the chain formed from the algorithm is ergodic, then we obtain the desired convergence to the
stationary distribution 7. Since £~ is finite, we just need to check that the chain is irreducible
and aperiodic.

6.4. Cryptography. The following example is influenced by Diaconis. The R-code can be
found here.? Suppose we have a piece of text that has been encrypted with a substitution
cipher. For example, our original text is

THE PROBABILITY THAT WE MAY FAIL IN THE STRUGGLE OUGHT
NOT TO DETER US FROM THE SUPPORT OF A CAUSE WE BELIEVE
TO BE JUST

It has been given a substitution cipher, giving a coded text

OVB CTEAJADKDOM OVJO SB RJM HJDK DN OVB WOTYXXKB EYXVO
NEO OE ZBOBT YW HTER OVB WYCCETO EH J QJYWB SB ABKDBLB
OE AB UYWO

Our problem is to find the bijective function f : {A,B,...,Z} — {A,B,...,Z} that decodes
the quote.

Let 2 be the set of all bijective functions described above. This is a set consisting of 26!
permutations. Finding the correct permutation several orders of magnitude harder than finding
the needle in a hay stack.

To understand how large 26! is note that log;(26!) ~ 26.6, so 26! ~ 4-10%¢. One cubic meter
contains roughly 4 - 10° grains of sand so there are roughly 4 - 10'® grains sand per km?. The
surface area of the United States is roughly 107 km?. Imagine that we cover the entire surface
of the United States with a 10 km (6 miles) tall layer of sand. The volume of such a layer would
be roughly 10% km? and it would contain roughly 26! grains of sand, give or take a few. Our
task is to find the magic grain in this immensity!

We assign a weight £(f) to each permutation f as follows. Take a long English text. E.g., in
my example I used Moby Dick. Use this text and create a matrix M of relative frequencies of
letter transitions in the text in an effort to approximate the true frequencies of letter transitions
for the English language. We can visualize this matrix with Figure 2. This shows us patterns
of what letters tend to follow each other in the English language. From this, we can create a
function that measures the likelihood of a cipher function f € 2", given by

L(f) = HM(f(Si)v f(siy1))-

Here, s;, s;+1 are consecutive letters in our ciphered text. The idea behind this weight is simple.
If a permutation f is not the one we seek, then the string of successive letters

(f(sl)af(32))7 (f(32)7f(83))7 (f(33>7f<34))7"'

is unlikely to occur in an English text so we expect the product of the frequencies M ( f(si), f(si+1) )
to be small so the weight L(f) is small. Thus, we expect the weight of the true code fiye to be
a lot higher. In our specific example, the original text is 2.6 x 10'1® times more likely than the
coded text!!!

Using the above weight, we create a probability distribution given by

7(f) = 5 [T M0 F o), (62

2http ://www.r-bloggers.com/text-decryption-using-mcmc/


http://www.r-bloggers.com/text-decryption-using-mcmc/
http://www.r-bloggers.com/text-decryption-using-mcmc/
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Probability of Second Letter

FIGURE 2. Moby Dick Transition Matrix

where

7= TTM(f(s0), f(si41))-
fex i
We wish to find out more information about 7 (f), and which f is likely to be our cipher function.
As we have pointed out, the set 2" is huge and, for all intents and purposes the normalizing
constant Z is unknownable.
To overcome these obstacles we employ the Metropolis-Hastings algorithm. We define a
proposal distribution Q = {qs¢ } ¢ yrc 2~ where

2

ﬁ if f, f/ differ in at most two places,
arfr =
0 otherwise.

The above formula is justified by the fact that there are (226) transpositions of the English
alphabet, and the fact that f’ differs from f at at most two places signifies that either f' = f,
or f’is the the product between f and a transposition.

Note that qyp = qpy. We start with a guess fo € 2. Then given X,, = f, we pick X, 11

using the Metropolis-Hastings proposal-acceptance/rejection protocol.
e Choose Y, +1 = f' by Q. (This is the proposal step.)

e Set
im0 5 - 5}

o Set X, 41 = Y,41 = f' with probability . (This is the acceptance part.)
e Otherwise, set X, +1 = X, = f. (This is the rejection part.)

The chain is irreducible because any permutation f € % is a product of transpositions. The
chain is aperiodic because you can return to a state in one step, when the proposal is rejected.
Therefore the chain is ergodic. Its stationary distribution is our mysterious distribution (6.2).
The state X,, of this Markov chain is a random point of 2. For n sufficiently large, the
distribution of X,, is very close to the mysterious 7. By construction, 7(f) will be very high
for any f that is close to the actual code to something that resembles real English, and low for
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something that does not. We can see that in this example. After 3,000 accepted functions in
our Metropolis algorithm, we get close to our original text:

THE PROLALINITY THAT WE MAY FAIN ID THE STRUGGNE OUGHT
DOT TO KETER US FROM THE SUPPORT OF A JAUSE WE LENIEVE
TO LE BUST

Accuracy can be due to the number of iterations ran, the length of text we are decoding, as
well as the text we use for our matrix. The dependence on these factors is explored in [17]. In
fact, this text is actually more likely than our real original text. Even if the process does not
converge to the original text, it will converge to something that the human brain can still make
sense of, because it will be something that closely resembles English. Longer texts converge
more accurately and quickly. For instance, when I decode the Gettysburg Address, it is decoded
with complete accuracy with only 91 accepted functions.

6.5. Hyperlinks. One of the Metropolis-Hastings Algorithm’s largest strengths is its ability
to determine global information locally. For instance, say we wanted to estimate the average
amount of hyperlinks among web pages on the internet. Let this true average be denoted by p,
and suppose there are M web pages on the internet. Let 2" be the set of all web pages on the
internet (|.2°| = M), and let h: 2~ — R be a function that calculates the number of hyperlinks
on a website i € 2. h is easy to calculate on a given web page, and if we were able to visit all

of them we would obtain
1 )

e

However, this would be nearly impossible due to the size of M. In fact, it is nearly impossible
to even know M. If we could construct an ergodic Markov chain that allowed us to approximate
u, we would be able to accomplish this nearly impossible task. We know by the ergodic theorem
that such a Markov chain would obey the property

n—1
£ LIRS SEGI0!
k=1 ez

If we can construct a Markov chain with stationary distribution 7 (i) = ﬁ for all i € 27, then
we get that

n—1
I Y i) = 1 S hG) =
k=1 eZ e

So we need to construct an ergodic Markov chain with stationary distribution w(i) = ﬁ for
all i € Z'. A strength of the Metropolis algorithm is that we can form such a chain without
needing to know M. Consider the following algorithm:

Start with an arbitrary web page Xg = x¢9 € £ . Then given X,, = i, pick X,,41 by the
following algorithm:

e Pick Y41 = j uniformly from all the hyperlinks on website ¢ ( with probability ﬁ(i)) .

e Set a;; = min {1, Z((;)) }

e Set X,,11 = Y, 41 = j with probability c;;. Otherwise set X1 = X,, = i.
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We assume that the chain is irreducible by assuming that we can get to any website by a series of
hyperlink clicks. It is aperiodic because we can return to a state in one step, when the proposal
is rejected. Therefore the chain is ergodic.

Hence we have formed our desired Markov chain, and can approximate u by calculating

n—1

L3 hix)

k=1

3

for large n. We may not know M, but we can approximate p just by knowing h(i) for a given
website in which we visit.

6.6. Rates of Convergence for Metropolis-Hastings. We have see that the Metropolis-
Hastings Algorithm can be applied in a variety of areas, and it seems for certain examples such
as the coding problem to converge rather quickly. However, the true rate of convergence is not
known for many of these problems. In this section, we will show that we can approximate rate
of convergence for a certain type of stationary distribution and candidate generating matrix.

Let I = {1,...,r} be a finite state space, and 7 (i) = z(a)a"® be a probability distribution
where a € (0,1), z(a) a constant, and h a function such that for i € [1,r — 1] , h(i + 1) — h(1) >
¢ > 1. Let Q = {gij}ijer be the symmetric random walk on I with holding probability at states
1 and r equal to % That is, for 1 < 4,5 < r,

1
q1,1 = B = drr,
qij = qji = 2
qii = 0.

With «;; = min {1, 7;((31));1“ }, we get a Markov chain with transition probabilities
ij

(2

(1

~—

1 r@-h()

9

DN |

P12 =

~—

1 _
pr1=1—a"@),
2

Drr—1 = Prpr = 57
and for ¢ € [2,7 — 1],
1
27

PN
Piis1 = 5ah(z+1) hi),

Dii—1 =

Pii =1 —pii—1— Diit1-

We will show that Ay < 1—%. By Corollary (4.30), we must show that Var,(z) < A& (x, z)

for A < : 2% ~. Denote an oriented edge from i — j in P as e where e” =1 , et = j. Define
—a

Q(e) = m(i)pi;. For any two i,j € I, we can select a path i,i1,12,...,9my,j € I of distinct edges
such that p;;, ---pi,; > 0. Let I be the collection of all such paths and for a path ~;; € I' we
define .

vijlo = Z W'

ecYij
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With this notation, we deduce that

2
2Varg(z) = Y. ZQ 7Q(e)’ (x(e”) —a(eh)) | (i)m(j)
i,je]l 66"/
< D Qe @) —ae))?| | D
g€l [ e€vij e€Yij Q
= D wsle > Q&) (a(e) —$(€+))2W(i)ﬂ(ﬂ)
,J€l e€ij
= Z(x(e_)—l‘(e )) 29 ! Z |%g|9
< A&q(z,x), ’

where A = max, {Q(e)w*l > e ﬂ(i)w(j)]’yij\g}, and the second line is from Cauchy-Shwarz.
So it remains to bound A. Take a path v;; = (i,5+1,...,5 — 1,7) for any 4,5 € I such that

i < j. Note that

4 h(i+1)—h(7)
Qi+ 1) = wipiiss = ()
h(i+1) 11
= z(a a — = W(Z; )

And by reversibility, Q(i,i + 1) = Q(z’ +1,i) = U Now we have that

1Vijle = ZQ

e€ij

() e
() ()7 ()

m(j)~%
1 — q2¢0°

‘ﬁ
N |
—
N———
&
>

<

Fix an edge e = (k,k + 1). We must bound over i, j the quantity
Q(e)* N (1-20
T D mmi)

0<i<k,k+1<j<r

The sum in ¢ is bounded by 1, and the sum in j is bounded by

(l_acu_gg))(l_aw) For 6§ = 1 , this gives us

2

AL — .
(1—as)?

w(k+1)1-20
1—qc(1—20 *

Thus A <
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Lemma 6.2 (Gershgorin Bound). If B is a finite r X r matriz with complex elements, then for
any eigenvalue \ of B, and any k € [1,7], we have that

A — agr| < min(rg, sg),

where T, = Z;:Lj;ﬁk \akj\ y Sk = Zgzl,j;ﬁk ‘ajk‘- H

By Lemma (6.2), we get that the smallest eigenvalue Ay is

1 C
Ao > —1+2min{pi} > —1+2 <2 _ a2> e
This implies that
1—a2)?
p:min{)\27|/\s|}§min 1_ﬂ’ac

2

7. CONCLUSION

Metropolis-Hastings allows us to estimate a value that requires a global knowledge of a struc-
ture (such as the size of the state space) by only using local knowledge. It tends to converge
quickly and accurately .It is an extremely important algorithm involving Markov chains, which
are very powerful ways to model stochastic processes. They emerged due to a religious debate
between Markov and Nekrosov, but evolved to have extremely vast applications.
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