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Preface

Since its inception by Perron and Frobenius, the theory of non-negative
matrices has developed enormously and is now being used and extended in
applied fields of study as diverse as probability theory, numerical analysis,
demography, mathematical economics, and dynamic programming, while its
development is still proceeding rapidly as a branch of pure mathematics in
its own right. While there are books which cover this or that aspect of the
theory, it is nevertheless not uncommon for workers in one or another branch
of its development to be unaware of what is known in other branches, even
though there is often formal overlap. One of the purposes of this book is to
relate several aspects of the theory, insofar as this is possible.

The author hopes that the book will be useful to mathematicians; but in
particular to the workers in applied fields, so the mathematics has been kept
as simple as could be managed. The mathematical requisites for reading it
are: some knowledge of real-variable theory, and matrix theory; and a little
knowledge of complex-variable; the emphasis is on real-variable methods.
(There is only one part of the book, the second part of §5.5, which is of rather
specialist interest, and requires deeper knowledge.) Appendices provide brief
expositions of those areas of mathematics needed which may be less gen-
erally known to the average reader.

The first four chapters are concerned with finite non-negative matrices,
while the following three develop, to a small extent, an analogous theory for
infinite matrices. It has been recognized that, generally, a research worker
will be interested in one particular chapter more deeply than in others;
consequently there is a substantial amount of independence between them.
Chapter 1 should be read by every reader, since it provides the foundation
for the whole book; thereafter Chapters 2-4 have some interdependence as
do Chapters 5-7. For the reader interested in the infinite matrix case, Chap-
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rer 5 should be read before Chapters 6 and 7. The exercises are intimately
~onnected with the text, and often provide further development of the theory
or deeper insight into it, so that the reader is strongly advised to (at least)
look over the exercises relevant to his interests, even if not actually wishing
to do them. Roughly speaking, apart from Chapter 1, Chapter 2 should be of
interest to students of mathematical economics, numerical analysis, combin-
atorics, spectral theory of matrices, probabilists and statisticians; Chapter 3
to mathematical economists and demographers; and Chapter 4 to probabi-
lists. Chapter 4 is believed to contain one of the first expositions in text-book
form of the theory of finite inhomogeneous Markov chains, and contains
due regard for Russian-language literature. Chapters 5-7 would at present
appear to be of interest primarily to probabilists, although the probability
empbhasis in them is not great.

This book is a considerably modified version of the author’s earlier book
Non-Negative Matrices (Allen and Unwin, London/Wiley, New York, 1973,
hereafter referred to as NNM). Since NNM used probabilistic techniques
throughout, even though only a small part of it explicitly dealt with probabi-
listic topics, much of its interest appears to have been for people acquainted
with the general area of probability and statistics. The title has, accordingly,
been changed to reflect more accurately its emphasis and to account for the
expansion of its Markov chain content. This has gone hand-in-hand with a
modification in approach to this content, and to the treatment of the more
general area of inhomogeneous products of non-negative matrices, via
« coefficients of ergodicity,” a concept not developed in NNM.

Specifically in regard to modification, §§2.5-§2.6 are completely new, and
§2.1 has been considerably expanded, in Chapter 2. Chapter 3 is completely
new, as is much of Chapter 4. Chapter 6 has been modified and expanded
and there is an additional chapter (Chapter 7) dealing in the main with the
problem of practical computation of stationary distributions of infinite
Markov chains from finite truncations (of their transition matrix), an idea
also used elsewhere in the book.

1t will be seen, consequently, that apart from certain sections of Chapters
2 and 3, the present book as a whole may be regarded as one approaching
the theory of Markov chains from a non-negative matrix standpoint.

Since the publication of NNM, another English-language book dealing:

exclusively with non-negative matrices has appeared (A. Berman and R. 1.
Plemmons, Nonnegative Matrices in the Mathematical Sciences, Academic
Press, New York, 1979). The points of contact with either NNM or its
present modification (both of which it complements in that its level,
approach, and subject matter are distinct) are few. The interested reader may
consult the author’s review in Linear and Multilinear Algebra, 1980, 9; and
may wish to note the extensive bibliography given by Berman and Plem-
mons. In the present book we have, accordingly, only added references to
those of NNM which are cited in new sections of our text.

In addition to the acknowledgements made in the Preface to NNM, the
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athor wishes to thank the following: S. E. Fienberg for encouraging him to
write .§2.6 and Mr. G. T. J. Visick for acquainting him with the non-
statistical evolutionary line of this work; N. Pullman, M. Rothschild and

R. L. Tweedie for materials supplied on re .
. quest and used in th .
Mrs. Elsie Adler for typing the new sections. in the book; and

Sydney, 1980 E. SENETA



Contents

Glossary of Notation and Symbols

PART 1 .
FINITE NON-NEGATIVE MATRICES

CHAPTER 1
Fundamental Concepts and Results in the Theory of
Non-negative Matrices

1.1 The Perron-Frobenius Theorem for Primitive Matrices
1.2 Structure of a General Non-negative Matrix
1.3 Irreducible Matrices
1.4 Perron-Frobenius Theory for Irreducible Matrices
Bibliography and Discussion
Exercises

CHAPTER 2
Some Secondary Theory with Emphasis on Irreducible
Matrices, and Applications

2.1 The Equations: (sT — T)x =¢
Bibliography and Discussion to §2.1
Exercises on §2.1
2.2 Tterative Methods for Solution of Certain Linear Equation Systems
Bibliography and Discussion to §2.2
Exercises on §2.2
2.3-Some Extensions of the Perron-Frobenius Structure
Bibliography and Discussion to §2.3
Exercises on §2.3
2.4 Combinatorial Properties
Bibliography and Discussion to §2.4
Exercises on §2.4

XV

1
18
22
25
26

30

30
38
39
41
44
44
45
53
54
55



xii

2.5 Spectrum Localization
Bibliography and Discussion to §2.5
Exercises on §2.5
2.6 Estimating Non-negative Matrices from Marginal Totals
Bibliography and Discussion to §2.6
Exercises on §2.6

CHAPTER 3
Inhomogeneous Products of Non-negative Matrices

3.1 Birkhoff’s Contraction Coefficient: Generalities
3.2 Results on Weak Ergodicity
Bibliography and Discussion to §§3.1-3.2
Exercises on §§3.1-3.2
3.3 Strong Ergodicity for Forward Products
Bibliography and Discussion to §3.3
Exercises on §3.3

3.4 Birkhoff’s Contraction Coefficient: Derivation of Explicit Form

Bibliography and Discussion to §3.4
Exercises on §3.4

CHAPTER 4
Markov Chains and Finite Stochastic Matrices

4.1 Markov Chains

42 Finite Homogeneous Markov Chains
Bibliography and Discussion to §§4.1-4.2
Exercises on §4.2

4.3 Finite Inhomogeneous Markov Chains and Coefficients of Ergodicity

4.4 Sufficient Conditions for Weak Ergodicity
Bibliography and Discussion to §§4.3-4.4
Exercises on §§4.3-4.4

4.5 Strong Ergodicity for Forward Products
Bibliography and Discussion to §4.5
Exercises on §4.5

4.6 Backwards Products .
Bibliography and Discussion to §4.6
Exercises on §4.6

PART II
COUNTABLE NON-NEGATIVE MATRICES

CHAPTER 5
Countable Stochastic Matrices

5.1 Classification of Indices
5.2 Limiting Behaviour for Recurrent Indices
53 Trreducible Stochastic Matrices

Contents

61
64
66
67
75
79

80

80
85
88
90
92
99
100
100
111
111

112

113
118
131
132
134
140
144
147
149
151
152
153
157

158

159

161

161
168
172

Contents

5.4 The “Dual” Approach; Subinvariant Vectors

5.5 Potential and Boundary Theory for Transient Indices
5.6 Example

Bibliography and Discussion
Exercises

CHAPTER 6

Countable Non-negative Matrices

6.1 The Convergence Parameter R, and the R-Classification of T
6.2 R-Subinvariance and Invariance; R-Positivity

6.3 Consequences for Finite and Stochastic Infinite Matrices

6.4 Finite Approximations to Infinite Irreducible T
6.5 An Example

Bibliography and Discussion

Exercises

CHAPTER 7
Truncations of Infinite Stochastic Matrices

7.1 Determinantal and Cofactor Properties
7.2 The Probability Algorithm
7.3 Quasi-stationary Distributions
Bibliography and Discussion
Exercises

APPENDICES

Appendix A. Some Elementary Nﬁmber Theory
Appendix B. Some General Matrix Lemmas
Appendix C. Upper Semi-continuous Functions
Bibliography

Author Index

Subject Index

Xiii

181
191
194
195

199

200
205
207
210
215
218
219

221
222

229
236
242
242
245
247
252
255

257

271

275



Glossary of Notation and Symbols

L

- =R

P1~P2

usual notation for a non-negative matrix.

typical notation for a matrix.

the transpose of the matrix A.

the (i, j) entry of the matrix A.

the incidence matrix of the non-negative matrix 7.
usual notation for a stochastic matrix.

zero, the zero matrix.

typical notation for a column vector.

the column vector with all entries 0.

the column vector with all entries 1.

the matrix P, has the same incidence matrix as the
matrix P,.

the minimum among all strictly positive elements.
k-dimensional Euclidean space.

set of strictly positive integers; convergence parameter of
an irreducible matrix T'; a certain submatrix.

the identity (unit) matrix; the set of inessential indices.
i is an element of the set R.

% is a subset of the set &.

(n x n) northwest corner truncation of T.
the principal minor of (sI — T).

det [] — B, T]. .

(n)

Markov chain.

mathematical expectation operator.

class of (n x n) regular matrices.

class of (n x n) Markov matrices.

class of stochastic matrices defined on p. 143.
class of (n x n) scrambling matrices.
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CHAPTER 1

Fundamental Concepts and Results
in the Theory of Non-negative
Matrices

We shall deal in this chapter with square non-negative matrices T = {t;}}, i,
j=1,...,n;ie. t;>0 for all {, j, in which case we write T > 0. Hf, in fact,
t;; > 0 for all i, j we shall put T > 0.

This definition and notation extends in an obvious way to row vectors
(x) and column vectors (y), and also to expressions such as, e.g.

T>B<T—-B>0
where T, B and 0 are square non-negative matrices of compatible
dimensions.

Finally, we shall use the notation x’ = {x;}, y = {y;} for both row vectors
x' or column vectors y; and T* = {t} for kth powers.

Definition 1.1. A square non-negative matrix T is said to be primitive if there
exists a positive integer k such that T* > 0.

It is clear that if any other matrix T has the same dimensions as T, and
has positive entries and zero entries in the same positions as T, then this will
also be true of all powers T*, T* of the two matrices.

As incidence matrix T corresponding to a given T replaces all the positive
entries of T by ones. Clearly T is primitive if and only if T is.

1.1 The Perron—Frobenius Theorem for
Primitive Matrices®
Theorem 1.1. Suppose T is an n x n non-negative primitive matrix. Then there
exists an eigenvalue r such that:
(a) r real, >0;

! This theorem is fundamental to the entire book. The proof is necessarily long; the reader may
wish to defer detailed consideration of it. -
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b) with r can be associated strictly positive left and right eigenvectors;

¢) r> |2| for any eigenvalue 1 # r;

d) the eigenvectors associated with r are unique to constant multiples.

e) If0O<B<T and B is an eigenvalue of B, then |f| <r. Moreover,
|B| = r implies B=T.

f) ris a simple root of the characteristic equation of T.

PROOF. (a) Consider initially a row vector x' > 0, # 0'; and the product x'T.

_et
- i x H t' H
r(x) = min —Z -~
j Xj
vhere the ratio is to be interpreted as ‘oo’ if x; = 0. Clearly, 0 < r(x) < cc.
Now since

x;r(x) < ¥ x;1;; for each j,
x'r(x) < x'T,
and so x'Ir(x) < x'T1.
Since T1 < K1 for K = max; Y ; t;;,
r(x) < X1K/x¥'1 =K =max ) t;
i

it follows that

30 r(x) is uniformly bounded above for all such x. We note also that since T,
being primitive, can have no column consisting entirely of zeroes, r(1) > 0,
whence it follows that

Zixitij

¥ = sup min (1.1)
=0 Xj
x#F0
satisfies 0<rl)<r<K<oo.

Moreover, since neither numerator or denominator is altered by the norm-

ing of x,
i . X L
r=sup min L

=20 Xj

x'x=1
Now the region {x; x > 0, x'x = 1} is compact in the Euclidean n-space R,,
and the function r(x) is an upper-semicontinuous mapping of this region
into R, ; hence! the supremum, r is actually attained for some x, say %. Thus
there exists x > 0, # 0 such that

min — =r,
j Xj
ie. Y xitj=r%; or ¥T>r¥ (1.2)
i

! see Appendix C.
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for each j = 1, ..., n; with equality for some element of .
Now consider

7=3¥T-ri>0.

Either z =0, or not; if not, we know that for k> k,, T* >0 as a con-
sequence of the primitivity of T, and so

T = (¥ THYT — (¥ T*) > 0,

(T

ie. G,

> r, each j,

where the subscript j refers to the jth element. This is a contradiction to the
definition of r. Hence always

z=0, '
whence ¥T=rx (1.3)
which proves (a).
(b) By iterating (1.3)
¥TE=rty

and taking k sufficiently large T* > 0, and since ¥ > 0, # 0, in fact X' > 0.

(c) Let A be any eigenvalue of T. Then for some x # 0 and possibly complex
valued

i i

i i

so that [A] < Lilxilty
|1

where the right side is to be interpreted as ‘ 0o’ for any x; = 0. Thus

X x|t

|A] < min ,
j x|
and by the definition (1.1) of r
' |A] <.

Now suppose |A| = r; then

X = 4] x| =r|x;
i
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which is a situation identical to that in the proof of part (a), (1.2); so that
eventually in the same way

Z |xl|l’u=r|X1,, >0; j=1, 2,...,n (1.5)

and so Y x|t =rx;], >0, j=12...n
i

ie.

k.
2 Xt
i

where k can be chosen so large that T* > 0, by the primitivity assumption on
T; but for two numbers y,d # 0, |y + | = |y| + |8]| if and onlyify, é have
the same direction in the complex plane. Thus writing x; = |x;| exp i0;,
(1.6) implies 6; = 6 is independent of j, and hence cancelling the exponential
throughout (1.4) we get

= |1%;| =[xty (L6)

2 |xifty =4l
1

where, since |x;| > 0 all i, 4 is real and positive, and since we are assuming
|4] =r, A =r (or the fact follows equivalently from (1.5)).

(d) Suppose x' # 0 is a left eigenvector (possibly with complex elements)
corresponding to r.

Then, by the argument in (c), so is x', = {|x;|} # 0', which in fact satisfies
x, > 0. Clearly

nl=£1_0xl

is then also a left eigenvector corresponding to r, for any ¢ such that  # 0;
and hence the same things can be said about # as about x; in particular
ny >0.

Now either x is a multiple of ¥ or not; if not ¢ can be chosen so thatn # 0,
but some element of # is; this is impossible as #, > 0.

Hence x' is a multiple of &'.
Right eigenvectors. The arguments (a)-(d) can be repeated separately for
right eigenvectors; (c) guarantees that the r produced is the same, since it is
purely a statement about eigenvalues.

(e) Let y # 0 be a right eigenvector of B corresponding to . Then taking
moduli as before ‘

|»3|‘y+ <By,, <Ty,, (1-7) )

so that using the same % as before ™

|Blxys < ¥Ty, =ri'y,

and since ¥y, >0,

|8 <.
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Suppose now || = r; then from (1.7)
e <Ty,

whence, as in the proof of (b), it follows Ty, = ry, > 0; whence from (1.7)

v, =By, =Ty,
so it must follow, from B < T, that B=T.

(f) The following identities are true for all numbers, real and complex,
including eigenvalues of T

(xI — T) Adj (xI — T) =det (xI — T)I

Adj (xI — T)(xI — T) = det (xI — T)I (18)

where I is the unit matrix and * det’ refers to the determinant. (The relation is
clear for x not an eigenvalue, since then det (xI — T) # 0; when x is an
eigenvalue it follows by continuity.)

Put x = r: then any one row of Adj (r] — T) is either (i) a left eigenvec-
tor corresponding to 7; or (ii) a row of zeroes; and similarly for columns. By
assertions (b) and (d) (already proved) of the theorem, Adj (rI — T) s either
(i) a matrix with no elements zero; or (ii) a matrix with all elements zero. We
shall prove that one element of Adj (v — T) is positive, which establishes
that case (i) holds. The (n, n) element is

det (rp-1y] — (-1, T)

where (,_, T is T with last row and column deleted; and n—1yd 1s the
corresponding unit matrix. Since

(n—l)T

0
e

0
oJ <T,and # T,

the last since T is primitive (and so can have no zero column), it follows from

(e) of the theorem that no eigenvalue of @1, I can be as great in modulus as
r. Hence

det (rp— 1y — w-1,T) >0,

as required; and moreover we deduce that Adj (rI — T) has all its elements
positive.

Write ¢(x) = det (xI — T); then differentiating (1.8) elementwise
. d
Adj (xI — T) + (xI — T)d—x{Adj (xI — T)} = ¢'(x)L.

Substitute x = r, and premultiply by %';
(0'<)¥ Adj (r] — T) = ¢'(r)x’

since the other term vanishes. Hence ¢'(r) > 0 and so r is simple. O
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Zorollary 1.

min ) f; <r<max ) t; (1.9)
i j=1 i j=1
with equality on either side implying equality throughout (i.e. r can only be
:qual to the maximal or minimal row sum if all row sums are equal).
A similar proposition holds for column sums.

PROOF. Recall from the proof of part (a) of the theorem, that

0<r(l)=min ) t; <r<K=max ) t;< o0. (1.10)
i i j

i

since T is also primitive and has the same r, we have also

min ) t; <r<max Y t; (1.11)
J i t J
ind a combination of (1.10) and (1.11) gives (1.9).

Now assume that one of the equalities in (1.9) holds, but not all row sums
are equal. Then by increasing (or, if appropriate, decreasing) the positive
:lements of T (but keeping them positive), produce a new primitive matrix,
with all row sums equal and the same r, in view of (1.9); which is impossible
oy assertion (e) of the theorem. O

Corollary 2. Let v' and w be positive left and right eigenvectors corresponding
‘o r, normed so that v'w = 1. Then

Adj (rI = T)/P'(r) =wv'.

To see this, first note that since the columns of Adj (r] — T) are multiples
>f the same positive right eigenvector corresponding to r (and its rows of the
same positive left eigenvector) it follows that we can write it in the form yx’
where p is a right and x’ a left positive eigenvector. Moreover, again by
Iniqueness, there exist positive constants ¢y, ¢, such thaty = c; w, x’' = ¢, v/,
whence :

Adj (r — T)=cycywv’.
Now, as in the proof of the simplicity of r,
V' (r)=v Adj (r] — T)=cc,v'wv' =cycpt

so that v'w¢'(r) = ¢, cov'w

Le. cy¢5 = ¢'(r) as required.

(Note that ¢, ¢, = sum of the diagonal elements of the adjoint = sum of the
principal (n — 1) x (n — 1) minors of (rI — T).)

Theorem 1.1 is the strong version of the Perron-Frobenius Theorem
which holds for primitive T; we shall generalize Theorem 1.1 to a wider class

1.1 The Perron-Frobenius Theorem for Primitive Matrices 9

of matrices, called irreducible, in §1.4 (and shall refer to this generalization as

- the Perron-Frobenius Theory).

Suppose now the distinct eigenvalues of a primitive T are r, 4,, ..., 4,,
t<nwherer> |A,| > |23] >+ > |4,].Inthecase |1,]| = |A;| we stipu-
late that the multiplicity m, of 4, is at least as great as that of A3, and of any
other eigenvalue having the same modulus as A, .

It may happen that a primitive matrix has 4, = 0; an example is a matrix
of form

a b ¢
T={a ¢ b]>0 (1.12)
a c b

for which r = a + b + c. This kind of situation gives the following theorem
its dual form, the example (1.12) illustrating that in part (b) the bound
(n — 1) cannot be reduced.

Theorem 1.2. For a primitive matrix T:
(@) if A, #£0, then as k — o

T* = r'wv’ + O(k*| A, [F)
elementwise, where s = m, — 1;
(b) if A, =0, then for k> n — 1

T = rwy'.

In both cases w, v’ are any positive right and left eigenvectors corresponding to
r guaranteed by Theorem 1.1, providing only they are normed so that v'w = 1.

PROOF. Let R(z) = (I — zT) ' = {ry(z)hz # A7 L i=1,2,... (where 4; =r).
Consider a general element of this matrix

rilz) = TG
Y (I —zr)(1 —zAyym2 -+ (1 = zA,)™
where m; is the multiplicity of 4; and ¢, i(z) is a polynomial in z, of degree at

most n — 1 (see Appendix B).
Here using partial fractions, in case (a)

a; m2—1 pim2—s)
+ I S
(1 —zr) 5;0 (1 — za,)m~s

+ similar terms for any other non-zero eigenvalues,

ri{z) = pilz) +

where the a;;, b{7">~ are constants, and p;,(z) is a polynomial of degree at
most (n — 2). Hence for |z| < 1/r,

)=+ a5 4 L b £ (7 oy

k=0 k

+ similar terms for other non-zero eigenvalues.
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‘n matrix form, with obvious notation

ORI ] AR [EERY

s=0 =0

R(z)=P(z)+ A

k

its

+ possible like terms.
=rom Stirling’s formula, as k — co

—my+ s
k

) ~ const. k™27 1
s0 that, identifying coefficients of z* on both sides (see Appendix B) for
large k

T* = Ar* + O(k™~ 1| A, [*).

In case (b), we have merely, with the same symbolism as in case (a)

rij(z) = pifz) + (T_lj—zr)

o that for k> n — 1,
T = Art.
[t remains to determine the nature of 4. We first note that
T*/r* > A > 0 elementwise, as k — o0,

and that the series
o
> Ty
k=0

has non-negative coefficients, and is convergent for |z| < 1, so that by a
wellknown result (see e.g. Heathcote, 1971, p. 65).

lim (1 —x) ¥ (-~ 'T)x* = 4 clementwise.
x—+1— k=0
Now, for 0 < x < 1,

i ' Adj (I —r xT
Y ITYx =1 —r xT) ' = j (1= r'xT)
k=0
_rAdj (rx~'I—-T)
~xdet (rx" U —T)

30 that A= —rAdj(rI — T)c

~det (I —rxT)

1.2 Structure of a General Non-negative Matrix 11
where c¢= lim {—det (rx ' — T)/(1 — x)}
x=1-
d _
= 2 100x )
= —rd'(r)
which completes the proof, taking into account Corollary 2 of Theorem 1.1.
O

In conclusion to this section we point out that assertion (d) of Theorem 1.1
states that the geometric multiplicity of the eigenvalue r is one, whereas ()
states that its algebraic multiplicity is one. It is well known in matrix theory
that geometric multiplicity one for the eigenvalue of a square arbitrary
matrix does not in general imply algebraic multiplicity one. A simple
example to this end is the matrix (which is non-negative, but of course not

primitive):
11
01

which has repeated eigenvalue unity (algebraic multiplicity two), but a cor-
responding left eigenvector can only be a multiple of {0, 1} (geometric multi-
plicity one).

The distinction between geometric and algebraic multiplicity in connec-
tion with r in a primitive matrix is slurred over in some treatments of
nonnegative matrix theory.

1.2 Structure of a General Non-negative Matrix

In this section we are concerned with a general square matrix T = {t;i}, i,
j=1,..., n, satisfying t;; > 0, with the aim of showing that the behaviour of
its powers T* reduces, to a substantial extent, to the behaviour of powers of a
fundamental type of non-negative square matrix, called irreducible. The class
of irreducible matrices further subdivides into matrices which are primitive
(studied in §1.1), and cyclic (imprimitive), whose study is taken up in §1.3.

We introduce here a definition, which while frequently used in other
expositions of the theory, and so possibly useful to the reader, will be used by
us only to a limited extent.

Definition 1.2. A sequence (i, iy, iy, ..., i,_y, j), for ¢ > 1 (where i, = i), from
the index set {1, 2, ..., n} of a non-negative matrix T is said to form a chain of
length ¢ between the ordered pair (i, j) if

tii; tiliz o tix—zir— 1 tl'x— T 0.

Such a chain for which i = j is called a cycle of length r between i and itself.
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Clearly in this definition, we may without loss of generality impose the
restriction that, for fixed (i, j), i, j # iy # i, # - # i,—, to obtain a ‘ mini-
mal’ length chain or cycle, from a given one.

Classification of indices

Let i, j, k be arbitrary indices from the index set 1, 2, ..., n of the matrix T.

We say that i leads to j, and write i — j, if there exists an integer m > 1
such that £ > 0. If i does not lead to j we write i b j. Clearly, if i » j and
j — k then, from the rule of matrix multiplication, i — k.

We say that i and j communicate if i—j and j— i, and write in this
case i <> j.

The indices of the matrix T may then be classified and grouped as follows.

(a) Ifi— jbutj - i for some j, then the index i is called inessential. An index
which leads to no index at all (this arises when T has a row of zeros)
is also called inessential.

(b) Otherwise the index i is called essential. Thus if i is essential, i — j implies
i< j; and there is at least one j such that i — j.

(c) Itistherefore clear that all essentialindices (if any) can be subdivided into

essential classes in such a way that all the indices belonging to one class -

communicate, but cannot lead to an index outside the class.

(d) Moreover, all inessential indices (if any) which communicate with some
index, may be divided into inessential classes such that all indices in a
class communicate.

Classes of the type described in (c) and (d) are called self-communicating

classes.

(¢) In addition there may be inessential indices which communicate with no
index; these are defined as forming an inessential class by themselves
(which, of course, if not self-communicating). These are of nuisance
value only as regards applications, but are included in the description for
completeness.

This description appears complex, but should be much clarified by the
example which follows, and similar exercises.

Before proceeding, we need to note that the classification of indices (and
hence grouping into classes) depends only on the location of the positive
elements, and not on their size, so any two non-negative matrices with the
same incidence matrix will have the same index classification and grouping
(and, indeed, canonical form, to be discussed shortly). N

Further, given a non-negative matrix (or its incidence matrix),
classification and grouping of indices is made easy by a path diagram which
may be described as follows. Start with index 1—this is the zeroth stage;

1 Or, equivalently, if there is a chain between i and j.
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determine all j such that 1 — j and draw arrows to them—these j form the
2nd stage; for each of these j now repeat the procedure to form the 3rd stage;
and so on; but as soon as an index occurs which has occurred at an earlier
stage, ignore further consequents of it. Thus the diagram terminates when
every index in it has repeated. (Since there are a finite total number of
indices, the process must terminate.) This diagram will represent all possible
consequent behaviour for the set of indices which entered into it, which may
not, however, be the entire index set. If any are left over, choose one such and
draw a similar diagram for it, regarding the indices of the previous diagram
also as having occurred ‘at an earlier stage’. And so on, till all indices of the
index set are accounted for.

EXAMPLE. A non-negative matrix T has incidence matrix

123456789
1I[1 1000000 0]
2[ft 11000100
3]0 00000100
410 0010000 1
5o 00010000
6(0 01001000
710 01000000
8/0 10001010
9]0 001000 0 1]

Thus Diagram 1 tells us {3, 7} is an essential class, while {1, 2} is an inessen-
tial (communicating) class. :

Diagram 2 tells us {4, 9} is an essential class.

1
1 7 ——3
3 ——7
2 2

1

Diagram 1

Diagram 2

4

4/ 4
\9 /
\.,

9



14 1 Fundamental Concepts and Results in the Theory of Non-negative Matrices

Diagram 3 tells us {5} is an essential class.
Diagram 4 tells us {6} is an inessential (self-communicating) class.
Diagram 5 tells us {8} is an inessential (self-communicating) class.

Diagram 3

5—5

Diagram 4
3 (Diagram 1)

Diagram 5

/ 2 (Diagram 1)

8 T——— 6 (Diagram 4)

S

8

Canonical Form

Once the classification and grouping has been carried out, the definition
‘leads’ may be extended to classes in the obvious sense e.g. the statement
%y — €,(€, # €,)meansthat there is an index of ¥, which leads to an index
of €,. Hence all indices of ¢, lead to all indices of ¥,, and the statement
can only apply to an inessential class 4.

Moreover, the matrix T may be put into canonical form by first relabelling
the indices in a specific manner. Before describing the manner, we mention
that relabelling the indices using the same index set {1, ..., n} and rewriting
T accordingly merely amounts to performing a simultaneous permutation of
rows and columns of the matrix. Now such a simultaneous permutation only
amounts to a similarity transformation of the original matrix, T, so that (a) its
powers are similarly transformed; (b) its spectrum (i.e. set of eigenvalues) is
unchanged. Generally any given ordering is as good as any other in a physical
context; but the canonical form of T, arrived at by one such ordering, is
particularly convenient.

The canonical form is attained by first taking the indices of one essential
class (if any) and renumbering them consecutively using the lowest integers,
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and following by the indices of another essential class, if any, until the
essential classes are exhausted. The numbering is then extended to the indices
of the inessential classes (if any) which are themselves arranged in an order
such that an inessential class occurring earlier (and thus higher in the
arrangement) does not lead to any inessential class occurring later.

EXAMPLE (continued). For the given matrix T the essential classes are {5},
{4, 9}, {3, 7}; and the inessential classes {1, 2}, {6}, {8} which from Diagrams
4 and 5 should be ranked in this order. Thus a possible canonical form
for T is

5493712638
5[1]0 0 0 0 0 0 0 0]
4|01 110 0 0 0 0 0
9ot 1]0o 0 0 0 0 0
3o 0 0f0 110 0 0 0
70 0 0|1 0{0 0 0 O
10000 0[1 1]0 0
20 001 11 1[0 0
60 0 0 1 0[0 0[1]0
8]0 0 0 0 010 1 T17]

It is clear that the canonical form consists of square diagonal blocks
corresponding to ‘ transition within’ the classes in one ‘stage’, zeros to the
right of these diagonal blocks, but at least one non-zero element to the left of
each inessential block unless it corresponds to an index which leads to no
other. Thus the general version of the canonical form of T is

(1,0 ... 0...[0]
0T, :

0

T= :
00 ... T. |0

R

where the T; correspond to the z essential classes, and Q to the inessential
indices, with R # 0 in general, with Q itself having a structure analogous to

T, except that there may be non-zero elements to the left of any of its
diagonal blocks:

0,
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Now, in most applications we are interested in the behaviour of the
powers of T. Let us assume it is in canonical form. Since

R, 10" ]
it follows that a substantial advance in this direction will be made in study-
ing the powers of the diagonal block submatrices corresponding to self—
communicating classes (the other diagdnal block submatrices, if any, are
1 x 1 zero matrices; the evolution of R, and S, is complex, with k). In fact if
ore is interested in only the essential indices, as is often the case, this is
sufficient.

A (sub)matrix corresponding to a single self-communicating class is
called irreducible.

It remains to show that, normally, there is at least one self-communicating
(indeed essential) class of indices present for any matrix T; although it is
nevertheless possible that all indices of a non-negative matrix fall into non
self-communicating classes (and are therefore inessential): for example

T- [0 0].
10

Lemma 1.1. Ari n X n non-negative matrix with at least one positive entry in
each row possesses at least one essential class of indices.

ProOE. Suppose all indices are inessential. The assumption of non-zero rows
then implies that for any index i, i = 1, ..., n, there is at least one j such that
i—j, butj-i.

Now suppose i, is any index. Then we can find a sequence of indices i,
i3, ... etc. such that

P P e Tl T B

but such that i, 4 -{-» i, and hence i, ., —|—> iy, ig, ..., OF i,_,. However, since

the sequence iy, iy, ..., i 41 i5-a set of n + 1 indices, each chosen from the

same n possibilities, 1,2, ..., n, at least one index repeats in the sequence. This
is a contradiction to the deduction that no index can lead to an index with
a lower subscript. (]

We come now to the important concept of the period of an index.
Definition 1.3. If i — i, d(i) is the period of the index i if it is the greatest
common divisor of those k for which

£9 >0

(see Definition A.2 in Appendix A). N.B. If t;; > 0, d(i) = 1.
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We shall now prove that in a communicating class all indices have the
same period.

Lemma 1.2. If i -, d(i) = d(j).

PROOF. Let t{}) > 0, £ > 0. Then for any positive integer s such that & > 0
g > fMEREN > 0,
the first inequality following from the rule of matrix multiplication and the

non-negativity of the elements of T. Now, for such an s it is also true that
#39 > 0 necessarily, so that

t(--M+ 25+ N) > 0.
Therefore d(i) dividles M + 2s+ N— (M + s+ N) =s.

Hence: for every s such that ¢} > 0, d(i) divides s.

Hence d(i) < d(j).
But since the argument can be repeated with i and j interchanged,
d(j) < d(i).
Hence d(i) = d(j) as required. O

Note that, again, consideration of an incidence matrix is adequate to deter-
mine the period.

Definition 1.4. The period of a communicating class is the period of any one
of its indices.

EXAMPLE (continued): Determine the periods of all communicating classes
for the matrix T with incidence matrix considered earlier.

Essential classes:
{5} has period 1, since t55 > 0.
{4, 9} has period 1, since 44 > 0.
{3, 7} has period 2, since {3 >0
for every even k, and is zero for every odd k.
Inessential self-communicating classes :
{1, 2} has period 1 since t,, > 0.
{6} has period 1 since tg¢ > 0.

{8} has period 1 since tgg > 0.

Definition 1.5. An index i such that i — i is aperiodic (acyclic) if d(i) = 1. [It is
thus contained in an aperiodic (self-communicating) class.]
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1.3 Irreducible Matrices

Towards the end of the last section we called a non-negative square matrix,
corresponding to a single self-communicating class of indices, irreducible.
We now give a general definition, independent of the previous context,
which is, nevertheless, easily seen to be equivalent to the one just given. The
part of the definition referring to periodicity is justified by Lemma 1.2.

Definition 1.6. An n x n non-negative matrix T is irreducible if for every pair
i, j of its index set, there exists a positive integer m = m(i, j) such that {7’ > 0.
An irreducible matrix is said to be cyclic (periodic) with period d, if the
period of any one (and so of each one) of its indices satisfies d > 1, and is
said to be acyclic (aperiodic) if d = 1.

The following results all refer to an irreducible matrix with period d.
Note that an irreducible matrix T cannot have a zero row or column.

Lemma 1.3. If i > i, t§® > 0 for all integers k > No(= Nofi)).

Proor.
Suppose £ > 0, (59 > 0.

. k+s)d kd d;
Then D > e > 0.

Hence the positive integers {kd} such that
9 > 0,
form a closed set under addition, and their greatest common divisor is d. An

appeal to Lemma A.3 of Appendix A completes the proof. O

Theorem 1.3. Let i be any fixed index of the index set {1, 2, ..., n} of T. Then,
for every index j there exists a unique integer r; in the range 0 <r; < d (r; is
called a residue class modulo d) such that

(a) £ > 0 implies s = r; (mod d);' and
(b) t%4*7) > 0 for k > N(j), where N(j) is some positive integer.

ProoF. Let 7 > 0 and £ > 0.
There exists a p such that 1%’ > 0, whence as before

1P >0 and £ > 0.

Hence d divides each of the sﬁperscripts, and hence their difference m — m’
Thus m — m’ = 0 (mod d), so that

m = r; (mod d).

! Recall from Appendix A, that this means that if gd is the multiple of d nearest to s from below,
then s = qd + r;; it reads ‘s.is equivalent to r;, modulo d’.
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This proves (a).
To prove (b), since i —j and in view of (a), there exists a positive m such
that

gt > Q.
Now, let N(j) = Ny + m, where N is the number guaranteed by Lemma 1.3
for which t§? > 0 for s > N,. Hence if k > N(j), then
kd +r; = sd + md + r;, where s > N,,.

Therefore {4+ > tgfd)tg-"dwj) > 0, for all k > N(j). O

Definition 1.7. The set of indices jin {1, 2, ..., n} corresponding to the same
residue class (mod d) is called a subclass of the class {1, 2, ..., n}, and is
denoted by C,, 0 <r < d.

It is clear that the d subclasses C, are disjoint, and their union is {1, 2, ...,
n}. It is not yet clear that the composition of the classes does not depend on
the choice of initial fixed index i, which we prove in a moment; nor that each
subclass contains at least one index.

Lemma 1.4. The composition of the residue classes does not depend on the
initial choice of fixed index i; an initial choice of another index merely subjects
the subclasses to a cyclic permutation.

PRrOOF. Suppose we take a new fixed index . Then

tg.nd-# rirtkd+ r_;.) > tg‘ld+ ril)tg’}d +rj)
where r; denotes the residue class corresponding to j according to
classification with respect to fixed index i’. Now, by Theorem 1.3 for large k,

m, the right hand side is positive, so that the left hand side is also, whence, in
the old classification,

md+r, + kd+r;=r; (mod d)
ie. re +ry=r; (mod d).

Hence the composition of the subclasses {C;} is unchanged, and their order is
merely subjected to a cyclic permutation o:

( 0 1 - d-1 0
o60) o(l) -+ od-1))

For example, suppose we have a situation with d = 3, and r;, = 2. Then
the classes which were C,, C;, C, in the old classification according to i

(according to which i’ € C,) now become, respectively, C}, C,, C,, since we
must have 2 + r; =r; (mod d) for r; =0, 1, 2.
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Let us now define C, for all non-negative integers r by putting C, = C, if
= r; (mod d), using the initial classification with respect to i. Let m be a
ositive integer, and consider any j for which ¢ > 0. (There is at least one
ppropriate index j, otherwise T™ (and hence higher powers) would have ith
ow consisting entirely of zeros, contrary to irreducibility of T.) Thenm = r;
mod d),i.e. m=sd + r;and je C,;, Now, similarly, let k be any index such
hat

frt D 5 0,

“hen, since m + 1 =sd +r; + 1, it follows k € C, ;.

Hence it follows that, looking at the ith row, the positive entries occur, for
uccessive powers, in successive subclasses. In particular each of the d cyclic
lasses is non-empty. If subclassification has initially been made according to
he index i, since we have seen the subclasses are merely subjected to a cyclic
yermutation, the classes still ‘follow each other’ in order, looking at succes-
ive powers, and ith (hence any) row.

It follows that if d > 1 (so there is more than one subclass) a canonical
orm of T is possible, by relabelling the indices so that the indices of C, come
irst, of C; next, and so on. This produces a version of T of the sort

0 Qo O 0
9 0 Q,, 0
TL=1. . 0
0 : : 0 Qd—2,d—1
_Qd—l,O 0 0 0 R

ixaMPLE: Check that the matrix, whose incidence matrix is given below is
rreducible, find its period, and put into a canonical form if periodic.

123456
1Jo 1 0 00 0]
200 011 01
"3/t 00010
41 0000 0
5lo-1 0000
60 0 0 0 1 0

Diagram 1 /
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Clearly i—j for any i and j in the index set, so the matrix is certainly
irreducible. Let us now carry out the determination of subclasses on the
basis of index 1. Therefore index 1 must be in the subset Cy; 2 must be in C,;
3,4,6in C,;1,5in C;3; 2 in C,. Hence C, and C, are identical; C, and Cy;
etc, and so d = 3. Moreover

CO = {1’ 5}’ Cl = {2}’ CZ = {3’ 4: 6})

so canonical form is

152346
1[o of1]0 0 0]
5[0 o]l1jo 0 o
200 0 O[T 1 1
3T 110 0 0 0
41 0/0 00 0
610 1[0 0 0 0]

Theorem 1.4. An irreducible acyclic matrix T is primitive and conversely. The
powers of an irreducible cyclic matrix may be studied in terms of powers of
primitive matrices.

Proor. If T is irreducible, with d = 1, there is only one subclass of the index
set, consisting of the index set itself, and Theorem 1.3 implies

t¥ >0 for k> N(,j)
Hence for N* = max; ; N(i, j)
tH >0, k> N* forallij.
ie. T*>0 for k> N*

Conversely, a primitive matrix is trivially irreducible, and has d = 1, since
for any fixed i, and k great enough £ >0, t(*¥*V > 0, and the greatest
common divisor of k and k + 1 is 1.

The truth of the second part of the assertion may be conveniently
demonstrated in the case d = 3, where the canonical form of T is

0 Qo O
I, = 0 0 Q12 s
Q 0 O

0 0 Qo01Q:2
and T? = Q12 on» 0 0 5
0 Q20 Qo1 0

Q01012020 0 0
T3 = 0 012020Q01 0 .
0 0 020901012



22 1 Fundamental Concepts and Results in the Theory of Non-negative Matrices

Now, the diagonal matrices of T2 (of T in general) are square and primitive,
or Lemma 1.3 states that t$® > 0 for all k sufficiently large. Hence

T3k = (T3)
30 that powers which are integral multiples of the period may be studied

with the aid of the primitive matrix theory of §1.1. One needs to consider
also

3k+1 3k+2
T; and T

but these present no additional difficulty since we may write
T3 = (TT,, T**? = (T*)T? and proceed as before. O

These remarks substantiate the reason for considering primitive matrices
as of prime importance, and for treating them first. It is, nevertheless, con-
venient to consider a theorem of the type of the fundamental Theorem 1.1
for the broader class of irreducible matrices, which we now expect to be
closely related.

1.4 Perron—Frobenius Theory for Irreducible
Matrices

Theorem 1.5. Suppose T is an n x n irreducible non-negative matrix. Then all
of the assertions (a)-(f) of Theorem 1.1 hold, except that (c) is replaced by the
weaker statement: r > |A| for any eigenvalue A of T. Corollaries 1 and 2 of
Theorem 1.1 hold also.

Proor. The proof of (a) of Theorem 1.1 holds to the stage where we need to
assume

Z=xXT—r¥>20 but #0.
The matrix I 4+ T is primitive, hence for some k, (I + T)* > 0; hence
I+ TH=FI+THT-r{F(I+T)}>0

which contradicts the definition of r; (b) is then proved as in Theorem 1.6
following; and the rest follows as before, except for the last part in (¢). [

We shall henceforth call r the Perron-Frobenius eigenvalue of an irredu-
cible T, and its corresponding positive eigenvectors, the Perron-Frobenius
eigenvectors. "

The above theorem does not answer in detail questions about eigenvalues
4 such that A # r but || =r in the cyclic case.

The following auxiliary result is more general than we shall require im-
mediately, but is important in future contexts.
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Theorem 1.6. (The Subinvariance Theorem). Let T be a non-negative irredu-
cible matrix, s a positive number, and y > 0, # 0, a vector satisfying

Ty < sy.

Then (a) y > 0; (b) s > 1, where r is the Perron-Frobenius eigenvalue of T.
Moreover, s =r if and only if Ty = sy.

ProoF. Suppose at least one element, say the ith, of p is zero. Then since
T*y < s*y it follows that

k k
tfj)yj < Sy

M:

=1
Now, since T is irreducible, for this i and any j, there exists a k such that
t® > 0; and since y; > 0 for some j, it follows that

yi>0

which is a contradiction. Thus y > 0. Now, premultiplying the relation
Ty < sy by ¥/, a positive left eigenvector of T corresponding to r,

s’y > x'Ty =rx'y
ie. s>

Now suppose Ty < ry with strict inequality in at least one place; then the
preceding argument, on account of the strict positivity of Ty and ry, yields
r < r, which is impossible. The implication s = r follows from Ty = sy si-
milarly. O

In the sequel, any subscripts which occur should be understood as
reduced modulo d, to bring them into the range [0, d — 1], if they do not
already fall in the range.

Theorem 1.7. For a cyclic matrix T with period d > 1, there are present
precisely d distinct eigenvalues A with |A| =r, where r is the Perron—
Frobenius eigenvalue of T. These eigenvalues are: r exp 2nk/d, k=0, 1, ...,
d — 1 (i.e. the d roots of the equation A* — r* = 0).

Proor. Consider an arbitrary one, say the ith, of the primitive matrices:

Qi, i+1Qi+ 1,i+2 777 Qi+d—1, i+d

occurring as diagonal blocks in the dth power, T?, of the canonical form T, of
T (recall that T, has the same eigenvalues as T), and denote by r(i) its
Perron-Frobenius eigenvalue, and by p(i) a corresponding positive right
eigenvector, so that

Qi i+1Qivr,i+2 " Qiva-1,i+a¥(i)) = r(i)y(i).
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Now premultiply this by Q;_, ;:
Qi—l,iQi,i+lQi+ 1,i+2 "7 Qi+d—2,i+d—1Qi+d—1,i+dy(i) = r(i)Qi—l, i.V(i)’

and since Qi1 4y, ;+a= Q;—1,;, We have

Qi-1,iQi41Qiv1,i+2 " Qiva-2,i4a-1(Qiz 1, 1¥()) = r(i)(Qi-1,:¥(1))
vhence it follows from Theorem 1.6 that r(i) > r(i — 1). Thus
rO)=rd—-1)>rd—-2) - >r0),

0 that, for all i, r(i) is constant, say ¥, and so there are precisely d dominant
sigenvalues of T, all the other eigenvalues being strictly smaller in modulus.
Hence, since the eigenvalues of T¢ are dth powers of the eigenvalues of 7,
here must be precisely d dominant roots of T, and all must be dth roots of .
Now, from Theorem 1.5, the positive dth root is an eigenvalue of T and is r.
Thus every root 1 of T such that |A| = r must be of the form

A =rexp i(2nk/d),

vhere k is one of 0, 1, ..., d — 1, and there are d of them.

It remains to prove that there are no coincident eigenvalues, so that in
act all possibilities r exp i(2nk/d), k=0, 1, ..., d — 1 occur.

Suppose that y is a positive (n x 1) right eigenvector corresponding to the
Yerron-Frobenius eigenvalue r of T, (i.e. T written out in canonical form),
ind let y;, j =0, ...,d — 1 be the subvector of components corresponding to
subclass C;.

[hus y, = [,V’o, ylla "'9y:i—l]
ind Q. j+1¥Vi+1 =1¥;.
Now, let y,, k=0, 1,...,d — 1 be the (n x 1) vector obtained from y by

naking the transformation
[ 2njk

f its components as defined above. It is easy to check that y, = y, and
ndeed that y,, k=0, 1,..., d — 1 is an eigenvector corresponding to an
igenvector r exp i(2rk/d), as required. This completes the proof of the
heorem. O

We note in conclusion the following corollary on the structure of the\

igenvalues, whose validity is now clear from the immediately preceding.

—orollary. If 2 # 0 is any eigenvalue of T, then the numbers A exp i(2nk/d),
:=0,1,...,d— 1 are eigenvalues also. (Thus, rotation of the complex plane
ibout the origin through angles of 2n/d carries the set of eigenvalues into itself)
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Bibliography and Discussion

§1.1. and §1.4

The exposition of the chapter centres on the notion of a primitive non-
negative matrix as the fundamental notion of non-negative matrix theory.
The approach seems to have the advantage of proving the fundamental
theorem of nonnegative matrix theory at the outset, and of avoiding the
slight awkwardness entailed in the usual definition of irreducibility merely
from the permutable structure of 7.

The fundamental results (Theorems 1.1, 1.5 and 1.7) are basically due to
Perron (1907) and Frobenius (1908, 1909, 1912), Perron’s contribution being
associated with strictly positive T. Many modern expositions tend to follow
the simple and elegant paper of Wielandt ( 1950) (whose approach was anti-
cipated in part by Lappo-Danilevskii (1934)); see e.g. Cherubino (1957),
Gantmacher (1959) and Varga (1962). This is essentially true also of our
proof of Theorem 1.1 (=Theorem 1.5) with some slight simplifications,
especially in the proof of part (e), under the influence of the well-known
paper of Debreu & Herstein (1953), which deviates otherwise from
Wielandt’s treatment also in the proof of (a). (The proof of Corollary 1 of
Theorem 1.1 also follows Debreu & Herstein.)

The proof of Theorem 1.7 is not, however, associated with Wielandt's
approach, due to an attempt to bring out, again, the primacy of the primiti-
vity property. The last part of the proof (that all dth roots of r are involved),
as well as the corollary, follows Romanovsky (1936). The possibility of
evolving §1.4 in the present manner depends heavily on §1.3.

For other approaches to the Perron-Frobenius theory see Bellman (1960,
Chapter 16), Brauer (1957b), Fan (1958), Householder (1958), Karlin (1959,
§8.2; 1966, Appendix), Pullman (1971), Samelson (1957) and Sevastyanov
(1971, Chapter 2). Some of these references do not deal with the most general
case of an irreducible matrix, containing restrictions of one sort or another.
In their recent treatise on non-negative matrices, Berman and Plemmons
(1979) begin with a chapter studying the spectral properties of the set of
n x n matrices which leave a proper cone in R" invariant, combining the use
of the Jordan normal form of a matrix, matrix norms and some assumed
knowledge of cones. These results are specialized to non-negative matrices in
their Chapter 2; and together with additional direct proofs give the full
structure of the Perron-Frobenius theory. We have sought to present this
theory in a simpler fashion, at a lower level of mathematical conception and
technique.

Finally we mention that Schneider’s (1977) survey gives, interalia, a hist-
orical survey of the concept of irreducibility.
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§1.2 and §1.3

The development of these sections is motivated by probabilistic con-
siderations from the theory of Markov chains, where it occurs in connection
with stochastic non-negative matrices P = {p;;},i,j = 1,2,..., with p;; > 0 and

Zpijzl, i=12,....
j

In this setting the classification theory is essentially due to Kolmogorov
(1936); an account may be found in the somewhat more general exposition of
Chung (1967, Chapter 1, §3), which our exposition tends to follow.

A weak analogue of the Perron-Frobenius Theorem for any square 7 > 0
is given as Exercise 1.12. Another approach to Perron-Frobenius-type theory
in this general case is given by Rothblum (1975), and taken up in Berman
and Plemmons (1979, §2.3).

Just as in the case of stochastic matrices, the corresponding exposition is
not restricted to finite matrices (this in fact being the reason for the develop-
ment of this kind of classification in the probabilistic setting), and virtually all
of the present exposition goes through for infinite non-negative matrices T,
so long as all powers T, k = 1,2, ... exist (with an obvious extension of the
rule of matrix multiplication of finite matrices). This point is taken up again
to a limited extent in Chapters 5 and 6, where infinite T are studied.

The reader acquainted with graph theory will recognize its relationship
with the notion of path diagrams used in our exposition. For development
along the lines of graph theory see Rosenblatt (1957), the brief account in
Varga (1962, Chapters 1 and 2), Paz (1963) and Gordon (1965, Chapter 1).
The relevant notions and usage in the setting of non-negative matrices
implicitly go back at least to Romanovsky (1936).

Another development, not explicitly graph theoretical, is given in the
papers of Ptak (1958) and Ptak & Sedlacek (1958); and it is utilized to some
extent in §2.4 of the next chapter.

Finite stochastic matrices and finite Markov chains will be treated in
Chapter 4. The general infinite case will be taken up in Chapter 5.

EXERCISES
1.1 Find all essential and inessential classes of a non-negative matrix with incidence
matrix:
[0 0 0 0 0 1 0 07
0001 100O0GO0 N
10000001 "
T = 00 0O0O0OO071
01001000
0 011000GO0
000O0T1O0T11
|0 0 00 01 0 Ol
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Find the periods of all self-communicating classes, and write the matrix T in

full cangmc.al form, so that the matrices corresponding to all self-
communicating classes are also in canonical form.

1.2. Keeping .in mind Lergma 1.1, construct a non-negative matrix T whose index
set contains no essential class, but has, nevertheless, a self-communicatin gclass.

13. LetT ={t; }ij= i i
i {t. hij=12,...,nbea non-negative matrix. If, for some fixed i and j,

& t> 0 for some k = k(i, j), show that there exists a sequence k4, k, k. such
) yeeen Ky

byl " Byt By, >0

whe.rer.sr.z—Zif.i%j,rSn—lifi=j. Hence show that:
(@ if T Is irreducible and ;, ; > 0 for some j, then ¥, > 0 for k > n — 1 and
evgry i; and, hence, if t; ; > 0 for every j, then 7"~ ! > 0:

(b) T is irreducible if and only if (I + T)*~* > 0. ,
(Wielandt, 1960; Herstein, 1954.)

I uItheI IeSllltS alOIlg tlle llneS Of a) arc give: -
( ) g n as EXCI C1S€es 2.1; 2.19, and

14. GivenT = {t; hhj=1, 2,.. .., nis a non-negative matrix, suppose that for some
power m > 1, T™ = {t} is such that

£M:1>0,i=1,2..,n~1, and £ >0,
Show that: T is irreducible; and (by example) that it may be periodic.

L.5. By considering the vector x' = (a, @, 1 — 2a), suitably normed, when: (i)a = 0

(ii) 0 < &« < 4, and the matrix
010
00 2.
1 0 2

show that r(x), as defined in the proof of Theorem 1.1 is not continuous in
x>0, x'x=1.

(Schneider, 1958)

L . L
1.6." If r is the Perron-Frobenius eigenvalue of an irreducible matrix T = {t:}
show that for any vector x e 2, where 2 = {x; x>0} -

min MSrsmax M
i X i i

(Collatz, 1942)

1.7. Show., in the situation of Exercise 1.6, that equality on either side implies
equality on both; and by considering when this can happen show that r is the
supremum of the left hand side, and the infimum of the right hand side, over
x € 2, and is actually attained as both supremum and infimum for vectors, in

! Exercises 1.6 to 1.8 have a common theme.
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18.

19.1

1.10.

LIL

1.12.

1.13.

1 Fundamental Concepts and Results in the Theory of Non-negative Matrices

In the framework of Exercise 1.6, show that

yTx)|

=r = min Jmaxy Tx\
[ ye?‘xs?) yx [

(Birkhoff and Varga, 1958)

maxjmin -
xe® \yer VX

Let Bbe a matrix with possibly complex elements and denote by B, the matrix
of moduli of elements of B and B an eigenvalue of B. Let T be irreducible and
such that 0 < B, < T. Show that || < r; and moreover that || = r implies
B, = T, where r is the Perron-Frobenius eigenvalues of T.

(Frobenius, 1909)

If, in Exercise 1.9, | | = r,so that § = re®, say, it can be shown (Wielandt, 1950)
that B has the representation

B=¢°DTD!

where D is a diagonal matrix whose diagonal elements have modulus one.

Show as consequences:

(i) thatif || =r, B, =T;

(ii) that given there are d dominant eigenvalues of modulus r for a given
periodic irreducible matrix of period d, they must in fact all be simple,
and take on the values r exp i(2mj/d), j=0,1,...,d— L (Put B=T in
the representation.)

Let T be an irreducible non-negative matrix and E a non-zero non-negative
matrix of the same size. If x is a positive number, show that A = xE + T is
irreducible, and that its Perron-Frobenius eigenvalue may be made to equal
any positive number exceeding the Perron-Frobenius eigenvalue r of T by
suitable choice of x.
(Consider first, for orientation, the situation where at least one diagonal
element of E is positive. Make eventual use of the continuity of the eigenvalues
of A with x.)

(Birkhoff & Varga, 1958)

If T >0 is any square non-negative matrix, use the canonical form of T to
show that the following weak analogue of the Perron-Frobenius Theorem
holds: there exists an eigenvalue p such that

(@) p real, >0; :

(b') with p can be associated non-negative left and right eigenvectors;

(¢') p = |A| for any eigenvalue A of T';

(¢)if 0 < B < T and § is an eigenvalue of B, then |§| < p.

(In such problems it is often useful to consider a sequence of matrices each > T
and converging to T elementwise {particularly in relation to (b') here}—Debreu
and Herstein (1953).)

Show in relation to Exercise 1.12, that p > 0 if and only if T contains a cy\é‘le

of elements.
(Uliman, 1952)

! Exercises 1.9 to 1.11 have a common theme.

Y
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1.14. Use the relevant part of Theorem 1.4, in conjunction with Theorem 1.2, to show

1.15.

1.16.

1.17.

1.18.

that for an irreducible T with Perron-Frobenius eigenvalue r, as k — oo
sT*T* 50
if and only if s > r; and if 0 < s < r, for each pair (i ))

lim sup s™*® = oo,

k— o

Hence deduce that the power series
¢
Ty(z) = X i
k=0

have common convergence radius R = r~* for each pair (i, 7). (This result is

relevant to the development of the theory of countable irreducible T in
Chapter 6.)

Let T be a non-negative matrix. Show that:

(a) Ty < sy, where s #0;y >0, 0=y >0 if and only if T is irreducible;

(b) T has a single non-negative (left or right) eigenvector (to constant mul-
tiples) and this eigenvector is positive if and only if T is irreducible.

If A and B are non-negative matrices such that 0 < B < A, A— B #0, and

A+ B is irreducible, show that p(B) < p(4) where p(-) is the eigenvalue
alluded to in Exercise 1.12.

Let T be a non-negative irreducible matrix, s a positive number, and y=0 #0
a vector satisfying

Ty > sp.

Show tha.t r > s, where r is the Perron-Frobenius eigenvector of T, and s = r if
and only if Ty = sp. [This is a dual result to the (Subinvariance) Theorem 1.6

Suppose T is a non-negative matrix which, by simultaneous permutation of
rows and columns may be put in the form

0O T, 0 - 0
0O 0 1 -- 0
0 0 0 Ty
T, 0-0 - 0

where the zero blocks on the diagonal are square. If T has no zero rows or
columns, and T; T; - -+ Ty is irreducible, show using Exercise 1.15(a), that T is
irreducible. [Hint: Consider y > 0, 5 0 partitioned according to y' = [y}, ¥},
..., ¥4] where y; has as many entries as the columns of T;. Assuming Ty < sy fo;
some s > 0, show first that y; > 0, and then that y;,, > 0 =y>0,i=1,...,4d,

Ya+1 = .V1-]

(Minc, 1974, Pullman, 1975)



CHAPTER 3
Inhomogeneous Products of
Non-negative Matrices

In a number of important applications the asymptotic behaviour as r — o
of one of the

Forward Products: T, ,={t&"} =H, 1 Hpss " Hpsr
Backward Products: U, ,={u®"} =H,,, " Hy2Hpiy

and its dependence on p is of interest, where {H, k=1, 2, ...} is a set of
(n x n) matrices satisfying H, > 0. We shall write H, = {hi{K)}, i, =1,
n. The kinds of asymptotic behaviour of interest are weak ergodicity and
strong ergodicity, and a commonly used tool is a contractiop co:cfﬁcient
(coefficient of ergodicity). We shall develop the general theory i this chap-

ter. The topic of inhomogeneous products of (row) stochastic matrices has

special features, and is for the most part deferred to Chapter 4.

3.1 Birkhoff’s Contraction Coefficient:
Generalities

Definition 3.1. An (n x n) matrix T > 0 is said to be row-allowable if it has at
least one positive entry in each row. It is said to be column-allowable if T" is
row-allowable. It is said to be allowable if it is both row and column
allowable.

In order to introduce Birkhoff’s contraction coefficient which will serve
as a fundamental tool in this chapter, we need to introduce the quantity,
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defined for any two vectors x' = (x, ..., X,) > 0,y = (yy, ..., y,) >0, by

max; (xi/yi)] — max In (xiyj).
min; (x;/y;) ij X;Yi

This function has, on the set of (1 x n) positive vectors, the properties of a
metric or distance, with the notable exception that d(x’, ') = 0 if and only if
x = Ay for some A>0. (Exercise 3.1). It is a pseudo-metric giving the
“ projective distance ” between x’ > 0’ and y’ > (. Henceforth we assume as
usual that all vectors are of length n and all matrices (n x n), unless other-
wise stated. ,

It follows that if x’, y > 0’ and T is cohimn-allowable, then x'T, y'T > (;
the essence of the contraction property is in the inequality

dx'T, yT) < d(x, y'), (3.1)

d(x',y)=In

which we shall establish by recourse to the averaging (contraction) proper-
ties of row stochastic matrices in a manner similar to that already employed
repeatedly in our Section 2.6.

Lemma 3.1. If x,y >0 and % = Tx, j = Ty, where T = {t;;} >0 is row-
allowable, then

max (?) < max (&), min (?) > min (ﬁ) (3.2)
i \i i \W i\ i\

ProoOF:

2 Xty =y %
ij

o Zk LV 7 Yi

where p;; = £;;¥; /Y« tu Vi is the (i, j) element of a stochastic matrix P. In
particular ) ; p,; = 1, so (3.2) follows [so (3.1) follows for a column allowable
T, from the definition of d(-, -)]. O

We may sharpen the above result by recourse to

Theorem 3.1. Let w = {w;} be an arbitrary vector and P = {p;;} a stochastic
matrix. If z = Pw, 7 = {z;}, then for any two indices h, i’

(33)

1 .
Zp— Zp < E Z |P;,j - p;,'jl J.'max w; — min w;
i » j Jj

and

max z; — min z;
j j

<17,(P)

5

max w; — min w;
j j
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or equivalently to the last,

max |z, — z,| < rl(P){max |w; — w; | (34)
h, b B

where

pjs| =1 — min Z min (pis’ pjs)'

i,j s=1

1 n
7,(P) = 5 max Y |pis—

ij s=1

PROOF: z;, — z,, = ) ; u;w;, where u; = p,; — p,; (since we are considering h
and /' arbitrary but fixed). Let j/ denote the indices for which u; > 0, and j*
those for which u; < 0, noting that ) ; u; = 1 (and bearing in mind that the

set of j”s will be empty only if u = 0). Put
1
Z Zlujl_ Zuj ZI”J"EZJ
¥ i’ j
1
=5 Z | P — Pwil-
J
Then
gl e B luplwy)

2 |uyl

|

l

’ w; — mm w;
Hlmjax

X Ju]

< rl(P)‘max w; — min w;|.

I j

The alternative expression for t,(P) is given as part (equation (2.14)) of
Theorem 2.10. Ol

The preceding result is of most interest in the situation where 7,(P) < 1 (it
is obvious that 0 < 7,(P) < 1), and indeed this condition is also that under
which the spectral bounding result of Theorem 2.10 becomes of interest for a
stochastic matrix. It is clear from the alternative expression for 7,(P) that
74(P) < 1 if and only if no two rows of P are orthogonal (or, alternatively,
any two rows intersect in the sense of having at least one positive element in
a coincident position). Such stochastic matrices have been called scrambling;
we extend this definition to arbitrary non-negative T.

Definition 3.2. A row-allowable matrix 7 > 0 is called scrambling if any
two rows have at least one positive element in a coincident position.
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Lemma 3.2. If T' is scrambling and x, y > 0, then
d(x'T, y'T) < d(x, y'). (3.5)

PrOOF. Referring to the proof of Lemma 3.1, and T’ replacing T, we see that
the stochastic matrix P = {p;;} defined therein is scrambling, so by Theorem
3.1, strict inequality obtains in at least one of the inequalities in (3.2), whence
the result follows from the definition of d(x’, y’). O

Corollary. (3.5) holds if T has a positive row.

It follows in view of (3.1) for a column-allowable matrix T and the fact
that d(x', y') = 0 if and only if x = Ay for some positive A > 0, that we may
define a quantity 74(T) by

dx'T,y'T
)= sup 4TID
x, y>0 (x ’ y )
xXF Ay
which must then satisfy
0<tg(T) < 1. (3.6)

Clearly, if T; and T, are both column-allowable then so is T; 7, and for
x, y >0, it follows (from Exercise 3.1) that

dx'T, T, YTy T) < 15(T,) d(x'Ty, y'Ty) < 4Ty ep(Ty) d(x', ')

whence
15(Ty To) < t5(Ty )up(To): (3.7)

t5(*) is Birkhoff’s contraction coefficient (or: coefficient of ergodicity), and
properties (3.6) and (3.7) are fundamental to our development of the theory
of inhomogeneous products. In view of relation (3.7), we see that if from a

sequence {H,} of column-allowable matrices we select the matrices H [T

H,,, and form their product in any order and call this product H b r» then
still
ptr
to(H,, )< [] ts(Hy). (38)
k=p+1

A matrix T will be contractive if 75(T) < 1, and, clearly, from (3.8) and
(3.6) the significance of a matrix T for which 7,(T) =0 is of central
significance. We remark that if T is of rank 1 as well as column-allowable, i..
is of the form T = wv' = {w; v;} where v > 0; w > 0, # 0, then from Exercise
3.1

d(x'we’, y'wv')

75(T) = sup =0

x y>0 d(x’yl)
x#y
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since d((x'w)v’, (’wh') = d(v', v') = 0. To develop further the use of t5(T) we
-equire its explicit form for a column-allowable T = {t;;} in terms of the
:ntries of such a matrix. An explicit form is difficult to obtain, and we defer
an elementary, but long, derivation to Section 3.4. The form for an allowable
T is

(T) = {1 ~ [$(T)]"*}/{1 + [$(T)]"*}

where
Tt jl

¢(T) = min

ikt Lixlta

=0 if T+ 0.

if T>0;

From this it is clear that given T is allowable, t4(T) = O if and only if T'is
ofrank 1, ie. T=wv', w, v > 0.

Definition 3.3. The products H, , = {h{%'"} formed from the allowable
matrices H,, 1, Hpy2, ..., Hpyy multiplied in some specified order for each
p >0, r>1, are said to be weakly ergodic if there exist positive matrices
S, = {s& ')} (p = 0, r > 1) each of rank 1 such that for any fixed p, asr — o

hEn/sEn - 1 for all i, j. (3.9)

p.r

Lemma 3.3. The products H, , are weakly ergodic if and only if for all p > 0 as
r—

w5(H,,,) 0. (3.10)

Proor: From the explicit form of t4(T), which implies continuity with
T > 0, (3.9) evidently implies (3.10). Conversely, define the rank 1 matrices

H, ,11H, /VH,,1

(since (3.10) is assumed to hold, since H, , is allowable, H,, >0 for
sufficiently large r, from the explicit form of 75(-)). Then

) _ g MR IR
SRR I Y
-1
by (3.10), since ¢(H, ,)—> 1. (]

Lemma 3.3 together w1th relation (3.7) indicates the power of the
coefficient of ergodicity 75(+) as a tool in the study of weak ergodicity of
arbitrary products of allowable non-negative matrices. In Lemma 3.4 we
shall see that for forward products T, , the general notion of weak ergodicity
defined above coincides with the usual notion for the setting, when T, , > 0
for r > ro(p). We have included Lemma 3.2 because this provides a means of
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approaching the problem of weak ergodicity of forward products without the
requirement that T, , > 0 for r > ro(p) (so that 74(7,, ,) < 1), although we
shall not pursue this topic for products of not necessarily stochastic
matrices. Theorem 3.1 which is here used only for the proof of Lemma 3.2
achieves its full force within the setting of products of stochastic matrices.

3.2 Results on Weak Ergodicity

We shall focus in this section on forward products
T,,=H,. H,,, - H,., and backward products

Up,r = Hp+r Hp+2Hp+1

as r — oo since these are the cases of usual interest.
Lemma 34.IfH,,=H,. H,., -~ H,,, ie. H, , is the forward product
= {t®'"} in the previous notation, and all H, are allowable, then

rB(T, )= 0asr— oo for each p > 0 if and only if the following conditions both
hold:

(a) T, >0, r = ro(p);
(b) tf "/t > WP >0 (3.11)

for all i, j, p, k where the limit is independent of k (i.e. the rows of T, , tend to
proportionality as r — o).

Proor: The implication: (3.11) = (3.10) is obvious since under (3.11) clearly
#(T,,,)— 1. Assume (3.10) obtains; then clearly 7, , > O for sufficiently large
r (r = ro(p), say). Now consider i and j fixed and note that

SR i
b1y T
b

e

wh.ere dr " ) = ‘tﬁ-’s” r’hs.k(p + r+ 1)/t "V is the k, s element of a (row) stoch-
astic matrix with strictly positive entries and so a scrambling matrix. Hence
by Lemma 3.1

ey . . )
max (ﬁ is non-increasing with r;
Jk

min ('—) is non-decreasing with r.

! For the analogous result for backward products see Exercise 3.3. For column-proportionality
of forward products see Exercise 3.7.
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Since t4(7,,) =0, ¢(T,,,) > 1, s0 as r - ©

e

ks g
0

for all i, j, k, s, so the two monotone quantities as r — co have the same
positive limit, which is independent of k and may be denoted by W¥®. [

Theorem 3.2. For a sequence {H,}, k=1, 2, ... of non-negative allowable
matrices if H, , = T, ,or H, , = U, , then weak ergodicity obtains if and only
if there is a strictly increasing sequence of positive integers {k}, s =0, 1,2, ...
such that

irgs

[¢(Hks-ks+l_ks)]1/2 = 0. ’ (312)

5

Proor: Suppose H, , = T, ,,p > 0,r > 1. Take p = 0 for simplicity to prove
sufficiency of (3.12) and large r (for arbitrary p the argument will be similar).

’TO,r - Tb,ko no’kl—ko Tl‘cl,kz—kl T;c,_l,k,—k,_l T

for some allowable T* > O where k, is the nearest member of the sequence
{ks} not greater than r, so t — oo as r — c0. Then by (3.7)

t—1
5(To,r) < [16(T 01 - 1)
s=0
and as r — oo the right hand side — 0 if and only if
Z {1 - TB(T;Cs: ks+1_ks)} = 0.
s=0

From the definition of ¢(-), 0 < ¢(-) < 1, and taking into account the expli-

cit form of 7p(-), the divergence of the sum is implied by (3.12). Hence (3.12)

is sufficient for weak ergodicity (of forward products).

If we assume weak ergodicity then by Lemma 3.3 74T, ,) > 0 as r — o,
p=>0. Let 1 > 6 >0 be fixed. Then define the sequence {k} recursively by
choosing k, arbitrarily, and-k,, , once k, has been determined so that

TB(T;cs, kst 1— ks) < 4.
Then

‘ 1 — 14(T, k)
12 _ B\ kg, kyw 1~ ks
[¢( ks,ks+1—ks)] 1+TB('I;cs,ks+l—ks)

>(1—8)/(1+6)>0

which implies (3.12) for this sequence.
The proof for backwards products U, , is analogous. O
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Corollary. If for a sequence {ky}, s=>0, of positive integers such that
kei1 — ks = g (constant),

¢(’1;(s, ks+1— ks) 2 62

then t5(T,, ;) >0 asr — oo, p > 0, at a geometric rate, e.g. in the case p = 0:

5(To, ) < {(1 — e)/(1 + &)}~ @7 (1 — e)/(1 + &)}

for r sufficiently large. Analogous results hold for backwards products.

Theorem 3.3. If for the sequence of non-negative allowable matrices
H,={hjk)}, k=1, (iyH, ,,>0 for p>0 where ro (> 1) is some fixed
integer independent of p; and (ii):

min* h;(k)/max h;(k) >y >0 (3.13)
ij iJ
(where min™ refers to the minimum of the positive elements and y is indepen-
dent of k), thenif H, , =T, , (or =U, ), p > 0, r > 1, weak ergodicity (at a
geometric rate) obtains.

Proor: From the structure of 75(-) and its dependence on ¢(*) it is evident
that the value of t4(H, ,) is unchanged if each H, is multiplied by some
positive scalar (each scalar dependent on k). Since by Lemma 3.3 weak
ergodicity is dependent only on such values, we may assume without loss of
generality in place of (3.13) that

0 <y<min® hyk), max hk)<1. (3.14)
iLj . ij
It follows, since H, ,, >0, p > 0, that
ye1l' < H, , <n° '11 (3.15)

so ¢(H,,,,) = (y°/n~1)? = &2, say, p > 0. We may now apply the Corollary
to Theorem 3.2, with g = ry, and ky = 1, say. |

One may, finally, obtain a result of the nature of Theorem 3.2 and its
Corollary for products H, , formed in arbitrary manner from H,,, H,, 5,
o Hpyo

Theorem 3.2' For a sequence {H,}, k > 1 of non-negative allowable matrices, if

o

X [$(H)]"* = oo (3.16)

k=1
then the products H, , are weakly ergodic.

PROOF: 14(H,, ) < [[£25+1 t5(H,) — 0 as r - oo as in the proof of Theorem

O
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Corollary. The condition (3.16) may be replaced by the condition
& min, ; hf{k)

— 20 = 0.
= max; ; h(k)

Bibliography and Discussion to §§3.1-3.2

The crucial averaging property of a stochastic matrix, already used in §2.6
and mentioned in its discussion, manifests itself here in Lemma 3.1, and, in
more refined manner, in Theorem 3.1. Both these results occur in Markov
(1906), the first of Markov’s papers to deal with Markov chains (with a finite
but arbitrary number of states). Hostinsky (1931, p. 15) calls these results the
Théoréme fondamentale sur la limite de la probabilite, and elsewhere: . . .
Pimportante méthode de moyennes successives employee par Markoff . . . and
they were taken up by Fréchet (1938, pp. 25-30), but their potential, in the
context of inhomogeneous products of stochastic matrices, was not fully
realized until the work of Hajnal (1958). We shall develop these themes
further in the more appropriate setting of Chapter 4 where the notion of a
scrambling matrix is used extensively.

The Corollary to Lemma 3.2 is due to Cohen (1979a); the lemma itself is a
direct consequence of Theorem 3.1. Apart from the results mentioned so far,
the development of §§3.1-3.2 largely follows Hajnal (1976). Cohen’s subject
matter, following on from Hajnal, is the study of d(x'T; ,, y'T;, ,) asr — oo
where the matrices {H,} are column allowable inasmuch as each is supposed
to have a positive row.

The origins and chief application of the notion of weak ergodicity of
forward products 7, ,, p > 0,7 > 1isin the context of demography. A simple
demographic model for the evolution of the age structure of a human popu-
lation, regarded as consisting of n age groups (each consisting of the same
number of years), over a set of “ time points”r =0, 1, 2, ..., (spaced apart by
the same time interval as successive age groups) may be described as follows.
If p, is an (n x 1) vector whose components give numbers in various age
groups at time r, then

.u:'+1”__"”:'Hr+19 7‘=0, 1: 25

where H,.; is a known matrix of non-negative entries, depending (in
general) on time r, and expressing mortality-fertility conditions at that time.
Indeed, each of the matrices H,, k > 1, has the same form (has the same
incidence matrix); specifically, it is of the form:

by s, 0 - - - 0
b2 0 Sy ‘ ‘ : 0
. 0

bn.—l 0 Sp—1

h n N . R n
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which is known as a “ Leslie matrix ” in this context (and as a “ Renewal-type
matrix ” more generally). Here s, is the proportion of survivors from age
group i to age group (i + 1) in the next time-step, and b; is the number of
contributions to age group 1 per individual in age group i. If we assume all
b;, s; > 0 for all k, then the matrix set H,, k > 1, has a rather special struc-
ture (1n the sense of a common incidence matrlx) with, moreover, a positive
diagonal entry; see Exercise 3.11; and it is usual to assume that the (coinci-
dent) positive entries are bounded away from zero and infinity. Thus the
conditions of Theorem 3.3 are certainly satisfied, and its conclusion enables
us to make certain inferences about

.ur=”,0H1H2 Hr=”6TO,r

where po (= 0, # 0) represents the initial age structure of the population,
and H,, k > 1, the history of mortality-fertility pressures over time. Thus
consider two different initial population structures: « = {o}, B = {8;} sub-
jected to the same “history” H,, k > 1. Thus from Lemma 3.4, as r » o
(first dividing numerator and denominator by 5 "):

Zl 1 a t(o " Zl 1 (Z W(O) Zl .1 a W(O)
Z} 1 BJ tie n Zj=1 ﬂj WEO Z] 1 ﬂJW(O)

(the last step being a consequence of Exercise 3.5), the limit value being
independent of k. This independence is called the weak ergodicity property,
since the g, arising from different p, tend to proportionality for large k. If we
focus attention on the age-distribution, which at time r gives the proportions
in the various age groups viz. g/m, 1, then this conclusion may be rein-
terpreted as saying that the age-distributions tend to coincidence for large r,
but the common age structure may still tend to evolve with r. To see this note as
r— oo

“ 5w
Za t(o ” lzl sza t(o o~ {t(o " Z (O) }/{( Z t(o r))(l=zl ;V‘(I(;) )}
n
~ £ / s; te”

for any fixedg=1,...,nand allk =1, ..., n, and hence is independent of a.

Strong ergodicity, discussed in §3.3, is the situation where the common
age- distribution tends to constancy as r — oo. '

We may thus call a combination of Theorem 3.3 with Lemma 3. 4, the
“Weak Ergodicity Theorem”. A variant in the demographic literature is
generally called the Coale-Lopez theorem, since a proof in this setting was
provided by Lopez (1961) along the lines of Exercises 3.9-3.10. This original
proof was written under the influence of the approach to the basic ergodic
theorem for Markov chains with primitive transition matrix occurring in the
book of Kemeny and Snell (1960, pp. 69-70). The present approach (of the
text) is much more streamlined, but, insofar as it depends on the contraction
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form of 7,(-) needs to be established for completeness of exposition.
The theory of weak ergodicity in a demographic setting begins with the work
of Bernardelli (1941), Lewis (1942), and Leslie (1945). For the theory in this
setting we refer the reader to Pollard (1973, Chapter 4); see also Cohen
(1979b) for a survey and extensive references.

Of interest also is an economic interpretation of the same model (that is,
where all H, are of renewal-type as discussed above), within a paper (Feld-
stein and Rothschild, 1974, esp. §2), which served as a motivation for the
important work of Golubitsky, Keeler and Rothschild (1975) on which
much of our §3.3 depends. The vector g, represents, at time r, the amount of
capital of each “age” i = 1,2, ..., n, where goods last (precisely) n years. A
machine, say, provides s; as much service in its (i + 1)th year as it did in its
ith. Define b = b(r + 1) (the “expansion coefficient”) as the ratio of gross
investment in year r (for year r + 1) to capital stock in year r. Then each Hy,
k > 1, has the renewal form with each b; being b(k + 1) in Hy, , and all s;,
i=1,...,n—1Dbeing constant with k.

EXERCISES ON §§3.1-3.2

3.1. Show for positive (1 x ) vectors x', y/, 7' that for the projective distance d(;, *)
defined for positive vectors:
() dix', y')=0;
(i) d(x', y') = d(y', x);
(i) d(x', y') < d(x', 7) + d(, ¥') [Triangle Inequality];
(iv) d(x, ) =0 if and only if x = Ay for some 1 > 0;
(v) d(x’, y') = d(ax', By') for any two positive scalars «, p.
3.2. Show that on the set D¥ = {x; x > 0; x'1 = 1} the projective distance is a

metric. Further, show that if d(-, - ) is any metric on D*, and P € S, the set of
column-allowable stochastic matrices, and t(P) is defined by

d(x'P, y'P)
I(P) x,syl‘lEpD+ d(xla yl)
x#y
then
(i) ©(Py P2) < t(P1)t(Py), Py, P2 €875
(i) ©(P)=0for Pe S* ifand only if P = 1v', v e D™.
(iii) ©(P) = 1 for P = I, the unit matrix.

(Seneta, 1979)

3.3. Check that if T is allowable, then t5(T) = 15(T’) and hence state the analogue
of Lemma 3.4 for backwards products U, , = H,,, =" Hpy1 Hp.

34. If H, , = {h®"} is an arbitrary product formed from the allowable matrices
Hp+1, Hpisy ..oy Hyy, in some specified order, show that the products are
weakly ergodic if and only if
(a) H,,, >0, r=rolp);

(b) KE/HE " ~ WED, BED/RED ~ VED as r— oo for all i, j, p, k, where
v n W are independent of k.
[See also Exercises 3.6-3.7.]
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3.5. Show that in Lemma 34, W =Ilim,,, & 8™ may be written as
wiP/wiP for some w® = (Wi}, where w® > 0, (w?)y1 = 1.

3.6. Proceeding along the lines of Lemma 3.4 show that if T, > 0,7 > ro(p), then

(t.("q,, r)) t.(iz‘ r)
max -2 min

¢ @)

tflsJ " J t.(szJ' "

J

are, respectively, non-increasing and non-decreasing with r. Hence show that if
;B(Tp, il) — 0, r — oo, for an allowable sequence H x> k = 1, then both sequences
Va(t;;e ¢ same positive limit which (is independent of j and) may be denoted by

gs+

3.7. Show that in Exercise 3.6 the limit may be written in the form VE = vP/o® for

some 'v“’) = {0/}, where v > 0, ()1 = 1. Combine this result with that of
Exercise 3.5 to show that if 75(7T, ,) » 0, r > oo, then

t2 /87 — wPHP WP > 0,
3.8. Show that for a stochastic matrix P = {pihiij=1....n

©(P)<1— Y min p;

s=1

<1-ne

Wheres:mini,'Pi-.[ThusifP>0 1 — ns < 1 and there i )
for 7,(P).] J By an ere 1s a simpler bound

39. Suppose. H,, k> 1, are all positive and satisfy condition (3.13). Using the
stochastic matrix with (k, s) entry

dip, n_ t(p, r) hsk(p +r+ 1)
s Js t}{’ rf1)

=halp+r+ 1)/ 2 A5 /68 halp + 7 + 1)
q

of Lemma 3.4, and Exercise 3.6, show that min df) > y?2p~1 i
) 6, s dks 2 y*n” %, and h
Theorem 3.1 and Exercise 3.8 that ) ! e henee via

|de /e — W <K,(1—9%, r>1,
for some W >0 independent of k, where K,, 00> K, >0 is a constant

independent of i, j, k.

3.10. Unde'r the conditions of Theorem 3.3 show [without recourse to @(-) or t5()]
by using the results of Exercise 3.9 and the weak monotonicity argument in
Lemma 3.4 that there are W independent of k such that for all i,j, kp

47" = WP < Gt — (oot Py, a1,

wlt‘ere C,, O.S C, < o0 is a constant independent of i, j, k. [Note that this form

- of ge-om.etrlc' rate” of ergodicity differs somewhat in nature from that asserted
for this situation by the Corollary to Theorem 3.2]

: (Lopez, 1961; Seneta, 1973)

311 Ifall H,, k 2.1., hav-e the same incidence matrix which is irreducible and has at
least one positive diagonal entry, show that H pr>0forp>0,r>2(n-1).
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3.3 Strong Ergodicity for Forward Products

Definition 3.4. The forward products T, , = {t""} formed from a sequence
of row-allowable matrices H,, k > 1, are said to be strongly ergodic if for
each i, j, p.

"

Shor 7

o P (3.17)
independently of i.

Lemma 3.5. If strong ergodicity obtains, the limit vector v, = {v'P’} of (3.17) is
independent of p > 0.

Proor: For any x > 0, # 0, it follows from (3.17) that as r — o0
XT,,/xT, 1>,
whence
xHy T,y l,r/x’Hp+1 Tpi1,r— U;;-

But xH,,; >0, #0 (since x¥H,,;1>0 from the row allowability of
H,.,) so the limit of the left-hand side is also v, ,, Hence all v, have a
common value, say v. Moreover v > 0, v'1 = 1, so v is a probability vector.

]

Definition 3.5. A sequence H,, k > 1, of row-allowable matrices is said to be
asymptotically homogeneous (with respect to D) if there exists a probability
vector D (ie. D >0, D'1 = 1) such that

DH,/DH]1 2, D

For the sequel we shall repeatedly make the compactness assumption
(3.13) which in the present context (insofar as we consider ratios) may again
without loss of generality, be replaced by (3.14). We restate this condition
here for convenience

(©) 0 <y<min* hy(k), maxhyk)<l

ij ij
and call it condition (C). O
Lemma 3.6. Strong ergodicity of T, ., p =0, r > 1, with limit vector v, and

condition (C) on the sequence H,, k > 1, implies asymptotic homogeneity (with
respect to v) of the sequence H,, k > 1.
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PROOF: Let f; be the vector with unity in the ith position and zeros elsewhere.
Then

SiTp 1 (fETp,, ( H,\ris .
[iT, sl f§7},,,1) v’Hp+r+11)p(r’ p, i) (3.18)

where p(r, p, i) is the scalar given by
p(r7 P, l) = (f,i];,:,rl)(lep+r+II)U‘ETp,r+11'
Multiplying (3.18) from the right by 1 yields
1 = (fg’I;;,erETI‘),rl)(Hp+r+ll/v,Hp+r+11)p(r’ P, l)a
and we may write
S T, 1= + E(r, p, i)
where E(r, p, i) — 0 as r — oo by strong ergodicity. By (C)

plr, p, i) —— 1.
Applying this to (3.18) and using similar reasoning, as r — oo

’ / / :
VevH,, . WH,, 1 as required. O

Theorem 34. If all Hy, k > 1, are irreducible,' and condition (C) is satisfied,

then asymptotic homogeneity of H, (with respect to a probability vector D)
is equivalent to

e —22, ¢ (3.19)

Yvh.ere e, is the positive left Perron-Frobenius eigenvector of H, normed so that
it is a probability vector (e;1 = 1) and e is a limit vector. In the event that
either (equivalent) condition holds, D = e > 0.

PROOF: Let us assume that the prior conditions and (3.19) hold, Then since
by definition of e,,

e.=¢H, /e, H1
it follows by condition (C) that as k — co
¢ — eH,/¢H,1

so asymptotic homogeneity, with respect to the (necessarily probability)
vector ¢ obtains.

h Conversely assume the prior conditions hold and H,, k > 1, is asympto-
tically hqmogeneous with respect to a probability vector D'. Since the set of
probability vectors is closed and bounded in R", it contains all its limit

! Any irreducible matrix is, clearly, allowable.
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points; let e be a limit point of a convergent subsequence {e,} of {e}, so
e, — e, i— oo. Then

e, =e.H,/e, H 1, i> 1 (3.20)
Now, by condition (C)
Y < H < Sy, k>1,
where £, is the incidence matrix of H,, and the .#, are all members of the
finite set of all irreducible incidence matrices .#(j),j = 1, ..., t. Further, the

set [y2(j), £()]={T; y#(j) < T < #(j)} is a closed bounded set of R™,
whence so is

0= UDs0) #0)

(which contains only irreducible matrices satisfying (C)). Hence referring to
(3.20) and taking a subsequence of {k}, i>1, if necessary,
H,,—» HeQ, i— o, so that

¢ =¢H/¢H1.
From asymptotic homogeneity, on the other hand
D'=DH/DHI1.

Since H is irreducible, it is readily seen that both ¢ and D’ must be the
unique probability-normed left Perron-Frobenius eigenvector of H, so
D = e > 0,and, further, the sequence {¢;} has a unique limit point D, whence
e,—»D=e O

Corollary. Under the prior conditions of Theorem 3.4, if strong ergodicity with
limit vector v holds, then (3.19) holds with e = v. [Follows from Lemma 3.6.]

Lemma 3.7. Suppose y > 0 and the sequence {x,}, m > 1, x,, > 0 each m, are
probability vectors (i.e. y'1 = x,,1 =1). Then as m —> o

d(x,,, y)—>0s=x, >y (m— ).

PROOF: x;, -y =d(x,,, y')— 0 follows from the explicit form of d(-, -).
Conversely suppose d(x,,, y')— 0. Writing x|, = {x{™}, we have from the
form of d(-, -) that y,x{™/x{y; > 1, m— o ie.

In (y;/x™) + In (x{"/y;) = 0.

Now, since the set of all (1 x n) probability vectors is bounded and closed,
there is a subsequence {m,} of the integers such that x" — z, where z, being
a probability vector, has at least one positive entry, say z;,. Putting i = i,
and m = m, above, it follows that for anyj=1,..., n, x}""‘) — z;, and that
In (y;/z;) = C = const. Thus y; = (exp C)z; and since y' and 7' are both
probability vectors, C =0, and y = z. Hence any limit point of x,, in the
sense of pointwise convergence is y, S0 x,, =y, m — 0. O
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In the following theorem we introduce a new condition, (3.21), which is
related to that of the Corollary to Theorem 3.2 and implies the same geome-
tric convergence result for weak ergodicity.

Theorem 3.5. Assume all H,, k > 1, are irreducible and satisfy condition (©);
and .

(T, ) < B <1 (3.21)

for allr > t (for some t > 1), uniformly inp > 0. Then asymptotic homogeneity
of Hy, k > 1, is necessary and sufficient for strong ergodicity of the 1,,.

ProoF: (Necessity.) Given strong ergodicity and condition (C) asymptotic
homogeneity follows from Lemma 3.6. [Note that neither irreducibility nor
(3:21) are needed for this.] (Sufficiency.) We shall only prove strong ergodi-
city of T, , in the case p = 0 since the argument is invariant under shift of
starting point. Consider the behaviour as r — oo of the probability vectors
v, = v,/v,1 where v, =x'Ty,,, r> 1, for arbitrary fixed x = v5=>0, #0.
From Theorem 3.4, ¢, — ¢ > 0, so, from Lemma 3.7 it follows that there is an
ro(¢) > t such that d(¢], ¢) < & for r > r,(e): consider such an r. Then taking
into account that for a > 0, v, > 0 for any k > ¢ since by (321) T, g+x > 0,
and the properties of d(-, -) [see Exercise 3.1]

A, +i, €) = d(v,4,, €)= d(v, T, ., )
<d@wT, ., ¢T, )+ deT, ., ., T, )+de., T, ¢)
<Bd,, )+ pde, é.y)+de.T,,, )
<Bd@,e)+e+de .. T, )

the B (< 1) arising from (3.21) and the definition of 7,(-). Now focussing on
the term on the extreme right, since ¢, , H,,, = er1p(H py)

A& 1T, €)= dEsy Trsn, ey €)
<dler1Tir,-1,€Thy,-1) +d€Try -1, €4, T, 1e-1)
+d(€ 2T 41,i-1, €)
<2%+d(€2T41,-1, €);
<2(t—1)+d(e:+ T4y, 1, €)
<e¢g2t-1)
since T;4,—1,1 = H,,,. Thus from (3.21) for r > ry(e),

d(0,+,, €) < P d(@,, €) + 2te,
whence

—r ! S » 4 1_ )
d(va+(r+s)t, L’) < ,B d(va+rt: e)+ 2t8(1 _’Z)
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so letting s — o0, r — o0 yields

lim d(v,,,, €)=0  for arbitrary a > 0.

k— 0

From Lemma 3.7

lim o, =¢, especially for a=0, ..., t — L.
k—
Hence
lim o, = e 0O
r—ow

Corollary. If: (i) all Hy, k> 1, are allowable; (ii) (3.21) holds; and (iii)

k—> w0

e, —— e for some sequence of left probability eigenvectors {e;}, k > 0, and
for some limit vector ¢ > (', then strong ergodicity obtains.

The following results, culminating in Theorem 3.7, seek to elucidate the
nature of the crucial assumption (3.21) be demonstrating within Theorems
3.6 and 3.7 situations which in essence imply it.

Theorem 3.6. If each H, , k > 1, is row-allowable and H, — H (elementwise) as
k — oo, where H is primitive, then strong ergodicity obtains, and the limit
vector v' is the probability-normed left Perron-Frobenius eigenvector of H.

ProoF: (Again we only prove ergodicity of T, , in the case p = 0.) L.e_t ko be
such that for k > k,, H, has positive entries in at least the same positions as
H. Let j, > 1 be such that H/° > 0 (recall that H is primitive). Then for
14 = 05] 2.]0

k+ o ;
J
+ko,i > 0, T ; H.

T,

p

Then for r > 2j, + kg, and p > 0
T = Tk Tyt ko, r=jo-ko Tp+r—jo, jo > 0 (3.22)

SInCe Tpyig, r—jo—ko > 05 Tpir—jo, jo > 0 and T, is row-allowable. In view
of property (3.7) of 4() and (3.22)

TB(T;JJ) =< TB(T;J""—J'O,J'O) (323)

for r>2j,+ky. Now 14T, ;) — t5(H®) as k— oo, so for k= oy,
75(Ty, j,) < B < 1, since t5(H°) < 1. Thus for r > 2j, + ko + 2o, =t say,
from (3.23)

5(T,,,)<p<1

uniformly in p > 0. This is condition (3.21).
The proof of sufficiency of Theorem 3.5 is now applicable in the manner
encapsuled in the Corollary to that theorem, since H,, k > t, are certainly
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allowable, once we prove that e, — e > 0, where ¢} is the probability-normed
left Perron-Frobenius eigenvalue of the primitive matrix H (k> ky), and ¢
is that of H. We have that

e = eHy /e H, 1.

Let ¢* be a limit point of {¢,}, so for some subsequence {k;} of the integers
ey, — e*, where e* must be a probability vector (the set of (n x 1) probability
vectors is bounded and closed). Since H = H, we have

(%) = (e*YH/(e*yHI

s0 (e*) is the unique probability-normed left Perron-Frobenius eigenvector,
¢ (> 0') of H. Hence e, — e. [This part has followed the proof of Theorem
3.4.] ' O

We now denote by M; the class of non-negative matrices T such that for
some k (and hence for all larger k), T, has its jth column positive. Clearly
()i=1 M, is the set of all primitive matrices.

We also write 4 ~ B for two non-negative matrices 4 and B if they have
the same incidence matrix, i.e. have zero elements and positive elements in
the same positions, so that the “pattern” is the same.

Lemma' 3.8. If A4 is row-allowable and AB ~ A for a matrix B € M; then A
has its jth column strictly positive.

Proor: Since AB* ~ A for all k > 1, and AB* has its jth column positive for
some k, A has its jth column positive. |
Corollary. If B is positive then A > 0.

Lemma 3.9. If T, , is primitive, p > 0, r > 1, then T, ,>0forr>twheretis
the number of primitive incidence matrices.

Proor: For a fixed p, there are some q, b satisfying 1l <a<b <t + 1, such
that : '

Hp+1Hp+2 Hp+aHp+a-!-1 e Hp+b ~ Hp+1Hp+2 Hp+a
since the number of distinct primitive incidence matrices is ¢. Hence
T;z,aT;w+a,b—a~ T;;,a‘

By the Corol}ary to Lemma 3.8, 1,.>0,50T,,>0,r>t OJ

Theorem 3.7. If T,..,p = 0,7 > 1, is primitive, and condition (C) holds, asymp-

totic homogeneity is necessary and sufficient for strong ergodicity.

! We shall use the full force of this lemma only in Chapter 4.
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Proor: Clearly all H, are primitive, so irreducible; and condition (C) is
satisfied. Moreover for r > t where ¢ has the meaning of Lemma 3.9

t5(Tp.r) < wa(T;,1)

by the property (3.7) of 74(+). From condition (C) {analogously to (3.15),
since, by Lemma 39, T, , > 0}

YIU < T, , < n'™ 1,

Since t5(A) clearly varies continuously with 4 > 0, if A varies over the
compact set y'11' < A < n'~'11’, the sup of t4(A), say B, over such A4 is
obtained for some A* in the set. Thus A* > 0 and = t5(4*) < 1 whence for
allp>0,r>t,

5T, ) < B < 1.

We can now invoke Theorem 3.5 to obtain the conclusion of that theorem.

O

We conclude this section by touching on some results relating to uniform
strong ergodicity.
Lemma 3.10. If all H,, k > 1, are allowable and (3.21) obtains, then
d(v;, w;) < KB, r > 2t

where w, = w, /w1, r > 1, with w, = y'T, ,, r > 1, for arbitrary y = wy > 0,
# 0, and v, as in the proof of Theorem 3.5, with K independent of w, and v,,.

ProOF: Writing r =a + t + st, where a=0, ..., t— 1, s> 1, with a and s
depending on r (> 2t), we have

d('_);, ﬁ’;) = d(ﬁtlz+t7:z+t, st> w;+17;+t, st)
< TB(’I:J+t, st) d(ﬁ:z+ta w:z+t)
by definition of 4(-);
S { H TB(’I—;I+ kt, t)} d('_)a+t5 wa+t)

k=1

by (3.7);
S ﬂs d(ﬁ:z+t9 ﬁ":l+1) = ﬁr/l{ﬁ—(a/t)— 1 d(l_):z+t’ w:z+t)}'

Now {B~“D~ 1 d(v4 Ty, 441, Wo Ty, a+)} for fixed a is evidently well-defined and
continuous in vy, w, (since Ty .., > 0) and these are probability vectors
thus varying over a compact set. The sup is thus attained and finite; and the
final result follows by taking the maximum over a =0, ..., t — 1. O

Theorem 3.8. Suppose </ is any set of primitive matrices satisfying condition
(C). Suppose €(H) is the left probability Perron-Frobenius eigenvector of
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He s Then for x>0, #0, if 5(H) = x/x'1 and 5,(H)= x, H'/xH'l,
d(@(H), ¢(H)) = d(x'H’, ¢(H)) < KB for r > 2t, where t=n? — 2n + 2,
K >0,0 < f'< 1, both independent of H and x.

Proor: For any H € o, H" > 0 for r > t by Theorem 2.9, and, from condi-
tion (C),

Y1V < H' < '~ 111,
Thus for r > ¢, by (3.7)
(H) <1p(H) < < 1

where B is independent of H € o/ being the sup of 75(A) as A varies over the
compact set y'11' < A < n'~ '11 (as in Theorem 3.7). Following Lemma 3.10,
with w, = e(H), we have for r > 2t

d(err, er(H)) < ﬁr/:{ﬂ—(a/t)_l d(lea+t, e’(H))}
and the result follows by taking sup over
{ﬂ—(a/t)—l d(x'H““, e’(H))}

as x" and H vary over their respective compact sets (see the proof of
Theorem 3.4), and. then taking the maximum over a = 0,1,2 ...,t—1.

O

Bibliography and Discussion to §3.3

The development of this section in large measure follows Seneta and Sheri-
dan (1981), and owes much to Golubitsky, Keeler and Rothschild (1975, §3).
Theorem 3.6 {given with a long direct proof as Theorem 3.5 in Seneta
(1973c)}, together with Exercise 3.15, is similar in statement to a peripheral
result given by Joffe and Spitzer (1966, pp. 416-417). Lemmas 3.8 and 3.9
have their origins in the work of Sarymsakov (1953a; summary), Sarymsa-
kov and Mustafin (1957), and Wolfowitz (1963). Theorem 3.8 is akin to a
result of Buchanan and Parlett (1966); see also Seneta (1973c, §3.3).

The results of §§3.2-3.3, with the exception of Theorem 3.8, may be
regarded as attempts to generalize Theorem 1.2 (of Chapter 1) for powers of
a non-negative matrix to inhomogeneous products of non-negative matrices.
A great deal of such theory was first developed, also with the aid of
“coefficients of ergodicity ”, for the special situation where all H « are stoch-
astic, in the context of inhomogeneous Markov chains. We shall take up this’
situation in the next chapter, where, owing to the stochasticity restriction, an
easier development is possible. The presentation of the present chapter has,
however, been considerably influenced by the framework and concepts of
the stochastic situation, and the reader will notice close parallels in the
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development of the theory. Theorem 3.8 touches marginally on the concept
of “ergodic sets”: see Hajnal (1976).

In relation to the demographic setting discussed following §3.2, as already
noted, the property of strong ergodicity for forward products relates to the
situation where the common age structure after a long time k (“ weak ergodi-
city ”) will tend to remain constant as k increases.

EXERCISES ON §3.3

3.12. Show that { Ji-; M; = G,, the class of (n x n) nonnegative matrices whose
index set contains a single essential class of indices, which is aperiodic. [Recall
that M ; is that class of (n x n) non-negative matrices T such that, for some k, T*
has its jth column positive.]

3.13. Show that if T is scrambling [Definition 3.2}, then T € G, [as defined in Exer-
cise 3.12]. Construct an example to show that a T € G, is not necessarily
scrambling.

3.14. By generalizing the proof of sufficiency for (the Corollary of) Theorem 3.5 by
leaving t4(7,,,) in place of B, show that if:
(i) all Hy, k > 1, are allowable and T,,, > 0 for all r > ¢ (for some t > 1);

s—1 s—1
@) Y J] ws(Tpww) <L <
j=1 k=s—j

uniformly for all s > 2 and p > 0; and

k—+ oo

(i) e, —— e for some sequence of left probability eigenvectors {ei}, k > 0,
and for some limit vector ¢ > 0,

then strong ergocicity obtains. (Seneta & Sheridan, 1981)

3.15. Taking note of the technique of Lemma 3.10, show that under the conditions of
the Corollary to Theorem 3.5 (and hence certainly under the conditions of
Theorem 3.5),

d,, €)— 0

uniformly with respect to vo = x>0, #0.

3.4 Birkhoff’s Contraction Coefficient:
Derivation of Explicit Form

In this section we show that if d(x’, y) is the projective distance between
¥ ={x}Ly={>0,ie.

d(x', y') = max In (x,_y,),
i j XiYi
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then for an allowable T = {t, it

 ap LI l0T1)

s(T)= =
T ( ) “;:;;p.‘? d(x’, y/) 1+ [¢(T)]1/2

where

. Lt
#(T)= min 22 fT>0;

i k1 Likla
=0 if T %0,

To this end we first define two auxiliary quantities, max (x, y), min (x, y).
For any

x={xi}ERn’ y={yl}20, #07

X i :
max (—) = max (ﬁ), min (E) = min (X
Y i \V y i\

where (x;/y;) = oo if for some i, x; > 0 and y, = 0; and (xi/y:) = — o0 if for
some i, x; < 0 and y; = 0; (0/0) = 0.
The following results list certain properties of max (-, -),and min (-, -)

necessary for the sequel and serve also to introduce the quantities osc (x/y)
and 6(x, y).

Lemma 3.11.
(1) max [(x + y)/z] < max (x/z) + max (3/2)
min [(x + y)/z] > min (x/z) + min (y/z)
Jorany x,yeR,;z>0, +0.
(ii) max (—x/y) = —min (x/y)
min(—x/y) = —max (x/y)
foranyxeR,;y>0, +0.
()] min (x/y) <max (x/y), xeR,; y>0, +0
. 0<min (x/y) <max (x/y), x>0; p>0; #0.

(iv) If osc (x/y) = max (x/y) — min (x/y), x e R,; y > 0, # 0 [this is well-
defined  since max (x,p)> —c0 and min (x, p) < o], then
© > osc (x/y) > 0, and osc (x/y) =0 if and only if: x = cy for some
c € R, and in the case ¢ # 0, y > 0.

(v) max (ox/1p) = (o/1) max (x/y),
min (ox/ty) = (/) min (x/y)

XeER,;y=0,#0;7>0,6>0.
(vi) max [(x + cy)/y] = max (x/y) +
min [(x + cp)/y] = min (x/y) + ¢
osc [(x + cy)/y] = osc (x/y),
XeER,;y>0, £0;ceR.
(vii) max (x/y) = [min (y/x)]"", xy>0, 0.
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(viii) If x, y, 2> 0, #0, then
max (x/y) < max (x/z) - max (z/y),
min (x/y) > min (x/z) - min (z/y).
(ix) max [x/(x + )] = max (x/y)[L + max (x}p)] < 1,
min [x/(x + y)] = min (x/y)/[1 + min (x/y)] < 1,
x,y=>0, #0.

Proor: Exercise 3.16. '

Lemma 3.12. Let x, y > 0 and define for such x,y
f(x, y) = max (x/y)/min (x/y)

(this is well-defined, since the denominator is finite). Then
(i) O(ax, By) = 0(x, y), o, f>0;
(ii) B(x, y) = 60y, x);
(iii) oo = O(x, y) = 1,and 8(x, y) = Lifand only if x = cy > 0 for some ¢ > 0;
(iv) O(x, 2) < O(x, y)0(y, z7) ifz=>0, 0.

Proor: (i) follows from Lemma 3.11(v). Lemma 3.11(vii) yields 6(x, y) =
max (x/y) max (p/x), = 0(y/x), which gives (ii). (iii) follows from Lemma
3.11(iii). (iv) follows from Lemma 3.11(viii). O

Lemma 3.13. Suppose A is a matrix such that 7 >0=27A4> 0. Assume
xeR,,y>0and 0 < osc (x/y) < . Then for any ¢ > 0,

osc (X' A/y'A) = (osc (x'/y') + 2e)w(z) A, 22 A)
where for w, z >0

max (w/z) - max (z/w)—1
(max (w/z) + 1) - (max (z/w) + 1)’

o(w, z) =

2y = x — (min (x/y) — g}y >0,
z, = (max (x/y) + e)y — x > 0,

so that
2y + 23 = ylosc (x/y) + 2¢).

[N.B. We are adopting, for notational convenience, the convention that for
any x, yeR,, and each f, f (x, y) = f(x', y').]
ProoF:
osc (x'A/y’A) = max (x'A/y'A) — min (x'A/y'A)
= {max ([x'A — (min (x'/y') —¢) - y'A]/y’4) + min (x'/y') — ¢}
— {min ([x'4 — (min (x'/y’) — &) - y'A}y'4) + min (/') - &}
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by Lemma 3.11(vi);
= ((osc (x'/y') + 2¢) - max ([x'4 — (min (*/)—e)-ya
(osg (x'/y') + 2¢) - ' 4) — ((0sc (x'))) :2)3))) vy
- min ([x'4 — (min (x'/y') — &) - y'A]/(osc (x'/y') + 2e)y'A)
by Lemma 3.11(v);
= (osc '(x’/y’) + 2ef{max (z} A/z, A)/(1 + max (z1 A/z5 4))
— min (23 A/z; A)/(1 + min (g} 4/z; A))}
by Lemma 3.11(ix);
= (osc (x'/y') + 2e){max (2, A/z, A)/(1 + 1 A/z5 A
0 max Ay A )
by Lemma 3.11(vii);

= (osc (x'/y') + 2e)o(z} A, 25 A). 0

The purpose of Lemma 3.13 was to establish a relation between osc (x'/y')
and osc (x'4/y’4), which leads to the inequality in Theorem 3.9.

Theorem 3.9. For x + 0 and y > 0, such that 0 < osc (x/»), and A such that
2>0=>74A>0

osc (vAly A)ose (x'[y) < (6V%(4) — 1)/(612(4) + 1)
where 0(A)=sup O(w'A, 7A4), and this sup is over w, 7> 0. [NB. If
8(A) = oo, the right-hand side is to be interpreted as unity.]
PROOF: Since both max (w'4/z'A), max (7 A/w'4) > 0 (and necessarily finite)
oW A, 74) = max (w'A/z'4) - max (7A/w'A) — 1
[max (w'A4/z'A) - max (z'A/w'A)
+ max (2'A/w'A) + max (w4/7'A) + 1]
(from the definition of (-, -))

< max (w'A/z’A) - max (7 A/w'A) — 1
~ [max (w'A/7’4) - max (7 4/w' A)
+ 2{max (z4/w'A) - max (w'A/z A)}'? + 1]

since if a, b > 0, a® + b2 > 2ab > 0, and the numerator is > 0 by Lemma
3.11(jii) and (vii);

e 2 o )
) () o
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by Lemma 3.11(vii) and the definition of (-, *);
= {6'2(w'A/7 A) — 1}/{0Y*(w' A/z' A) + 1}.
Hence by Lemma 3.13, since (¢ — 1)/(« + 1) is increasing with o > 0,
osc (x' Ay A)/(ose (¥/y') + 28) < {6Y3(4) — 1J{0Y/2(4) + 1}
Letting ¢ — 0+ yields the result. O

Since it is seen without difficulty (Exercise 3.17), that for an (n x n) matrix
A, z>0=7A4 >0, if and only if 4 is non-negative and column-allowable,
we henceforth use the usual notation for an (n x n) non-negative matrix,
T = {tU}'

Lemma 3.14. If T > 0, and f; denoted the vector with the ith of its n entries
unity, and the others zero, then, for all k, 1=1, ..., n

sup (x,Tfk) = max (fIin")
w0, 20 \X TS i fiTh
PrROOF: Write x = {x;} = Y ; x; f;. Then

x'Tf
x’Tf,)

= sup ( lxif;Tﬁc/_;xingfl-)'

x>0, #0 \i=

up (

x>0, #0

Assume without loss of generality that

LT TA2 2 TR TR = - =2 FTRIGTh:

Now, if a,b,c,d >0, then a/b>c/d<>a/b> (a+ c)/(b+ d), applying
which to the immediately preceding (from the right) yields for any x > 0,
#0

T
i1, &S

with equality in the case x = f;, which is as asserted. O

Silles, 5 / % 1T
1

i=

Corollary. If' T > 0,

XThHY _(fiTh
e (m,) - (f:Tf,)‘

Theorem 3.10. For the possible cases of column-allowable T:
(T) = max (M) if T>0,

ikt \akjk

= o0 if T # 0, T allowable;
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and if T is column-allowable but not row-allowable,
0(T) = o

if and only if there is a row containing both zero and positive elements.!
Proor: Suppose T >0, w, z > 0. Then
w’Tfk/w’Tf, _ wTf, - 7 Tf,
TS | ZTf, wWTf- 7Tk

< max ffTﬁ‘ - max f,ij’
i SiTh 0 fiTh

by the Corollary to Lemma 3.14;
t. t
= max (i‘) - max (J)
i\l i Mk
= max (tik tﬂ)
L \lulj
max (——t"‘ tﬂ)
i, j, k1 til tjk

tiolo tj'oko

IA

for some iy, jo, kg, I,
Hence

o)< sup TETAIET _ (fun)
w, z>0 Min, (WTf/Z Tf) Liolo Ljoko
On the other hand

2T 2T
TTh, | 2Tf,
where w = {w;} > 0 with w;; = (1 = §), 6 >0, w1 =1 and 7 = {z} > 0 with
iﬂo t= (1-0),6>0,z1=1; and letting § » 0+ yields the required result
a
G(T) = (tioko tjolo/tiolo tjoko)'

If T has a row containing both positive and zero elements then for some Js
tix=0, t;; >0 for some k, h. Choose w = {w;} >0 so that w; = (1 =),
>0, wl=1,and z=1. Then ’

. (wT o Z t.
0< - Z ot ik
< min (Z'T) < Zi 0 <d

! What happens when this fails is treated at the conclusion of the proof.
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and

max (ﬂ) — max (Z; witis) > (1 = 3)ty,
7T Zi Lis Zi Lin
s0 (w'T, 7 T) > (1 — &)t;,/, and the result follows by letting 6-0+.
The only case remaining is where all rows are either zero or strictly
positive, and there is at least one of each. Then call the m x n matrix
(1 < m < n) formed from T by deleting the zero rows 4 = {a;;}. By a preced-
ing sequence of arguments

S

6(T) = max (g”‘—aﬂ). a

ij. k1 \GiQjk

Theorem 3.11. If T is column-allowable
sup osc (¥ T/y TYosc (¢/y') = (03(T) — L/(O¥(T) + 1)

where the sup is over x > 0,y > 0 such that x # cy. (Interpret the right hand
side as 1if 0(T) = ©.)

ProoF: Since osc (x/y) =0 if and only if x = cy (Lemma 3.11), we have
osc (x/y) > 0 and are within the framework of Theorem 3.9. If6(T) = 1, from
Theorem 3.10 all rows of T are non-negative multiples of a single positive
row, and so osc (x'T/y'T) = 0 for all x, y > 0 (Lemma 3.12) and the proposi-
tion is established for this case. If §(T) = oo, by Theorem 3.10 T has a row,
say the jth, containing both positive and zero elements, and by Theorem 3.9

osc (x'T/y'T)josc (x'/y) < 1

x,y > 0, w # cz. Suppose t; = 0 and ¢, > 0. Choose y = Af;+1,4>0,and

x=1-f.
Then osc (x'/y’) = 1, while

osc (X' T/y'T) = (XITfk) - (xl—Tf—h)

YTfi Y'Tf

=’( Do bk )_( Yt L )

(Atjk + Zs tsk) (;l‘tjh + Zs tsh)

and, since

ZtSkzz tsk>09

sFJ s

_1_ ([ Ysti Lo )

(1+ Aty + Ysrj tsal

and letting A — oo yields the result. In this argument x # 0, but an approxi-
mating argument (use x = 1 — (1 — 8)f;) will yield the result required.

We now turn to the remaining case 1 < 8(T) < oo, and suppose first (see
Theorem 3.10) that T > 0. Choose ¢ >0 small enough so that 61%(T) %

.
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(1—¢)>1. From Theorem 3.10 i

) ’ , : 10, putting S = max; (f:Tf,/f; T, d
I —hmlnj (f; TS/ Tf,), it follows that 0(T) = max, ,; /I, so :I{e{rle ej):li)stalzl l
such that S/I > 6(T)(1 — ¢)?, and we henceforth consider k and / fixed at
these values. We can now find a 6 > 0 such that

(S =) +6)>0(T)(1 —¢)* > 1.
Let
M ={f: (fiTAITH) >S5}  (+¢)
m={f;: (fiTRU TR <I+8}  (+¢).
Clearly M nm=¢, since (S—6)/(I+6)>1. Put F= Ut £

N=F-mandN=F—-m—-M=N — M- :
then m—M=N-M;andif B< Fand x = {x} >0,

xB = Z xiﬁ .
fieB
Take, along the lines of the preceding argument
y='{1m+1M+’71N
x=py=1y+nly

w A . T] 110

osc (X' T/y'T) 2 (X Tf /v Th) — (x'Tf, [y Tf)
= ONIAY'T ) — N TRV TS)

from the choice of x.
Now

W TSV T) = (G T/, TR < 1 + 6,
O TR/ Th) = W TH/V Tf) > S — 6

since e.g. if a/b, ¢c/d > a for a, b, c, d
since N=M U N, M N=’¢C’ , & >0, then (a + c)/(b + d) > a. Hence,

N TN TH) = [0 Th + yy TR T, + yi TF)]

= [V Tf + 0l TAY (W TS + 15 T
>85-6

if n is chosen sufficient] '
, ( St y small,- and then fixed. Thus if
t=Ym TH/Yn Th, t = ¥, Tfi/yx Tf:, then e

Yi > (S - )1 +9)
> 0(T)(1 — &)2.
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Now, since F=N u mand N n m=¢,and N2 M # ¢, m# ¢,
ONTAY T — O TAIY TS)
= D TASON Th + Vu TH)] = DN TA/ON T + Y TH)
=(1+0) =1+t
>(14+0)" =1+ H(T)(1L—e)]!
in view of the inequality for t/t;

_ [6(T)(1 —¢)* — 1]
T+ (T - )]

after simplification.
Further,

t= Y Tfk/(y%l Tfk) = Yom Tfk/(y’M Tf + y& Tfk)
=1, Tfi/Wu Tf, + 115 TA)

so, (7 now being fixed) A >0 can still be chosen so that t={0Y*(T)x
(1 —¢)}7%, and then fixed. From the above, for these choices of 4, 7,

osc (X' T/y'T) > WNIAY T fi) — ONTAY TH)
>A-pE+ )= -1/ +1)
VAT —&)— 1
TOVT)1—e)+ 1

If we now replace x by x + y on the left and use Lemma 3.11(vi), we see
that

JprA(T)(1—e)— 1
|0Y2(T)(1 — &) + 1

sup osc(x'T/y'T)>
x, y>0
x¥*cy

and letting ¢ — 0+, together with Theorem 3.9 yields the final result.

The remaining case for the theorem in that where T has only strictly
positive and strictly zero rows, and at least one of each. This is tantamount
to treating a rectangular matrix 4 > 0 as in Theorem 3.10, and is analogous
to the treatment for T > 0. ~ Ol

The following result finally yields the explicit form for t4(T).

Theorem 3.12. If T is column-allowable,

def dx'T,yT) |1 - PY3(T)
)= N0 i, yy T+ 7(T)

xXF Ay

where ¢(T) = 0~ (T), 6(T) having the value specified by Theorem 3.10.
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Proor: For any ¢ > 0, since x # Ay, x + ¢y # Ay, so
dl(x + cy) T, y T)/d[(x + cpY, y'] < 5(T).
Since the numerator of the left-hand side is
n (mellx [(x+ cy)’T/y’T]) —ln (max *TWY'T)+c
min [(x + cy) T/y'T]) min (x'T/y'T) + c)
by Lemma 3.11(vi);

=1In[1+c™ ! max (xT/y'T)]
—In [1+4 ¢ ' min (X'T/y'T)],
and similarly for the denominator, it follows by letting ¢ — oo that
osc (x'T/y'T) — lim dl(x +cy)T, yT)
osc (¥, y)  iae  dl(x + cy), y]
Next, we note from Theorem 3.9 that
{max (x'T/y'T) — min (x'T/y'T)} < o(T){max (x'/y’) — min (x'/y')}

where we have put, for convenience, ¢(T) = [1 12( 1
. ? N = — 1+ /2
that is [by Lemma 3.11(vii)] 1= @ XD+ ¢"H(T)]

max (y'T/x'T) — min (y'T/x'T) max (y'/x') — min (y/'/x')
max (y'T/x' T)min (y T/x'T) = U(T){ max (y'/x’) min (y'/x’) }
Replacing y by ky + x, k > 0, and using Lemma 3.11(vi) and (v)
max (y'T/x'T) — min (y'T/x'T)
[1 + k max (' T/x'T)|[1 + k min (y' T/x'T)]
< a(T): max (y'/x') — min (y'/x')
[1 + k max (y'/x')][1 + k min (y'/x')]]’
Integrating both sides in the interval (0, ¢), ¢ > 0, over k, we obtain
In [1+ ¢ max (y’T/x'T)] — In [(1 + ¢ min (' T/x'T)]
< o(T){In [1 + ¢ max (y'/x')] — In [1 + ¢ min (y'/x')]}

< t5(T), (3.24)

B

ie.
In {[1 + ¢ max (y’T/x' T)}/[1 + ¢ min (y' T/x'T)]}
In {[1 + ¢ max (y'/x')]/[1 + ¢ min (y//x')]} =a(T)
and vletting ¢ — oo yields for x, y > 0, x # Ay, that
dy'T, X T)/d(y, x') < o(T)

so that

75(T) < o(T).
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But, from (3.24) and Theorem 3.9
o(T) < 74(T)

so the required follows. O

To conclude this section we consider the important case where T = 1.”
where P is stochastic (so 1'T = 1’ and T is certainly colurpn allgwable)..l")l"lbls
relates directly to the spectrum localization results mentioned in the Bi Jo—
graphy and Discussion §2.5 in relating 14(T) and 7,(T) for a non-negative
irreducible T, and, not surprisingly, relates to Theorem 3.1.

Theorem 3.13. If P = {p,;} is a stochastic matrix, then 75(P") z'rl(P) where
1,(P) =% max; ; Y-y |pis — pss|. In particular, if P is stochastic and allow-
able, then

24(P) > 7,(P).
Proor. For x, y > 0, x # Ay, by Theorem 3.9 and Theorem 3.12,

5(P") = osc (x'P'[y'P')/osc (x']y)

and in particular if y = 1, for x > 0, x # i1
osc (Px/1) (max (Px/1) — min (Px/l))
osc (x/1) | max (x/1) — min (x/1)
Now, Theorem 3.1 states that certainly the .right—hand side is always
< 7,(P). We need to tighten this result by proving
osc (Px/1)

o8 Tosc (¥/1)
x¥ Al

We shall suppose 7,(P) > 0; otherwise the theorem is already established.
Suppose ig, jo are such that

t5(P') >

o (P) = (3.25)

z ‘pios _pj05|
s=1

N =

7,(P) =
= Z (pios - pjos)
seS
where S = {5; Pis — Pjos > 0} # ¢ and is a proper subset of {1, 2, ..., n}. Let
x = 1g; then
TI(P) =f’loPIS '—‘fIJOPIS

osc (P15/P1)
osc (15/1)

osc {P[61 + (1 — 8)i5}/P1}
= Tosc {[81 + (1 — d)1s)1}
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since P1 =1, by Lemma 3.11(v) and (vi), noting that for small § > 0,
x(0) = 61 + (1 ~ &)15 > 0, x(5) # A1. Thus (3.25) is established.

The remaining portion of the theorem follows from the fact that for
allowable P, t5(P) = 15(P') (Exercise 3.3). O

Bibliography and Discussion to §3.4

The development of this section follows Bauer (1965) up to and including
Theorem 3.9. The proof of Theorem 3.11 is essentially due to Hopf (1963).
The arguments leading to the two inequalities which comprise the proof of
Theorem 3.12 are respectively due to Ostrowski (1964) and Bushell (1973).
Theorem 3.13, as already noted in the Bibliography and Discussion to §2.5,1s8
due to Bauer, Deutsch and Stoer (1969). The evaluation of 7,(T) was first
carried out in a more abstract setting by Birkhoff (1957) [see also Birkhoff
(1967)], whose proof relies heavily on projective geometry. The paper of
Hopf (1963) was apparently written without knowledge of Birkhoff’s earlier
work. The section as a whole is based on the synthesis of Sheridan (1979,
Chapter 2) of the various approaches from the various settings, carried out
by her for the case when T is allowable.

EXERCISES ON §3.4

3.16. Prove Lemma 3.11.

3.17. Suppose A4 is an (n x n) real matrix. Show that
() 720, #0=74>0, +0 if and only if 4 is non-negative and
row-allowable;
(ii) 2 > 0'=2'4 > 0’ if and only if 4 is non-negative and column-allowable.

3.18. In view of Lemmas 3.11 and 3.12, and Exercise 3.17(i), attempt to develop the
subsequent theory for row-allowable T, taking, for example, “sup” directly
over x,y >0, #0 etc.

3.19. Suppose A = {a;} >0 is (m x n) and column-allowable. Define 6(A) as in
Theorem 3.9. Evaluate §(A) as in Theorem 3.10, and investigate in general how

far the theory of this section and §§3.1-3.2 can be developed for such rectangu-
lar A.



CHAPTER 4

Markov Chains and Finite
Stochastic Matrices

Certain aspects of the theory of non-negative matrices are particularly im-
portant in connection with that class of simple stochastic processes known
as Markov chains. The theory of finite Markov chains in part provides a
useful illustration of the more widely applicable theory developed hitherto;
and some of the theory of countable Markov chains, once developed, can be
used as a starting point, as regards ideas, towards an analytical theory of
infinite non-negative matrices (as we shall eventually do) which can then be
developed without reference to probability notions.

In this chapter, after the introductory concepts, we shall confine ourselves
to finite Markov chains, which is virtually tantamount to a study from a
certain viewpoint of finite stochastic matrices. We have encountered the
notion of a stochastic matrix, central in the subject-matter of this book, as
early as §2.5. A number of the ideas on inhomogeneous products of finite
non-negative matrices developed in Chapter 3 will also play a prominent
role in the context of stochastic matrices. In the next chapter we shall pass to
the study of countable Markov chains, which is thus tantamount to a study
of stochastic matrices with countable index set, which of course will subsume
the finite index set case. Thus this chapter in effect concludes an examination
of finite non-negative matrices, and the next initiates our study of the count-
able case.

We are aware that the general reader may not be acquainted with the
simple probabilistic concepts used to initiate the notions of these two chap-
ters. Nevertheless, since much of the content of this chapter and the next is
merely a study of the behaviour of stochastic matrices, we would encourage
him to persist if he is interested in this last, skipping the probabilistic pas-
sages. Chapters 5 and 6 are almost free of probabilistic notions.

Nevertheless, Chapters 4 to 6 are largely intended as an analytical/matrix
treatment of the theory of Markov chains, in accordance with the title of this
book.
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4.1 Markov Chains

Informally, Ma.rkov chains (MCs) serve as theoretical models for describing
a “system ? whlch can be in various “states ”, the fixed set of possible states
being countable (i.e. finite, or denumerably infinite). The system “ jumps ” at

unit tirpe intervals from one state to another, and the probabilistic law
according to which jumps occur is

“If the system is in the ith state at time k — 1, the next jump will take it to
the jth state with probability pii(k).”

The set of transition probabilities p, j(k) is prescribed for all i, j, k and deter-

mines the probabilistic behavior of the system, once it is known how it starts
off “at time 0,

A more formal description is as follows. We are given a countable set
& = {sy, 55, ***} or, sometimes, more conveniently {so, sy, s, ...} which is
known as the state space, and a sequence of random variables {Xhk=0,1,
2, ... taking values in %, and having the following probability property: if x;,
X1, --+» Xk41 are elements of &, then

P(Xyiy = xk+1|Xk =X Xpm1 = Xpm gy o0y X = Xo)
= P(Xk+1 = xk+1|Xk = xk)

if P(Xk=xk,...,X0=xO)>O
(if P(B) =0, P(A|B) is undefined).

This property which expresses, roughly, that future probabilistic evolu-

tion of the process is determined once the immediate past is known, is the

Markov property, and the stochastic process {X} possessing it is called a
Markov chain.

Moreover, we call the probability
P(Xyry =8| X = 5;)
the transition probability from state §; to state s;, and write it succinctly as
pu(k-i-l),sl,s]ey, k=0,1,2,...
Now consider

PXo=s;,X, =5 e Xe=1s8,)

10 112
Either this is positive, in which case, by repeated use of the Markov property
and conditional probabilities it is in fact
P[Xk = Sik,Xk—l = sik—l] T P[Xl = SillXO = Sio]P[XO = Sio]

= Diy_,, ik(k)pik—z, ik—l(k - 1) "7 P, il(l)nio

where ITy, = P[X, = s, ]
or it is zero, in which case for some 0 < r < k (and we take such minimal r)

PX,=s;,,X, =S5 X, =5]1=0.

i0? 112
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Considering the cases r =0 and r > 0 separately, we see (repeating the
above argument), that it is nevertheless true that

PlXo=580 X1 =5,,..., Xy = Si] =HioPio,i1(1) Pik-l,ik(k)

10
since the product of the first r + 1 elements on the right is zero. Thus we see

that the probability structure of any finite sequence of outcomes is com-
pletely defined by a knowledge of the non-negative quantities

pij(k); s, 8;€ L, i sie &,

i» V)

The set {IT;} of probabilities is called the initial probability distribution of the
chain. We consider these quantities as specified, and denote the row vector
of the initial distribution by ITj.

Now, for fixed k = 1, 2, ... the matrix

Pk = {pll(k)}’ Si! Sj € y
is called the transition matrix of the MC at time k. It is clearly a square

matrix with non-negative elements, and will be doubly infinite if & 1s

denumerably infinite.
Moreover, its row sums (understood in the limiting sense in the

denumerably infinite case) are unity, for
Z pii(k) = Z P[X, = lek—l =5
j jes

je&
= P[XkE lek—l = Sl]
by the addition of probabilities of disjoint sets;
=1.

Thus the matrix P, is stochastic.

Definition 4.1. If P, = P, = --- = P, = --- the Markov chain is said to have
stationary transition probabilities or is said to be homogeneous. Otherwise it
is non-homogeneous (or: inhomogeneous).

In the homogeneous case we shall refer to the common transition matrix
as the transition matrix, and denote it by P.

Let us denote by IT, the row vector of the probability distribution of X ;
then it is easily seen from the expression for a single finite sequence of
outcomes in terms of transition and initial probabilities that

L =T,P, - P,
by summing (possibly in the limiting sense) over all sample paths for any
fixed state at time k. In keeping with the notation of Chapter 3, we might
now adopt the notation

T,

p,r=Pp+1Pp+2 Pp+r
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and write
4
= Il To, k-

[We digress. for a moment to stress that, even in the case of infinite
transition matrices, the above products are well defined by the natural exten-

Tl(:n of the rule of matrix multiplication, and are themselves stochastic. For :
] . :

P, = {Pij(“)_} and Py = {Pij(ﬂ)}

be two infinite stochastic matrices defined on the index set {1, 2,...}. Define

their product P, P, as the matrix with i, . I
« g atrix with i, j entry given b .
number: J y given by the (non-negative)

kZIPik(o‘)ij(B)-
This sum converges, since the summands are non-negative, and
kzlpik(a)pkj(ﬁ) < Ypale) <1
= k=1

since probabilities always take on values between 0 and 1. Further the ith
row sum of the new matrix is

@ w

j;l kglpik(“)ij(ﬁ) = kglpik(a)( 2 ij(ﬂ))

= kglpik(a) =1

py §tochasticity of both P, and P;. (The interchange of summations is
Justlﬁ_ed by the non-negativity of the summands.)]
It is also easily seen that for k > p

=1L, T, ..

We are now in a position to see why the theory of homogeneous chains is
substantially simpler than that of non-homogeneous ones: for then

T, .= P*

so we have only to deal with powers of the common transition matrix P, and
fl._lrther, ‘the probabilistic evolution is homogeneous in reference to any il,n'tial
time point p.

'I n the remaining section of this chapter we assume that we are dealing with
finite (n x n) matrices as before, so that the index set is {1,2,..., n} as before
(or perhaps, more conveniently, {0, 1, ..., n — 1}) B
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Examples

(1) Bernoulli scheme. Consider a sequence of independent trials in each of
which a certain event has fixed probability, p, of occurring (this outcome
being called a “success ”) and therefore a probabilityg=1—p of not occur-
ring (this outcome being called a “failure ™). We can in the usual way equate
success with the number 1 and failure with the number 0; then ¥ =10, 1},
and the transition matrix at any time k is

a3

so that we have here a homogeneous 2-state Markov chain. Notice that here
the rows of the transition matrix are identical, which must in fact be so for
any “Markov chain” where the random variables {X,} are independent.

(2) Random walk between two barriers. A particle may be at any of the points
0,1,2,3,...,s (s> 1)on the x-axis. If it reaches point 0 it remains there with
probability a and is reflected with probability 1 — a to state 1; if it reaches
point s it remains there with probability b and is reflected to point s — 1 with
probability 1 — b. If at any instant the particle is at position i, 1 < i<s—1,
then at the next time instant it will be at position i + 1 with probability p, or
at i — 1 with probability g =1 —p.

It is again easy to see that we have here a homogeneous Markov chain on

the finite state set & = {0, 1, 2, ..., s} with transition matrix
[a 1—a 0 O 00 O 01
q O p O 00 0 O
p= 0 ¢ 0 p 00 O 0 : ptg=1 0<p<l
O 0 00 - 0gq O p
[0 0 00 -+ 00 1-b b]

If a =0, 0 is a reflecting barrier, if a = 1 it is an absorbing barrier, other-
wise ie. if 0 < a < 1 it is an elastic barrier; and similarly for state s.

(3) Random walk unrestricted to the right. The situation is as above, except
that there is no barrier ” on the right, ie.¥ =1{0,1,23,.. Jis denumerably
infinite, and so is the transition matrix P. .

(4) Recurrent event. Consider a « recurrent event ”, described as follows. A
system has a variable lifetime, whose length (measured in discrete units) has
probability distribution {fhi=1L12.... When the system reaches age i > 1,
it either continues to age, or “dies” and starts afresh from age 0. The
movement of the system if its age is i — 1 units, i > 2 is thus to i, with
(conditional) probability Qa=fi—- Yy —fi— = fi- ,) or to age 0,
with probability f;/(1 —fi = —Jfi- L) At age i =0, it either reaches age 1
with probability 1 — f;, or dies with probability f;.

4.1 Markov Chains 1
17

We have here a homogeneous Markov chain on the state set & = {0, 1,2

...} describing the movement of th
: e age of the system. The transiti i
is then the denumerably infinite one: ’ ransition mattx

( f 1-f 0 0 0 -7
f2 1_ 1~ J2
-5 1f—f1f 0 0
fi 1~ fi—f,
—fi—f ° 0 1—f1f—f2f3 0

It is customary to specif |
s y only that Y2, fi<1 i
possibility of an infinite lifetime. Z i L thus allowing for the

fe)t Zo_'l_yz l_]r}l:[ sizeme. Imagine we have a white and b black balls in an urn.

. 1 = N. We draw a ball. at random and before drawing the next ball
€ Ifep ace the one drawn, adding also s balls of the same colour

" et us say thati after r drawi.ngs the system is in state i, i = 0, 1 2 ...ifiis

the number of whl.te balls obtained in the r drawings. Suppose vs;e ;lre,: in state

3 (< r) after drawing number r. Thus » — i black balls have been drawn to
ate, and the number of white balls in the urn is a + is, and the number of

black is b + (r — i)s. Then at th )
. . : e next dr
i + 1 with probability awing we have movement to state

’ a+is
piiva(r+1)=
ralr+1) N +rs
and to state i with probability
b+ (r—i)s
i ir + 1 =" = -
p:, i ) N +rs 1= piiea(r + 1)

Thus we have here a non-hom i
- . -homogeneous Markov chain (if s > 0) wi
sition matrix Py at “time” k =r + 1 > 1 specified by ( Jwith tran-

(k) = a+is .
ZC A e N ALES

_b+k—1-1i)s o
N+k-1s > 7°

= otherwise,

where & ={0, 1, 2, .. }.

N.B. This example is given here because it is a good illustration of a

non- - .
; }:)enalil(;rilzz)gf:;afo:sb (;}lllam ,fthelnon-lhli)mogenelty clearly occurring because of
s of colour like the one drawn at each sta.
¢. Never-
theless, the reader should be careful to note that this example dies not fit
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into the framework in which we have chosen to work in this chapter, since
the matrix P, is really rectangular, viz. k x (k + 1) in this case, a situation
which can occur with non-homogeneous chains, but which we omit from
further theoretical consideration. Extension in both directions to make each
P, doubly infinite corresponding to the index set {0, 1, 2, ...} is not neces-
sarily a good idea, since matrix dimensions are equalized at the cost of zero
rows (beyond the (k — 1)th) thus destroying stochasticity.

4.2 Finite Homogeneous Markov Chains

Within this section we are in the framework of the bulk of the matrix theory
developed hitherto.

It is customary in Markov chain theory to classify states and chains of
various kinds. In this respect we shall remain totally consistent with the
classification of Chapter 1.

Thus a chain will be said to be irreducible, and, further, primitive or cyclic
(imprimitive) according to whether its transition matrix P is of this sort.
Further, states of the set

F = {sh 825 cuey Sn}

(or {So, 51, - -+ Sy—1}) Will be said to be periodic, essential and inessential, to
lead one to another, to communicate, to form essential and inessential classes
etc. according to the properties of the corresponding indices of the index set
{1, 2, ..., n} of the transition matrix.

In fact, as has been mentioned earlier, this terminology was introduced in
Chapter 1 in accordance with Markov chain terminology. The reader
examining the terminology in the present framework should now see the
logic behind it.

Irreducible MCs

Suppose we consider an irreducible MC {X,} with (irreducible) transition
matrix P. Then putting as usual 1 for the vector with unity in each position,

P1=1

by stochasticity of P; so that 1 is an eigenvalue and 1 a corresponding
eigenvector. Now, since all row sums of P are equal and the Perron-
Frobenius eigenvalue lies ‘between the largest and the smallest, 1 is the
Perron-Frobenius eigenvalue of P, and 1 may be taken as the corresponding
right Perron-Frobenius eigenvector. Let v, normed so that v'1 = 1, be the
corresponding positive left eigenvector. Then we have that

le — v/, (41)

where v is the column vector of a probability distribution.
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?eﬁnition 4.2. Any initial probability distribution I, is said to be stationary,
1 H

M, =1, k=1,2

5 ensy

n

Theorem 4.1. An irreducible MC has a uni

' que stationary distribution gi
the solution v of YP = v', v'l = 1. ¢ tongivenby

PRrOOF. Since

w1=ILP, k=012, ...

it is easy to see by (4.1) that such v is a stati istributi
_ : . onary distribution. Conversely, i
I1, is a stationary distribution w

o=ILP, T>0, Mmy1=1

so that by uniqueness of the left Perron-Frobenius eigenvector of P, I, = »

O

Theorem 4.2. ] imiti
1he m (Ergodic Theorem for primitive M Cs). As k — oo, for a primitive

P" - 1v

elementwise where v is the unique Stationary distribution of the MC; and the
rate of approach to the limit is geometric. ,

PRrOOF. In view of Theorem 4.1, and preceding remarks, this is just a restate-
ment of Theorem 1.2 of Chapter 1 in the present more restricted framework.

d

This theorem is extremely im i i

This portant in MC theory for it says that for a
p?mtl.ve. MC at least, the probability distribution of X o viz. g P > v
which is mdependent. of Iy, and the rate of approach is very fast. Thus, after,
a relatively short. time, past history becomes irrelevant, and the chain
approaches a stationary regime.!

We see, in view of the Perron-Frobenius i

, in vie theory that the analytical
tha\tv probabilistic) reasons for this are (i) r = 1, (if) w = 1 ’ (ather
¢ leave here the theory of irreducible c},lains ic
. . , which can be furt

developed without difficulty via the results of Chapter 1. urther

! See also Theorem 4.7 and its following notes.
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Reducible Chains with Some Inessential States

We know from Lemma 1.1 of Chapter 1 that there is always at legf)tn ;)Cr:;
e . : I
essential class associated with a finite M(;l Letbusa::::is:gufePP ;:Sglc caneniee
i hat Q is the subm :
as in Chapter 1, §1.2, and i pled Wi
t;(:arlnmsitions bet\f/)een the inessential states. We recall also that in P

Q" in the position of @ in P.

Theorem 4.3. Q¥ — 0 elementwise as k — o, geometrically fast.

£. [We could here invoke the classical result of Oldenburger (19}:2)\1)6,
hower have tried to avoid this result in the present te).(t, since we 1
e whore ed it. and so we shall prove Theorem 4.3 directly. In af(tiua
Iflaoc?h"l?lrlf:oprgcr)r\l] 43 c’an be used to some extent to replace the need of Olden-

i -negative matrices.}
’s result for reducible non-negative _ e,
burllkgirysinessential state leads to an essential state.! Let the totality of

. . e by I,
tial indices of the chain be denoted by E, and of the inessential matrices by
We have then that

1— Y pl=2rp>0

jel jeE
for some k, for any fixed i € I, so that

K
Yo <1
jel
Now Y, p¥ is non-increasing with k, for

Yokt = 3 Yy

jel jelrel

< Y

rel

Hence for k > k(i) and some k(i)
¥ o <6(i) < 1
jel
. _ q
and since the number of indices in I is ﬁmtjc, we can say that for k > kg, an
0 < 1, where ko and 0 are independent of i,

Y <0<l alliel

jel
k)
e = 3 o9 Sl
Therefore jglp, J PILEDN
k)
<03 plr
rel

1 See Exercise 4.11.
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for fixed k > k,, and each m > 0 and i e I. Hence

DRI QY pm < gm0 g m o oo,
jel rel

Hence a subsequence of

2P
jel
approaches zero; but since this quantity is itself positive and monotone

non-increasing with m, it has a limit also, and must have the same limit as
the subsequence.

Hence le >0 as k — o,

and hence 0% - 0. -

Now, if the process {X\} passes to an essential state, it will stay forever
after in the essential class which contains it. Thus the process cannot ever
return to or pass the set I from the essential states, E. Hence if (1) is that
subvector of the initial distribution vector which corresponds to the i
tial states we have from the above theorem that

P[X, < I] = ITy(1)0"1
-0

as k — oo, which can be seen to imply, in view of the above discussion, that
the process {X,} leaves the set I of states in a finite time with probability 1,
Le. the process is eventually “ absorbed ”, with probability 1, into the set E of
essential states.

Denote now by E, a specific essential class, (U » E, = E), and let x;, be
the probability that the process is eventually absorbed into E,, so that

inpz 1’
P

having started at state i € I. Let x{}) be the probability of absorption after
precisely one step, i.e.

nessen-

1 .
x:(p)= Z Dij» iel,

JeEp

and let x, and x{" denote the column vectors of these quantities over ie .
Theorem 4.4.

x,=[I— Q]_lewl)
PROOF. First of all we note that since Q-0 as k— oo by Theorem 4.3

[[—QI"" exists by Lemma B. of Appendix B (and = yg., 0k
elementwise).
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Now let x{¥ be the probability of absorption by time kinto E, fromi e I.

Then the elementary theorems of probability, plus the Markov property
enable us to write

x@ =x) + Y ppxis M (Backward Equation),
rel
x@ = x4 Y Pl Uxh (Forward Equation).
rel

The Forward Equation tells us that

(12 ) > s

so that limg_, . x‘i’;,) exists, and it is plausible to interpret this (and it can be
rigorously justified) as x;, .
If we now take limits in the Backward Equation as k — oo

_ 1
Xip = x%p) + Zpi’x"l”

rel

an equation whose validity is intuitively plausible. Rewriting this in matrix
terms,

x, =30 +0x,,  ([-Q)x,=x
from which the statement of the theorem follows. O
The matrix [I — Q]! plays a vital role in the theory of finite absorbing
chains (as does its counterpart in the theory of transient infinite chains to be
considered in the next chapter) and it is sometimes called the fundamental
matrix of absorbing chains. We give one more instance of its use.

Let Z;; be the number of visits to state j € I starting from i € I. (Z; > 1).
Then

Z,-=Zzij, iel

jel
is the time to absorption of the chain starting from i € I. Let m;; = &(Z)
and m, = &(Z;) be the expected values of Z; and Z; respectively, and
M = {m} ;1. and m= {m}.
Theorem 4.5.
M=(1-0)"
m=M1=(I-Q) 'L

Proor. Recall that Q° = I by definition. Let Y{) =1 if X, =, Yﬁ’l‘) =0 if
X, #j, the process {X,} having started at i e I. Then

s(Y®)=pf - 1+(1-pf) 0
=pf, k=0
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Moreover

M8

7z =

k
ij ngj)

k

0

the sum on the right being effectivel

_ . y finite for an izati
since absorption occurs in finite ti Ty ohtion of the Process

me. By positivity
mi; = 6(Z;;) = kzoé’(ygg)) =Y PP,
= k=0

I,jel. Thus

o
M= Y 0% clementwise

=(-Q)"' (LemmaB.1 of Appendix B)

and since
Z.=Y2Z.
| ' j; Y
it follows that m; = E m
:
jel Y

Fi . . .
inally, in connection with the fundamental matrix, the reader may wish

to note that, in spite of the i
: , elegant matrix form i
may still be easier to solve the corres o oo 4 and 4.5, i

till be onding li i i
quantities in actual problems. Theselz) are B lincar equations for the desred

= (D) ;
Xip =X+ Y puX,,, iel. (Theorem 4.4)

rel

m=1+ Yp,m, iecl (Theorem 4.5)

rel

and we shall do so in the following example.

EXAMPLE: (Random walk between tw

there are two essential
' classes E,, E, consistin
' 1 : , g of one state e
ing barriers). The inessential states are I — {L2,...,s—1} alfh e absore
§ > 1, and the matrix Q is given by B e e assame

o absorbing barriers). (See §4.1). Here

with x{) = 6,; ¢, x( = ie i
o 19, Xis’ =0; _1p, i€l d, ; being the Kronecker delta.

(a) Probability of eventual absorption into E,. We have that

.= x(D i
Xis = Xi30 + Y pi X, i=1,2..s5—1,

rel
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ie. Xis = - DXagg

X2s = qX1s + DX3s

xs—2,5= qxs—3,s+pxs—1,s

xs—l,s'__p +qxs-2-s'

Write for convenience x; = x;;. Then if we define x, =0, x; = 1, the above
equations can be written in unified form as

xi=qxi—1+pxi+l’ i=1:29‘-',s—1
Xxo =0, x,=1

and it is now a matter of solving this difference equation under the stated

boundary assumptions.
The general solution is of the form

x;= Az + Bzy  ifz; ¥z,
= (A + Bi) ifz,=z,=z2
where z, and z, are the solutions of the characteristic equation
pz2—z+4g=0

viz., z, = 1, 2, = g/p bearing in mind that 1 — 4pg = (p — g)*.
Hence:

(i) if g # p, we get, using boundary conditions to fix 4 and B:
x={1— (a1 —(a/p)},  iel
(i) ifg=p=1%
x; = ifs, iel
(b) Mean time to absorption. We have that
m=1+ Yp,m, iel

rel
ie. my =1 + pm;

m, =1+ gqm, + pmy

Mgy = 1 -+ qms_ ;.
Hence we can write in general
mi=1+qmi_1+pmi+1, i=1,2,...,S—1

mn=0, ms=0'
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We have here to deal with an inhomogeneous difference equation, the hom-
ogeneous part of which is as before, so that the general solution to it is as

before plus a particular solution to the inhomogeneous equation. It can be
checked that

(i) 9 # p; i/(g — p) is a particular solution, and that taking into account
boundary conditions

m=ifla - p) = {s/a — P{1 — (a/p)}{L — (a/p)},  iel
(if) g = p=1%; —i?is a particular solution and hence

m=is—1i), iel.

The following theorem is analogous to Theorem 4.2 in that when atten-
tion is focused on behavior within the set I of inessential states, under similar
structural conditions on the set I, then a totally analogous result obtains.

Theorem 4.6. Let Q, the submatrix of P corresponding to transitions between
the inessential states of the MC corresponding to P, be primitive, and let there
be a positive probability of {X\} beginning in some i I. Then for jelas
k— o0

P[Xi=j|X e I]- vﬁ-z’/ 2 v
jel
where v = (P} is a positive vector independent of the initial distribution,
and is, indeed, the left Perron—Frobenius eigenvector of Q.

PROOF. Let us note that if I, is that part of the initial probability vector
restricted to the initial states then

P[X, e I]=1,04, >0

since by primitivity Q* > 0 for k large enough, and I1, # 0, Moreover the
vector of the quantities

PIX,=j|X,elI], jel
is given by
0 Q/IT, 0*1.
The limiting behaviour follows on letting k — oo from Theorem 1.2 of Chap-

ter 1, the contribution of the right Perron-Frobenius eigenvector dropping
out between numerator and denominator. O

Chains Whose Index Set Contains a Single Essential Class

On account of the extra stochasticity property inherent in non-negative
matrices P which act as transition matrices of Markov chains, the properties
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of irreducible non-negative matrices (to an extent) hold for stochastic
matrices which, apart from a single essential class (which gives rise to a
stochastic irreducible submatrix, P,), may also contain some inessential
indices. The reason, in elementary terms, is that if P is written in canonical
form (as in the preceding discussion):

P, 0
R 0

then Q* - 0 elementwise (in accordance with Theorem 4.3). P exhibits the
behaviour of an irreducible matrix in accordance with Chapter 1, with the
simplifications due to the stochasticity of P,. The effect of P, thus dominates
that of Q; the concrete manifestation of this will become evident in sub-
sequent discussion.

Firstly (compare Theorem 4.1) a corresponding MC has a unique sta-
tionary distribution, which is essentially the stationary distribution corre-
sponding to P;. For, an n x 1 vector v = (v}, 0') where v, is the unique
stationary distribution corresponding to P,, the chain being assumed in
canonical form, is clearly a stationary distribution of P; and suppose any
vector IT satisfying IT'P = IT’, II'l = 1 is correspondingly partitioned, so
that IT' = {IT}, I1,}. Then

P=

I¥, P, + II5R =11
I, Q = II;
From the second of these it follows that IT, Q* = II,, so, by Theorem 4.3,

I, =0; so, from the first equation Il; P, =1I}; and H;1 = 1, whence
I1, = v,. In particular v is the unique stationary distribution.

It is evident! that an MC which contains at least two essential classes will .

not have a single stationary distribution, and hence chains with a single such
class may be characterized as having a single stationary distribution. This
vector is the unique solution IT to the linear equation system

i, [ — P} =11, 0}

where the matrix {1, I — P} is n x (n + 1). This uniqueness implies this
matrix is of rank n, and hence contains n linearly independent columns. The
last n columns are linearly dependent, since (I — P)1 = 0; but the vector 1
combined with any (n — 1) columns of I — P clearly gives a linearly indepen-
dent set.

It follows from the above discussion that for an MC containing a single
essential class of indices and transition matrix P, any (n — 1) of the equations
IT'P = IT are sufficient to determine the stationary distribution vector to a
constant multiple and the additional condition IT'1 =1 then specifies it
completely. The resulting (n x n) linear equation system may be used for the
practical calculation of the stationary distribution, which will have zero
entries corresponding to any inessential states.

! See Exercise 4.12.
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To develop further the theory of such Markov chains, we define at this
stage a regular® stochastic matrix, and hence a regular Markov chain as one

with a regular transition matrix. This notion will play a major role in the
remainder of this chapter.

Deﬁnition 4.3. An n x n stochastic matrix is said to be regular if its essential
indices form a single essential class, which is aperiodic.

Theorem 4.7. Let P be the transition matrix of a regular MC, in canonical
form, and vy the stationary distribution corresponding to the primitive subma-
trix Py of P corresponding to the essential states. Let v’ = (v, 0)beanl x n
vector. Then as k — oo

B

elementwise, where v' is the unique stationary distribution corresponding to the
matrix P, the approach to the limit being geometrically fast.

PROOF. Apart from the limiting behaviour of p®, i € I, j e E, this theorem is

ij s

a trivial consequence of foregoing theory, in this and the preceding section.

If we write
Pr - Pt 0
R, Q"
it is easily checked (by induction, say) that putting R, = R

k k
Rir1= Y QRPi = ¥ 0" 'RP}
i=0 i=0

so that we need to examine this matrix as k — oo,
Put M =P, — 1v};

then M= P — 1v,.

Now from Theorem 4.2 we know that each element of M' is dominated by

K, p}, for some K, > 0,0 < p1 < 1, independent of i, for every i.
Moreover

k k
Riii= ) O Rlvy + ¥ QFRM!
i=0 i=0
and we also know from Theorem 4.3 that each element of ¢ is dominated
by K, p3 for some K, > 0,0 < p, < 1 independent of i, for every i. Hence
each component of the right hand sum matrix is dominated by

k

K3 Y o5 iph
i=0

for some K; > 0, and hence — 0 as k — oo.

! Our usage of “regular” differs from that of several other sour i
ces, especially of K
Snell (1960). P y of Kemeny and
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Hence, as k — o

lim Ry, = ¥ QR1v; = (I — Q)" 'R1v,

k= o i=0

= -0)'(I - Q)w;

7

= 17,

as required. O

Both Theorems 4.2 and 4.7 express conditions under which the probabi-
lity distribution: P[X, =j], j=1, 2, ..., n approaches a limit distribution
v ={v;} as k- oo, independent of the initial distribution IT, of {X,}. This
tendency to a limiting distribution independent of the initial distribution ex-
presses a tendency to equilibrium regardless of initial state; and is called the
ergodic property or ergodicity.” Theorem 4.6 shows that when attention is
focused on behaviour within the set I of inessential states, then under a similar
structural condition on the set I, an analogous result obtains.

Absorbing-chain Techniques

The discussion given earlier focussing on the behaviour within the set I of
inessential states if such exist, for a reducible chain, has wider applicability in
the context of MC’s containing a single essential class of states in general,
and irreducible MC’s in particular, though this initially seems paradoxical.
We shall give only an informal discussion of some aspects of this topic.

If P is (nxn) stochastic and irreducible, writt 4=1—P and

w-1A = @-1)] — @-1)P the (n — 1) x (n — 1) northwest corner truncation'

of A. We may write, with obvious notation:

A —_ [(ﬂ_l)A

, —c} where ¢, d > 0.
—d a

Now since i »n, i =1, ..., n— 1 (since P is irreducible), it follows that the
modified MC with stochastic transition matrix

a-nP ¢
0 1

has the states {1, ..., n — 1} inessential, with “absorbing” state n, so (,,:‘I)P
plays the role of Q in Theorem 4.3, and in particular ,,_;, 4~ ' exists and is
non-negative. Indeed, by Theorem 4.5, its entries give expected numbers of

! See Exercises 4.9 and 4.10.

Y
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visits starting from any state i € {1, ..., n — 1} to any state on this set before
“absorption” into state n in the modified chain, and sums of these for a fixed
initial state in {1, ..., n — 1} gives the mean time to absorption in . In regard
to the original chain, described by P, these mean times have the interpreta-
tion of mean first passage time fromie {1, ..., n — 1} to n. We shall take up
extension of this important point shortly. For the moment, the reader may
wish to check that the unique stationary distribution IT, for the chain
described by P, which is determined by the equations

ma=0, Mli=1
is given explicitly by the expression
W={dy, A, /1 +d, 147 '1)

since ¢ = (- 1)] — @—1)P)1 = - yAl.

Clearly the state n holds no special significance in the above argument,
which shows that such absorbing chain considerations may be used to
obtain expressions for all first passage times from any state to any other state
in the MC governed by P, and that such considerations may be used to
provide expressions for the stationary probability vector.

In an MC with a single essential class of indices, every other state leads to
a specified state in the essentigl class. If we regard any such specified state as
playing the role of the state n in the above discussion, it is clear that the
entire discussion for irreducible P given above applies in this situation also.

For an MC started from state i, the first passage time from i to j in general
is the number of transitions (“time ) until the process first enters j, if j + i;
or (as shown) the number of transitions until it next enters j, if j = i. We have
discussed above a method for obtaining the expected first passage time, y;,
(in specified situations) from i to j, j # i. The question concerning the ex-
pected first passage time from a state to itself has been left open‘. Denote this
quantity for an essential state i by p;, or just y;: we may clearly treat the
question within the framework of an irreducible chain, and-do so henceforth.
This quantity is more commonly called the mean-recurrence time of state i,
and in the purely analytical treatment of Chapter 5 (see Definition 5.1) is
called a mean recurrence measure. A simple conditional expectation argu-
ment, conditioning on the first step, shows that '

i =Pyl + Ll + p)
i;ﬁj
=1+ Z,Pjiﬂij
i
so once f;, i # j, i =1, ..., n are all known, y;; may be calculated. Indeed,

put j = n, to accord with our previous discussion. Then it follows, in terms of
the notation introduced above that

Hun = 1 + d,(n—-l)A_ll
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whence we obtain, as a bonus from the preceding discussion, the important
result that

o = 1/,

where IT = {r;} is the unique stationary distribution for the MC governed
by P
More generally, for an irreducible MC, it follows

.uuzl/nia i=1’---7n5

which is a fundamental and intuitively pleasing result of MC theory, and
makes clear the intimate connection between mean first-passage times and
the stationary distribution.

ExXAMPLE (A simple dynamic stochastic inventory model). A toy shop stogks
a certain toy. Initially there are 3 items on hand. Demand for the toy during
any week is a random variable independent of demand in any other week,
and if p, = Pr{k toys demanded during a week}, then p, = 0.6, p; =0.3,
p. = 0.1. Orders received when supply is exhausted are not recorded. The
shopkeeper may only replenish stock at weekends, according to the policy:
do not replenish if there is any stock on hand, but if there is no stock on
hand obtain two more items.

Calculate the expected number of weeks to first replenishment, and the
limiting-stationary distribution.

Denote by X, the number of items of stock at the end of week n (just
before the weekend). The state space is {0, 1, 2, 3}, X, =3, and {X,} is a
Markov chain with transition matrix:

6 1 2 3
0[01 03 06 O
1104 06 0 O
2101 03 06 O
300 01 03 06

Thus state 3 is inessential, and states 0, 1, 2 form a single essential class. We
require is, . This is the third element of the vector (I — Q)™ '1 where

P=

$ 0 0]
Q=03060 1=%%g,
0.1 03 06 Lo i 3
and since (I — Q)" 1 = (3, 35 205y .0 =295 The unique stationary dis-

tribution is consequently given by the vector

{1,(03,0.6,0)(I — Q)™ !}

M= 47030600 -0 1)

= (35 33, 3% 0).
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Bibliography and Discussion to §§4.1-4.2

There exists an enormous literature on finite homogeneous Markov chain
theory; the concept of a Markov chain is generally attributed to A. A.
Markov (1907), although some recognition is also accorded to H. Poincaré
in this connection. We list here only the books which have been associated
with the significant development of this subject, and which may thus be
regarded as milestones in its development, referring the reader to these for
further earlier references: Markov (1924), Hostinsky (1931), von Mises
(1931), Fréchet (1938), Bernstein (1946), Romanovsky (1949), Kemeny &
Snell (1960). [The reader should notice that these references are not quite
chronological, as several of the books cited appeared in more than one
edition, the latest edition being generally mentioned here.] An informative
sketch of the early history of the subject has been given by W. Doeblin
(1938), and we adapt it freely here for the reader’s benefit, in the next two
paragraphs.

After the first world war the topic of homogeneous Markov chains was
taken up by Urban, Lévy, Hadamard, Hostinsky, Romanovsky, von Mises,
Fréchet and Kolmogorov. Markov himself had considered the case where the
entries of the finite transition matrix P = {p,;} were all positive, and showed
that in this case all the p{¥’ tend to a positive limit independent of the initial”
state, s;, a result rediscovered by Lévy, Hadamard, and Hostinsky. In the
general case (p;; > 0) Romanovsky (under certain restrictive hypotheses) and
Fréchet, in noting the problem of the calculation of the pi¥ was essentially an
algebraic one, showed that the p¥ are asymptotically periodic, Fréchet then
distinguishing three situations: the positively regular case, where p¥ —>p; >0,
all i, j; the regular case, where p{¥) — p; > 0 all i, j; the non-oscillating case
where p{¥ — pi, for all i, j; and also the general singular case. Fréchet linked
the discussion of these cases to the roots of the characteristic equation of the
matrix P. Hostinsky, von Mises, and Fréchet found necessary and sufficient
conditions for positive regularity.! Finally, Hadamard (1928) gave, in the
special case pertaining to card shuffling, the reason for the asymptotic perio-
dicity which enters in the singular case, by using non- -algebraic reasoning.

On the other hand the matrix P = {p;;} is a matrix of non-negative ele-
ments; and these matrices were studied extensively before the first world war
by Perron and, particularly, by Frobenius. The remarkable results of Frob-
enius which enable one to analyze immediately the singular case, were not
utilized until somewhat later in chain theory. The first person to do so was
probably von Mises (1931), who, in his treatise, deduced a number of impor-
tant theorems for the singular case from the results of Frobenius. The
schools of Fréchet and of Hostinsky remained unaware of this component of
von Mises’ works, and ignorant also of the third memoir of Frobenius on

! See Exercise 4.10 as regards the regular case; Doeblin omits these references.
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non-negative matrices. In 1936 Romanovsky, certainly equally unaware of
the same work of von Mises, deduced, also from the theorems of Frobenius,
by a quite laborious method, theorems more precise than those of von
Mises. Finally, Kolmogorov gave in 1936 a complete study of Markov
chains with a countable number of states, which is applicable therefore to
finite chains.

The present development of the theory of finite homogeneous Markov
chains is no more than an introduction to the subject, as the reader will now
realise; it deals, further, only with ergodicity problems, whereas there are
many problems more probabilistic in nature, such as the Central Limit
Theorem, which have not been touched on, because of the nature of the
present book. Our approach is, of course, basically from the point of view
(really a consequence) of the Perron-Frobenius theory, into which elements
of the Kolmogorov approach have been blended. The reader interested in a
somewhat similar, early, development, would do well to consult Doeblin’s
(1938) paper; and a sequel by Sarymsakov (1945).

The subsection on “absorbing chain techniques” has sought to give an
elementary flavour of the approach to finite MC theory proposed by Meyer
(1975, 1978) and espoused by Berman and Plemmons (1979). A matrix
approach to the theory of finite MC’s grounded in the elements of linear
algebra, with heavy emphasis on spectral structure, has recently been given
by Fritz, Huppert and Willems (1979).

Some further discussion pertaining specifically to the case of countable,
rather than finite state space (or, correspondingly, index set) will be found in
the next chapter.

EXERCISES ON §4.2
(All these exercises refer to homogeneous Markov chains.)

4.1. Let P be an irreducible stochastic matrix, with period d = 3. Consider the
asymptotic behaviour, as k — oo, of P3% p3k*1 p3k+2 respectively, in relation
to the unique stationary distribution corresponding to P. Extend to arbitrary
period d. '

Hint: Adapt Theorem 1.4 of Chapter 1.

4.2. Find the unique stationary distribution vector » for a random walk between
two reflecting barriers, assuming s is odd. (See Example (2) of §4.1.) Apply the
results of Exercise 4.1, to write down lim,_,,, P?* and lim,_, ,, P*** ! in terms of
the elements of ».

N
4.3. Use either the technique of Appendix B, or induction, to find P* for arbitrary &,
where (stochastic) P is given by

(@) (p1 ql)_ () {1 0 0 (@) {0 1 0O
P2 42)° 01 0]; q 0 p
3503 010
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44. Consider two urns 4 and .B, each of which contains m balls, such that the tota]
number of balls, 2m, consists of equal numbers of black and white members. A

Il:all ;s r2emoved simultaneously from each urn and put into the other at times

Explain why the number of white balls in u
' rn A4 before each transfer f.
Markov chain, and find its transition probabilities, ormee

Give intuitive reasons why it mi imiti
. ght be expected that the limitin /stati
distribution {1;} of the number of white balls j is gi the hyper,
: ; alls in urn A4 is b -
geometric probabilities gven by the hyper

m m
)
i T, 1—0, 1, 2,...,m
()

and check that this is so.

4.5. Let P be a finite stochastic matrix
sums are also unity).

(i) Show that the states of the Markov chai
essential.

(ii) If P is irreducible and aperiodic, find lim P

(ie. a stochastic matrix all of whose column

n corresponding to P are all

as m— oo,

46. A Melir'kov chain {X,}, k=0,1,2, ... is defined on the states 0,1,2,...,2N, its
transition probabilities being given by R

_ 2N j i _] 2N —§
T (e
Ji=0,1...,2N. Investigate the nature of the states.
Show that for m>0,j=0, 1,2, .., 2N,

g[Xm+1 ,Xm =]] =ja
and that consequently

g[Xm+1lX0 =]] =J

Hence, or otherwise, deduce the

probabilities of eventual absorption j
the state 0 from the other states. ption into

(Malécot, 1944)

4.7. A Markov chain is defined on the integers 0, 1, 2, ..

' . ., 4, its transiti ili-
ties being specified by retion probabil

i= 1., 2, ..., a — 1, with states 0 and a being absorbing.
Find the mean time to absorption, m;, starting fromi=1,2, ... g—1

H{ints: .\(1) The state a—1 is reflecting. (2) Use the substitution
z;: = {a — iYm.
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4.8. Let L be an (n x n) matrix with zero elements on the diagonal and above, and
U an (n x n) matrix with zero elements below the diagonal. Suppose that
P, =L + U is stochastic.
(i) Show that I" = 0, and hence (with the help of probabilistic reasoning, or
otherwise), that the matrix P, = (I — L)~ 'U is stochastic.
(ii) Show by example that even if P, is irreducible and aperiodic, P, may be
reducible.

4.9. Theorem 4.7 may be regarded as asserting that a sufficient condition for ergodi-
city is the regularity of the transition matrix P. Show that regularityisin facta
necessary condition also.

4.10. Use the definition of regularity and the result of the preceding exercise to show
that a necessary and sufficient condition on the matrix P for ergodicity is that
there is only one eigenvalue of modulus unity (counting any repeated eigen-
values as distinct).

(Kaucky, 1930; Koneény, 1931)

4.11. Show that any inessential state leads to an essential state.
Hint: Use a contradiction argument, as in the proof of Lemma 1.1 of Chap-
ter 1.

4.12. Show that if an n-state MC contains at least two essential classes of states, then
any weighted linear combination of the stationary distribution vectors corre-
sponding to each such class, each appropriately augmented by zeros to give an
(n x 1) vector, is a stationary distribution of the chain.

4.13. Denote by M; the class of (n x n) stochastic matrices P such that for some
power k, and hence for all higher powers, P* has its jth column positive. Denote
by G, the class of regular (r x n) stochastic matrices. Show that
G, =Jj=1 M;, while (\}—y M; is the set of primitive (n x n) stochastic
matrices. [See Exercise 3.12.]

4.14. Suppose P is irreducible and stochastic, with period 4, and v its unique station-
ary distribution vector. Let R = lim,_ ,, P%. Show that

d—1 k
Ry F

— =1v.
K=o d

[Hint: Consider P in canonical form, and use the methods of §1.4.]

4.3 Finite Inhomogeneous Markov Chains
and Coefficients of Ergodicity

In this section, as already foreshadowed in §4.1 of this chapter, we shall
adopt the notation of Chapter 3 except that we shall use P, = {p;;(k)} instead
of H, = {h;(k)}, i, j =1, ..., n to emphasize the stochasticity of P,, and we
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shall be concerned with the asymptotic behaviour of the forward product!
TO,rEPIPZ...PrE ]._[Pk
k=1

as k — oo.

Naturally, both Theorems 3.3 and 3.7, for example, are applicable here,
and it is natural to begin by examining their implications in the present
context, where, we note, each 1, , is stochastic also.

Under the conditions of the first of these, as » — oo, for all i, b s

1"

——>W§f’-),->0

("

where the limit is independent of s. Put for sufficiently large r,
10" _ e el

i)+ eli, jy s, p, 7).

("

Thus, using the stochasticity of 1,,

n

n
L= Y 8" =Wo+ Y 8., j, s, p, r)
s=1

s=1

where also 0 < 1,7 < 1. Letting r — oo, it follows that the additional
assumption has led to:

1=w@, alli, j, p,

so that the rows tend not only to proportionality, but indeed equality,
although their nature still depends on r in general. Indeed we may write

A )

-0

. 7

as r — oo, which on account of the present boundedness of 7" implies
thn — r9 0 4.2)
as r— oo, for each i, j, p, s. This conclusion is a weaker one than that
preceding it, and so we may expect to obtain it under weaker assumptions
(although in the present stochastic context) than given in Theorem 3.3. In
fact, since this kind of assertion does not involve a ratio, conditions imposed

in the former context, to ensure positivity of denominator, inter alia, may be
expected to be subject to weakening,

Under the conditions of Theorem 3.7, in addition to the present stochasti-
city assumption, we have, simply, that

tg,.,ir)_) vj’ J= 15 29 s R (43)

where o' = {v;} is the unique invariant distribution of the limit primitive
matrix P.

! Backwards products of stochastic matrices are of interest also: see §4.6.
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(4.2) and (4.3) are manifestations of weak and strong ergodicity respec-
tively in the MC sense.

Definition 4.4. We shall say that weak ergodicity obtains for the MC (ie.
sequence of stochastic matrices P;) if

50— 7 -0

as r — oo for each i, j, s, p. (Note that it is sufficient to consider i # j.)

This definition does not imply that the ¢7,” themselves tend to a limit as
r — oo, merely that the rows tend to equality (= “independence of initial
distribution ”) but are still in general dependent on r.

Definition 4.5. If weak ergodicity obtains, and the ¢{?? themselves tend to a
limit for all i, s, p as r > oo, then we say strong ergodicity obtains.

Hence strong ergodicity requires the elementwise existence of the limit of
T, , as r— co for each p, in addition to weak ergodicity. It is clear from
Definition 3.4 and Lemma 3.5 that the definition of strong ergodicity here is
completely consistent with that given in the more general setting,

A stochastic matrix with identical rows is sometimes called stable. Note
that if P is stable, P? = P, and so P" = P.

Thus we may, in a consistent way, speak of weak ergodicity as tendency to
stability.

As in Chapter 3, a convenient approach to the study of both weak and
strong ergodicity is by means of an appropriate contraction coefficient; such
coefficients in this stochastic setting are more frequently called coefficients of
ergodicity. In contrast to Chapter 3, we shall first introduce some general
notions for this concept, then specialize to those we shall use in the sequel. It

will be seen that the notions of stochastic matrices with a positive column, .

and the quantity 7,(P) already encountered, interalia, within the context of
Theorems 3.1 and 2.10, are central to this discussion.

Definition 4.6. We call any scalar function t(-) continuous on the set of
(n x n) stochastic matrices (treated as points in R,;) and satisfying
0 < ©(P) < 1, a coefficient of ergodicity. It is then said to be proper if

7(P)=0  ifand onlyif P = 1o’
where v is any probability vector (v > 0, »'l = 1): that is, whenever P is
stable. '
Lemma 4.1. Weak ergodicity of forward products is equivalent to

(T, ,)—»0, r—oo, p>0

where 1(-) is a proper coefficient of ergodicity.
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PRrooF. Take p fixed but arbitrary, and suppose (T, ,)—0,r > co. Suppose
then #;” — (21 5 0 for ail , J,sasr— oo is fal‘;ﬁt. Then there is a sub-
sequence k), r>1, of the positive integers and an & >0 such that the
Euclidean distance between T,,x, and every stable matrix is at least ¢. Since
T, 1, r =1, is stochastic and the set of stochastic matrices is compact
(bounded and closed) in R,., we may, by selecting a subsequence of {k,} if
necessary, assume T, , — P* where P* is stochastic, and by the assumpti;ms
on 7, ¢(T, ;) » 0 = 7(P*), whence P* is stable, and hence a contradiction
results. The converse follows easily by continuity of (). N

Theorem 4.8, Suppose m(*) and () are proper coefficients of ergodicity and
Jor any r stochastic matrices PO =1 ..., rwitheachr>1:

r

m(p(l)P(Z) P(r)) < H .L.(P(i))' (4‘4)

i=1

Then weak ici 1 j

g ezlg)tt)czli;c;t).) of J‘:(;rwalrd Iproducts. 1,, fqrmed. Sfrom a given sequence
i k1, ns if and only if there is g strictly increasing sequence of

positive integers {k}, s = 0, 1, 2, ... such that

irgs

{1 - ‘C(’];‘s,ks+1_ks)} = 00. (45)

N

ProoF. (Similar to Theorem 3.2; Exercise 4.15). O

Examples of proper coefficients of ereodici i
godicity are (in terms of P = {p. .}
Theorem 3.1) evidently: : ( () se

1 n n
TI(P) = 5 n;l’%x SZI lpis - pjsl =1- rflljn 5;1 min (pis, pjs);

s

a(P) = max max |p;; — p;l;
s i J
b(P)=1-— Z":I (m_in p,-s).
An example of an improper coefficient of ergodicity is
¢(P) =1 — max (m.in pis),
whgare2 s |
a(P) < 1,(P) < b(P) < c(P) (4.6)

! For the analogous result relating to backwards products see Theorem 4.18.
2 See Exercise 4.16.



138 4 Markov Chains and Finite Stochastic Matrices

with ¢(P) < 1 if and only if P has a positive column. Theorem 3.1 enables us
to deduce a concrete manifestation of (4.4), for if we substitute in itw = {w;}
with w; = t#,", P = P, ;, we have from (3.4)
max | &) — 62| < 1((Ppyy) max[6fy T — gt rm by
h, k' B J’
so that
a(Tp, r) =< Tl(Pp+ l)a(Tp+ 1,r— 1)'
More generally for any sequence {PY},i > 1, of stochastic matrices, and each
r>=1,
a(P(l)P(Z) P(r)) < II(P(”)a(P(Z) P(r))
< ’CI(P(”)TI(P(Z)) 71(P(r))171(1)

where I is the unit matrix; i.e.

a(P(l)P(Z) P(r)) < H'H(Pm) (4_7)
i=1

since 74(I) = 1. By (4.6) it follows that (4.4) also holds with m = a, and 7 = b

(or © = ¢, taking into account the Corollary to Theorem 4.8). A “homogen-

eous” inequality of form (4.4), in that both m(-) and (-) are the same, may

be obtained analogously to (3.7) by considering a metric d(x’, y') on the sets

of probability row vectors.

Lemma 4.2. For a metric d on the set D ={z';2>0, 7’1 = 1} the quantity,
defined for any (n x n) stochastic matrix P by

d(x'P, y'P
(P)= sup EPYP)
x’,yst d(x’y)

xXFEYy

satisfies the properties

(i) T(PVP@) < ¢(PW)(P?), PV, P? stochastic;
(ii) ©(P) = O for stochastic P if and only if P is stable.

PRrOOF. The only non-obvious part of this assertion is ©(P)=0=P = 10
where v’ € D. Now t(P) = 0= (x — y)'P = 0’ for any two probability vectors
x,y, and (x —y)1 = 0. Taking x = f;, y = f;, i #J, where f, is, as usual, the
vector with zeroes everywhere except unity in the kth position, it follows that
the ith and jth rows of P are the same, for arbitrary i, j. O

This lemma provides a means of generating coefficients of ergodicity,
providing the additional constraints inherent in their definition, of continu-
ity and that t(P) < 1, are satisfied for any P. There are asnumber of well-
known metrics defined on sets of probability distributions’ such as D, and

1 Qep Fxercice 4 17.
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other candidates for investigation are metrics corresponding to any vector
norm |-|| on R,, or C, (the set of n-length vectors with complex valued

entries), ie.
dix', y') = ' = | (4.8)
Obvious choices for investigation here are the I, norms
N
=\ Zlxbf (Il =max x|
i= i
where x' = {x;}.

For any metric of the form (4.8) the definition of 7(P) according to
Lemma 4.2 is

e o le—syel
P)= s iG]
xFy
— sup |57
o] =1

§ince any real-valued vector § = {9;} satisfying § + 0 6’1 = 0 may be written
in the form & = const (x — y) where x and y are probability vectors, x # p,
aqd const =33,[6;| = 3, 6" = —Y,6; where a* =max (g 0), a~ =
min (a, 0). ,

The following result provides another concrete manifestation of (4.4), and

: a
establishes 7,(-) as an analogue, in the i i

\ present stochastic sett f (-
Chapter 3. g of tal:)of

Lemma 4.3. For stochastic P = {p,}

1 n
sup (6P|, =1(P)= = -
”‘:”51” ” 1 Tl( ) 2 max Z lpts pjsl
=0

i,j s=1

so that © (") is a proper coefficient of ergodicity satisfying
“(PP?) < 1, (PU), (),

for any stochastic PV, P,

Proor. By Lemma 2.4, any real & = {6;} satisfying || = 1, 8'1 = 0 may be
written '

5= 3 ("hi)

v i, jyes
where
”i,j>0’ . Z ni,j=17 ’Y(la]) =./; _f;
i, jle s

a suitable set .# = #(9) of ordered pairs of indices (i, j), i, j=1, ..., n.
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Hence

Pl =X

s

Zérprs SZ Z (%)h)zs_pjsl
r s (i, es

1
SE max z |pis —pjs|
iJj
= TI(P).

We may construct a § such that |6, =1, §1=0, |§P|, =1i(P) as
follows:

1 . .
suppose ,(P) = 5 Z |pios - Pj0s|, io #Jo»

and take & = 3(f;, — f;,)- The final part of the assertion follows from Lemma
4.2. (]

Corollary. Weak ergodicity of forward products of a sequence of (n x n) stoch-
astic matrices is equivalent to

73(T,, ) = 0, r— o0, p=>0.

4.4 Sufficient Conditions for Weak Ergodicity

In this section we apply the general notions of §4.3 and earlier chapters to,
obtain conditions for weak ergodicity.

Definition 4.7. An (n x n) stochastic matrix P is called a Markov matrix if}
¢(P) < 1, ie. at least one column of P is entirely positive. We shall also need
repeatedly the notion of a regular stochastic matrix (Definition 4.3), and
shall denote the set of such (n x n) matrices by G, (as in Exercise 4.13). The
class of (n x n) Markov matrices is denoted by M; obviously M = G;. We
shall introduce further classes of stochastic matrices, G, and G in the course .
of this section. '

The following theorem is the oldest, and in a sense the most fundamental
(as we shall see from the sequel) result on weak ergodicity, which we shall
treat with minimal recourse to 7,(-), which however will play a substantial
role, analogous to that of 7z(+) in Chapter 3, in the discussion of strong
ergodicity. It was initially proved by direct contractivity reasoning.’

1 See Exercise 4.18.
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Theorem 4.9. Weak ergodicity obtains for forward products formed from a
sequence {P\}, k > 1, of stochastic matrices if

™8

{1 —c(Py)} = 0.

k

1
PROOF.

(T ) < [1e1(Ppas)
i=1

by Lemma 4.3;
< [Te(P,+:)
i=1

by (4.6) and the assertion of the theorem is tantamount to

0

[Te(P) =0,

i=1
SO

0W(T,)»0  asrooo, p>0,

The conclusion follows from Lemma 4.1. |

Corollary 1.

r
o(T,,,) = max max |t,” — 27| < [] (P

. p+i)
s i, J i=1

[This follows from (4.6), since a(P) < t,(P)].

Corollary 2. If ¢(P,)<co <1, k> 1, (i.e. all P, are “uniformly Markov ”)
then weak ergodicity obtains at a rate which is at least geometric with par-
ameter c, (for every p > 0).

The following sequence of arguments including Theorem 4.10 parallels
that leading to Theorem 3.7.

Lerpma 44. If P and Q are stochastic, Q € G, and PQ or OP has the same
incidence matrix as P (ie. PQ ~ P or QP ~ P), then P € M.

ProoF. Since Q € G,, Q¥ € M for some k. Assuming first PQ ~ P, it follows
PQ" ~ P, so P, like PQ* has at least those columns positive that are positive
in Q. If we assume QP ~ P, it follows that QP ~ P and that P, like Q*P, will
have at least one column positive. , J

Lemma 4.5..If 1,,€Gy,p>0,r>1, then T, ,€ M for r > t where t is the
number of distinct incidence matrices corresponding to G,.
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ProoF. For a fixed p, there are some numbers a, b satisfying 1 <a <
b <t + 1 such that

Pp+1Pp+2 Pp+aPp+a+1 Pp+b~ Pp+1Pp+2 * Ppia
since the number of distinct incidence matrices is ¢. Hence

Tp,an+a,b—a ~ T

p.a-

Since T+, 5-a € Gy, by Lemma 44,T, € M. Thus T, ,,7 >4, has a strictly
positive column (not necessarily the same one for each r). O

The following result is analogous to Theorem 3.3 of Chapter 3.

Theorem 4.10. If T, ,€ G, p =2 0,r > 1, and!
min” p;(k) =7y >0 (4.9)
iLJj
uniformly for all k > 1, then weak ergodicity obtains, at a uniform geometric

rate for all p > 0. [In particular, (4.9) holds if the sequence {P\} has each of its
elements selected from a numerically finite set of stochastic matrices.]

ProoF. Consider p fixed but arbitrary and r “large™: then

Tp,r = Tp,tTp+t,lTp+2t,l e Tp+(k—1)t,t’11p, n= Tp, kt ’Ilp, r)

where k is the largest positive integer such that kt <r, ¢ has the meaning of
Lemma 4.5, and T, , is some stochastic (possibly the unit) matrix. Since by
Lemma 4.5, T, is Markov, from 4.9)

C(Tp+it, t) < 1- 'yt-

By Corollary 1 of Theorem 4.9 and the last equation

k—1

oT,,) < [Te(Tpuie ) < (L= 7F < (L=

i=0

a(T,,) < (1 =) {1 =",

and letting r — co completes the result, since y < 1. , O

The assumption that T, ,€ Gy, p > 0,r > 1in Theorem 4.10 is a restric-
tive one on the basic sequence Py, k > 1, and from the point of view of
utility, conditions on the individual matrices P, are preferable. To this end,
we introduce the classes G, and G; of (n x n) stochastic matrices.

1 Recall that min* is the minimum over the positive elements. We may call (4.9) condition (C)
in accordance with (3.18) of Chapter 3.
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Definition 4.8. (i) P € G, if (a) P € Gy; (b) QP € G, for any Q € Gy; (ii)
P € G, if7,(P) < 1,1ie. if given two rows - and B, there is at least one column
v such that p,, >0 and p;, > 0.1

If P G5, P is called a scrambling matrix; the present definitions of such
matrices is entirely consistent with the more general Definition 3.2. It is also
clear from the definition of the class G, thatif P, € G,,k > 1,then T, , € Gy,
p=0,r=1

Theorem 4.11. M = Gy = G, < G,.

ProoF. The implication M = G, (any Markov matrix is scrambling) is
obvious, and that G, < G, follows from the definition of G, .

To prove G; = G,, consider a scrambling P in canonical form, so its
essential classes of indices are also in canonical form if periodic. (Clearly the
scrambling property is invariant under simultaneous permutation of rows
and columns.)

It is now easily seen that if there is more than one essential class the
scrambling property fails by judicious selection of rows & and § in different
essential classes; and if an essential class is periodic, the scrambling property
fails by choice of « and B in different cyclic subclasses. Thus P € G,.

Now consider a scrambling P = {p;;}, not necessarily in canonical form.
Then for any stochastic Q = {g;;}, QP is scrambling, for take any two rows
a, B and consider the corresponding entries

Z Gur Prjs Zqﬁrprj
k=1 r=1
in the jth column of QP. Then there exist k, r such that g, >0, g4 > 0 by
stochasticity of Q. By the scrambling property of P, there exists j such that
py; > 0 and p,; > 0. Hence QP is scrambling, and so QP € G, by the first part
of the theorem.

Hence, putting both parts together, P € G,. O

Corollary. For any stochastic Q, QP is scrambling, for fixed scrambling P.
This corollary motivates the following result.

Lemma 4.6. If P is scrambling, then so are PQ and QP for any stochastic Q.
The word “ scrambling” may be replaced with “ Markov”.

ProoF. In view of what has gone before in this section, we need prove only
that p € Gy = PQ € G, for any stochastic Q. Since P = {p;;} is scrambling,
for any pair of indices («, ) there is a j = j(a, f) such that p,; > 0, ps; > 0.

“There is a k such that g;, > 0 by stochasticity of Q. Hence the kth column of

PQ has positive entries in the a, p rows. d

! See Exercise 2.27.
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Matrices in G5 thus have two special properties:

(i) it is easy to verify whether or not a matrix € Q3; .
(ii) if all P, are scrambling, then T, , is scrambling, p > 0, k> 1, and in
particular T, , € G,.

Lemma 4.7. P, Q € G,= PQ, QP € G,.

PRrOOF. See Exercise 4.20. O
Thus G, is closed under multiplicaﬁon, but G, is not.!

Lemmzi 48. If P has incidence matrix of form P =1+ C where C is an

incidence matrix (such P are said to be “normed”), and Q € G, then QP and
PQ € G,. [In particular, if also P € Gy, P € G, ]

ProoF. See Exercise 4.20. |

This result permits us to demonstrate that G; is a proper subset of G, . A
stochastic matrix P whose incidence matrix is

1100
1100
P=11010

0101

evidently satisfies the condition of Lemma 4.8 and is clegrly a member pf Gy,
so P e G,. However, the 3rd and 4th rows do not intersect, so P is not

scrambling. : o
To conclude this section we remark that another generalization of

scrambling matrices useful in a certain context in regard to verification of
the condition

Tp,rEGls pZO’ er

is given in the following Bibliography and Discussion.

Bibliography and Discussion to §§4.3-4.4

The definition of weak ergodicity is due to Kolmogorov (}931), who proves
weak ergodicity for a sequence Py, k> 1, of finite or infinite stoc;:\l}astlc
matrices under a restrictive condition related to the Birkhoff coefﬁ.cwnt pf
ergodicity 75(-) (see Seneta, 1979), rather than coefficients of the kind dl?-
cussed here. (See also Sarymsakov (1954), §4, for a repetition of Kolmogorov’s

1 See Exercise 4.21.
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reasoning. The statement of Theorem 4.8 is in essence due to Doeblin
(1937); our proof follows Hajnal (1958). The coefficient of ergodicity b(-) is
likewise due to Doeblin (1937); while a( - ) and 7 (), via Theorem 3.1, are
already implicit in Markov (1906)—see Bibliography and discussion to
§§3.1-3.2. Lemmas 4.2 and 4.3 are largely due to Dobrushin (1956) (see also
Hajnal (1958) and Paz and Reichaw (1967)). For a historical survey see
Seneta (1973b).

Theorem 4.9 and its Corollaries are due to Bernstein (1946) (see Bernstein
(1964) for a reprinting of the material). It is known in the Russian literature
as “Markov’s Theorem ”; Bernstein’s reasoning is by way of the contractive
result presented as our Exercise 4.18 which, the reader will perceive, is ob-
tained by the same argument as (Markov’s) Theorem 3.1.

Lemmas 4.4, 4.5, 4.7, and 4.8, and Theorem 4.10 are all due to Sarymsa-
kov (1953a; summary) and Sarymsakov and Mustafin (1957), although the
simple proof of Lemma 4.5 as presented here is essentially that of Wolfowitz
(1963). Lemma 4.6 (also announced by Sarymsakov, 1956), and a number of
other properties of scrambling matrices are proved by Hajnal (1958). The
introduction of the class G, is again due to Sarymsakov and Mustafin. The
elegant notion of a scrambling matrix was exploited by Sarymsakov (1956)
and Hajnal (1958).

Weaker versions of Theorem 4.10, pertaining to the situation where each
P, is chosen from a fixed finite set K, were obtained by Wolfowitz (1963)and
Paz (1963, 1965). The substantial insight into the problem due to Sarymsa-
kov and Mustafin consists in noting that the theory can be developed in
terms of the (at first apparently restrictive) notion of a Markov matrix, and
made to depend, in the end, on (Bernstein’s) Theorem 4.9.

In coding (information, probabilistic automation) theory, where the term
SIA is generally used in place of regular, the situation is somewhat different
to that considered above (see Paz, 1971, Chapter 2, §§3-4) in that, instead of
considering all products of the form T, , formed from a given sequence P,,
k > 1, of stochastic matrices, one considers all possible sequences which can
be formed from a fixed finite set (“ alphabet”) K, and the associated forward
products (“words”) Tp ,, r > 1, (T, is said to be a word of length r) for
each. The analogous basic assumption (to T, , € G, p > 0,r > 1) is then that
all words in the member matrices of the alphabet K be regular (in which case
all forward products formed from any particular sequence are uniformly
weakly ergodic by Theorem 4.10.) By Lemma 4.5, a necessary condition for
all words to be regular is the existence of an integer r, such that all words of
length r > r, are scrambling; this condition is also sufficient (Exercise 4.28);
and indeed, from Lemma 4.5, there will then be such an r, satisfying r, < t.
Thus in the present context the validity (or not) may certainly be verified in a
finite number of operations, and substantial effort has been dedicated to
obtaining bounds on the amount of labour involved. Bounds of this kind
were obtained by Thomasian (1963) and Wolfowitz (1963), but a best pos-
sible result is due to Paz (1965) who shows that if an r, exists, then the
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smallest value it can take satisfies
min ro < 33" — 21 + 1)

and the bound is sharp. Thus one needs only check all words of lengths
progressively increasing to this upper bound to see if for some specific length
all words are scrambling (by Lemma 4.6 all words of greater length will be
scrambling). It is clear that a large number of words may still need to be
checked.

The question arises whether by restricting the set K to particular types of
matrices, the basic assumption is more easily verifiable. This is the case if
K < G5 (Lemma 4.6, Theorem 4.11); and more generally if K = G, (Lemma
4.7, Theorem 4.11). A substantial, but not wholly conclusive, study of the
class G, occurs in Sarymsakov and Mustafin (1957), as do studies of related
classes of matrices. Of interest therefore are several possible conditions on
the elements of the set K such that any word of length (n — 1) is scrambling
(then all words are regular, by Exercise 4.28).

One condition of the kind mentioned is announced by Sarymsakov
(1958), and proved, rather lengthily, in Sarymsakov (1961). Suppose P is a
stochastic matrix with the property that if A and A are any two disjoint
non-empty sets of its indices than either F(4) n F (A) + ¢; or F(4) N

F(A) = ¢ and #(F(4) v F(A)) > #(4 v A). Here for any set of indices B,

F(B) is the set of “one-step” consequent indices (in line with the definition
and notation of §2.4); # denotes the “number of indices in”. Clearly,
scrambling matrices satisfy this condition, since these are precisely the stoch-
astic matrices for which F(4) n F(A) # ¢ for all A, A. To see very simply
that a product of (n — 1) matrices of this kind is scrambling, notice that if any
two rows intersect in P, then they intersect in PQ, for any stochastic Q (proof
as in Lemma 4.6). Now suppose there are two rows which do not intersect in
a product of (n — 1) matrices each satisfying Sarymsakov’s property: call
these A, A; and write (as earlier) F*(B) for the set of kth-stage consequents of
any non-empty set B (ie. after multiplying the first k matrices together).
Then our supposition is ¢ = F"~1(4) n F"~ Y(A), so

£EYA) O P A) > #(EHA) O FAA) > > # A0 )=

ie. #(F" '(4) v F*~*(4))> n, a contradiction to the supposition. Thus if
K consists of a (finite numer of) matrices of Sarymsakov’s class, the basic
assumption will be satisfied. However, to verify for a particular P that it does
not belong to this class, the number of pairs of sets 4, A which need to be
checked is, by the partition argument of Paz (1971, p. 90), again
B -2t 4+ 1) .

Another condition on K ensuring that any word of length (n — 1) is-not
only scrambling, but is, indeed, a Markov matrix, is given by Anthonisse and
Tijms (1977).

Recent contributions to the theory of inhomogeneous Markov chains
relevant to §§4.3-4.4 have also been made by Paz (1971), Tosifescu (1972,
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1977), Kingman (1975), Cohn (1976), Isaacson and Madsen (1976), and
Seneta (1979). Treatments within monographs are given by Bernstein (,1946
1964), Paz (1971), Seneta (1973), Isaacson and Madsen (1976) and Tosifescu
(1977); these provide references additional to those listed in this book.

Although all our theoretical development for weak ergodicity has been
fora sequence Py, k > 1, of stochastic matrices which are all (n x n), we have
mentloned earlier (in connection with the Polya Urn scheme) that some
inhomogeneous Markov chains do not have a constant state space; and in
genergl one should examine the situation where if P, is (1, x n, ), then
Priq iS (mgey X myps), k> 1. It is then still possible to carry some of the
thegr.y through (the argument of Exercise 4.18 still holds, for example).
Wr.1t1ngs on finite inhomogeneous chains of the Russian school (e.g. Bern-
stein, 1946; Sarymsakov, 1958, 1961) have tended to adhere to this
framework.

We have not considered the case of products of infinite stochastic
matrices here; the reader is referred to the monographs cited.

EXERCISES ON §§4.3-4.4

4.15. Prove Theorem 4.8.
4.16. Prove (4.6) [See Exercise 3.8 for a partial proof.]

4.17. Familiar metrics on the set of probability distributions are the P. Lévy distance
and the supremum distance. Show that if these are considered within the set D
.(of length n probability vectors), then the coefficient of ergodicity t(P) (defined
in Lemma 4.2) generated is identical to that generated by the I, norm. (Detail
on this coefficient may be found in Seneta, 1979.) *

4.18. Suppose & = {5} is a real vector satisfying & # 0, 6'1 = 0, and 6* = (67} is
diﬁned by (6*) =&'P for stochastic P. Let A=Y |&]| =&
A* =Y |6#| = |(6*)| 1, and j denote a typical index for which 0¥ > 0. Show

that .%A* = >4 8(2.; Piy), and proceed as in the proof of Theorem 3.1, with &,
playing the role of u, and Y ; p,; playing the role of w, to show

3A* <3A max 2 Py — pay) < 3A7,(P),
i, J
so that A* < Ac(P).
Use this last inequality to prove Theorem 4.9; and the inequali’ 7
A* < ATI(P)
to prove (c.f. Lemma 4.3)
TI(P(“P(Z)) < TI(P“))‘EI(P(Z)).

4719. In the notatipn of the statement and proof of Theorem 4.10, suppose (4.9) does
not necessarily hold, but continue to assume T, , € G4, p > 0, r > 1, and intro-
duce the notation y; = min;; p;;(h). Show that

t

aT,,) < ’:1;_[:6(’1;;+ir, )< klj: {1 - H ?p+n+j},

i
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4.20.
4.21.

4.22.

4.23.

4.24.

4.25.

4.26.

4.27.

4.28.

4.29,
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so that if

I8

_I_I‘Yp+it+j=w, P?-O,

i=0 j=1

weak ergodicity obtains.
Prove Lemmas 4.7 and 4.8.

Show by example that the set G, is not closed under multiplication. Show,
however, that if P € G, Q € G, then either both or neither of PQ, QP € G;.

Show by example that it is possible that A, B, C € Gy, such that AB, BC,
AC € G4, but ABC ¢ G,, although BAC € G,. (Contrast with the result of
Exercise 4.15.)

(Sarymsakov, 1953a)

Suppose that weak ergodicity obtains for a sequence {P;} of stochastic matrices,
not necessarily members of G,. Show that for each fixed p > 0, there exists a
strictly increasing sequence of integers {m;}, i > 1, such that

Tm.‘,m.‘+1EM> i20
where my = p.

(Sarymsakov (1953a); Sarymsakov & Mustafin (1957))
Hint: A row of an n x n stochastic matrix has at least one entry > n" 1.

Discuss the relation between M, G, and G5 when the dimensions of the stoch-
astic matrices are n X n, where n = 2, 3. Discuss the relation between G, and G5
when n > 5.

Show by examples that a Markov matrix is not necessarily a “ normed ” matrix
of G, (i.e. a matrix of G| with positive diagonal); and vice versa. Thus neither of
these classes contains the other.

Show that, for n = 4, a scrambling matrix P = {p,;} is “ nearly Markov ", in that
there is a column j such thatp;, ; >0, p;, ; = v, pi;,;j > 0 for distinct iy, i, i5.
Extend to n > 4.

Hint. For an n x n scrambling matrix there are n(n — 1)/2 distinct pairs of .

(row) indices, but only » actual (column) indices.

Show that if P* is scrambling for some positive integer k, then P € G;.
(Paz, 1963)
Let Py, ..., P, be a finite $et of stochastic matrices of the same order.

Show thatif there is an r, such that all words in the Ps of length at least r, are
scrambling, then each word in the Ps ¢ G,.
Hint: Use Exercise 4.27.

(Paz, 1965)

Let {P;} be a weakly ergodic sequence of stochastic matrices, and let det \{P,-}
denote, as usual, the determinant of P;. Show that )

_:(1 — | det {P}]) = .

i

(Sirazhdinov, 1950)

 d
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4.30. Let us call a stochastic matrix P = {p;;} quasi-Markov if for a proper subset 4
of index set ¥ ={1,2, ..., n}

Zpij >0,

jeAd

for each i € &.

[A Markov matrix is thus one where A consists of a single index].

Show that a scrambling matrix is quasi-Markov, but (by examples) that a
quasi-Markov matrix ¢ G, (i.e. is not regular) necessarily.

Hint: Use the approach of Exercise 4.26.

4.5 Strong Ergodicity for Forward Products

We have already noted that the definition of strong ergodicity for forward
products T, , = {t®"}, p> 0, r > 1, of stochastic matrices formed from a
sequence P, k > 1, is subsumed by that of the more general context of row
allowable matrices considered in §3.3. Thus here the forward products are
said to be strongly ergodic if for all i, j, p

ey~ o

independently of i. The limit vector v, = {v\} is again evidently a probabi-
lity vector, and, as in §3.3, is easily shown to be independent of p.

Indeed virtually all the theory of §3.3 goes through without changes of
proof for sometimes slightly more general structure of quantities being con-
sidered, to compensate for the stochasticity of the underlying sequence P,,
k = 1. We shall generally not need to give anew formally either definitions or
proofs as a consequence. Firstly asymptotic homogeneity here reduces to the
existence of a probability vector D such that D'P,— D’ as k — oo, and
condition (C), as already noted (4.9) to 0 <y < min* p;;(k).

Lemma 4.9. Strong ergodicity of T, ,,p > 0,r > 1 (with limit vector v) implies
asymptotic homogeneity (with respect to v) of the sequence P, k> 1.

ProOF. As for Lemma 3.6 (condition (C) is not needed). O
Theorem 4.12. If all P, k > 1, contain a single essential class of indices, and

condition (C) is satisfied, then asymptotic homogeneity of the P, (with respect
to a probability vector D) is equivalent to

(k = o0) (4.10)

where e, is the unique stationary distribution vector corresponding to P, and e
is a limit vector. In the event that either (equivalent) condition holds, D = e.

e, —e

ProoF. As for Theorem 3.4, with the change that we take .#, to be members
of the finite set of all incidence matrices #(j),j = 1, ..., t containing a single
essential class of indices (and reference to irreducible matrices is generally
replaced by reference to matrices of this kind). O
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Corollary. Under the prior conditions of Theorem 3.4, if strong ergodicity with
limit vector v holds, then (4.10) holds with e = v. O

Theorem 4.13. Assume all P, k > 1, contain « single essential class of indices
and satisfy condition (C); and

(T, )<B<1 (4.11)

for all r > t (for some t > 1), uniformly in p > 0. Then asymptotic homogeneity
is necessary and sufficient for strong ergodicity.

ProoOF. As for Theorem 3.5, mutatis mutandis. In particular we use 7,(-) in
place of 7,(-) and the corresponding distance generated by || - ||, in place of
the projective distance, and do not need the strict positivity of vectors and
matrices inherent in the use of the projective distance. O

Corollary. If(4.11) holds, and e, =2 e for a sequence e, k > 1, of station-
ary distribution vectors of the sequence of stochastic matrices P,, k > 1, for
some limit vector e, then strong ergodicity holds.

Theorem 4.14. If P, — P (elementwise) as k — co, where P € Gy (i.e. P is
regular), then strong ergodicity obtains, and the limit vector v is the unique
stationary distribution vector of P.

PrOOF. As in the proof of Theorem 3.6; again we use t,(-) in place of t4(*),
positivity of matrices is not needed, and the proof is somewhat simpler. Since
P is regular, there is a j, > 1 such that P is Markov. Now for p > 0

11(7;,, r) = Tl(Tp,r—jo Tp+r-jo,jo) = Tl(’];ﬁr—jo,jo) (412)
for r > jo. As 74(T;, j,) = t1(P%) as k— oo, by the continuity of 7;, where
7,(P’°) < 1 since P’° is scrambling, so for k > ay, say, 7,(T;, j,) < B < L.
Hence for r > j, + o, = ¢, say, from (4.12)

7T, )<p<1

for all p > 0. This is condition (4.11) of Theorem 4.13. As in the proof of
Theorem 3.6, it is easy to prove that the conditions of the Corollary to
Theorem 4.13 are otherwise satisfied (with e being the unique stationary
distribution of P, and also—by Lemma 4.9—the limiting distribution v in
the strong ergodicity). - O

Theorem 4.15. If T, . € G, p > 0, r > 1, and condition (C) is saiisﬁed, asymp-
totic homogeneity is necessary and sufficient for strong ergodicity.!

ProoF. From Theorem 4.13, we need only verify that (4.11) holds, since
1,,€G, p=20,r>1=P,e Gy, k> 1 From Lemma 4.5, T, , € M for
r > t, and for such r by (4.6) and condition (C)

(T )<, )<l )< 1 -y <1 O

! This result is a strong ergodicity version of Theorem 4.10, and the analogue of Theorem 3.7.
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We conclude this section with a uniformity result analogous to Theorem
3.8.

Theorem 4.16. Suppose .o/ is any set of stochastic matrices such that of < G 1
and each matrix satisfies condition (C). For H € of let e(H) be the unique
stationary distribution vector, and suppose x is any probability vector. Then for
r > t, where t is the number of distinct incidence matrices corresponding to G 1

|lxH — €/(H)|, < KB
where K >0, 0 < f < 1, both independent of H and x.

PRrOOF. Proceeding as in the proof of Theorem 4.10 and by (4.6), for r > ¢

k—1

(T,,,) < Ti(Tysir, o)

]
o

k—

IA

(Tprin ) < (=) H1 =¥y

0

i

where ¢t is the number of distinct incidence matrices corresponding to G 15
where k is the largest positive integer such that kt < r. Hence for any H € .«

n(H) < (1 - )1
where = (1 — y'). Hence
[ — ()], = | B~ (B, <o) — ()],
by Lemma 4.3;
' < 21,(H").
Hence the result follows by taking K = 2(1 — y*)~ L. O

Bibliography and Discussion to §4.5

This section has been written to closely parallel §3.3; the topics of both
sections are treated in unified manner (as is manifestly possible) in Seneta
and Sheridan (1981). Theorem 4.14 is originally due to Mott (1957) and
Theorem 4.15 to Seneta (1973a). It is clear that, in Theorem 4.16, ¢ can be
taken as any upper bound over (n x n) P € G, for the least integer r for
which P" has a positive column; according to Isaacson and Madsen (1974),
we may take t = (n — 1)(n — 2) + 1 = n> — 3n + 3 (cf. Theorem 3.8).

One of the earliest theorems on strong ergodicity is due to Fortet (1938,
p. 524) who shows that if P is regular and

2 |Pe=Pllo < o0
k
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where
4] = max JZ Iaul'
|

with 4 ={a;}, i,j=1, ..., n, then as r - oo, lim (r - )T, , exists, p > 0;
this result is subsumed by Theorem 4.14. For a sequence of uniform Markov
matrices P, k > 1, Theorem 4.15, which is the strong ergodicity extension of
the Sarymsakov-Mustafin Theorem (Theorem 4.10), was obtained by Bern-
stein (1946) (see also Mott (1957) and Exercise 4.32). The notion of asympto-
tic homogeneity is due in this context to Bernstein (1946, 1964). Important
early work on strong ergodicity was also carried out by Kozniewska (1962);
a presentation of strong ergodicity theory along the lines of Bernstein and
Kozniewska without use of the explicit notion of coefficient of ergodicity
may be found in Seneta (1973c, §4.3), and in part in the exercises to the
present section. The interested reader should also consult the papers of
Hajnal (1956) and Mott and Schneider (1957); and the books of Isaacson
and Madsen (1976) and Iosifescu (1977) for further material and references.

There is also a very large literature pertaining to probabilistic aspects of
non-homogeneous finite Markov chains other than weak and strong ergodi-
city, e.g. the Central Limit Theorem and Law of the Iterated Logarithm.
This work has been carried on largely by the Russian school; a comprehen-
sive reference list to it may be found in Sarymsakov (1961), and an earlier
one in Doeblin (1937). Much of the early work is due to Bernstein (see
Bernstein (1964) and other papers in the same collection).

EXERCISES ON §4.5

4.31. We say the sequence of stochastic matrices P, k > 1, is asymptotically station-

ary if there exists a probability vector D such that

lim D'T, , =D, p=0.

r—+ao
Show that (i) asymptotic stationarity implies asymptotic homogeneity; and,
more generally: (ii) asymptotic stationarity implies

lim D'T, , =D, r>1.

P

(Kozniewska, 1962; Seneta, 1973a)

4.32. If the sequence of stochastic matrices P,, k > 1, is uniformly Markov (ie.
¢(Py) < co <1, k= 1), show that asymptotic homogeneity is necessary and
sufficient for strong ergodicity. (Hint: y.#, < P, < 11’ wherey = 1 — ¢, and .#,
is one of the matrices 1f},j=1,2,..., n.) )

(Bernstein, 1946)

4.33. Use the results of Exercises 4.31 and 4.32 to show that for a sequence of
uniformly Markov matrices, asymptotic homogeneity and asymptotic station-
arity are equivalent.

(Bernstein, 1946)
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4.34. Show that if weak ergodicity obtains for the forward products T, ,, p >0,
r'z 1, fprmed from a sequence Py, k > 1, of stochastic matrices, then asympto-
tic stationarity is equivalent to strong ergodicity.

(Kozniewska, 1962)

435 IfPy=P, k> 1, (ie. all Py’s have common value P), show that weak and strong
ergodicity are equivalent.

(Kozniewska, 1962)

4.6 Backwards Products

As in §3.1 we may consider general (rather than just forward) products
H, = {h}f’;’)}, PZ 0, r > 1, formed from a given sequence P, k> 1, of
stochastic matrices: H, , is.a product formed in any order from P

P
1s 3
.- Ppy,. From Lemma 4.3, it follows that Tt

TI(Hp, r) < HTI(PP‘H)
i=1

anq it is clear from §§4.3-4.4 that a theory of weak ergodicity for such
arbitrary products may be developed to some extent.!

_ Of particular interest from the point of view of applications is the beha-
viour as r — oo of the backwards products

Up,rz{ulgf,-’ir)}sz+r.”Pp+2Pp+1’ pZO’ er
for reasons which we now indicate.

A group of individuals, each of whom has an estimate of an unknown
quantity engage in an information-exchanging operation. This unknown
quantity may be the value of an unknown parameter, or a probability. When
the individuals are made aware of each others’ estimates, they modify their
own estimate by taking into account the opinion of others; each individual
weights the several estimates according to his opinion of their reliabilities.
To obtain a quantitative formulation of the model, suppose there are n
individuals, and let their initial estimates be given by the entries of the vector
Fo = (F{, F3, ..., FQ). Let p;(1) be the initial weight which the ith individual
gttaches to the opinion of the jth individual. After the first interchange of
information, the ith individual’s estimate becomes

Fi= Z pi(1)F3,
J
where the p;;(1)’s can be taken to bé normalized so that

ZPU(I):L i=1..., n
J

! See Exercise 4.36.
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Clearly, the F;’s may be elements of any convex set in an appropriate linear
space, rather than just real numbers; in particular, they may be probability
distributions. Now write P, = {p;;(k)}, k > 1,i,j = 1,..., n, where p; (k) is the
weight attached by the ith individual to the estimate of the jth individual
after k interchanges of information, properly normalized. If F, is the estimate
vector resulting, then

Fk=Pka—1=PkPk—1 Py Fy = UO,kFO

where the Py, k > 1, are each stochastic matrices. The interest is clearly in
the behaviour of U, as k — oo, with respect to: (1) whether consensus tends
to be obtained (i.e. whether the elements of F, tend to become the same),
clearly a limited interpretation of what has been called weak ergodicity; and
(#1) whether the opinions tend to stabilize at the same fixed opinion, a limited
interpretation of what has been called strong ergodicity, for backwards
products.

One may also think of the set P,, k> 1, in this context as one-step
transition matrices corresponding to an inhomogeneous Markov chain
starting in the infinitely remote past and ending at time 0, P, being the
transition matrix at time —k, and U, , = P,,, -** P,,, P,. as the r-step
transition matrix between time —(p + r) and time —p. In this setting it
makes particular sense to consider the existence of a set of probability
vectors v,, k > 0, such that

vipUpr =5, p=>0, r>1, (4.13)

the set vy, k > 0, then having the interpretation of absolute probability vec-
tors at the various “times” —k, k > 0. We shall given them this name in
general.

Finally we shall use the definitions of weak and strong ergodicity analo-
gous to those for forward products (Definitions 4.4 and 4.5) by saying weak
ergodicity obtains if

1

un — uﬁ{”s’) -0 (4.14)

as r— oo for each i, j, s, p and strong ergodicity obtains if weak ergodicity
obtains and the u¥;” themselves tend to a limit for all i, s, p as r - oo (in
which case the limit of u{P,” is independent of i; but not necessarily, as with
forward products, of p?). The reason for the informality of definitions is the
following: '

Theorem 4.17. For backwards producis Uy e, =0, r =1, weak and strong
ergodicity are equivalent.

N

PrOOF. We need prove only that weak ergodicity implies strong ergodicity.
Fix p > 0 and ¢ > 0; then by weak ergodicity

—e<ulP —ulPD <¢

! See Exercise 4.39.

4.6 Backwards Products 155

for r > ro(p), uniformly for all i, j, s=1, ..., n. Since

Up,r+l =Pp+r+lUp,r9

™=

Puilp + 1+ DP” — &) < Y puilp + 7 + 1ulp,”
i=1

1 =

i

M=

<
J

Pui(p + 1 + )" + &)
1

Le.

WEY = s <uffy Y <ul) e
By induction

uf? —e<ulf TR <ul) 4

for all. Ls,h=1,...,n,p>0,r > ro(p), k > 0. Putting i = h, it is evident that
u";" is a Cauchy sequence, so lim (r — oo)u{?;" exists. O

Hence we need only speak of ergodicity of the U, ., and it is sufficient to prove
“.weak ?rgodicity ” (4.14). We may, on the other hand, handle weak ergodi-
city easily through use of coefficients of ergodicity as in §§4.3-4.4, since scalar

relations in terms of these, such as (4.4), (4.7), and that given by Lemma 4.3,
are “direction-free ”.

Theorem 4.18. Suppose m(-) and (- ) are proper coefficients of ergodicity
satisfying (4.4). Ergodicity of backwards prodicts U,,. formed from a given
sequence Py, k > 1, obtains if and only if there is a strictly increasing sequence
of positive integers {k,}, s =0, 1, 2, ... such that

]

Zo{l = t(Uy,, ke 1—ke)] = OO.
Proor. As indicated for Theorem 4.8. J

Results for backwards products analogous to Theorems 4.9 and 4.14 for
weak and strong ergodicity of forward products respectively, are set as
Exercises 4.36 and 4.38. Lemma 4.5 for forward products has its analogue in
Exercise 4.37, which can be used to prove the analogue of Theorem 4.10
(weak ergodicity for forward products) and Theorem 4.15 (strong

ergodicity).
Theorem 4.19. If for each p > 0, r > 1, U, € Gy and

min™ p;(k)>7y >0
i Jj

uniformly for all k'> 1, then ergodicity obtains at a uniform geometric rate for
all p > 0. [This is true in particular if U pr € Gy, p>0,1r> 1, and the sequence
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{P,} has its elements selected from a numerically finite set of stochastic
matrices.]

ProoF. Proceeding analogously to the proof of Theorem 4.10, with the same
meaning for ¢, we obtain

a(U,,) < (1 =) {1 -y)",  r=t

so that for all i, j, s, p, from the definition of a(-)

ufy? —uf O < (L) HA =) rze
Proceeding as in the proof of Theorem 4.17, for all i,s5,h = 1, P 0,
r>t k>0

luy 0 —ufp )| < (=) HA =) r2g

and letting k — oo yields

|0 —up D] < (=) =), r=g
where

v = lim u?", i=1..,n O

r—>oo

The following result also gives a condition equivalent to ergodicity for
backwards products.

Theorem 4.20. Backwards products U, ,, p >0, r > 1, formed from a se-
quence Py, k > 1, of stochastic matrices are ergodic if and only if there is
only one set of absolute probability vectors v, k > 0, in which case

r— o

U, ,— v, p=0.
Proor. We'have for p>0,r>1,h>1
UpirnUpr =Up rin- (4.15)

Now, since the set of stochastic matrices is compact in Rz, we may use the
Cantor diagonal argument to select a subsequence of the positive integers s;
such that as i » oo

U, . .>V, (4.16)

x, §i— X

for each x >0, for stochastic matrices V,, x > 0. Hence substituting

s; — p — r for h in (4.15) and letting i - oo we obtain
I/p+rUp,r=I/p’ PZO: er,

so there is always at least one set of absolute probability vectors given by
fiVi, k>0, for any particular fixedj=1,...,n (ie. we use the jth row of
each V,, k > 0).
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Now suppose strong ergodicity holds, so that

r—-wo

U, , — v, p=0,
and suppose #;, k > 0, is any set of absolute probability vectors. Then

= = - ’ o =t
Vp =04, Up,= Up+r(lvp + E, D= Vp + Vpi, Ep

where E, , —»0 as r— oo, so, since 7,,, is bounded, being a probability
vector, v, = v,, p > 0.

Conversely, suppose there is precisely one set of absolute probability
vectors v, k > 0. Then suppose U} is a limit point of U, , asr — oo for fixed
but arbitrary g > 0, so that for some subsequence t;,J = 1, of the integers, as
J = 0,

Ug»,— Up. (4.17)

Now use the sequence r;,,, j > 1, from which to ultimately select the sub-
sequence s; giving (4.16). Following through the earlier argument, we have

V. =1v}, x > 0, by assumed uniqueness of the set of absolute probability
distributions. But, from (4.17)

Us = tim U, ., =V,
from (4.16),
= lv,.

Hence for a fixed g > 0, the limit point is unique, so as r — oo

U,, -1, g>0. O

Bibliography and Discussion to §4.6

The development of this section follows Chatterjee and Seneta (1977) to
whom Theorems 4.17-4.19 are due. Theorem 4.20 is due to Kolmogorov
(1936b); for a succinct reworking see Blackwell (1945). In the special case
where the P, k > 1, are drawn from a finite alphabet K, Theorem 4.19 was
also obtained by Anthonisse and Tijms (1977).

Our motivating model for the estimate-modification process which has
been used in this section is due to de Groot (1974), whose own motivation is
the problem of attaining agreement about subjective probability distribu-
tions. He gives a range of references; a survey is given by Winkler (1968).
Another situation of applicability arises in forecasting, where several indivi-
duals interact with each other while engaged in making the forecast (Delphi
method; see Dalkey (1969)). The scheme

F,=PF,_, k>1

b
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represents an inhomogeneous version of a procedure described by Feller
(1968) as “repeated averaging”; Feller, like de Groot, considers only the
case where all P, are the same, ie. P,= P, k> 1. In this special case,
Theorem 4.19 and Exercise 4.38 are essentially due to de Groot.

For the rather complex behaviour of U, , as r — oo in general the reader
should consult Blackwell (1945, Theorem 3), Pullman (1966, Theorem 1);
and Cohn (1974) for an explanation in terms of the tail o-field of a reverse
Markov chain.

A further relevant reference is Mukherjea (1979, Section 3).

EXERCISES ON §4.6
4.36. Defining weak ergodicity for arbitrary products H, ,, p >0, r > 1, by
hPD — BP0

as r— oo for each i, j, s, p, show that weak ergodicity is equivalent to
71(H,,,)— 0 as r > 00, p > 0. Show that sufficient for such weak ergodicity is
21 {1 = 11 (Py)} = 0.

4.37. Show thatif U, ,e Gy, p=0,r>1, then U, ,e M for r > t, where ¢ is the

number of distinct incidence matrices corresponding to G,. (Hint: Lemmas 4.4
and 4.5.)

4.38. Show that if P, — P (elementwise) as k — co, where P € G,, then ergodicity
holds for the backward products U, ,, p >0, r > 1. (Hint: Show that there
exists a po and a t such that ¢(U,, ) < ¢o < 1 uniformly for p > p,, and use the
approach of the proof of Theorem 4.10.)

(Chatterjee and Seneta, 1977)

4.39. Suppose the backward products U, ,,p > 0,r > 1, formed from a sequence Py,
k > 1, of stochastic matrices, are ergodic, so that as r — o

Uy, —»1t,, p>0,

where the limit vectors may or may not depend on p. By using the fact that

U, v’ = 1v' for any probability vector v, construct another sequence for
which the limit vectors are not all the same (i.e. depend on p).

4.40. An appropriate analogy. for backwards products to the class G, given by
Definition 4.8 in the G’ of stochastic matrices, defined by P € G, if (a) P € Gy;
(b) PQ € G, for any Q € G,. Discuss why even more useful might be the class
G,={P;PeGy;PQ,QPec G,forany Q € Gy} = G, n G>. Show that G,isa
strictly larger class than G;, the class of (n-x n) scrambling matrices.

PART 1II

COUNTABLE NON-NEGATIVE
MATRICES
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