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Preface to the Second Edition

The cycle representations of Markov processes have been advanced after
the publication of the first edition to many directions. One main purpose of
these advances was the revelation of wide-ranging interpretations of the cy-
cle decompositions of Markov processes such as homologic decompositions,
orthogonality equations, Fourier series, semigroup equations, disintegra-
tions of measures, and so on, which altogether express a genuine law of real
phenomena.

The versatility of these interpretations is consequently motivated by the
existence of algebraic—topological principles in the fundamentals of the cy-
cle representations of Markov processes, which eliberates the standard view
on the Markovian modelling to new intuitive and constructive approaches.
For instance, the ruling role of the cycles to partition the finite-dimensional
distributions of certain Markov processes updates Poincare’s spirit to de-
scribing randomness in terms of the discrete partitions of the dynamical
phase state; also, it allows the translation of the famous Minty’s painting
lemma (1966) in terms of the stochastic entities.

Furthermore, the methods based on the cycle formula of Markov pro-
cesses are often characterized by minimal descriptions on cycles, which
widely express a philosophical analogy to the Kolmogorovean entropic com-
plexity. For instance, a deeper scrutiny on the induced Markov chains into
smaller subsets of states provides simpler descriptions on cycles than on the
stochastic matrices involved in the “taboo probabilities.” Also, the recur-
rence criteria on cycles improve previous conditions based on the stochastic
matrices, and provide plenty of examples.



viii Preface to the Second Edition

The second edition unifies all the interpretations and trends of the cycle
representations of Markov processes in the following additional chapters:

Chapter 8: Cycloid Markov Processes,

Chapter 9: Markov Processes on Banach Spaces on Cycles,

Chapter 10: The Cycles Measures,

Chapter 11: Wide Ranging Interpretations of the Cycle Representations.

Apart of that, it contains the new section 3.6 of Part I devoted to the
induced circuit chains, and the section 1.4 of Part II devoted to “the recur-
rence criterions in terms of the weighted circuits for unidimensional random
walks in random environment.”

Also, some improvements are introduced along the lines of the initial
edition.

I would like to thank Professor Y. Derriennic for his persevering contri-
butions to the present edition expressed especially by his prototypes on the
recurrence of unidimensional random walks in random environment.

Interesting ideas and results to Banach spaces on cycles are due to my
collaboration with N. Kassimatis, Ch. Ganatsiou, and Joel E. Cohen.

Also, the Chinese School of Peking (Qian Minping, Qian Gong, Qian
Min, Qian Cheng, Gong Guang, Jiang Da-Quan, Guang-Lu Gong, Hong
Qian, and others) have been in parallel advanced the cycle representations
to interesting applications in biomathematics and physics.

Finally, we all hope that the second edition will further encourage the
research on the cycle theory and its impetus to Probability Theory, Measure
Theory, Algebraic Topology, Mathematical Analysis, and related fields.

Thessaloniki Sophia L. Kalpazidou
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Unrevealed harmony is superior to the visible one.

HERACLITOS

The purpose of the present book is to give a systematic and unified ex-
position of stochastic processes of the Markovian type, homogeneous and
with either discrete or continuous parameter, which, under an additional
assumption concerning the existence of invariant measures, can be defined
by directed cycles or circuits. These processes are called cycle (or circuit)
processes, and the corresponding collections of weighted cycles are called
cycle representations.

The descriptions of the Markov transition law in terms of the cycles
disclose new and special properties which have given an impetus to very
intensive research concentrated on the connections between the geometric
properties of the trajectories and the algebraic characterization of Markov
processes.

Let us start with a few heuristic motivations for this new topic. The sim-
plest example leading to a cycle process arises when modeling the motion of
a particle on a closed curve. Observe the particle’s motion through p (> 1)
points of this curve at moments one unit of time apart. This amounts
to a discretization of the curve into an ordered sequence ¢ = (¢(n),c(n +
1),...,e(n+p—1),¢(n)),n=0,£1,42, ..., called a directed circuit with



X Preface

period p(c) = p. The subsequence ¢ = (¢(n),c(n+1),...,c(n+p—1)) will
be called a directed cycle (associated with the circuit ¢). Assign a positive
number w, to ¢. Then, a normalized measure of the passage from state
i=c(n) to j=c(n+1)is given by w./w. = 1. Therefore, if no influences
occur, the passages from i to j can be codified by an infinite binary sequence
Y. = (0,1,0,...,0,1,...) where 1 or 0 means that at some moment n the
particle passes through or does not pass through (i, 7).

The sequence y(; ;) is understood as a “nonrandom” sequence in the con-
text of Kolmogorov’s theory of complexities since both 1 and 0 appear pe-
riodically after each p steps. This happens because of the small complexity
of the particle’s trajectory which consists of a circuit ¢ alone. Then, when
some “chaos” arises, it necessarily presupposes some complexity in the form
of the particle’s trajectory. So, let us consider a further two, or even more
than two, overlapping directed circuits cq,...,c.,r > 2, each associated
with some positive number w,,! = 1,...,r. Imagine that the particle ap-
pears sometime at the incident point ¢ of certain circuits, say for simplicity,
c1,...,¢,1 <r.Then, the particle can continue its motion to another point
j through which some circuits ¢, ..., ¢m,,s <I,my,...,ms € {1,...,1},
pass. A natural measure for the particle’s transition when moving from i
to j can be defined as

(anLl T We,,, + o+ We,, )/ (Wey + wWey + -+ +we,) - (1)

Accordingly, the binary sequence codifying as above the appearances of
the pair (¢, 7) along a trajectory is given by a “more chaotic” sequence like
Y. = (0,0,0,1,0,1,0,0,1,0,...), where 1 means that at some moment of
time the particle passes through certain circuits containing (4, j). Further-
more, since expression (1) provides transition probability from ¢ to j of a
Markov chain £ = (£,,n =0,1,...) we conclude that:

there exist deterministic constructions to a Markov chain & which rely on
collections € of directed circuits endowed with certain measures W =
(we, c € 6). The pairs (€, #) completely determine the process &.

But the same conclusion can be conversely viewed as:

there are Markov chains & which are defined by two distinct entities:
a topological entity given by a collection € of directed circuits, and an
algebraic entity given by a measure #' = (we, ¢ € €).

Plainly, both topological and algebraic components € and # are not
uniquely determined, and this is motivated by the algebraic nature of
our construction. To assure the uniqueness, we should look for an-
other approach which can express the definite characteristic of the finite-
dimensional distributions of &.

A natural way to obtain a uniqueness criterion for (%, #') can be given
by a behavioral approach. It is this approach that we shall further use.
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Let S be a finite set, and let £ = (£{,)n>0 be a homogeneous and irre-
ducible S-state Markov chain whose transition matrix is P = (p;5,¢,j € S).
Denote by 7 = (m;,7 € S) the invariant probability distribution of P, that is,
>0, m =1, and

Z?Tipij = Z’]ijji, 1€ 8. (2)
J J

It turns out that system (2) of the “balance equations” can be equiva-
lently written as follows:

Wipij = chjc(iaj)a 27] S Sv (3)

where ¢ ranges over a collection € of directed cycles (or circuits) in S, w,
are positive numbers, and J.(i,5) =1 or 0 according to whether or not
(,7) is an edge of c.

The equivalence of the systems (2) and (3) pressupposes the existence of
an invertible transform of the “global coordinates” expressed by the cycle-
weights w, ¢ € €, into the “local coordinates” given by the edge-weights
miDij, 4, j € S. That is, geometry (topology) enters into equations (2) and
(3). The inverse transform of the edge-coordinates m;p;;,,j € S, into the
cycles ones w,, ¢ € €, is given by equations of the form

We = (Wilpiliz) T (Tris—lPis—lis)(ﬂ-ispisil)w7 (4)
where ¢ = (i1,12,...,1s,11),8 > 1, with ¢ # i, l,k=1,...,s,1 # k, and ¢
is a function depending on i1,...,is, P, and w. The w.’s have frequently

physical counterparts in what are called “through-variables.”

To conclude, any irreducible (in general, recurrent) Markov chain £ ad-
mits two equivalent definitions. A first definition is given in terms of a
stochastic matrix P = (p;;) which in turn provides the edge-coordinates
(mipij), and a second definition is given in terms of the cycle-coordinates
(we,c € F).

To see how the edges and cycles describe the random law, we shall ex-
amine the definitions of the m;p;; and w. in the context of Kolmogorov’s
theory of complexities as exposed in his last work with V.A. Uspensky “Al-
gorithms and Randomness” (see also A.N. Kolmogorov (1963, 1968, 1969,
1983a, b) and V.A. Uspensky and A.L. Semenov (1993)).

Kolmogorov defined the entropy of a binary sequence using the concept of
complexity as follows: Given a mode (method) M of description, the com-
plexity K/ (yn) of any finite string vy, = (@, @1,...,@,-1),n > 1, under
the mode M is defined to be the minimal (space) length of a description of
Y, in this mode (since there can be several descriptions with respect to M).
(We have to note here that there are two types of lengths: the time length
and the space length; see A.N. Uspensky and A.L. Semenov (1993), pp.
52-53). Then, considering the class . of all computable modes of descrip-
tion of a set Y of objects (to which y,, belongs), Kolmogorov proved that
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there is an optimal mode O of description, not necessarily unique, which
provides the shortest possible descriptions, that is, Ko(y,) < Ky (yn) +
constant, for all M € .#. The complexity Ko(y,) is called the entropy of
Yn-

Now, turning back to our question of how the edges and cycles provide
descriptions of the probability distribution Prob(£x = ¢,&,11 = j),4,J € S,
we shall examine the binary sequences assigned to this distribution. To this
end let us fix a pair (4,7) of states. Then for any k the probability

Prob(&k =i, {1 = j)

1
= lim —card{m <n —1:§,(w) =9,{m+1(w) =} as. (5)
n—oo N
can be assigned to an infinite binary sequence vy ;) =Yg, ) (W) =
(y(0),y(1),...,y(m),...) whose coordinates are defined as

(6)

(m) = 1, if the directed pair (i, j) occurs onw at the time m;
YU =130, otherwise;

where w is suitably chosen from the convergence set of (5). A directed pair
(i,7) occurs on trajectory w at moment m if &,,—1(w) =4 and &, (w) = j.

On the other hand, it turns out that the recurrent behavior of £ de-
termines the appearances of directed circuits ¢ = (i1,19,...,%5,11),5 > 1,
with distinct points i1, i2,...,7s when s > 1, along the sample paths, whose
weights w, are given by

1
we = lim — card{m < n — 1: the cycle ¢ appears, modulo the cyclic
n—oo N .
permutations, along w}, (7)

almost surely, where m counts the appearances of the cycle é.
Equations (5) and (7) are connected by the following relation:

% card{m <n —1: &, (w) =9, &t (w) = J}

=3 Swen() i) + 5”2“’), (8)

where ¢ ranges over the set €, (w) containing all the directed cycles occur-
ring until n along w, w. ,(w) denotes the number of the appearances of é
up to n along w, and €,(w) = 0 or 1 according to whether or not the last
step from 7 to j corresponds or does not correspond to an edge of a circuit
appearing up to n. Then, we may assign the y; ;)(w) above to another de-
scription, say, (0,0, 0,0, 1,0,0, 1, 0,...), where 1 codifies the appearances
of a circuit passing through (i, j) along (&x(w))r at certain moments.

Now we shall appeal to Kolmogorov’s theory of complexities which,
as we have already seen, uses an object-description relation. Accord-
ingly, the object to be considered here will be the binary sequence y,, =
(y(0),y(1),...,y(n — 1)) whose coordinates are defined by (6), while the
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corresponding descriptions will be expressed in terms of two modes of de-
scription as follows.

One mode of description for the y, will use the edges and will be de-
noted by FE. The corresponding description in the mode E for each finite
string v, = (y(0),y(1),...,y(n — 1)) is given by the binary sequence z =
(2(0),z(1),...,2(n — 1)) whose coordinates are defined as

The second mode of description, denoted by C| is based on the directed
cycles, and the corresponding description of y, above in the mode C is
given by the sequence z = (2(0),...,2(n — 1)) where
B {1, if a cycle passing through (i, j) occurs along w at moment m;
z(m) = .
0, otherwise;
forallm=20,1,...,n— 1.

Nevertheless, it seems that another mode of description would be given
by the k-cells, k =0,1,2, were we to extend the graph of £ to the next
higher topological structure which is the corresponding 2-complex. But in
this case a serious drawback would arise: the descriptions in terms of the
k-cells would comprise surface elements (the 2-cells) so that no reason-
able algorithmic device would be considered. This motivates the choice of
the mode C' of description in preference to that provided by the k-cells,
k=0,1,2, and in this direction we find another two strengthening argu-
ments. First, the replacement of the 2-cells by their bounding circuits leaves
invariant the orthogonality equation of the boundary operators which act
on the k-cells, k = 0,1, 2; that is, the boundary operators connecting the
homology sequence circuits—edges—points will still satisfy the orthogonal-
ity equation. Then the use of the 2-cells instead of the circuits becomes
superfluous.

Second, the circuit-weights w, given by (7) enjoy a probabilistic inter-
pretation: w,. is the mean number of occurrences of c¢ along almost all the
sample paths of €. Furthermore, the circuits (cycles) used in mode C' can
be determined by suitable equations called cycle generating equations.

To conclude, the cycles and edges provide two methods of description
connected by equation (8). Under this light, cycle representation theory of
Markov processes is devoted to the study of the interconnections between
the edge-coordinates and cycle-coordinates along with the corresponding
implications for the study of the stochastic properties of the processes. Only
after the definition of the cycle representations for continuous parameter
Markov processes can the idea of separating the geometric (topological)
ingredients from their algebraic envelope become clear and lead to the in-
vestigations of fine stochastic properties such as Lévy’s theorem concerning
the positiveness of the transition probabilities.
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A systematic development of the fundamentals of the cycle theory, in the
spirit of Kolmogorov’s algorithmic approach to chaos, started in the 1980s
at Thessaloniki from the idea of interconnecting the principles of algebraic
topology (network theory), algebra, convex analysis, theory of algorithms,
and stochastic processes. For instance, the resulting cycle-decomposition-
formula provides the homological dimension of Betti, the algebraic dimen-
sion of Carathéodory, and the rotational dimension as new revelations of
the Markov processes.

Another school, which developed independently the cycle representa-
tions, is that of Qians in Peking (Qian Gong, Qian Minping, Qian Min, Qian
Cheng, Gong Guang, Guang-Lu Gong, and others). The Chinese school, us-
ing mainly a behavioral approach, defined and explored with exceptional
completeness the probabilistic analogues of certain basic concepts which
rule nonequilibrium statistical physics such as Hill’s cycle flux, Schnaken-
berg’s entropy production, the detailed balance, etc. For instance, conceived
as a function on cycles, the entropy production can be regarded as a mea-
sure for characterizing how far a process is from being reversible.

In France, Y. Derriennic advanced the cycle representation theory to the
study of ergodic problems on random walks in random environment.

Finally, a fourth trend to cycle theory is based on the idea of Joel E.
Cohen under the completion of S. Alpern, and this author, for defining a
finite recurrent stochastic matrix by a rotation of the circle and a partition
whose elements consist of finite unions of the circle-arcs. Recent works of the
author have given rise to a theoretical basis, argued by algebraic topology,
for developing the rotational idea into an independent setting called the
rotational theory of Markov processes. This monograph exposes the results
of all the authors who contributed to this theory, in a separate chapter.

The present book is a state-of-the-art survey of all these principal trends
to cycle theory, unified in a systematic and updated, but not closed, ex-
position. The contents are divided into two parts. The first, called “Fun-
damentals of the Cycle Representations of Markov Processes,” deals with
the basic concepts and equations of the cycle representations. The second
part, called “Applications of the Cycle Representations,” is the application
of the theory to the study of the stochastic properties of Markov processes.

Sophia L. Kalpazidou
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1
Directed Circuits

A circuit or a cycle is a geometric (really topological) concept that can be
defined either by geometric or by algebraic considerations.

The geometric approach views a circuit with distinct points as an image
of a circle. Namely, such a circuit is a discretization of a Jordan curve (a
homeomorph of a circle), that is, a Jordan curve made up by closed arcs,
where by closed arcs we understand the closed 1-cells (in general a closed
n-cell, n > 0, is the homeomorph of the Euclidean set 2’z = 2% + 23 + - - +
z2 <1).

A first step in dealing with algebra is to introduce orientation. This
means distinguishing the two endpoints of each arc as an initial point and
a terminal (final) point. When the arcs of a circuit have the same orientation
we call it a directed circuit.

A definite property of a directed circuit is a canonical return to its points,
that is, a periodic conformation. This argues for a functional version of the
definition of a directed circuit expressing periodicity. Namely, a circuit will
be defined to be any periodic function on the set of integers.

The algebraic approach provides the definition of a directed circuit as a
finite sequence of arc-indexed connected vectors satisfying again the defi-
nite property of having identical endpoints, that is, the boundary is zero.
Equivalently, the same property can be expressed as a system of balance
equations.

In the present chapter we introduce the concept of a directed circuit
either as a periodic function, or implicitly by balance equations.
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1.1 Definition of Directed Circuits

Definition 1.1.1. A directed circuit-function in a denumerable set S is a
periodic function ¢ from the set Z of integers into S.

The values ¢(n),n € Z, are called either points or vertices, or nodes of
¢ while the pairs (¢(n),c(n+1)),n € Z, are called either directed edges or
directed branches, or directed arcs of c.

The smallest integer p = p(c) > 1 that satisfies the equation ¢(n + p) =
c(n), for all n € Z, is called the period of c¢. A directed circuit-function ¢
with p(e) =1 is called a loop.

With each directed circuit-function ¢ we can associate a whole class of
directed circuit-functions ¢ obtained from ¢ by using the group of transla-
tions on Z. Specifically, if for any fixed i € Z we put t;(n) =n+i,n € Z,
then we define a new directed circuit-function ¢’ as ¢’ = cot;, that is,
dn)=cn+1i)neZ.

Clearly ¢ and ¢’ do not differ essentially (they have the same vertices)
and this suggests the following definition:

two directed circuit-functions cand ¢’ are called equivalent if and
only if there is some i € Z such thatd’ = cot;. (1.1.1)

Note that (1.1.1) defines an equivalence relation in the class of all directed
circuit-functions in S. It is obvious that for any equivalence class {c o t;,i €
Z} the direction and the period are class features, that is, cot; and cot;
have the same period and direction as ¢ for any i, j € Z. This remark leads
to the following definition introduced by S. Kalpazidou (1988a).

Definition 1.1.2. A directed circuit in a denumerable set S is an equiva-
lence class according to the equivalence relation defined in (1.1.1).

According to the previous definition the nonterminal points of a directed
circuit are not necessarily distinct. The definite property of a circuit ¢
consists of a canonical return of all its points after the same number of
steps, and this does not exclude repetitions. This is particularly argued by
the existence of functions depending on circuits whose properties do not
require distinct points (see, for instance, Theorems 1.3.1 and 2.1.2 below).
Correspondingly, in the latter expositions of the present book we shall point
out cases where only circuits with distinct points are used.

A directed circuit ¢ in the above sense is determined either by:

(i) the period p = p(c); and
(i) any (p+ 1)-tuple (i1,42,...,0p, ipy1), With ip41 =13

or by
(i) the period p = p(c); and
(ii") any p ordered pairs (i1,42), (i2,%3),.. ., (lp=1,%p)s (ip,ipt+1), With

ip+1 =11, where iy = ¢(n+1—1),1 <1 < p, for some n € Z.
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Definition 1.1.3. The directed cycle associated with a given directed cir-
cuit ¢ = (41,%2,...,1%p,%1),p > 1, with the distinct points 41,...,4, (when
p > 1) is the ordered sequence é = (i1,...,%p).

According to Definition 1.1.2 a (class-) cycle is invariant with respect to
any cyclic permutation of its points.

Definition 1.1.4. The reverse c_ of a circuit ¢ = (i1, 42, ..., p,%1),p > 1,
is the circuit c— = (i1, 9p, - - - , I2, 41).

Let us look more closely at the invariance property of a circuit with
respect to translations on Z. The latter correspond manifestly to a geo-
metrical image of rotations as follows.

If we identify the elements of a circuit ¢ = (i1,...,4p,%1),p > 1, as dis-
tinct points in a plane, then we obtain a directed closed curve A. which,
according to the Jordan curve theorem, separates the plane into an inte-
rior and exterior region (the interior one is a 2-cell). (For details see the
1904 Chicago thesis of Oswald Veblen.) Let us choose an arbitrary point
0 inside the interior region bounded by A, and connect 0 to 41,...,4, by
segments. Then the system {0, A.} is homeomorphic with a circle such that
each directed edge (i, ig+1) corresponds to a rotation around 0. Therefore,

any directed circuit ¢ of period p > 1, and with distinct p points, provides
a collection of p rotations summing to 2.

Let us enrich this geometrical view by a group-theoretic argument.
Namely, we view {a, 2¢, ..., pa} with a = 27 /p as a collection of rotations
that can be mapped by an isomorphic mapping onto the cyclic group of the
pth roots of unity (see A.G. Kurosh (1960), p. 46). On the other hand, if
we partition the collection of all circuits in S into equivalence classes each
consisting of those circuits with the same period, we find that such a class
of circuits can be associated to a cyclic group of roots of unity.

Clearly we cannot define a directed circuit as a cyclic group since the
first one requires two definite elements: the period and the vertices (corre-
sponding to a unique radius), while the second one is only determined by
the period. Figure 1.1.1 represents a p-order group of rotations generated
by the angle a = 27/p. Therefore,

a directed circuit of period p is assigned to a p-order cyclic group of
rotations.

Next it would be interesting to see if a rotation can be used to define
N (>1) overlapping circuits in a set of n points. An answer is inspired by
the 1983 paper of S. Alpern. Namely, we first introduce the ingredients of
a rotation as follows: let n > 1 and let N < n? —n + 1. Then the rotation
of the circle that is to be considered is generated by the angle 27 /(NM),
where M = n!.
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Figure 1.1.1.

Divide the circumference of the circle in Figure 1.1.2 into NM equal
directed arcs symbolized by the elements of the following matrix:

aii ar2 ... Q1M

a a ...oa
A— 21 22 2M

an 1 an 2 aN M

For each row k of A, associate the initial points of the directed arcs

Ak1, A2, - - -, Gks, 28 < M, with certain distinct points i1,149,...,4s of the
set S={1,2,...,n}, and then associate the initial points of ag st+1,
Gk, s+2, - - -, Ak,2s With the same points iy,142,...,1s. If 5 is chosen to divide

circuit cp

s am

Figure 1.1.2.
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M, we may continue the previous procedure M/s times, so that the ini-
tial point of agps will be i,. In this way, the kth row of A is assigned to
the M/s copies of the directed cycle é; = (i1, ...,is) corresponding to the
circuit ¢, = (41,...,%s,41) (in Figure 1.1.2 this is shown for k = 1). Particu-
larly, the circuits cq, ..., cn can be chosen to have certain common points.
Then we conclude that a rotation of angle (27)/(Nn!) generates a collection
of N directed circuits in S.

Example 1.1.1. Let n =3, M = 3! =6, and N = 3. Associate the initial
points of ai1, ..., a1 with 1, the initial points of as1, ass, . .., ase with 1, 2,
1, 27 ey 17 27 and those of as1,a32,...,036 with 17 27 3, ey 1, 2, 3. Then
the rotation defined by the angle 27r/18 is attached to the collection of the
following three overlapping circuits: (1, 1), (1, 2, 1), and (1, 2, 3, 1).

So far our arguments are geometric and the proposed construction is not
the simplest one. However, it is a natural link to the main object of the
present book: the stochastic matrices.

In Section 3.4 of Part II we shall show that the converse of the previ-
ous relation arcs — circuits is vastly superior to other similar relations,
especially if we are interested in the definition of a partition of the circle
which can in turn be involved in the definition of a stochastic matrix. It
is therefore a matter of some considerable theoretical and practical impor-
tance to obtain in a usable form a necessary and sufficient condition for a
relation circuits — arcs to be used in the definition of a stochastic matrix
(see Kalpazidou (1994a, 1995)). As a first step in this direction we have to
find a special partition {4y} of the circle such that the starting point of
each Ay is suitably labeled by some point i,i = 1,...,n.

Further we have to involve an algebraic argument according to which we
shall assign the partition {Akz} to a positive row vector (wg, k=1,...,N),
with > wg = 1, and to consider suitable homeomorphs Ay of Akl in a line
of unit length such that the Lebesgue measure of each Ag; is given by
(1/n!)wg. Then the sets

Si: U Akl; i:l,...,n,

the arcA~kl
startsat ¢

will partition the interval [0, 1) (see Section 3.4 of Part II).

Let A\ denote Lebesgue measure and let f;, ¢ = 1/n!, be the A-preserving
transformation of [0, 1) onto itself defined by fi(z) = (x + ¢) (mod 1). Then
the expression

S N H(S)) /NSy, ij=1,...,n, (1.1.2)

defines a stochastic matrix on {1,2,...,n}. Notice that stochastic matrices
of the form (1.1.2) can be defined by any partition (S;,7=1,2,...,n) of
[0, 1).
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The converse is more difficult and was proposed by Joel E. Cohen (1981)
as a conjecture that we shall call the rotational problem. Under the re-
cent completions of S. Alpern (1983) and S. Kalpazidou (1994a, 1995), the
rotational problem can be formulated as follows:

Given n > 1 and any stochastic matriz (p;j,1,7 =1,...,n) that admits
an invariant probability distribution, find a rotational system consisting
of a A-preserving transformation fi,t >0, on [0,1) and a partition of
[0,1) into sets S;,i =1,...,n, each consisting of a finite union of arcs,
such that

pij = A(Si N f7H(S;))/A(Ss).

The solutions to the rotational problem along with a detailed presenta-
tion of the corresponding theoretical basis are given in Chapter 3 of Part II.
As already seen, an intrinsic step to the above rotational problem consists
of defining a stochastic matrix in terms of the directed circuits.

1.2 The Passage Functions

Given a denumerable set S and a directed circuit ¢ in S, we are interested in
expressing the passages of a particle through the points of ¢. The simplest
way is to use the indicator function of the “event”: a point k € S of the
particle’s trajectory lies on c. Notice that, according to Definition 1.1.2 the
subsequent definitions and properties should not be affected by the choice
of the representative of a class-circuit.

Now we introduce the following definition due to J. MacQueen (1981)
and S. Kalpazidou (1988a):

Definition 1.2.1. Assuming cto be determined by (i1, ..., ip(c), 1), define
J.(k) as the number of all integers 1,0 <1 < p(c) — 1, such that ;41 = k.
We say that ¢ passes through k if and only if J.(k) # 0 and then J.(k) is
the number of times k is passed by c.

Clearly
Jeot; (k) = Je(k), (1.2.1)

for any j € Z. When all the points of ¢ are distinct, except for the terminals,
then

|1, if kis a point of ¢;
Je(k) = {0, otherwise.

If we consider r > 1 consecutive points k1, ..., k. € S on a particle’s tra-
jectory, then to express the passage of the circuit ¢ through the rtuple
(k1,..., k) we need the following generalization of Definition 1.2.1:
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Definition 1.2.2. Assuming c is a directed circuit of period p(c), define
Je(k1, ..., k) as the number of distinct integers [,0 <1 < p(c) — 1, such
that coty(m) = km,m=1,2,...,7.

We say that ¢ passes through (ki, ..., k) if and only if J.(k1,...,k.) #0
and then J.(kq,. .., k) is the number of times ¢ passes through (k1, ..., k).

The functions J. : S — N,r > 1, are called the rth order passage func-
tions associated with c.

Note that we can have J.(k1,...,k;) # 0 even if r > p(c). For example,
if c=(1,2,1), then J.(1,2,1,2) = 1. Obviously

Jcotj(klv"‘vkr) = JC(klv"‘va>7

for all j € Z. In what follows for any rtuple k = (k1,...,k,.) € S” we shall

use the notation (k,7) and (I, k) for the (r + 1)-tuples (ki,...,k,7) and

(I,k1,..., k), respectively. Also, k_ will denote the r-tuple (k,,..., k7).
We now give a few simple but basic properties of the passage function J..

Lemma 1.2.3. The passage function J. satisfies the following balance
properties:

(ﬂl) Jc(k) = Z Jc(kai) = Z Jc(lvk)a

ics 1es
(B2) Je(k) = Je_(k),
for an arbitrarily given r > 1 and for any k = (k1,...,k.) € S”, where c_

symbolizes as always the reverse of c.

Proof. We start by proving (32). This follows from the fact that, by the
very definitions of c_ and k_, the ¢ and c_ do or do not simultaneously pass
through the r~tuples k and k-, respectively. Next, for proving (1) note first
that ¢ does not pass through £ if and only if ¢ does not pass through (k, )
(respectively, (I,k)) for any i (respectively, ) € S. Consequently, in this
case

Je(k) =Y Jo(kyi) = Je(l,k) = 0.
icS les
Second, if ¢ passes through £, then looking at the point of ¢ immediately
succeeding (respectively, preceding) k we conclude that J.(k), the number
of times ¢ passes through k, equals the sum over all ¢ (respectively, 1) € S
of the number of times ¢ passes through (k,i) (respectively, (I, k)). Thus
the proof of (f1) is complete. O

For a fixed r > 1, the balance property (1) asserts that the r-tuple
(k1,..., k) lieson ¢, that is, (k1,...,k.) = (¢(n),...,e¢(n+r — 1)) for some
n € Z, (an equilibrium status) if and only if ¢ passes through (k1, ..., k) to
(from) an element i (1) of ¢, that is, (k1,..., ki) = (¢(n),...,c(n+7r —1,
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c(n+ g’)) (L k1, ..., k) = (c(n—1),¢(n),...,c(n+7—1))) (a dynamical
status).

1.3  Cycle Generating Equations

Let S be a finite set and consider a collection % of overlapping circuits in
S. Then the passage-functions occurring in the balance equations (8;1) of
Lemma 1.2.3 depend upon the circuits.

In general, both practice and theory provide balance equations where the
passage function J. is replaced by an arbitrary positive function w defined
on S2, that is,

> w(k,i) = w(j k) (1.3.1)
€S jeS

forall k € S.
In this section we propose to answer the following inverse question:

Do equations (1.3.1) provide directed circuits that describe the
balance function w? (1.3.2)

We shall follow the usual argument according to which properties in terms
of the indicator functions are generalized to linear combinations of the
indicator functions. Consequently, we ask:

Can any balance function w(i,j) (i.e., that satisfying (1.3.1)) be
expressed as a linear positive combination of the passage functions
associated with certain circuits ¢, that is, (1.3.3)

w(i,j) = chjc(i,j), i,j €S, w.>0? (1.3.4)

The following theorem answers both questions (1.3.2) and (1.3.3) in the
affirmative (S. Kalpazidou (1988a)):

Theorem 1.3.1. Let S be a nonvoid finite set and let two nonnegative
functions w and w- be defined on S x S. Assume w and w- satisfy the

balance equations
> w(k,i) =Y wik), keS,

Zw,(k,z) = Zw,(i,k), kes,

such that each sum of (1.3.5) is strictly positive, and
w(k,i) = w_(i, k),

(1.3.5)

foralli,k e S.
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Then there exist two finite ordered collections € and €_ of directed circuits
in S, with €. = {c_, c_ is the reversed circuit of ¢,c € €}, and two ordered
sets {we,c € €} and {w._,c- € €.} of strictly positive numbers, depending
on the ordering of € and €- and with w. = w._, such that

w(k,i) = chJc(k,i),
g 1.3.6
w(i k) = Y we Je(i,k), (1.3.6)

c_€C-

for all k,i € S, where J.(i,5)(J._(j,%)) is 1 or 0 according to whether or
not (i,7)((7,1)) is an edge of ¢(c.).

Proof. Starting from an arbitrarily fixed point k € S, on account of the
strict positiveness of the sums in (1.3.5), there exists at least one element
j € S such that w(k,j) = w-(j,k) > 0. Let iy = k,i2 = j. Repeating the
same argument for io instead of k, there exists i3 € S such that w(iz,i3) >
0. Finally the balance equations (1.3.5) provide a sequence of pairs
(i1,12), (i2,13), ... for which w(ig,ig+1) and w_(igy1,7x) are strictly pos-
itive. Since S is finite, there is a smallest integer n > 2 such that i,, = iy, for
some k,1 < k < n. Then the sequence (ix, tg+1), (dkt1,9k+2)s- -+ (bn—1,%%)
determines a directed circuit ¢; with distinct points (except for the termi-
nals). Let

we, = minw(i,j) = w(iy, j1)

where the minimum is taken over the edges of c;.
Consider

w1<i,j) = w(imj) - w01J61(iaj)a
where J.(4,7) is 1 or 0 according to whether or not (i, j) is an edge of c.
By the very definition of w,,, the new function wy (-, -) is nonnegative.
Also, since J., is balanced, wy is also. If wy = 0, equations (1.3.6) hold for
&= {c1}. Otherwise, wy remains strictly positive on fewer pairs than w
and we may repeat the same arguments above for wq instead of w to define

a new directed circuit ¢y with distinct points (except for the terminals).
Accordingly, we further define

We, = H;inuﬂ(@j) = wi (42, jo) = w(iz, j2) — We, Je, (i2, j2)
2

and
w2(i»j) = wl(i7j) - wC2JC2(i7j)
= ’U)(’L,j) - wc1<]01 (Za]) - wCzJC2(i7j)'
Continuing the procedure, we find a sequence wy,ws,... of balanced

functions such that each wgi1 remains strictly positive on fewer pairs
than wy. Then after finitely many steps, say n, we have w,+; = 0. Put
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3/13
113 ()
! 313 4
Figure 1.3.1.

€= (c1,ca,...,¢n}. Then
w(i,j) =Y wede(i, ),

ceE?
for all i, j € S. By arguing analogously for w_ and choosing as representative
class of circuits to be €~ = {c_: c_ is the reversed circuit of ¢,c € €}, we
obtain w,._ = w, for any c_ € €., and the decomposition of w_ by (€., w._).
The proof is complete. O

Equations (1.3.5) are called, by Kalpazidou ((1993a), (1994a)), cycle gen-
erating equations. They can be used as an implicit definition of the directed
circuits. Accordingly, we shall say that the functions w and w_ are respec-
tively represented by (€, w.) and (., w._). It is useful to notice that, in
defining the decomposing weights, the algorithm occurring in the course of
the proof of Theorem 1.3.1 depends upon the choice of the ordering of the
representative circuits.

Example 1.3.1. Let S = {1,2} and let w(i,j),i,j € S, be defined by the
entries of the matrix

1/13 3/13

3/13 6/13 )

According to the Theorem 1.3.1, w is decomposed by the follow-
ing circuits and weights: ¢; = (1,1),¢c2 = (1,2,1),¢3 = (2,2), and w,, =
1/13, we, = 3/13,w., = 6/13 (see Figure 1.3.1).

Example 1.3.2. Let S ={1,2,3,4} and let w(i,j),4,j € S, be given by
the matrix
3/12 1/12 1/12 1/12
0 0 1/12 0
0 0 0 2/12
312 0 0 0

Then the balance function w is decomposed by the circuits ¢; =
(1,1),c0 = (1,2,3,4,1),c5 = (1,3,4,1), and cs = (1,4,1), and by the
weights  we, = 3/12,w., = 1/12,w., = 1/12, and w., = 1/12 (Figure
1.3.2).
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3/12

3/12

1/12

Figure 1.3.2.

Theorem 1.3.1 asserts that the balance equations (1.3.1) are equivalent
to the explicit representations (1.3.4). Both systems have topological equiv-
alents in equations (1) of Lemma 1.2.3, where we recognize two types of
connections:

(i) the connections of the directed edges by, b, ..., by, with the points

N1, N2, ...,MNy; and
(ii) the connections of the directed edges by, ba, ..., by, with the directed
circuits ¢1, ¢a, . . . , ¢y, (here we consider that the circuits have distinct

points (excepts for the terminals)).

Namely, the connectivity (which is a topological property) of the directed
edges and points in the graph of w may be expressed by a matrix operator
71 defined as follows:

n= (77edge7 point) = (nbﬂls) (137)
with
+1, if the jth edge is positively incident on the sth point;
Mhn, = —1, if the jth edge is negatively incident on the sth point;
0, otherwise.

Notice that the columns of 7 are linearly dependent. When we do not need
this linear dependence we can choose a reference point of the graph of w,
and then delete the corresponding column in the matrix 7.

The interconnections between edges and circuits in the graph of w can
be described by another matrix operator { defined as follows:

C: (Cedge, circuit) = (ijcn); (138)
where

+1, if the jth edge is positively included in the kth circuit;
Cbje. = 4 —1, if the jth edge is negatively included in the kth circuit;
0, otherwise.

Since the J.(k,7) plays the role of the (k,i)-coordinate of the circuit ¢
viewed in the vector space generated by the edges {b;}, equation (8;) of
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Lemma 1.2.3 is related to the equation
n'¢ =0,

where n* is the transposed matrix of 1. An additional argument to the
previous equation is given in Chapter 4.

The cycle generating equations (1.3.1) and (1.3.4) are in fact an al-
gebraization of (1) occurring in Lemma 1.2.3, since the edges and cir-
cuits are respectively assigned with the edge values w(k, ) and the circuit
values w,. Correspondingly, the cycle generating equations have a double
solution:

(i) a topological solution specified by the representative class € of di-
rected circuits in the graph of w; and
(ii) an algebraic solution {w.,c € €} of strictly positive circuit-weights.

It is to be noticed that the only operations involving the edge values
and circuit values in Theorem 1.3.1 are addition and subtraction. This
explains why these elements may belong to any additive group. The reason
for considering vector spaces instead of groups arises when a co-theory is
intended to be developed on a dual graph, where a transform connects the
edge values of the original graph to those of the dual graph (in particular,
this transform can be linear (ohmic)). (Dual graphs were introduced by
R.J. Duffin (1962).) As a consequence, certain associative and distributive
laws have to be obeyed.

Remarks

(i) The circuit decomposition (1.3.6) of Theorem 1.3.1 implies that all
the points of S lie on circuits with strictly positive weights. This amounts
to the existence of circuits (in the graph of w) which pass through each
point, that is, w(i) = >, w(i, j) can be written as w(i) = >_, weJ(i) with
J.(i) # 0 for some c.

It is the positiveness of the sums occurring in the balance equations
(1.3.5) that, along with the latter, argues for the concept of circuit gener-
ating equations. For instance, if w = 0 then w can be written as w =0- J,
for any circuit ¢ in S, in which case the balance equations do not play the
role of circuit generating equations. In other words, the balance equations
without the positiveness assumption lose their topological role (specified by
the connectivity of the graph of w) and keep only the algebraic one. This
explains why, when we do not assume the positiveness condition in the
balance equation (1.3.5), the decomposition (1.3.6) may contain, among its
terms, null circuit-weights. (For instance, when w(%) above is zero then w(7)
can be written as w(i) = w.J.(i) for any w. > 0 and any circuit ¢ which
does not contain i. Another version would be to choose any circuit ¢ and
we = 0.)

(ii) The circuit decompositions (1.3.6) allow interpretations in probabilis-
tic terms (see Theorem 3.3.1 below), and in physical terms (for instance,
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every point is neither a source nor a sink of an eletrical fluid—in Chapter
2 of Part IT we shall give a sequel to this argument).

(iii) The circuits occurring in the decomposition (1.3.4) have not
necessarily distinct points. In this light, there exist particular solutions (to
the balance equations) given by those classes which contain only circuits
with distinct points (except for the terminals). The latter can be also
obtained by a convex analysis argument which relies on a version of the
celebrated Carathéodory dimensional theorem. A detailed exposition of
this argument is developed in Chapter 4.

For particular cases when w is provided by a doubly stochastic matrix
P another convex analysis argument for a cycle decomposition is given by
the Birkhoff theorem according to which P can be written as a convex
combination of permutation matrices. A permutation matrix is any matrix
whose entries are either 0 or 1, and with only one 1 for each row and for
each column. Here is a proof due to Y. Derriennic.

Consider a doubly stochastic matrix P and write it as a convex combina-
tion Y a; M;, where M; are permutation matrices. Since each permutation
determines circuits, we can assign the weight 1 to each circuit. Then we
obtain a collection of circuits and weights associated with M;.

On the other hand, since all the matrices M; admit a common invariant
measure (the “uniform” measure), then P, as a convex combination of M;,
will be decomposed by the corresponding weighted circuits.

(iv) The consideration of the two functions w and w_ in the statement
of Theorem 1.3.1 is motivated by our further developments. Namely, in
Chapters 2 and 7 we shall show that w and w_ may enjoy a probabilistic
interpretation according to which they will define the transition laws of two
distinct Markov chains, with reversed parameter-scale, such that one chain
is not the inverse of the other.

Also equations w(k, i) = w_(i, k) give a sufficient condition in order that
w and w_- admit inverse representative circuits. In general, when we disso-
ciate the function w from this context, Theorem 1.3.1 may refer to a single
balance function.

(v) As will be shown in Chapter 4, a general circuit decomposition for-
mula, with real circuit-weights, can be proved by an algebraic topological
argument according to which the balanced function w, considered in the
vector space generated by the edges of the graph of w, may be decomposed
into a sum by a minimal number of circuits.

The balanced function w is known in the literature under different names:
in convex analysis w is called a flow (see C. Berge (1970), R.T. Rockafellar
(1972), and M. Gondran and M. Minoux (1984)), in algebraic topology w
is called a one-cycle of the corresponding graph (see S. Lefschetz (1975),
pp. 51-52, B. Bollobds (1979)), while in network theory w is a current
obeying the first Kirchhoff law (see A.H. Zemanian (1991)).

If S has m points, then the matrix 1 associated with the graph of w by
(1.3.7) has m — 1 independent columns. The remaining column corresponds
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to a reference point of the graph of w called the datum. Let us choose a
maximal tree T in the graph of w, and then let us arrange properly the rows
of  so that 7 is partitioned into a submatrix 5, whose edges belong to the
tree only, and a submatrix 77, whose edges belong to the tree-complement.
Note that each of the nondatum points of the tree can be connected by
a unique path-in-tree to the datum point. F.H. Branin, Jr. (1959, 1966)
introduced another connectivity matrix Sr expressing the connections of
the edges of T with the point-to-datum paths. Specifically, 57 is defined as
follows:

ﬁT = (ﬁedge, point) = (ﬁbjn5)7

where

+1, if the jth edge is positively included in the
sth point-to-datum path;
Bbjn, = —1, if the jth edge is negatively included in the
sth point-to-datum path;
0, otherwise.

Then fr is an invertible matrix, that, according to F.H. Branin, Jr. (1959),
satisfies the equation n,. ! — Bp. However, connectivity of the elements of
the graph of w is completely described by the matrices 1 and (.

The equation ¢ = 0, whose proof has long been known from O. Veblen
(1931), implies that

Cr = —Brn}.

The latter expresses that the path-in-tree from the final point to the initial
point of each edge in the tree-complement may be determined by adding the
converse of the (initial point)-to-datum path to the (final point)-to-datum
path.

Comments

The exposition of Sections 1.1 and 1.2 follows J. MacQueen (1981) and
S. Kalpazidou (1988a, 1990a, 1993a, b). Section 1.3 is written according to
S. Kalpazidou (1988a, 1993a, e, 1994a), F.H. Branin, Jr. (1959, 1966), and
A H. Zemanian (1991).



2

Genesis of Markov Chains by
Circuits: The Circuit Chains

In this chapter we shall show how Markovian dependence can arise from
at most countable collections of overlapping weighted directed circuits.
The corresponding processes are Markov chains, that is, discrete parameter
Markov processes which, generated by circuits, will be called circuit chains.

2.1 Finite Markov Chains Defined by
Weighted Circuits

2.1.1. Observe the passages of a particle through the points of a finite set
S ={a,b,c,d,e, f,g} at moments one unit of time apart, always moving
along one of the overlapping directed circuits {cy, ¢2, c3} as in Figure 2.1.1.
Each circuit ¢; has its points in S and is assigned to a strictly positive
weight w,,. Suppose there is a camera which registers the passages of the
particle along one directed arc chosen at random. If we project the states
through which the particle was passing until the nth moment, we shall get
a random sequence ...,&,_1,&,, of observations with values in S.

Following J. MacQueen (1981) and S. Kalpazidou (1988a) we may define
transition probabilities of such a stochastic sequence in terms of circuit
weights. To make clear the presentation let us consider histories of one-
steps. For instance, if such a history is k = b, we are interested in defining
the transition probabilities from £, = k to &, 11 = x,z € S, where n belongs
to the set Z of all integers. Thus, to calculate these transition probabilities
we follow the steps below:
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Figure 2.1.1.

(i) We look for the set €(k) of all circuits which pass through k. In case
%(k) is not empty, then the passages to other states are allowed and
we may go on with the following steps.

(ii) We consider the %[k, x) of all circuits which pass through (k, z). In
case 6k, ) is empty then no passage to z will take place.

(iii) The transition probabilities from k(=b) to x are expressed in terms
of the weights of the circuits in ¢(k) and €(k, x) by the relations:

> ow/ Y w

' €(b,d) ' €A(b)
= (wcl + w03)/(wcl + We, + wC:s)v
Z Wer [ Z Wer
) ' €4(b)
= We, [ (Wey + Wey + Wey ),
P(&n1 =2/ =0) =0, z € S\{c,d},

P(gn-&-l = d/fn = b)

P(§n+1 = C/gn = b)

for all n € Z.

Then the above probability law leads us to a Markov chain £ = (&,)nez
which will be called a circuit chain.

Let us now recall the definition of a Markov chain. Let S be at most a de-
numerable set (i.e., Sis either finite or denumerable). An S-valued sequence
X = (X,))n>0 of random variables on the probability space (2, JZ, P) is said
to be a homogeneous Markov chain (or a homogeneous discrete parameter
Markov process) with state space S if for any n > 0 and 49,41, ...,ip4+1 € S
we have

P(Xn-l—l = 7;n-i-l/)(n =in, Xn—1 = ln-1,--+, X0 = 'LO)
= ]P)(XnJrl = Z’n+1/)(n = Zn)a
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whenever the left member is defined, such that the right member is inde-
pendent of n. The previous equality is called the Markov property and it
can occur even if the right member depends on parameter value n (it is
non-homogeneous). Moreover, the probability

P(XTL-H = j/Xn = 'L)

is called the transition probability of the chain from state ¢ to state j and is
usually designated by p;;. Then the P = (p;;); jes is a stochastic matrix,
called the transition matriz of the Markov chain, that is, a matrix whose
elements satisfy

pij > 0, Zpij =1 i€ sS.
J

Therefore any Markov chain determines a stochastic matrix. The converse,
which is much deeper, is given by the well-known existence theorem of
Kolmogorov and establishes a basic relationship between nonnegative
matrices and Markov chains. The reader may find a comparative study of
nonnegative matrices and Markov chains in E. Seneta (1981).

On the other hand, there exists a large class of Markov processes that
can be defined as the Markov chain £ related to Figure 2.1.1, that is, their
finite-dimensional distributions are completely determined by collections of
weighted directed circuits. This will then motivate the definition and the
general study of the Markovian dependence in terms of collections (%, w.)
of directed circuits and weights, which in turn leads to a link between non-
negative matrices and (%, w.). As a consequence, related fields to probabil-
ity theory as ergodic theory, harmonic analysis and potential theory may
be developed in terms of the cycles.

Turning to the particular case of Figure 2.1.1, we see that the Markov
chain £ is irreducible, that is, for any pair (4, j) of states either p;; > 0, or
there exists a path (7,41), (i1,42), ..., (in, J) such that pi, pi i, ... pi,; > 0.
The oriented graph G associated with an irreducible Markov chain is
strongly connected. (Recall that (i,7) is an edge of G if and only if
pi; > 0). In the case of a circuit Markov chain associated with a collection
(%, w,) irreducibility has a complete expression in terms of the circuits
of ¥ as follows: any two states i and j are circuit-edge-connected, that
is, there exists a sequence of directed circuits c1,...,Cm,Cmt1,---,Cn0f €
such that i lies on ¢y and j on c,, and any pair of consecutive circuits ¢,
and cm41 have at least one point in common (see also Proposition 3.4.1).
Then we shall say that % satisfies the irreducibility-condition.

Let us now change the time-sense, seeing the retroversion of the film
of observations along the reversed circuits of Figure 2.1.1 until the nth
moment, namely, ..., Xn+1, Xn. Note that the circuits which are entering
a vertex are the same as those which are leaving it in the corresponding
reversed circuits. Then we find that transition probabilities from state b to
x € S satisfy the equations:

P(&nt1 =2/& = b) =P(xn = 2/Xn+1 =), (2.1.1)
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for all n € Z, where the transition probability from state b to z in chain xy =
(Xns Xn+1,---) is defined by using, instead of the classes €(b) and €(b, x)
occurring at steps (i) and (ii) above, the classes ¢_(b) and ¢_(x,b) which
contain all the inverse circuits ¢’ of the circuits ¢’ € € passing through b
and (z,b), respectively. Namely,

P(xn = 2/Xnt1=b)= > we/ Y  we,
)

¢ €6_(x,b) ¢ €6_(b

where we = we, ¢ € €. Plainly, in general, x is not the inverse chain of £
as long as the circuits are directed. The inverse chain of £ is given by the
class ¢(x,b) when defining the transition probability from state b to .

In conclusion, equation (2.1.1) argue for a dichotomy into two sequences
¢ = (&,) and x = (xn) with reversed parameter-scale, which keep not only
the Markovian nature of the transition laws, but also the transition laws
are related numerically by equation (2.1.1).

In this light we have to study the behavior of the pair (¢, x) as a whole
(see Kalpazidou (1988a)).

2.1.2. Let us now give a rigorous presentation of the heuristic introduction
above.

Consider a nonvoid finite set S and a finite collection € of overlapping
directed circuits in S. Suppose further that all the points of S can be reached
from one another following paths of circuit-edges, that is, for each two
distinct points ¢ and j of S there exists a sequence ci,...,ck, k> 1, of
circuits of € such that i lies on ¢; and j on ¢, and any pair of consecutive
circuits (cp, ¢p41) have at least one point in common. In general, we may
assume that % contains, among its elements, circuits whose periods are
greater than 2. Another version would be to assume that all the circuit
periods are equal to 2.

Let €_ be the collection of the reverses c_ of all circuits ¢ € € as in-
troduced in Definition 1.1.4. Associate a strictly positive number w,. with
each ¢ € €. Since the numbers w, must be independent of the choice of
the representative of ¢ (according to Definition 1.1.2), suppose that they
satisfy the following consistency condition:

Weot; = We, i€ Z, (2.1.2)

where ¢; is the translation of length ¢ occurring in (1.1.1).
Put

We_ = We, c_ €C-. (2.1.3)
Define
w(k,i) =Y wede(k, i), kies, (2.1.4)
ce?
w_(v,1) = Z We_Je_(v,1), v,1 €S, (2.1.5)

c_€EF_
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w(k) =Y wede(k), kes, (2.1.6)
cE?
w_(v) = > we Je_(v), veSs, (2.1.7)
c_€EC_

where J.(+,-) and J.(-) are the passage-functions of ¢ introduced by Defi-
nition 1.2.2.
From Lemma 1.2.3 we have

Proposition 2.1.1. The functions w(-,-),w(:),w—(-,-) and w_(-) defined
by (2.1.4)—(2.1.7) satisfy the following balance properties:

(8) B wk) = wlki) = 3w k),

i€s jes
(i) w () = S w (i) = Sw (0,5),
i€s jes
(B2) w(k,v) = w_(v, k),

for any k,v € S.

We now recall a standard result (S. Kalpazidou (1988a)) which relates
the pair (w,w_) with Markov chains.

Theorem 2.1.2. Suppose we are given a finite class € of overlapping di-
rected circuits in a finite set S, and a set of positive weights {w}cey satis-
fying the assumptions stated at the beginning of Subparagraph 2.1.2.

Then there exists a pair ((£,), (Xn))nez of irreducible S-state Markov
chains on a suitable probability space (2, &, P) such that

P(£n+l = Z/gn) = w(gna Z)/w(gn)v
P(xn = i/Xn+1) = w-(i; Xnt1)/w—(Xn+1),
P(&n1 =1/& = J) = P(xn = i/Xn+1 = J),

P-almost surely, for anyn € Z and i,j € S.

Proof. By Daniell-Kolmogorov’s theorem there exist two S-valued Markov
chains £ = (£,), and x = (xn)n On a suitable probability space (2, %, P)
and with transition probabilities given by

P(&nt1 =i/6n = k)
w(k, 1)
=q wk)’

, otherwise;

if there isc € ¥such that J.(k) - J.(k,i) # O;

=
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P(xn = i/Xnt+1 =)
w_(z,l)))’ if there isc_ € €_ such that J._(v) - J._(i,v) # 0;

=49 w_(v
0, otherwise;

for any n € Z and k,v,i € S. The chains ¢ and x are irreducible since
by hypotheses each two distinct points of S are circuit-edge-connected.
Moreover, since w(k,?) = w_(i, k), then

]P)(gn+1 = Z/fn = k) = P(Xn = i/Xn+1 = k)a

for any n € Z. Also, according to the balance equation (1), the chains £
and y above have unique stationary distributions p and p_ defined as

p(k) =p—(k) = w(k)/ Y Jw(k) =w_(k)/ Y jw_(k), keS.
k k

This completes the proof. O

The following theorem asserts the existence of the inverse chains of £ and
X in terms of circuits:

Theorem 2.1.3. Assume a finite class € of overlapping directed circuits
in a finite set S is given together with a set of positive weights {we}ecw as
in Theorem 2.1.2.

(i) Then there exists a pair ((§),)n, (X5)n) of irreducible S-state Markov
chains defined on a suitable probability space (Q, H,P) such that

P(&, = i/ny1) = w(i>§;+1)/w(§;«b+1)7
P(Xny1 = i/xn) = w-(Xp, 1) /w-(x3);
P&, = i/fiwl =j)= IP)(Xanrl =i/Xn = 1),
P-almost surely for anyn € Z and i,j € S.

(ii) The chains (&)nez and (X, )nez are Doob versions of the inverse
chains of the chains given by Theorem 2.1.2.

Definition 2.1.4. The Markov chains £ and x occurring in Theorems 2.1.2
and their inverse chains occurring in Theorem 2.1.3 are called circuit chains
associated with the finite classes 4 and % of circuits in S and with the
positive weights w. = w,._,c € €.

In general, Theorem 2.1.2 may be extended to any collection % of directed
circuits in which case the corresponding circuit chains are recurrent Markov
chains.

The stochastic behavior of a circuit chain generated by a collection
(€, w.) of directed circuits and weights depends on the choice of € and
{w.}. Sometimes one may express certain stochastic properties in terms
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of the circuits alone. For instance, as we have already seen the irreducibil-
ity of the S-valued chain ¢ provided by Theorem 2.1.2 follows from the
irreducibility-condition on €, namely, any two points of S are circuit-edge-
connected. Also, periodicity (or aperiodicity) of the same irreducible circuit
chain £ can be given in terms of the circuits as follows. Suppose € satisfies
the irreducibility-condition and let G denote the graph associated with %.
We say that % satisfies the periodicity (or aperiodicity) condition if there is
a point 4 of § such that the greatest common divisor of the periods of all
the directed circuits occurring in G and passing through i equals a natural
number d > 1 (or d = 1). Then the Markov chains generated as in Theorem
2.1.2 by % endowed with any collection {w.} of weights are said to be peri-
odic with period d or aperiodic according as € satisfies the above periodicity
or aperiodicity condition. For instance, if € contains a loop (i,%), then & is
aperiodic.

In Chapters 1 and 2 of Part II we shall deal with other stochastic prop-
erties that can be expressed in terms of the directed circuits.

2.2  Denumerable Markov Chains
Generated by Circuits

A natural extension of finite circuit chains to a countable infinity of circuits
is particularly important in connection with the study of special problems
concerning denumerable Markov chains, countable nonnegative matrices,
infinite electrical networks, and others. For instance, a main question we
are faced with in Markov chain theory is the so-called type problem, that
is, the problem of determining if these processes are recurrent or transient
(the geometrical correspondent is to decide whether a surface is parabolic
or hyperbolic (see L.V. Ahlfors (1935), H.L. Royden (1952), L.V. Ahlfors
and L. Sario (1960), and J. Milnor (1977), and also, G. Polya (1921)).

Let us now recall briefly the definition of recurrent (or transient) Markov
chains. Let S be a denumerable set and let £ = (§,)n>0 be an S-state
Markov chain. Denote further by f;;,4,j € S, the probability that the chain
£, starting in state 4, reaches state j at least once. A state i € S is said to be
recurrent or transient according as f; = 1 or f;; < 1. Usually these Frop—
erties are expressed in terms of the n-step transition probabilities pi?) of
¢ as follows. A state ¢ € S is recurrent or transient according as the series
Y o1 pz(»?) diverges or converges (see E. Seneta (1981)). On the other hand,
we have the dichotomy positive states and null states. A state ¢ € S is said
to be positive or null according as the mean frequency of passage from state
i to 4 is strictly positive or zero. Since recurrence (or transience) is a class
property then £ may have recurrent (or transient) classes. Analogously, £
may have positive (or null) classes. Here a class is either a set of mutually
communicating states or consists of a single state.
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The Markovian dependence related to electrical networks was studied in
many works like C.St.J.A. Nash-Williams (1959), G.J. Minty (1960), G.K.
Kemeny, J.L. Snell; and A.W. Knapp (1976), F. Kelly (1979), D. Griffeath
and T.M. Liggett (1982), T. Lyons (1983), P.G. Doyle and J.L. Snell (1984),
and others. Recent valuable contributions to stochastics on networks are
due to Y. Derriennic (1973-1993), Y. Guivarc’h (1980a, b, 1984), W. Woess
(1986-1994), M.A. Picardello et al. (1987-1994), P.M. Soardi (1990, 1994a,
b), L. DeMichele et al. (1990), and others.

A detailed and updated exposition of infinite electrical networks is due
to A.H. Zemanian (1991) (see also A.H. Zemanian (1965-1992), A.H.
Zemanian and P. Subramanian (1983)). An infinite resistive network is
a pair consisting of an unoriented connected infinite graph and a nonnega-
tive function defined on the set of edges. Arguing the extension to infinite
networks, Zemanian (1991) points out that questions which are meaning-
less for finite networks crop up about infinite ones, for example, Kirchhoff’s
current law need not hold at a node with an infinity of incident edges, and
Kirchhoff’s voltage law may fail around an “infinite” circuit.

On the other hand, Markov chain analysis does not always agree with
that of electrical networks—we here refer the reader to a recent work of
S. McGuinness (1991) according to which Nash-Williams’s theorem con-
cerning recurrence of locally finite networks can be generalized to networks
without the local finiteness condition. Recent results of E. Schlesinger
(1992), and P.M. Soardi and M. Yamasaki (1993) show recurrence-
transience criterions for networks satisfying weaker finiteness conditions
than the local finiteness.

Our approach to countable circuit chains follows S. Kalpazidou (1989b,
1990b, 1991a). Consider an infinite denumerable class € of overlapping
directed circuits with distinct points (except for the terminals) in a denu-
merable set S.

Let - = {c_,c_ is the reversed of ¢,c € ¢}.

Assume the following hypotheses are satisfied:

(c1) The circuits determine an infinite oriented graph of bounded degree,
that is, there is some integer ny > 1 such that the number of circuits
that pass through any point of S'is at most ny.

(c2) max.cgp(c) = R < 0o, where p(c) denotes the period of c.

(c3) (Connectedness). For every two points k and u of S there ex-

ist a finite sequence of circuits c¢q,...,¢, and a finite path kg =
k,ki,...,ky, = u of points on ¢q,...,¢,, that connect k to u, that
is, (kn,knt1) is passed by ¢,11,n=0,...,m —1, in the sense of

Definition 1.2.2.

In general, the collection € may contain infinitely many circuits with peri-
ods greater than 2. (There are contexts where it is more suitable to consider
only circuits of period 2 (see Y. Derriennic (1993).)
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Associate a strictly positive number w, with each ¢ € € and, as-
suming the same conventions (2.1.2) and (2.1.3), define the functions
w(-, ), w(),w_(+,-), and w_(-) by relations (2.1.4)—(2.1.7). Then there
exist two irreducible S-state Markov chains & = (&), and x = (Xn)n
with the transition laws given, respectively, by (w(k,7)/w(k), k,i € S) and
(w_(i,k)/w_(k),k,i € S). Both processes & and x are called denumer-
able circuit chains generated by (%, w.) and (%, w._), respectively. Fur-
thermore, these processes admit the collection (w(k),k € S) as an invari-
ant measure (since w_(k) =w(k),k € §). The reader may find results
on Markov processes admitting invariant measures in T.E. Harris and
R. Robins (1953), T.E. Harris (1956, 1957), C. Derman (1954, 1955), R.G.
Miller, Jr. (1963), E. Seneta (1981), and others.

When either € or {w.} varies, we may define a collection of circuit chains
as above. Furthermore, one may obtain a recurrent or transient behavior
for each circuit chain according to the additional constraints imposed on
(€, w.). One way to investigate the type problem for the above circuit chain
¢ is to relate the representative collection (%€, w.) of directed circuits and
weights with an infinite electrical network in order to apply a variant of the
Rayleigh short-cut method (see J.W.S. Rayleigh (1870)), which phrased
in probabilistic term leads to the Nash-Williams recurrence criterion for
reversible Markov chains; that in turn leads to Ahlfors’s criterion (see L.V.
Ahlfors (1935)).

A condition for characterizing recurrence (or transience) of Markov pro-
cesses will be called an Ahlfors-type criterion if it involves the growth func-
tion of the state space. In Chapter 1 of Part II we shall give an Ahlfors-type
sufficient condition, in terms of the circuits, for a reversible circuit chain
to be recurrent.

Now we shall show a Nash-Williams-type sufficient condition on the
weights w, for a circuit chain to be recurrent (S. Kalpazidou (1989b, 1990d,
1991a, €)). The Nash-Williams theorem asserts the following. Let S be a
countable set and let £ = (§,)n,>0 be an S-state Markov chain whose tran-
sition probabilities are the p;;,4,j € S. Suppose that the chain £ is re-
versible with respect to a measure ™ = (7,4 € S), with m;,> 0, that is,
miDij = T;psi- Let w(i, j) denote m;p;; for all 4, j € S. Assume further that
there exists a partition {Sg,k =0,1,...} of Ssuch that u € Sk, k > 1, and
w(u,u') > 0 together imply w’ € Si_1 U Sg U Sky1, and that for each k the
sum s es W(u,u') < oo.Denoteay =3, cq D yes,,, wu,uw) k=
0,1,2,....

If Y77 o(au) ™! = oo, then the chain ¢ is recurrent. For a simple proof
of Nash-Williams’s criterion we refer the reader to T. Lyons (1983) and S.
McGuinness (1991).

However, there is an essential difference between our network and those
to which the classical Rayleigh method refers: here the circuits are di-
rected. Consequently, to apply the Rayleigh—Ahlfors—Nash-Williams recur-
rence criterion, it is necessary to reconsider the definition of the passages
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along the circuits in such a way that reversible chains result. This is
achieved by a suitable definition of the passage-functions (see S. Kalpazidou
(1989D)).

Define the function J,. : S x S — {0, %}, ¢ € G, as follows:

%, if there exists j such that k = c o ¢;(s) and either:
(Ju=cotj(s+1)or(ii)u=cot;(s—1)
: (2.2.1)
for some integer s;
0, otherwise;

Je(kyu) =

where ¢; and cot; are given in relation (1.1.1). Then J. is symmetric.
Analogously define J._(u, k) for the inverse circuit c_.

Definition 2.2.1. The functions J.(-,-) and J._(-,-) are called backward-
forward passage functions associated with ¢ and c_, respectively.

From now on the passage in condition (c3) is understood to be a
backward—forward passage, that is, a circuit ¢ passes through (k,w) if and
only if the backward—forward passage function J. has a nonzero value at
either (k,u) or (u,k). Put

Je(k) =Y Jo(k,u), k€S

Then

|1, if kis a point ofc;
Je(k) = {O, otherwise.

Condition (c3) asserts that any two points are cyclic-edge-connected, and
enables us to introduce a distance d in S defined as

0, if k=uwu;
d(k,u) = < the shortest length of the paths
along the edges of €connecting ktou, if k # u;

where the passages through the edges are understood to be the backward—
forward passages.

Fix 0, an arbitrary point in S called the origin. Let S,,,m =0,1,2,...,
be the “sphere” of radius m about the origin, that is, those points of S that
are exactly m edges distant from the origin. Then {S,,,m =0,1,2,...} is
a partition of S. With the backward—forward passage functions in the def-
inition of the functions w(, j),w(i),w_(i, ), w_ (i) (according to relations
(2.1.4)—(2.1.7)), the corresponding processes £ and x become reversible with
respect to the measure (w(i),i € S) = (w_(i),i € S). Put

ozkzz Z wlu,u'), k=0,1,2,....

UES, u €Sy i1
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We now prove

Theorem 2.2.2. If

oo

> ()t = oo, (2.2.2)

k=0

the reversible circuit chains (&), and (Xn)n are recurrent.

Proof. If u belongs to the sphere Sy for some k and w(u,u’) > 0, then
u’ € S—1 U Sk USky1. On the other hand, condition (¢;1) implies that

Zw(k,u)<oo, kels.

u

Hence

Z w(u,u") < oo. (2.2.3)

u€Sk
u'es

Then relations (2.2.2) and (2.2.3) imply that the hypotheses of
Nash-Williams’s recurrence criterion are satisfied, and thus the chain
¢ is recurrent. The proof for the chain y may be done in a similar
manner. O

Remark. (i) Y. Derriennic proposed another way for defining a passage
function associated with a reversible Markov chain. The idea consists of
considering a “symmetric” class € of directed circuits, that is, if ¢ € € then
c— € ¥ as well. Accordingly, one may introduce a passage function J.(4, 5)
by the same Definition 1.2.2.

(ii) A new scrutiny of the proof of Theorem 2.2.2 leads us to the question
of whether or not there exists a necessary and sufficient criterion of Ahlfors-
type for characterizing recurrence of the circuit chains.

A sufficient condition of Ahlfors-type is given by S. Kalpazidou (1989b)
using the Royden-Lyons criterion in terms of flows (see T. Lyons (1983)).
However, a counterexample of Varopoulos (1991) shows that, in general, a
necessary and sufficient condition of Ahlfors-type for recurrence of contin-
uous parameter Markov processes is bound to fail. Specifically, Varopou-
los’s example consists of a Brownian motion on a two-dimensional manifold
which is recurrent even though the volume grows exponentially. Plainly, the
discretization of Varopoulos’s counterexample (an open problem) would an-
swer the question above.

(iii) The constructive approach of this chapter to circuit chains relies
upon algebraic considerations. The algebraic constraints given by the bal-
ance equations do not ensure the uniqueness of the circuit weights cor-
responding to a circuit process, that is, there are many collections of
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circuits and weights generating the same process. In Chapter 3 we shall
show the existence of a probabilistic argument for the representative cir-
cuits and weights that ensures their uniqueness—in this case, the gener-
ative class {%,w.} will express certain probabilistic characteristics of the
process.



3

Cycle Representations of Recurrent
Denumerable Markov Chains

This chapter deals with the cycle generating equations defined by the tran-
sition probabilities of denumerable Markov chains £ which are recurrent.
The solutions (%, w..) of cycles and weights to these equations will be called
cycle representations of &.

A natural idea to define a cycle (circuit) weight w,. is similar to that
providing an “edge-weight” m;p;;, that is, the w. will be the mean number
of the appearances of ¢ along almost all the sample paths. This will argue for
a probabilistic criterion assuring the uniqueness of the cycle representation,
that is, for a probabilistic algorithm with a unique solution of cycles and
weights which decompose the finite-dimensional distributions of &.

An alternate method of development is a deterministic approach accor-
ding to which the circuit weights are given by a sequence of nonprobabilistic
algorithms.

Our exposition follows the results of the Peking school of Qians (1978-
1991), S. Kalpazidou (1990a, 1992e, 1993c, 1994b), and Y. Derriennic
(1993).

3.1 The Derived Chain of Qians

As we have already seen in Theorem 1.3.1, the representative collection
(€, w.) of circuits and weights is not, in general, unique. It depends on
the choice of the ordering of the representative circuits in the algorithm of
Theorem 1.3.1.
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In general, there are many algorithms of cycle decompositions for the
finite-dimensional distributions of Markov chains which admit invariant
probability distributions. Some of them provide a unique solution (%, w.)
as a representative class, and some others have many solutions of represen-
tative classes (as the algorithm of Theorem 1.3.1). So, when we say that
we look for the uniqueness of the representative class (€, w.), we under-
stand that we shall refer to a definite algorithm with a unique solution
(€, we).

Expectedly, such an algorithm can be defined involving a probabilistic
argument. It is Qians’s school that first introduced probabilistic arguments
to a unique cycle representation using, as a basic tool, a Markov process
whose state space consists of the ordered sequences (i1, ...,1i,) of distinct
points of a denumerable set S. Here we shall present Qians’s approach in the
contexts of our formalism exposed in Chapter 1. So, preliminary elements
of our exposition are the directed cycles with distinct points as introduced
by Definition 1.1.3. Accordingly, a cycle is an equivalence class with respect
to the equivalence relation defined by (1.1.1); for instance, to the circuit
¢=(i1,...,1n,11) is assigned the cycle ¢ = (i1, ..., ,) which represents the
cycle-class {(i1,...,%n), (42,73, -y 0n, 1)y (iny 21, -, in—1)}. This pre-
supposes that all further entities which rely on cycles should not depend
on the choice of the representatives while the circuits to be considered will
have distinct points (except for the terminals).

The idea of taking directed cycles arises from the topological prop-
erty of the trajectories of certain Markov chains providing directed cycles
along with directed circuits, that is, the chains pass through the states

1,92, .. .,4n, 11, Or any cyclic permutation (see Figure 3.1.1).
So, the occurrence of a cycle (i1, ..., i,) along a trajectory of these chains
presupposes the appearance of the corresponding circuit (iy,...,4p,,%1)-

Such a chain is any homogeneous, irreducible, aperiodic, and positive-
recurrent Markov chain & = (§,,n > 0) with a countable state space S.
Namely, if a typical realization of a sample path (£,(w))n is (41,42, 43, 92,

13,%4,01,13,%5,--.),ix € S,k =1,2,..., then the sequence of the cycles is
(ig,i3), (ig, i3,i4,i1), (see Figure 311)
The interpretation of a cycle é= (i1,...,%,) in terms of the chain

¢ is that it appears on a sample path (§,(w)), (and then on almost

E(w) = Ey(w) =i, iy = E5(0) = E4w) = Egx(w)

15 = Bo(w)

Er(w) = Ey(w) = 1, 1, = E(w)

Figure 3.1.1.
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all the sample paths as we shall see below), that is, the chain passes
through the states i1,i9,...,4,,4; (or any cyclic permutation). For in-
stance, if the values of (§,(w))n>0 are given by (1,4,2,3,2,6,7,6,1,...),
then the sequence of cycles occurring on this trajectory is given by
(2,3),(6,7),(1,4,2,6),..., while the corresponding tracks of the remain-
ing states are (1,4,2,6,7,6,1,...)(1,4,2,6,1,...) (S. Kalpazidou (1990a,
1994b)). The previous decycling procedure can be found in various fields
under different versions. For instance, S. Alpern (1991) introduced a sim-
ilar decycling method in game theory. This leads naturally to a new
chain y = (yn(w))n>0 whose value at time k is the track of the remain-
ing states, in sequence, after discarding the cycles formed up to k along
(En(w))nzo

In the following table we give the trajectory (1, 4, 2, 3,2,6,7,6,1,...) of
(&n(w))n along with the attached trajectory (y,(w)), as well as the cycles
occurring along (&, (w))n:

n 0 1 2 3 4
&n(w) 1 4 2 3 2

Yn (W) 1] 1, 4] [1, 4, 2] 1,4, 2, 3] 1, 4, 2]
Cycles (2, 3)
n 5 6 7 8

&n(w) 6 7 6 1

Yn (w) [1,4,2,6]  [1,4,2,6,7 [1,4,26 [l

Cycles (6, 7) (1, 4, 2, 6)

It turns out that each cycle é = (41,...,%,) is closed by the edge (ir,i1)
which occurs either after ¢, or before completing é, as (i1,42) in the cycle
(i2,13,14,11) of Figure 3.1.1, or as (1, 4) in the cycle (1, 4, 2, 6) of the table
above, where the time unit is the jump-time of (&, (w))n.

Let wen(w) be the number of occurrences of the cycle ¢ up to time n
along the trajectory w of . The rigorous definition of we ,(w) is due to
Minping Qian et al. (1982). It is this definition that we describe further. If
t,(w) denotes the nth jump time of (&,(w)),, then introduce

71 (w) = min{t, (w) : Im < n such that & () (W) =&, @w) (W)},
T (W) = tm(w), if ty(w) < T1(w) and &, () (W) = &7y (w) (W)-

Define

[ &(w), ifn <7f(w) orn > mn(w);
W= E ) =) i £ e
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Further we continue the same procedure of discarding cycles by considering
the nth jump-time t(l)( ) of (57(11)(w)) . Then we put

(W) =8 (W)}

To(w) = min{t(Y (w) : Im < n such that 5((1)( ) 1 )

and so on, obtaining the sequence:

(W) < (W) < -+ < Tp(w) < -+

and
W) <m(w) < - <7hi(w) <---.
Now, denote an ordered sequence of distinct points 41,...,%, by
[i1,...,i] and identify the ordered union [[i1,...,%m], [fmt1s-- - tmtn)]
With [é1, .., %my Gmt1y - - - bmn]. The set [S] of all finite ordered sequences
[i1,.. ., ir],r > 1, of pomts of S is denumerable.
Set to(w) = 0. Define

Yo(w) = [So(w)],

Yn(w) = [o(w)], ifn <t(w)

Yn(w) = [§0(W), &ty () (W)s - -+, En(W)], ift1(w) <n <m(w),

Yri(w) (w) [50( )7§t1(w ( )7"~7§Tf(w)(w>]a
Yn (@) = [Ur, (@) (@), [§t. ) W] @) <to(izn], I T1(W) <0 < T2(w),

and so on. It is easy to see that y = {y, }»>0 is an [S]-state Markov chain
called by Minping Qian the derived chain associated to &.

Furthermore, it is seen in S. Kalpazidou (1990a) that if for a cycle ¢ =
(i1,...,4,) the sum

Z Z 1{w Ym—1(W)=[ym (W), ik, ik—1,- ylk+r—1”}(w)

m=1k=1

is meant modulo r the cyclic permutations (i.e., it is independent of the

cyclic permutations of ix,ik41,. .., ig+r—1), then it equals
Wen (W) = Z Lithe class-cycle ¢ occursy (W)- (3.1.1)
m=1

If pjk,j,k €S, denote the transition probabilities of &, then for E =
[k1,ka,...,ks] and F = [j1,ja,...,Jr] the transition probabilities prg of
y are given as follows:
DPj ks if either r > s and k1 = jl,k’g = jg, .. .,ks = js,
DFE = orr=s—1and k1 = j1,ka = Ja2,.. -, kr = jr;  (3.1.2)
0, otherwise.
Since £ is recurrent, we have

Prob(&, returns to i/& = i) = 1,
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and then
Prob(y,, returns to [i]/yo = [i]) = Prob(&, returns to i/&, = i) = 1.

Let now [E]; be the subset of all ordered sequences in [S] whose first
element is 7. Then [E]; is a stochastically closed class of y. Therefore y is
recurrent on each irreducible class [E];. The invariant probability distribu-
tion 7 is given on the point sets [i] by

w([i]) = (i), (3.1.3)

where m = (7,1 € S) denotes the invariant probability distribution of &.

The general definition of 7([i1, 2, ...,%s]) has a much more complex al-
gebraic expression in terms of the transition probabilities p;; of £ as we see
in the following theorem due to Minping Qian and Min Qian (1982):

Theorem 3.1.1.

(i) The invariant probability distribution of the chain y on the recurrent
class [E); is given by

T([t1, 02, -+ 1 is]) = DiyiaPisis -+ Din_vis - Tiy N (i2,92/11)
X N(i3, i3/i1,i2) e N(is, is/il, .. ,is_1) (3.1.4)

where i1 =14 and N(i,7/i1,...,1k),1 <k < s—1, denotes the taboo
Green function

N(i,j/it,... ix) = Y _Prob(&, = j,&m # i1, .. ik;
n=0

for1<m < n/& =1).

S

A(lin iz - isDpisii =3 A1 s drsiksinsts - ik 1)Pin i

k=1j2,...9r
(3.1.5)
where ji is fized in the complement set of {i1,ia,...,is} and
the inner sum s taken over all distinct choices jo,j3,...,Jr €

S\{j1,%1,-..,9s}. The sums k+1,k+2,...,k+s—1 are under-
stood to be modulo s.
(iii) For any fized points i and j we write

mi= Y wlisjor e d)); (3.1.6)
J2yee0sdr

where the sum is taken over all distinct choices ja,js3,...,7, €

S\{i, j}-
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Proof. According to T.E. Harris (1952) we have the following identities:
N(j4,7/1) = mjN(i,i/7), (3.1.7)
7(Er) 4(Br, E2) = T(E2) 4(Ea, E1), (3.1.8)

for any Ey, E9 states in [E];, where ¢(E;, E;) denotes the probability that
the derived chain y starting at E; enters F; before returning to E;. Then,
for El = [il,iQ, . ,is_l] and E2 = [il,ig, ey is—l,is] we have that

q(E1, Ea) = pi,_yi,,
Q(E27 El) =1- H(is7i8/i17i23 ... 77:8—1)’

where H(is,is/i1,42,...,is—1) denotes the probability that the original
chain ¢ starting at ¢5 returns to i before entering the states i1, 22,...,%5—1.
Hence relation (3.1.8) becomes

77'([2‘1,7;2,...775571])}71‘5_12'5 :ﬁ([ll,,ls])( (ZS, /Zl,...,’isfl))
(3.1.9)
and

7([i1, 02, is]) = T([i1, 92, . -y is—1])Pis_yi, N (s s /01,92, . -y is—1)-
(3.1.10)

Now we may appeal to a theorem of K.L. Chung (1967) (see p. 48), and
write accordingly

N(igis/it, -y is—1)N(isst1sisp1/i1,-- is—1,0s)
= N(isy1risg1/it, - ris—1)N(isyis/i1, ... is—1,is41). (3.1.11)

Then equation (3.1.4) follows from (3.1.3) and (3.1.10). It is to be noticed
that the product

FilN(ig,ig/il)N(i3,i3/i1,i2) .. .N(is,is/il,ig . 77;.9—1) (3112)

is unaffected by any permutation of the indices i1,is,...,is because of
(3.1.7) and (3.1.11).
To prove relation (3.1.5) we first show that

1—2 Z N(j,jifix, - is)
'N(]27]2/117 s 7i5,j1)N(j3,j3/i1, s 77;saj17j2) cee
'N(jrajr/ila .. -aisvjla cee ?j’r’—l)pjlj2pj2j3 o Phries (3113)

where j; ¢ {i1,...,is} is fixed and the inner sum is taken over all distinct
J2yeeoydr & {i1, ... is,71}. Let p(i,j/H/n) be the taboo probability

p(%]/H/n) :PTOb(gn =7,&m ¢ Hfor1<m< n/fO Z’i).
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For k, js, js, ..., jr fixed, the sum over nq,...,n, of

p(Jrs Jr/is - is/M1)Dj o P(J2s J2 /115 - - -y Es,y J1/M2)Djsss
. 'p(j’r‘ajT/ilv s 7isaj17 e ,jr—l/nr)pjri,i

is the probability for the chain £ starting at j; to enter the set {iy,...,is}
for the first time at the state i; while the value of the derived chain y is
[71,d2, -« s Jrsik). Thus we get the summand of (3.1.13). Then the desired
equation (3.1.5) follows by multiplying both sides of (3.1.13) with

DiyiyDinis - -+ Pia_yiaTiy N (G2, 42 /01) - N(i3,13/i1,02) ... N(is,i5/i1,. . i5-1),

and using the symmetry of (3.1.12). Finally, equation (3.1.6) follows from
(3.1.13) when taking s = 1,71 = ¢, and 41 = j, and multiplying by 7;. O

3.2 The Circulation Distribution of a
Markov Chain

A step closer to a probabilistic criterion for the uniqueness of the rep-
resentative cycle-weights of a Markov chain £, under the assumptions of
the previous section, is to find a definite algorithm whose quantities enjoy
probabilistic interpretations in terms of the sample paths. The idea is to
generalize to cycles the definition of the “edge-weight” w(i,j) = m;p;; in
terms of sample paths; namely, as is well known the w(i,j) is the mean
number of the consecutive passages of (£,(w)), through the points i and
j. That is, m;p;; is the almost sure limit of

%card{m <n:émo1(w) =1i,6n(w) = j},

as n — 0o.
Accordingly, the revealing question for us will be whether or not we can
analogously argue for the expression

1 1
ﬁcard{m < n: the cycle ¢ occurs on (§x(w))x} = Ewcm(w),

where m counts the appearances of é on (§(w))r. (Recall that a cycle
¢ = (i1,%2,...,0),7 > 1, appears on ({x(w))x if the chain passes through
the points i1,14s9, .. .,4,.,41, or any cyclic permutation.)

In this direction, we first need to prove that (1/n)w.n,(w) has a limit
independent of w. Namely, we have

Theorem 3.2.1. Let £ = (&), be an aperiodic, irreducible, and positive-
recurrent Markov chain defined on a probability space (2, ¢, P) and with
a countable state space S, and let €, (w),n =0,1,2,..., be the class of all
cycles occurring until n along the sample path (&,(w)),.
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Then the sequence (6, (w), wen(w)/n) of sample weighted cycles associ-
ated with the chain & converges almost surely to a class (€0, w.), that is,

b = nle Cn(w), a.s. (3.2.1)
we = nle (Wen(w)/n), a.s. (3.2.2)

Furthermore, the cycle-weights w,. are independent of the choice of an
ordering on Cpo-

Proof. Let p; =P(§ =j),j € S. Following S. Kalpazidou (1990a), we
can assign to each w the class lim, . €, (w) of directed cycles that
occur along (&,(w))n, since the sequence (%,(w)) is increasing. Denote
Coo(w) = limy 00 €n(w) =1, €n(w).

On the other hand, applying the law of large numbers to the Markov
chain y we have

lim (wcm(w)/n) = El{the class-cycle é occurs}s

n—oo

where ¢ is any class-cycle having the representative (ig,tg41,. .. ,%s,91,-- -,
ik,1). Put
we = lim (wep(w)/n).

n—oo

That w is finite and independent of w follows from (3.1.5) and the following
equalities due to Minping Qian et al. (1982):

We = Z E(l{yn,—lz[ynv[ik7ik+17~>-7i57il7---1ik—1]]})

k=1
= Zpﬁ Z Z ([ d2s - s s bbbt -5 ihe1])  Di i (3.2.27)
k= 1]2 ..... Jr
where j1,...,jr ¢ {i1,...,is},r >0, are distinct from one another. From
here it results that €. (w) = €x is independent of w as well, and this
completes the proof. O

We now introduce the following nomenclature:

Definition 3.2.2. The items occurring in Theorem 3.2.1 are as follows:
the sequence {we ,,(w)/n}ecs., , which is called the circulation distribution
on w up to time n, the w,, which is called the cycle skipping rate on ¢ or c,
and {we, ¢ € €}, which is called the circulation distribution of &.

Remarks

(i) Theorems 3.1.1 and 3.2.1 remain valid for periodic and positive-
recurrent Markov chains as well. In general, convergence of averages along
Markov chain trajectories is required (even if there is no finite-invariant
measure). Recent investigations to this direction are due to Y. Derriennic
(1976), and Y. Derriennic and M. Lin ((1989), (1995)).
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(ii) The w,’s verify the consistency equation w, = wco¢,, for all ¢ € S,
where {¢;} is the group of translations on Z occurring in (1.1.1).

As an immediate consequence of Theorem 3.2.1 one obtains from (3.2.2")
the exact algebraic expression for the cycle skipping rate w. as follows:

Corollary 3.2.3. Ifw = (m;,i € S) is the invariant probability distribution
of an S-state irreducible positive-recurrent Markov chain & = (§,), and ¢ =
(11,42, ...,1s) 18 a cycle, then the cycle skipping rate w,. is given by equation

wc = ﬂ-ilpilizpigig b -pis,lispisil
- N(ig,ia/i1)N (i3, i3/i1,12) ... N(is,is/i1,02,...,15—1), (3.2.3)

where (pi;,1,j € S) is the transition matriz of §, and N (ix, ix/i1, ..., ik—1)
denotes the taboo Green function introduced in (3.1.4).

3.3 A Probabilistic Cycle Decomposition
for Recurrent Markov Chains

We are now prepared to answer our original question on the existence of a
unique cycle decomposition, provided by a probabilistic algorithm, for the
finite-dimensional distributions of the recurrent Markov chains. Namely, the
probabilistic algorithm to be considered is that occurring in Theorem 3.2.1
while the desired decomposition follows from Theorem 3.1.1 (see Minping
Qian and Min Qian (1982), and S. Kalpazidou (1990a)).

Consequently, we may state

Theorem 3.3.1 (The Probabilistic Cycle Representation). Let S be any
denumerable set. Then any stochastic matriz P = (p;;,4,j € S) defining
an irreducible and positive-recurrent Markov chain & is decomposed by the
cycle skipping rates we, ¢ € €0, as follows:

mipi = Y welo(iyj), 4 €S, (3.3.1)
E€EC

where G 1s the class of cycles ¢ occurring in Theorem 3.2.1, ¢ denotes the
circuit corresponding to the cycle é,m = (m;,1 € S) is the invariant prob-
ability distribution of P and J.(i,5) =1 or 0 according to whether or not
(i,74) is an edge of c.

The above cycle-weights w. are unique, with the probabilistic interpreta-
tion provided by Theorem 3.2.1, and independent of the ordering of €.

If P defines a positive-recurrent Markov chain, then a similar decompo-
sition to (3.3.1) holds, except for a constant, on each recurrent class.

The representative class (%o, w.) provided by Theorem 3.3.1 is called
the probabilistic cycle (circuit) representation of £ and P while £ is called a
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circuit chain. The term “probabilistic” is argued by the algorithm of Theo-
rem 3.2.1 whose unique solution {w.} enjoys a probabilistic interpretation
in terms of the sample paths of &.

The terms in the equations (3.3.1) have a natural interpretation using
the sample paths of ¢ as follows (S. Kalpazidou (1990a)). Consider the
functions o, (+;4, j) defined as

on(w;i, j) = %card{m <n:émo1(w) =1i,&m(w) =5}

for any 4,j € S. Consider 6, (w) to be, as in Theorem 3.2.1, the class of
all the cycles occurring up to n along the sample path (&, (w)),. We recall
that a cycle ¢ = (41,...,14,),7 > 2, occurs along a sample path if the chain
passes through states i1,1s,...,4,,41 (or any cyclic permutation). Notice
that the sample sequence

k(w) = (Em-1(w), &m(w))

occurs up to n whenever either k(w) is passed by a cycle of €, (w) in the
sense of Definition 1.2.2 or k(w) is passed by a circuit completed after time
n on the sample path (£, (w)). Therefore for i # j and n > 0, great enough,
we have

. 1 . .
on(wii,j) = E ﬁwcyn(w)Jc(uj) +en(w;i, j)/n, (3.3.2)
EEC (w)

where

En (w; Z»]) = 1{the last occurrence of (i, j) does not happen (w) (333)
together with the occurrence of a cycle of %, (w)}
Then the left side of (3.3.2) converges to m;p;; and each summand of the
right side converges to w.J.(1, 7).
From the present standpoint a natural way of proving a cycle-
decomposition-formula is to observe that the a.s. limit of the sums

D (wen(w)/n)Je(i, 5)

CEC oo
when n tends to infinity is related with the sum occurring in equations
(3.3.1). This inspires a direct proof of the decomposition (3.3.1) as in the
following theorem due to Y. Derriennic (1993).

Theorem 3.3.2. Let S be a denumerable set and let P = (p;j,4,j € S) be
any stochastic matriz defining an irreducible and positive-recurrent Markov
chain €. Then

mipig = lm Y (wen(w)/n)Je(i,j)  as.

(S

= Y wedo(ij), (3.3.4)

CECo
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where (6o, We) and we . (w) have the same meaning as in Theorem 3.2.1,
m = (m;,1 € S) is the invariant probability distribution of P and J.(i,7) =
1 or 0 according to whether or not (i,j) is on edge of c.

Proof. Consider the derived chain y associated to ¢ and an arbitrarily
chosen irreducible class [E];. Then the restriction of y to [E]; is a positive-
recurrent chain whose invariant probability distribution is given by (3.1.4).
Let [E];; be the subset of [E]; which consists of all the cycles starting with
the consecutive points 7 and j. Then, applying the Birkhoff ergodic theorem
to the number of the visits of y in the set [E];;, one obtains relations (3.3.4).
The proof is complete. O

If ¢ is an irreducible null-recurrent Markov chain, then a cycle-
decomposition-formula may be obtained using a similar argument where
Birkhoff’s theorem is replaced by the Hopf ergodic theorem for ratios. Ac-
cordingly, the limit of (wen(w)/we n(w)) exists a.s. as n — oo for any cir-
cuits ¢ and ¢'.

3.4 Weak Convergence of Sequences of Circuit
Chains: A Deterministic Approach

We introduced two types of circuit representations of Markov chains ac-
cording to whether or not the corresponding algorithms define the circuit-
weights by a random or a nonrandom choice. In the spirit of Kolmogorov
we may call such algorithms probabilistic (randomized) and deterministic
(non-randomized) algorithms, respectively.

In the present section the deterministic algorithm of Theorem 1.3.1 is
generalized to infinite classes of directed circuits such that the correspon-
ding denumerable circuit Markov chain £ can be defined as a limit of a
certain sequence (™¢),, of finite circuit chains. The convergence of this
sequence is weak convergence in the sense of Prohorov, that is, the finite-
dimensional distributions of ™¢ converge as m — oo to the corresponding
ones of &.

The approach we are ready to follow will rely on the idea of circuit gen-
erating equations exposed in Section 1.3. In this direction we shall consider
denumerable reversible Markov chains which are of bounded degree, that
is, from each state there are finitely many passages to other states. Then a
parallel to Tychonov’s theorem for infinite products of compact topological
spaces can be conceived along with the matching Hall-type theorem for
infinite bipartite graphs (see P. Hall (1935) and K. Menger (1927)).

The preliminary element will be a stochastic matrix P = (p;;,1,7 € S)
on a denumerable set S, that defines a reversible, irreducible, aperiodic,
and positive-recurrent Markov chain & = (§,,),,, whose invariant probability
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distribution is denoted by 7 = (m;, ¢ € S). The main theorem is that a cir-
cuit decomposition for P can be given using a deterministic algorithm
according to which the directed circuits ¢ € ¥ and their weights w,. are
solutions to certain recursive balance equations where the “edge-weights”
miPij, i, 7 € S, are used without any probabilistic meaning. The represen-
tative class (%, w.) will be called a deterministic circuit representation of
¢ and of P.

One reason for choosing a deterministic algorithm is that the correspon-
dence P — % becomes nearly one-to-one, that is, the class % approximates
the probabilistic one. It is proved below that the class 4 may be the limit
of an increasing sequence "% of finite classes of overlapping directed cir-
cuits. The one-to-one correspondences P — % are particularly important
for plenty of problems arising in various fields. For example, we may refer
here to the so-called coding problem arising in the context of dynamical
systems, that in turn leads to the problem of mapping stochastic matrices
into partitions. A detailed exposition of this argument is given in Section
3.5 of Part II.

The relation P — (%, w.) for transient Markov chains is still an open
problem and may be connected in particular with certain questions arising
in network theory. One of them is concerned with the existence of unique
cycle-currents in infinite resistive networks made up by circuits. Interesting
results in this direction for edge-networks are due to H. Flanders (1971),
A H. Zemanian (1976a, 1991) and P.M. Soardi and W. Woess (1991). For
instance, Flanders’s condition for a current I to be the unique solution to
a network-type problem (in the class of all currents with finite energy)
consists of the existence of a sequence of currents in finite subnetworks
approaching I.

We begin our investigations by considering a countable set S and a
stochastic matrix P = (pj;,4,j € S) of bounded degree, that is, for each
i € S there are finitely many j € S such that p;; > 0 or p;; > 0. Assume P
defines a reversible, irreducible, and aperiodic Markov chain £ admitting
an invariant probability distribution = = (7;,4 € S), with all ; > 0.

We say ¢ defines a directed circuit ¢ = (i1,...,4,,41) where n > 2, and
ik 7 i for distinct k,m < n, if and only if p; iy, Disis, - - - Pin_1in Liniy > 0.
Throughout this section the directed circuits will be considered to have dis-
tinct points (except for the terminals). The irreducibility condition amounts
to the existence for each pair (i, j), with ¢ # j, of a directed finite sequence
o(i,7) connecting ¢ to j, that is,

o(i,7) 199 = 4,01, ..., bn = Jy,m > 1 with iy # i, for k £ m; k,m < n,
such that p;;, ...pi,_,; > o. (34.1)

The following property characterizes, in general, irreducibility:

Proposition 3.4.1. Any two points of S are cyclic-edge-connected in S.
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Proof. Let i # j. If p;; > 0, the proof is immediate. Otherwise, there exist
two directed paths o1 (4, j) and o2(j,7) connecting ¢ to j and j to i, respec-
tively. If j; # 4, j denotes the first point of o7 belonging to o9, then there
exists the directed circuit

c1 = (01(i,41), 02(j1,%)),

such that the points j; and j are mutually connected by the directed paths
o1(j1,4) and o2(4,j1). By repeating the previous reasonings, we obtain a
sequence of directed circuits connecting i to j such that any two consecutive
circuits have at least one common point. O

Consider the shortest-length-distance introduced in Section 2.2, that is,
0, ifi = j;

d(i,7) = < the shortest length n (3.4.2)
of the paths o(i,7) defined by (3.4.1), ifi # j;

where the connections are expressed by the forward-backward passage
functions introduced by relation (2.2.1). Then, for any finite subgraph of P
define its diameter as the maximal distance. Since any point of S is cyclic-
edge-connected with all the others, we may choose an arbitrary point O € S
as the origin of the spheres S(O,m) of radius m,m = 0,1, ... with respect
to the distance d above.

We are now prepared to prove a deterministic circuit decomposition of
P following S. Kalpazidou (1993c). As was already mentioned, we are in-
terested in representing the chain £ by a class (%, w.) provided by a de-
terministic algorithm such that the correspondence P — % becomes nearly
one-to-one, that is, ¥ will approximate the collection of all the circuits oc-
curring along almost all the sample paths. Then the trivial case of the class
containing only the circuits of period two will be avoided. We have

Theorem 3.4.2. Consider S a denumerable set and & = (&,)n>0 an S-
state Markov chain which is irreducible, aperiodic, reversible, and positive-
recurrent. Assume the transition matric P = (p;j,i,5 € S) of £ is of
bounded degree.

Then there exists a sequence (&), of finite circuit Markov chains, asso-
ciated with a sequence of deterministic representative classes ("€, we)m,
which converges weakly to & as m — oo such that € = lim,, ., ™% appro-
ximates the collection of all the circuits occurring along the sample paths
of £&. The chain £ becomes a circuit chain with respect to the class (€, w.)

where
We = E Mwe.
m—00

Proof. Consider the balls B(O,n) = J;_,5(0,n),n=0,1,.... Then for
each n and for any i, j € B(O,n) the restriction "¢ of £ to the ball B(O,n)
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has the transition probability

"pij = pij/ Z Dij

JEB(O,n)
Correspondingly, if 7 = (m;,7 € S) is the invariant probability distribution
of ¢ then that of "¢ in B(O,n) is given by the sequence "m = ("7;,i €
B(0O,n)) where

"mi=m Z Dij / Z T3 Pij

JEB(O,n) i,j€B(O,n)
Put

i=mo Y py, 1€BOm), n=172...
j€B(0O,n)

It is to be noticed that if p;; > 0 there exists an ng such that for any n > ng
we have i,j € B(O,n) and

1
"Dij > nt Dij = 2 Dij,
0<"p; <"lp; <-vv <y,

such that

Hp"piy = = mipij. (3.4.3)

"pi"pij ="
Since any function "w(i, j) = "m;"p;j,n > 0, is balanced in B(O,n), we can
appeal to Theorem 1.3.1 and find accordingly a class ("%, "w.) such that

"mpig = Y "wede(iyj), i, € B(Om), (3.4.4)
Ce‘n,(é’

where the J, is the backward—forward passage function given by (2.2.1). For
n = 0, the constrained process to B(0,0) = {O} has an absorbtion state
O and is represented by the class °¢’= {c¢ = (O, 0)} where ¢ = (0, O) is
the loop-circuit at point O and w, = 1.

Let us further consider n great enough such that the ball B(O,n) com-
prises all the circuits with periods larger than or equal to some k > 1.
Applying as above Theorem 1.3.1 to "w(%, j) and B(O,n) we choose a se-
quence "cy,...."¢cp, of circuits such that some of them are the loops in
B(0O,n) and some others are certain circuits of the subgraphs in B(O,n)
with diameters larger than one. Particularly, we may choose these circuits
such that they occur along almost all the sample paths of "¢&.

The irreducibility hypothesis implies that Zje B(O,n) Pbj < 1 for cer-
tain points b € B(O,n). We shall call these points the boundary points of
B(O,n). On the other hand, since the matrix P is of bounded degree, per-
haps there are points ¢ € B(O, n) which satisfy equation ZjEB(O,n) pij = 1.
These points will be called the interior points of B(O,n).
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Let us denote ny = n and
lg=mE={"ecy,..., ey, )
Then (3.4.4) becomes
MaMp =y Mwede(i,§), 1,5 € B(O,m). (3.4.5)
cele

For each boundary point b € B(O,nq) there is a point j ¢ B(O,n;) such
that py; > 0. Let ng > ny such that all the boundary points of B(O,n;)
will become interior points in B(O,ng).

Put

"w(i, §) =" m"?piy = (mipij)/ Z mipij, 1,7 € B(O,n2).
i,jEB(O,HQ)

Note that because of (3.4.3) both ™w(-,-) and "2w(-,-) attain their mini-
mum over the Arcset of ¢y = ™ ¢y at the same edge, say (i1, j1), that is,

Mwe, =" w(iy, 1) = ngn "aw(i, g),
"2w(iy, 1) = Hclin "2w(i, 7).
The latter equations enable us to choose "?c; =™ c¢; =c¢; and 2w, =
"2q(41, j1). We have
"Mwe, = "Pwe, = iy piyyy > 0.
Further put
2w (i, ) = "2 w(i, §) — "Pwe, ey (4, §), 1,5 € B(O,na).

Then ™w;(i1,51) =0 and the function "™2w;(-,-) is also balanced in
B(O,’I’Lg).

Appealing to the algorithm of Theorem 1.3.1 in B(O,nsy), we find an
edge (i2,J2) of ca = ™ ¢y (ny1 = n) where both ™"w; and ™2w; attain their
minimum, that is,

Mg, =" wy (i, Jo) = rréin " (4, 5)
2

= 1/ Z TiDij (ﬂ-izpizh ~ Tiipiyjy Jcl (iQ’ j2)>7
i,jGB(O,nl)

and

"2y (i2, j2) = Uéinmwl(ivj)
2

=11/ Yo mi | | Fiabings = Tiping, e (in, 42)).
i,j€B(O,n2)



44 3. Cycle Representations of Recurrent Denumerable Markov Chains

Then we may choose "2¢cy = ¢p and ™2w,., = "2w (ig, j2). Hence
"MWey > "2 Wey > TiyPigjs — TiyDiyjy Jey (G2, 52) > 0.
Repeating the same reasonings above, we conclude that all the circuits in
B(0O,nq) are circuits in B(O,nz) as well, that is,
Moy ="¢ = ¢,

Mg =0 = 0y,

Mg, =g, = cky -
Then the "2w(i, j) is decomposed in B(O,n3) by a class (*%, "2w..) where
26 = {017...,ckl,ck1+1,...,ck2}, ko > kq,
may particularly contain circuits which occur along the sample paths of
the restriction "2& of £ to B(O,n3).
Hence
nZw(lvj) = nzﬂ—i nzpij = Z nzwcjc(ivj)'
ce?¥
Continuing the previous reasonings, we shall find a sequence {*%}>1 of

finite classes of directed circuits which is increasing. Then there exists the
limiting class

€= lim *C={ci,¢2,...,Chyy.- -}

§—00

On the other hand, for any circuit ¢ € €, we find a sequence {"*w.}s>1
of positive numbers which is decreasing, and so convergent to a number
w, € [0, 1], that is, lims_, o0, "*w, = w,.. Moreover, there is some o > 1 such
that ¢ € 7€. Then

r—1
"we > Ty, i, — Zﬂiﬁpiﬁjﬁ Je, (ir, Jr) >0,
k=1

for all s > ¢ and some iq,...,4, and ji,...,j. where r =1,...,k,. Thus,
we > 0, for all c € %.
Now consider any ¢,j in S such that p;; > 0. Then there exists o > 1
such that 4, j are interior points of B(O,n,) and (i,7) € Arcset €. Hence
ko
"rw(i, ) = 0w My = Y " we, Je, (i),
r=1
and
ko
"ew(i, j) = Z"SwCTJCT(i,j), for all s > 0.

r=1
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Finally, we have

Ng, Mg

TiPij = shjgo T °Dij
ko
= lim E "swe, Je, (4, 7)
S— 00 1
r=

ko

= chrjcr(ivj)
r=1

= chJc(zaJ)

cE?

The proof is complete. O

Remark. As was shown in the previous proof, there is a definite algebraic-
topological property of a directed circuit ¢ = (iy,...,is,i1) defined by
w(i, j) = mipij, 1,7 € S. Namely, we have

Lemma 3.4.3. Let f; and f3 be two positive functions defined on S2. In
order that equations

Zfl(m') = Zfzoyz'), i€ s,

be circuit-generating ones it is necessary that for some i1,...,is € S the
inequalities

fi(in, i) fr(da,43) - - - f1(is—1,4s) f1(4s,%1) > 0,
fa(iv, i2) fa(iz, i3) - - - fa(is—1,1s) f2(is, 1) > 0,
imply each other.

3.5 Weak Convergence of Sequences of Circuit
Chains: A Probabilistic Approach

A denumerable reversible positive-recurrent Markov chain is a weak limit
of finite circuit Markov chains whose representative circuits and weights are
algorithmically given according to Theorem 3.4.2. It might be interesting to
investigate the same asymptotics when the representatives enjoy probabilis-
tic interpretations. For instance, we may consider that the cycle-weights are
provided by the probabilistic algorithm of Theorem 3.3.1. In this section
we give a more detailed argument following S. Kalpazidou (1992a, b, e)
and Y. Derriennic (1993).

Consider S a denumerable set and &= (§,)n>0 an irreducible
and positive-recurrent Markov chain (not necessarily reversible) whose
transition matrix and invariant probability distribution are, respectively,
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P = (pij,i,j € S) and m = (m;,¢ € §). Let (&m(w))m>0 be a sample path
of £ and let n be any positive integer chosen to be a sufficiently great
number. Put
%, (w) = the collection of all circuits with distinct points
(except for the terminals) occurring along (&, (w))m
until time n;
Sp(w) = the set of the points of %, (w).

Throughout this section the circuits will be considered to have distinct
points (except for the terminals).
Consider

We,n(w) = the number of occurrences of the circuit ¢ along
(&€m(w))m up to time n,

and the functions

i
g
8
=
&£
~
2
=
=

wn(z) = wwn(l)

for all i,7 € S;, = S, (w). Since the constrained passage-function J.(:,-),
with ¢ € €, (w), to the set S, is still balanced, the function w,(:,-) does
as well. Therefore the collection {w,(i),7 € S, } plays the role of an invari-
ant measure for the stochastic matrix "P = "P,, = (,wn(4,J)/wwn (i), 1,7 €
Sp)yn=1,2,....

Accordingly, we may consider a sequence ("), of Markov chains "¢ =
ne={"&m,m=1,2,...} whose transition probabilities in S,, are defined
as

N " (wwn(7,7))/(wwn (7)), if (4,7)is an edge of a circuit in €, (w);
Pij = ,Pij =
0, otherwise.

Put

n

m = L = e (W) pwn (i), 1€ Sy,

n
w

where ¢, (w) = 1/(3; wwn(7)).

It is to be noticed that, since

" pig = en(W)o wa(i, §) # (mipig)/ | Y mipis |

4,JESn

the above chain "¢,n =1,2,..., is not the restriction of ¢ to S,,. So, the
investigations up to this point disclose differences between the weak conver-
gence of (%), as n — oo, and that of deterministic circuit representations



3.6 The Induced Circuit Chain 47

occurring in Theorem 3.4.2. It is the following theorem that shows a spe-
cial nature of the weak convergence of (7€) to £, as n — oo (S, Kalpazidou
(1992e)).

Namely, we have

Theorem 3.5.1. For almost all w the sequence (&), converges weakly, as
n — 00, to the chain . Moreover the sequence of the circuit representations
associated with (%), converges, as n — oo, to the probabilistic circuit rep-
resentation (€,w.) of £, where € is the collection of the directed circuits
occurring along almost all the sample paths.

Proof. First note that we can regard the process [’ in S,, as a circuit chain
with respect to the collection (%, (w), wen(w)/n). Accordingly, we have

" Dig = LT LPij = cn(w) Z (wc,n(w)/n)Jc(i7j)7
cEC (w)

when (4, j) is an edge of a circuit of €, (w), where J.(i,j) = 1 or 0 according
to whether or not (i, 7) is an edge of ¢. Then, as in Theorem 3. 2.1 we may
find a limiting class (%, w.) defined as

¢ = lim %,(w), as.,

n—oo

The equations (3.3.2) and the same argument of Theorem 3.3.1 enables us
to write

ipi; = lim "m;"pi; o a.s.
w
TiPij T wPij a.s

n— oo

= chjc(ivj)v

ceE?

since lim,, o, ¢, (w) = 1 a.s.

(Here we have replaced the index-set €.,, which contains all the cycles,
in Definition 3.2.2 of the circulation distribution by the set & of the corre-
sponding circuits.) This completes the proof. O

3.6 The Induced Circuit Chain

Y. Derriennic (1993) has defined the denumerable circuit Markov chains as
limits of weakly convergent sequences of induced chains. In particular, it
is seen that the induced chain of a circuit chain is a new type of “circuit
chain.”

To this direction, let S be any denumerable set and let & = (§,), be
an S-state irreducible and positive-recurrent Markov chain defined on a
probability space (2, .%, P). For a given nonvoid subset A of S, the induced
chain of € on the set A, denoted by 4, is the Markov chain whose transition
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probabilities ap;;,i,7 € A, are defined as follows:
Api; = P(€ enters first A at state j, if £ starts at 7)
o0
- Z Z Diji Pjija ++ + Pjn—1j
n=1 \ji,...in—1€S\A

Therefore, the induced transition probability ap;j;,i,j € A, is the expected
number of times that the Markov chain £ is in the state j before being in
the set S/A, given that £ starts from the state i

APij = Z apl, Qg e A, (3.6.1)

where Ap( ) = =0, and Ap( ) ,n=1,2,...,1is the n-step transition probability
with taboo set of states A that is,

pr =P (w)=5,&n-1(w) € A, {n2(w) € A,...,&(w) € Aféo(w) = i).
‘We have

Proposition 3.6.1. If & = (&,)n is a positive-recurrent Markov chain then
AP = (apij,i,j € A) is a stochastic matriz.

Proof. Following Chung’s Theorem 3 (1967, p. 45) when j € A we have
aply) < ) = 15 = Plea@) = 5 6ar £ s & A GlG0(w) =) < 1.
Hence api; < ;pij = fij <1, where f;; = Z , i,j € A.

Also, if £ is positive-recurrent then f;; = Z ii =1, for any ¢ € A. There-
n>1
fore

Z APij = Z P(¢ enters first A at state j/&(w) = 1)

jEA jeEA
= Z P(& enters first A at time n/&y(w) = 1)
n>1
=P [ U {& € A/éolw) =
n>1
U (& =it/ow) =i | = fi=1.
n>1

The proof is complete. O
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Furthermore, we prove

Proposition 3.6.2. If £ is an irreducible and positive-recurrent Markov
chain, then A& is irreducible.

Proof. We first write
ADi; =Dij + Y > Pig Pis o Piais (3.6.2)
n>2j1,...,jn-1€S\A
for any i,j € A. Then
ADij > 0 (363)
if either p;; > 0, or there are ji,...,jn—1 € S\A,n > 2, such that
Diji Pjrja ++Pin_1j > 0.

To prove that the induced Markov chain 4¢ is irreducible, we have to show
that for any pair (i,5) € A x A either

(i)
api; > 0, (3.6.4)
(ii) or, there exist k1,...,k, € A, m > 1, such that

ADiky APkiks - -+ APk, > 0.
So, let us consider an arbitrary pair (i, j) of states in A. Then irreducibility
of £ allows us to write that either p;; > 0, or, there exist kqi,...,ky €
S,m > 1, such that
Diky Phiks - --Phyi > 0. (3.6.5)
If p;j > 0 then ap;; > 0. Otherwise we may distinguish the following cases:

Case 1: Relations (3.6.5) hold with all kq, ..., k,, € A. Then, according to
(3.6.2), we have
ADiky APkiks - -+ APkmj > 0,

and therefore relation (3.6.4)(ii) holds.
Case 2: Relations (3.6.5) hold with all k1,..., k&, € S\A. Then by using
(3.6.3), we have

Z Pijy Pjrja -+ Pin—1j >0,
ji:--*vjnfles\A
with n =m 4+ 1 and for j; = k1,...,jn—1 = km. Accordingly,
AP = > Pin Pive o Piuas >0,
nzljiv--wjn—leS\A

and relation (3.6.4)(i) holds.
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Case 3: Relations (3.6.5) hold with some k; € S\A and some others
my € A.

For the sake of simplicity, let us consider all k1, ..., k, € S\A except for
some k; € A, 1 <t <m. Then i, k¢, j € A and we may apply case 1 to the
pairs (2, kt), (kt, j) of states in A. Hence

ADik, APk, > 0,
and relation (3.6.4)(ii) holds for m = 2.

Next, if k1,..., &k, € S\A except for some k¢, kiys € A, 1 <t t+s<m,
then we may apply again case 1 to the pairs (i, k), (k¢, ktts), and (Kiys, J)
of states in A. Accordingly, we get

ADiky APkikeys APkiroi > 0,

and relation (3.6.4)(ii) holds for m = 3. Finally, case 3 may be extended
for general situations m > 3 by repeating the previous reasonings. Then,
we conclude that the irreducibility of the original chain £ implies the same
property for 4&. The proof is complete. O

Now we are prepared to prove the following:

Theorem 3.6.3. Let S be a denumerable set and let & = ({,)n>0 be an
S-state irreducible and positive-recurrent Markov chain. Then there exists
a sequence ("), of finite induced circuit chains, which converges weakly to
&, as n — oo.

Proof. Let (A,), be an increasing sequence of finite subsets of S such that
lim A,, = S, as n — oo. Then 0, 25, ..., ™n,... are taken to be the induced
chain of £ on A;,As,...,A,,... , that is, "n = 4,&,n=1,2,.... Then,
following Propositions 3.6.1 and 3.6.2, any induced chain "n,n=1,2,...,
is an irreducible finite Markov chain. Therefore, the induced transition
probability 4,p;; of any ™7 accepts a circuit representation {C,,w.,},
that is,

> We, e, (4, )

cn €Ch

AnPig = > we,Je, (i)
cn€Chp

i,j€Apn=12,...,

where J.(i,7) = 1 or 0 according to whether or not (¢,7) is an edge of ¢,
and ("n),, converges weakly to . The proof is complete. O

Further, it will be interesting to define a natural procedure of inducing
a circuit representation {C4, w4} for the induced chain 4& on the finite
subset A C §, starting from an original circuit representation C of &.

Note that, 4p;; > 0 if and only if Apz(?) > 0, for certainn = 1,2, .... Then
a natural procedure of inducing the circuits of C'into A is due to Derriennic
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(1993) and consists in the following: any circuit ¢ = (i1, 42, .. .,1s,41) € C,
which contains at least one point in A may induce a circuit c4 in A as the
track of the remaining points of ¢ in A, written with the same order and
cyclically, after discarding the points of ¢ which do not belong to A. In this
manner the representative collection C' of directed circuits in S determines

a finite collection Cy = {c1,¢2,...,cn} of induced circuits into the finite
subset A C S.

Furthermore, by choosing suitably the circuits in C, we may use the
induced circuits ¢y, ...,cy of Ca to partition the original collection C'into

the subcollections Cy, C1,...,Cxn defined as
Ck = {c € C: ¢ induces the circuit ¢, in A}, k=1,...,N,
Co = {c € C: ¢ induces no circuit in A},

such that no circuit of Cy passes through A.
Then

N
C =Gl (U Ck> . (3.6.6)
k=1

Let us now consider a collection of circuit-weights {w.} which decomposes
&, that is,

P =i, &npr=J) =Y we J(,4), i,je€S, (367
ceC

for any n =0,1,...
Then we may decompose the induced transition probability 4p;; by using
the induced circuits of C'4. Specifically, we may write

2
Apij:pij+Apz('j) t+ot Apz(-;b) +-

_ P{& = 4,6 =i}
P{& =i}
P{£2 :j7£1 S S\A,fo :7’}
* Pig =i} o
+P{€n:j7§n—1 ES\A,...,fl GS\A,&) :i} I

P{& =i}

The denumerator P(§y =1),i € A, occurring in the expression of ap;; is
decomposed by the representative class C'4 as follows:

N
P& =1)=> welo(i) =Y > wee(i)
ceC k=1 ceCyk
N

= ( Z wC)JCk (7')7

k=1 ceCg
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where {w,, c € C} are the weights occurring in 3.6.7. Then by defining the
“induced” circuit-weights v, ,,ca € Ca, as

Ve, = E We, k=1,...,N,
ceCly,

we have

50—7, Zyck, Ck i€ A.
Let us now calculate the numerator of gp;;,%,j € A, in terms of Cy:
P& =j&=1i+ > Pl=j& =75t =i

Jj1ES\A

+ > Pl =j.&=j2& =j1,& =1)

J1j2€S\A

ot Y PEn=dba 1=t E1= 1,60 =1)
j17~~-7jn71€S\A

‘We have
P(&O = iv 51 :J) = chc]c(zv])

ceC

Z (Z weJ, )Jck(z‘,ﬁ

ceClh

x>

—

1

I
M=

Vey, (Zaj)Jck (Zaj)a

el
I
—_

for any i,j € A, where
Yo, (i,5) = Y welo(ij), Qg€ A
ceCl
Let

w(i,j)= Y Pla=j& =5.bo=1), ijecA
Jj1ES\A

Then, if ¢ is reversible then 2w(i, j) is symmetric. Also, 2w(i, 7) > 0 implies

apij > 0. Accordingly, the representative circuits of 2w will belong to Cjy,
and we may find ?v,, >0,k =1,..., N, such that

N
2w(i,5) =Y e, Jo(in§), 0,5 € A

>
Il
—
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By repeating the same reasoning for any
"wii,j)= Y. Plén=jbn1 =in-1,...,& =11, = i),
Jisedn—1€S\A
where i,j € A, n = 3,4,... we may find "v., >0,k =1,..., N, such that

N

"w(iyg) =Y "o, e (i,4),  ij €A
k=1

Then the numerator of 4p;; is given by

N
Z Vey, (Zv.]) JCk (Z,])
k=1

where
Ver (1,5) = ey (i, §) + T,
with
o= "o, k=1,...,N
n>2
Therefore,

N . .
APij = Zk:l Ve, (27])*]% (ZJ)
ij = N )
k=1 VerJei (1)
In conclusion, when the positive-recurrent chain ¢ is irreducible then the
induced chain 4£ is also irreducible with respect to the invariant probability
distribution 47w = (am;, ¢ € A) defined as

Z Vep Jeq(i)

_ ca€Ca

AT =
' > plea)ve, ’
ca€Ca

. d,jeA (3.6.8)

1€ A,

where p(c4) denotes as always the period of the circuit ¢4 in A.

Finally, if £ is reversible then 4£ is also reversible and the corresponding
induced transition probability 4p;; admits a “circuit representation” given
by (3.6.8).
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Circuit Representations of Finite
Recurrent Markov Chains

In Chapter 2 we have investigated the genesis of finite Markov chains from
a collection {%, w.} of directed circuits and positive numbers. We are now
interested in the inverse problem: find a class {€,w.} of directed circuits
(or cycles) ¢ and positive numbers w. which can describe by either linear or
conver expressions the transition probabilities of two finite Markov chains
& and x, with reversed parameter-scale and admitting a common invariant
probability distribution. The solutions {%, w.} to this problem will be called
the circuit (cycle) representation of €. In addition, the class {%, w.} will be
called either “probabilistic’ or “deterministic’ (“nonrandomized”) accord-
ing to whether or not the circuits and their weights enjoy or do not enjoy
probabilistic interpretations in terms of the chain £.

The present chapter deals with both probabilistic and deterministic ap-
proaches to the circuit representations of finite recurrent Markov chains.
The probabilistic circuit representation relies on an algorithm whose solu-
tion (of circuits and weights) is uniquely determined under a probabilistic
interpretation in terms of the sample paths.

The deterministic circuit representations will be investigated by three
different approaches. The first uses a combinatorial algorithm, having more
than one solution, which was originated by J. MacQueen (1981) for a single
chain £, and by S. Kalpazidou (1987b, 1988a) for a pair (£, x) of chains
as above. The second deterministic approach to the circuit representation
problem above belongs to Convex Analysis and arises as a corollary of the
Carathéodory dimensional theorem. Finally, the third deterministic setting
to the same problem relies on algebraic-topological considerations, and is
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due to S. Kalpazidou (1995). Plenty of other circuit decompositions can be
found if we combine the previous approaches.

An important question associated with the above circuit representations
and with further considerable applications (for instance, to the rotational
representations exposed in Chapter 3 of Part IT) consists of the estimation of
the number S of the representative circuits of 4. According to the context
that we shall use, we shall give two estimations for S. One, of algebraic
nature, will be provided by the Carathéodory dimension, while the other
will be a homologic number identified as the Betti dimension of the space
of one-cycles associated with the graph of the transition matrix.

The results presented in this chapter will then argue for a version of
the existence theorem of Kolmogorov for finite recurrent Markov chains
in terms of the weighted circuits, and will establish a general connection
between cycle theory and Markov-chain theory.

4.1 Circuit Representations by Probabilistic
Algorithms

A randomized algorithm to a circuit decomposition can be furnished by
the sample-path-approach of Theorem 3.2.1 specialized to finite recurrent
Markov chains. Then a circuit decomposition can be directly proved us-
ing the sample equations (3.3.2) where the sample circuits are always un-
derstood to have distinct points except for the terminals (S. Kalpazidou
(1992¢)). Namely, we have

Theorem 4.1.1. (The Probabilistic Circuit Representation). Let S be a
finite set. Then any stochastic matriz P = (p;j,i,j € S) defining an ir-
reducible Markov chain & is decomposed by the circulation distribution
{we}eew as follows:

mipi; = 3 wele(iyj), 4,5 €S, (4.1.1)
cEF

where m = (m;,j € S) denotes the invariant probability distribution of P,€
is the collection of all the directed circuits ¢ occurring along almost all the
sample paths, and J. is the (second-order) passage function associated with
c. The above circuit-weights w,. are unique, with the probabilistic interpre-
tation provided by Theorem 3.2.1, and independent of the ordering of €.

If P defines a recurrent Markov chain, then a similar decomposition to
(4.1.1) holds, except for a constant, on each recurrent class.

Proof. Let 0,(-;4,7),i,j € S, be the function

on(w;i, j) = %Card {m<n:&noa(w) =4, (w) =35}
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Consider ,%(w) as the collection of all the directed circuits ¢ occurring
up to n along the sample path (&,(w))n, and we,(w) as the number of
the appearances of the circuit ¢ along the same sample path. A circuit
¢ = (1,42, ..,0r,11),7 > 2, with distinct points, except for the terminals,
occurs along (£,(w)), when the chain passes through iy,14s,...,4.,41 (or
any cyclic permutation). Further, the revealing equations will be

Un(w;iaj) = Z (wc,n(w)/n)*}c‘(iaj)

cEnt(w)
+en(w;i, 3)/n. (4.1.2)
where
o= {} Bt
and
En(Widy7) =1 (thelastoccurrence of (i,5) does not happen (W) (4.1.3)

together with the occurrence of a circuit of 5 @ (w)}

for all 4,5 € S. Then the decomposition (4.1.1) follows from (4.1.2) when
taking the limit as n — oo, and applying Theorem 3.2.1.

Finally, if P defines a recurrent Markov chain on S, then there is a
probability row-distribution = = (m;,7 € S) such that all 7; > 0 and 7P =
7. Then, the proof is completed by using the same approach above adapted
to each recurrent class. O

4.2 Circuit Representations by Nonrandomized
Algorithms

One nonprobabilistic approach to the problem of representing Markov
chains by weighted directed circuits reduces to solving a suitable system
of cycle generating equations, introduced by Theorem 1.3.1, in terms of
the entries of a recurrent stochastic matrix. (A recurrent stochastic matrix
P is any matrix defining a recurrent Markov chain. This is equivalent to
the existence of a probability row-vector v > 0 satisfying vP = v.) Now, we
shall give a detailed argument for this, following S. Kalpazidou (1988a).
Let Z denote, as always, the set of all the integers. We now prove

Theorem 4.2.1. (The Deterministic Circuit Representation). Let S be a
nonvoid finite set. Consider (&, x) a pair of homogeneous recurrent S-state
Markov chains defined on a probability space (2, K,P), with the common
invariant probability distribution m = (m;,1 € S), such that equation

P(én+1 =1/& = J) = P(xn = i/Xn+1 = J) (4.2.1)
holds for allm € Z and i,j € S.
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Then there exist two finite ordered classes € and €- = {c_: c_ is the
reversed circuit of ¢,c € €} of directed circuits in S and two ordered sets
{we,c € €} and {w._,c_ € €_} of strictly positive numbers, depending on
the ordering of € and €- and with w._ = w,, such that

P& =i/6n1 =7) = w(j,i)/w(j), i,j€S
P(Xn:Z/Xn+1:]):’w_(l,])/w_(j), i,jGS,
for allm € Z, where
w(f,i) =Y wede(j, i),
cEC

’(U,(Zh]) = Z wc,Jc, (17.7)7
[
w(]) = chJc(j)v

ce?

wo(f) = D we_Je_(j),

c_€F-

and J.(4,1), Je(§), Je_(4,7), and J._(j) denote the second-order and the
first-order passage functions associated with ¢ and c_, respectively.

Proof. Consider first the case of two irreducible chains £ and x. If P =
(pji,j,i € S) and P~ = (p;;,i,j € S) denote the transition matrices of §
and Y, define

w(j,i) = mpji, J,i €S, (4.2.2)
w_(i,7) = TPy J,i €S (4.2.3)
Then, letting

w(j) =Y w(ji),

ies
w_(j) =Y w(i,]),
€S
we obtain
w(]):w*(j)_ﬁjv JGS
Therefore

?ji = w(]ﬂ)/w(ﬁz (4.2.4)

for any j,i € S.



4.2 Circuit Representations by Nonrandomized Algorithms 59

From equations (4.2.1), since w(j) = w_(j) for all j € S, we obtain that
w(j, i) = w-(i, ),

for any j,7 € S. Then we may apply the algorithm of Theorem 1.3.1 to the
balanced functions w(-,-) and w_(+,-) defined by (4.2.2) and (4.2.3). Thus,
there exist two finite ordered classes € and ¢_ = {c_: c_ is the reversed
circuit of ¢, c € €%} of directed circuits in S (with distinct points except for
the terminals) and positive weights w. and w._, ¢ € €, with w. = w,._, such
that

w(j,i) =Y wede(j, 1),

ce?

w_(i,j): Z wC_Jc_(i,j),

c_€C-

for any j,i € S, where
7660 ={

The algorithm of Theorem 1.3.1 shows that the definitions of the weights w,
depend on the chosen ordering of the circuits of ¥. Furthermore, relations
(4.2.4) become

1, if (4,7) is an edge of ¢,
0, otherwise. '

pii = | D_wede(3,i) | /| D wede(d)
cE? ce?

Pj; = Z we_Je_ (4, 5) / Z we_Je (J) |
c_€C_ c_€%-

for any j,i € S.

Now, let us consider that £ has more than one recurrent class F in S.
Then, the previous proof can be repeated for the balanced function @(j, i) =
Y g aemE(i)pji,J,1 € S, instead of w(j,i) given by (4.2.2), where g =
(rg(i)) (with mg (i) > 0, fori € E, and (i) = 0 outside F) is the invariant
probability distribution associated with each recurrent class F, and ag is
a positive number assigned to F.

Reasoning analogously for the chain y and choosing the class {€_, w._}
as in Theorem 1.3.1, the proof is complete. O

The ordered collections {%,w.} and {€_,w._} occurring in Theorem
4.2.1 are called the deterministic representative classes of & and y, and of
the corresponding transition matrices P and P~. Accordingly, the algo-
rithmic genesis of the circuits and weights, without any probabilistic inter-
pretation, motivates the name deterministic for the corresponding circuit
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decomposition of P:

ﬂ-lplj = ZwCJC(Z'7j)7 wc > 07 'L,] 6 S7 (4.2.5)
cET

where the circuit-weights w. depend on the chosen ordering in .

4.3 The Carathéodory-Type Circuit
Representations

An estimation of the number of the representatives in a circuit decom-
position of a finite recurrent stochastic matrix can be given using convex
analysis. Alpern (1983) showed that a natural way to achieve this is to
appeal to the celebrated Carathéodory convex decomposition when char-
acterizing the dimension of a convex hull in a finite-dimensional Euclidean
space (see R.T. Rockafeller (1972), J.R. Reay (1965), V.L. Klee (1951)—
(1959)). Carathéodory’s dimensional theorem asserts the following: if M is
a set in R™, then any element of the convex hull of M can be written as
convex combinations of (n + 1)-elements of M.

In this direction let m» > 1 be any natural number and let S =
(1,2,...,n}. Let further P = (p;5,1,j € S) be any stochastic matrix defin-
ing an S-state homogeneous recurrent Markov chain £ = (&,,, m > 0) whose
invariant probability distribution is denoted by 7 = (m;,i€ S). In S.
Kalpazidou (1994b, 1995) it is shown the connection of the decomposi-
tions of P in terms of the passage functions with the convex Carathéodory-
type decompositions. Namely, to relate the decomposition (4.2.5) to a
Carathéodory-type decomposition we first point out that the coefficients
w, do not sum to unity. However, we may overcome this inconvenience by
“normalizing” the passage function J. into J,(i,7) = (1/p(c))Je(i, j), where
p(c) denotes as always the period of c.

Then, considering representative circuits with distinct points (except for
the terminals), we have

= 1/p(c), if (i,7) is an edge of c;
Jeling) = {0,/ () ot}(lervgise.

The matrix (J.(4,7),4,j € S) is called the circuit (cycle) matriz associated
with ¢. Then, taking w. = p(c)w,., we have

mipij = 3 UWede(iyf), We>0, Y =1, ijeS (43.1)
cEC cEE

On the other hand, viewing the normalized passage functions {jc} as the
extreme points of a convex set in an (n? — n)-dimensional Euclidean space,
we may write the following Carathéodory-type decomposition
N N
T = 3 ey Jey (1,4), e, >0, Y e, =1, i,j€S, (4.3.2)
k=1 k=1
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where € = {c1,...,cn}, with N < (n? —n) + 1, is an ordered collection of
directed circuits with distinct points except for the terminals.

We call the ordered class (€, w.) occurring in the decomposition (4.3.2)
the Carathéodory-type representation of P and of . Furthermore, equations
(4.3.2) are called the Carathéodory-type decomposition of P.

4.4 The Betti Number of a Markov Chain

In the next section we shall investigate a more refined dimension than that
of Carathéodory occurring in the decomposition (4.3.2). Since our approach
will arise from algebraic—topological reasonings, we shall introduce in the
present section a few basic homologic concepts following S. Kalpazidou
(1995).

The primary element of our exposition will be the strongly connected
oriented graph G = G(P) of an irreducible finite stochastic matrix P. A
stochastic matrix P is called irreducible if for any row 7 and any column
j # 1 there exists a positive integer k, which may depend on 7 and j, such
that the (i, j)-entry of P* is not zero. In general, one can dissociate the
graph from any matrix, in which case the concepts below are related to the
graph alone.

Let G = (By, B1) be a finite strongly connected oriented graph, where
By ={n1,...,n} and By = {b1,...,bs, } denote, respectively, the nodes
and directed edges. The orientation of G means that each edge b; is an
ordered pair (ns,n;) of points, that is, b; is assigned with two points
(terminals) np, ng, where ny is the initial point, and ny is the endpoint.
When nj;, = ng, we may choose any direction for the corresponding edge.
To each edge b; of G with distinct terminals nj, and n; as above, we
may associate an ordered pair with initial point n; and endpoint nj. De-
note this pair —b;. Then —b; may occur or may not occur in the original
graph G.

Strong connectedness will mean that for any two points n; and n; there
exist an oriented polygonal line in G from n; to n; and an oriented polyg-
onal line from n; to n;. A polygonal line L of an oriented graph G is a
subgraph given by a finite sequence, say, b1, ..., by, m > 1, of edges of G,
eventually with different orientation, such that consecutive edges by, b1
have a common terminal point and no edge appears more than once in it.
Accordingly, we shall write L = {by,...,b,,}. Then each of by and b, will
have a free terminal. When these free terminals of b; and b,, coincide and
all the points of L are distinct from each other, then the polygonal line L is
called a loop. Then circuit-edge-connectedness introduced at paragraphs 2.1
and 2.2 it is usually called strong connectedness (see C. Berge (1970), p. 25).

A polygonal line {by,...,b,,}, where for each k =1,...,m — 1 the com-
mon point of by and biy1 is the endpoint of by and the initial point of
br+1, is called an oriented polygonal line from the initial point of b; to the
endpoint of b,,. Both By and B; can be viewed as the bases of two real
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vector spaces Cp and C. Then any two elements ¢, € Cy and ¢; € C; have
the following formal expressions:

= E zpnp = 2'n, zy, € R,

k=1
T1
o =Y mbe=yb,  yER,
k=1
where, by convention, y(—bg) = —yiby for all (—bx) (with distinct termi-

nals) which do not belong to B, and R denotes the set of reals. The ele-
ments of Cy are called one-chains. The orienting process described by the
edges b; determines a formal boundary relation 6 defined as 0b; = ny, — ny, if
np, and ny are the initial point and the endpoint of the edge b;. To express
6 in the general form and in vector space setting we need the incidence
matrix 7 = (Nedge, point) = (1b,n,,b; € B1,ns € Bg) of the graph G which
is defined as:
+1, if ny is the endpoint of the edge b;;
Mb;n, = 4 —1, if ns is the initial point of the edge by;
0, otherwise.
Then

70
ob; = anjnsns.
s=1
One can extend ¢ to the whole space Cy as a linear transformation by the
relation

6y'b = y'nn.
Let
Ol = Ker 6:{&6%1 I§IU:Q}7

where 0 is the neutral element of C;. The vectors of C; are called one-cycles.

As we have already seen in Chapter 1, a directed circuit-function c¢ in
By is completely determined by a natural number p > 1 and a sequence
of p ordered pairs (ns,,ns,), (Ney, sy )5 - - - (N, s s,y ) With ng =ng .
Throughout this section we shall consider circuit-functions ¢ with distinct
points ng,,...,ns,, and the corresponding graphs will be called directed
circuits. The latter will be symbolized by ¢ as well. Then any c is an oriented
loop (see the definition of the oriented polygonal line above).

Consider now any directed circuit ¢ of the graph G, with distinct points
except for the terminals, given by a sequence, say, bi,...,br of directed
edges of By. Then ¢ may be assigned to a vector ¢ € C defined as follows:

c=1.by+-+1.bg+ > 0.b.
1#1,....k

Since 6c = 0,c € ;.
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Notation. For the sake of simplicity, the one-cycle attached as above to a
directed circuit ¢ (with distinct points except for the terminals) of G will
be denoted by ¢ as well.

In general, when there are edges (—b;) which do not belong to Bi,
one may assign any directed circuit ¢ whose edge-set is a subset of
By U{(—b;) € By x By: b; € B1,(—b;) € B1} to a one-chain ¢ as follows.
The formal expression of ¢ in C; contains (by definition) terms of the form
(+1)b; and (—1)b,, where the coefficient (4 1) is assigned to those b; of
Bj occurring in ¢, while (—1) is assigned to those b, of By for which (—b,.)
occurs in ¢ but not in B;. Furthermore, one may prove that c is a one-cycle.

Conversely, one can prove that the graph of any one-cycle ¢ € C; always
contains a loop, if we extend convention yi(—byx) = —yrbr to the edges
(=by) of By. The graph of a vector of C} is given by the union of the closed
edges actually present in its expression.

We are now prepared to define the Betti number of the graph G which,
when it corresponds to a transition matrix P of a Markov chain &, will be
called the Betti number of P or of €.

Consider first any maximal tree T of G. (Recall here that a tree
of G is any connected subgraph without loops.). Then T comprises all
the points of G, but there is a certain number B of edges, whose set
is denoted by By, ie., By ={f1,0s,...,0p}, that do not belong to
the set of the edges of T, denoted Bi(T). That is B; = B;\Bi(T).
Although T (and then fi,...,08p) may not be unique, the number
B is a characteristic of G (it is independent of the choice of T).
The number B will be called the Betti number of the graph G and
the edges 1, B2, ..., B will be called the Betti edges of G associated with
the maximal tree 7.

Accordingly, we have

B; = By UBy(T). (4.4.1)
and

B =dim Cy — card B1(T)

=n—T0+1

since G is connected. (Here card By (T) symbolizes as always the number
of the elements of By(T).)

Let 3; be an edge of By and let n; and nj denote the endpoint and the
initial point of §;, respectively. Consider for a moment the unoriented edge
Bj associated to 3; and the unoriented maximal tree T associated to T.
Then ,@j may correspond to one or two oriented edges of B;. Since T is
connected there is a unique polygonal line ¢; in T made up of closed edges
joining np, and ng. When ﬁj is added to ¢; we obtain an unoriented loop
symbolized by S\j. This loop is the only one which can be made using T
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and the edge Bj. Now, denote by o; and A; the corresponding polygonal
lines of &; and ;\j made up by the edges of G, which eventually may have
different orientations. Associate A; with the orientation c; of the originally
chosen Betti edge 3;. If Bj contains two edges with the same terminals but
with opposite orientation then we shall obtain by the previous procedure
two versions (o;, A;).

Let A; and g; be the one-chains associated to A; and o, respectively, that
is, the formal expression of A; (gj) in C1 is the linear combination where the
edges of By occurring in \;(o;) with the orientation c; have the coefficient
(+1) and the edges of By occurring in \j(c;) with opposite orientation —c;
have the coefficient (—1) (while all the other edges of By are considered to
have the coefficient 0). Then

A =0;+06 (4.4.2)

One may prove that A;,...,Ap are one-cycles. We call A, ..., g the Betti
one-cycles of G associated with the Betti edges 31, (2, ..., 0B.
Put

A:{Alv"‘)AB}'

Then A depends on the choice of the original maximal tree T.
We now prove the

Lemma 4.4.1 The set A of Betti one-cycles of G is a base of Cy = Ker 6.

Proof. Let 0 be the neutral element of C. Since the graph of a one-cycle
always contains a loop, if a one-chain is defined by certain edges of B;(T)
and is a one-cycle, then it is necessarily identical to 0. Let further ¢; be
any vector of Cy. Because of (4.4.1) we can write

B
c=Y Bt > kb,  akyk €R
k=1 b EBL(T)

Since A, = B + g, as in (4.4.2), we have

B
¢ = Zak(ék —a) + Z Yrbk

b €B1(T)

k=1
B B

=3 o+ > wkbk — Y g0y
k=1 k=1

bu€B1(T)
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B _ B

Note that ¢; — > apA, € Cr and Y. yrbr — D argy, is a vector of
k=1 by €B1(T) k=1

the subspace generated by Bi(T'). Then the difference

B
> wbi— > ko,
k=1

b €B1(T)

should be 0. Hence, any one-cycle can be written as a linear combination
OfAh s 7AB'
Finally, the independence of A, ..., Ap follows immediately. O

In general, any base of B elementary one-cycles will be called a base
of Betti one-cycles. From Berge (1970) (p. 26, Theorem 9) we know that
for any strongly connected graph G there exists a base of B independent
algebraic directed circuits.

When 74, ...,vp are certain directed circuits with distinct points (except
for the terminals) of the graph G such that the associated one-cycles
Yy g form a base of one-cycles, then we call {11, e 713} a base of
circusits.

Let us now examine the concepts of Betti one-cycles and indepen-
dent circuits, introduced before, in the context of a concrete exam-
ple. Counsider the directed graph G = (By, By) with the set of the
points By ={1,2,3,4,5} and with the set of oriented edges B; =
{b(1,2)a b(273), b(371)7 b(173), b(314), b(475), b(571)}, with this Ordering, where b(l)])
designates the edge with the initial point 7 and the endpoint j.

The graph G is illustrated in Figure 4.4.1. This graph provides four
directed circuits with distinct points (except for the terminals): ¢; =
(1,2,3,1),¢0 = (1,3,4,5,1),c3 = (1,3,1), and ¢4 = (1,2,3,4,5,1). One can
easily see that the one-chains

Ap = b2y +b2,3) T b4y +bas) + Bs.),
AZ = b(l’z) + b(2,3) + /8(3,1)7
Ag = ﬁ(1’3) — b(273) - b(1,2)u

form a base of Betti one-cycles corresponding to the Betti edges 3(5,1), (3,1
and (1 3). Furthermore,

A1 =Cy, 322917 A3:QQ_Q47
and
C3 :AQ +A3~

Then the one-cycles v = A;,7, = Ay, and 7, = A} + A3, associated with
the directed circuits cg4,c1, and co, form a base for the one-cycles as well.
Therefore I' = {7, 7,,7,} 1s a base of circuits of G.
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2 1 5
3 4
%
Figure 4.4.1.

As we have seen the graph G contains certain circuits generating a base I’
for the one-cycles. Then any directed circuit of G can be written as a linear
combination of the circuits of such a collection T' when they are viewed in
the vector space of all the one-cycles.

Remarks. The definitions of the Betti number and of the related concepts
introduced in this section are different from those given by S. Lefschetz
(1975). One basic difference arises from the definition of the basis By of the
vector space C7 of all the one-chains. Namely, in Lefschetz’s definition B,
does not contain the inverses —b;; of the edges b;; even if —b;; appear in the
graph G. As a consequence the one-cycles of certain circuits which appear
in the graph are confused with 0, so these circuits are not considered. For
instance the circuit c3 of Figure 4.4.1 corresponds in Lefschetz’s approach
to the one-cycle ¢; = 0.

Our preference for the approach used in this section is motivated by the
necessity to obtain a homologic description for all the circuits of the graph
G since they are identical to the circuits appearing along the trajectories
of all the Markov chains whose transition matrices have the graph G.

In the next section we shall further develop this argument, revealing
thereby an important link between the homologic description of the circuits
and the theory of Markov chains.

4.5 A Refined Cycle Decomposition of Finite
Stochastic Matrices: A Homologic Approach

This section is a sequel to the preceding one; the corresponding notations
will be employed here without further comment, save for the attached ho-
mologic one-cycles to the directed circuits cy: they will be denoted here
by ¢;, in order to avoid confusion. We shall be concerned with a Markov
chain £ which is homogeneous and irreducible (or recurrent), and which
describes the stochastic motion of a system capable of being in any state of
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the finite set S = {1,...,n},n > 1. Let P = (p;;,4,j € S) be the transition
matrix of £ and let m = (m;,7 € S) denote the invariant probability (row)
distribution of P. Then the probabilistic circuit decomposition given by
Theorem 4.1.1 assigns £ to a unique positive vector (w, .ci € €), where €
denotes the class of all directed circuits with distinct points (except for the
terminals) occurring along almost all the sample paths of £, endowed with
an ordering. Accordingly, the expression

w = g We,, Ck,

CLED

uniquely determines a vector in the space C; of all the one-cycles associated
with the graph G of P. On the other hand, using equations (4.1.1) and
considering some orderings for the points and edges of the graph G of P,
we see that the coordinates w(i, j) of w with respect to the base of all the
edges of G are identical to m;p;;,4,j € S. Thus the 7P can be viewed as a
one-cycle.

With this interpretation, we shall prove in the present section that P can
admit a minimal linear decomposition, with real coefficients, in terms of
the independent circuits of the graph of P. As an immediate consequence
one may extend this circuit decomposition to general recurrent stochastic
matrices P by repeating the same argument to each strongly connected
component of the graph G(P). Recall here that the strong connectivity
relation introduced in Section 4.4 defines an equivalence relation in By
according to which the subgraphs induced by the equivalence classes are
called the strongly connected components of G.

Let us introduce the

Notation. According to the definitions of the preceding section, let
G = G(P) = (Bo(P), By(P)),n = n(P), B = B(P) = B(n(P)), and T =
I'(P) denote, respectively, the graph of P, the edge-point incidence ma-
trix of G, the corresponding Betti number of G, and a base of independent
circuits of G, where By(P) and B;(P) denote the set of points and the set
of edges endowed with an ordering, respectively. Denote further by % the
ordered collection of all the directed circuits with distinct points (except for
the terminals) occurring in G(P). The one-cycle associated with a circuit
~ will be symbolized by ~.

We now establish another circuit-decomposition-formula for P due to S.
Kalpazidou (1995).

Theorem 4.5.1. (The Homologic Cycle Decomposition). Let P =
(pij, 3,7 =1,...,n) be an irreducible stochastic matriz whose invariant
probability distribution is m = (mw1,...,7,). Let T' = {11, e ’13} be a base
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of directed circuits of the graph G(P), where B is the corresponding
Betti number. Then wP can be written as a linear expression of the cir-
cuits y1,...,v whose coefficients depend on the circulation distribution
(we, ¢ € 6), that is,
B

> mpibag) = Y s, -y, b, §) € Bi(P), by, €R,  (45.1)

(4,4) k=1
with

Wy, = ZA(C, Vi ) We, Ale,v) € Z, k=1,...,B.
cE?

In terms of the (i, j)-coordinate, equations (4.5.1) are equivalent to

B
mipig = Yy, Iy, (i,), iy, €R; ij=1,2,...,mn, (4.5.2)
k=1
where J,, is the passage-function of the circuit vi,k=1,...,B. Further-
more the decomposition (4.5.1) is invariant to the ordering-changes of the
circuits of €.
If P is a recurrent stochastic matriz, then a similar decomposition to
(4.5.1) (or (4.5.2)) holds, except for a constant, on each recurrent class.
(Here Z and R denote as always the sets of integers and reals.)

Proof. Suppose first P is irreducible. Denote w(i, j) = m;pi;, and let b, ;)
be the directed edge of B;(P) whose initial point and endpoint is i and j,
respectively. Then according to the formalism of the previous section, the
vector w = Z(i,j) w(i,7)b(; ;) is an element of the vector space C; whose
base is By (P). Moreover, the decomposition (4.1.1) in terms of the circu-
lation distribution {w. }.ce enables us to write

w = ZZwC i, b(w)

(i,5) c€E?C

=3 we | > Jeli )b
ce? (4,9)

= Z We - C,
cE?

where the last equality follows from the vector expression ¢ of ¢ in C}
(since J.(i,7) is the (4, j)-coordinate of ¢ with respect to the base By (P)).
Then w is a one-cycle. Note that all the representatives of the class-circuit
¢ according to Definition 1.1.2 define one-cycles with the same coefficients
with respect to the base B;(P) since, according to equation (1.2.1), the
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passage function J, is invariant to translations. Then it makes sense to say
that any class-circuit ¢ determines a unique vector ¢ in Cy. Consequently,
for any (class-) circuit ¢ we may write the corresponding vector ¢ as a linear
combination of the Betti one-cycles Yy g of G(P), and so

B

e}
Il

Ale, )y, Ale,w) € Z.
=1

=

Hence the original vector w has the expression

B
w=>Y "> Al wwe | v,
k

=1 \ce?
that in terms of the (4, j)-coordinates becomes

B

w(i, j) = mipij = Z ZA(C,%)wC Iy, (1, 7)-

k=1 \ ce?

Defining the weights of the independent circuits as

@y, =Y Ale,w)we,  k=1,....B,
cE?

we obtain

B
w= § :w'Y»i .lk'
k=1

Furthermore, from Theorem 4.1.1 we know that the circuit-weights w,, c €
%, of the circulation distribution do not depend on the ordering of the
circuits in €. Then the coeflicients ., , ..., %,,, will be independent of the
ordering chosen in %.

Finally, one may extend the decomposition (4.5.1) to any recurrent
stochastic matrix P by repeating the previous arguments for each strongly
connected component of the graph G(P). Accordingly, the Betti number
of G(P) will be equal to card By — card By + p, where p is the number of
the connected components of G(P). The proof is complete. O

Any decomposition of P in terms of the B independent circuits is
called a Betti-type circuit decomposition of P. Furthermore, if such a
decomposition is given by the class (I',w,), then we call (T',w,) the
Betti-type representation of P. For instance, the class (I',@,) occurring in
equations (4.5.2) is such a representation.

Remark 4.5.2. The coefficients w., ,k=1,...,B, of the decompo-
sitions (4.5.1) and (4.5.2) can be negative numbers. When we can find
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a base I' = {11, . B} of B independent circuits such that the circuit-
weights w,, are greater than or equal to the sum of w,. for all the circuits
c € I', then the corresponding weights ., will be nonnegative numbers.

For an example, let us turn to the circuits c¢; = (1,2,3,1),¢c0 =
(1,3,4,5,1),¢c3 = (1,3,1), and ¢4 = (1,2,3,4,5,1) of Figure 4.4.1. Let P
be a stochastic matrix whose graph is illustrated in Figure 4.4.1. As-
sign to these circuits the positive probabilistic weights we, , We,, Wey, We,
of the corresponding circulation distribution. If w., > w,,, then we may
choose the independent circuits to be 71 = c1,v2 = c2,73 = ¢3, while ¢, =
Y, + Y — Yy if we do not adhere to the convenction b; ;) = (=1)b(; 5

It is to be noticed that for any edge (i, j) of ¢4 we have

JC4(i7j) = J’Yl(i’j) + J’Y2(i’j) - JW3(i’j)
— {Jﬁ(iaj)’ if (4,7) € {(1,2),(2,3)};
Jro(i,9), i (i,5) € {(3,4),(4,5), (5, 1)}.

Therefore the circuit ¢4 passes through an edge if and only if a single circuit
of I'={v,,7,:7,} does. Then the weights of the decomposition (4.5.2)
are as follows: W, = Wy, + We,, Wy, = Wy, + We, and Wy = Wy, — We, >
0. Hence the decomposition (4.5.2) becomes:

TiPij = (w’h + wC4)J"/1 (Z’j) + (w’Y2 + wc4)‘]’72 (17]) + (w'Ys - w04)‘]’73 (imj)v

for all 4, 4.
If we, = wey, we may choose v, = ¢;,7, = C,7, = ¢4 as independent

circuits, while ¢; = DT e P Y and then the following decomposition has
positive coeflicients:

TiPij = (w’n + wCS)J'Yl (17.7) + (w“/z + wc3)J’Y2 (27]) + (wvs - wcz)J’Yz (ivj)v

for all i, j.

Finally, one can easily see that any collection of three circuits of Figure
4.4.1 determines the remaining fourth circuit. This means that the corre-
sponding vector of the latter is a linear expression of the one-cycles attached
with the other three circuits.

Definition 4.5.3. Given a finite irreducible or recurrent stochastic matrix
P, we call the dimension of a circuit decomposition € of P the number
of the circuits of 4. Accordingly, the number n? —n + 1 occurring in the
Carathéodory-type representation is called the Carathéodory dimension,
while B occurring in (4.5.2) is called the Betti dimension. (The latter should
be accordingly modified when P has more than one recurrent class.)

Remark 4.5.4. After normalizing the passage functions, the Betti-type
decomposition (4.5.2) can be viewed as a refinement of the Carathéodory-
type decomposition (4.3.2). Beyond the improved dimension, the decom-
position (4.5.2) relies on an algorithm providing the circuit weights. In
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Sections 3.6 and 3.7 of Part II we shall show that the dimensions of Betti
and Carathéodory are concerned with a new dimensional characteristic of
a recurrent matrix, called the rotational dimension.

Remark 4.5.5. In analogy to the sequence {circuits, edges, points} of the
linear graph (1-complex) of the function w occurring in Theorem 4.5.1, we
have the sequence 2-cells (surface elements), 1-cells (line segments), 0-cells
(points) of the corresponding 2-complex. Here by a “2-cell” we mean the
genuine closed 2-cell, that is the closed interior region of a circuit. The
2-cells can be analogously oriented as the 1-cells (edges) are in the linear
graph. For instance, associate a definite orientation of a 2-cell e with each
of the two possible orientations of its bounding circuit. The 2-cell with the
opposite orientation is denoted by (—e).

In Section 1.4 (of Chapter 1) we introduced two transformations 7 and
¢ by (1.3.7) and (1.3.8) in the sequence {circuits, edges, points} such that

t
circuits edges > points, (4.5.3)

where 7' is the transposed matrix of 7.
Now, consider the boundary operators §' and 62 for the sequence of
k-cells, that is,

2 %o o oo, (4.5.4)

where C* denotes the vector space generated by the k-cells, k = 0,1, 2,
except for those with opposite orientation, §' is given by an expression
similar to & of the previous section and §2 is the linear operator assigning
each 2-cell to its bounding circuit. The elements of C* are called k-chains,
k=0,1,2.

Notice that the linear operator 62 can be expressed by an incidence
matrix v defined as follows:

V= (Vcell,edge) = (I/eib]‘)7
where

+1, if the j th edge is positively included in the
bounding circuit of the ith 2-cells;
Ve,o, = —1, if the j th edge is negatively included in the
bounding circuit of the ith 2-cell;
0, otherwise.

(Here we assume given orderings for the k-cells, k = 0,1,2.)

A kcycle, k=1,2, is a k-chain with 6*-boundary zero. Since Im 62 C
Ker 61, it makes sense to define the factor group H! = Ker §! /Im 2, called
the first homology group.

It is to be noticed that the boundary operator 6! corresponds to the
transformation n' in the sequence (4.5.3), while 62 does not correspond
to ¢. Even if sequences (4.5.3) and (4.5.4) are distinct however there is a
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common link: both sequences are ruled by an orthogonality equation, which
is either ¢ = 0 or §'6% = 0, expressing the essence of a known theorem:
“the boundary of the boundary is zero.”

Remark 4.5.6. An analogue of Theorem 4.5.1 may be obtained when the
probabilistic algorithm is replaced by a nonrandomized algorithm like that
of Theorem 4.2.1. But in this case the circuit decomposition (4.5.1) (or
(4.5.2)) will depend on the ordering of the representative circuits.

4.6 The Dimensions of Carathéodory and Betti

The previous investigations of the circuit decompositions of finite recurrent
stochastic matrices lead to certain natural classifications.

A first classification of the circuit decompositions can be given according
to the nature of the methods which are used when solving the corresponding
cycle generating equations. Consequently, we have either nonprobabilistic
or probabilistic approaches arguing for the following classification:

Deterministic circuit representations
(provided by Theorem 4.2.1, the Carathéodory dimensional theorem,
and Theorem 4.5.1 (see Remark 4.5.6)).

Probabilistic circuit representations
(provided by Theorem 4.1.1).

A second classification can be considered according to the dimension of
the circuit decomposition as introduced by Definition 4.5.4. For instance,
the Carathéodory-type circuit representation (4.3.2) of an irreducible or
recurrent stochastic matrix P = (p;j,4,j = 1,2,...,n), with n > 1, pro-
vides the dimension N which is concerned with the Carathéodory dimension
n? —n+1.

On the other hand Theorem 4.5.1 provides the Betti dimension B. The
next table shows all the above classifications:

Classification of the Circuit Representations

Criterion:  Representation method Dimension

Deterministic representations  Carathéodory-type representations
Probabilistic representations Betti-type representations
Other representations




5!

Continuous Parameter Circuit
Processes with Finite State Space

Discrete parameter circuit processes, called circuit chains, were defined in
the previous chapters as Markov chains whose transition probabilities are
expressed by linear combinations in terms of directed circuits and weights.
A natural development of these processes is the consideration of the con-
tinuous parameter case. One significant aspect, manifesting itself more evi-
dently in the continuous parameter case, is the conversion of the dichotomy
circuit-weight into qualitative-quantitative stochastic properties. The ap-
proach of this chapter is due to S. Kalpazidou (1991c).

5.1 Genesis of Markov Processes
by Weighted Circuits

In this section we shall show that, given a class € of overlapping directed
circuits in a finite set S, and nonnegative functions w.(-),c € %, defined
on [0,00) and satisfying natural topological and algebraic relations, we
can define an S-state continuous parameter Markov process (for short
Markov process) whose transition probabilities are completely determined
by (%, w.(-)). We shall call such a process a circuit Markov process, or
simply a circuit process.

Let us recall the definition of a Markov process. Let S be at most a
de-numerable set. An S-valued stochastic process & = (§;);>0 on the prob-
ability space (2, %, P) is said to be a Markov process (or a continuous
parameter Markov process) with state space S if for any n € {1,2,...}
and for all 41,...,4y,ip41 € .5 and t; € [0,400),1 < k <n+ 1, such that
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) <o <ty <tpi1, we have

P(ts = ins1/& = ins &ty = In-1s---,&, =1i1)
= P(gtn+l = in+1/€tn = ZTL)

whenever the left member is defined.

A Markov process £ = (&:)r>0 with state space S is called homogeneous
if, for every 4,7 € S and for all s > 0,¢ > 0, the conditioned probability
P51t = j/&s = 1) does not depend on s. Furthermore, for such a process
the probability P(§s1¢ = j/&s = ©),t > 0, denoted by p;;(¢), is called the
transition probability from state i to state j after an interval of time of length
t. Then the collection P = (P(t)):>0 given by P(t) = (pi;(t),4,j € 5), with
pi;j(0) = 8;;, is a stochastic transition matrix function, that is, the elements
pij(+) satisfy

pii(t) =0, D pi(t)=1, €S, t=0,
j

and the Chapman—Kolmogorov equations

pij(t+s) =Y pi(Opr;(S),  i,5€S, t,5>0.
kesS

In turn P determines a homogeneous stochastic transition function (see
K.L. Chung (1967)). As in the discrete parameter case, following the ex-
istence theorem of Kolmogorov, one may define Markov processes from
stochastic transition matrix functions (in general, from transition func-
tions).

Let us now see how a Markov process can be defined using a collection of
directed circuits ¢ and a collection of nonnegative functions w.(-). Consider
a finite set S consisting of m > 1 elements and a collection % of overlapping
directed circuits in S containing all the loop-circuits (4,4),7 € S. Suppose
that the circuits of period greater than 1 have distinct points except for
the terminals. The directed circuits and the related ingredients are defined
according to Chapter 1.

Let #sxs({0,1}) be the class of all m x m matrices whose entries belong
to the set {0,1}. Associate each circuit ¢ € € with the matrix (J.(4, )i, j €
S) € Msxs({0,1}) defined as

.1, if (4,7) is an edge of ¢;
Jelig) = {0, otherwise. (5.1.1)

We call (J.(i,7),i,7 € S) the second-order passage-matriz of ¢ (see Defi-
nition 1.2.2). Then Lemma 1.2.3 enables us to write

ZJc(i,j) - Z J.(j,i) = J.(i), ieb. (5.1.2)
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Let {w.(+),c € €} be a collection of real functions defined on [0, c0). For
any 7,7 € S and any ¢ > 0 introduce

(i, 4,t) ch (5.1.3)

cE?
Then on account of the balance equations (5.1.2) we may write
> w(igt) = w(jit) =w(it), t>0. (5.1.4)
J J
Introduce the following conditions:

(w1) (i) Every function w.(-),c € €, is nonnegative on [0, +00).
(if) For any loop-circuit ¢ = (4,4),7 € S, we have

we(0) = tlirél+ we(t) > 0.

(iii) For any circuit ¢ # (i,1),i € S, we have
we(0) = t£%1+ we(t) = 0.
(w2) The collection {w,(-),c € €} is a solution to the equations
Wi jyt -+ 8)/wi,t + 5)
= Z wli, b, 1) wi, 1) (w(k, j 5) /w(k,5)), i, € S,
for any t,s > 0.
(w3) The function w(i,t) introduced by (5.1.4) satisfies the equation
w(i, t) = w(i,0) forany i€S, t>0.
(w4) The limit lim;_,o we(t) exists and is finite, for all ¢ € €.

Let us now interpret condition (w;) above. We have

Jim (w(i, i, 6)/w(i, 1) = lim, > we(t) (i, ) / > we(t)Je(i)

cE? cE?
wi,i)(0) (5,4 (4, 7)
w(i,i)(O)J(i,i) (i)
= w(i,4,0)/w(i,0) = 1.

For i # j we have
lim (w(i,7,t)/w(i,t)) = 0.

t—0t

Thus
U}(i,j, 0)/11/(7,, 0) = 52']'7
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where ¢ is Kronecker’s symbol. Hence

oy Jwaa(0), ifi=j;
w(i,j,0) = {07 otherwise.

Definition 5.1.1. Suppose conditions (wa)—(wy4) are satisfied. Then any
continuous parameter S-state Markov process whose transition matrix func-
tion (p;;(t),4,7 € S) is defined as

plj(t) = ’LU(?;,j, t)/’ll)(’t,t), Za] S Sa t Z 07

is called a circuit Markov process or, for short, a circuit process, associated
with the collection {&, w.(-)}.

5.2 The Weight Functions

Given S and % as in the previous section, the functions w.(+),c € €, that
satisfy conditions (wq)—(wy4) will be called the weight functions associated
with €. If the weight functions satisfy conditions (wq)(ii) and (wq)(iii),
then they will be called standard weight functions. The name is motivated
by Definition 5.1.1 according to which the standard weight functions may
define a standard transition matrix function. A transition matrix function
P(t) = (pi;(t),4,5 € S),t >0, is called standard if lim; o+ p;;(t) = 6;5, for
all 4,5 € S (see K.L. Chung (1967)). If P(t) is standard, then every p;;(-)
is measurable (with respect to Lebesgue measure).

In this section we shall prove the existence of weight functions, that is,
the existence of a nonnull solution to equations (ws). For this purpose, we
say that a directed circuit ¢ = (41,...,1s,41) is associated with a positive
matrix (a;j,4,j € S) if and only if 4, ... -y, > 0.

We now prove

Theorem 5.2.1 (The Existence of the Weight Functions). There exists a
non-void class € of directed circuits in S and a collection {w.(-),c € €} of
nonnegative standard weight functions, that is, the w.(-)’s satisfy conditions
(w1), (w2), (w3), and (wy).

Proof. Let P(t) = (p;;(t),4,5 € S),t >0, be an arbitrary irreducible
stochastic transition matrix function and let m = {m;i € S} be the corre-
sponding invariant probability distribution, that is,

) piy() 20, m >0, i,j€S;

(11) Zp”(t)zl, Z’]TZ:]., ZES, tZO,

jeS €S
(iil) pij(s+1t) = > pir(s)pr;(t), 4,j€S and s,¢t>0;
k

(iv) > mpij(t)=m;, j€S, t>0.
ics
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Suppose {P(t),t > 0} is a standard transition matrix function. Then the
function w(,-,:) : S xS x [0,00} — [0, 00) defined as
w(i, j,t) = mipi; (t)
satisfies the following balance equations:
> w(i gty =Y wit)=m, i€S, t>0. (5.2.1)
jES JES
For each loop-circuit (¢,7) define
w(“)() = mipii(°).

Then the w; ;)(-)’s are functions satisfying conditions (wy) (ii) and (wy).
Let us now fix an arbitrary ¢ in (0, +00) and 41 € S. Since 7;, > 0, we have
Zw(ilajvtl) > 0.

J
On account of the balance equations (5.2.1) and the irreducibility of P(t1)
there exists a sequence of pairs (i1,42), (i2,%3), .-, (in—1,4n), - . . of distinct
points such that for each (ig,ix+1) we have w(ig,ix41,t1) > 0.
Since S is finite, there exists a smallest integer s = s(t1) > 2 such that
is = i} for some k,1 < k < s. Then
W(ik, Tkt 1, 1) W (41, k42, 01) - wW(Ts—1, 0k, t1) > 0.
Therefore the directed circuit
c1 = (’Lka ik+17 ) Z‘sfla Zk),
is associated with the matrix (p;;(t1),7,7 € S). Define the function
We, (1) = min {w(ig, tg11,t), W(ikt1,thq2,t)s .oy w(is—1,0k,t)}

for t > 0. Then w, (0) = 0. Moreover, w,, () satisfies condition (wy)(iii).
On the other hand, according to a theorem of Lévy, the following limits
are finite:

thm w(ik, ik+1, t) = likik+1’ ey lim ’LU(’L'Sfl, ’L'k, t) = lis—lik'
—00 t—oo

Ifley = min {liys, 055 liy_yin ) = linyip,, forsomem =k, ..., s—1, then

|wC1 (t) - l01| < |w(im7 ierl’ t) - limim+1 |7

and therefore limw, (t) = l., as t — oco. Thus the function w,, (-) satisfies
condition (wy). Introduce now

wl(iaja t) = w(ivj’ t) — We, (t)Jtn (Z’j)

- Z w(u,u)(t)*](u,u)(l?])? i,j € Sa t>0.
ues
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Then by the definition of we, () and w(y ) (+), the function w; (-, -, -) is non-
negative. Moreover, the functions J, (-,-), Jeu,u) () and w(i, j,-) satisfy
the balance equations, and so does w (4, , -). Hence two cases are possible.
First, we may have

wl(i7j7 t) = O
for all 7,5 € S and any ¢ > 0. Then
wl(iajv t) = We, (t)Jcl (27.7) + Z W(u,u) (t)‘](u,u)(iaj)a
uesS

and therefore {w, (-), w4 (-),% € S} is a solution to the equations (ws).
Second, there exist a pair (j1,72),751 # j2, and t3 >0 such that
w1 (41, J2, t2) > 0. Then, following the same reasonings above for the func-
tion w1 (4, 7, ) instead of w(i, 7, -), we obtain a circuit

c2 = (1,20 Jrs J1)-
with r > 2 and with distinct points ji, js, - - ., jr, such that cs is associated
with the matrix (w1 (4,7, t2),¢,7 € S). Define further
We, (t) = min{w1(j1,j2, t)7 s 7w1(j7"ajta t)}

for t > 0. Then w,(-) is not everywhere zero. Moreover, we,(-) is right-
continuous at zero and we, (0) = 0. As for w, (+), the function w., (-) satisfies
condition (wy). Introduce now

wQ(i’jv t) = ’LU(’L jat) — We,y (t)J‘1 (17.7) - wcz(t)ch(ivj)

uesS

The function wo is balanced and consequently, if it is nonnull, we may
continue the process above. Accordingly, since S is finite, we obtain a fi-
nite ordered class €= {ci1,...,cm} of directed circuits in S (containing all
the loop circuits) and a collection {w.(+),c € €} of nonnegative functions
defined on [0, 400) and depending upon the ordering of ¢ such that

Z 3 g5t Z wc
cE?

Furthermore, the w.(-)’s satisfy conditions (w;1) and (wy4). Also, the hy-
pothesis (iv) implies that the function

w(i, ) = w(i, j,t)
j€S
is given by 7, and consequently condition (ws) is fulfilled.

Finally, the Chapman—Kolmogorov equations (iii) show that {w.(:),c €
¢’} is a solution to equations (wz). This completes the proof. O
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One may prove an analogue of Theorem 5.2.1 using the homologic decom-
position of Theorem 4.5.1. In this case condition (wy) (i) is not necessary,
that is, there exist real-valued standard weight functions. On the other
hand, in the subsequent Section 5.5 we shall show the existence of strictly
positive standard weight functions.

5.3 Continuity Properties of the Weight Functions

In this section we shall concentrate on continuity properties of the weight
functions w.(-), c € €. Moreover, we shall show that, even when we begin
with a more general class € of time-dependent circuits ¢(¢),t > 0, satisfying
natural conditions, the corresponding weight functions still enjoy continu-
ity properties. However, continuity of the passage functions necessarily re-
stricts € to a class of circuits independent of ¢, what motivates our original
considerations on circuits which are independent of parameter value.

Let S be a finite set. Consider % a collection of directed circuits in S
satisfying the following conditions:

(c1) € contains all the loop circuits (i,1),4 € S; any circuit, whose period
is greater than 1, has distinct points except for the terminals; and

(c2) through each pair (i, j) of points of S there passes at most one circuit
of €.

Any function ¢ : [0, 400) — €'is called a circuit function. Consider a finite
set ¢ of circuit functions containing the loop functions c(t) = (i,4),4 € S.
Suppose further that the circuit functions of 4 satisfy the following condi-
tions:

(¢) (i) Each circuit function ¢(-) is right-continuous.
(ii) For each pair (i,j) of points of S and for any ¢ > 0 there is at
most one circuit ¢(t) passing through (4, j), which is given by one
circuit function ¢(-) € .

Given a circuit function c(-) € %, define the function (Je(y (i, 9))ijes:
[0,+00) — Msx5({0,1}) by the relation

.1, if (4,7) is an edge of ¢(t);
Jewy (1,7) = {O, otherwise. (5.3.1)

Any function (Jo(.)(,4)): jes defined as in (5.3.1) is called the passage ma-
triz function associated to the circuit function ¢(:). According to Lemma
1.2.3 the passage matrix functions (J.(.)(4,7)): ; satisfy the following bal-
ance equations:

> Jewy(60) =D Jewy (3 1) = Jey (i), i€ S, (5.3.2)
J J

for any t > 0.
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Now associate each ¢ € € with a real function we(.y(+) defined on [0, +00).
Define further

(5,3,1) chu) Ve (i,4),  i,j€8, t=0, (5.3.3)

Then by applying relations (5.3.2), we have
> wli,gt) =Y wiit) =w(it), €S, t>0. (534)
J J
Introduce the following conditions:

(w}) (i) For any circuit function ¢ € %, the corresponding function wey(+)
is nonnegative on [0, +-00).
(ii) For any circuit function ¢ € € with ¢(0) = (4,4),¢ € S, we have

We(0) (0) = tEI(I)lJr We(t) (t) > 0.

(iif) For any circuit function ¢ € € with ¢(0) # (i,),i € S, we have

We(0)(0) = hm wee)(t) = 0.

—0t
(wh) The collection {we(.)(+)} is a solution to the equations

’w(i,j,t+5) _ w(17k7t) w(k,j,s)
w(i, t+ s) _Z w(i,t)  wk,s)’

1,5 €85,

for any t,s > 0.

(w%) The function w(i,t) introduced by relation (5.3.4) satisfies the equa-
tion w(i, t) = w(i,0), for any i € S and t > 0.

(w}) For any circuit function ¢ € €, the limit lim,_, we(y)(t) exists and is
finite.

The functions we)(:),c € %, which satisfy conditions (w))-(w}) are
called the weight functions associated with €. If the weight functions satisfy
condition (w}), then they are called nonnegative standard weight functions.

Further, we shall consider a collection {wc(.(-),c € €} of nonnegative
standard weight functions. We now investigate some of the continuity prop-
erties of these weight functions. Namely, we first prove

Theorem 5.3.1. For any c € % the weight function we.(-) is uniformly
continuous on [0, +00).

Proof. Let ¢ € € be arbitrarily fixed. Consider ¢t > 0 and an h > 0 small
enough. Let 7, j be two consecutive points of the circuit ¢(¢ + h). Thus we
have

Jc(t+h) (Z,J) =1
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Then according to condition (c)(ii) there exists only the circuit c(t + h)
that passes through (7, j) at time ¢ + h.

Since the circuit function ¢(+) is right continuous together with the func-
tion J.)(4,7), from condition (c)(ii), we know that c(t) is the only circuit
passing through (7, j) at time ¢, that is,

Jc(t)(ivj) =1

Then

wc(t+h)(t + h) - wc(t)(t)
= We(en) (E+ 1) Jern) (4, 5) — Wery () Jeqr (3, )

B W\ Weern) (E+ h)Jegeqny (3, 5)
= (zc: We(t+h) (t + h’) Jc(t+h) (7’)> ZC We(tsh) (t + h)Jc(t+h) (Z)

—We(t) (t)JC(t) (,La .7)

= (Z We(t4ny(t + h)Jc(t+h)(i)>
(5 ey () Ty (5 k) (5, gy ()T (. y
X 2T et (e D) (5 0 D) T i) e O 57

=- (wc<t>(t)Jc<t)(i,j) _ Gewem(h )i(hi}(z )()fi)zcc(:c((t)() Je(t) (1, J )))

i)
)

+ ( We(t4n) (t+ N)Ten) (@)

. wc(h) ) en) (1K) (D wery (£) Jeqey (ks 7))
* %;Z (D Werny(R) ey (1) (D we(ey (8) Je(r) (K)) )

Then
- <1 - %::z(ﬂ)(( )) C(?))((.))> We(r) (1) Jer) (i, 5)
S We(pyn) (E+ h) —wer)(t) < Z ch(h Je(ny (3, k).
kti c
Hence
[We(erny (E+ h) —we ()] < Zzwc (h)y (R) Jeqny (i, k).
ki e
Then
|Wegeny(t+ h) = ey (B)] <D weqny () Jeqry (i Z Weny (h) Je(n) (4,7).

(5.3.5)
Let us now take h < 0 and 7 = |h|. Replacing ¢t in (5.3.5) by t —7=t+h
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and using the same reasoning as above, it follows that

|wet4n) (E+h) — |<ch(\h| ([R)Jeqnyy (i ch(w) \hD)Jeqiny) (i, 0)
(5.3.6)

Therefore (5.3.6) is valid for any h € R with ¢t + h > 0 and the proof is
complete. 0

Proposition 5.3.2. If J.()(i,j) is continuous on (0,+4o00) for alli,j € S,
then c(-) is a constant function.

Proof. It follows from the proof of Theorem 5.3.1 that we(.(-)Je)(4,7)
is uniformly continuous on (0,+00), where (i,7) is an edge of a circuit
c(t), with ¢t > 0. The same proof can be used for proving that, in general
> e We(y (-) ey (4, 5) is uniformly continuous on (0, +00).

Let ¢ be a circuit function of 4. Consider an arbitrarily fixed o > 0 and
the circuit

C(tO) = (7;1; 7:27 e 7i87i1)7
where s > 1 and iy, i, ...,is are distinct points. Since J.«)(i1,i2) = 1, for
any t > 0, all the circuits ¢(t),t > 0, contain the edge (i1,12).
Analogously J.(i2,43) = 1, for all t > 0, implies that (i, i3) is an edge
of all ¢(t),t > 0. By repeating the above reasoning for all the edges of ¢(to),

we obtain that c¢(t) = (41,42, ...,1s,%1). Therefore the circuit function c is
constant. O

Restrict further €'to the class € of all constant circuit functions satisfying
conditions (¢1) and (cg). Then the above assumptions (w))—(w}) reduce to
conditions (wy)—(w4) mentioned in Section 5.1. We now prove

Proposition 5.3.3. For all i j €S, the function
w(i, j,t ch
ce?

is uniformly continuous on [0,+00) and its modulus of continuity does not
exceed that of w(i,i,-) at zero.

Proof. The uniform continuity of the functions w(i, j,+),4,j € S, follows
from Theorem 5.3.1 and the converse of Proposition 5.3.2. To evaluate the
modulus of continuity of w(%, j, ) let us consider for any ¢ > 0 and h > 0
(small enough) the difference

w(l,],t—F h) - U)(Z,],t)

=w(i,t+h)> wli’(zkh;t) : w;?kjtf) —w(i,j,t)
k} b )

. _w(i,i,h) wii. i wli w(z’,k,h).w(k,j,t)
_ (1 w(m)) (i,4,1) + (,t+h)g;i s S,
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Then
w(i, i, h) . . .
(1= 200 < _
( ’UJ(’L,h) > w(27]7t) — w(27]7t+ h) ’LU(Z,]7t)
<> w(i kh) = w(i,h) —w(i,i,h).
ki
Hence

|7.U(Z,],t + h) - w(iaja t)| < ’UJ(Z,h) - w(z,z,h)
In general, for all h € R with ¢t + h > 0 we have
|w(i,j, t+h) —w(i,j,t)] < w(i,|h|) —w(i,i,|h]),

and the proof is complete. O

Recall that the class €is restricted by condition (cg). In case we drop this
condition, we should assume that the functions w(i, j,-), 4,7 € S, satisfy the
continuity property of Proposition 5.3.3. We have

Theorem 5.3.4. Suppose the weight functions are strictly positive on
(0,400). Then for any i,j € S, the function w(i,j,-) is either identically
zero or always strictly positive on (0, +00).

Proof. For an arbitrary ¢y > 0 we have either

w(i, j, to) >0 (5.3.7)
or

w(i, j,tg) = 0. (5.3.8)

If (5.3.7) holds, then there exists a constant circuit function c¢(t) =c of ¢
such that J.)(4,7) =1 for all ¢ > 0. Therefore w(i, j,t) > 0 for all ¢ > 0.
If (5.3.8) holds, then for all constant functions ¢ € ¥ we have J.(4,j) = 0.
Then (4, 7) is an edge of no circuit of € and the proof is complete. O

Remark. Theorem 5.3.4 says that the function w(i, j,-) is either strictly
positive or identically zero on (0,+0c0) according to whether (i, 7) is or is
not an edge of a circuit in S. Therefore the previous property is independent
of the magnitude of the values of the weight functions. For this reason we
say that Theorem 5.3.4 expresses a qualitative property.

5.4 Differentiability Properties of the
Weight Functions

Suppose the collection (%, w.(-)) is defined as in the preceding section.
According to a well-known result of Kolmogorov we have:
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Theorem 5.4.1. For all i and j, the limit

lim y° wct(t) Jo(4, )

t—0+
exists and is finite.
We now give the version of another theorem of Kolmogorov (see K.L.
Chung (1967), p. 126) in terms of the weight functions corresponding to
the circuits ¢ = (4,4),7 € S.

Theorem 5.4.2. For any i € S,

i,i)(0) — w; 4)(¢
0 (0) = fim L) =6 ®)
(i.4) t—0+ t

exists and is finite.

Proof. From conditions (wy)(ii) and (wz) we have that w(i,,t) > 0 for all
t > 0. Recall that

w(i,i,t) = ch (i,1) = we i (1)

Consider

o(t) = —log(w ) (t) /w,i(0)).

According to condition (w1)(ii) we have w(; ;)(0) > 0. Hence ¢ is finite-

valued. By using relations (wy) we deduce that
wiyit+5) > w(i, i, t)w(i, i, 8)
w(; ;) (0)

Then

—logw ;) (t +5) < —logw; :(t) —logw ;) (s) + logw(,:(0).

The last inequality implies that the function ¢(-) is subadditive, that is,
ot +s) < p(t) + (s). According to a theorem of Kolmogorov (see K.L.
Chung (1967), Theorem 4, p. 126), we find that there exists

t) Wiy
ey 20 _ Y6 ©)
t—0+ ¢ w(u)(O)

Therefore wy; ; (0) exists and is finite. O

We continue with a version of a theorem of D.G. Austin and K.L. Chung
(see K.L. Chung (1967), Theorems 1 and 2, p. 130) in terms of the weight
functions.
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Theorem 5.4.3. The function w(i, j,-)/w(i,-) has a continuous derivative
on (0,+00) which satisfies the following equations:

(“WM) -y (w(@’“’s))/ wik i) o0 i 0, (5.41)

w(i,s+1) - w(i, s) w(k,t) ’
w(i, j, s +t) I: w(i, k,s) (w(k,j,t) ! .
(w(i,sm) 200 <w<k,t> ) 20 ¢>0. (542

If all the weight functions w.(-),c € €, have continuous derivatives, then

> wi(t)Je(i) = 0. (5.4.3)
c

Proof. Equations (5.4.1) and (5.4.2) follow from Theorems 1 and 2 of K.L.

Chung ((1967), pp. 130-132). Equation (5.4.3) follows from the relation
> opit)=0,  t>0, (5.4.3)

J

where (p;;(+),4,j € S) is the transition matrix function of the circuit process

generated by the given weight functions. Then, in terms of the weight
functions, the equation (5.4.3") becomes

Do wlt) D2 Jeli, ) =0.

Thus, because of the balance equation (5.1.2), we deduce equation (5.4.3)
and the proof is complete. O

Theorems 5.4.1 and 5.4.2 enable us to introduce the matrix @ = (gi;)i jes
defined as

Wi;,) (0 iy (1) —w(i,0

g = 0@ wen® w0 (5.4.4)
wei(0) -0+ tw(i,0)

ij = wi5,0) _ oy, w50 i,jes, i#j  (5.4.5)

w(i,0)  t=o+ tw(i,0)’

We call the matrix @ the weighted transition intensity matriz associated
with the transition matrix function (w(3, j,t)/w(i,t)); ; introduced by Def-
inition 5.1.1.

5.5 Cycle Representation Theorem for
Transition Matrix Functions

In this section the inverse problem of representing a finite Markov process
by a collection of directed circuits and weight functions is solved (gener-
alizing the corresponding results for discrete parameter processes given in
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Chapter 4). A deterministic solution to this problem was already given
in Section 5.2 using the nonrandomized algorithm of Theorem 4.2.1. Now
we shall be concerned with a probabilistic approach to the representation
problem above.

Let € = (&)i>0 be a homogeneous irreducible Markov process on a
probability space (€, %, P), with a finite state space S and with a stan-
dard stochastic transition function determined by the stochastic transi-
tion matrix function P(t) = (p;;(t))i jes,t > 0. Associate with each h >
0 the discrete skeleton Zj = (§pn)n>0, with scale parameter h. Then
any Zj is an aperiodic irreducible Markov chain with transition matrix
P(h) = (pij(h))i,j€S~ Let Wi(t) = P(ft = i)7i S S,t > 0. Then T = 7'('1'(0) =
m;(t),1 € S,t > 0, define the stationary probability distribution of the pro-
cess ¢. Consider a circuit ¢ = (¢(n),...,c(n+p—1),¢(n)),n € Z, of pe-
riod p > 1 and with distinct points ¢(n), ..., ¢(n 4+ p — 1). Then the passage
function of order k£ > 1 assigned to the circuit ¢ is defined as

. . 1, if4q,...,4x are consecutive points of c;
Jc(’tl, N ,Zk) =

0, otherwise.

(See Definition 1.2.2.)

Associate the circuit ¢ above with the ordered sequence ¢ =
(é(n),...,é(n+p—1)), where c(n)=¢én),...,c(n+p—1)=én+p-—
1), called, as in Chapter 1, the cycle of ¢. (Both ¢ and ¢ mean equiva-
lence classes with respect to the equivalence relation (1.1.1).)

Definition 5.5.1. For any cycle é = (i1,...,is) define the function we:
[0, +00) — [0, +00), called the cycle weight function, by

wc(t) = Ty Diyio (t)pizig (t) coPig_qis (t)pisil (t)
Ni(ig,i2/i1) ... Ne(is,is/01, .. 05-1), (5.5.1)

where (7;);¢cs s the stationary distribution of the process £ and
Ni(ig,in /i1, -5 ik—1)

= Zp(fnt = ikafmt 7é i1,...,0k—1, for 1 <m < n/fo = ik)

n=1

is the taboo Green function.

Here we have to note that the right-hand side of (5.5.1) is invariant to
cyclic permutations, so that the expression of w,(:) is independent of the
choice of the representative ¢. For n > 0 and t > 0, let 6,,:(w) be the class
of all directed cycles occurring along the sample path Z;(w) until time nt
and let we . (w) denote the number of occurrences of the cycle é along the
path Z;(w) until time nt.

Now we are ready to prove
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Theorem 5.5.2. (Cycle Representation  Theorem). Let P(t) =
(pij(t))ijes,t >0, be a homogeneous standard stochastic transition
matriz function on o finite set S. If (P(t))i>0 defines an irreducible
Markov process, then the following assertions hold:

(i) For any t > 0 and any circuit ¢ of the graph of P(t), the sequences
{Gnt(w)}n>0 and {weni(w)/n}n>0 converge almost surely, as n —
00, to a class €; and to the cycle weight w.(t) defined by (5.5.1),
respectively.

(ii) Any discrete skeleton Z;,t > 0, is a circuit chain associated with the
class (€, w.(t)), that is,

T, = Z U)C(t>Jc(i)7 Wipij(t) = Z wc(t)Jc(iaj)a ivj € 57 (552)

CEC, EET,

where m™ = (m;,i € S) is the invariant probability distribution of
P(t),t > 0. Moreover, (6;,w.(t)) is the unique representative class
with the probabilistic interpretation given at (i) and is independent
of the ordering of €.

If (P(t))t>0 defines a recurrent Markov process, then a similar decompo-
sition to (5.5.2) holds, except for a constant, on each recurrent class.

Proof.

(i) It follows from the definition of the sequence (%pt(w))n that (€ne(w))n
is increasing for any ¢ > 0. Hence there exists a finite class %;(w) of cycles
in S with

G (w) = lim Gpi(w).
n—oo
On the other hand, equations (3.2.2) and (3.2.3) enable us to write

i Yent@) gy A _ . .
oo n - {the cycle ¢ occurs along E;(w) modulo cyclic permutations}

= we(t) (5.5.3)

almost surely, where w,(-) is defined by (5.5.1). Then, arguing as in Theo-
rem 3.2.1, the collection @;(w) is independent of w, so that we may denote
%1 (w) by €.

(ii) Since any discrete skeleton Z;, ¢ > 0, is an irreducible (aperiodic)
Markov chain, we may apply the representation Theorem 4.1.1, from which
we obtain that equations (5.5.2) hold.

Finally, the same Theorem 4.1.1 refers to the recurrent case. The proof
is complete. O

Denote € = J,~q €:- The collection (%, w.(t)):>0 occurring in Theorem
5.5.2 (including the loops (4, %) and their weights m;p;;(t),i € S) is called the
probabilistic cycle representation of § and (P(t));>o. Then, for each ¢t > 0
the class (€;, w.(t)) is a probabilistic cycle representation of =; and P(t). In
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Chapter 2 of Part IT we shall prove that the collection €} of representative
cycles is independent of the parameter-value ¢ > 0, that is,

¢ =%

As a consequence, for any ¢ > 0,Z; will be represented by (€, w.(t)).

Remarks

(i) One may extend the cycle-decomposition-formulas (5.5.2) to denu-
merable irreducible or recurrent Markov processes by using Theorem 3.3.1
instead of Theorem 4.1.1. Furthermore, for both finite and denumerable re-
current Markov processes the representative cycles may be replaced by the
corresponding directed circuits. In this case, as we shall show in Chapter 2
of Part II, the time-invariance of the representative circuits will express a
version of the well-known theorem of Lévy concerning the positiveness of
the transition probabilities.

(ii) If we appeal to the representation Theorem 4.2.1 for each t¢skeleton
=4, then it is possible to construct a finite ordered class € of overlapping di-
rected circuits and deterministic nonnegative weight functions we(t),c € G,
such that equations (5.5.2) hold as well (see the proof of Theorem 5.2.1).
Here the name “deterministic” has, as in the preceding chapters, the mean-
ing that the corresponding weight functions w,(t) do not enjoy a probabilis-
tic interpretation, that is, the w,(t)’s are provided by a deterministic algo-
rithm. Moreover, the algorithm of representation given in the above men-
tioned theorem shows that the deterministic representative class (%, w.(+))
is not uniquely determined. In conclusion, the Markov process (§;);>0 may
be represented either by deterministic circuit weight functions or by prob-
abilistic cycle (circuit) weight functions.

5.6 Cycle Representation Theorem for ()-Matrices

Usually the process £ of the previous section is defined by using Kol-
mogorov’s limits g;; = pj;(07),4,7 € S. The matrix Q = (g;j,4,7j € S) is
called the transition intensity matriz associated with P(-) = (p;;(-),i,j €
S). In this case, we are confronted with the problem of describing any
matrix @), whose entries ¢;;,4,j € S, verify the relations

>0, if i #j, o .
i { <0, ifi=j, qu =0, €5, (5.6.1)
J

in terms of directed circuits and their weight functions. Recall that any
matrix satisfying conditions (5.6.1) is called a conservative Q-matriz.

We thus wish to investigate how the ¢;;’s can be written as expressions
of qualitative and quantitative ingredients. To this end, we introduce the
following irreducibility condition for the collection {g;;,¢,j € S}:
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or each pair (z,7) of distinct states 7 and 7 there exists a finite chain
F h pair (¢,7) of disti t ; and j th ists a finite chai
(4,k1,...,km, ;) of states with m > 0 and satisfying

QikyQkiky - - - Qhpyj > 0.

It is obvious that in checking (%) it will suffice to consider distinct states
i, k1, ..., km,7 (when m = 0, the chain reduces to (2, j)).
We now prove

Theorem 5.6.1. (Cycle Representation for Q-Matrices). Let S be a fi-
nite set and let Q) be a matriz whose entries q;;,1,7 € S, satisfy conditions
(5.6.1) and (#%). Assume that the probability distribution {m;,1 € S} satis-
fies the relations m; > 0 and ), mrqr; = 0,1 € S.

(i) Then there exists a finite class € of directed cycles in S and a sequence
of positive weight functions w.(-), ¢ € €, defined on [0,+00) such that
(G, we(t))i>0 determines a circuit process (in the sense of Defini-
tion 5.1.1) whose transition matriz function P(-) satisfies P'(0) = Q.

Moreover,
1
(")(' /,0) T A
. w Z7.77 ) Zfz # j’
n w(i,0)
ql(j) _ ) (5.6.2)
Eh) ifi=s

w(i, 0) @)

(n)

for alln > 1, where w™ (i, §,-), wy, 1)() and q(n)

ij
the nth derivative of w(i, j,-) = mipi;(+), w i (-) and the (i, j)-element
1 . . .
of Q"(al}) = 4ij), while w(i,t) = Y, w(i, j,t) = m.
(ii) The representation (5.6.2) is unique if the representative cycles and
weight functions have the probabilistic interpretation stated in Theo-
rem 5.5.2. Moreover, up to a positive constant, the series

, respectively, denote

1+Y —i >0,
n>1
and
n,(n)
g\
Zﬂ7 t>0a 27&]7
n!

n>1
yield, respectively, the mean number of appearances of the circuit (i,1)
along almost all trajectories of the discrete skeleton = and the mean
number of appearances of the circuits having i and j as consecutive
points along almost all trajectories of the discrete skeleton Zy.

Proof. (i) For the given Q-matrix we first apply the well-known Feller
theorem concerning the existence of a transition matrix function P(-) such
that P’(0) = Q. The specialization to our case is that the only (stochas-
tic) transition matrix function P(-) = (p;;(-))i jes such that P'(0) = Q is



90 5. Continuous Parameter Circuit Processes with Finite State Space

given by .
P(t) = exp(tQ) :I+Zt§f . t>0,
n>1
that is,
)
pij(t) = i , H,JES, t=0, (5.6.3)

n>1

where qz ™) denotes the (i, j)-entry of Q™ with q( ) = Gij-

Then, for each ¢t > 0 we may apply Theorem 5 5.2, according to which
there exists a finite class %; of overlapping directed cycles and positive
numbers w¢(t), ¢ € 6, such that

mo= Y we(t)J(i), Q€S
E€F,

mpi(t) = Y we(t)Je(i, ), 6,5 €S,
ecé,

where (7;,1 € S) is the stationary probability distribution of P(-). (Here ¢
and ¢ designate circuits and their associated cycles, respectively.)

Denote € = (J;~ €: (in Chapter 2 of Part II we shall show that ¢ = ¢,
t > 0). Then (%, w.(t)):>0 is the probabilistic cycle representation of an
S-state Markov process & = (&;);>0 with transition matrix function P(-)
defined as in (5.6.3) and having @ as transition intensity matrix. The al-
gorithm of representation and (5.6.3) imply that all the weight functions
w(;,;)(+) are infinitely differentiable. Then

1 . t"q;!"

;w(i,i)(t)J@,i) (L)) =1+ — i t=0 (5.6.4)
v n>1 :

Consequently,

T w(z l) =1 * Z

n>1

Since the transition matrix function P(-) is standard, we have

w(,i)(0) = w(i,0). (5.6.5)
Thus we have
n)
(0) g™
n (i 1) 93
L+ Z t =1+ -
n>1 n>1
where wE?Z)() denotes the nth derivative of w; ;(-),n > 1.
Hence

m _ 1 w™
0 > 1.
qn U)( 0) (1 7,)( ) n
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On the other hand,

t"q,.
(i ]7 i . .
72 :Z#, i#j4, t>0, (5.6.6)
n>1 n>1
where w(™ (i,5,t) denotes the nth derivative of w(i,j,t) = mipij(t). Let
w(i, t) = Zj w(i, j,t),4 € S;t > 0. Thenw(i, t) = m;,7 € S, for all ¢ > 0. For
i # j, from (5.6.5) and (5.6.6) we deduce that

w(LO)w(n)(i’j’O) = ql(]n), n > 1.
which proves point (i).

(ii) If we represent the circuit process (&;);>0 introduced in (i) by the
class (6, w.(t))i>0 defined in Theorem 5.5.2, the representative weighted
circuits have the probabilistic interpretation given in this theorem. Then
the series

n,(n)

g~
1+Z n! ’
n>1
and
tnq(n) . .
Yo — i#d,
n!

n>1

are equal respectively to wy; ;y(t)/w(i,0) and
> we(t)Je(i, 5) / w(i,0).
CEC,

Therefore the series above have the probabilistic interpretations stated in
the theorem and the proof is complete. O

Remark. (i) If we take n = 1 in (5.6.2), we obtain

1

we(h .. .,
0= o & ) it (567
EECH

for h small enough. Thus relation (5.6.7) says that up to a constant (that
depends on i) the g;;’s, i # j, are approximated in the interval (0,h) by
the mean increments of the w.(h)J.(i,7),é € %h, each of them being the
mean number of occurrences of a circuit ¢, containing the edge (3, j), along
almost all sample paths (£, (w))n>0-

(ii) The circuit process constructed in Theorem 5.6.1 is, in fact, the

so-called minimal process corresponding to the given @-matrix (see K.L.
Chung (1967)).
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Spectral Theory of Circuit Processes

Spectral theory of Markov processes was developed by D.G. Kendall
(1958, 1959a, b) and W. Feller (1966a). The present chapter relies on
Kendall’s Fourier representation for transition-probability matrices and
for transition-matrix functions defining discrete and continuous parame-
ter Markov processes, respectively. A specialization of the spectral theory
to circuit Markov processes is particularly motivated by the essential role
of the circuit-weights when they decompose the finite-dimensional distri-
butions. For this reason we shall be consequently interested in the spec-
tral representation of the circuit-weights alone. This approach is due to S.
Kalpazidou (1992a, b).

6.1 Unitary Dilations in Terms of Circuits

A preliminary element of our investigations is an N*-state irreducible
Markov chain £ = (&,)n>0 whose transition matrix P = (p;;,,j € N*) ad-
mits an invariant probability distribution = = (7,4 € N*), with all m; > 0,
where N* = {1,2,...}. That the denumerable state space is N* does not
restrict the generality of our approach. Let (%, w.) be the probabilistic
representative class of directed circuits and weights which decompose P as
in Theorem 3.3.1. The typical result of the present section is that the sum
of the probabilistic weights w, of the circuits passing through the edge (3, §)
has a Fourier representation.

Let I3 = I2(N*) be as usual the Hilbert space of all sequences x = (x;);en-
with z; a complex number such that ||z||? = (z,z) =, |:|* < co. The
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conjugate of any complex number z will be symbolized by z. Further, let
T be the linear transformation on lo whose kth component of Tz, x € I,
is given by the absolutely convergent series

(T2)e = > wi(w(iyw(k) ™2 Y wede(i k), (6.1.1)
4 CE€EC o
where
w(i)= Y wele(i), €N
(S

Then we may write

1Tz =D 1> wiw@wk) ™2 Y wedoisk)
k 7 CECoo

< Xk: S a1/ (w(w) S wede(u, k)

c€ECoo

S/ k) 3 welo(, k)

7 CECoo
< ||z,

so that T is a contraction on Is.
With these preparations, we now prove

Theorem 6.1.1. If (€x,w.) is the probabilistic representative class
of weighted circuits for an irreducible Markov chain whose transition
matriz P = (pjk, j,k € N*) admits an invariant probability distribution
m = (m;,j € N*), with all m; > 0, then

ripk = 3 wedo(G, k) = (w(iw(k) V2 74 €% 1;(dB),

CECoo

where the complex-valued Borel measures i, are supported by the circum-
ference of unit radius and satisfy the Hermitian condition fij, = pix;.

Proof. We shall follow D.G. Kendall’s (1959a) approach to the integral
representations for transition-probability matrices. Accordingly, we use a
theorem of B.Sz. Nagy (see B.Sz. Nagy (1953), F. Riesz and B.Sz. Nagy
(1952), and J.J. Schéffer (1955)) according to which, if T is a linear con-
traction on a Hilbert space H, then it is always possible to embed H as a
closed subspace in an eventually larger Hilbert space H™T in such a way that
Ty = JU™zx and (T*)"x = JU ™z, for all x € H and m > 0, where U
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is a unitary operator on H™ and J is the projection from H* onto H. P.R.
Halmos called U a unitary dilation of T.T™* denotes as usual the adjoint
operator of T.

We here apply Nagy’s theorem to the contraction T defined by (6.1.1)
and to the space H =ls. Accordingly, there exists a unitary dilation U
defined on a perhaps larger Hilbert space HT such that

JU™J =T™],
JU™™J = (T*)™J,

for any m = 0,1,2, ..., where J is the orthogonal projection from H* onto
H. From the proof of the Nagy theorem the space HT is defined as the
direct sum of countably many copies of H.

Let us consider u(j) the element of H defined by

(u(f))k = Ojk,

where 6 denotes Kronecker’s delta. Then we have

(T™u(4), u(k)) = (U™ u(j), u(k)),
(u(g), T"u(k)) = (U~"u(jg), u(k))-

Hence

Y wede(G k) = (w(i)w(k) 2 (Uulj), u(k)).

CE€ECoo

We now apply Wintner’s theorem (see F. Riesz and B.Sz. Nagy (1952))
according to which the unitary operator U is uniquely associated with a
(strongly) right-continuous spectral family of projections {Ep,0 < 6 < 27}
with Ey = O and Es,; = I such that

27
U= / eV dE,.
0

Finally,

S weddli k) = )2 [ ePdEput), u)
CECoo 0

— (w(j)w(k)? ]4 e 1,1(d0),

where p1;; are complex-valued measures satisfying the properties referred
to in the statement of the theorem. The proof is complete. O
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6.2 Integral Representations of the Circuit-Weights
Decomposing Stochastic Matrices

This section is a sequel to the previous one. We shall be concerned with
the same irreducible Markov chain € = (&,),, introduced at the beginning of
Section 6.1, save for the state space which is now considered to be the finite
set N* = {1,2,...,v},v > 1. Then the deterministic-circuit-representation
theorem (Theorem 4.2.1) asserts that the transition probabilities p;x, j, k €
N, of ¢ have the following decomposition in terms of the directed cir-

cuits of a finite ordered class €= {ci1,...,em}, m > 1, and of their positive
weights w,:
TiDjk = chJC(j, k), 4, keN, (6.2.1)
cEF

where m = (7;,j € N}) denotes the invariant probability distribution of &.
The directed circuits ¢ = (i1,...,4p,%1),p > 1, to be considered will have
distinct points i1, ..., ip.

The principal theorem asserts that an integral representation can be
found for the deterministic circuit weights w, occurring in the decomposi-
tion (6.2.1). More specifically, we have

Theorem 6.2.1. For any circuit ¢ occurring in the decomposition (6.2.1)
there exist a finite sequence (j1,k1),- -, (Gm, km) in the edge-set of € and
a Hermitian system {vVj k... ,Vj.k,} of Borel measures supported by the
circumference of unit radius such that w, = w.,, for some r=1,...,m,
has the expression

we, = (w(i)wlh) 2 § e, (@) if =1,
e, = (0w (kn)) 7 e, ()

—chg G k) if r=2,...,m m>1

Proof. We shall use the arguments of Theorems 1.3.1 and 4.2.1.
In this direction, let jo be arbitrarily fixed in N. Since w(j, k) =
mipjk is balanced and ), w(jo,k) >0, we can find a sequence
(Jo, o), (up,u1), .-, (Up—1,Up),... of pairs, with u; # u,, for { #m, on
which w(-, ) is strictly positive. Choosing the u,,,m = 0,1,2,..., from the
finite set N, we find that there must be repetitions of some point, say
jo- Let n be the smallest nonnegative integer such that u, = jo. Then, if
n>1,¢: (Jo,uo), (wo,u1),- .., (un—1,70) is a circuit, with distinct points
Jo, %0, - - -, Un—1 in N¥, associated to w.
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Let (j1,k1) be the pair where w(j, k) attains its minimum over all the
edges of ¢1, that is,

w(j1, k1) = minw(j, k).
1
Put
wcl = w(jl) kl)
and define
w1(4, k) = w(j, k) —we, e, (4, k).
The number of pairs (j,k) for which wi(j,k) >0 is at least one unit
smaller than that corresponding to w(i, j). If w; = 0 on NI, then w(j, k) =
We, Je, (4, k). Otherwise, there is some pair (j,k) such that wi(j, k) > 0.
Since w; is balanced we may repeat the same reasoning above, according
to which we may find a circuit ¢y, with distinct points (except for the
terminals), associated to wy.

Let (jo, k2) be the edge where wq(j, k) attains its minimum over all the
edges of ¢y, that is,

w1 (f2, k2) = Hgnwl(jv k).
Put
We, = w1 (j2, k2)
and define
w2(ja k) = wl(ja k) - w62Jc2(jak)
= ’UJ(],]{J) - wC1JC1 (.]a k) - w62‘]02(j7k)'

Then wa(j1, k1) = wa(j2, k2) = 0. Since N is finite, the above process will
finish after a finite number m = m(jjo) of steps, providing both a finite or-
dered class €= {c1,...,cm} of directed circuits, with distinct points (ex-
cept for the terminals), in N¥ and an ordered collection of positive numbers
{we, s ..., we,, } such that

k):ZkaJCk(jvk)a ]7k€NZ

Moreover, the strictly positive numbers w,,, called as always circuit
weights, are described by a finite sequence of edges (ji,k1),-- -, (Jm, km)
and the recursive equations

Wey = w(jlvkl)
We, = w(J2, k2) — w(j1, k1)Je, (2, k2), (6.2.2)

We,, = W Jma m § wcS Jm» m)
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Consider now the operator V mapping x € lo(N¥) into the vector Vi,
where the kth component of Vz is given by the sum

(Va =Y wj(w(iwk) > wede(j k),
J ce?

with w(j) = ), weJe (7).

Then, following the proof of Theorem 6.1.1 we can extend V to a uni-
tary operator U for which there exists a Hermitian collection of spectral
measures {v;x} such that

w(j. k) = (w(i)w(k)? f ¢ (d0),

for all (4, k), and so, for (j1,k1),. .., (Jm,km) occurring in (6.2.2). Accord-
ingly, the weights given by equations (6.2.2) have the desired integral rep-
resentation. The proof is complete. O

6.3 Spectral Representation of Continuous
Parameter Circuit Processes

6.3.1. Consider an N*-state irreducible positive-recurrent Markov process
€ = (&)t>0 whose transition matrix function P(t) = (p;;(t),¢,7 € N*) is
stochastic and standard, that is,

pii(t Zp”

p’LJ t + 3 szk pk]

Jim py(t) = Pz‘j(o) = i
for all 4,7 € N* and all ¢, s > 0. Let Z; = (&14)n>0 be the discrete t-skeleton
chain of ¢, where t > 0.

Consider the (weakly continuous) semigroup {71,t > 0} of contractions
associated with P = (P(t));>0. Then this semigroup may be expressed in
terms of the probabilistic circuit representative (%, w.(t))¢>0, provided in
Theorem 5.5.2, as follows:

(Tx)e = Y wi(w(@i)w(k) ™2 we(t)Jeli, k), k€N, (6.3.1)
1EN* cE?
for all z € 15(N*), where w(i) = > . wc(t)J.(i) for any i € N*.
Theorem 6.3.1. Let P(t) = (p;;(t),i,j € N*) be a standard stochastic

transition matrix function defining an irreducible positive-recurrent Markov
process € = (&)i>0 whose invariant probability distribution is denoted by
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m = (m;, 1 € N*). Then for each t > 0 the transition probabilities p;,(t) can
be written in the form:

+oo
mip(t) = (w(i)w(k)? / M 1,1 (dN),

— 00

where {pjx, i,k € N*} is a Hermitian collection of complez-valued totally
finite Borel measures carried by the real line.

Proof. The main argument of the proof is due to D.G. Kendall (1959b).
Correspondingly, we apply a theorem of B.Sz. Nagy according to which we
can embed H = [5(N*) as a closed subspace in an eventually larger Hilbert
space H™' in such a way that for all ¢ > 0

JUJ =T J,

JU_J =T} J,
where J is the orthogonal projection from H* onto H,T} is the adjoint
operator of T}, and {U;, —oo < t < oo} is a strongly continuous group of
unitary operators on H'. (The smallest such collection {H™,U;, H} is
unique up to isomorphisms). Further we apply a theorem of M.H. Stone
(see F. Riesz and B.Sz. Nagy (1952), p. 380) according to which there

exists a right-continuous spectral family {E), —co < A < oo} of projection
operators such that

+oo
(Utl',y) = / ew\td(Ekxﬂg)a T,y € H+7

for all real t.
We have

(Tt‘rvy) = (‘]Utxay) = (Utxv Jy) = (Utxvy)v T,y € H= l2'
Furthermore,
mipn(t) = (w(i)w(k) Y2 (Uu(f), u(k))
+oo
— (w(j)w(k)V? / NA(Eyu(), u(k), >0,

where the vector u(j) lies in I5(N*) and is defined by

(u(3))k = 6jk-
Then, by virtue of Theorem II of D.G. Kendall (1959b), we may write

+oo
mipik(t) = (w(i)w(k) /2 / Ap(d), £ 0,

— 00
where the complex-valued totally finite Borel measures ik, 7,k € N*, are

supported by the real line and satisfy the Hermitian condition px; = fijx.
The proof is complete. O
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6.3.2. Consider the semigroup {71}, T > 0} of contractions associated to
P = (P(t))t>0 by (6.3.1), with P(t) = {pi;(t),4,j € N*} satisfying the hy-
potheses of the previous paragraph. D.G. Kendall (1959b) called this semi-
group self-adjoint if for each ¢t > 0 the operator T3 is a self-adjoint one, that
is, if the following “reversibility” condition

mipjk(t) = mrpr; (1), hk=12,..., (6.3.2)
is satisfied, where (m =mj,j =1,2,...) denotes the invariant probability
distribution of P(t).

On the other hand, the existence of the probabilistic circuit-coordinates

we(t), c € €, in the expression (6.3.1) of the contractions T}, ¢ > 0, inspires

the conversion of the edge-reversibility condition (6.3.2) into a circuit-
reversibility condition as follows:

Theorem 6.3.2. The semigroup {Ti,t >0} of contractions defined by
(6.3.1) is self-adjoint if and only if the probabilistic weight functions w.(+)
satisfy the consistency equation

we(t) = we_(t), t>0,

for all directed circuit ¢ € €, where c- denotes the inverse circuit of c.

Proof. The proof follows combining Theorem 5.5.2, Minping Qian et al.
(1979, 1982), and Corollary 6 of S. Kalpazidou (1990a) (see also Theorem
1.3.1 of Part II). O

6.3.3. An integral representation for the circuit-weight functions we(t)
that decompose the transition matrix function P(t) can be found if pre-
liminarily we express all w.(t) in terms of the p;;(¢)’s. So, applying the
argument of Theorems 6.3.1 and 6.2.1 to each t-skeleton chain, we obtain

Theorem 6.3.3. For any t > 0 and any circuit ¢ occurring in the decom-
position (6.2.1) of the matriz P(t) indexed by N} = {1,...,v} there exist
a finite sequence (j1,k1), ..., (Jm,km) of edges and a Hermitian system
{Vj,k,,m=1,...,m} of complex-valued totally finite Borel measures sup-
ported by the real line such that w.(t) = w,, (t), for somer =1,...,m, has
the expression

+oo
mﬁﬂ=@dﬁMﬂwﬂ”/‘ Ny (@) i r=1,

—00

+o00
wawzwmwmww/ My (dN)

— 00

—chs(t)Jcs(jT7kT) if r=2,....m, m>1
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Higher-Order Circuit Processes

Higher-order circuit processes are homogeneous discrete parameter Markov
processes with either at most a countable set of states or an arbitrary set
of states, where the length of the past in the Markovian dependence is ex-
tended from 1 to m > 1, and the transition law can be decomposed by a col-
lection of geometrical elements, the “circuits”, into certain positive weights.

Our presentation will first introduce the concept of a higher-order Markov
chain with finite state space which is often called a multiple Markov chain.
Then, we shall see how to construct multiple Markov chains by collections
of directed circuits and positive weights. In this case, the multiple Markov
chains will be called multiple circuit chains or higher-order circuit chains.
The converse direction gives rise to a cycle representation theory for higher-
order Markov chains.

7.1 Higher-Order Markov Chains

Let S be a finite set which contains r > 1 elements. An S-valued sequence

5*17507£1w~~7§n,~~.

of random variables is called a homogeneous Markov chain of order two (for
short double Markov chain) with state space S if for any n =0,1,2,... and
i—1y...,0p4+1 € S we have
Prob(£n+1 = in+1/€n = in, e ,g,l = ’L',l)
= PrOb(gnJrl = in+1/£n = inafnfl = Z‘nfl)a
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whenever the left member is defined, such that the right member is indepen-
dent of n. As we see, the previous equations express the Markov property
where the length of the past m is equal to 2. The above definition may
be extended to any length of the past m > 2, but in what follows, with-
out any loss of generality, we shall be concerned with the case m = 2. The
probability

Prob(§n+1 = k/§n = jyfn—l = Z)

is called the one-step transition probability from the pair (i,7) of states
to state k. It is easily seen that if € = (&,)n,>—1 is a double Markov chain
then

(6-1,€0), (€0:€1)5 -+ -5 (§ns Entn)s - -

is a simple Markov chain.

On the other hand, a first glance at the chains £ and ¢ = ((n)n>0 With
Cn = (€n-1,&n), can mislead to the impression that higher-order Markov
chains reduce to simple Markov chains. It is Gh. Mihoc (1935, 1936) who
first pointed out that the theory of higher-order Markov chains differs from
that of simple Markov chains. M. Tosifescu (1973) strengthened this stand-
point by showing that the stochastic properties of £ and ( above are not
identical. For instance, if a state (i, 7) is recurrent in chain ¢, so are its
components ¢ and j in chain (, but a state ¢ can be recurrent in chain &
without being a component of a recurrent compound state (4, j) in chain .
As we shall see below, there are a few cases when the higher-order Markov
chains can be studied by making use of properties of the attached simple
chains.

Another context for investigating higher-order Markov chains is that of
random systems with complete connections (see M. Iosifescu (1963a, b)—
(1990), M.F. Norman (1968a, b) and (1972), T. Kaijser (1972-1986), M.
Tosifescu and P. T&utu (1973), S. Kalpazidou (1986a, b, ¢), (1987a), and
others. The reader may find extended references on this type of stochastic
processes in M. Iosifescu and S. Grigorescu (1990).

Formally, a random system with complete connections is a particular
chain of infinite order. Chains of infinite order have been considered by
W. Doeblin and R. Fortet (1937), J. Lamberti and P. Suppes (1959), M.
Tosifescu and A. Spataru (1973), S. Kalpazidou (1985), P. Ney (1991),
S. Kalpazidou, J. and A. Knopfmacher (1990), P. Ney and E. Nummelin
(1993), Ch. Ganatsiou (1995a, b, ¢), and others.

In 1935, O. Onicescu and Gh. Mihoc generalized the Markovian depen-
dence of order m to chains with complete connections, i.e., those chains
(X,) for which the conditioned probability

PrOb(Xn+1 = in+1/Xn = in, e ,XO = 10)
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is a given function ¢, ;,,, of the conditioned probabilities

PI‘Ob(Xn:i/Xn_liin_17...,X0:i0), iES,

for every g, ...,in+1 € S,n > 0. (The simple Markov chains are obtained
when the functions ¢;;,,j € S, are constant, namely ¢;; = p;;.) The reader
can find more details in O. Onicescu and G. Mihoc (1943), O. Onicescu,
G. Mihoc and C.T. Tonescu Tulcea (1956), G. Mihoc and G. Ciucu (1973),
M. Tosifescu and P. Tautu (1973). A. Leonte (1970), and others.

Let pijx,i,7,k € S, denote the one-step transition probabilities of the
double Markov chain &, that is,

pij,k:P(éhl:k/gozzﬂgfl:i)7 i>jakes7
where S contains r elements. Let also pgﬁc denote the n-step transition
probability from pair (i, j) of states to state & in chain £, that is,

pf?i =P =k/&o = j,§-1 =1), n>1,

with pgg?k =0k, 1,J,k € S, where ¢ symbolizes Kronecker’s delta.
As already seen, the chain ¢ = (§,-1,&n)n>0 is a simple S x S-state
Markov chain whose transition probabilities are symbolized by g;; o, that

is,
Qij,xy = P(§1 = y»&) = £C/€0 = j7 571 = 7’)7
for all (¢,7), (z,y) € S x S.
Then, if q(") with (7,7), (z,y) € S x S, denotes the n-step transition

R
probability in chain ¢, we have

Qij,zy = Pijyja

and
pit = D dgmpie  BAkES, n2l 520 (TL1)

(z,y)€ESXS

Denote P = (p{7)i, j,k € S),n > 0, and let Q" = (q},: (i, j, (x,y) €
S x S). Then relations (7.1.1) are written in terms of matrices as follows:

Pt —Qrpl) n>1, s>0. (7.1.2)
In particular, we have
pn) — Q"p(o)7

with P = (I,.,...,I,) where I, is the unit matrix of order r (= card S)
which is repeated 7 times in the expression of P(®),
I. Vladimirescu (1982-1990) introduced the following definitions:
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Definition 7.1.1. A state j is accessible from state i(i — j) if for any
u € S there is n = n(u, i, j) such that pm)] >0.1Ifi — j and j — i, we say
that states 7 and j communicate and write ¢ < j.

The relation < divides the set {i € S/i < i} into (equivalence) classes,
called classes of states.
Introduce

T(i,j):{nzl/piZ?j>O forany u € S}, i,j €8,
T(i) =T(,1), i€ s

Definition 7.1.2. A state j is fully accessible from state i if T'(i,5) # O.
If T'(i) # @ and the greatest common divisor d; of all natural numbers n
which belong to T'(¢) is larger than one, then we say that ¢ is a periodic
state of period dj. When either T'(i) =& or d; =1, we say that ¢ is an
aperiodic state.

Vladimirescu (1984) proved that if s € T'(¢,5) and n € T'(j, k), then s+
n € T(i,k).

Definition 7.1.3. A double Markov chain £ = (&,,),>_1 satisfies the con-
dition of full accessibility if for any states 7,j € S such that i — j we have

T(i,j) # @.

Definition 7.1.4. The double Markov chain & = (§,,)n>—1 is #rreducible if
the set of all states of £ is the unique (equivalence) class. If there exists
no > 1 such that P(™) > 0, we say that the chain & is regular-

The following theorem gives a necessary and sufficient condition for a
double Markov chain to be regular (I. Vladimirescu (1985)):

Theorem 7.1.5. The double Markov chain § = (§n)n>—1 s regular if and
only if the following conditions are fulfilled:
(1) irreducibility;
(i) full accessibility; and
(iii) all states are aperiodic.

Proof. If the chain ¢ is regular then conditions (i)—(iii) follow immediately.
Let us prove the converse. From (i) we have that j — j for any j € S.
The latter along with (ii) implies that T'(j) # &, j € S. Since all states are
aperiodic, d; =1 for all j € S.

On the other hand, for any pair v, s € T() we have

(v+s) _ } : (v) Z
puz 7 quz ztp:z:t i = quz xzpm i
(w,t)ESXS z€S

— q’L(L’l;)ZZpZ’L [ > O
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for some z € S (since for any u € S,0 < pff,)z =2 zes qq(fz)m, that is, there
exists z = z(u,4,s) € S for which qfﬁ?zi > 0). Therefore v + s € T(i) (T(7)
is closed with respect to addition). Then there is an n; such that n € T'(7)
for any n > n;. Taking into account (i) and (ii), we see that T'(i, j) # @ for
any i,j € S.

Let m;; be arbitrarily fixed in T'(¢, 7). Then m;; +n; € T(4, 7). Also, if
nog = max; jes(mi; + n;), then ng —m;; > n, for any 4, j € S. Thus, by the
very definition of n;, we have ng —m;; € T(j) for any i € S. Then, from
relations: m;; € T'(4, ) and ng —m;; € T(j) we deduce that m;; + (no —
mi;) € T(t, ), that is, ng € T(4,7) for any 4,5 € S. Finally, the definition
of T'(i,7),1,7 € S, shows that pgibf’j) > 0 for any v € S. Hence the chain £ is
regular. O

That conditions (i)—(iii) of Theorem 7.1.5 are independent follows from
the following examples:

Example 7.1.1. Let £ be the double Markov chain whose state space
is S ={1,2} and transition probabilities are given by p111 = 1,p121 =
%,pgl)l = %,pglg = 1. Then ¢ is aperiodic (d; = d2 = 1) and satisfies the
full accessibility condition. However the chain £ is not irreducible (there
are two classes €1 = {1} and %, = {2}).

Example 7.1.2. The double Markov chain £ whose state space is S =
{1,2} and with transition probabilities p112 = p121 = p21,1 =1 is irre-
ducible and satisfies the full accessibility condition, but £ is periodic
(dy = dy =2).

Example 7.1.3. Let £ be the double Markov chain with states in S =
{1,2,3}, whose transition probabilities are as follows: pi13 = p123 =
P13,3 = P21,2 = P22,1 = P23,1 = P31,2 = P32,3 = P332 = L. Then § is irre-
ducible and aperiodic but it does not satisfy the full accessibility condition
(for instance, 1 — 1 while T'(1) = @)

We have

Proposition 7.1.6. If the chain ¢ = ((n)n>0 s regular, then the chain
&= (&)n>—1 is reqular as well.

Proof. If { is regular, there exists ng > 1 such that Q™ > 0. Then equation
pPo) = Qrop0) = Qno(I,.,...,I,)" (where I, is repeated r times) implies
that P™ > 0. O

As I. Vladimirescu (1985) pointed out, the converse of Proposition 7.1.6
is not in general valid. For instance, the double Markov chain on S = {1, 2}
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whose transition probabilities are p11,1 = @, p12,2 = p21,2 = 1 and pa21 = b,
where a,b € (0,1), is regular (P®) > 0) but the attached simple Markov
chain ¢ is not regular. The same author proved that if £ = (§,,) is regular,
then there exists a probability (row) distribution p* = (py,...,p,) > 0such
that

lim P™ = up*, (7.1.3)
n—oo
where u is the (column) vector whose components are all equal to 1, and r
is the cardinal number of the state space of &.
Furthermore, if ¢ is regular, then (7.1.2) implies that
lim P™ = HPO),
n—oo
where H is the positive matrix of order r? given by the equation H =

Definition 7.1.7. The distribution p* provided by (7.1.3) is called the
limiting distribution of the S-state double Markov chain £. When p; =
py=---=p,=1/r(r =card 5), we say that p* is the uniform limiting
distribution.

7.2  Higher-Order Finite Markov Chains Defined
by Weighted Circuits

7.2.1. Consider the set S = {a, b, ¢, d, e, f, g} and the directed circuits ¢1, ca,
and cg as in Figure 2.1.1 of Chapter 2. Observe the passages of a particle
through the points of ¢y, co, and c3 at moments one unit of time apart.
Assign each circuit ¢; to a strictly positive weight w.,. Then we may define
transition probabilities of a chain &, from a past history with a given length
m > 1 to some state of S using the circuits ¢;,7 = 1,2, 3, and the positive
weights w,, .

For instance, if such a history is k = (g,a,b), (m = 3), that is, &,—2 =
g,6n—1=a,&, =bwithn=1,2,..., we are interested in defining the tran-
sition probabilities from & to x € S. Namely, to calculate these conditioned
probabilities we follow the steps below:

(i) We look for the set é(k) of all circuits which pass through £, i.e.,
those circuits which comprise g, a, and b as consecutive points. In
case ¢(k) is not empty, then the passages to other states are allowed
and we may go on with the following steps.

(ii) We consider the set %(k,z) of all circuits which pass through
(k,xz),z € S, according to Definition 1.2.2 (of Chapter 1). In case
%k, x) is empty then no passage to z will take place.
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(iii) The transition probabilities from k to x € S are expressed in terms
of the circuit-weights assigned to the circuits of ¢(k) and ¢(k, z) by
the relations

]P)(gnJrl = d/&n = b7 Snfl =a, 577,72 = g)

_ Zcfe%(k,d) Wer We,
ZC/E(K(]C) Wt wcl + ’LU027
]P)(gn+l = C/gn = ba gn—l =a, gn—Z = g)
Zc’e%(k,c) Wer o We,
Ec’e(ﬁ(k) Wer We, + w02’

IED(§n+1 =x/§n =b,&n1=a,n—2 = g) =0, T e S\{Cv d}

Let us now change the time-sense, seeing the retroversion of the film
of observations along the reversed circuits of Figure 2.1.1 until the nth
moment, that is,..., Xn+1, Xn- Note that the circuits which enter a vertex
are the same as those which leave it in the corresponding reversed circuits.
Then we find that the transition probabilities of the chain (x,) from k_ =
(b, a, g) to state = € S satisfy the equations

PrOb(gn :x/fn—l =b, gn—? = a,fn_g = g)
=Prob(xn = /Xn1 = b, Xnt2 = @, Xny3 = 9), (7.2.1)

for all n = 1,2,..., where the transition probability from k_ to z in chain
Xn> Xn+1,--- is defined by using, instead of the classes €(k) and (k,x)
occurring at steps (i) and (ii) above, the classes €_(k_) and €_(z,k_)
which contain all the reverses ¢’ of the circuits ¢’ € ¢ passing through k_
and (z, k_), respectively. Namely,

Prob(xn =|Xn+1 =0, Xnt2 = @, Xnt3 = g) = Z wcL/ Z Wer
¢ €C_(x,k_) ¢ €6_(k-)

where we = we,d € €.

The latter equation reveals that instead of a reversible random sequence
of observations we have a dichotomy into two sequences & = (£,), and
X = Xn)n, called circuit chains of order three, which keep not only the
Markovian nature of the transition law, but also the transition law is main-
tained numerically. In this regard we have to study the behavior of the pair
(&, x) as a whole (see S. Kalpazidou (1988a)).

We note that the “balance” of the “past” and the “future” with respect
to the “present” requires a formal expression in terms of certain functions
wi(+) and w,(-) on the “left” sequences k = (k1, k2, k3) and on the “right”
sequences k_ = (ks, ko, k1), respectively, such that the following equations



108 7. Higher-Order Circuit Processes

are verified:

(B1): wi(k) =Y wik, i) =Y wli,k),

€S €S
wT(k*) = Zwr(@kf) = Zwr(kf,i),
€S €S
(B2): wi (k) = w,(k_).

We call (61) and (52) the balance properties for the functions {wq,w,}. As
pointed out in S. Kalpazidou (1988a), the properties (1) and (82) cannot
be confused since the first property is mainly concerned with the existence
of invariant measures while the second one with equations (7.2.1).

7.2.2. Now, we shall give a rigorous presentation of the above heuristics
following S. Kalpazidou (1988a).

Let m > 1. Let S be any finite set consisting of more than m elements and
% a collection of overlapping directed circuits in S which contains, among
its elements, circuits with periods greater than m — 1. Suppose that there
exist circuits which intersect each other in at least m consecutive points.
The previous assumptions are not necessary; by them, we only avoid simple
cases for our future models.

Associate a strictly positive number w. to each ¢ € . Suppose the
circuit-weights w,, ¢ € €, satisfy the following consistency conditions:

Weot; = We, i€ Z,

where t; is the translation of length ¢ on Z as defined in Section 1.1 of
Chapter 1. Denote by % the collection of all the inverse circuits c_, when
c €% Put

We_ = W, cCEC.

A sequence of length m is understood to be any ordered sequence
k=(kv—-m+1),....k(v—1),k(v)) € S",ve Z Put k_ = (k(v), k(v —
1),...,k(v—m+1)).

Let J.(k,i)(J._(i,k)), and J.(k)(J._(k—)) be the passage functions
associated with ¢(c_) according to Definition 1.2.2. Then according to
Lemma 1.2.3 the passage functions J. and J._ satisfy the following balance
equations:

(ﬁl) (1) Jc(k> = ZJc(k’Z> = Z Jc(j7 k‘),

€S jeSs
(11) Jc_(k—) = ZJ(:_(k—’i) :ZJC_(jak—)v (722)
€S jES
(ﬂZ) Jc(k) = Je_ (]{1_),

for any k = (i1,...,%m), k— = (im,...,91), where i1,..., i, € S.
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Define

we(k, i) =Y wede(k, i),

ceEC
wp(ivko) = Y we_ Jo_(i,k_),
c_E€EC_
wi(k) = wee(k),

ce?

wy(k_) = Z we_Je_ (k_),
c_€F-

for any k = (i1,...,%m), k— = (im,...,41) and ¢ € S, where i1,...,4,, € S.

Then we have

Lemma 7.2.1. The functions wi(-,-) w;(:),w,.(+,-),w,(-), satisfy the bal-
ance equations (7.2.2) (61) and (52).
Let us now introduce the sets
Wi={k:k=kv—-—m+1),....k(v—1),k(v)) € S",v € Z and
Je(k) # Oforsomec € €} (7.2.2)
and
W, ={k_€S™:keW]}. (7.2.2")
Consider the functions u; and h; defined as

up(kyi) = w((k(v —m+1), k(v —m+2),...,k(v)),q)

=(k(v—m+2),...,kv),1), (7.2.3)
hi(g, k) =h(G, (k(v —=m+1),...,k(v—1),k(v)))
=, k(v—m+1),...,k(rv—1)) (7.2.4)

for any k € W), and any 4,5 € S. Also, consider the functions u, and h,
defined as

up(k—, ) = ur((k(v), ..., k(v = m+2), k(v —m+1)),9)
= (i, k(v),..., k(v —m+2)), (7.2.5)
B ) = ho(G, (6(0), Ky — 1), Ky —m + 1))
=(k(v—1),....,k(v —m+1),7) (7.2.6)

for any k_ € W,., and any i,j € S.

With these preparations we are now ready to perform our original task
which is the definition of the mth order Markov chains using weighted
circuits. To this end, assume that W; and W, are disjoint sets. Let
N =1{1,2,...}. We appeal to the Kolmogorov theorem according to which
there exist two Markov chains ¢ = ({,)n and n = (1,), whose transition
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probabilities are defined as

Pl(CnJrl = Ul(k»l')/(n = k)

b i
_ wul}E(l;)Z)’ if thereisc € @such that J.(k) - J.(w(k,i)) # 0; (72.7)
0, otherwise;
Po(nn = up(k—,9)/Nns1 = k=)
wy(t, k_) . ) )
b)) if thereisc_ € €_ suchthat J._(k_)-J._(ur(k_,%)) # O;
=<{ we(k-
0, otherwise;

(7.2.8)
forallne N ke Wi, k_ € W, and i € S.

Remarks

(i) The definitions of the Markov chains ¢ and 7 rely upon the classical
Kolmogorov construction. The reader may follow another approach using a
common probability space for both chains ¢ and 7. Also, one may consider
the general case where the sets W; and W, have common elements.

(ii) Equations (7.2.7) show that (one-step) transitions from state k =
(k(v—m+1), k(v —m+2),....,k(v)) e W, to states wu(k,i) = (k(v—
m+2),...,k(v),i),i €S, are allowed only if there exists a circuit of &
which passes simultaneously through & and wu;(k, ), or equivalently through
(k,4). On the other hand, it follows from the proof of Lemma 1.2.3 that
¢ passes through (k,4) if and only if ¢_ passes through (i, k_). Therefore
equations (7.2.7), (7.2.8) and the balance property (82) imply that the
transition probability from & to u;(k, ) in chain ¢ is equal to the transition
probability from k_ to w,(k_,7) in chain 7.

Let us now consider a recurrent class E of the chain ¢ = ({,), Then,
from the above remark (ii) the set

E_ ={k_eW,:keE} (7.2.9)

is a recurrent class for the chain (7,),. Moreover, from definition (7.2.7) of
transition probabilities of ¢ it follows that if k € E and J.(k) # 0, i.e., k =
(ec(v—m+1),...,c(v)) (we may equivalently consider co t;, j € Z, instead
of ¢—see Definition (1.1.1)) then k¥' = (c(v —m+s+1),...,¢c(v),c(v +
1),...,c(v+s)),s=1,...,m— 1, are states of E, too.

Furthermore, we can prove

Proposition 7.2.2.
(i) The restrictions of the Markov chains ¢ = (¢n)n and 1= (np)n to
the recurrent classes E and E_, respectively, have unique stationary
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distributions pg and pg_, respectively, defined by

_wk) e R
oulh) = | Srepuy TEEE
0 ik, (7.2.10)
wy(k-) L e B o
pe_(k-) = Dk_en we(k-)’ e B
0, ifk_ ¢ E.

(ii) pr(k) =pg_(k_), for allk € E.

Proof. (i) We give the proof for the chain ((,),, since that concerning the
chain (1), is completely similar. Thus, we shall show that the distribution
Pg is the unique solution of the equation

pe(u) = ZpE(k)P(k,u), u€ekFE, (7.2.11)
keE
where u = (u(v —m+1),...,u(v)), for some integer v, and
wy(k,u(v)) ifk € E,u=uw/(k,u(v))and thereis c € €
Pk, u) = ~wy(k)  suchthat Jo(k) - Je(w(k, u(v))) # 0;
0, otherwise.

When u # w;(k, u(v)) for all k, both members of equation (7.2.11) are zero.
Otherwise,

S wy () 2L )
Lre®Phw =y 2 whTUE
u(k, u(v))=u
1
-l gﬂ wy(k, u(v)).
wy(k, u(v))=u

Let us now calculate the sum -, c 5 (o u())=o Wik, w(v)). If kb = (k(v —
m+1),...,k(v)) then from w;(k,u(v)) = u it follows that k = (k(v — m +
1,u(v —m+1),...,u(v —1)). Therefore in view of the balance property
(7.2.2) (B1)(i), we have

> wik,u(v))
keE
wy (k,u(v))=u

= Y wl((k(v—m+1)u(v—m+1),... u(v—1)),u(v))
k(v—m+1)
=w(ulv—m+1),...,u(v—1),u(v))

= wy(u).
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Thus, pr = (pE(u))ueck is a solution of equation (7.2.11). The uniqueness
of pg is an immediate consequence of the ergodicity of the Markov chain
(Cn)n restricted to the recurrent class E.

Finally, (ii) follows from the balance property (52). O

Remark. Proposition 7.2.2 shows that the balance property (31) is neces-
sary for existence of stationary distributions on symmetrical sets connected
by (7.2.9) while the balance property ((32) is necessary for their numerical
equality.

Let us further consider two Markov chains (&],),, and (7),),, with transi-
tion probabilities

P1(G = (5, k) /Gur = F)

wl(j7 k)
=< wi(k)’

0, otherwise;

if thereis ¢ € @suchthat J.(k) - J.(h(4,k)) # O;

(7.2.12)
P2<77;z+1 = hr(.ja k)/n; = k*)

wr(k_,7)
= we(k )’

0, otherwise;

if thereisc € @suchthat J. (k_) - J._ (h.(j,k=)) # 0;

(7.2.13)

foranyn € Nk e Wy, k_ e W,.,and i € S.

Thus we may notice from equation (7.2.12) that transitions from state
k=((k(v-m+1),....k(v—1),k(v)) € W, to states hi(j, k)= (j, k(v —
m+1),...,k(rv—1)),j5 €S, are allowed only if there exists a circuit in
S which pass simultaneously through k and h;(j, k). Connections between
(Ca)n and (C))n, and (9y)n, and (7)), respectively, are revealed in the
following statement:

Proposition 7.2.3. The restrictions of the Markov chains (¢))nen and
(0, )nen to the recurrent classes E and E_, respectively, are the inverse
chains of (Cp)nen and (Np)nen correspondingly restricted.

Proof. The transition probabilities of ((],)nen are

wy(j,k)  if therearej € S,c € €suchthat h = Iy(j, k) and
P(k,h) =4 wi(k) " Jelk) - Je(l(5. k) # 0;

0, otherwise;
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for any k € E. On the other hand, the transition probability of the inverse
chain of ({,)n, from state k to state h is given by the known formula

pe(h)
pe(k)
where P(h, k) is defined by (7.2.7) and pg is the stationary distribution of

(Cn)nen defined by (7.2.10).
The expression (7.2.14) is furthermore equal to

pe(hi(j,k))
pe(k)
_ pE(hl(ja (k(y —m+1),.. "k(V - 1>7k<l/))>)
pek(v—m+1),...,k(v))
Plh(j,(k(v —m+1),... k(v —1),k(v))),
(k(v=—m+1),...,k(v—=1),k(v)))
wi(f, k(v —m+1),...,k(r—1))
w(k(v —m+1),...,k¥))
P((j,k(v—m+1),....k(v—1)),
w((j, k(v —m+1),..., k(v —1)),k(v)))
wi(j, k(v —m+1),.... k(v —1))
wi(k(v—m+1),...,k(v))
.wl(j,k(l/ —m-+1),....k(v—1),kv))
w(j, k(v —m+1),...,k(v—1))
wl(jak)

T A

Analogously, by using (7.2.6) and (7.2.13), we see that (1),)nen, is the
inverse chain of (1,)nen- O

P(h,k), (7.2.14)

P(hl(]v k)a k)

A straightforward consequence of Proposition 7.2.3 is that the Markov
chains (¢}, )nen and (1}, )nen restricted to E and E_, respectively, are irre-
ducible and their stationary distributions pg and pg_ are given by (7.2.10).

For the sake of simplicity we shall further consider that the recurrent
classes mentioned previously are the entire sets W; and W,., respectively,
(all the elements of W, can be reached from one another by long sequences
of m points on circuits). Also, we shall denote the invariant probability
distributions on W; and W,. by p; and p,., respectively. Now, following S.
Kalpazidou (1988a), we prove

Theorem 7.2.4 (The Existence of Higher-Order Circuit Chains).

Assume we are given a natural number m > 1, a finite class € of over-
lapping circuits in a finite set S which satisfy the conditions quoted at the
beginning of Subparagraph 7.2.2, and a set of positive weights {w.}cce-
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Then there exists a pair of finite strictly stationary Markov chains
(& )n, (Xn)n) of order m such that

wl((gna cee 7£n+M—1)ai)

Pl(gn-‘rm :i/£7l+7n—17..~,£n) - wl(f g N 71) s (7215)
: Wr (%5 (Xnt1y- -+ > Xntm
PQ(Xn = 7’/X’r‘rﬁ-h e aX’Vl-‘r’m) = UE (; +—~;1 X ++ )))7 (7216)
P1(§n+m :i/gnerfl =y agn:il)
= Po(Xn=1/Xn+1="%m - - Xntm =11), (7.2.17)

foranyn>m,i €S, (i1,...,im) € W,.

Proof. By (7.2.7) and (7.2.8) we have proved the existence of two irre-
ducible Markov chains (¢, ) and (n,,), whose state spaces are W; and W,
respectively (W, being connected with W; by (7.2.9)), and with transition
probabilities given by

_ . _ _ wl(kvi)

]P)l(cn+1 - ul(k,z)/Cn - k) - wl(k) )
B . B we(i, ko)
Po(nn = ur (k= i) /Mp1 = k) = m7

forany k = (k(v —m+1),.... k(v —1),k(v)) € Wi and k- = (k(v), k(v —
1),....k(v —m+1)) € W, (with v € Z), i € S. Moreover,

HJ)I(Cn-‘rl = Ul(k,l)/cn = k) = HJ)2(7771 = ur(k—vi)/nn—i-l = k—)
forany k€ Wy and i € S.

The stationary distributions p; = p,, and p, = p,,,. of the chains above
are given by Proposition 7.2.2. Further, if ¢, = (k(v —m+1),..., k(v —
1),k(v)) € Wy and n,, = (u(v),u(v — 1),...,u(v —m+1)) € W,., define

§n =pr_1Gn = k(v)

and

Xn = Pryfn = u(v),
for any n > m, where pr_; and pr; denote projections.
On account of Lemma 7.2.1 for any n > m we get
P1(€nt1 = w(Cnsnt1)) = Zpl (Cnt1 = (G, 1))
€S
=3 Pi(Curr = wilk, i) /o = B)pu(k)

€S keW,;

_ wilkyi)

keWw, €S
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Similarly,

]P)Q(nn = ur(nnJrlaXn)) =1

Therefore

Pl(Cn+m:(§n+17 o 7£n+m)) :]P)l(Cn—i-l :ul(gsags-‘rl)angs S n+m— 1):1’

and analogously

IP)2(77n = (Xnan+17 .. ~aXn+m71)) =1

Then for n > m

IEDl(é.n+m :i/§n+m—la cee 7§na .. )
:Pl(Cn+m = ul(Cn—l—m—lv Z.)/Cn—‘rm—l = (gna cee 7§n+m—1))
_ wl((fnu e a§n+m71)7i) )

wl(fvu s 7£n+m—1)

Also

Po(Xn =1/Xn+1: Xn+2s---) = Pa(n = Ur(nt1,8) /Mns1 = (Xnt1s - - Xntm)

— w?”(ia (X’n+1a R Xn+m))
wr(Xn-l—lv s 7Xn+m)

Moreover, making use of the balance property and Proposition 7.2.2, for
any s > m,i; € S, we obtain

Pi(é = i1) = PG = w(Gomrvin)) = ) Pi(Co = wilk,i1)/Com1 = k)pr ()
k

=3 walfﬁ’,;)l)pl (k).

keWw,

Furthermore, for any is € S,

Pi(& = i1,6e41 = 12) = Z Pi(€s41 = 92,85 = 01 /C—1 = k) - (k)

keW;

Z Pi(s41 =12/ =i1,(—1 = k)

keWw,
']Pl(gs = Z‘I/CS—l = k) 'pl(k)
Z P1(<5+1 = Ul(ul(kvil)’i2)/§s = ul(’ﬁil))

keWw,

‘P1(Cs = wi(k,i1)/Cs—1 = k) - pu(k)
- wl(ul(k,il),ig) ) wl(k,il)
=2 wuiy)  wir) P

keWw,
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Let us now define recursively the functions ugt) (8 x St — STt =
0,1,2,..., by

ul(t+1)(k’ {1y = {

where w; is given by (7.2.3) and i) = (iy,...,i;) € St,t =1,2,.... Then,
by induction, we deduce that the probability

w(k, i), if t = 0;
w(ul? (ki) i), i t=1,2,...;

. . . wl(ul Dk, i), 4,)
P fsz'é,fs :’L,...,gs 1 =1) =
1 11 =g A kZW (™ (e 1)
wl(ul(k,il),ig) wl(k,i1)
wu(tin) w@) P

(7.2.18)
does not depend upon s, for any t = 1,2,... and i1,...,% € S. In a similar
manner we get

Po(xs =i1) = Pa(ns = (ns+1721))
Z s = up(koy i) /nser = k- )py(k-)
117
Z pr(k-)
_EW.
and
Py(xs = d2, Xs41 = 11) = Z Pa(xs = i2, Xs+1 = i1/Nst2 = k_)pr(k-)
k_ €W,
= Y Polxs =da/Xor1 = i1, 7542 = ko)
k_ €W,

'P2(Xs+1 = Z-1/77.94-2 = k—)pr(k—)

= Z ]P)Q(ns = ur(ur(k—7il)ai2)/ns+l = ur(k—yil))
k_eW,
'P2(775+1 = ur(k—a Z-1)/7754-2 = k—)pr(k—)
wy (T2, Upr(k_, 1 wy (21, k_
> w(r(gur(k(_,il)l)))' w(r(lk_))Pr(kf)-

k_eW,
In general we have
Po(Xs = ity Xst1 = Tt—15 -+ Xstt—1 = 11)
_ Z wr(it’ugfl)(k_’i(t—l))) . wr(ig,ur(k_.,il)) ' w,-(ihk_)pT(k_)
W we T (ki) wr(un(ko i) we(ko) ’

(7.2.19)
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where ug) is defined similarly to ul(t) using the function u, introduced by

(7.2.5).

Then, from the balance property (£2) and Proposition 7.2.2, it follows
that (&,), and (x,)n satisfy equations (7.2.15), (7.2.16) and (7.2.17). Also,
equations (7.2.18) and (7.2.19) show that the circuit-weights completely
determine the finite-dimensional distributions of (&), and (xn)n. Then,
by the uniqueness of p; and p,., the proof is complete. O

Reasoning as in the proof of Theorem 7.2.4 and starting from the inverse
chains of ({,), and (n,,)n, and then using the functions h; and h,. instead of
u; and wu,., on account of Proposition 7.2.3 we are led to the inverse chains
of (§&u)n and (xn)n. Therefore we can state

Theorem 7.2.5. Assume we are given a natural number m > 1, a finite
class of overlapping directed circuits in a finite set S which satisfy the hy-
potheses of Theorem 7.2.4, and a set of positive weights {w.}cce-

(i) Then there exists a pair ((€))n, (Xh)n) of finite strictly stationary
Markov chains of order m in such that

. U}l(i,(£/+17...,£l+ ))
Pr&n = /&1 Enem) = wl(5/11 5/177; ’
n rrrtaSn+m
. wr((X;m"'vX/n+m—l)ai)
Po(x o = /X o sy X)) =
( n+m / n+m—1 n) wT(X;W""XIn-&-m—l) ’
Pi(&,=1/& 1 =11, & = im)
:]P2(X{n+m:i/X;z+mfl:7;17"'7)(/71:7;771)7

foranyn>m,i €8, (i1,...,im) € W;.
(ii) The chains (€),)n and (X.)n are Doob versions of the inverse chains
of the chains given by Theorem 7.2.4.

Definition 7.2.6. The Markov chains (&,), and (xn), of order m occur-
ring in Theorem 7.2.4 and their inverse chains occurring in Theorem 7.2.5
are called circuit chains of order m (or multiple circuit chains) associated
with the number m, the finite class € of circuits in S, and the positive
weights we, ¢ € E.

7.3 The Rolling-Circuits

As has already been mentioned, there are good reasons for differentiating
between two kinds of processes defined by directed circuits: the S-state
Markov chains of order m(m > 1) as £ and y given by Theorem 7.2.4, and
the simple Markov chains ¢ and n whose transition probabilities are defined
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by (7.2.7) and (7.2.8), respectively. We shall call the latter simple circuit
processes associated to £ and y.

Conversely, following the same reasonings of Chapters 3 and 4, it
might be interesting to investigate whether a circuit representation theory
can be developed for higher order Markov chains. Namely, we propose
the following problem: given a pair (£,x) of m-order strictly stationary
Markov chains on a finite set S, if equations (7.2.17) are verified, then
define a class € of directed circuits in S and a collection {w.,c € €} of
positive numbers which express the transition laws of £ and x by a linear
combination of the passage-functions J.,c € €.

The answer to this question is not easy. For instance we have to determine
the kind of dynamics from sequences (i1, ...,4,) € S™ to points of S. To
this end, we shall investigate the geometry of the sample paths of the chains
¢ and x via the sample paths of the associated simple Markov chains, which
will be symbolized by ¢ and n, respectively.

It turns out that the trajectories of the chains ¢ and 7 provide “circuits”
whose points are the long sequences (i1, ..., 1, ) of m points as new points.
We shall call these circuits rolling-circuits (S. Kalpazidou (1988a)). It is
this kind of circuit that we study in the present section. Let us start with
the following:

Definition 7.3.1. Assume S is any nonvoid finite set and m > 1.

(i) A circuit in S™ is any periodic function v: Z — S™ with the property
that for each ¢ € Z there exists ¢ = i(t) € S such that

Yt +1) = w(y(t),9),

where v, is defined by (7.2.3).

(ii) The inverse circuit of v defined at (i) is the periodic function §: Z —
S™ with the property that for each ¢ € Z there exists i = i(t) € S
such that

6(t+1) = ur(6(¢),1),

where (y(t+1))—, (v(t))=,(v(t —1))_,...,t € Z, are consecutive
values of ¢ and u, is defined by (7.2.5).

We shall write 6 = v~. Define the period of v (or v~) as the smallest pos-
itive integer p = p(7)(p(7y7)) such that y(t +p) = y(t) (v~ (t +p) =77 (¢))
for all ¢ € Z. Obviously p(y) = p(y~). In the following we shall only refer
to definitions and properties concerning circuits v, since those regarding
circuits v~ are completely analogous. The exposition follows the investiga-
tions of J. MacQueen (1981) and S. Kalpazidou (1988a).

Define for j € Z the circuit 4/ by the relation

V() =~(t+]), tez;
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that is, if v(¢t) = (k(t —m +1),...,k(t)) and j < m, then in view of (1.1.1)
(Chapter 1)
’Y(t‘F]) = (k(t—m—F]—Fl),,k(t),’Ll,ZQ,,ZJ)

where  iy,ia,...,4; € S. If for ()= (k(t—m+1),....k(t—m+
i),...,k(t)) we set

~(¢)(i) = the ith projection counting from the left
=k(t —m+1),
then
YOO =Y B6E-j), 1<i<i<m
In particular,
) @) =471 0A),  1<i<m.

Let the relation ~ be defined by v ~ + if and only if there exists j € Z such
that v/ = +7. This is an equivalence relation which enables us to consider
further the classes instead of the elements.

Let € be a finite set of directed circuits in the originally given set S, and
define W; as in (7.2.2"). Let us consider the set €;" of all circuits v in W
which are defined by

v(t) = (c(t),c(t+1),...,c(t +m —1)),

for all t € Z, where ¢ € 6.

Since intuitively the elements c(i) of y(t) are obtained “by rolling” the
circuit ¢, we call v € € the rolling-circuit associated to c. Analogously,
¢, will denote the set of all rolling-circuits in W,.. Plainly, if v € ;" then
v~ € 6;. Let v be a circuit in S™. Then, there is exactly one circuit ¢ in
S such that

v(@#) = (c(t),c(t +1),...,c(t +m — 1)), tez, (7.3.1)

Indeed, if we define ¢(t) = v(¢)(1), then by virtue of Definiton 7.3.1 we get
(7.3.1). Moreover, ¢ is a circuit in S and its period p(c) is exactly that of v
as we shall show in a moment.

First, we prove that p(v) < p(c), that is,

plc) € {s:y(t+s)(i) =~()(3),i =1,...,m}. (7.3.2)
We have c(t + p(c)) = ¢(t), for all t € Z, or
ct+ple)ri-1N)=clt+i-1), t€Z i=1,....m.  (7.3.3)
On the other hand,

V(@) = 7 (1) = 3t +i— (L) = eft +i— 1)
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and

Yt +p(0) (@) =47t +p(e)(1) =t +ple) +i—1)(1)
=c(t+plc)+i—1).

In view of (7.3.3), (7.3.2) holds.
Second, the inequality p(c) < p(v) follows from the relations

c(t) =v()(1) =yt +p(y)1) =clt+p(v), te€Z

Furthermore, we define an elementary circuit in S™ to be a circuit v for
which the p(y) elements ~(t),v(t +1),...,v(t + p(y) — 1), for some ¢ (and
therefore for all t), are all different from one another. Also, an m-elementary
circuit ¢ in S is any circuit with the following property: the smallest in-
teger k > 1 such that for each ¢ we have c(t+ k + i) = c(t + i), for all
i=1,...,m, is exactly the period p = p(c). For instance, the circuit de-
fined by (7.3.1) is an m-elementary one if v is elementary.
To conclude we may state

Proposition 7.3.2. Let €}°, be a set of elementary circuits in S™. Then,
there are a set € of m-elementary circuits in S and a bijection T: 6" — €
defined as

7(y) =c¢ if and only if c(t) =~(t)(1), te€ Z, (7.3.4)
and

™ He)=v if and only if ~y({t)(@)=c(t+i—1), t€Z, i=1,...,m,
(7.3.5)

which keeps the period invariant. The latter property is valid for =1 only
for m-elementary circuits in S.

Analogously, we define a bijection 7_ from the set €, of all elementary
circuits in W,. onto the set ¥_ of m-elementary circuits in S, where €¢_ =
{c_:c_ is the inverse of ¢,c € €}. Then (77y)- =1_7".

7.4 The Passage-Function Associated with a
Rolling-Circuit

A passage-function associated with a rolling-circuit in S™, m > 1, is defined
as follows. Let @ be a collection of directed circuits in S as in Subparagraph
7.2.2 and let W; and W, be the subsets of S™ defined by (7.2.2") and
(7.2.2"). Consider further v, with v(t) = (c(¢),...,c(t+ m —1)),t € Z, an
elementary rolling-circuit described by an m-elementary circuit ¢ € S.
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For any k = (k(t —m+1),...,k(t)) and u;(k,?) in W, where i € S, de-
fine
1, if for somel <t < p(y) —1,7(¢t) = k and
Jx (k,w(k, 1)) = Y(t+1) = w(k,i); (7.4.1)
0, otherwise.

Then
J;k(k,ul(/ai)) = ny‘((k(t —m+1),...,k(t),(k(t —m+2),...,k(t),7))

1 i T (k) = Ty (k1) = 1
] 0, otherwise;

where u; is defined by (7.2.3), and 7 is the bijection occurring in Proposition
7.3.2. Here J,(-) is the mth order passage function associated with the
m-elementary circuit ¢ in S (see Definition 1.2.2) which defines ~.

In view of the equalities 7(v/) = (17)?,j € Z, and relation (1.2.1), it
follows that the definition of the JJ does not depend upon the choice of
the element that represents the class-circuit ~.

Definition 7.4.1. The function J3 defined by (7.4.1) is called the passage-
function associated with the elementary rolling-circuit .

Definition 7.4.2. If Jy(k,u(k,i)) =1, we say <7 passes through
(k,uy(k,1)).

Thus the rolling-circuit y = 7 !¢ passes through (k,u;(k,i)) exactly
when ¢ passes simultaneously through & and w;(k,7); namely k is passed
by ¢, and w;(k,i) by coty (see Definition 1.2.2).

We  define in an analogous manner Jr_(ur(k—,i),k-) =
Jf;,(i,k(t)7...7k(t—m+2)),(k(t)7...7kz(t—m+1))) for k=
(k(t—m+1),...,k(t)) e Wyand i € S.

Now we prove

Lemma 7.4.3. For an elementary rolling-circuit v in W; we have

(1) T3k, wi(k,i)) = Jrq (ki
o= (ur(v,i),v) = J;

(i) J2(hai k), k) = Jon (i, K), (7.4.2)
- (v, he(i,0)) = 7= (v,4),

forany ke Wy,veW,, andi € S.
Proof. Let ~(t) = (t"tc)(t) = (c(t),...,c(t+m —1)),t€ Z. Sup-

pose i=c(t+m). If for ke W, k= (k(t),...,k(t+m—1)), we have
Jy(k,w(k,i)) =1, then from the definition of .JJ above, it follows
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equivalently that
Jry (k) = Ty (E(t+1),... k(t+m —1),i) =1
or
Jry(kyi) = 1.

If i # c¢(t +m), then both members occurring in the first relation of
(7.4.2) (i) are equal to 0. Hence the first equality of (7.4.2)(i) holds. The
other relations of the lemma follow in a similar manner. a

Lemma 7.4.3 has the following immediate consequences (see S. Kalpazi-
dou (1988a)). Let 6" be a class of overlapping elementary circuits in S™
and let € be the class of the reverses of €;". Then we have

Proposition 7.4.4. Let v € 6. Then the functions J and Jj:, satisfy
the balance properties:

(B5): () > Tk wi(k, i) =Y T(hi(hk

i€S jes
(ii ZJ (up(v,1), ZJ* (v, he(4,0));
€S jES
(83): (i) S5k, wi(k, 1)) = T (up (k- @), k-);

( ) J:yk(hl(ja )7k) - J'y— (k*ahr(‘%k*))'

Theorem 7.4.5. Associate with each v € € and v~ € 6, a strictly pos-

itive number w:: = w;_. Let

(i) wf(k,u(k,1)) ZwJ*k‘ulk‘z))

YEE)

wr(up(v,4),v Zw ~ I (ur(v,4),0);

—€%;

(i) wy(h(i, k), k ZwJ* hi(i, k), k),

YEG”

wr (v, hy(3,v)) = Z wi-J3- (v, hy (i, ),

YTECH
for any k,v € S™, and i € S. Then letting
C=T16", C-=1_%,

% % —
We = W, = w_r7107 = We_,

—1¢

where T and T_ are the bijections on € and €, given by Proposition 7.3.2,
we have, respectively,
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(1) wl*(ka ul(kv Z)) = wl(ka i)a where wl(kai) = Z chc(k7i)a
cE?
wi(up(v,4),v) = we(i,v), where w.(i,v)= >, we_Je_(,0);
c_EC-

(i) wi(hi(i, k), k) = wi(i, k), where wi(i,k) =Y weJe(i, k),
cEC

wi(v, hye(3,v)) = wp(v,d), where wy(v,i) = >, we_Je._(v,1),
cC_EC_
for any k,v € S™, andi € S. Also

(iii) The functions w; and w} satisfy the balance properties (07) and

(83)-

7.5 Representation of Finite Multiple Markov
Chains by Weighted Circuits

Let N ={1,2,...},m > 1, and S be a finite set which contains more than
m elements. Let £ = (§,), and x = (xn)» be two homogeneous strictly
stationary Markov chains of order m > 1 with finite state space S and with
equal values of the invariant probability distributions such that

]P)(fn :i/fnfl :im» e ;gnfm :11) :IP)Q(XTL :i/XnJrl :ima ooy Xn+m :Zl)
(7.5.1)
for any n > m and 4,41, 99,...,%, € .S. Consider the simple Markov chains

¢ = (¢n) and n = (n,) associated, respectively, with £ and y, and having
transition probabilities given by

Pi(k,u(k,i) = Pi(Cn = wi(k,3)/Coe1 =k = (i1, -y im)) (7.5.2)
:Pl(gn:i/fn—l:iﬂh-'-agn—m:il)a HZTTH-L

Pr(v,up(v,1)) = Pa(nn = r(0,8) /M1 =0 = (im, ..., 01)) (7.5.3)
:]P)Q(Xn:i/xn+l:iMa"'7Xn+m:i1)v 712].,

for all 41, ...,4m,,1 € S, where the functions u; and w, are defined by (7.2.3)
and (7.2.5).

Assume ¢ and 7 are irreducible chains on two disjoint subsets W; and
W, of S™ connected by relation (7.2.9), and consider p = (p(k), k € W)
and p_ = (p(k-), k- € W,.) their invariant probability distributions. Re-
call that, if k = (i1,...,4m), then k_ designates as always the sequence
(4my .- -%1). Then p(k) =p_(k_),k € W, and in view of (7.5.1) we have

P1(Cntr = wilk,1)/Cn = k) = Po(nh = up(k— i) /1 = k) (7.5.4)

for any k € Wi,i € S and n > m.
We are now ready to solve the circuit representation problem proposed at
the beginning of Section 7.3, namely: given any pair (£, x) of higher-order
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strictly stationary Markov chains verifying equations (7.5.1) there exist a
class € of directed circuits in S and a collection of positive weights we, ¢ € €,
which completely determine both transition laws of £ and .

We shall answer this question following S. Kalpazidou (1988a). Before
proceeding, let us consider the multiple inverse chains (i.e., the parameter-
scale is reversed) & = (&])) and x’ = (x},) of £ and x above as well as their
attached simple Markov chains ¢’ = (¢/,) and ' = (n],) whose transition
probabilities are, respectively, given by

‘Pl/(k’hl(ia k)) = Pl(C;L = hl(ia k)/c:z—&-l =k= (ila cee alm))

= Pl (E;’L = Z/ﬁ;z-i—l = il? e ?g':t-‘rm = i7ﬂ))7 (755)
Pl (v, hy(i,v)) = Pa(n;, = hy(i,0) /0,1 = v = (im, - .- ,11))

=Po(X), = i/X) 1 =1y s X = im), n>m, (7.5.6)

where the functions h; and h, are defined by (7.2.4) and (7.2.6).
To solve the circuit representation problem we need the following basic
lemma:

Lemma 7.5.1. Consider two nonnegative functions w; and w;: which are
defined on Wi x Wy and W, x W,., respectively. Assume w; and w;. satisfy
the balance equations

S wikuki) = > wi(hlik),k), (7.5.7)

i€s ics
ul(k,i)EWI hl(i,k?)EWI
for all k € W,
Z wy (ur(v,1),v) = Z wi (v, hy(3,0)), (7.5.8)
= ics
wy (v, 1) EW, hy(i,v)EW,

for allv € W, such that each sum occurring in (7.5.7) and (7.5.8) is strictly
positive, and

wi (k, w(k, 1)) = w (up(k_, i), k_), (7.5.9)

for any k,ui(k,i) € W; and k_,u,(k_,i) € W,.

Then there exist two finite ordered classes € and €, of elementary
circuits in Wy and W,., where 6, = {v~,v~ is the inverse of v,y € €'},
and strictly positive numbers wj = w;‘_ 7Y € €}, depending on the ordering
of €, such that

wj (k,u (k1)) ZwJ*k’ulk’z))
YEE”

wy (ur(k—,1), k=) = Z w:—‘]j;—(ur(k—vi)vk—)a

yEwy
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for all k€ Wi, k_ € W,., and i € S. Here the functions J3,v € 6", are
defined by (7.4.1), while the J3- are given similarly.

Proof. Consider the oriented graph of wj, that is, the points are the se-
quences u = (i1,...,4,) € W; and the directed edges are the pairs (u,u’) €
W, for which w; (u,uw’) > 0. Then, choosing an arbitrary point k € W, the
strict positiveness of the sums in (7.5.7) and (7.5.8) enables us to find at
least an element j; € S such that (k,j;) satisfies

0 < wi(k,wi(k,j1)) = wy(ur(k—, ji), k-).

Repeating the same argument, since the function wj is balanced, we may
find a finite number of elementary circuits ~1,...,7, constructed below
which pass through the elements of W;. Let us examine the construction of
the y1,...,%-

The balance equation (7.5.7) implies the existence of an edge (ki, k2),
with k3 =k and ko = w(k,j1), and in turn of a sequence of pairs
(k1,k2), (ka, k3), ... in W; x W such that k.1 = u(kn, jn), for some j, €
S, and

wj (kn, kn+1) >0 implies  wj (kp+1, knt2) > 0.

Since W is finite, there exists a smallest integer n > 2 for which k,, = k; for
some s =1,...,n— 1. Then 1 = (ks, kst1,.-.,kn_1,ks) is an elementary
circuit in W;. By setting

wh = wi (v (t), m(t +1))
= minw; (y1(t), 71 (t + 1))

=w; (71 (1 +1),71 (t1))
=w'_,
71

we define

wy (u, wy(u, 1)) = wy (u, w(u, i) —wl I3 (u, w(u,i))
= wr(up(u_,?),u_) — wf/, J;l (up(u_,i),u_)

= (wi) ™ (ur(u—, i), u),

for any u € Wy and ¢ € S with u;(u, z) e Ww,.

By the definition of w? and w* o the functions w} and (wj)~ are
non-negative. Moreover, smce the functions J5, and J _ are balance,
the functions w} and (wj)~ are also. Then, repeatmg the same reason-
ing above to wj, which remains strictly positive on fewer pairs than the
initial function wy, if w} >0, and then (w})~ >0, at some point, we
can find another elementary circuit 72 and its inverse v, with wi, =

wj:, > 0, which in turn provides new balance functions wj and (w})~
2
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given by
’LU; (ua uy (ua Z)) = w; (ua U (uv Z)) - wj;Q J:ka (uv ug (u7 Z))
= wi (u, wy (u, 7)) — w3, I, (u, wi(u, i) — w3, J3, (u, w(u, 7))
=w) (up(u_,i),u_) —w _J"_ (u(u_,i),u_)

Mo
710;2_ J,:z— (ur (u—ﬂ i)a u—)

= (w3) ™ (ur(u—, i), u).

Continuing the procedure we find a sequence wj,ws, ... of balanced func-
tions such that each wj, ; remains strictly positive on fewer pairs than wy.
Because W is finite, after finitely many steps, say o, we find the elementary
circuits v1,v2, ..., %o, such that

wy g (u,w(u,i)) = 0.

Then the collection ;" required in the statement of this lemma is iden-
tical to {71,72,...,%s}. Analogously, choosing as representative class of
circuits for w} to be €} = {y~ : 7~ is the inverse circuit of v,y € €/},
we obtain w!_ =wj for all v~ € €, and the decomposition of w," by

(€, w3 _). The proof is complete. O

Remark. From the proof of Lemma 7.5.1 it follows that the family €}" is

not uniquely determined since its construction depends upon the starting

sequence k as well as upon the ordering of the closed chains in S™.
Analogously, one may prove:

Lemma 7.5.2. Consider two nonnegative functions w; and w; which are
defined on Wi x Wy and W, x W,., respectively. Assume w; and w;. satisfy
the balance equations (7.5.7) and (7.5.8) such that each sum occurring in
(7.5.7) and (7.5.8) is strictly positive, and

wi (h(i k), k) = wy (k- he (i, k=),

for any k,hy(i, k) € Wi and k_,h,(i,k_) € W,.
Then there exist two finite ordered classes 6" and € of elementary
circuits in Wi and W,., where € contains the reverses of the elements of

", and strictly positive numbers w?, = w:, Y € €/, such that

wi (h(i k), k) = > wiJr(hli, k), k),
YEGH

wi (ko he(i ko)) = D wio Jro (ko he(i ko)),

YT EC;

forallk e Wi k_ e W, andi € S.
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Now we can state and prove the representation theorem for the originally
given m-order Markov chains (&,), and (x,), which satisfy the assump-
tions mentioned at the beginning of this section.

Theorem 7.5.3 (The Circuit Representation for Higher-Order Markov
Chains). There exist two finite ordered classes € and € = {c_ : c_ is
the reverse of ¢,c € €} of m-elementary directed circuits in S and strictly
positive circuit weights w. and w._, with w, = w._,c € €, depending on
the ordering of €, such that

wi((i1y - 0m), 1) wi(k, i)

Pl(gn = i/fn—l = ima v 7€n—m = ll) =

wl(il,...,im) - wl(k) ’
. . . Wy (2 (- o -5191))  we(d, ko)
P n — n = lmy--y Xn+m = = . : = ;
2(X Z/X + ’ Xnt Zl) w'r‘(zwu s 711) wr(k—)
for anyn >m and iy, ..., im,t € S such that k = (i1,...,i,) € Wi, where
wy(k,i) =Y wede(k, i),
ceE?
wp(ivko) = Y we Jo_(i,k_),
cC_€EC_
wi(k) =Y wede(k),
ce?
we(k-) = > we_Jo_(ko),
c_€F_

and Je(+y ), Je(4), Je_(+,+) and J._(-) are the passage functions associated
with ¢ and c_.

Proof. Associate with the strictly stationary Markov chains (£,), and
(Xn)n of order m, the two irreducible Markov chains (¢, ), and (7, ), whose
transition probabilities P, and P, are given by (7.5.2) and (7.5.3), and
with the stationary distributions p and p_, respectively. Further, we define
wi(k, k') for k, k' = w;(k,i) € W, with i € S, by
wf (b, (K, 1)) = p(k) Pyll, wi (k. ). (7.5.10)
Similarly, for v,v" = u,(v,i) € W,., with i € S, we define w*(v’,v) by
wy(ur(v,7),v) = p— (V) P (v, ur (v, 7)). (7.5.11)
Then, letting
wi (k) =Y wi (ky ik, i),
€S

wi(v) =Y wi(up(v,4),0),

€S
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we have

wi (k) = p(k),
wi(k_) =p_(k_). (7.5.12)

wi(k)
w (ur(kfvi)ka)
Pok_,up (ki) = 2 , 5.1
(kv (b)) = S (75.13)
for any k = (i1,...,%m) € W; and i € S such that u;(k,i) € W;. Further-
more, because of (7 4), we get
w (kyu (k1)) = wy(ur (k- i), k_) (7.5.14)

for any k = (i1,...,%m) € Wi and i € S such that u;(k,i) € W;.

Then, we may apply Lemma 7.5.1 to the balanced functions w; (-, -) and
wi(+,-) defined by (7.5.10) and (7.5.11). Accordingly, there exist two finite
ordered classes €} and €, of elementary circuits in W; and W,., with €' =
{7~ : 7~ is the inverse circuit of v,y € €/}, and strictly positive numbers

wy —w _,7 € €, such that

wj (k,u(k, 7)) ZwJ*kulkz))

YEE
wi(up(v,4),v EZU} Jo- (ur (v, 1), v).
v €y
Then, because of Theorem 7.4.5, by letting
C=T1C, C- =T1_%),

% % _
We = wT*IC = w_l_,lc_ = Wec_,

where 7 and 7_ are the bijections on ;" and %, given as in Proposition
7.3.2, we have

wi (kyu(k, 1)) = wi(k, 1),

where
i) = ZwCJC(k i)
ce?
and
wr(ur(v,4),v) = w,(i,v),
where

wy(i,v) = Z We_ Je_ (i, 0).

c_€EF_
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Thus w; (k) = wi(k), for any k € W, and w}(v) = w,(v), for any v € W,,
where w;(k) and w,(v) have the expressions stated in the theorem. Finally
relations (7.5.13) become

. ’Ll}l(ki,’['
Ak (i) = 25
) wy (1, k_
Pr(k—au'f‘(k—vz)) = u}((k))v
as was to be proved. O

Remark. (i) If we consider the inverse chains (&]), and (x},)n of (§n)n
and (xn)n, then in view of Lemma 7.5.2 and by using the inverse chains
of (¢n)n and (1), we may analogously prove the following representation
theorem:

Theorem 7.5.4. There exist two finite ordered classes € and €—, with
C_ = {c_ : c_ is the reverse of ¢c,c € €} of m-elementary circuits in S and
strictly positive circuit weights w. and we_, with w, = we_, ¢ € €, such that

wy (i, (i1, .. im))  wi(i, k)

Pl(&; :Z/§;l+1 :ilr"af;hLm = Zm) =

wl(ilv"'aim) B wl(k) ,

) . ) Wr Gy -+ 501)58)  we(k_, 1)
P2(X{VL:Z/X{VL—1:ll""’X;L_mzzm) - wr(imv.--;il) - wT(k)*) ’
foranyn >m andiy,. .., im,t €S, such that k = (i1,...,im) € Wi, where

wl(z,k) = chjc(i7k)7
cEC

wT(k_,z') = Z We_ Je_ (k—,i)v
cC_€EC_
wl(k) = chjc(k)a

cETC

wr(k_) = Z We_ Je_ (k—)v
[ S

and J.(-,+), Je_(+,-), Jo(+) and J._(-) are the passage functions associated
with ¢ and c_.

(ii) It is obvious (from Lemma 7.5.2) that the classes of m-elementary
circuits and the corresponding weights whose existence is stated in Theorem
7.5.4 are the same as those given in Theorem 7.5.3. Moreover, the functions
w; and w, constructed in Theorems 7.5.3 and 7.5.4 satisfy the balance
properties (81) and (53s).

To conclude, starting from a natural number m > 1 and a finite class of
weighted circuits in a finite set S (containing more than m elements) we
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may define two strictly stationary Markov chains of order m or their inverse
chains. Conversely, any finite strictly stationary Markov chain of order m
enables us to define a finite class of weighted m-elementary circuits in S.
The latter is also obtained if we reverse the parameter-scale in the initial
chain.

Finally, the reader may find in S. Kalpazidou (1989b, 1990b, 1991a, e)
expansions of this chapter to higher-order circuit chains with a countable
infinity of states.
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Cycloid Markov Processes

As we have already seen, finite homogeneous Markov chains £ admitting
invariant probability distributions may be defined by collections {c,, wy} of
directed circuits and positive weights, which provide linear decompositions
for the corresponding finite-dimensional probability distributions. The aim
of the present chapter is to generalize the preceding decompositions to more
relaxed geometric entities occurring along almost all the sample paths of
£ such as the cycloids, which are closed chains of edges with various ori-
entations. Then ¢ is called a cycloid Markov chain. Correspondingly, the
passage-functions associated with the algebraic cycloids have to express the
change of the edge-direction, while the linear decompositions in terms of
the cycloids provide shorter descriptions for the finite-dimensional distri-
butions, called cycloid decompositions.

A further development of the cycloid decompositions to real balance func-
tions is particularly important because of the revelation of their intrinsic
homologic nature. Consequently, the cycloid decompositions enjoy a
measure-theoretic interpretation expressing the same essence as the known
Chapman—Kolmogorov equations for the transition probability functions.
The development of the present chapter follows S. Kalpazidou (1999a, b).

8.1 The Passages Through a Cycloid

Let Sbe a finite set and let G = (S, E) be any connected oriented graph G =
(S, E), where E denotes the set of all directed edges (i, j), which sometimes
will be symbolized by b(; ;.
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If ¢ is a sequence (eq, ..., e, ) of directed edges of E such that each edge
er,2 <r <m — 1, has one common endpoint with the edge e,_1(# e,) and
a second common endpoint with the edge e,11(# e,), then ¢ is called the
chain which joins the free endpoint u of e; and the free endpoint v of e,,.
Both u and v are called endpoints of the chain. If any endpoint of the edges
e1,...,en appears once when we delete the orientation, then ¢ is called an
elementary chain.

Definition 8.1.1. A cycloid is any chain of distinct oriented edges whose
endpoints coincide.

From the definition of the elementary chain, we correspondingly obtain
the definition of an elementary cycloid. Consequently, a directed circuit or
cycle ¢ is any cycloid whose edges are oriented in the same way, that is,
the terminal point of any edge of ¢ is the initial point of the next edge.
Accordingly, we also obtain the definition of the elementary cycle.

To describe the passages along an arbitrary cycloid ¢, we need a much
more complex approach than that given for the directed circuits in Chapter
1. It is this approach that we introduce now.

Let ¢ be an elementary cycloid of G. Then ¢ is defined by giving its edges
€1,€s,...,€es, which are not necessarily oriented in the same way, that is,
the closed chain (eq, eg, ..., es) does not necessarily define a directed circuit
in S. However, we may associate the cycloid ¢ with a unique directed circuit
(cycle) ¢ and with its opposite c- made up by the consecutive points of ¢.
Note that certain edges of both ¢ and c. may eventually be not in the
graph G.

We shall call ¢ and c_ the directed circuits (cycles) associated with the
cycloid ¢. For instance, consider the cycloid ¢ = ((1,2),(3,2), (3,4), (4,1)).
Then the associated directed circuits are ¢ = (1,2,3,4,1) and ¢ = (1,4, 3,
2,1). With these preparations we now introduce the following definitions.

The passage-function associated with a cycloid ¢ and its associated di-
rected circuit ¢ is the function Jz . : E — {—1,0, 1} defined as

Jecliyg) =1, if (4,7) is an edge of ¢ and ¢,
= —1, if (4,7) is an edge of ¢ and c_, (8.1.1)

=0, otherwise.

Analogously, the passage-function associated with the pair (¢,c.) is the
function Jz . : E — {—1,0,1} defined as

Jee (i,5) =1, if (4,7) is an edge of ¢ and c_,
= —1, if (4,7) is an edge of ¢ and ¢,
=0, otherwise.

Then we have

JE,C(i7j) = _Jﬁ,c_(i7j)7 17] € S7
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and

Jé,c(iaj)#Jé,c(jai)a Z,]ES
In particular, if the cycloid ¢ coincides with the cycle ¢, then

JE,C(iaj) = Jc(i7j)7 7’7] € S7
where J..(4, j) is the passage-function of ¢, which is equal to 1 or 0 according
to whether or not (4, 7) is an edge of c.

The passage-functions associated with the cycloids enjoy a few simple,
but basic properties.

Lemma 8.1.2. The passage-functions Jz.(i,j) and Jz. (i,7) associated
with the elementary cycloid ¢ are balanced functions, that is,

ZJQC('L.,‘]‘) = ZJ@C(kai)a (812)

jeSs kes
S Jee(i) = Jee(kyi), (8.1.3)
jeSs kes

forany i€ S.

Proof. We shall prove equations (8.1.2). Consider i € S. If ¢ does not lie
on ¢, then 7 does not lie on both ¢ and c_. Then both members of (8.1.2)
are equal to zero.

Now, let 7 be a point of ¢. Then i is a point of ¢ and c_ as well. Accord-
ingly, we distinguish four cases.

Case 1: The edges of ¢, which are incident at 4, have the orientation of c.
Then

S Jeeli ) = Jeoliyu) = +1,
jeSs
> Jaelh, i) = Joelv,i) = +1,
kes

where (4,u) and (v,7) are the only edges of ¢ and ¢, which are incident at
1.

Case 2: The point 7 is the terminal point of both edges of ¢, which are
incident at i. Then, we have

ZJE,c(ivj) = 07

JjeS

Z Jé,c(kai) = Jé,C(v7i) + Jé,C(Uﬂi) = (+1) + (_1) = 07
kesS

where (v,1) and (u, ) are the only edges of ¢, one lying on ¢ and the other
on c_, which have ¢ as a terminal point.
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Case 3: The point ¢ is the initial point of both edges of ¢ which are incident
at i. Accordingly, we write

D Jeeling) = (1) + (=1) =0,

jes
> Jaelk,i) =0.
kesS
Case 4: The edges of ¢, which are incident at 4, have the orientation of c_.
Then
> Jeeli g) = -1,
jes
> Jee(kyi) = —1.
keS

Finally, relations (8.1.3) may be proved by similar arguments. The proof is
complete. O

Now we shall investigate how to express the passages of a particle moving
along the cycloids ¢ of G in terms of the passage-functions.

First, let us assume that the cycloid ¢ coincides with the directed circuit
¢. Then the motion along the circuit c is characterized by the direction of
¢, which, in turn, allows the definition of an algebraic analogue c in the real
vector space C generated by the edges {b(; j)} of the graph G. Specifically,
as in paragraph 4.4 any directed circuit ¢ = (41,42, . ..1s,41), occurring in
the graph G, may be assigned to a vector ¢ € C defined as follows:

c= Z JC(ZaJ)b(z,])v
(4,4)

where J, is equal to 1 or 0 according to whether or not (i,5) is an edge
of c¢. Let us now consider a cycloid ¢, which is not a directed circuit. To
associate ¢ with a vector ¢ in Cy, we choose a priori a direction for the
passages along ¢, that is, we shall consider either the pair (¢, ¢) or the pair
(¢, c-) where ¢ and c_ are the directed circuits associated with ¢. Then we
may assign the graph-cycloid ¢ with the vectors ¢ and —¢ in ', defined as
follows:

=Y Jeeli, )b ),
(4,4)
(8.1.4)
—C= Jz.e_(1, )b, j)-
(4,4)
In other words, any cycloid ¢ of the graph G may be assigned, except for the
choice of a direction, with a vector ¢ in C;. The vector ¢ will be called a cy-
cloid, as well. If ¢ is elementary, then ¢ is called an elementary cycloid in C}.
On the other hand, it turns out that all the cycloids ¢, associated with the
connected oriented graph G, generate a subspace C, of Cy. The dimension
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B of the vector space C; is called the Betti number of the graph G. One
method to obtain a base for C; consists in considering a maximal (oriented)
tree of G. A maximal tree is a connected subgraph of G without cycloids
and maximal with this property. This may be obtained by deleting B suit-

able edges ey, ...,eg € F, which complete B uniquely determined elemen-
tary cycloids )\1, ..., A, each of \; being in T'U {e;} and associated with
the circuit Ax orlentated according to the direction of e,k = 1,..., B. Then

the vector-cycloids ﬁ, .. )\B € C, associated to ()\1, A1), ()\B, Ap) as
n (8.1.4), form a base for Cy and are called Betti cyc101ds. Furthermore,
the number B is independent of the choice of the initial maximal tree.
Now we turn back to our original point to express the dynamical status
of the passages of a particle moving along a cycloid ¢ of G in terms of the
passage-functions.
First, let us consider that the cycloid ¢ is an elementary directed circuit

cof G. Then, if iis a point of ¢ = (i1,..., 4k, ..., 4s,41), SAY ¢ = i), we have
(1) =D Je(i,5) =Y Je(k,i) #0. (8.1.5)
jE€S kesS

Specifically, there are only two edges of ¢ that make nonzero both mem-
bers of (8.1.5): (ig—1,7) and (4,4x+1). Then relations (8.1.5) become:
Je(ig—1,1) = Je(i,i641) = 1 = Jo(i) and consequenty we have the follow-
ing simple intuitive interpretation: a particle moving along c¢ is passing
through ¢ if and only if it is passing through the edges of ¢ preceding and
succeeding 4. This interpretation allows us to say that a directed circuit c
passes through a point i if and only if the corresponding passage-function
Je satisfies relations (8.1.5).

Now let us consider a cycloid ¢ that is not a directed circuit. Then it
may happen that a point i belongs to ¢, but the last inequality of (8.1.5)
may eventually be not verified by the passage-functions Jz (4, j), that is,

> Jeeling) =Y Jaelk,i) =
jeS kesS

Consequently, to describe intuitively the passage along an arbitrary cycloid
¢, we have to take into account the associated directed circuit (cycle) ¢;
namely, we say that a cycloid ¢ passes through the point i if and only if
the associated directed circuit ¢ passes through the point i, that is, relations
(8.1.5) hold for c.

8.2 The Cycloid Decomposition of Balanced
Functions

We present the following theorem:

Theorem 8.2.1. Let S be a nonvoid set. Assume w is a real function de-
fined on S x S whose oriented graph G is connected, satisfying the folowing
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balance equations:

> w(ig) =Y wlki), €S (8.2.1)

JES keS
Then there exists a finite collection C* ={é1,...,¢ég} of independent
elementary cycloids in G and a set {ay,...,ap} of real nonnull numbers
such that
B
w(i,j) =Y oo, (ij), €S, ax€R, (8.2.2)
k=1

where B is the Betti number of the graph G, ay = w(ig, ji) with (ix, ji) the
chosen Betti edge for ¢y, and Jz, . are the passage-functions associated
with the cycloids ¢,k = 1,..., B. Furthermore, the decomposition (8.2.2)
is independent of the ordering of C*.

Proof. Let G = (S, E) be the oriented connected graph of w. That is,
(i,j) € E if and only if w(i,j) # 0. With the graph G we associate the
vector spaces C; and C; generated by the edges and cycloids of G, respec-
tively.

Consider now an arbitrary maximal tree & = (S,7) of G. Then there
are edges of E, say e; = (i1,J1),---,es == (i, jB), such that E=TU
{e1,...ep}. Hence, B is the Betti number G. Because & is a tree, any
two points of S may be joined by a chain in 7. In addition, that S is a
maximal tree means that each directed edge of E\T = {ej,...,ep}, say
er = (ix, Jk), determines a unique elementary cycloid ¢ in T'U {e;} and a
unique associated circuit ¢; with the orientation of ex,k =1,..., B. Then,
by using (8.1.4), we may assign the unique vector-cycloid ¢, to the pair
(Ek,ck),k = ].,...,B.

Define

a1 = ag(er) = wliy, 1)
Put
w'(i,7) = w(i, j) — ardz e (3,5), 0,5 €S,
Then w' is a new real balanced function on S. If w! = 0, then equations
(8.2.2) hold for C* = {¢;} and B = 1. Otherwise, w' remains different from
zero on fewer edges than w (because w! is zero at least on the edge (i1, j1)).

Further, we repeat the same reasonings above for all the edges ey =
(i2,42),...,e5 = (i, jB), and define

B
wh(i,5) = w(i,j) = Y andaye, (i.4),  L,jES.
k=1
where o = w(ix, ji),k = 1,..., B. From the previous construction of the

elementary cycloids ¢ and circuits ¢,k =1,..., B, there follows that the
associated vector-cycloids ¢4, ...,¢p form a base for C}.
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Also, wB (i, ji) = 0,k = 1,..., B, and the reduced function w® remains

a balance function on the tree T, as well. Then w® = 0 (see Lemma 4.4.1).
Consequently, we may write

B
w(i,j) =Y arle e (ij),  ij€S.
k=1

The proof is complete. O
Corollary 8.2.2. Assume the oriented strongly connected graph G =
(S, E) associated with a positive balanced function on a finite set S x S.
If {éi,...,¢B} is a base of elementary Betti cycloids, then for any i € S
we have

B B
SN o (i0) =30 Tope (i) > 1. (8.2.3)

JES k=1 u€eS k=1

Proof. Let i € S and let ¢ be an elementary directed circuit of G that
passes through i, that is,

> Jelig) =Y Je(ui) = 1.

jE€S ues
Then we may apply the cycloid decomposition formula (8.2.2) to the bal-

ance function J.(-,-) on the set F of the edges of G and correspondingly
we write

B
Jc('La]) :ZJc(ikyjk)JEk,ck(iaj)a i,Jj €S,
k=1
where (i1, 1), ..., (iB,jB) are the Betti edges of G that uniquely determine
the elementary Betti cycloids ¢1,...,¢g by the method of maximal tree.
Consequently, we have

B
1= "Je(i,5) = D> Jelin, jr) T cr, (i )

jes jES k=1
B
= Z Z Jc(ikajk)‘]ﬁk,ck ('LL, Z)
u€S k=1
B B
< Z Z Jék,ck(iaj) = Z Z Jékack(uvi)'
JES k=1 ueS k=1
The proof is complete. O

8.3 The Cycloid Transition Equations

Let S be a finite set. Consider the connected oriented graph G = (S, E)
and denote by C* the collection of all overlapping cycloids occurring in G
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(whose edge-set is identical to E). Then each maximal tree of G provides a
collection B of Betti edges in E. Denote by P(E) the power set of E.
Define the function u: C* x P(E) — R as follows:

we Ay = > Jacli,j), if A €P(E), A#@, and ¢€C, (8.3.1)
(i,4)€A
=0, otherwise.

Plainly, for each (i,j) € E, the numbers u(¢, (4,7)), ¢ € C*, are the coordi-
nates of the algebraic cycloid ¢ in C; defined as

c= Z Jz (i, 5)bi -

(1,7)eEE

Furthermore, the function g enjoys some interesting properties given by
the following.

Proposition 8.3.1. Consider G = (S, E) a connected oriented graph on a
finite set S, and the measurable space (E,P(E)).

Then the function p: C* x P(E) — R defined by (8.3.1) enjoys the following
properties:

(i) For any é € C* the set function u(¢,-): P(E) — R is a signed mea-
sure;
(ii) For any A € P(E), the function u(-, A) is P(C*)-measurable;
(iii) For arbitrary ¢ € C* and A € P(E), the following equations hold

(e, A) = Zueg (e, {up)p(u, A), (8.3.2)

where B denotes a base of Betti edges of G, and for each u € B, ¢, denotes
the unique elementary Betti cycloid associated with u by the maximal-tree-
method.

Proof. (i) We have pu(¢,@ ) = 0,¢ € C*, and

(oo}

w@E | An) =D @ An), cecr,
n=1 n

=1

for all pairwise disjoint sequences {4, }, of subsets of E. Hence u(¢,-) is a
signed measure on P(E) for any ¢ € C*.

(ii) That u(-, A) is P(C*)-measurable is immediate.

(iii) Let B be the set of Betti edges associated with an arbitrarily chosen
maximal tree of G. Then by applying the cycloid decomposition formula
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(8.2.2) to Jzc(i,7), we have

ZuEB (¢, {u}) p(eu, ):ZueB Z Jeo(u)Jz, e, (1, 1)

(i,J)EA

Z Jé,c(ivj)

(i,4)€A
= (¢, A).

The proof is complete. O

Remark. Conditions (i)—(iii) of Proposition (8.3.1) may be paralleled with
those defining a stochastic transition function from C* to P(F). The basic
differentiations appear in property (i) where the set function u(é,-) is a
signed measure instead of a probability on P(F), and in (iii), where equa-
tions (8.3.2) replace the known Chapman—Kolmogorov equations. How-
ever, equations (8.3.2) keep the essence of a transition as in the classical
Chapman—Kolmogorov equations: a transition from a point to a set presup-
poses a passage via an intermediate point. Specifically, in equations (8.3.2)
the role of the intermediate is played by a Betti cycloid ¢,, which is isomor-
phically identified with the Betti edge u. Consequently, Proposition (8.3.1)
allows us to introduce the following;:

Definition 8.3.2. Given an oriented connected graph G = (S, F) on a fi-
nite set S and a collection C* of overlapping cycloids whose edge-set is E,
a cycloid transition function is any function m: C* X P(E) — R with the
properties:

(i) For any ¢ € C*,w(¢ {(i,7)}) defines a balance function on S x S,
that is,

Y@ {G@HN =) w@E{ka)}), Q€S

J k
(ii) For any ¢ € C*,7(é,) is a signed measure on P(FE);

(iii) For any ¢ € C*, A € P(E) and for any collection B of Betti edges,
the following equation holds:

n(e A) =30 w(e {u}) m(é, 4). (8:3.3)
Relations (8.3.3) are called the cycloid transition equations. O

Plainly, they express a homologic rule characterizing the balanced func-
tions.
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A further interpretation of the cycloid decomposition formula (8.2.2)
may continue with the study of the cycloid transition equations (8.3.3) as
follows.

Consider m: C* x P(E) — R the cycloid transition function introduced
by (8.3.1) and assign with each ¢ € C* the balanced function

’LU(Z,]) = 77(6’ (Z’J))v (Zv.]) €EFE,
=0, (Za])ESQ\E

Then equations (8.3.3) written for w become

wiij) =) ww)e, e, (i), (i.§) €5, (8.3.4)

where B denotes the set of Betti edges of G associated with a maximal tree.
Consider further the measurable space (52, P(S?)).

Denote by B the vector space of all bounded real-valued functions v on
S? whose graphs are subgraphs of G. Then B is a Banach space with respect
to the norm of supremum.

Define the linear operator U: B — B as follows:

Uo)(,) =30, o) 7(ew ()}

Let now S be the space of all signed finite and aditive set-functions on the
power-set P(S?). A norm on S is given by the total variation norm.
Consider the linear operator V: & — S defined as follows:

VO{uh) = Y MGHY 7@ {60}, ifueB,
(i,§)€S?
=0, otherwise.
Set
Moy = (i DA,
(i,7)€52
for A € S,v € B.

Let £(1) be the subspace of all eigenvectors v of U corresponding to the
eigenvalue 1, that is, Uv = v. Then we have the following theorem.

Theorem 8.3.3.
(i) The functions Jz cys---,Jdeg.cn, associated with the elementary
Betti cycloids ¢1,...,¢p of the connected graph G, form a base for
the space E(1).
(i) The space of all solutions to the cycloid formula (8.2.2) coincides
with E(1).
(iii) For any v € B and for any X\ € S, we have

(A, Uv) = (VA v).
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Proof. (i) From Proposition 8.3.1, we have that the passage-functions

Jeyers e deg.cp belong to £(1). In addition, these functions are in-
dependent. Also, if v € £(1), then v satisfies equation (8.3.4), that is,
Jerers -+ Jegcp are generators for £(1).

(ii) This property is an immediate consequence of the definition of U.
(iii) For any A € S and any v € B we have

AUvy = > A{,4)} Z v(u) m(€u, { (7, 5)})

(i,5)€S2

=3 s V().

and
(Vao)= > i, §) (VNG 5)})
(4,5)€8?
=3 ) (VN ({uh)
The proof is complete. U

8.4 Definition of Markov Chains by Cycloids

Let S be a finite set and let G = (S, F) be an oriented strongly connected
graph. Let B be the Betti number of G, and consider a base of elementary
Betti algebraic cycloids C* = {¢i,...,¢g}, which correspond to a maximal
tree in G and to a set of Betti edges (i1,41),.-.,(ip,j5). Consider also
B strictly positive numbers w1, ..., wg such that the following relations
hold

B =Y e (i,5) >0, (i,) € E, (8.4.1)
wi) =Y w(i,j) =Y wm,i)>0, €S, (8.4.2)
j€eS meS

where Jz, . (), k =1,..., B, denote the passage-functions of the Betti
cycloids ¢1,...,¢Cp.
If we denote

Ckyck ZJCk’Ck Z ] Z J5k,6k(m7i)7 i€,

jeSs mesS

then

Zwk Ck’ck i€ 8.
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Define

B .

= Zk;l WSz, e, (7','])’ if (Z,j) cE,
Zk:l wa&kﬁck (7')

=0, if (i,4) € S*\E.

Dij
(8.4.3)

Then P = (p;;,4,5 € S) is the stochastic matrix of an irreducible Markov
chain on S whose invariant probability distribution p = (p;,% € S) has the
entries
w(
pi=0 e

> w(i)’

i€S

Conversely, given a homogeneous irreducible Markov chain £ on a finite
set S, the cycloid decomposition formula applied to the balance function
w(i,j) = Prob(&, = i,&n1 = 4),4, j € S,n=1,2,..., provides a unique
collection {{¢},{wy}} of cycloids and positive numbers, so that, except
for a choice of the maximal tree the correspondence & — {{é}, {wi}} is
one-to-one.

Then we may summarize the above results in the following statement.

Theorem 8.4.1.

(i) Let S be any finite set and let G = (S, E) be an oriented strongly
connected graph on S. Then for any choice of the Betti base
C*={ci,....¢} of elementary cycloids and for any collection
{w1,...,wp} of strictly positive numbers such that relations (8.4.1)
and (8.4.2) hold, there exists a unique irreducible S-state Markov
chain & whose transition probability matriz P = (p;;,4,j € S) is de-
fined as

B ..

_ Zk:l wk‘]ékﬁck (Zaj)
= = .
Zk:l waEkng (Z)

Dij ) if (i) € E.

(i) Given a finite set S and an irreducible homogeneous S-state Markov
chain € = (&), for any choice of the mazimal tree in the graph of
& there exists a unique minimal collection of elementary cycloids
{¢1,...,¢p} and strictly positive numbers {w1,...,wp} such that
we have the following cycloid decomposition:

B
Prob(&y = i,6ni1 =35) = > _wiJo,c,(i,5),  i.j € S.
k=1
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W3E,1)=1/7

W(l,1)=2/7 W(i,2)=2/7 we =iz

Figure 8.4.1.

Example. We now apply the cycloid representation formula of Theorem
(8.4.1) to the stochastic matrix

1/2 1/2 0
P=|1/2 0o 1/2],
1 0 0

whose invariant distribution is the row-vector = = (4/7,2/7,1/7). The
graph of P is given in Figure 8.4.1 below.

Consider the vector w = ) w(i, )b, 5y, with w(i, j) = mips;,4,7 € {1,2,3}.
The set of edges of the graph is {(1,1),(3,1),(2,1)(1,2),(2,3)}.

Consider the maximal tree T = {(2, 1), (2,3)} associated with the Betti
edges B ={(1,1),(3,1),(1,2)}. Accordingly, the base of Betti algebraic cy-
cloids is as follows:

671 =1- b(l,l)a l: 1- b(371) =+ (—1) . b(271) +1- b(273),
€3 =1-bey+1-baa),
and they correspond to the graph-cycloids ¢ = ((1,1)), é = ((3,1),

(2,1),(2,3)), and ¢35 = ((2,1),(1,2)) associated with the directed circuits
c1=(1,1),c2=(3,1,2,3), and ¢3 = (2,1, 2).

Then according to Theorem 8.4.1 (ii), the cycloid decomposition of P
corresponding to the maximal tree T is as follows:

2 .. 1 .. 2 .. ..
TiPij = 7‘]51,01 (7".]) + ?JéQ,CQ(Z?j) + ?Jéa,ca(lv.])v 1, ] € {17273}'

7



9

Markov Processes on Banach Spaces
on Cycles

The problem of defining denumerable Markov chains by a countable infinity
of weighted directed cycles is solved by using suitable Banach spaces 1, on
cycles and edges. Furthermore, it is showed that the transition probabilities
of such chains may be described by Fourier series on orthonormal collections
of homologic ingredients.

9.1 Banach Spaces on Cycles

9.1.1 FEuclidean spaces associated with infinite graphs

Now we shall consider an irreducible and positive-recurrent Markov chain
& = (&n)n, whose state space S is a denumerable set. The corresponding
graph G is usually required to satisfy the local finiteness condition, that is,
for each i € S there are finitely many j € S such that p;; > 0 or p;; > 0.
We now explain that the local finiteness condition is necessary for the
existence of topologies of Euclidean spaces comparable with the topology
of l3(R) (according to Hilton and Wylie (1967) p.45).

Let G = (N, E) be an infinite directed graph where N = {n,} are the
vertices (nodes) of G and E = {e,, n, } are the oriented edges of G. To fix
the ideas, we shall consider that N and E are denumerable sets.

The graph G may be viewed as an infinite abstract simplicial complex,
noted also by G, where

(i) the vertices n,, of G are called 0-simplexes,
(ii) the oriented edges ey, n,0f G (which are completely determined by
the ordered pairs (n,,ny) of vertices) are called 1-simplexes.



146 9. Markov Processes on Banach Spaces on Cycles

Accordingly, the graph G is an oriented complex of dimension 1. To the
1-dimensional complex G we may attach a topological space, symbolized
by (|G|, S) and called the polyhedron of G, as follows. First, to define the
space-elements of the set |G|, and then the topology &, we introduce an
ordering on the set N. This is equivalent, by a homeomorphic translation
in Euclidean spaces, with a choice of a system of orthogonal axes. Since N
is denumerable, we may use the index set I = {0, 1, ...}, which particularly
is totally ordered. Accordingly, N = {ng,n1,...} becomes a totally ordered
set with respect to the ordering-relation “j ”defined as

n; <n; if and only if i<j.

With this preparation we give now the definition of the polyhedron (|G|, <)
as follows. To define the set |G|, we first consider a family Wof weight-
functions on the vertices and edges of G in the following way:

W = {%w : {0 — simplezes} — {1} : “w(n;) = 1, for anyn; € N} U
{*w: {1 — simplexes = (ni,n;, )} — [0,1] x [0,1] : *w(ns, ,n4,)
= (*wy(n4,), 'wa(ny, ), where
(1) twi(ng), 'wa(ng, ) vary in [0, 1],
(i) twi(ng,) + twa(ng, ) =1}
Or, better we may consider the family W defined as

W =A{w;, i€ N:w;: N—[0,1], wi(n;) =1, if j =4 or0, if j#i}U
{wij, (ns,n;) € E:wij: N — [0,1], wi;(ng) > 0if k =1, 7;
wij(ng) = 0,if k #14,7; and w;;(n;) + wij(n;) = 1}

Then the family W involves a weighting procedure according to which we
attach to each vertex n; of G one nonnegative real weight w; such that

(i) if (n;) is a O-simplex of G, W; may be chosen to be equal to w;(n;) = 1;

(ii) if n; is a vertex of an 1-simplex (n;,n;), then w; may be chosen,
along with %;, to be the nonnegative real number given by w;;, that
is, w; = wij(ni) > O,ﬁ)j = wij(nj) > 0, and w; + U~)j = 1}

In this way, the images of the weight-functions of W provide a collection
of sequences which have either the form

() (1,0,0,...),(0,1,0,...),...for the case (i) above,

or, the form

B) (0,...,0,w;,0,...,w;,0,...), for the case (ii) above if i < j, with
W;, w; > 0, and with @; + @; = 1, where (n;,n;) varies in the set E
of oriented edges of G.

Then the set |G| is that whose elements are all the sequences of the form

(«) and (B).
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An equivalent way to describe the set |G| is as follows: associate the
0-simplex ny to the sequence (1,0, ...), the O-simplex ny to the sequence
(0,1,0,...), and so on.

Furthermore, to each 1-simplex (n;,n;), i < j, associate the subsets Bij
and b;; of |G| defined as

Eij :{(0,...,0,12)1',0,...,11)]',0,...)I'IZJZ','lZ)j ZO,’II}Z-F'IZ)J = 1},
bij :{(O,...,O,’lZ)i,O,...,’lZ)j,O,...)Z’lI)i,’lZ)j >0,W1th’d)l+ﬁ}] :1}
Then

G| = {(1,0,0,...),(0,1,0,...), ... } U (Un,.m, bis)
= {(1,0,0,..),(0,1,0,...), . } U (Unom, bi)-

Now let us see how to define the topology < of |G|. Consider the pro-
jection pr; associated to the O-simplex n; and which associates the se-
quence (0,0,...,1,0,...) (where 1 has the rank ¢ in the sequence) with
the number 1. Analogously we may consider the projection pr;;: Eij —
R? for any edge (n;,n;) of G, that is, pri; associates any sequence
(0,0,...,0,%;,0,...,%;,0,...) € b;; with the ordered pair (w;,w;).

Next, for any edge (n;,n;) € G we topologize the subset Bij by requiring
that pr;; be a homeomorphism in R2. Then, we topologize |G| by specifying
its closed sets: A C |G| is closed if and only if AN b;; is closed in b;; for
every l-simplex (n;,n;) of G.

The topology S of |G| may be in some cases (involving conditions on the
configuration of the graph G) compatible with the topology of Euclidean
spaces defined by the metric p((x;), (v:)) = /2. (x; — ¥:)?. Such a case is
given by the graphs which are locally finite (i.e., each vertex belongs only
to finitely many edges) and contain denumerable sets of vertices and edges.

Let G = (N, E) be such a graph. Then G can be realized in l3(R) =
{(#p)n: xn € R,Y. (x,)? <00 } by the inclusion (see Hilton and Wylie

(1967), p.45).

9.1.2 Banach spaces on cycles

Let N ={ny,nq,...} and let C = {¢1, ca, ... } be a sequence of overlapping
directed circuits or cycles in N as those corresponding to an irreducible
and positive-recurrent Markov chain. Then the Vertex-set C' and Arc-set
C will symbolize the sets of all vertices and edges of C, respectively.
Throughout the paragraph we shall assume the collection C of directed
circuits in N such that Vertex-set C' = N, and we shall consider arbitrary
orderings on N and Arc-set C. For instance, without any loss of generality,
we shall assume that the first p(c;) points and pairs of N and Arc-set
C will belong to the circuit ¢, the next p(cs) to ¢z, and so on. Also we
shall assume that any circuit ¢ = (i1,42,...,is,41) of C has all points
11,42, ...,1s distinct each from the other.
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Now let G = (N, E) be the oriented graph associated with C, that is,
N =Vertex-set C' and E = Arc-set C, and assume that G is locally finite.
With every pair (i,j) € E we associate the symbol b(; ;). Then, since

a directed circuit ¢ = (i1,%2,...,%s,41),8 > 1, is completely defined by
the sequence (i1,12), (i2,43), ..., (is,i1) of directed edges, we may further
associate ¢ with the sequence of symbols b, i), b(iz,ig)s - - -5 b(is,in)- AN

equivalent version is to associate any circuit ¢ of C' with the formal
expression ¢ = b, i,) + b(iyig) + -+ basin) = BijyJe(is J) b z), where
J.(i,7) is the passage-function which equals 1 or 0 according to whether
or not (4,7) is an adge of c.
Then the sets B = {b(; ;),(i,j) € E} = {b1,b2,...} and C = {¢;,cy,...}
will be ordered according to the chosen orderings on E and C| respectively.
With these preparations we shall now define certain Banach spaces by
using the sets C, N = Vertex-set C' and E = Arc-set C. In this direction
we first introduce the vector spaces generated by N = {ny,ns,...},B=
{b1,b2,...} and C = {c;, ¢y, ...}, respectively. Let

N = {gzkank:seN,nk € N,z € R},
k=1

£={b=) arb:r € N,a; € R,by, € B},
k=1

C= {Q:Zwkgk:meNawk GRan EQ}?
k=1

where n, b and ¢ are formal expressions on N, B and C, and N and R
denote as usual the sets of natural and real numbers, respectively.

Then the sets A/, £, and C may be organized as real vector spaces with
respect to the operations + and scalar-multiplicity defined as follows. For
the formal expressions of A/, we define

S s
/ /
E TEng + E T ng = E (z + zi )ng,
k=1 k=1 2
S

)\Zl‘k’nk = Z(/\l‘k)nk,)\ € R.
k=1 k=1

Then N will become, except for an equivalence relation, a real vector space,
which is isomorph with

o(N) = {(x1,22,...,25,0,0,...): s€ Nz € R k=1,...,s}.

Analogously, the set £ becomes, except for an equivalence relation, a real
vector space whose base is B, if we shall not adhere to the notational
convention: b(; ;) = —b jy, (i,]) € E.
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Then £ is isomorph with

o(E) = {(w(i1,j1), .-, w(in, jn),0,0,...) :
n € N,w(ig,jr) € R, (i, jx) € E;k=1,...,n}.

Here the index k of (ig,jx),k = 1,...,n, means the k-th rank according to
the ordering of E, that is, b(;, j,) = bk , k=1,2,....

As concerns the set C we define analogously the vector space opera-
tions and note that some vectors ¢, € C may perhaps be linear expressions
of other vectors of C. To avoid this, we shall assume that C' contains only
directed circuits ¢, whose generated vectors ¢, in C C C are linear indepen-
dent. This assumption may be always achieved by applying Zorn’s lemma
to any countable collection C, which perhaps contains linear dependent
vectors. Then C may be correspondingly organized (except for an equiv-
alence relation) as a real vector space whose base is C. Furthermore C is
isomorph with

o(C) = {(weys .- we,,,0,0,...) :m € Nyw,, € Rye, €Ck=1,...,m}.

Since C is a vector subspace of £, it is isomorph with the following subspace
of o(F):

C(E)={_we, Jop(i1.31), s Y Wey ey liny dn),0,0,...):m € N,we, €R,
k=1 k=1
c, € Cok=1,...,m;(iy, ju) € Arcset{ci,...,cmt,u=1,...,n}.

We proceed by introducing certain norms on the vector spaces NV, &, and
C. For instance, we define the functions |-|, : £ — R,k = 1,2, as follows:

1> arbil =) laxl,
k=1 k=1
r r 1/2
1> an byl = (Zaﬁ) : (9.1.1)
k=1 k=1

Analogously, we define the functions [-||,: C — R,k = 1,2, as follows:

1D wieill = fwsl,
k=1 k=1
m m 1/2

1w cglla = (wa) . (9.1.2)
k=1 k=1

In an analogous way we may define similar norms on A/. Then N, £, and
C will become normed spaces with respect to the above norms, and con-
sequently we may compare them with the following classic Banach spaces
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associated with the original collection C' of circuits:

L N2) = {E: (’LU(’L,]), (27]) € NZ): ’LU(Z,]) € R52(1,3)|w(z7j)| < OO},
N2) = {ﬂ: (w<7/7.7)7 (27.7) € N2): U)(Z,]) € Raz(i,j)(w(i’j))2 < 00}7

(
la(
1(C) ={(we,c € C): we € R, X |we| < o0},
15(C) = {(we,c € C): w, € R, Ve(w,)? < 00},

where the corresponding norms for the spaces I;(N?) and I5(N?) are re-
spectively given by:

/w/1 = S5 w(E 5l
[/2 = (S5 (w(i, 1)))?,
and for the spaces [ (C) and I5(C), by

//(WC)C//I = Y.|wel,
//(wc)c//Q = (Ec(wc)z)l/z.

Consequently, the normed vector spaces (£,| |¢),k = 1,2, are isomorph
with (o(E), //x) (viewed included in (Ix(N?),//x)), k = 1,2.
Analogously, the normed vector spaces (C,| ||x),k = 1,2, are isomorph

with (0(C), // //k),k = 1,2. Similar reasonings may be repeated for the
space N as well.

All previous normed vector spaces are incomplete with respect to the
corresponding topologies induced by the norms above. Then we may fur-
ther consider the corresponding topological closures of (C(E),//x) and
C, I k), k& = 1,2, which, except for an isomorphism, provide Banach sub-
spaces in I, (N?),k = 1,2, and the Banach spaces I,(C), k = 1,2, respec-
tively.

Let us now consider ¢ = ZZ;I We, €, € C. Then, the isomorph of ¢ in
o(C) will be denoted by ¢’, and in C(E) by ¢”. Throughout the paragraph
we shall adhere to this notation for any vector of cl C , where cl symbolizes
the topological closure of C with respect to ||||x, k = 1, 2.

Correspondingly we have

m

W N =) lwe,l,

k=1

m 1/2
1< /f2 = (we,)” |
= (er)
/Q"/1 = E(z‘,j) chkjck(iaj)
k=1

m 2\ 1/2
/QH/Q = (E(,LJ) (Z wck Jck (Z,j)) > .
k=1
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Consider the vector spaces £ and C. Define the function < -,- >: E x & — R
as follows :

r m min(r,m)
< E ayby, E ay by >= E axay,.
k=1 k=1 k=1

Then (£,< -,- >) is an inner product space. Analogously, define the inner
product space (C, < -, - >’). Then the corresponding norms induced by the
inner products < -,- > and < -,- >’ are given by the relations (9.1.1) and
(9.1.2).

Since £ and C are incomplete metric spaces, we may further consider
their completions H(E) and H(C) along with the corresponding exten-
sions of < -,-> and < -,->". Also, since the sets B = {b1,ba,...} and
C ={cy,Cs,-..} are orthonormal bases of H(£) and H(C), we may con-
sequently write any x € H(E) and any y € H(C) as the following Fourier
series

axby,

M

B
Il
—

apCr,

M

>
Il
—

where ap, =< x,b; > and a=<y, ¢, >',k =1,2,- -, are the corresponding
Fourier coefficients. B

Furthermore, according to the Riesz-Fischer representation theorem, we
may write

H(g) = {X: Zakbk ag € R,Z(ak)2 < 00}7
k=1 k=1

and

H(C) = {y = Zackgk tQ, € R,Z(Oxck)2 < oo} .
k=1 k=1

Since B and C' are denumerable orthonormal bases, the Hilbert spaces
H(E) and H(C) are, respectively, isomorph (as normed vector spaces) with
ZQ(E) and 12(0)

Finally, a Hilbert space H(N') may also be defined, by developing a similar
approach to the vector space N.
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9.2 Fourier Series on Directed Cycles

One problem to be solved in this section has the following abstract formu-
lation:

Find the class of all sequences w = (w(i,j) € R, (i,j) € N?), N =
{1,2,...}, which satisfy the following conditions:

(i) There is a countable collection (C,w.,) of directed cycles in N
and real numbers w,, such that the Vertex set C' = N and

w(i,j) =Y we, o, (i,), (i,j) € ArsetC, (9.2.1)
k=1

=0, otherwise,

where the series occurring in (9.2.1) is absolutely convergent for
any (i,7), and all involved sets as N?, C, etc., are endowed with
certain orderings.

(i) There is p > 1 such that w € l,(N?).

If sequence w = (w(i, j), (i,j) € N?) verifies the above conditions (i) and
(ii), then we shall say that w satisfies the cycle formula for p and (C,w..).
In this case, collection (C,w,) is called a cycle representation for w.
Throughout this paragraph we shall consider a collection C = {c;,¢c,, ...} of
independent homologic cycles associated with a collection C' = {¢q, o, ...}
of overlapping directed circuits with Vertex set C' = N. Also, we shall as-
sume (without any loss of generality) that the corresponding graph-sets
associated with C are symbolized and ordered as mentioned in the previ-
ous section.
The spaces to be considered here are the Banach spaces I (C') and cl C(E)
(in [ (N?)), k = 1,2, where C will be identified by an isomorphism of vector
spaces either with o(C) or with C(E).

We shall now answer the question of whether or not the Fourier series
> e | We, ¢ may define a sequence (w(i, 5), (i, j) € N?) which satisfies the
cycle formula following Kalpazidou and Kassimatis (1998). Namely, we have

Theorem 9.2.1. Let the Fourier series
ZWCka € H(C),
k=1

where we,, k = 1,2, ..., are positive numbers.
Then the following statements are pairwise equivalent:

(i) Except for an isomorphism of wvector spaces, the sequence
{>h_y We, ¢ }n converges coordinate-wise, asn — 0o, to a sequence
w = (w(i, ), (i,7) € N?), which satisfies the cycle formula forp =1
and with respect to (C,w.). Furthermore, /w/1 = > 7 p(ck) ey ;
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(i) D252y pler)we, < oo;

(iii) Ezcept for an isomorphism of wvector spaces, the sequence
{3 h_  We, ¢k tn converges in 11 (N?), as n — oo.

Proof. First we shall prove that (i) implies (ii). Let w,, =
22121 We,Cpym =1,2,..., with w,, >0,k,=1,...,m. Then the isomorph
w,,” of w,, in C(E) is given by

(chk Ck Z17]1 chk Ck Zn»]n)00>,m:172aa

where (i1,j1),..., (in, jn), are the first n edges of Arc-set {c,...,¢c,,} in-
dexed according to the ordering of Arcs-set C'= E. If (i) holds, then for
any (i,7) € N? there exists a positive number w(i, j) defined as follows:

w@ﬁ=$&§)@%@ﬂ if (i, j) € E,
=1
=0, otherwise.

Denote w = (w(i, j), (i,5) € N?). Then

oo
Z p(ck)We, = Zchk en(1,7) Z|w2]\<oo
k=1 k=1 (i,5) (2,7)

The proof of (ii) is complete.
Let us now prove the converse implication. Accordingly, assume that
relation (ii) holds. Then, for any (,5) € E the limit

m}gnoo Z Wey, Jey, (4, )
=1

exists, since
o0 o0
ZP(Ck)U)Ck = Z chk‘]ck(ihj) < %0
k=1 (4,5) k=1

Define w = (w(i, 5), (i, j) € N?) with

) =D we e (ind), i (i) € E,
k=1
=0, otherwise.

Then w satisfies the cycle formula for p = 1 and with respect to (C,w,).
Furthermore, we note that w is the coordinate-wise limit of {Z?Zl We,, C b
viewed isomorphically in C(E). The proof of (i) is complete.
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Let us now prove that (ii) implies (iii). From the relation (ii) we obtain
that

(oo}
D we, e (i §) < 00
k=1

for any (i,7) € E. Then we may accordingly define the following sequence
w = (w(i, j), (4,5) € N?) in [ (N?):

§) =D wa o lii), (i) € B,
k=1
=0, otherwise.

Consider w,,” = (w,,"(i,7), (i,7) € N?) with

= chkn]ck (Zvj)
k=1

Then w,,” € C(E) and

/W_W N/1:

= Z |chk ckzj chk ckzj

(i,j)€E k=1
o0 o0
-y (> wckjck@,j)) = S Merhue, <o
(i,j)EE k=n-+1 k=n-+1
Furthermore
o0
lim /w—w,"”/, = lim Z p(cg)we, = 0.
n—oo n—oo
k=n+1
Therefore, the sequence of w,,”, n=1,2,..., which are the isomorphs of

W, =D p_y WeCp in C(E), converges in I1(N?) to w= (w(i,j),(i,j) €
N2) as n — o0o. The proof of (iii) is complete.

Now we shall prove the converse, that is, from (iii) we shall obtain relation
(ii). Let w = (w(4, ), (4,7) € N?) be the

lim Z We,, C, i ll(NQ),

where w,, = >_1_, w,,¢;, is isomorphically viewed in C(E).

Since for every n > 1 and any (¢, j) € N*\E we have >, _; we, Je, (i,5) =
0, then w(i,7) = 0 outside E. Therefore

]) = chkjck (7’7])7
k=1

for any (i,7) € E and /w/, = Y plck)w,, < oo.
k=1
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Furthermore, from convergence

lim /E_ w1'7,/,/1 = Oa
n— oo

where w,,” is the isomorph of w,, in C(E), we may write

/W*Enuhz Z ‘w(iaj)*zwﬂkjck(iajﬂ
k=1

(i,9)€EE
o0 o0
= Z < Z kaJCk(i7j)> = Z p(ck)wck
(i.))€E \k=n+1 k
and

lim g p(cg)we, = 0.
n—oo
k=n+1

The proof of Theorem is complete.
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Now we shall investigate the relations between the Hilbert spaces H(N),

H(E), H(C), and the sequences that satisfy the cycle formula. We have:

Theorem 9.2.2. Let Fourier series

ZWCka € H(C),
k=1

with we, > 0,k =1,2,...
Then the following statements are pairwise equivalent:

(i) Exzcept for an isomorphism of wvector spaces, the sequence
{3 k1 Wer € }n converges coordinate-wise, asn — oo, to a sequence
w = (w(i, ), (i,5) € N?), which satisfies the cycle formula for p = 2

and with respect to (C,w.);

o0

() 3 we () +2 > ww, card{(i.g): Je, (i), (1.4)=

k=1 k,s=1;k#s

I} <o

where J.,  (i,j) is the passage-function associated —with

Ck,k:1,2,...,‘

(iii) Ezceptfor an isomorphism of wvector spaces, the sequence
{2 o1 WerCxbn converges in H(E) to 3 »(3oply wey Je, (4,5))

b(i,j), as m — 00.

Proof. Let us assume that (i) holds. We shall now prove that relation (ii) is
valid. Let w,,, = {> ;" we,cp}, m=1,2,... Then w,, € C and sequence

{w,, }m converges in H(C) to >~ we,c . Consider the isomorph w,,”

m in C(E). Then

(chk Ck Zla.]l chk Ck va]n) O O )am: 172

of
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where (i1, 1), - . -, (in, Jn) are the first n edges of Arcset{c, ..., ¢y} accord-
ing to the ordering of E. Since (i) holds, for any (i,5) € N? there exists a
positive number w(i, j) given by

o0

chk Ck Z] lf(Z,_])GE,
k=1

=0, otherwise,

and sequence w = (w(i, j), (i,7) € N?) belongs to la(N?).
On the other hand, we have

Zw { .] Z (ZkaJCk(i,j)>

(4,9) (2.9)

- > (W) o (15) +2 Y we,we, Jey (i) e, (i, )
(i,5) \k=1 k,s=1;k#s

= (we,, )*ple) + 2 Z We, We, card{(i, j) : Je, (4,4)Je, (1,7) = 1}.
k=1 k,s=1;k#s

The relation (ii) holds.
Let us now prove the converse: assuming (ii), we shall prove that (i)
holds. First, we have

- 2
Z (Z Wey, Jep (i,j)) < oo.
(i) \k=1

Define the sequence w = (w(4, j), (i,7) € N?) as follows:

:chkjck(i7j)7 1f(Z7J)EE7
k=1
=0, otherwise.

Then sequence w satisfies the cycle formula for p = 2 and with respect to
(C,w,.). Furthemore w is the coordinate-wise-limit of the sequence {w,,”}

of isomorphs of w,, = >"}" | we, ¢}, in C(E), given by

(chk Ck Zlu]l chk Ck Zna]n)oo"'>7m:172a"'a

where (i1,71),..., (in,Jn) are the edges of ci,...,cn. The proof of (i) is
complete. O
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Let us now prove (iii) from (ii). In this direction, we define by using (ii)
the sequence w = (w(i, j), (i, j) € N?) in lo(N?) with

)= we, o (i,),  if (i,j) € ArcsetC,

=0, otherwise.

Furthermore, the sequence

(chk e (11, 71), chk e (ins Jn), 0,0, ) m=12...,

where (i1,71),..., (in, jn) are the edges of ¢1,...,cm, converges coordinate-
wise to w. Now we prove that we have more: namely, sequence {w,,"” }m
converges in l2(N?) to w, as m — oo. In this direction, we first write

_ 1/2
/ﬂ _ﬂm///2 = Z (U)(Z»J) - chk‘]ck(i7j))2
L (1.4)EE k=1
- . 571/2
= Z < Z U)Cchk(i,j)>
| (i.)€E \k=m+1
= | Y we) pler)+2
Lk=m+1
1/2
Xy weawe,card{(i,): o, (i,4) T, (i,7) = 1}
k,s=m+1;k#s

Since (ii) holds, both last series occurring in the expression of /w —
w,,” /2 converge to zero, as m — oco. Finally, the isomorphs of w,,”
and w in H(E) are, respectively, > ;) (> we, Je, (4,5)) b jy and
Z(i,j) (ZZ’; Wey, Sy, (4, 7)) bi g -

The proof of (iii) is complete.

To prove the converse, assume that the sequence of isomorphs of
S WepC,m=1,2,..., in I5(N?) converge to w = (w(i, j), (i,7) € N?),
as m — oo, where w(i,j) = > poy We, Je, (i, §), for any (i,j) € N2. Then,
since series occurring in (ii) is related to the norm /w/s, relation (ii) holds.
The proof of theorem is complete. O

9.3 Orthogonal Cycle Transforms for Finite
Stochastic Matrices

Let S={1,2,...,n},n>1, and let P = (p;j,4,j =1,2,...,n) be an irre-
ducible stochastic matrix whose probability row-distribution is 7 = (7;,7 =
1,...,n). Let G =G(P)=(S,E) be the oriented graph attached to P,
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where E = {b1,...,b,} denotes the set of directed edges endowed with an
ordering. The orientation of G means that each edge by is an ordered pair
(¢,7) of points of S such that p;; > 0, where 4 is the initial point and j is
the endpoint. Sometimes we shall prefer the symbol b(; ;) for by when we
need to point out the terminal points.

As we have already mentioned in section 4.2.1, irreducibility of P means
that the graph G is strongly connected, that is, for any pair (4, j) of states
there exists a sequence b; ;,), b, iy)s - - - b, ,j) of edges of G connecting i
to 7. When ¢ = j then such a sequence is called a directed circuit of G.
Throughout this chapter, we shall consider directed circuits ¢ =
(i,41,142,...,1s,1) where the points i,41,142,...,is are all distinct.

Let C denote the collection of all directed circuits of G. Then according
to Theorem 4.1.1 the matrix P is decomposed by the circuits ¢ € C as
follows:

Tpi; = Y wedo(i, j), (9.3.1)
ceC
where each w, is uniquely defined by a probabilistic algorithm and J,. is
the passage-matrix of ¢ introduced in the previous section. Furthermore,
equations (9.3.1) are independent of the ordering of C.

Now we shall look for a suitable Hilbert space where the cycle decompo-
sition (9.3.1) is equivalent with a Fourier-type decomposition for P. In this
direction we shall consider as in section 4.4 two-vector spaces Cy and Cy
generated by the collections S and F, respectively. Then any two elements
¢y € Cp and ¢; € C; have the following expressions:

n
co = § zpnp = X1, r, € R, ny €S,
h=1

-
o =Y wbi=yb  y€R, b eE,
k=1

where R denotes the set of reals. The elements of Cy and Cp are, re-
spectively, called the zero-chains and the one-chains associated with the
graph G.

Let &: C7 — Cy be the boundary linear transformation defined as

o¢; = ymn,
where
My,n, = +1, if ngis the endpoint of the edgebj;
—1, if n, is the initial point of the edgeb;;
0, otherwise.
Let

C, = Kerd = {z € Cy:2zn =0},

where 0 is the neutral element of C;.
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Then C’l is a linear subspace of C7 whose elements are called one-cycles.
One subset of C is given by all the elements ¢ = b;, + --- + b;,, € C; whose
edges b;,,...,b;, form a directed circuit ¢ in the graph G. In general, the
circuits occurring in the decomposition (9.3.1) of P determine linearly
dependent one-cycles in C;. In Lemma 4.4.1, it is proved that there are B
one-cycles y e Y which form a base for the linear subspace C;, where
B is the Betti number of G. When Yyreoo0 Yy are induced by genuine
directed circuits yy,...,yp of the graph G, then we call v{,...,yp the
Betti circuits of G.
With these preparations, we now prove

Lemma 9.3.1. The vector space Cy = Kerb of one-cycles is a Hilbert
space whose dimension is the Betti number of the graph.

Proof. Let I' = {11, e ’lB} be the set of Betti one-cycles of G, endowed
with an ordering. Then

B
C~'1 = {Z ary,,ak € R}.

k=1

Consider the inner product < ,>: C; x C; — R as follows:

B B B
< Zaklk’zbklk >= Zakbk.
k=1 k=1 k=1

Then C is metrizable with respect to the metric

B

B B
(Eon ) oo
k=1 k=1

k=1

Therefore (C’h <,>) is an inner product space where I' is an orthonor-
mal base. Accordingly, to any one-cycle z = Zszl ax7y, there correspond
the Fourier coefficients a; =<z, lk>7k =1,...,B, with respect to the or-
thonormal base I

Define the mapping f: C; — R5 as follows:

B
I (Zak7k> = (a1,...,ag).
k=1

Then f preserves inner-product-space structures, that is, f is a linear bi-
jection which preserves inner products. In particular, f is an isometry.
Then (Ci,<,>) is a Hilbert space, whose dimension is B. The proof is
complete. O

The previous result may be generalized to any finite connected graph G.
Now we shall focus on graphs G(P) associated with irreducible stochastic
matrices P. Denote by B the Betti number of G(P). Consider the collection
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C of cycles occurring in the decomposition (9.3.1), endowed with an order-
ing, that is, C = {c1,...,¢s},s > 0. Then we have

Theorem 9.3.2. Let P = (p;;,i,j=1,...,n) be an irreducible stochas-

tic matriz whose invariant probability row-distribution is m = (71,...,7y).
Assume that {v1,...,vB} is a collection of Betti circuits. Then P
has a Fourier representation with respect to I' = {7 R }, where the

Fourier coefficients are identical with the probabzlzstzc homologzc cycle-
weights Wy, , ..., Wy, that is,

Z 7T7,pzj i,9) — Zwyk’}/k, w,, € R, (932)
(1,5)
with
 =<wPy, >  k=1..,B.

In terms of the (i, j)-coordinate, equations (9.3.2) are equivalent to

B
Tipij = Zw% Iy, (4, 7), w,, € R;i,j€S. (9.3.3)
k=1

If P is a recurrent stochastic matriz, then a similar representation to
(9.3.2) holds, except for a constant, on each recurrent class.

Proof. Denote w(i,j) = m;pij, 4,5 = 1,...,n. Then 7P may be viewed as
a one-chain w = X; jyw(i, )b j)-

Since 7P is balanced, w is a one-cycle, that is, w € C; = Ker 6. Then,
according to Lemma 9.3.1, w may be written as a Fourier series with respect

to an orthonormal base I' = {ll, e ’ZB} of Betti circuits of G, that is,
B
w = Z <W, 7, > (9.3.4)
k=1
where <w,v, >,k =1,..., B, are the corresponding Fourier coefficients.

On the other hand, the homologlc cycle-formula proved by Theorem 4.5.1
asserts that w may be written as

B
= w,7,, (9.3.5)
k=1
where w.,,k=1,...,B, are the probabilistic-homologic cycle-weights

given by a linear transformation of the probabilistic weights w.,c € C, oc-
curring in (9.3.1), that is,

= Z Ale, 7, ) we, Ale,y,) € Z,
ceC

where Z denotes the set of integers.
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Since representation (9.3.5) is unique, it follows that it coincides with the
Fourier representation (9.3.4), that is,
Wy, =< W,7, >, k=1,2,...,B.
Accordingly, since ¢ = Z”A(C’lk) Yo then
Ale,y,) =< ¢, >, k=1,...,B,
and therefore
Wy, = Z <6y, > We (9.3.6)
ceC
Let us now suppose that P has more than one recurrent class e in S =

{1,...,n}. Then we may apply the previous reasonings to each recurrent
class e and to each balanced expression

B
e (1)pi; = Zw% I (8, 5) i,j € e,
k=1

where B = B, is the Betti number of the connected component of the graph
G(P) corresponding to e, and m. = {m.(7)} (with 7.(i) > 0, for i € e, and
7e(i) = 0 outside e) is the invariant probability distribution associated to
each recurrent class e. The proof is complete. O

Remark. Let w = (w(k),k =1,2,..., B) be defined as
w(k) = wey,, k=1,...,B,

where w.,,k =1,..., B, are the probabilistic-homologic weights occurring
in (9.3.5). Then equations

w(k) = Z <Gy, > We
ceC

may be interpreted as the inverse Fourier transform of the probabilistic
weight-function w,, ¢ € C, associated with P.

9.4 Denumerable Markov Chains on Banach
Spaces on Cycles

Now we are prepared to show how to define a denumerable Markov chain
from a countable infinity of directed cycles by using the Banach spaces on
cycles investigated in the previous sections. Namely we have

Theorem 9.4.1. Let C = {c1,ca,...} be a countable set of overlapping di-
rected circuits in N that verify the assumptions mentioned in section 9.2.

If sequence w = (w(i,j),(i,j) € N?) satisfies the cycle formula for
p=1 and with respect to (C,w.), with w.>0,c€C, then p;; =
w(i, 5)/(E;w(i, 5)),4,5 € N, define a stochastic matriz of an N-state
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cycle Markov chain £ = (&,)n, that is,

Z wede(i, 5)

ceC p e .
i = ——————, if(i,7) € ArcsetC,
pl] Z ’LUCJC(Z) f( j)
ceC
=0, otherwise,

where Jo(1) = X;J.(i,5),i € N,c € C. Furthermore, p= (Z We,, I, (1),
k=1

1=1,2, .. ) s an tnvariant finite measure for the Markov chain &.

Proof. Let w = (w(4, ), (i,7) € N?) be a sequence of I;(N?), which sat-
isfies the cycle formula with respect to a collection (C,w.), with w,. > 0,
that is,

w(t, j) = chk Jer (4,7), if(i,4) € Arcset C,
k=1

=0, otherwise.
We may always find such a sequence if we choose the sequence {w, ,k =
o0
1,2,...} of positive numbers such that > p(cx)w,, < oo (as in condition

k=1
(ii) of Theorem 9.2.1).
Define

w(i) =Y w(i,j), i€N.
J
Then w(i) > 0,7 € N, and
w(i) = chk Je,, (2),
k=1

where J., (i) = > J., (4,]) for any i € N.

J
Define

i = , .,7 € N.
ng w(l) ? .7
Then P = (p;j, i,j € N) is a stochastic matrix that defines an N-state cycle
Markov chain £ = (&, ), whose cycle representation is (C, w.). Also,

Zw(z) = Zp(ck)wc,C < 0
k=1

2

and
Y wipy =Y wlif) =Y we e, (§) = w(j),
i i k=1
for any j € N. Then p = (w(i),i =1,2,...) is an invariant finite measure
for the Markov chain £. The proof is complete. O



10
The Cycle Measures

Further interpretations of the circuit representations of balanced functions
in terms of the electrical networks require a compatibility with dual-type
concepts as are the measures on weighted cycles, called cycle measures.
The present chapter is devoted to the generic definition of the cycle mea-
sures and their interconnection with the cycle decompositions of balanced
functions.

10.1 The Passage-Functions as Characteristic
Functions

Consider a finite set S and a strongly connected oriented graph G = (S, &).
The passage-function Iy: 2 (&) x S? — {0, 1} through the subsets of edges
E € #(&) is defined to be the characteristic function

Ly(E;i,j) = {é i Ezjg ;g (10.1.1)

An analogue definition may be given for the passage-function I;: & (S) x
S — {0,1} through the subsets of points of S.
Then an extension of the passage-function I to S¥, k > 2, is as follows:

Li(Eyiy, ..o yiy) = (B iy,d2) - I (B dg,43) - - - Io (B ig—1,1%), (10.1.2)

for any E C &and iy,...,i, € S. Accordingly, we define I: P2(S) x Sk —
{0,1},k = 2,3,..., as extensions of I;.
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Then
I(Es iy, ooin) = o1 (Eyin, o yig—1) - Lo(E dk—1, k),

for any F C &and iy,...,i; € 5.
If Ik(E;il, ...,i) =1, then either (il, 19, ... 7ik) or ((il,ig), (i27i3)7 RN
(ig—1,1x)) is called a directed polygonal line in E. When ij, = i1 the polygo-

nal line is called closed. Then (iy,...,i5_1,%1) is a directed circuit or cycle
in F.

Conversely, if ¢ = (i1,...,ik—1,191),k > 1, is a directed circuit in S, then
by considering the set é = {(i1,42),..., (ix—1,%1)} of edges of ¢ we have

I (G ki, ... ks) = Io(C ki, ko) - Io(E; ko, k3) - - Io(E; ks—1, ks),

for any s > 2 and any ki, ...,ks € S. Correspondingly, if ¢ denotes the set
of points of ¢ then

(&K1, ks) = L& k1) - Ti(& k) - - (& k).
One property which differentiates I(¢iq,...,is) from Is(Fjiq,...,105)
(with E # ¢) is that the former is balanced. However, both passage-
functions I,(¢;-) and I4(FE;-) satisfy the product formula

IS(E;ila' .. 7is) = IQ(E; ilaiQ) : IQ(E; 7:271.3) o ’IQ(E; is—lais)a

for any 41,...,is € S.

Since the product formulae are subjects of special importance in Proba-
bility Theory, we are further interested in the comparison of the passage-
functions I4(¢;41,...,is) and J.(i1, ..., is).

Recall that for any directed circuit ¢, J.(i1,...,4s) (which may be denoted
also Js(¢;i1,...,15)) is, according to Definition 1.2.2, the number of the
appearances of the directed sequence (iy,...,is) along c.

If ¢ = (41, ..,14p,41) has only distinct points 41, ..., 1, then

Js(c ki, ks) = Is(G ke, - -y ks), 5> 2,
1, ifkq,..., ksare
= consecutive points of ¢,
0, otherwise.
where ¢ denotes the set of edges of c.

In general we have

Proposition 10.1.1. If ¢ denotes the set of edges of any circuit ¢ =
(t1,...,%p, 1), then the passage-function Ji, k = 2,..., introduced by Defi-
nition 1.2.2 satisfies the following equation:

Te(esin, - ovin) = Y In(Ein, i)
J

=3 sy, (i1, d2) -+ Leae, (ik—1, k),
J
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where j ranges the set of integers £ such that 0 <{¢<p(c)—1 and
(cotg)(m) =im,m=1,...,k, k> 2. (Here p(c) denotes as always the pe-
riod of ¢ and 1z denotes the characteristic function on ¢.)

If ¢ is an elementary circuit then the specialization of Proposition 10.1.1.
is as follows:

Ji(c ke, .o k) = I(G k..o ks),
or, else
Je(ciki, .o ks) = Ja(cs ki, ko) - Ja(cs ko, ks) - - - Ja(cs k1, k),

for any integer s > 2 and for any ki,...,ks € S.
Consequently it will be interesting to look for a product formula when ¢
is any oriented circuit. A first step is given by the following:

Proposition 10.1.2. Given a finite set S, a strongly connected oriented
graph G = (S, &), any integer k > 3 and an arbitrary directed circuit ¢ in
S, we have

Jk(Cil,...7ik)7é0, 01,0 €85, (1013)
if and only if there exist two circuits ¢c; and co such that
Je—1(cryin, .. ip—1) - Jo(caiin—1,0k) # 0, (10.1.4)

where Ji is introduced by Definition 1.2.2.
Furthermore, there exist certain circuits ci,ca,c’, and ¢’ such that the
following decompositions hold modulo the cyclic permutations:

Jk(C;il, e ,ik) = Jk—l(cl;ih e ;ik—l) . JQ(CQ; ik—laik) (1015)
Jr(e; i1, .. yix) = Jo(c5i1,49) - J]g_l(cll;ig, ceik), (10.1.6)
for anyiy,...,ix € S.
Proof. We shall prove the equivalence of relations (10.1.3) and (10.1.4),
and then relation (10.1.5) by induction with respect to k > 3.

Let £k =3 and let ¢ be an elementary directed circuit in S. If relation
(10.1.3) holds, then by choosing ¢; = ¢a = ¢ we may write

J3(cyin, i, i3) = Ja(cis i, i2) - Ja(cosda,i3) = 1.
If ¢ is not elementary such that
J3(c1yin, iz, i3) =€ > 1, i1,12,13 € S,

then by Definition 1.2.2, we may find two elementary cycles ¢/ and ¢”, such
that ¢ C ¢,¢’ C ¢ and

Jo(csi1, 1) Jo (5 da,13) = 1,

where ¢ denotes the set of all edges of c.
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Then we may define a circuit ¢; by repeating £ times ¢/, and choose co = ¢”.
Consequently, we have

Ja(c1; 11, 12) Jo(cajia, ig) = £

and we have proved (10.1.4) from (10.1.3) when k = 3.
To prove the converse, suppose that (10.1.4) holds for two elementrary
cycles ¢ and ¢y, that is,

Ja(c1; i1, 92) J2 (ca389,13) =1,  iq,19,i3 € S.

Then we may find a cycle ¢ containig ¢; and ¢z, and which satisfies the
relation (10.1.3), that is,

J3(cyin, i, 13) = 1.

Therefore the required equivalence and relation (10.1.5) are proved for
k=3.

Now, assume the equivalence of the first two relations, and relation
(10.1.5) hold for the k >3 points 41,...,ix. Then we have to prove
the equivalence of (10.1.3) and (10.1.4), and then relation (10.1.5) for
11,y 1k,iks+1- If ¢ is an elementary circuit and

Je11(C01, 0y ig, tgr) = 1,
then by choosing ¢; = co = ¢, we may write
Jir1(c581, o igy tpr1) = Je(ery i1, .oy ig)Ja(ca; g, tpr1) = 1.
If ¢ is not an elementary circuit such that
Js(crin, .o yigrr) =€ > 1,

then we may find two directed elementary circuits ¢’ and ¢” such that
¢ ce¢d Ce, and

/.. . 7 . . .
Jm(c 31, .- ';7/777,) Jk—m+l(c ;Zmalm-‘rl) . '7Zk;7/k+l) = 17

where 1 <m < k.
Consequently we may repeat many times the induction hypothesis and find
two circuits ¢; and co such that

Jk+1(c;i1, e ,’ik,’ik+1) = Jk(Cl;il, ey Zk) J2(CQ;ik,ik+1).

Therefore we have proved (10.1.4) and (10.1.5) from (10.1.3).
Let us now prove the converse implication under the induction hypothesis
for the points i1,...,4. If

Jk(C1;i1, .o ,ik) JQ(CQ;ik,ik_;,_l) = 1,
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for some circuits ¢; and ¢y, then we may choose a directed circuit ¢ such
that ¢ = ¢; U é and
Jk+1(61; il, e ,ik,ik+1) =1.
If
Jr(cr;i1, -y ig) Ja(easig, tgr1) = € > 1,

we may first choose an elementary circuit whose edge-set contains ¢; U ¢,
and then by repeating it £ times we define a circuit ¢ such that ¢ = é; U &
and

Jk+1(c;i17 . 'aikvik+1) =/

Then the required equivalence and relation (10.1.5) are proved. Finally,
relation (10.1.6) follows by using analogous arguments. The proof is com-
plete. O

From the course of the proof of Proposition 10.1.2, we may write for any
directed circuit ¢ the following product formula:
Jk(c;ila cee Zk) = Jm(cl;ila e 7'm.) Jk—m(CQ;ima ey ik)a ila ceey ik S S7

where k > 3,2 < m < k and ¢y, co are suitably chosen circuits in S. Fur-
thermore we have

Corollary 10.1.3. Let S be a finite set and G = (S, &) be a strongly con-
nected oriented graph. Then for any directed circuit ¢ in S the following
formula holds modulo the cyclic permutations:

Jr(csin, ..o yig) = Jalcrsin, ia) - Ja(casda, i) - - - Jo(Cp—1; k1, %k),
11,--.,0k € S,
where k > 3 and c1,ca,...,cp_1 are suitable directed circuits in S. O

10.2 The Passage-Functions as Balanced
Functions

We have compared in the previous paragraph the product property of
two types of passage-functions associated with a directed circuit ¢ =
(il, NN 7ip,i1) in S:

Is(é;kl,...,ks) = 15.9—1((k1,k2),...,(ksfl,ks)), 822,3,..., (1021)

where 1z.-1 is the characteristic function on the cartesian product &1,
and

JS(C;kh...,ks) = Jc(k'l,...,ks),

which is the number of the appearances of the sequence (k1, ..., ks) along
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c,s =1,2,.... These two passage-functions are in general distinct except
for the case ¢ is elementary (its points are distinct from each other).

One basic characteristic of both passage-functions above is the property
of being balanced, that is,

ZJS(c;k:l,... 1,1 ZJ (¢, k1y .oy ks—1) = Js—1(eskyy oo ks—1),

€S jes
S L(Gky, o keo1,d) = L@ gk, k1) = Loa(E k.o ko),
€S jeS

(10.2.2)

for any ki,...,ks—1 € S,s > 2, where I1(¢ i) denotes I1(¢;4),7 € S, which
is introduced in paragraph 10.1. Consequently, we say that Js extends Js_1
by the balance property. It is the balance property of the passage-functions
above that we shall investigate in this paragraph.

First we have

Proposition 10.2.1. Given any circuit ¢ and any integer n > 2, the
passage-functions I, (¢;) and J,(c; ) satisfy the following equation:

Jn(c; kla sy kn—lyil)

Jn(Cit, .oy in) = Jn—1(c; k1, .o kn—1) -
kl,...,kz’n:_163 Jnfl(C; kl,...,knfl)
Jn(c;kQ,...,knfl,Z’17i2) Jn(C;il,...,’in)
Jn_l(C;kg,...,kn_l,il) Jn_l(C;ih...,Z.n_l)’
(10.2.3)
for any iy, ..., i, € S, when the right-hand side is well-defined. O

From the very definition of the passage-function I, we may write the prod-
uct formula
IQ(E"il Zg) IQ(E'in_l Zn)
I,(C i1, ... 0n) = 11(C;171) - L . .
n( 1, n) 1( 1) 11(6,21) Il(éain71>
for any consecutive points i1, ...,i, of c
However, the previous equation does not characterize a balance function.
Specifically, if we introduce

) L) B i,
ity vin) = L(G5y) - 280 0R) G iy

I (¢41) Li(¢ip—1)
for any points i1, ...,4, of ¢, then we have
Lo(Gin, . yin) = In(& ity ... i), (10.2.4)

but in general

Jn(cin, . oy in) # jn(c;il, ceeyin),
where .J,, is defined as I,,.
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A sufficient condition for J, to satisfy relation (10.2.4) is given by the
following:

Proposition 10.2.2. Let ¢ be any directed circuit in S. Then we have
(Z) J3(Cala.]ay) :j3<caza.]7y)
Tolei i) Tolesi
_ Jl(C; 7]) . 2(67 Z7..]) . 2(c7ja‘y)
Jile;i)  Jiles )
for any consecutive vertices i, j, y of ¢, which satisfy the following con-
dition:

Jg(C;i,j,Zj) JQ(C,],Z])
= —. 10.2.5
Ja(c;, 4) Ji(e; j) ( )
(i) Also

T, .o yin) = Jn(c i, .oy in)

Ja(cyin,iz)  Ja(ciin—1,in)
Ji(c;in) J1(¢5in—1)

for any integer n > 3 and for any consecutive vertices iy,...,i, of ¢

which satisfy the following condition:

= Ji(c;i1) -

Jn(cin, .. yin)  Ja(CGin_1,0n)
Jn-1(ciin, ... in_1) Ji(¢5in—1)

(10.2.6)

Proof. (i) By using relation (10.2.5), we may write

- .. .. 1 J3(C7Z7.77y)
Js3(e; i, 4,y) = Ja(c; i, 7) - —~ - —
A Y, B ATTR
= JS(C;i,ja y)
(ii) Assume by the induction hypothesis that relation

Jn—1(cit, .o yin_1) = Jno1(c i1,y in—1)

~Ji(e; )

holds. Then by using (10.2.6), we may write

) ) Ja(c;in—1,1 . ) )
Jo(cyin, ... yin) = M~Jn1(c;zl,...,zn1)
y‘n—

= jn(c;il, ceyin),

and the proof is complete. O

Let us see the previous relations in the following concrete example. Consider
the circuit ¢ = (1,2,1,2,1,2,1,2,3,2,3,2,1) of period p = p(c) = 12. Then

Ji(e21,2) 4,
Ja(c;2,1) 4 7
Jo(1,2) 4 .
Ji(c 1) 4 '
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On the other hand we have

J3(C; 27 17 2) = 45

~ Jo(c;2,1)  Ja(c; 1,2 4.4
J5(c;2,1,2) = Ji(¢;2) - 35(02)) 35(01)) :T:zl7

therefore J3(c;2,1,2) = J3(¢; 2, 1,2).
Further characteristics of the passage-functions which generalize Propo-
sition 10.2.1 are given by the following:

Proposition 10.2.3. Given a directed circuit ¢ and any integer n > 2,
then any passage-function satisfies the property below:

J’I’L(C? kl, . '7kn—1)i1)
Jn—l(c; kh R kn—l)

Jm(c;ila-'-aim) = Z Jnfl(c;kla"-akjnfl)'
ki,....;kn—1

Julci ko, ki)
Jnfl(c; k‘Q, .. .,kn,17i1>
Jn(C; km,. . .7kn,17i1, e ,Zm)
Jn_l(C; km7 N ~7kn—17i1a ‘e 7im—1)7

for any m such that n > m > 2 and for any iy, ..., i, € S when the right-
hand side is defined.

Let us now consider any directed circuit ¢ in S. Then we may associate
c with families of passage-functions as follows:

JE) ={I.(Gi1,...,%,),n=1,2...},
and
j(c):{‘]n(c;ila"'7in), 7’L:1,2’}

where I,, and J,, are considered as in paragraph 10.1.
Also, if we fix arbitrarily an integer n > 1, we may define further families
of passage-functions as

F(e,Iy) = {gmli1, ... im), m=12..}
and
F(e,Jn) = {fm(i1, .. yim),m=1,2,...},

where for m > n the functions g¢,, and f,, are given by Proposition
10.2.3 and for m < n they are given as: g, = Ly (Gi1,...4m) and f, =
I (€1, oy im)-

All families J(¢), J(¢), Z (¢, I,,), F (¢, Jy,) satisfy the compatibility con-
dition. For instance, any function f,, € % (¢, J,), m = 2,3, ..., satisfies the
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compatibility equation,

me(ilv v 7i7n—177;) = fm—l(ila cen 7im—1)7

i€s

for any i1,...,i4, € S. Furthermore, any function h,, =1, (or
Jims Gms fm)sm = 2,3, ..., satisfies a system of (m — 1) balance equations,
that is,

D (i, eine1,d) = b ike) = heoa (i, ko),

ies jes

for any k=2,...m, and 4y,...,ix_1 € S.

If n=2 and ¢ = (i1,...,%p,%1) is an elementary circuit, then the family

F (e, J2) ={fm(i1,. .. im),m =1,2,...}, provides the finite-dimensional
distributions of a homogeneous periodic Markov chain ¢ whose state space

is {i1,...,1,} and the stochastic matrix is
0 1 0... 0
0 0 1... 0
1 0 0... 0

The sample paths of £ are obtained by the repetitions of ¢ and have a
geometric simplicity that corresponds to the inexistence of chaos.

In general, the appearance of chaos involves Markov models £ whose
geometry of the sample paths is more complexed and is characterized by the

appearance of (more than 1) directed overlapping circuits ¢y, . . ., ¢;,. Then
a further algebraization will naturally involve the vectors ¢y, ..., ¢c,,, whose
coeflicients are defined by the passage-functions J.,, ..., J. , which in turns

decompose (by the circuit decomposition formula) the finite-dimensional
distributions of £&. Consequently, we have good reasons to study the vector
space generated by the passage-functions J.,, ..., J.,, -

10.3 The Vector Space Generated by
the Passage-Functions

10.3.1. Consider S a finite set with card S =0 > 1 and let F = (S,.%)
be the full-oriented graph on S. In the previous chapters we have studied
various ways to express dynamics from a point ¢ € S to another point j € S
by using the graph elements of F. One of them uses the directed circuits
(cycles) ¢ made up with the edges of # and the corresponding passage-
functions J. and C. defined as:

Jo(i,5) =1, 1if ¢,7 are consecutive vertices of c,

=0, otherwise,

1
and C.(i,j) = —J.(¢,7),1,7 € S.
(4,5) ) (4,9),4,]
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In Chapter 8, we have studied a more generalized motion along sequences
of consecutive edges ey, ..., es € %, which are not necessarily oriented in
the same way, that is, each edge e, has one common endpoint (either the
starting point or the terminal point) with e,_1(# e,), and a second end-
point with e,11(# e.),2 <r < s— 1. When such a sequence is closed and
contains distinct edges, then it is called a cycloid in S (see Definition 8.1.1).
Recall that a cycloid whose vertices occur once is called an elementary
cycloid.

Any cycloid 4 may be passed according to one of the orientations of two
directed circuits v and v~ (the opposite of v) made up with the consecutive
points of 7.

Now, giving two points ¢ and jin S there exists a cycloid 4 which connects
i to j and suitable functions J5 , and J; ,- expressing this connection as
follows:

Jy4(1,7) =1, if (z,7)is an edge of 4 and ~,
= —1, if (4,7) is an edge of ¥ and vy,
0, otherwise,

and
J’y,"/_ ('Lv]) = _J’y,'y(iaj)v 27] €s.
Then by Lemma 8.1.2 both cycloid passage-functions J5 ., and J; - are
real balanced functions.
Denote by € and T' the set of all elementary directed circuits in S and
the set of all elementrary cycloids of graph F, respectively. Then ¥ C I

Consider now the vector space %(S?) generated by the cycloid passage-
functions

{J5: 8% —{-1,0,1},7 € I'}.

Then
B(S?) = {w: S = Riw=>_ Bty 3 €T,
k=1
Br€RE=1,....m;m=1,2,...}.
We have

Theorem 10.3.1. The wvector space %B(S?) generated by the cycloid
passage-functions {J5 ~,7 € I'} contains all real balanced functions on S2.
Furthermore, we have

B(S?) = {w:S? — R:w is balanced }
B
= {w: S? - Rw = Z B S5, > V15 - - - YB € I independent elementary
k=1
cycloids; By,...,BB € R;B=1,...,0° —o +1}.
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Proof. Any passage-function J5 ,(¢,7),%,j € S, defines a one-cycle
F= Jaali ) big).
(5.4)
(See definitions and notations of paragraph 4.4.)
Correspondingly, we may associate the balance function w : S2 — R with

a one-chain
w = Z w(’t,j) b(i,j)~
(4.4)

Assume for the sake of simplicity that the oriented graph G,, of w contains
only one connected component and let B be its Betti number. Then B =
1,2,...,0% — o +1 and by applying Theorem 8.2.1 to w, we may write w
in terms of B independent elementary cycloids {71,...,95} of the graph
G, as follows:

B
Zﬁk o (i27), G,j€SPrE€Rk=1,... B.

Specifically, the cycloids 41,...,9p are given by the maximal-tree-
method, which uniquely defines B, = w(ig,jr),k=1,...,B, where
(i1,41),-..,(iB,jp) are the corresponding Betti edges in G,,. The proof
is complete. O

Let us now consider the set
#(S8%) = {w: S* - RT,wisbalanced}.

Then %7 (S?) is a convex cone of %(S?). Furthermore, by applying Theo-
rem 1.3.1, 7 (S?) is “generated” by the circuit passage-functions {J.,c €
€}, that is,

93"’(5’2):{w:SQ—>R+:w:Zachk,ck €CareR k=1,...mm=12..}.
k=1

A convex subset of %1 (52%), occurring in the theory of stochastic matrices,
is given by
$,7(S?) = {w: S* — R" : wisbalanced; Z i,7) =1}
i,JjES

Then %;7(S?) is a convex hull of {C.,c€ %} according to the
Carathéodory-type decomposition (4.3.2), that is,

B (S?) = {w152 HRJr:w:ZwkCck,ck ECw,>0,k=1,...,m;
k=1

Zwkzl,m:I,Z,...,a2—a+1}.
k=1
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10.3.2. Given S any finite set and w: S? — R* any balanced function,
then one way to extend w to S® by the balance property is to consider the
product

(i gy = LD ity 20

=0, otherwise,
where w(j) =, cqw(u,j). Then ws is balanced, that is,
> ws(i.g k) =Y ws(ui,j) =w(i,j), ij€S.
keS u€S

The extension (10.3.1) may be written in a more sophisticated form as
follows:

w2 kla ) . w2(i7j> . w2<ja k)
(i, 4,k Zwl ki) - o) W) wl) (10.3.2)

when the rlght-hand side is defined, where wy (1) = w(i), wa (i, j) = w(i, j).
The expression (10.3.2) allows us to continue the extension of w to
wy(i1,142,13,74) by the balance property, and after consecutive steps to
wp: S™ — RT given by

wa(k1,41) wo(it,i2)  wa(in—1,in)

/L , 7 w k . - .. - ,
! Z 1 1 kl) wl(ll) wl(ln—l)
n=23,...,

when the right-hand side is defined.
Then, generalizing the previous motivation we may state

Proposition 10.3.2. Any balance function w,: S™ — R satisfies the fol-
lowing relation:

U}n(’tl,,ln): Z wn—l(klw--ykn—l)

wn(kl, ceey kn—l,il)
wn—l(kla R kn—l)

ki,....,kn_1€S
. wp(kay ..oy kp—1,11,12) . Wy (11,42, . .« 1n)
Wn—1(kay ..., kn_1,11) Wy—1 (81,5 e 1)’
when the right-hand side is well defined. O

10.4 The Cycle Measures

There are measures p on the product measurable space (S x S, Z(S) ®
Z(S)), which satisfy the balance equation p(S x -) = u(- x S). In the
present section we shall show the existence of a reciprocal relation between
the balanced measures p and the linear combinations of weighted cycles
(or circuits), which motivates the name of a cycle measure for .
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Let S be a finite set and let G = (5, &) be a strongly connected oriented
graph. Consider % any collection of directed circuits in S such that the

edge-set of €is &

Associate each directed circuit ¢ € ¥ with the passage-functions 11.: S —

{0,1} and 21.: S x S — {0,1} defined as

11:(i) =1, if i = ¢(n) for some n € Z,
=0, otherwise,

and
ol.(i,7) =1, ifi=c(n),j=c(n+1) for some n € Z,
=0, otherwise.
Definition 10.4.1. Given any directed circuit ¢ € € define
(i) the passage-function 1J.(A, j) from A € Z(S) to j € S as
YJ.(A,5) =1, if j =c(n) and ¢(n — 1) € A for some n € Z,
=0, otherwise.

and
(i) the passage-function 2J.(i, B) from i € S to B € #(S) as

2J.(i,B) =1, ifi=c(n)and c¢(n+1) € B for some n € Z,

=0, otherwise.

(10.4.1)

(10.4.2)
O

An immediate consequence of the balance property of ol. (i, j) is the

following:

Proposition 10.4.2. The passage-functions *J. and 2J, introduced by

Definition 10.4.1 satisfy the following equations:

(i) V(A G) =) alelig),  jES, AeP(S);
€A

(id) °J.(i,B) =Y 2l(i,j), i€S, Be2(S);
jeEB

(i) LI(S,5) = 2Je(4,8) = 11e(5), JeSs.

Also we have

Proposition 10.4.3. Consider the measurable space (S, 2 (S)) and the

directed circuit ¢ € €. Then the following statements hold:

(i) the set function I.: 2 (S) — RT defined as I.(A) =3 ,c4 11.(i) is

a measure on P (S):

(ii) for any vertex i of c the set functions 1J.(-,i) and 2J.(i,-) are

probability measures on P (S);
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(i) for any A, B € £ (S) we have
3256, B) = (A, )). -

icA jeB

Now let us consider the product mesurable space (S x S, Z2(S) ® Z(5)).
For any F C S x S and any ,j € S denote

E;, ={ue S:(i,u) € E},
and
Bl ={veS:(vj) e FE},

which are usually called sections of E. In particular, for any measurable
rectangle A x B and for any i € S, we have

(AxB); =B, ificA,

=0, if i ¢ A;
and
(Ax B)' = A, if i € B,
=0, if i ¢ B.
We have

Proposition 10.4.4. Let (S, 2 (S)) and let ¢ be any directed circuit of G,
Then for any E € Z(S) @ £ (S) we have

> 2Ti ) =Y N I(E ). (10.4.3)

i€s jeS
Proof. We have

SOCTE) =YY ol(ig) = Y. 2I.(i])

i€S i€S jEB; (i.j)eE
=) ol(ig) =D N (E ),
JjESi€EI JjES
and the proof is complete. O

In particular, if E = A x B, A, B € Z(95), the equations (10.4.3) become

Z 2J6(i7B) = Z 1Jc(Avj>'

icA jeB

Theorem 10.4.5. Let (S, Z(S), 1.) be the measure space associated with
a directed circuit ¢ € €, where I.(-) is introduced by Proposition 10.4.3.(i).
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Consider the set function J, on P (S) ® P (S) defined as
J(B) =Y 211, E) =Y 'J(E,j), EecP(S)®2(S).
ies jes
Then J, is a measure on P (S) @ P (S) and Jo(- x S) = Jo(S x ) = L(-).
In particular,
J(AxB) =" 2J.(i,B) =Y _'Jc(A,j),
icA jeB

for any measurable rectangle A x B € Z(5)® Z(S).

Proof. Plainly, J.(@) = 0. Let Eq, Eo, ..., be a pairwise disjoint sequence
of subsets in Z(S) ® Z(S). Then

jc(U En) = Z QJC(i> (U En)l)

i€S

= Z 2Jc(i7 U(En)l)

i€S n

n €S

= Je(En).
Also, for E = A x B we have
Jo(Ax B) =Y 2J.(i,(A x B);)

i€S

=Y 2J.(i,B)

i€A
and

jc(A X B) = Z 1‘]0((‘4 X B)jvj)v
jeSs

= Z IJ('(Avj)

JjEB
Finally, for any A € & (S) we have

Je(Ax S) =" 2J.,8) =) 'J(5,1)

€A €A
=3 1L(i) = I(A).
i€EA

The proof is complete. O
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Note. A comparison of J. with the product measure I, x I, on Z(S)®
Z(S) shows that J. # I. x I.. Specifically, if ¢ and j are two non-
consecutive vertices of the circuit ¢ € % then

Je({i} x {j}) = 2L (i.5) =0,

while

(Ic X Ic)({z} X {J}) = llc(i) ' 1Ic(j) =1

In general, there are i,j € S such that

QIc (17.7) 7& 1Ic(i) ) 1Ic(j)a

since the vertex j occurring in o1, (7, j) is conditioned to be the next vertex
to i on ¢, while 4 and j are independent points in 11, (i) -1 I (§)-
However, both measures J. and I. x I, enjoy a common property:

J(Ax8)=J.(SxA), Aec2(S).
This motivates the following

Definition 10.4.6. A measure p on the product measurable space (S X
S, Z(S)® P(9)) is called a balanced measure if it satisfies

w(A x S) =p(S x A), (10.4.4)
for any A € 2(9).

Further we give a procedure to defining balanced measures from weighted
circuits in an analogous manner with that given in section 2.2.1.

Theorem 10.4.7. Let S be any finite set. Then for any collection € of
overlapping directed circuits in S and any collection {w.,c € €} of positive

numbers there exists a balanced measure u on the product measurable space
(S xS, Z(S)® P(S)) such that

WAxB)=> w.J(AxB), ABeP(S), (10.4.5)
cE?

where J, is introduced by Theorem 10.4.5. In particular,

(XS)—MSX chc )

cE?

where I.(+) is the measure on L2 (S) introduced by Proposition 10.4.3.(1).
Furthermore, u({i} x {j}),4,j € S, defines a balanced function whose cir-
cuit representation is {6, we}.
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Proof. For the given collection {%, w.}, define

=Y w.J(E), Ec2(5)®2(S9), (10.4.6)

cE?

where jc( -) is introduced by Theorem 10.4.5. Plainly, 4 is a positive measure
on the product measurable space (S x S, Z(S) @ £(5)). In particular, for
any E = Ax B, A, B e Z(S), we have

w(A x B) ch (A x B),
cE?

and the measure p is balanced. Furthermore,

WA X S) = p(S x A) = wl(A) Ae 2(9),
cE?

and

p({i} x {G1) =D we- 2L (i,4), .5 €S,

cE?

defines a balanced function whose circuit representation is {%,w.}. The
proof is complete. O

Equations (10.4.5) allows us to call any balanced measure p a circuit (cycle)
measure while {%, w.} is called a circuit (cycle) representation of p.

The converse direction uses the argument of the cycle generating equa-
tions. Namely, we have

Theorem 10.4.8. Let S be any finite set and let p be any nonnegative
balanced measure on (S x S, P2 (S) ® P (S)) such that u(- x S) > 0. Then
there exists a finite ordered collection € of overlapping directed circuits in
S and a finite collection {w.,c € €} of positive numbers, depending on the
ordering of € such that {€,w.} is a circuit representation of u, that is,

WAXxB)=> w.J(AxB), ABeP),
cEC

where J, is introduced by Theorem 10.4.5.

Proof. Define w(i,j) = pu({i} x {j}),i,7 € S. Then w is a positive bal-
anced function on S x S. Consequently we may apply Theorem 1.3.1 to w
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and find a circuit representation {%,w.} for w, that is,
p({i} x {31 =D we- 2l (i),  ,j€S,
cE?

where % is a collection of directed circuits endowed with an ordering and
We, ¢ € € are positive numbers. Then

WAxB)=> w.J.(AxB), ABePS).
cE?

Finally, {%,w.} is a circuit representation of u, and the proof is
complete. O

A generalization of Theorem 10.4.7 is given by the following:

Theorem 10.4.9. Let S be any finite set. Then for any collection €
of overlapping directed circuits with the vertex-set S and any collection
{we,c € €} of positive numbers there exists a positive measure i on the
product measurable space {SN, (2 (S)N} such that

PAL X Ay x S x S x ) =Y wedo(Ar x Ag), Ay, Ay € P(S),

cEF

(AL X Ag x Az X ... x Ap xS xS x...)

W (t1,02) waliz,i3)  wallp—1,1k)
=D D> D w(i) R

11EA 12€EAS ik EAL U)l('Ll) ’lUl(ZQ) wl(lk_l)

where

1) EZ’U}C- 11c(3), i€S,

cE?
Z])Ezwc' QIC(iaj)a i,jGS,
cE?

and J. is introduced by Theorem 10.4.5.
Furthermore, u is a balanced measure, that is, for any k =1,2,... and

any Aq,..., A € P (S) we have
w(SX Ay x Agx .. . XA XxSXSX...) = (A1 xAgx.. . XA xSIxSx...).

(N denotes as always the set of all natural numbers.)

Proof. The elements of SV are all sequences (i, )nen With i, € S,n € N,
and (£ (9))Y is the minimal o-algebra containing all cylinders

{in} x {io} x ... x {ig} xS xS...
with i, € S;,1<n <k, ke N.
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Let
i)=Y we-1L(i), €S,
cE?
])Ezwc' QIc(iaj)a iaj€S~
cE?

Define the measure p on the class of all cylinders by the equalities

M({il} xS X .. ) = wl(il)
p({in} x {io} x ..o x {ig} x SxSx...)
wa(iy,i2) wa(iz,iz)  wa(ip—1,k)
wi (i1) wi (i2) wi (Tg—1)

where iq,92,...,0, € S,k > 1.

Then by applying Ionescu-Tulcea’s extension theorem, the measure p
may be extended to the whole ((S))¥. Finally, for any k = 1,2,... and
any Aj,..., A € Z(95), we have

(S x Ay x Ag x ... x A x Sx S x...)

wi (i w2 i,11) ) wa(i1,92) wa (ik—1,1k)
_Z Z Z Z 1 w1 (i) ; i

i€S 11€A; i2€A2 ik EAL wl(ZI) wl(Zk_l)

w wy (i1, i)  w2(lk—1, k)
Z Z Z 1 wy (i) i

11€AL i2€A2 i €A wl(Zk_l)
W (11,12) wz(%z,l?,) wz(ikq,ik)
DD > > wilin) e
i1€EA] i9€EAS inE€EAL IES w1(21) U)1(Zg) wl(zk_l)
) wg(ik,i)
wi (ig)
=p(A; x Ag X ... x Ap x S x 8§ x...),

= wl(il) .

and the proof is completed. O

10.5 Measures on the Product of Two Measurable
Spaces by Cycle Representations of Balanced
Functions: A Fubini-Type Theorem

In this paragraph we shall show that the cycle representation formula of
balanced functions may be involved in a Fubini-type theorem.

Theorem 10.5.1. Any positive balanced function v(-,+) : S x S — RT on
a finite set S, whose graph is (S, &) and which admits a circuit representa-
tion {6, w(-)}, with w: € — R, defines a positive measure . on the product
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measurable space (€ x & P (€)@ P (&)) such that
pwCxE)=> w(e)J.(E), CCEECE (10.5.1)
ceC

where J.(i,7) =1 or 0 according to whether or not (i, j) is an edge of c.
Furthermore,

p(ex{0,0)}) =v@i,5),  (,j) €&
(Here & (-) denotes as always the power-set.)

Proof. Let (S,&),&C S2%, be the oriented strongly connected graph asso-
ciated with the positive balanced function v (i.e., (i,5) € & if and only if
v(i,7) > 0,4, € S). Then we may apply the circuit representation Theo-
rem 1.3.1 according to which we may find a finite collection & of directed
circuits ¢ in S, with periods p(c) > 1, and a positive (2 (% )-measurable)
function w: € — RT such that

v(i, j) =Y _w(e) Je(i,§),  i,j€S. (10.5.2)
cETC
Consider the measurable spaces (¢, Z (%)), (&, #(£)) and the measure
v: P(€¢) — R defined as

V(O) =Y plule),  CCE

ceC
Also, introduce the function Q: €x (&) — R* defined as
1
Q(c, E) = —J.(F), cECECE
(€.B) = == (E)
where J.(E) = > J.(4,7), and J.(4, j) is the passage-function occurring
(i.j)eE

in the statement of the theorem. Then () behaves as a transition probability
measure from (%, Z(€)) to (& 2 (&)), that is,
(1) 0<Q(,E)<1,ce € ECE
(i) Q(c,&) =1,c €
(iii) Q(c,-) is o-additive.
Following M.M. Rao (1993) we further define the set function p for each
measurable rectangle C' x E of & (%) @ & (&) as follows:

w(C x B) = 3" v({e}) Qe E)

ceC
=Y w(e) J(E),
ceC

and prove that p is o-additive. Specifically, if C; x F;,i =1,2,...,n;n > 1,
is a sequence of pairwise disjoint measurable subsets of € x & whose union
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is C' x E, then

lexe = Z 1c,1E,.

i=1

By integrating the previous equation with respect to Q((-, de) on (&, 2 (&)),
we get

1o Q( Zlc Q(,

Further, we integrate with respect to v on (¢, (%)) and find

> p(0)w(e)Q ZZ Q(c, Ey),

ceC i=1 ceC;

or, else
w(C x E) Z“C x B;) n=12....

Finally, we apply, Carathéodory’s theorem and consider the extension, sym-
bolized also by u. Furthermore,

(€ x &) =3 wle) J.(6)

ceC

=Y p(c)w(c)

ceC

=v(C)
for any C' € 2 (%),

and

w(@x {(i.5)}) =Y _ w(e)Jo(i, )

cE?
=v(i, ),

and the proof is complete. O
Immediate consequences of the previous theorem are as follows:

Corollary 10.5.2. For any finite set S and any positive balanced function
v(++):S x S — RT whose graph is (S, &) and which admits a circuit repre-
sentation {€,w(:)} there exist an initial positive measure v on (€, P (€)),
a transition probability measure Q: € x P (&) — RT((1)0 < Q(e,+) < 1,c €
C; (i) Q(c,&) =1,c € E; (Wi) Q(c,-) is o-additive for any ¢ € €) and a
measure p on the product measurable space (€ x & P (€)@ P (&)) such
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that
wCxE)=> Qc.E)v({c}), CecP(6), EcP@&),
ceC
wCx &) =v(C), CeP(F),
and

Y fleenflee)} = Z ({e}) Zf ¢,e)Q(c, {e});

(676)

for any f: €x &— R, where (¢,e),e and ¢ range € x &, & and €, respec-
tively.

Also, we have

Corollary 10.5.3. For any finite set S and any positive balanced function
v(-,-): S xS — R" with the graph (S,&) and the circuit representation
{€,w(-)}, there exist an initial positive measure X on (&, P (&)), a tran-
sition probability measure P: 2 (€) x &— RT ((i) 0 < P(-.e) < 1l,e € &;
(ii) P(€,e) = 1,e € & (iii) P(-,¢) is o-additive for any € € &) and a mea-
sure p on the product measurable space (€ x & P (€) ® P (&)) such that
HCXB)= 3 PCGNNGI),  CeP@), Per®)
2,7)€

w(€x E) = \E), Eec Z(8),

and
Z (cs),u{ca}—Z)\{a} chs ({c},e), (10.5.3)
(c;8)

for any g: €x &— R, where (c,e),e and ¢ range € x &,& and €, respec-
tively.

Proof. We consider the circuit representation (10.5.2) for the positive bal-
anced function v and define

AE) =S () (),  Ecé
ce?
where
> T g).
(i.j)€E
Also, define P: 22 (€¢) x & — RT by the relation
2cec w(€)Je(i, 5)
Deeww(e) (i 5)

P(C,(i,5)) = cce, (i,j)eé
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Then, P(-,-) is a transition probability measure from (%, (%)) to
(& 2(&)).
If 1 is defined for each measurable rectangle C' x E by

p(CxEy= Y P(C,(i,5) M)}

(i,7)€E

= Z Z w<c) Jc(i7j)

(i.4)€E c€C

=Y w(e) Jo(EB),

ceC

then p extends to a measure on & (€)@ P (&).
Finally, u(¢x E)= A(E) and (10.5.3) holds as well. The proof is
completed. O
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Wide-Ranging Interpretations
of the Cycle Representations
of Markov Processes

In the present chapter we shall further study wide-ranging interpretations
of the cycle representations of Markov processes: the homologic, the al-
gebraic, the Banach space, the measure-theoretic and the stochastic one,
which altogether express genuine laws of real phenomena. The versatility
of these interpretations as orthogonality equations, as linear expressions
on cycles, as Fourier series, as semigroup equations, as disintegrations of
measures, etc., is consequently motivated by the existence of algebraic—
topological principles in the fundamentals of the cycle representations of
Markov processes.

11.1 The Homologic Interpretation
of the Cycle Processes

Let S = {ni,na,...,nx}, k > 1, be a set of symbols, which denote the states
of a homogeneous irreducible Markov chain £ = {&,,n =0,1,2,...}. The
stochastic transition matrix of £ is denoted by P = (p;;,4,j € S), that is,

pij =Prob ({n41 = jlén =1) =Prob (§, =1i,&n+1 =7)/Prob (£, =1), i,j €S,

for any n = 0,1, ..., whenever Prob (§, =) # 0,7 € S. Also, the invariant
probability distribution of £ will be symbolized by 7 = (7,4 € S). Then
7P =m.
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Figure 11.1.1.

Let G = (5, E) be the oriented graph associated to P and consider arbi-
trary but fixed orderings on S and FE, that is,

S:{n17n27"'7nk}7 k217
E = {(7;17]’1)7(i2uj2)7"‘7(is7js)}
= {D(i,,j1)1 O(in,jo)r - - -5 O(is i)} = 101, b2, b}

As we have already seen, the irreducibility of £ is translated in terms of
graph-elements as follows: any point i; € S belongs to at least one or-
dered sequence (i1,42,...,0n,91),n = 1,2,..., called a directed circuit (or
cycle) in S, such that the pairs (i1,42),..., (in,41) are edges of G. That
is, the set F of directed edges determines completely a finite collection
C ={ec1,ca,...,cm} of overlapping directed circuits such that each edge
belongs to at least one circuit of C as in Figure 11.1.1.

Throughout this section, we shall consider only directed -circuits
(i1, ... 1y, 11) with distinct points iy, ..., dy.

As we have studied in Chapter 4, any irreducible finite state Markov chain
like £ above admits a description of the finite probability distributions in
terms of the directed circuits or cycles of the associated graph as follows:

PrOb{fn:ia £n+1:j}:ZwCJc(iaj)a ’L.,j€S, TLZO,l,...,
ceC
(11.1.1)
where w,, ¢ € C, are positive real numbers, called usually the cycle-weights,
and

Je(i,5) =1, if (i,j) € E and (4,7) is an edge of ¢,

=0, otherwise.

Now we shall show how to find a homologic analogue of the process
€ = (&) in a suitable vector space associated to the graph G along with
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a homologic interpretation of the cycle formula (11.1.1). First, define

Co = {Zwmi,xi € R,n; € S}

the vector space spanned by the points n1, ns, ..., ng called 0-simplezes in
R2. The elements of Cy are called 0-chains. Here the points of S and the
edges of G are viewed homeomorphically in the plane R2.

Further define

C, = {zyibiayi € R,b; € E}

the vector space spanned by the edges of F, called 1-simplezes in RZ.
The elements of C; are called one-chains. Then as in Chapter 4 any cir-
cuit ¢ = (i1,142,...,ik,11) € C is uniquely associated with a vector ¢ € C4
defined as

c=> Jeli: )by (11.1.2)
(1,5)
Consequently, if we associate the process & = (§,,) with the (unique) vector
€= (mipip)bg) € O, (11.1.3)
(4,5)

then the cycle decomposition (11.1.1) has a vector analogue in C; as
follows:

£=)Y wee (11.1.4)

ceC

Now, associate each directed circuit ¢ = (iy,42,...,4s,91) € C with a
surface-element o, which is the polygon with interior and with vertices
i1,%2,...,1s (see Figure 11.1.2). The polygons o.,c € C, are oriented ac-
cording to the orientation of the circuit ¢ as in Figure 11.1.2. The o, ¢ € C,

Iy

Figure 11.1.2.
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Figure 11.1.3.

are the topological images of regular s-gons, s > 1, or of certain circles,
and are called the closed 2-cells. With the definition of Rotman (1979)
(see pp. 17-19) each o, is a sum of s 2-simplexes whose boundary remains
always c.
Furthermore, each 2-simplex is a continuous image in R? of the convex set
spanned by (0,0),(1,0),(0,1).
Denote by X the collection of all 2-cells determined by the circuits of C'in
the graph G.

Define

CQ = {Zzioi7 ZiGR,O’Z‘EZ},

the vector space spanned by the 2-cells associated with G. Then C5 is
identical with the vector space spanned by all triangles with interior (the
2-simplexes) occurring in G. The collection

K = G U {the directed 2-cells}
= SUFE U{2-cells}

will be called the 2-complex associated with the Markov chain £ (or, with
the stochastic matrix P). In general, we may define an n-complex associated
to the process £.

Further we shall now define boundary operators (resolutions) d2, 1, dp
as in Rotman (1979) (p. 19):

—>Cgﬁ> C1 i Co ﬁo

To this direction we consider the standard simplexes Ag, A1, Ay with
the corresponding vertices {(0,0)} for Ap,{(0,0),(0,1)} for A;, and
{(0,0),(0,1),(1,0)} for Ag, that is, Ag = {0}, A1 = [0, 1], Ay = the triangle
(with interior) with vertices at (0, 0), (0, 1), (1, 0). For each Ay, k =0,1,2,
consider an orientation. Since a k-simplex, £k =0,1,2 in the 2-complex
K associated to £ is a continuous function o: Ay — K, k=0,1,2, the
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Ay = {0} is homeomorphically transposed by the zero-simplexes into the
points n,.,r =1,...,k, of K, the Ay =10,1] is homeomorphically trans-
posed by the one-simplexes into the edges of K: by,...,bs, and the Ay is
homeomorphically transposed by the 2-simplexes into the 2-cells of K.
Define 9y = 0, 01 ((ny, nk)) = nk — np, where (ny,, ng) is the oriented edge
of F with the original end at n;, and the terminal end at ng. The op-
erator 07 has an abstract expression in terms of the embedding func-
tions eg: Ag — Ay, e1: Ag — Ay defined as: eg(0) = (0,1),e1(0) = (1,0).
Then ng, = o{(0,1)} = gep(Ao), np = 0{(1,0)} = ge1(Ap), where o: Ay —
K is the 1-simplex (np,ng). So, O1(np,ng) =01 0 = oeglg —oey Ag =
Yico(—1)" o €.
Extend 0; to C; by

) (Z yibi> = Zyi51(bi),

where b; = ((n;(h),n;(k)),i=1,...,s.
Define 05: Cy — C for a 2-cell o, = the sum of k two-simplexes o; =

triangles with bases the k edges of the circuit ¢ = (i1,1s,...,4k,41), as
follows:
k 2 k
82 Oc = 62 O’j:Z (—1)1 0 e; = Z b(ij,ij+1):g.
j=1 j=11i=0 j=1
Tpt1=1%1

Thus 0o, associates each 2-cell o, to its boundary directed circuit c.
Now consider the dual spaces C, Cy, Cs5, ... and the cohomology bound-
ary operators

<—C§<—ZCT<—106‘<—OO*,
where Kerd; D Imd7. Then we may define the factor group H? =
Kerd, md; which is the 2nd cohomology group of K. On the other hand,

except for an isomorphism we have C; = Kerd; ® Imo; (see Lefschetz
(1975)). Accordingly we may write

§= ch c® 0.
B ceC

Now, we may conclude:

Theorem 11.1.1. (The homologic interpretation). Any cycle process &
has a vector analogue £ in Kerd, given by

§:chg.

ceC
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In general, any finite Markov chain n = (n,) may be decomposed into a
sum of a cycle process ¢ = (¢,) and a noncycle process ¢+ = (CF)p, that
is, 11 may be associated with a vector n € Cy written as

n=Cadt,

where ¢ € K'eral,gL € Im0; (except for an isomorphism). O

11.2  An Algebraic Interpretation

Assume the same hypotheses and notations of the previous paragraph for
the Markov chain £. In Chapter 8 we have shown that the graph G = (S, E)
of & provides collections of cycloids whose arc-sets coincide with E. Also,
we may always find by the maximal-tree-method a base of elementary
cycloids for the vector space C; = Ker d; of all one-cycles. For exam-
ple, in Figure 11.2.1 we have a strongly connected 1-graph G = (S, F),

ng
——»— 8

Figure 11.2.1.
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where S ={1,2,...,12}, card E =19 and the Betti number is B = 8.
Then a base for the corresponding space C7 may be given by using the
cycloids:

:}/1 = (27374a5a67172)3ﬁ2 = (237767172) 73 - ( 3 4) Y4 = {( 2) ( ) (6 1)})
Y5 = {(3,9),(9,10),(10,2),(1,2),(6,1),(5,6),(4,5),(3:4) }, 36 = {(11,12),(12,2),
(1,2),(6,1),(5,6),(4,5),(3,4),(3.11) }, 7 = {(4,7),(7,6),(5,6),(4,5)},

V8 = {(778)7(874)’(475)7(576)7(776)}7

where the correspondmg Betti edges are wuj; = (2,3),us = (2,7),us =
(4,3),us = (6,2),us = (3,9),us = (11,12),ur = (4,7),ug = (7 8), and the
first three cycloids are directed circuits.

In general, we may choose by the maximal-tree-method two bases of elemen-
tary Betti cycloids {¢;,...,¢g} and {7,,...,7,}, with the corresponding
Betti edges (i1, 1), .-, (iB,jB) and (u1,v1),..., (ug,vg).

Then any cycloid ¢ may be written as

B
ZJ &c(iks Jk) Cx ZJE,c(“lle)jp

k=1 =1

\Qz

where ¢ and c_ are the two possible directed circuits associated with ¢ and

Jec(i,5) =1, if(i,7) is an edge of ¢ and ¢,
= —1, if(¢,7)is an edge of ¢ and c_,

=0, otherwise.

By replacing ¢ with jl,l =1,...,B, we have

B
jl = Z ‘]‘/zm (ikvjk)ém
k=1
or else,
B
Tirs (0:3) = D Ty o (i) Ty (i:4), 0.5 € S. (11.2.1)

k=1

Equations (11.2.1) are generalizations of the cycle formula (11.1.1) in terms
of the cycloids and have the following algebraic interpretation: they give
the change of a base of cycloids into another one.
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11.3 The Banach Space Approach

In Chapter 9 we have shown that the cycle formula may be interpreted
as a Fourier decomposition ) w,7y for any denumerable Markov process
which admits an invariant measure, where {7} is an orthonormal family of
directed cycles. Also, we have proved that we may define a Markov process
from suitable Banach spaces [, on cycles.

Here we shall now prove the converse of Theorem 9.4.1. Namely, we have

Theorem 11.3.1. Let P = (p;j,i,j € N) be the transition matriz of an
irreducible and positive-recurrent Markov chain & = (§,)n, whose invariant
probability distribution is m = (m;,i € N).

Then the following statements hold:

(i) The sequence (m;pij, (i, j) € N?) satisfies the cycle formula for p =1
and with respect to a countable collection (C,w.) of directed cycles ¢
and positive weights w., where C and {w.} are given a probabilistic
interpretation in terms of the sample paths of &;

(ii) Given collection (C,w.) as in (i) above, if (m;pij,(i,j) € N?) €
Io(N?) then, except for certain isomorphisms, the sequence
{3 we e}, converges in H(&) to

Z (i Wey, e, (ivj))b(i,j)a

(i,4) k=1

as n — oo, where & is the vector space generated by the Arc-set C endowed
with certain ordering.

Proof. (i) Let N, N2 be endowed with certain orderings. Consider that P =
(pij.i,j € N) and 7 = (m;,7 € N) satisfy the hypotheses of the Theorem.
Then, we may apply the cycle representation Theorem 3.3.1 according to
which we may choose a collection C' of directed cycles which occur along
almost all the sample paths of the Markov chain & = (§,), on P and a
unique collection {w,, ¢ € C} of positive numbers such that

TiPij = chjc(ivj)v Zv] S Na
ceC

where any cycle-coordinate w,, ¢ € C, enjoys the following probabilistic in-
terpretation: w, = T}Llrgo(wcn(w)/n) a.s., and w.,(w) denotes the num-
ber of appearances until time n of cycle ¢ along almost all trajectories
(&1(w), & (w), . ..). Furthermore, the cycle values we,c € C, are indepen-
dent of the ordering of C. Then the sequence (7;,pij, (i,7) € N?) satisfies
the cycle formula for p = 1 and with respect to the above representative
collection (C,w,) for the stochastic matrix P = (p;j,4,j € N).
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(ii) Let C = {c1,¢2,...} and {w,,,k € N} be the cycle representatives
for the original stochastic matrix P = (p;;,4,j € N) as given at (i). Denote
by ;& and % the vector spaces generated by N = Vertex-set C, Arc-
set C'and C ={¢;,¢y,...} as introduced in Chapter 9. Consider further
the corresponding Hilbert spaces H(.4), H(&) and H(C). Then, according
to Theorem 9.2.2, the sequence of isomorphs of {3 /" we, ¢}, in H(&)
converges to Y, - (> peq we,, Jey (i5)) bei gy @ m — oo. The proof is com-
plete. O

11.4 The Measure Theoretic Interpretation

As we have shown in Chapter 4, given a finite set S and a transition prob-
ability matrix {p;;,4,j € S}, which admits an invariant probability distri-
bution m = (m;,i € S), there exists a finite class C of directed circuits ¢
in S and a positive function w : C — R called a weight function such
that

mipig = Y w(e)J(i,j),  i,j€S, (11.4.1)
ceC

where J.(.,.) is the passage-function of ¢ defined as

Jo(i,5) =1, if (4,4) is an edge of ¢,

=0, otherwise.

The probabilistic algorithm of Theorem 4.4.1 assures the uniqueness of w
and its independence of the ordering of C.

It might be interesting to investigate the measure-theoretic meaning of
the weight function w(-) occurring in the circuit representation (11.4.1). To
this end, consider the measurable space (S, 2 (S)), where & (S) denotes
as usual the power set of S, and the transition probability function from S
to & (S) defined as Q(i, A) = >, 4 pij, for any i € S and A C S. We shall
show that

miQ(i, A) z/ w(e) I.(i, A) de, ieS ACS,
c

where C'is the ordered set of all directed circuits with distinct points
in S associated to P,dc denotes the counting measure on & (C) and
I. generalizes the passage function J. occurring in (11.4.1), while the
weight function w: C' — R is the Radon-Nicodym derivative % of a suit-
able measure v with respect to dec. Specifically, for any directed circuit
c=(i1,02,...,45,41) = (c(n),e(n+1),...,c(n+s—1),¢(n)),n € Z, of pe-
riod s> 1, we consider the following passage-functions of c.

(i) Je(i,5) =1, ifi=c(n), j=c(n+1) for some n € Z,
=0, otherwise,
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(i)  I.(,A) =1, ifi=c(n)andc¢(n+1) e A for somen € Z,

=0, otherwise.

Then we have

Proposition 11.4.1. The passage-function 1.(-,-) satisfies the following
equations:

(i) I.(i,A) = _GZAJC(Z',j),
(ii) 1(, S) = J.(i),
for alli e S, A C S, where J.(i) = > J.(4,7).
JjES

Proof. If I. (i,A) =0 for i € S and A € Z(S), then J.(3,j) = 0 for all
j € A. Therefore both members of (i) are equal to zero. Now, consider that
I.(i,A) # 0. Then i = ¢(n) for some n € Z and ¢(n+ 1) € A. Thus both
expressions ;. 4 Je(i, ) and (i, A) equal 1.

Finally, (ii) is a special case of (i) for A = S. The proof is complete. O

Further, consider the measure space (C,v), where o = o/(¥) is the
smallest o-algebra generated by ¥ = {C(i,A),i € S,Ae Z(S)} with
C(i,A) ={ce C: I.(i,A) = 1}, and v is defined as follows:

v(C(i,{j}) = mipij, ij €S, (11.4.2)
V(Uan) = Zn T, Q(ZH7A’I’L)7 if B, = C<ZnaAn) 7é Dyin € S, A, C 57
n=12,...,
=0, otherwise,

where the sets in the union are pairwise disjoint. Note that {c} € HAY).

Now, consider A, A’ € #(S) such that AN A" =@&. Then, C(i, A) N
C(i,A") = @,i € S. Accordingly, for any sequence C(i,A,),n=1,2,...,
where A,,n =1,2,..., are pairwise disjoint sets we may use the additivity
of Q(i,-) and write

v(U,C(i, An)) = v(C(i,UnAL))
= 'lTiQ(iaUnAn)
= Zn WiQ(i’ An)
= Zn v(C(i, Ay)).

Now we may prove the following:

Theorem 11.4.2. There are two finite measure spaces (C, & (C),dc) and
(C,Z(C),v) such that

Qi A) :/Cw(c) LG, A)de =S w(e) LG, 4) i€S,ACS, (1143)
ceC
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and
T = / w(e) Je(i)de = Y " w(c) J.(i), i€, (11.4.4)
c ceC
where w(-) denotes the Radon-Nicodym derivative %. O

Proof. Since v, defined by (11.4.2), is absolutely continuous with respect
to the counting measure dc, we may apply the Radon—Nikodym theorem,
and find a (£ (C)-measurable) function w: C' — RT such that

v(B) = /Bw(c) de = Zw(c), BCC. (11.4.5)
ceEB

To obtain (11.4.3), we may choose B = C(i,A) fori € Sand A € Z(5) in
(11.4.5). Then we have

v(C(i, A)) = mQ(i, A) = / w(c)de

C(i,A)
:/w(c)lc(i,A)dc
C
=Y w(c) L(i, A).

ceC

Finally, taking A = S in (11.4.3) and applying Proposition 11.4.1, we get
I.(i,S) = J.(i). Then (11.4.3) becomes

m:/ w(e) Je(i)de =Y w(e)J.(i),  i€S.
¢ ceC

The proof is complete. O

11.5 The Cycle Representation Formula as a
Disintegration of Measures

Equation (10.5.1) becomes a disintegration formula of the measure fi(-) =
(€ x -) with respect to v({c}) = p(c) w(c), when C'is the entire set € of
the directed cycles or circuits which decompose a positive balance function
v, that is,

AE)=) Qe B)v({c}), ECE

cE?

where @ is a transition function defined as in the proof of Theorem 10.5.1.
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Consequently, by using the approach of M.M. Rao (1993) the cycle repre-
sentation formula

(i, j) =Y we) Je(i,5),  (i,§) €&

cE?

expresses a “disintegration” of the “edge-measure” v(i,j) relative to the
“cycle-measure” w(c).

The present paragraph is devoted to the study of the cycle representa-
tions of balance functions in the context of the disintegration of measures
as given by M.M. Rao (1993).

We first prove

Theorem 11.5.1. Let S be a finite set and let v(-,-): S x S — RT be any
positive balanced function with the oriented graph (S, &) and a circuit rep-
resentation (€, w(-)) with w(c) > 0,c € G.

Consider the probability measure u on the product measurable space (€ %
&P (€)@ P (&) defined for each measurable rectangle C X E C €x &
as:

1
wWC x BE)= —=———— ) w(c) J.(F), (11.5.1)
> P 2
cE?
where p(c) denotes the period of the cycle ¢, and J.(i,7) = 1 or 0 according
to whether or not (i,7) is an edge of c¢. Then

(i) there exists a transition probability function @ from (€, P (¥)) to
(Ex &P (%)@ P(&)) such that

p(Cx E)=>Qc,¢x E) v({c}). (11.5.2)
ceC

for any C x E C € x &, where v = p °pr. ! is the image probability
of 1 with respect to the projection pro: € X & — 6.

(i) there exists a transition probability function P from (& 2P (&)) to
(€x &P (€)@ P(&)) such that

w(Cx E)y= > P((i,5),C x &) M{(i,)}), (11.5.3)
(i,j)ERE
for any C x E C € x & where A\ = p °pr! is the image probability
of p with respect to the projection pre: € X & — &.
Proof. (i) Let (C' x E) be any measurable rectangle with C’ € #(%¢), E €
P (&), and let C € & (¥). Consider
u[(C" x E)ynpr(O)] = p[(C"NC) x E].

Then for each C' x E C € x &, the measure u[(C’ x E) N pr;1(-)] is abso-
lutely continuous with respect to v on & (%). Consequently, there exists
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the Radon—Nikodym derivative Q(-,C’ x E) of u[(C’ x E) Npr;1(-)] rela-
tive to v, that is,

ul(C" x E)npr (O)] = ) Q(e,C" x E)v({c}),

ceC

for any C' € & (%).

Furthermore, the o-additivity of the measure p(- N pr_1(C)) implies that
Q(c,-) is o-additive as well, for any ¢ € C.

From the expression of p given by (11.5.1) we may further find the con-
crete form of both v and @ as follows:

v(C) = (nopr;")(C)
= pu(C x é’)

Zp Zp

Py=r ('GC

for any C' € 2 ().
Also,

u[(C’ﬂC)xE]:m > w(e)J(E), (11.5.4)
= ceC’'nC

and

> Qe,C" x E) v({c}) = Zp (¢,C" x E).

ceC CG% cEC

(11.5.5)
Then, from (11.5.4) and (11.5.5), Q(¢,C’ x E) is identical to

1
Qle,C' x E) = { plc)
0, ifcg C.

J(E), ifcec,

In particular, if ¢/ = €, then we obtain (11.5.2), where

Qe ¢xE)= Y

(i,j)€E

1 .
@Jc(%]%

for any c € ¥and E C &
(ii) Consider
ul(C x B N pro (B)] = ulC x (EN B,
for any C € £ (€¢) and E,E' € & (&).

Then for each C x E' C ¢ x &, the measure p[(C x E') NprZt(+)] is ab-
solutely continuous relative to A = po pr-* on & (&). Consequently, there
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exists the Radon-Nikodym derivative P(-,C x E’) of the former with re-
spect to A, that is,

pl(Cx EYnprs (BE) = Y P((1,4),C x E') M(i,j)}.
(i,j)eE

Also, the o-additivity of P((4,j),) follows from that of u[- N pr-1(E)] for
any (i,7) € E. As in the proof of (i), we now describe both A and P(:,-)
from the concrete expression (11.5.1) of . Specifically, we have

NE) = (popr")(E)

= wEx E)
1
= S e 2D
cE?
for any F C &.
On the other hand,
1 /
w(C x (ENE'")) = %p( e C;w(c) J(ENE", (11.5.6)

and

> P((1,4),C x E') M(i,4)}

(i.J)€E
L .7 / ..
= W (l%éE P((Z,J), CxFE )<;w(c) Jc(l,j)> . (11.5'7)

cE?

The comparison of equations (11.5.6) and (11.5.7) inspires the following
expression for P((4,7),-) on the measurable rectangles C x E':

Z w(c)J(,(z,]) : lE/(Za])

P((i,7),C x E') = ceC ST . (1,5) €& (11.5.8)

ceE?

Indeed, by replacing (11.5.8) in (11.5.7), we get

> P((i),C x B M(i)} = Sl Z > w(e) Je(ing) 1e (i.5)
(i,j)€E P=r (z j)EE ceC
1
== w(c) J(ENE')
= i 2(;

u(C x (ENEY).
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For the particular choice E’ = &, we obtain (11.5.3) with

ZCGCU)(C) JC(Z7-7)
Peeww(c) Je(i,§)’

P((6,4),C x &) =

for any (i,j) € &and C C .
The proof is complete. O

Corollary 11.5.2. Let S be a finite set and let v(-,-): S x S — R be a
positive balanced function which has the graph (S, &) and satisfies the cycle
decomposition

v(i,§) =Y _(e)J(i,4),  (i,§) € S xS, (11.5.9)

cEC

where € denotes as usual a collection of directed circuits ¢ with periods
p(c) > 1; w(c) > 0 and J.(i,5) = 1/p(c), or 0 according to whether or not
(i,7) is an edge of c.

Let X be the measure on the edges defined as M (i,7)} = v(i,§), (i,7) € &,
and let v be the measure on the circuits defined as v({c}) =w(c),c € C.
Then

(i) there erists a transition probability function Q from (6,2 (%)) to
(& P (&)), which disintegrates \ relative to U, that is,

=> Q(c.E) v({c}), Ee2(&) (11.5.10)

cE?

(ii) there exists a tramsition probability function P from (& P (&) to
(€, P (€)), which disintegrates ¥ relative to X\, that is,

= > P((i,5),C) M(i,j)}, Ce2(%). (115.11)

(i.j)e &
Proof. (i) By choosing C' = % in equation (11.5.2), we get
WEx E) =% Q(c,€x E) v({c}),

cE?
for any E € & (&), where

_plow(c)
> ple)w(e)’

cE?

v({c}) =

and {&, w(c)} is the circuit representation of v occurring in Theorem 11.5.1
with the passage-function J.(i, j).
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Consider the measures \: 2 (&) — RT and 7: 2 (%) — R defined as

S‘(E) = Z’J}(C) jc (E)» E e <@(‘g))v
cETC
7(C) =Y i(c), CeP(%),

ceC
where @(c) = p(e) w(e) and J.(i,5) = (1/p(c)) Je(i,j),c € €.

Define the transition probability function @ from (&, 2 (%)) to
(&6, 2(&)), by

Q(C7E):jc(E)v Cecgv EE:@(@O),

where jc(E) == Z(i,j)EE j(!(iaj)a cec Cg
Then

AE) =Y Qe.E) i({c}), ECé

cE?

(ii) By applying an analogous reasoning to equation (11.5.3) for F = &
we get

pCx &) = > P((i,4),Cx &) M@i,j)}, CCE
(i,j)e&

Consider now the measures A and 7 associated with the circuit representa-
tion {&,w(c)} as in (i). }

Define the transition probability function P from (&, 2 (&)) to (¢, 2 (%)),
by

Pl(0.d).C) = Zesc "OXCD) e g ccg
2 cer®(€)Je(i 5)
Then
HC) =D e s P60, 0) MG}, Ccw
The proof is complete. O

Remark. We have proved that the circuit representation formula (11.5.9) is
equivalent with the disintegration formula of the measure A{(4, )} = v(3, )
on the edges with respect to the measure 7({c}) = w(c) on the circuits,
that is,

v(i,5) =Y Qe {0, §)}) w(e), ijeS. (11.5.12)

cE?
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On the other hand, by choosing C' = {c}, ¢ € €, in equation (11.5.11), we
obtain

w(c) = > P((i,7),{c}) v(i,j), c€% (11.5.13)

(i,j)€ edge—set of ¢

The equivalence between the cycle representation formula (11.5.9) and the
disintegration of measures (11.5.12) allows us a parallel with Kirchhoff’s
laws on electrical networks where the overlapping circuits are here given
by the circuits ¢ € € and the electrical flow {w(c)} is obeying Kirchhoff’s
laws. Specifically, equation

v(i) (=Y v(i,4) =D Qe,i) d(c), i€S8,

jeS cET

with Q(c,i) = > Q(c,{(i,7)}), expresses that the current v(i) at node
i € S equals the sum of the currents w(c) = [(1/p(c)) w(c)] of the circuits
¢ passing through 1.

On the other hand, the disintegration of measures (11.5.13) may enjoy the
following dual interpretation: the series connected voltage-sources w(i, j) =
P((i,5),{c}) v(i, ), where (i,) ranges the edge-set of the circuit ¢, are
equivalent with the one voltage sourse w(c) of the circuit c.



I1

Applications of
the Cycle Representations



1

Stochastic Properties in
Terms of Circuits

In the present chapter we shall be concerned with circuit Markov chains
and we shall investigate their recurrent behavior, entropy production and
reversibility property. The principal results will give criterions in terms of
the representative circuits and weights.

1.1 Recurrence Criterion in Terms of the Circuits

In Section 2.2 of Part I certain coutable state Markov chains are defined
using classes {%, w.} where €is a countable set of overlapping directed cir-
cuits with distinct points (except for the terminals) satisfying some topolog-
ical conditions, and {w,, ¢ € €} is any collection of strictly positive numbers
attached to €. We recall now the definition of these processes.

Let S be the set of points of all the circuits of %. Preliminary ingredients
will be the passage functions J.(-,-) assigned to the circuits ¢ of €. Here
we shall consider the backward—forward passage functions J. introduced by
relation (2.2.1) of Part I, where the domain of each J, is the set S x S.

Assume ¥ satisfies the conditions (c1), (c2), and (c3) quoted in Section
2.2 (Part I). In particular, ¥ may contain infinitely many circuits with
periods greater than 2. Introduce

w(i,j) =Y wele(irj),  i,j€S. (1.1.1)
ce?

Then we may use the function w(-,-) to define an S-state Markov chain as
follows. Since . g w(4, ) is finite for any i € S (see condition (c1)), we
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may consider

w(i) = Y weii),  i€S.

ceE?

where J.(i) = 37 c g Je(i, j). Then

w(i
pij = ’u(}(’i;)’ Z,j S S, (112)
define the stochastic matrix of a Markov chain & = (§,,)n>0 called the cir-
cuit chain associated with {&,w.}. The chain £ is an S-state irreducible
reversible Markov chain.

One may obtain a recurrent or transient behavior for the circuit chain £
according to the constraints imposed to either the circuit weights w, alone,
or to both collections € and {w.}. For instance, in Theorem 2.2.2 of Part I
the Nash-Williams-type criterion for the chain £ to be recurrent is a global
condition on the circuit weights w..

In this section a topological argument on % is developed to give a suf-
ficient condition, of Ahlfors-type, for a reversible countable state circuit
chain to be recurrent (S. Kalpazidou (1988b, 1989b, 1991e). To this end,
let us add to conditions (c1), (c2), and (c3) on € (mentioned in Section 2.2
of Part I) the following one on the circuit weights w.,c € &

(cyq) there exists a strictly positive number b such that w. < b for all ¢ € €.

Consider the shortest-length distance d on S, that is,

0, if k=u;
d(k,u) = < the shortest length of the paths
along the edges of € connecting k to w, if k # u;

where the passages through the edges are backward—forward passages (that
is, a circuit ¢ passes through (k,u) if and only if the backward—forward
passage function J. has a nonzero value at either (k,u) or (u, k)).

Fix an arbitrary point O in S called the origin. Let S,,,m =0,1,2,...
be the “sphere” of radius m about the origin, that is,

Sm={ue€S:d(0,u) =m}.

Then Sy = {0} and {S,,,m =0,1,2,...} is a partition of S. Consider now
the “balls” B,,n=0,1,2,..., of radius m about the origin, that is,
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Define the function y(n),n =0,1,2,..., as follows:
~v(n) = card B, (1.1.3)

We call v the growth function of S associated with ¥’ and O (S. Kalpazidou
(1990c¢)). In particular, when %is the representative class of a circuit chain
&, v will be called the growth function of £ associated with O.

We now prove

Theorem 1.1.1. Any reversible circuit chain & whose generative class
{%,w.} satisfies conditions (c1)—(c4) is recurrent if

oo

> . (1.1.4)

2 3m) =y —1)

Proof. Let

ak:Z Z w(u,u'), k=0,1,....

ueS, u'€S,_1

We shall prove that (1.1.4) is a sufficient condition for the series
oo o(ak)™t to be divergent. To this end, let us estimate the aj,k =
0,1,..., in terms of the growth function:

oy = Z Z chJc(u,u’)

UES, U Esyk_1 cEL

<b YD Jelw

UuES, cEE
< bno(y(k) —v(k —1)),

where ng and b are the constants occurring in conditions (c1) and (cq4), re-
spectively. The last inequalities together with (1.1.2) assure the divergence
of the series >, (a)~'. Then, appealing to Theorem 2.2.2 of Part I, one
obtains the desired result. O

The previous theorem shows that, although the stochastic features of
a circuit chain do not in general remain invariant when the collection of
the weights {w,}.ce varies while the configuration of the circuits remains
unchanged, one can still find stochastic properties which remain invariant
when the collection W, = {w.}. varies in a certain family {W,}. This will
then argue for a dichotomy of the collections W, of circuit-weights into
recurrent collections and transient collections according to whether the
corresponding circuit chains are recurrent or transient. A detailed study of
this aspect is given by S. Kalpazidou (1991e) and is based on an important
lemma due to P. Baldi, N. Lohoué, and J. Peyriere (1977) and specialized
to discrete spaces by N. Varopoulos (1984c).
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1.2 The Entropy Production of Markov Chains

1.2.1. A heuristic introduction to the entropy production of Markov chains
has its beginnings in the corresponding generative entity arising in non-
equilibrium statistical physics. Let 3 be a nonequilibrium system of coupled
chemical reactions where some reactants are continuously introduced into
the system and others are continuously withdrawn. Then the affinity

Aij = pipji — PiDij

expresses the reaction rates, where p;; denotes a probability law from
i to j,(p;) is a strictly positive probability distribution, and 4,j €
{1,...,n},n > 1, symbolize the chemical components involved in the reac-
tion. The number n of components does not need to be finite. Consider the
entity

PjDji

Aij = IOg
PiPij

with pij>07 i,je{l,...,n},

which is known in the physical nomenclature as the conjugated thermody-
namic force of A;;. Then the expression

FE = % Zi,j Aijzziij

= 525, (Pipji — pipij) log w’ (1.2.1)
iDij
containing all p;; > 0, may be interpreted up to a constant factor (which
is the Boltzmann constant multiplied with the temperature at which the
reaction occurs) as the entropy production of the system X.
The expression F given by (1.2.1) was first investigated by J. Schnaken-
berg (1976) under the standpoint of nonequilibrium statistical physics. Ac-
cordingly, F is decomposed into two terms F; and F5 such that

E=FE+ FEy (1.2.2)
and

;i

By = 53, (pipji — pipij) log j;
3

i

By = 532, ;(pjpji — pivij) log pfj,zg

]

The interpretation of this decomposition is more suitable in the nonhomo-
geneous case when the equation for the dynamical evolution of a probability
distribution p;(t) (over states ¢ € {1,2,...,n}) characterizing the system
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3} is given by

Sni®) = 30 Opss — p(0)pi),

j=1

Then FE; is exactly the first derivative of (=", p;(t)logp;(t)) and repre-
sents the entropy of the system in equilibrium, while P, is the contribution
due to the coupling of the system to an external set of thermodynamic
forces which prevent the system from achieving an equilibrium state. Here
we point out that the previous interpretation in a thermodynamic setting
argues why the expression (1.2.2) can be identified with the entropy pro-
duction of the system 3 except for a couple of factors due to the natural
conditions. A second reason that enables one to identify (1.2.2) with the en-
tropy production of the real system is the stability criterion of P. Glansdorff
and I. Prigogine (1971) according to which a steady state of a thermody-
namic system is stable if the so-called excess entropy production, that is,
the second-order variation 62F around the steady state, is positive (see J.
Schnakenberg (1976), p. 579).

1.2.2. We are now in the position to apply to Markov chains the argu-
ment developed in the previous paragraph and to define the analogue of the
entropy production. Let S be a denumerable set. Consider £ = (&, )n>0 as
any irreducible and positive-recurrent S-state Markov chain whose transi-
tion probability matrix is P = (p;;,¢,j € S). Let 7 = (m;,1 € S) denote the
invariant probability distribution of P. Then the expression

E= %Zi,jes(ﬂ-ip’ij — m;pji) log M, (1.2.3)

TjPji
where the pairs (¢, j) occurring in the sum correspond to strictly positive
probabilities p;;, is called the entropy production of the chain §. Since the
chain ¢ is a circuit chain with respect to some class (%, w.) of directed
circuits in S and positive weights, it might be interesting to express the
entropy production in terms of the circuits and their weights. Here is a
detailed argument due to Minping Qian and Min Qian (1982) (see also
Minping Qian et al. (1991)).
Namely, we have:

Theorem 1.2.1. The entropy production E of an irreducible and positive-
recurrent Markov chain & with a denumerable state space S has the following
expression in terms of the circulation distribution (w.,c € 6):

We

E= % Ece(@”(wc - wcf) IOg ) (124)

Cc—

where € is the collection of directed circuits occurring along almost all the
sample paths and c_ denotes the reversed circuit of c.
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Proof. Let P = (p;;,4,j € S) and m = (m;,i € S) be, respectively, the tran-
sition matrix and the invariant probability distribution of £. The circulation
distribution (w, ¢ € ¥) was introduced by Theorem 3.2.1 of Part I. Here €
is the collection of all directed circuits with distinct points (except for the
terminals) occurring along almost all the sample paths of £. Assign each
circuit ¢ = (i1, ...,4s,91) € € to the cycle ¢ = (i1,...,4s),s > 1. Then, ap-
pealing to Theorem 3.3.1 and Corollary 3.2.3, one may write

E:%Z Z (wc—wcf)logw

™
4,5 (4,j) occurs in é iPji

SO SCETE) S
(&3

7T1~+1pl~+11~

- %Z — w,_)log H DtuPietugs

i1 Vi1 Pingric

:%Z e — We_ logw

Cc—

1.3 Reversibility Criteria in Terms of the Circuits

Let S be an arbitrary denumerable set and let Z denote the set of all in-
tegers. We say that an irreducible and positive-recurrent S-state Markov
chain € = (£,)nez is reversible if (&m,,&my;s---,&m, ) has the same distri-
bution as (&;—my, Er—mas - -« 3 Er—m,) for all n > 1, and mq,...,m,,7 € Z.
The most known necessary and sufficient criterion for the above chain
¢ to be reversible is given in term of its transition probability matrix
P = (pij,i,j € S) and invariant probability distribution = = (m;,i € S),
and it is expressed by the equations

TiPij = TjDjis i,j es. (1.3.1)

When relations (1.3.1) hold, we say that £ is in detailed balance (see P.
Whittle (1986), F.P. Kelly (1979)).

Let us write relations (1.3.1) for the edges (i1,1i2), (i2,43), ..., (is,41) of
an arbitrarily chosen directed circuit ¢ = (i1, .. . ,4s,41), s > 1, with distinct
points 41, ...,1s, which occurs in the graph of P. Then multiplying these
equations together and cancelling the corresponding values of the invariant
distribution m, we obtain the following equations:

DivioPisis * """ Diy_viyPigin = PirigPigig_1 ~ """ " DiginPiniy (1.3.2)

for any sequence of states iy,...,is € S. Equations (1.3.2) are known as
Kolmogorov’s criterion and provide a necessary and sufficient condition, in
term of the circuits, for the chain £ to be reversible.
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As we shall show in this section, a natural development of the idea of
expressing the reversibility property in term of the circuits can be achieved
if we appeal to the circuit representation theory according to which the
original chain & is completely determined by a collection (%, w,) of directed
circuits and weights. Then, when the circuits to be considered are defined
by the sample paths of &, the corresponding criterion assuring the property
of reversibility will rely on the process itself.

Let us further develop certain necessary and sufficient conditions, in
terms of the weighted circuits, for the chain £ to be reversible. To this
end, let us consider the circulation distribution (w, ¢ € €) defined in The-
orem 3.2.1 of Part I, where % contains now all the directed circuits (with
distinct points except for the terminals) occurring along almost all the sam-
ple paths of £. Then the circuit weights w,, ¢ € €, also called cycle skipping
rates, are defined by the sample paths of £ according to Theorem 3.2.1.

To establish the connection between the w,’s and equation (1.3.1) above,
we may use the entropy production of £ introduced in the previous section.
Namely, we have

TiDii
E=3 Z (mipij — mjpji) log ——*

.
i,jes iPji
w,
:% g (we — we_ ) log ——.
We_
cE?
Then the expression
We

(we — we_) log
Cc_
describes the deviation from symmetry along the circuit ¢, while the en-
tropy production is the total deviation from symmetry along the circuits
occurring on the sample paths.
Accordingly, one may assert the following criterion: the circuit chain
& is reversible if and only if the components w.,c € €, of the circulation
distribution of € satisfy the consistency condition

We = We_, (1.3.3)

where c_ denotes as always the reversed circuit of c.

The analogues of the previous relations for physical phenomena are given
by T. Hill (1977) using a diagram method where his concepts of cycle flux
and detailed balance correspond, respectively, to the circulation distribu-
tion and reversibility property of Markov chains.

One may obtain the same condition (1.3.3) using the connection between
the w.’s and the Kolmogorov criterion (1.3.2). To this end we shall need the
following algebraic expression of w, provided by Corollary 3.2.2 of Part I.
Let ¢ = (i1,...,4s,41),8 > 1, be a directed circuit of ¢ with distinct points
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i1,...,1s. Then the cycle skipping rate w. has the following expression:

We = T4y PiyiaPisiz ** " Pis_1isPisiy
N (ig,io/i1)N(is,i3/i1,12) - N(is,is/i1,- - is—1),

where N (ig,ix/i1,...,ik—1) denotes the taboo Green function introduced
by relation (3.1.4) of Part I. Since the product

iy N (i2,92/11)N (i3, 93 /11, 92) - - N(lg, i /01, .. i5—1)

is unaffected by the permutation of the indices i1,1is,...,7s, we may in-
troduce it, as a multiplier, in the Kolmogorov equations (1.3.2). Then we
obtain again the consistency relation (1.3.3).

Let us now suppose that the state space S of £ is finite. Let (€, w.) be any
deterministic representation of & as in Theorem 4.2.1 of Part I. Then the
transition probabilities p;j;,¢,j € S, of £ are defined as p;; = w(4, j)/w(i),
with

w(i, j) =Y wede(i,j), 1,5 €S8,

ce?

w(i) = 3 wele(i) ies,

cE?

(1.3.4)

where the passage function J.(-, ) is given by Definition 1.2.2 of Part I, and
Je(i) = >_; Je(i, j). Consider the collection ¢ = {c_ : c_ is the reversed
circuit of ¢, ¢ € €}. Put w._ = w,. Define

w_(ij) = Y we Jo_(i.j), i.j€ES,
“ < (1.3.5)

w_(i) = Y we_Je_(i), i€s.

c_€F_

Then one can find that the transition probabilities of the inverse chain of
¢ are given by

w—(i,J)

w (i)’ i,j € 5.

Dij =
This immediately leads to the following conclusion: £ is reversible if and
only if w(i,j) = w_(i,7) for alli,j € S.
Our results can now be summarized in

Theorem 1.3.1. Let S be a denumerable set. If (p;j,i,j € S) is the tran-
sition matriz and (€, w.) is the circulation distribution associated with an
S-state irreducible and positive-recurrent Markov chain & = (§,)nez, then
the following statements are pairwise equivalent:
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(i) The chain £ is reversible.
(i) The chain & is in detailed balance. That is,

TiPij = TjPji, ’Lv] S Sv
where ™ = (m;,4 € S) denotes the invariant probability distribution
of €.
(iii) The transition probabilities of £ satisfy the Kolmogorov cyclic con-
dition:

PiviaPisis " Pis_1i:Pisin = PirisPisis—1 ~ " " PigiaPisiys
for any sequence of states i1,...,i5s € S.

(iv) The components of the circulation distribution of & satisfy the con-
sistency condition:

We = We_, cEC.

(v) The entropy production is null, that is,

Z(wC — w,_)log We _ 0.

w
ceE? ¢=

1.4 Derriennic Recurrence Criterions in Terms
of the Weighted Circuits

As we have seen, recurrence criterions are usually given under the reversibil-
ity hypothesis. When this property does not hold, we still may find recur-
rence criterions for the case of the circuit Markov processes.

The present section is devoted to Derriennic’s recurrence criterions (as
given in Derriennic (1999a, b)) by using the circuit representation for ran-
dom walks in random environments on the integers line Z, whose increments
are +2 or —1. These criterions provide a method to construct plenty of re-
current Markov chains, and show that recurrence is a property which does
not depend only on the unidimensional marginal distributions of the envi-
ronment, in contrast to the case of the “birth and death” random walks
studied by Solomon (1995). Furthermore, the Derriennic criterions extend
previous result of Letchikov (1988) and improve the efficiency of Key’s
criterion (1984), based on the multiplicative ergodic theorem of Oseledets.

1.4.1. Following always Derriennic (1999a), let us first consider a random
walk X = (Xj)r>0 on the set N of natural numbers, with the jumps +2 or
—1 in a fixed environment. The corresponding Markov transition matrix is
given by

P(Xk+1 n—‘r2/Xk :n)
P(Xk+1:n—1/Xk:n)
P(Xk41=2/Xx=0)=1,

= P, (1.4.1)
anl_pm nZL
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where the (py),~o is an arbitrarily fixed sequence with py =1 and 0 <
pn < 1, for any n > 1.

Consider also the corresponding “adjoint” chain X’ = (X}), ., on N, whose
only possible transitions are n — n — 2 and n — n + 1. Then the Markov
transition matrix of X’ is given by

P(X,H_l—n—&-l/Xk—n)—q;,
PX,,,=n—-2/X;,=n)=p,=1—¢q,, n>2
bt / ) (1.4.2)
P( 1:2/Xk:1) L,
( 1

P(Xp 1 =1/X;=0) =1,
where (p;,),,>( is an arbitrary sequence with py = p}{ =0 and 0 < pj, <1,
for any n > 2. In the sequel we shall use the following notations: the chain
X has the jumps +2 or —1 with the probabilities (pn, ¢,); the chain X’
has the jumps —2 or +1 with the probabilities (p!,, ¢, )-

Plainly, these chains are not reversible, but they admit a representation by
cycles and weights, which we shall use to study criterions for their recurrent
(transient, or, positive-recurrent) behavior.

First, we have

Proposition 1.4.1. The Markov chain X introduced by (1.4.1) has a
unique representation by cycles and weights.

Proof. The set of representative cycles is given by the sequence ¢, =
(n,m+2,n+ 1),n > 0, since only the transitions from n to n 4 2, and from
n to n — 1 are possible. There are 3 cycles passing through each point
n > 2: ¢y, Cn_1,Cn_2; 2 cycles passing through 1: ¢1, ¢g; and, only one cycle
o, passing through 0. Then it remains to define the corresponding weights.
Specifically, if we symbolize the weight w,) of ¢, by wy, then the sequence
{wn,n > 0} have to be a solution to the equation

Wn,

" Wp—2 + Wp—1 + wn’ ’
w1
pr=—
wo + wq

wn

Let us put &, = o

,nm > 1. Then the preceding equation reduces to:

1
& =21 and gn_<1+ > n>2.
q1 gnl

Given the sequence (p,,), it is clear that the solution (&,),n > 1, exists and
is unique. Thus the sequence of the weights w,,n > 0, is uniquely defined
as wy, = wo &1 ... &, up to a multiplicative constant factor (the uniqueness
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in the statement of the theorem is obviously understood up to a constant
factor). Consequently, the transition probabilities of X are written as:

Pbij = an‘]cn (i,j)/anJc"(i),

where J._ (i,7) = 1, or 0 according to whether or not (7, j) is an edge of ¢,,
and J., (i) =>_ J., (i,7). The proof is complete. O
J

To study the adjoint chain X’, we shall need

Lemma 1.4.2. Given a positive sequence (an)n>0, there exists a positive
sequence (zn)n>0, which is the solution of equation

1
zn:an(l—i— ), n > 0.

Zn+1

Namely, the value zg may be chosen to be any intermediate value between
the inferior and superior limits of the convergents of the continued fraction
1

uo + ————,
’U,1+ L

Us...

where ug = ag and unq1 = . The solution (2,),,~ s unique if any only
” >
if Done o Un = 400, and in particular if Y .., an, = +00.

Proof. The numbers u,, are positive. Even though they are not integers,
we can write them in the formula of the convergents of a continued fraction
in the place of the partial quotients. Plainly, zo may be any number between
the limit of the increasing sequence of even convergents and the limit of
the decreasing sequence of odd convergents. For example, if

Zp=U +

then

1 1
Ug+——= < zp <ug+ —.
U1+7%2 U1

For more details, see Khinchin (1984). This proves the existence of the
sequence (2p)n>0- It is not unique if the two limits of even convergents and
of odd convergents are not equal. In this case zy can be chosen arbitrarily
in the corresponding interval. If the two limits are equal, zg is this unique
value and then the sequence (z,,)n>0 is unique, as well. It is well known that
the convergence of the continued fraction is equivalent to ZZOZO Uy = +00.
The proof is complete. O
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Now, we are prepared to prove

Proposition 1.4.3.  The adjoint Markov chain X' defined by (1.4.2) is
a circuit chain whose circuit representation is not necessarily unique. A
sufficient condition to have a unique circuit representation is given by

oo /

Proof. The set of the representative directed cycles for X’ is {c/, = (n,n +
1,n 4 2);n > 0}; they are the reversed cycles of those which represent the
chain X. The existence of the weights w;, = w/, (n) 18 DOt obvious, as it was
for the chain X. Specifically, the sequence {w],} is given as a solution to
the equation

!
w
n-2 n> 2.

I
Pn = Wy, _y + W,y +wy,
Since there is only one cycle ¢y, which passes through 0 and two cycles cg
and ¢; passing through (1, 2), then the corresponding two weights w(, and
w} may be arbitrarily chosen. To solve the proposed equation, let us put

—1

il = w{;—,, n > 1. Then, by applying Lemma 1.4.2 to the equation

! 1
5;21)7(1-&-,);”227

n n+1

for an admissible value of &}, there exists a sequence of weights defined
wg

as w), = n > 1. If & is unique then the sequence of weights w/, is

SIRCAT
unique up to a multiplicative factor wj. The proof is complete. O

Furthermore, we have

Theorem 1.4.4 (Positive-recurrence criterion). The chain X defined by
(1.4.1) is positive-recurrent if and only if Z:g & ... &, < oo, where

£, =10n (1 + 5%1), with & > 0 and n > 2. The adjoint chain X' defined

an
by (1.4.2) is positive-recurrent if and only if :z ﬁ < 400, where
2°°'5n

! piil 1 . ’
fn_q; (1—1——%“),wzth§2>0andn22. O
Now we shall study a recurrence criterion for the above chains. Following
the well-known method based on the Foster—Kendall theorem, we consider
the harmonic functions on N\{0}. For the chain X, the equation of harmonic
functions is given by

pnfn+2+£]nfn71 :fn» n > 1.



1.4 Derriennic Recurrence Criterions in Terms of the Weighted Circuits 219

With the differences Af,, = fi, — fn_1 we get
(Afn+2 + Afn—l)pn = Qn(Afn)v

and with ~,, = AAJ;f owe have
1
Y = Pn (1 + ) ) n > 1.
qn Yn+1

We recognize here the equation of the ¢/, for the chain X', where p!, =
pn (n > 2). Therefore, the strictly increasing harmonic functions of the
chain X are in correspondence with the weight representations of the chain
X’ such that

pl, =P(X) , =n—2/X; =n) (1.4.3)
=P(Xgy1=n+2/Xp =n) = pn, n > 2.

We shall call the chain (X},)r>0 the adjoint of the chain (X)r>o if and
only if relation (1.4.3) holds.

For a chain X' it is understood that p{, = p} = 0; therefore, the adjoint of
a chain X is well defined. However, two chains X with the same p,, for any
n > 2 and with different p; have the same adjoint. Since two such chains
have the same asymptotic behavior, there is no inconvenience in calling
also the chain X the adjoint of X', when p, = p/,, for n > 2.

For the chain X', the harmonicity equation on N\{0} is given by

Pufn2tufopr =1, n=2
Letting v, = AAf}Tl we further get
/
/! pn ]-
Yoo =— |1+ ) n>2
" q’/fb < ’Y;L—l ’

Then, according to Proposition 1.4.1 we here recognize the equation of the
&, for the adjoint chain X. Consequently, we may state the following:

Theorem 1.4.5 (Recurrence-Transience Criterion). The chain (X) de-
fined by (1.4.1) is transient if and only if the adjoint chain (X},) (according
to (1.4.3)) is positive-recurrent. Both adjoint chains (Xi) and (X)) are
simultaneously null-recurrent.
Specifically, we have
(i) the chain (Xy) is transient if and only if Z:: w), < oo, where
w), = ﬁ, with &, = Z—Z (1—|— 5;1“) ,n>2 and & > 0; (wh) is
the weight sequence of the adjoint chain (X},); a symmetrical state-
ment holds for the chain (X}) with w, =& ...&,, where &, =

p—"(l—l-g"%l), and & > 0.

n
(it) both adjoint chains (Xyp) and (X}) are null-recurrent when

Ziil Wy, = ZZL w,, = +00.
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1.4.2. Consider now random walks on Z whose possible steps are +2 or
—1. We shall give criterions for recurrence or transience of the random
walks on Z, which are valid for almost all environments. For the birth and
death chains similar results are given by Solomon (1975).

Let (S,.7,m) be a probability space and let 8:S — S be a measure pre-

serving ergodic automorphism of this space. Let p be a measurable function
p:S — (0,1).
Each s € S generates the random environment p,, = p(6"s), where 0 is
measure preserving and ergodic. The sequence (p,,) is a stationary and er-
godic sequence of random variables. On the infinite product space Q = ZV,
with the coordinates (X)g>0, we define a family of probability measures
(P*)ses, such that for every s € S, (X}) is a Markov chain on Z with

P*(Xo=0)=1, (1.4.4)
P*(Xk41 =n+2| X =n) =p(0"s),
PP(Xp41=n—1|Xr =n) =1—p(0"s) = q(8"s).

‘We have

Proposition 1.4.7. For m-almost every environment s € S, the chain
(Xk)k>0 has a unique cycle representation (C,wy,).

Proof. We may choose as representative cycles the ordered sequences ¢, =
(n,m+2,n+1),n € Z. If we denote by w,(s) the weight of ¢,, and put

W (s)

§n(s) = — O Z, we get the equation

£0(s) = g(ens) (1 + gnll(s)> ., ne Z (1.4.5)

By applying Lemma 1.4.2 to the sequence ({_,,), we see that the solution
(€1(8))nez exists and is unique m-a.s. The unicity comes from the sufficient
condition Z;iioo £(8"s) = 400, m-a.s. Then the corresponding sequence
of weights is defined as

wp(s) =1,
wn(8) = &1(8) ... &n(s), if n >0,
wp(s) = ! if n <0,

§o(8)6-1(5) - &nya(s)’

(as before the uniqueness of the weight sequence is understood up to a
constant factor).

Let us consider more closely the sequence (&,(s))nez as a solution to
the equation (1.4.5). Specifically, from Lemma 1.4.1, we know that &y(s) is
given by the infinite continued fraction with partial quotients vo(s) = (s),
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and vp41(s) = %(9“_15)/1)"(5). Consequently, we write

&o(s) = [vo(8),...,vn(s),...].

Plainly, £y is measurable and positive on S. Furthermore we have

Er(s) = [vo(eks), . ,vn(eks), )= fo(eks),

therefore, the sequence (€ )xc. is stationary with respect to the probability
measure m.

From the ergodicity hypothesis on 6, it is clear that convergence of
ZZOZI wy, and Z:Li_ o Wy, are properties which hold m—almost everywhere
or m—almost nowhere. O

Now, we introduce the “adjoint” random walk (X} )g>0 in a random envi-
ronment s as in (1.4.3). Correspondingly, we have
Prob® (X} =0) =1, (1.4.6)
Prob® (X}, =n—2/X; =n)=p(0"s),
Prob®(X;,, =n+1/X;, =n)=1—p(0"s) = q(0"s).
For this adjoint chain there is a unique cycle representation, where the
cycles are ¢;, = (n,n+ 1,n+2) and the weights wy,(s) verify &, ,(s) =
wy,_1(s)

W, where
¢ (s) = 2(0ms) (1 + 1) . nel
q n+1(8)
The function &j(s) is given by the continued fraction [v/(s),...,v,(s),..]

whose partial quotients are v{(s) = B(s) = vp(s) and
q

Vi (s) = §<e"+ls>/v'n<s>.

From the recurrence-criterion given by Theorem 1.4.5, we know that the
behaviors of (X}) and of the “adjoint” (X},) are tied together, and depend
on the convergence of the series

o n oo n —1 n+1 -1 —1 n+1 -1
S e, S TT66). 3 (H@(ef)) 5> (H fa(e‘>> .
1 /=1 1 /(=1 —oo \/¢=0 —oo \¢=0

We have

Theorem 1.4.8 (Recurrence-transience criterion). Assume that the two
functions ln% and lnilp are m~integrable.

The random walk X = (Xi)g>0 in ergodic random environment, defined
by (1.4.4), is recurrent for m-a.e. environment s € S, if and only if
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JsIn&o(s)dm(s) = 0, where &(s) is the infinite continued fraction
§o(s) = [vo(s),- -, vn(s),.. ],

) P ’U()Oe n+1
wzthv0:ﬁ7...,vn+1:7)7,...
- n

If / In&o(s)dm(s) > 0, then klim Xk = +o0a.s.
S —oo

If / In&o(s)dm(s) < 0, then klim Xy = —0a.s.
S —o0

The “adjoint” random walk X' = (X} )r>0 defined by (1.4.6), with the in-
crements —2 or +1, is recurrent if and only if the random walk X =
(Xk)k>0 is recurrent.

Moreover, kllngo X}, = 400 a.s. if and only if kllngo X = —00 a.s., and re-

ciprocally.

1.4.3. Derriennic (1999a) investigates a few examples of random walks in
a random environment. Let a and 3 be two numbers such that 0 < o < 1
and 0 < 3 < 1. Consider also the values p,, of the probabilities of jumps
from n to n+ 2 as follows: p, = a with probability 1/2, or p, = f with
probability 1/2. Therefore, the marginal distributions of the sequence p,,
are given. We shall consider first the periodic case, and then the case of an
environment which is independent and identically distributed.

In the periodic environment, with period 2, we put p, = « if n is even,
and p, = B if n is odd, or the converse. The underlying dynamical system
(S,m,0) is just a set having 2 elements, with m the uniform measure and 0
the permutation. Then &, takes only 2 values z and y with probability 1/2,
where y = 1%[3 (1 + %) and z is the unique positive solution to the equation

”“"1(—Xoc<rs(61++z))'

cx:/lnfo dm—;(ln1[_36+ln(1+m)).

and after elementary computations the recurrence criterion is as follows:

Then we get

i) if 25 + % = 1, then we have recurrence,
i) if ;2= + % > 1, then we have transience and X — +00 a.s.,

iii) if 19 + % < 1, then we have transience and X — — a.s.,

where the average increment is equal to %(oc +p)—1.
When 25 + % = 1, this average is negative, except for « = = 1/3.
In other words, the random walk is recurrent but the average increment is



1.4 Derriennic Recurrence Criterions in Terms of the Weighted Circuits 223

negative. A small increase of « will produce the transience to +oo; yet if
the increase is small enough the average increment remains negative.

In the independent identically distributed environment, the infinite con-
tinued fraction &; is a random variable which cannot be easily simplified.
Yet using the convergents it is possible to give explicit sufficient conditions
of transience.

Namely, with

n— 1
o 1602%7 e <1€Pn:1>11n n20,
we have
o = [vo, .-+ s Un, .- ]
and
[vo, .-, Vaet1] = &0 = [vo, .-, Uapya], for any £ > 0.

Using & < [vg, v1, U2, v3], we obtain

Po p—2/(1—p-2)
/lnfo dm</ln<1+1_p0— P4 P2 ) 4 P2 dm.

1-p_1 1-p_2 1-p_2

A computation of this quantity for (p,)nez an independent and identi-
cally distributed sequence, where p,, = « with probability 1/2, p, = 3 with
probability 1/2, and with the additional condition 1~ + % =1, yields

a function of {2~ having the following properties:

— for %+ =1/2 (x=p =1/3, that is, the fixed environment) the

. . 11
corresponding value is In 15 > 0,

[0

— for %~ — 17, the function tends to —oc.

83

— for 1% — 07, the function tends to —oc.

These properties show that for « close enough to 0 or 1/2, the random walk
in the independent and identically distributed environment is transient
and X — —oo a.s. although in the periodic environment (with the same
marginal values) the random walk is recurrent. This is the case for example
with & = 1/4, that is, p, = 1/5 with probability 1/2, and p,, = 3/7 with
probability 1/2.
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Lévy’s Theorem Concerning
Positiveness of Transition
Probabilities

Paul Lévy investigated “the allure” of the sample paths of general Markov
processes § = {& }1>0 with denumerable state space S by using the prop-
erties of the so-called #-intervals, that is the sets (i) = {¢t: & = i}. Lévy’s
study concludes with a very fine property of the transition probabilities
pi;(t) of &, known as the Lévy dichotomy:

for any pair (i,7) of states and t € (0,+00), p;;(t) is either identically
zero or everywhere strictly positive.

(See P. Lévy (1951, 1958).)

D.G. Kendall, introducing a classification for Markovian theorems in the
spirit of the swallow/deep classification of Kingman, pointed out that the
Lévy dichotomy belongs to the class of theorems relying on the Chapman—
Kolmogorov equations (see D.G. Kendall and E.F. Harding (1973), p. 37).

D.G. Austin proved Lévy’s property by a probabilistic argument, using
the right separability of the process and Lebesgue’s theorem on differen-
tiation of monotone functions. Another proof, more analytic, was latter
given by D. Ornstein (see K.L. Chung (1967) for details on these results).
Recently, K.L. Chung (1988)) proved Lévy’s theorem by using some infor-
mation from the corresponding (-matrix: he assumes the states are stable.

In this section we shall show that Lévy’s theorem has an expression
in terms of directed cycles or circuits, when the state space is at most a
countable set and the process admits an invariant probability distribution
7w = (m;,1 € S). Our approach relies on the circuit representation theory
exposed in Part I according to which, for each ¢, the transition probabilities
pi;(t) are completely determined by a class {€(t), w.(t)}, where €(t) and



226 2. Lévy’s Theorem Concerning Positiveness of Transition Probabilities

w.(t) denote, respectively, a collection of directed circuits occurring in the
graph of (p;;(t),4,j € S) and strictly positive numbers. Specifically, the
pi;(t)’s are expressed as

szzy(t) = Z wc(t)JC(Za.j)a wC(t) > Oa t Z Oa ’La.j € S»
ceB(t)

where J. is the passage function associated with c¢. Throughout this chap-
ter the circuits will be considered to have distinct points (except for the
terminals). Then for ¢ > 0

w(i, j, t) = mpi(t) > 0
if and only if (i,7) is an edge of some circuit ¢ € €(t).

Accordingly, we may say that Lévy’s theorem expresses a qualitative prop-
erty of the process €. This will then inspire a circuit version of Lévy’s
theorem according to which the representative circuits are time-invariant
solutions to the circuit generating equations

S w(igt)=> wkit), €S, t>0.

J k

Finally, we shall discuss a physical interpretation of Lévy’s theorem when
the elements of %(t) are considered resistive (electric) circuits, the 7;,i €
S, represent node (time-invariant) currents and the w(i, j,t),4,j € S, are
branch currents.

2.1 Lévy’s Theorem in Terms of Circuits

Given a countable set S, let P = {P(t),t > 0} be any homogeneous stochas-
tic standard transition-matrix function with P(t) = (p;;(t),4,5 € S). As-
sume P defines an irreducible positive-recurrent Markov process & =
{&,t > 0} on a probability space (92, #;P). Suppose further that P(t),t >
0, is of bounded degree (that is, for any ¢ € S there are finitely many
states j and k such that p;;(t) > 0 and pg,(¢) > 0). For any ¢ > 0 consider
the discrete t-skeleton Z; = {£,¢,n > 0} of &, that is, the S-state Markov
chain whose transition probability matrix is P(t). The above assumptions
on P imply that any skeleton-chain =; is an irreducible aperiodic positive-
recurrent Markov chain.

Now we shall appeal to the circuit representation Theorems 3.3.1 and
5.5.2 of Part I according to which, there exists a probabilistic algorithm
providing a unique circuit representation {%;, w.(t)} for each P(t), that is,

mpii(t) = Y we(t)Je(i,§),  t>0, i,j€ES, (2.1.1)
CcECy
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where 7 = (7,4 € S) denotes the invariant probability distribution of
P(t),t > 0,%; is the collection of the directed circuits occurring on almost
all the trajectories of E;,¢ > 0, and w.(t),c € %}, are the cycle skipping
rates defined by Theorem 3.2.1. Then the w.(t)’s are strictly positive on
(0, +00).

On the other hand, if we suppose that £ is reversible, that is, for each
t > 0 the condition m;p;;(t) = m;p;i(t) is satisfied for all ¢,j € S, we may
apply the deterministic algorithm of Theorem 3.4.2 for defining a circuit
representation (%(t), w.(t)) of each P(t) with all w.(t) > 0 on (0, +00). As
already mentioned we shall consider directed circuits (with distinct points
except for the terminals) as representatives. Furthermore, we shall distin-
guish the probabilistic collection of representative circuits from the deter-
ministic ones using the notation % for the first and %{(t) for the second
ones. Also, the theorems quoted below belong to Part I. Denote by sgn z
the signum, that is, the function on [0, +00) defined as sgn = =1 if x > 0,
and sgn z =0 if x = 0.

We are now in a position to apply to Lévy’s property the argument of
the circuit decomposition above, and to show that this property has an
expression in terms of the directed circuits.

Theorem 2.1.1. Let S be any finite set. Then for any S-state irreducible
Markov process £ = {&}i>0 defined either by a standard matric function
P(t) = (pi;(t),i,5 € S),t >0, or by a probabilistic or deterministic collec-
tion of directed circuits and weights, the following statements are equivalent:

(1) Lévy’s property: for any pair (i,j) of states, the sgn(p;;(t)) is time
invariant on (0,400).

(i1) Arcset 6(t) = Arcset 6(s), for allt,s > 0 and for all the determin-
istic classes €(t) and 6(s) of directed circuits occurring in Theorem
4.2.1 when representing ¢, and Zg, respectively, where Arcset €(u)
denotes the set of all directed edges of the circuits of €(u),u > 0.

(iii) € = €5, for allt,s > 0, where €; and €5 denote the unique proba-
bilistic classes of directed circuits occurring in Theorem 4.1.1 when
representing Z; and Z4, respectively.

If S is countable, then the above equivalence is valid for reversible pro-
cesses. In any case, we always have (i) < (iii).

Proof. First, consider that S is a finite set. The equivalence (i) < (ii)
follows immediately. Let us prove that (iii) = (i). Consider ¢; > 0. Then
for any pair (i, j) of states we have

pislto) = 32 —uwelto) el ), (212)

c€Gyy, '

where 7 = (m;,7 € §) is the invariant probability distribution of £ and
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we(to), ¢ € €t,, are the cycle skipping rates (introduced by Theorem 3.2.1).
If p;j(to) > 0, it follows from (2.1.2) that there is at least one circuit ¢y € 4,
such that we,(to) > 0 and J, (,7) = 1. Then, by hypothesis ¢y € %; for all
t > 0. As a consequence, the p;;(-), written as in (2.1.2), will be strictly
positive on (0, +00). Therefore (iii) = (i).

To prove that (i) = (iii) we first note that the Chapman-Kolmogorov
equations and standardness imply that @; C %; for s < ¢. It remains to show

the converse inclusion. Let ¢ be a circuit of %}, that is, ¢ = (i1, ..., 9k, 91)
has the points i1, ...,4; distinct from each other when k£ > 1 and
Piyiy (t)p’iz’is (t) teet Pigidy (t) > 0.

Then, from hypothesis (i) we have

Piyiy (S)pizis (S) tee Digdy <5> > 0.

Therefore ¢ € €5, so that € = %; for all s,t > 0.

Finally, for the countable state space case we have to appeal to the
representation Theorems 3.3.1 and 3.4.2, and to repeat the above reasoning.
The proof is complete. O

As an immediate consequence of Theorem 2.1.1, the circuit decomposi-
tion (2.1.1), or the cycle decomposition (5.5.2) of Chapter 5 (Part I) should
be written in terms of a single class €= %}, independent of the parameter-
value t > 0, that is,

mipi(t) = Y we(t)Je(i,§), >0, i,j€S8.
cE?

Accordingly, (%, w.(t)):>0 will be the probabilistic circuit (cycle) represen-
tation of &.

2.2 Physical Interpretation of the Weighted
Circuits Representing a Markov Process

One of the physical phenomena which can be modeled by a circuit pro-
cess is certainly that of a continuous electrical current flowing through a
resistive network. Accordingly, the circuits and the positive circuit-weights
representing a recurrent Markov process should be interpreted in terms of
electric networks. Then certain stochastic properties of circuit processes
may have analogues in some physical laws of electric networks.

Let S be a finite set and € = {&}:>0 be an irreducible reversible Markov
process whose transition matrix function and invariant probability distri-
bution are P(t) = (p;;(t),i,j € §) and m = (m;,% € ), respectively. Denote
by %o the collection of all the directed circuits with distinct points (except
for the terminals) occurring in the graph of P(t). Since %) is symmetric,
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we may write it as the union €U %_ of two collections of directed circuits
in S such that ¢ contains the reversed circuits of those of %.

Then the probabilistic circuit representation Theorem 4.1.1 and Lévy’s
theorem enable us to write the equations

mpii(t) = Y _we(t)Je(i, ) + > we (8o (i,§),  (2.2.1)

ce% w,_ €%

for any i,7 € S, t > 0, where the w.(t)’s and w._(t)’s denote the cycle
skipping rates for all the circuits ¢ and c_ with period greater than 2 and
the halves of the skipping rates for all the circuits ¢ with periods 1 and 2.
The passage functions J. and J._ occurring in (2.2.1) are those introduced
by Definition 1.2.2 of Part I.

Consider w(i,j,t) = ) cowe(t)Je(i,5). Then, applying Theorem 1.3.1
of Part II, we have

g =2 w(iy g, t) = Yo, wik,i,t), iesS, t>0. (222

If we relate each circuit ¢ € 6 with a resistive circuit, we may interpret the
w(i, §,t),4,j € S, as a branch current flowing at time ¢ from node i to node
J. Suppose Ohm’s law is obeyed. Then equations (2.2.1) express Kirchhoff’s
current law for the resistive network associated with %.

Invoking the Lévy theorem in terms of circuits, equations (2.2.2) may
be interpreted in the electrical setting above as follows: if at some moment
t > 0 there exist currents w,(t) flowing through certain electric circuits ¢
according to the law of a circuit Markov process, then this happens at any
time and with the same circuits. But, using an argument from the electrical
context, the same conclusion arises as follows. The time invariance of the
node currents ;,7 € S, and the equilibrium Kirchhoff equations (2.2.2)
enable one to write

> w(it— At) =Y wli,kt+At)=3m, i€S t>0  (223)
J k

Then, 7 being strictly positive at the points of every circuit ¢ =
(i1,...,1s,1) at any time ¢ >0, the existence of a branch current
w(ig,ik4+1,t — At) requires the existence of w(igy1,ixt2,t + At), and vice
versa. Therefore the time invariance of the node currents m; and the
equilibrium equations (2.2.3) require the existence of the branch currents
w(j,i,t — At) > 0 and w(i, k,t + At) > 0 entering and leaving i. Then the
collection %; of electrical circuits through which the current flows at time
t > 0 should be time-invariant, and this is in good agreement with Lévy’s
theorem.

In general, when interpreting a circuit Markov process, the diffusion of
electrical currents through the corresponding resistive network can be re-
placed by the diffusion of any type of energy whose motion obeys rules
similar to the Kirchhoff current law. For instance, relations (2.2.2) have
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a mechanical analogue as long as Kirchhoff current law has a full anal-
ogy in Newton’s law of classical mechanics. To review briefly some basic
mechanical elements of a mechanical system, we can recall any free-body
diagram where a body is accelerated by a net force which equals, according
to Newton’s law, the derivative of the momentum. This equality becomes,
when replacing, respectively, forces, velocity, friction, mass, and displace-
ment by currents, voltage, resistor, capacitor, and flux, formally equivalent
to Kirchhoff’s current law. The previous analogy enables us to consider cir-
cuit processes associated to mechanical systems which obey Newton’s laws.
For instance, let us observe the motion of a satellite at finitely many points
i1,%2,...,4m, of certain time-invariant overlapping closed orbits ¢ (where
Newton’s laws are always obeyed). Then the passages of the satellite at
time ¢ > 0 through the points 41, is, . .., i, under the traction forces w.(t),
follow a Markovian trajectory of a circuit process with transition matrix
function
i (t) = @ forall ¢t>0 and 4,5 € {i1,i0,...,im},
K3

where w(i, j,t) = > we(t)Je(d, j) and 7; = 35 w(i, j,t). When a trajectory
correction is necessary at some instant of time, this will correspond to a
perturbation of either the Markov property or strict stationarity. Then we
have to change the stochastic model into another circuit process where the
corrected orbits will play the réle of the new representative circuits for the

process.



3

The Rotational Theory of
Markov Processes

3.1 Preliminaries

Up to this point of our exposition, it has been seen that the main geometric
characteristics of either theoretical or practical importance for the defini-
tion of finite recurrent Markov processes are the edges and circuits. The
cycle representation theory presented in Part I gives us the liberty to inter-
change the weighted edges (of the stochastic matrices) with the weighted
cycles or circuits (of the circuit representations), and the resulting equations
and new revelations in the interaction between the stochastic processes
theory and algebraic topology are so useful that there is an unavoidable
methodological horizon leading to edge-problems and cycle-problems.

It turns out that the circuits are the simplest topological structures
which link the immediate inferior and superior topological elements in
the sequence: O-cells, 1-cells, 2-cells, . ... Namely, the directed circuits are
the simplest 1-chains whose boundary is zero and which are themselves the
boundaries of certain 2-cells. Furthermore, the circuits form a basis for
describing algebraically the linear expressions of the 1-cells and a tool for
describing the 2-cells.

The presence of the circuits in the descriptions of certain stochastic struc-
tures, as in the collection of finite-dimensional distributions defining a re-
current Markov process, is dictated by the presence of the directed edges
and circuits along the sample paths, and by the fundamental topological
rule

n'¢ =0,
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where 7" is the tranposed matrix of 7 = (7edge, point) introduced in (1.3.7),
and ¢ = (Cedge, circuit) is given by (1.3.8) of Part I.

The role of the circuits grows when assigning them to certain coordinates,
the circuit-weights, by either nonrandomized algorithms or by randomized
algorithms (having in mind the Kolmogorov—Uspensky (1987) theory on
randomized algorithms).

This chapter is dedicated to a recent and essential application of the cycle
representations presented in Part I that reveals the connections between the
recurrent Markov processes and the rotations, something we have already
discussed in Chapter 1. Namely, we concluded there that:

any directed circuit provides a collection of arcs (rotations) partition-
ing the circle, and vice versa, certain partitions of the circle generate
collections of directed circuits.

A hypothesis imposed throughout this chapter will be that the circuits will
have distinct points (except for the terminals).

Let n > 2 and let %€ be a set of overlapping directed circuits in a finite
set, say {1,2,...,n}. Then, as will be shown, it is possible to find a cor-
respondence from the set @ into a set of directed circle-arcs (summing to
27r) which are suitably indexed using the edges of €.

It turns out that the sets S;,i =1,...,n, each consisting of a finite
union of arcs attached to the circuits passing through i by the previ-
ous correspondence, form a partition of the circle. Then the circle can
be viewed as an €2-set of a future probability space, and the partitioning
sets S;,i=1,...,n, as events which, when rotated by a suitable rotation
r; of length 7 = 27t, can intersect each other, that is, r-(S;) N gj #* &,
for some 4,5 € {1,...,n}. Then it is easily seen that the quantification of
these intersections in a certain way will determine the marginal distribu-
tions of a Markov process with states 1,2,...,n. For instance, the sim-
plest way to assign coordinates to the sets S; is to consider the Lebesgue
measures of their homeomorphs S; in the linear segment [0, 1] accord-
ing to a probability distribution. Then the sets Si,Se,...,S, partition
the interval [0, 1]. Correspondingly the pair (circle, {S;}) will be re-
placed by the canonical probability space ([0, 1), &, ), where Z de-
notes the o-algebra of Borel subsets of [0, 1) and A Lebesgue measure
on A.

Then A(f:(S:) N S;)/A(fe(Si)),4,5 =1,2,...,n, define a stochastic matrix
P, where fi(x) = (z + t)(mod 1) is the shift on the real line which replaces
the circle rotation r, above.

When a stochastic matrix P = (p;j,4,j = 1,...,n) admits the previous
description in terms of the shift f;, for a choice of the length ¢, and a
partition {S1,...,S,} of [0, 1), we say that (¢,{S1,...,S,}) is a rotational
representation of P. All these considerations lead to the following important
question: How to develop the theory of finite recurrent Markov processes in
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terms of rotations, and particularly, how to define the rotational represen-
tations of the recurrent stochastic matrices?

It is obvious that an answer will naturally start from the cycle repre-
sentation theory given in Part I since the weighted circuits can provide
a link between the weighted edges, defined by the entries of a stochastic
matrix, and the weighted circle-arcs. Then a preliminary problem is the
difficulty of defining a system of two different kinds of transformations for
each recurrent stochastic matrix P:

(i) the transformation of the representative circuits of P, occurring
in a circuit decomposition, into circle arcs, (3.1.1)
(ii) the transformation of the circuit-weights into the arc-weights.

The transformation (3.1.1)(i) (which is a one-to-many relation between
the graph-elements) presupposes a choice of a circuit decomposition for P
(as in Section 4.4 of Part I) and along with (3.1.1)(ii) requires an algebraic
structure associated with the graph G(P) of P. The algebraic structure is
understood to be an assignment of certain numbers (the weights), depend-
ing on P, with various elements of G(P) as the edges and circuits. These
numbers are derived by certain algorithms according to rules involving ei-
ther the above orthogonal matrices n and ¢ associated with G(P), or a prob-
abilistic interpretation in term of the Markov chain on P (see Section 4.4 of
Part I).

It is this chapter that will elucidate an affirmative answer to the above
question (3.1.1), and the corresponding developments will be called the the-
ory of rotational representations of finite recurrent Markov processes. The
present exposition is far away from a closed theory—it should be viewed
as an attempt to clarify what we understand by rotational representations
and what are their perspectives, as they can be estimated so far, to the
theory of Markov processes, ergodic theory, dynamical systems, theory of
matrices, etc.

The idea of geometric representations of certain n x n stochastic matri-
ces appeared first in the 1981 paper of Joel E. Cohen, who conjectured
that each irreducible n x n stochastic matrix can be represented by a ro-
tational system (f;,{S;}) of some dimension, where f;, and {S;} have the
meaning above, and by dimension we mean the maximum number of (arc-)
components occurring in the unions S;,i =1,...,n.

A solution to this problem is given for n = 2 by Joel E. Cohen (1981),
and for n > 2 by S. Alpern (1983) (using a combinatorial argument) and
by S. Kalpazidou (1994b, 1995) (using either a probabilistic or a homologic
argument). Major contributions to the rotational theory are recently due to
J. Haigh (1985), P. Rodriguez del Tio and M.C. Valsero Blanco (1991), and
S. Kalpazidou (1994b, 1995).

This chapter is a unified exposition of all the results on the rotational
representations, and an attempt to develop a theoretical basis for these rep-
resentations, argued by algebraic topology and the theory of Markov chains.
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3.2 Joel E. Cohen’s Conjecture on Rotational
Representations of Stochastic Matrices

Throughout this section X denotes the interval [0, 1), A Lebesgue measure
on the Borel o-algebra of X, and n is assumed to be an integer greater
than 1. As is known a finite stochastic matrix P is an n X n matrix with
nonnegative real elements such that every row-sum is 1.

Joel E. Cohen (1981) proposed the following conjecture that we shall call
the rotational problem:

(%) Any finite irreducible stochastic matrix P = (p;j,4,j =1,...,n),n >
1, can be described by a rotational system (fy,.”) where . is a par-
tition of X into n sets Si,...,S, each of positive Lebesgue measure
and consisting of a finite union of arcs, and fi, with certaint € [0,1),
s the \-preserving transformation of X onto itself defined by

fi(z) =(x+t) (mod 1), (3.2.1)

that is, fi(x) is the fractional part of x +t. The description of P by
(ft, ) is given by

pij = A(Si 0 [ (87))/A(S5), (3.2.2)
foralli,je{l,...,n}.

A stochastic matrix P which satisfies equations (3.2.2) is called to have a
rotational representation (¢,.#). Equivalently, we say that P is represented
by (¢,-7). A stochastic matrix P is called irreducible if for any row ¢ and
any column j # i, there exists a positive integer k, which may depend on ¢
and 7, such that the (i, j)-element of P* is not zero. The stochastic matrix
P that occurs in the above rotational problem (%) can be chosen arbi-
trarily close to the identity matrix I = (6;5), where 6 is Kronecker’s delta,
since im A(f¢(S;) NS;) = 6;;A(S;), as t — 0. This will enable the extension
of the rotational problem to continuous parameter semigroups (Ps)s>o of
stochastic matrices, where lim,_o+ Ps = (6;5) (see Section 3.9 below).

Joel E. Cohen (1981) answers the rotational problem (%) for n =2 as
follows:

Theorem 3.2.1. Any irreducible 2 x 2 stochastic matriz has a rotational
representation.

Proof. Let M be an irreducible 2 x 2 stochastic matrix. M is irreducible if
and only if both elements off the main diagonal are not zero. Then, there
exists a positive row vector v such that vM = v (Seneta (1981)). Assume
v1 + v9 = 1. It may be checked that

v = (ma1/(mi2 + ma1), mia/(mia + ma1)). (3.2.3)
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Now we show how to define Si, 52 and ¢t > 0 such that m;; = p;;, where
pi; is given by (3.2.2). Since v is the invariant distribution of M and of the
desired P, it is natural, in the light of the above, to let S; = [0,v1) and
52 = [1}1, 1)

Let

t = myagma1 /(M2 + may). (3.2.4)
Since M is irreducible, ¢ > 0. From (3.2.3) and (3.2.4) we find that t <

v;, i = 1,2 (because m;; < 1,1 % j).
Now

ft(Sl) ns; = [t,vl + t) N [071)1) = [t,’Ul).
Then A(f¢(S1) N S1) = vy —t, and by (3.2.2) we have
pi1 = (1 —t)/v1. (3.2.5)

Substituting (3.2.3) and (3.2.4) into the right side of (3.2.5) we obtain
p11 = my1 as desired. It follows that pjs = mis. Since ¢ > 0,p1; < 1 and
p12 > 0.

Analogously,

ft(SQ) NSy = ([’Ul +t, 1) @] [O,t)) N [Ul, 1) = [Ul +1, 1) U [’Ul,t).

Since t < vy, [v1,t) =&. Thus A(fi(S2)NS2)=1—v; —t=vy —t < vs.
Using (3.2.3) and (3.2.4) as before, and on account of (3.2.2), we have

P22 = (v2 —t)/va = Mmaa.

Thus, we have shown that any irreducible 2 x 2 stochastic matrix M has
a representation of the form (3.2.2), with 0 < ¢ < 1, and the proof is
complete. O

3.3 Alpern’s Solution to the Rotational Problem

A stochastic matrix of a finite recurrent Markov chain is called a recurrent
stochastic matriz. For any finite stochastic matrix P the following properties
are equivalent:

(i) P is recurrent; and
(ii) P admits a strictly positive invariant probability row-vector v, that
is, there is a probability row-vector v > 0 satisfying vP = v.

Let us notice that there are reducible stochastic matrices that admits
rotational representations. For instance, the identity matrix is represented
by (0,.7), for every partition .. On the other hand, if (¢,.”) represents
an n X n stochastic matrix P, then (3.2.2) implies that (A(S1),...,A(Sn))
is an invariant row-distribution which, by assumptions on . in (%), has
strictly positive elements. So, any stochastic matriz that has a rotational
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representation is recurrent. Since any irreducible finite stochastic matrix is
recurrent, it would be interesting to see if the rotational problem (%) stated
in the previous section can be generalized from irreducible to recurrent
stochastic matrices. Here is an answer due to S. Alpern (1983).

Theorem 3.3.1. Letn > 2 and S = {1,...,n}. Any S-state Markov chain
is recurrent if and only if its transition matrix P has a rotational represen-
tation (t,.). Moreover, for any recurrent matric P and for any positive

invariant distribution m there is a rotational representation (t,.7), with
S ={S1,...,5n}, where:

(i) (A(S1),...,A(Sp)) = m; and
t

Proof. We need only prove the “only if” part. Consider P an n X n recur-
rent matrix and 7 a strictly positive invariant probability row-distribution
of P. Let ¢ be a directed circuit with distinct points (except for the termi-
nals) of the graph of P. Consider the circuit-matrix C. given by

Ce(i,j) = ]%Jc(i,j), i,7=1,...,n, (3.3.1)
where J, is the second-order passage matrix of ¢ introduced by Definition
1.2.2; and p(c) denotes ¢’s period. (The circuit-matrix was also introduced
in Section 4.3 (Chapter 4) of Part I.). Notice that the matrix (m;p;j,4,j =
1,...,n) belongs to a compact convex set whose extreme points are the
circuit-matrices C., defined by (3.3.1), where ¢, are directed circuits in the
graph of P.

Then appealing to the Carathéodory dimensional theorem we obtain
a decomposition of P in terms of certain circuits cq,...,cy in S, where
N <n? —n+ 1. Namely,

N N
TiPij = chk_ C.,(i,7), with chk =1, w, >0, (3.3.2)

k=1 k=1
for all 4,5 =1,...,n (since the set of all n x n matrices (r;;) that satisfy
the isoperimetric equalities ), 7;; = >, 75,7 =1,...,n, and Zij ri; =1

has dimension n? — n).

We now show that any circuit decomposition of P implies a rota-
tional representation (t,.#). To this end, let M be any multiple of the
periods p(c1),...,p(cn) of the representative circuits c¢i,...,cn occur-
ring in (3.3.2). In particular, we may choose either M = n! (since each
p(ek) <n) or M = least common multiple of p(ci),...,p(en) (for short
Lem. (p(er),...,p(en))-

Put t =1/M. Let {Ay,k=1,...,N} be a partition of A =1[0,1/M)
into N subintervals with relative distribution (we,,...,w.y), that is,



3.3 Alpern’s Solution to the Rotational Problem 237

AMAR)/AA) = we,, k=1,...,N. Define
Ap =Y A), k=1,....N;l=1,....M, (3.3.3)

and
M
Us=JAw, k=1,....N, (3.3.4)
=1

where f; is the A-preserving transformation given by (3.2.1) with ¢t = 1/M.
Define now the partition .= {S;,i =1,...,n} by

Si= U Aw, i=1,....n, (3.3.5)
h(k,l)=i
where h is the following labeling of the intervals Ag;. Fix k and suppose
C., is the circuit-matrix associated with the circuit ¢, = (o, ..., ap, 1)
where p is the period of c¢;. Define
h(k,1) = aq, h(k,2) =ag, ..., h(k,p) = ap, (3.3.6)

hk,p+1)=a1,...,h(k,M) = .

The fact that the last label is «, follows from the choice of M as a multiple
of p.

It is to be noticed that the labeling defined by (3.3.6) depends on the
ordering of the circuits in the Carathéodory-type decomposition (3.3.2)
as well as on the choice of the representatives of the (class-)circuits (see
Definition 1.1.2). The latter amounts in fact to the choice of the starting
points of all the representative-circuits.

In Figure 3.3.1 we draw the intervals Ay, k=1,...,.N: I=1,..., M,
where the points of each circuit ¢; appear M/p(ck) times, so that each

circuit < circuit ¢ circuit ¢, circuit c.

2 4 N
0_A Ay, Ay - L Ay M
| T 1 1 7
Ay o Ay Agp, . Am
1/M[ N . . ] \ 2/M
A Axp v Ay AN
(M“I)‘,M[ 1 ¢ l L y 1
1 | | ] 7
Am Aom Asm Anm

Figure 3.3.1.
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circuit ¢y is represented by M/p(ci) copies (we have M intervals Ay, with
the first index k). The measure of Ay; is given by

)\(Akl) = (1/M) wc,“ (337)
AMAgr) = A(Ay)
and
AM(Ak)/(1/M) = we, .
Then

AUR) =we,, k=1,...,N. (3.3.8)

If (i,7) is an edge of ¢, then A(S; N £, 1(S;) NUx) = (1/p(ck)) we, -
In general,

forany 4,7 =1,...,n and any k = 1,2,..., N. Finally, we have

MS: N fH(8)) = D AUR) ASi N fi7(S)1Ux)

= 1 [M]=

= E We,, Ce, (1, 7)
k=1
= TiPij-

Therefore we have shown that (1/M,.7) is a rotational representation of
P with A(S;) =m;,i =1,...,n, and that we may choose M = n!. a

Remarks
(i) In the previous proof, as well as throughout this chapter, the circuits
are considered with distinct points (except for the terminals).

(ii) There are many ways to label the sets S;, which in turn determine dif-
ferent rotational representations. In Sections 3.6, 3.7, and 3.8 we shall
discuss other labelings which are different from that given in (3.3.6).
The label and rotational representations proposed in the next section
are the most structurally close to what we understand by a rotational
system.

Let us now examine a concrete example of a rotational representation
due to S. Alpern (1983).
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e

)

Figure 3.3.2.

Example 3.3.1. We apply the rotational representation of Theorem 3.3.1
to the matrix

1/2 1/2 0
P=1{1/2 0 1/2
1 0 0

The row-vector v = (4/7,2/7,1/7) is an invariant distribution of P.

The first step to a rotational representation of P consists in writing the
circuit-decomposition-equation for the matrix R = (v;p;;,¢,7 = 1,2,3). The
graph of P comprises N = 3 circuits for which we choose the following
ordering: ¢; = (1,1),¢2 = (1,2,1),¢3 = (1,2, 3,1). The associated cycles are
é1=1(1),é2 =(1,2) and é3 = (1,2,3). We draw the graph of P in Figure
3.3.2.

A cycle decomposition of R is as follows:

) 100 ) 1 1/2 0 3 0 1/3 0
R=-1000{+=1{1/2 0 O|+=|0 o0 1/3]. (3.3.10)
7 7 7
000 0 0 0 1/3 0 0

Now we find a rotational system (¢,.%), where .¥= {51, Sa, S5}, by using
the decomposition (3.3.10).

Let M = least common multiple of the periods p(c1), p(ca), p(es), so M=
6. Then t =1/M =1/6 and f,/s is the shift to the right of length 1/6.
Partition the interval [0,¢) = [0, 1/6) into three subintervals A, A, A3 with
the relative lengths given by the coefficients 2/7, 2/7, 3/7 of (3.3.10). Then

we have
2 2 4 4 1
Al - |:05 42) ) A2 - |:42a 42) ’ A3 - |:427 6) .

For k=1,2,3and [ =1,...,6 define intervals
-1
Apr = Ag + 5

as in Figure 3.3.3. Let Uy = U?:l Ar, k=1,2,3.
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circuit < circuit ¢, circuit X
A A, Ay
it ———
- 2/42 4/42
: Ay . Ag Y Ay . 16
—
1/6 A V942 A, L1142 A, . 2/6
bt
6 .16/42 . 18/42 . 3/6
4 Aps . Ap . Az . 3
b ————
5/6" 142 39/42 ! "4
A Ag A
Figure 3.3.3.

The “columns” in Figure 3.3.3 are the sets Uy = 1,2, 3, where A(U;) =
2/7,A\(Uz) =2/7, AN(Us) =3/7. Define S1,52 and S3 as in (3.3.5) us-
ing labeling (3.3.6). The absolute distribution of S; ﬁff/%j(Sj) is given
by R. Then P is represented by (1/6,.7), where .= {S1, S2, S5} with
(A(Sl)7>‘(52)7>‘(53)) = .

3.4 Transforming Circuits into Circle Arcs

In this section we propose to achieve one step to the original question
quoted in (3.1.1), namely, to define a transformation of a collection of di-
rected circuits in the set S = {1,...,n},n > 2, into a set of certain circle-
arcs which can be involved in the definition of a rotational representation
of a stochastic matrix. Here the term transformation will correspond to
a one-to-many relation. As we have already seen from any circuit decom-
position of a recurrent n x n stochastic matrix we can obtain rotational
representations. In principle, this relation relies upon a general topological
(geometric) connection: any collection of circuits involves a collection of
arcs partitioning the circle. This idea was already initiated in Section 1.1
of Part I where, in addition, we have shown that any circuit of period p
can be assigned to a p-order cyclic group of rotations, and some partitions
of the circle can generate a collection of overlapping circuits.
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It is the algebraic-topologic argument for the existence of a transforma-
tion of the directed circuits occurring in the graph of a recurrent stochastic
matrix P = (pi;,4,j =1,...,n),n > 2, into certain circle-arcs providing a
rotational representation of P that we shall examine in the present sec-
tion. This approach is due to S. Kalpazidou (1994b, 1995) and reveals the
theoretical basis of the rotational idea.

A rotational representation of P via circuits presupposes two relations:

(R) (i) the edges of G(P) are related with certain circuits of G(P); and
(i) the circuits of G(P) considered at (i) are related with certain arcs
partitioning the circle.

Here we shall consider two connected directed graphs: the graph G(P) of
the original recurrent stochastic matrix P = (p;;,4,7 = 1,...,n), and the
graph of a circle. Both relations quoted in (R) will be further used to define
a transformation ® from the space of n x n recurrent stochastic matrices
P into n-partitions of [0, 1). The domain of ® will be a convex hull in the
(n? — n)- Euclidean space whose extreme points are the circuit-matrices.
Then, as we shall show below, the ordering of the decomposing circuits as
well as the specification of their representatives in the cycle-decomposition-
formula will influence the definition of the transformation ®. A detailed
study of such a transformation @ is, given in the next section.

3.4.1. Let us start with an ordered sequence (ci,...,cn) of circuits
appearing in a circuit decomposition of the originally given recurrent
stochastic matrix P = (p;;,4,5 =1,...,n). n>2. Here we choose the
Carathéodory-type decomposition for P, that is,

N N
TiDij = chk C.,.(i,7), with w. >0, chk =1, (3.4.1)

k=1 k=1
for all i,j =1,...,n, where N<n?—-n+1and 7= (m;,=1,...,n) is a

strictly positive invariant probability distribution of P. The C,, denotes
the circuit-matrix associated with the circuit ¢ (see Section 4.3 of Part I,
or (3.3.1)). Also, fix the starting points of ¢1,...,cy. Denote by é1,...,¢n
the corresponding cycles (see Definition 1.1.3 of Part I). Our target is to
define a transformation of cq,...,cy into certain circle-arcs which in turn
are involved in the definition of a rotational representation (¢, {S1,...,Sn})
of P. As already seen, in general any collection of circuits may be assigned
to certain arcs Ay partitioning the circle. Here a specialization will appear
since the homeomorphs of the arcs Ay in [0, 1) are required to define a
rotational partition for the original matrix P. To this end, we have to find
the length ¢ of the shift fi(x) = (z+¢) (mod 1), z €[0,1), and how to
define the subintervals Ag; along with their indices (k,!) and a suitable
procedure of joining Ay, into sets Si,...,S, such that (¢,{S1,...,5.})
will stand for a rotational representation of P.
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Let M denote the least common multiple of p(cy),. .., p(cn), where p(ck)
denotes the period of ¢;, k= 1,...,N. Partition the circumference of a
circle ¢ into N equal consecutive directed arcs Ul, e U ~ such that each
U is assigned to the circuit c;. Next, partition each arc Uk, k=1,...,N,
into M equal circle-arcs denoted by ag1, g2, .., arn-

On the other hand, the M/p(ci) consecutive repetitions of ¢ = (¢ (1),
ck(2),..., ck(p(ek)), cr(l)) contain exactly M edges: (ck(1), ck(2)),...,
(cr(p(er)), ck(plek) +1)),..., (cx(M),c(M + 1)), where the rth repeti-
tion of ¢ is given by the sequence (cx(1+ (r — D)p(ck)), ..., cx(p(ck) +
(r—Dp(ex)), ce(1+ (r — 1)p(ck))). Then we may put these edges in a
one-one correspondence with the circle-arcs ag1, ags,...,ary as fol-
lows: (cx(1),ck(2)) — a1y .., (ce(M), (M) + 1)) — agrr. Accordingly,
we may define a correspondence between the points of the cycle
¢r and the starting points of agi1,...,agn as follows. The points
ék(1), ..., éu(per)), e (1 + plek)), - - ., éx(M) of the M/p(cy) repetitions of
¢, are assigned to the starting points of a1, ags, . . ., agpr along the circum-
ference of the circle c¢. Symbolize the starting points of ayi, k2, ..., g
on the circumference of the circle ¢ by é(1),...,é(p(ck)), k(1 +
p(ck)), ..., ¢ (M). In this way:

the index of each xy; is given by the pair (k, 1) of the ¢x(l) occurring in
the sequence éx(1), ..., éx(p(ck)), ek (1 + p(ck)), ..., éx(M).

Furthermore, the edges of each circuit ¢; are assigned to the circle-arcs
{aw} of ¢, and the points of the corresponding cycle é are repeated
M /p(ex) times along the circumference of the circle ¢ in Us.

Now, consider another circle and let 7, be the rotation of length 7=
2w /M. Divide this circle into M equal arcs each of length 27 /M. Let A be
one of these arcs. Partition A into N consecutive equal arcs Ay, ..., Ax.
Define

Ay =r YA, k=1,...,N;l=1,...,M.

In this way we have transformed the circuits c1, ..., cy into the circle-arcs
Ay, k=1,...,N; l=1,...,M, which partition the circle (as quoted in
(R)(ii)). Let A and Ay, .. AN be the homeomorphs of A and A, ..., Ay
in [0, 1) defined as follows. A [0,1/M), Ay starts at 0 and Ay, ..., AN are
consecutive disjoint subintervals of A of the form [a, b) having the relative
lengths given by the coordinates of the vector (we,,...,w.y) occurring in
the decomposition (3.4.1), that is, A(Ag)/MA) = w,,,k=1,...,N. Here
A denotes as always Lebesgue measure. Define

Ak:l:ftlil(Ak)’ k:177N7 lzla"'7M?

where f; is the shift of length ¢ = 1/M on the interval [0, 1) as introduced
by (3.2.1). Then

AAw) = (1/M)we,, k=1,...,N; 1=1,...,M.
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Furthermore,

the index (k, 1) of each Ay is assigned to that of the circle-arc ayy on c.

(3.4.2)
Let

Si:UAkla 1=1,...,n,
(k,0)

where

the indices (k, 1) occurring in the union S; are given by those arcs ay
whose starting points are symbolized on the circumference of the circle ¢
by .

To summarize, the rigorous expression of the label of each Ay, occurring
in the union S; is given, according to S. Kalpazidou (1994b), by any pair
(k,1) = (k;,1;) defined as:

(1) k; is the index of a chosen representative of a class-circuit cx, k €
{1,2,..., N}, which passes through the pre-given point i and which
occurs in decomposition (3.4.1).

(ii) U; denotes those ranks n € {1,2,..., M} of all the points ¢x(n) which
are identical to i in the M /p(cy) repetitions of the cycle é, = (é,(1),

¢k(2), ..., ¢k(p(cr))) associated to the representative of the circuit
¢ chosen at (i) above, i.e., if for some s € {1,...,p(ck)} we have
¢e(s) = ér(s +plcr)) = -+ = é(s + (M/p(ck) — V)p(ck)) = i, then

I €{s,s+plck)y...,s+ (M/p(cr) — 1)p(ck)}. (Here the rth
repetition of ¢, with r € {1,..., M/p(ck)}, is meant to be the
sequence (¢x(1+ (r — D)p(ek)), éx(2+ (r — D)p(ek)), - - -,

en(pler) + (r — Dp(er))).) (3.4.3)

(Recall that the circuits and the corresponding cycles are understood as
equivalence classes according to Definitions 1.1.2 and 1.1.3 of Part I). Then
& ={51,...,5,} is a rotational partition of [0, 1) associated to P with
respect to the shift fi,);. The partitioning sets Si,...,S, are defined by
three procedures. One is the labeling procedure of the intervals Ag;, the
second is the labeling of the components of the unions S;, and the third
is the definition of the intervals Ay on the line. The labeling (3.4.2) of
the intervals Ag; and the labeling (3.4.3) of the components of each S; are
topological procedures since they depend only on the connectivity relations
of the graph of P.

Before leaving these investigations, let us notice that any point i €
{1,...,n} appears along the circumference of the circle ¢ if and only if
there are some circuits ¢;,, ..., ¢;,, of the decomposition (3.4.1) which pass

m
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through i. Then 7 will appear M /p(c;,) times along the arc Uj,, M/p(c;,)
times along Uj,, and finally M/p(c;, ) times along Uj, . Accordingly for
each rotational partition .= {S;} the number §(j) of all the components
Ay of S defined according to the labeling (3.4.3) is equal to the number
of all the appearances of the point j on the circumference of the circle c.

Let 6 = 6(”) = max; 6(j). Then ¢ is a topological feature of ., that
is, 6 depends only upon the connectivity relations of the chosen collection
{c1,...,cen} of the circuits decomposing the original matrix P and does
not depend on the circuit-weights. Furthermore, ¢ is independent of the
ordering of the decomposing circuits as well as of the choice of their starting
points. The study of 6 will be given in the subsequent section 3.6.

3.4.2. Let us investigate the indexing procedure (3.4.2) and the labeling
(3.4.3) for the concrete Example 3.3.1 of the previous section. We start
with two choices: one choice is concerned with the ordering of the class-
circuits in the set S = {1, 2,3} which occur in the decomposition (3.3.10),
say c1, C2, c3 as in Figure 3.3.2, and a second choice with the representatives
of the class-circuits ¢y, co, c3, that is, we fix a starting point for each circuit.
Here we choose ¢; = (1,1),¢2 = (1,2,1) and ¢3 = (1,2, 3,1).

Partition the circumference of a circle ¢ into three equal arcs [71, Us, Us
each assigned to one circuit of the ordered sequence ¢y, cs, c3. In turn, parti-
tion U; into 6 equal directed arcs and assign each of these arcs to an edge of
the 6/p(c1) = 6 copies (c1(1),¢1(2)), (¢1(2),¢1(3)), ..., (c1(6),c1(7)) of the
circuit ¢; = (¢1(n),c1(n+ 1)) = (1,1),n € Z. In this way we can denote the
arcs of Ul by a11,a19,. .., a1, where the first index 1 is related to the corre-
spondence ¢; — Uy while each of the second indices 1,2,...,6 is the rank of
a starting point of an edge in the sequence (c1(1), ¢1(2)), ..., (c1(6),c1(7));
then, the second index counts the edges of the 6 copies of ¢; (see Figure
3.4.1). This being so, we have now assigned the edges of ¢; to the 6 arcs
@11, - - -, 16 of the circle ¢. Furthermore, we assign the point 1 of the cycle
¢1 = (1) to the starting points of a1, ...,a16. Accordingly, we symbolize
the starting points of these arcs on the circle ¢ by 1.

Analogously, partition Us, into 6 equal directed arcs and put them
in a one-one correspondence with the 6 edges of the 6/p(c3) =3
copies (c2(1), 2(2),¢2(3)), (c2(3),c2(4), c2(5)), (c2(5), c2(6), ¢2(T7)) of c2 =
(ca(n),ca(n +1),ca(n+2)) =(1,2,1),n € Z. Denote the arcs of Uz by
Qo1, Qiag, (a3, Aoy, Qias, (og and their starting points by 1,2,1,2,...,1,2
(which are the starting points of the edges of co = (1,2,1) when é; is re-
peated 3 times).

Notice that we have the one-one correspondence (ca(s), ca(s + 1)) — aag,
that is, s denotes the ranks of the starting points ca(s) of the 6 edges
in the 3 copies of cy. In this way we have assigned the edges of ¢ to
the arcs asi,...,aqs of the circle ¢, and the points of é; to the starting
points of a1, . . ., asg. Finally, partition U; into 6 equal circle arcs, denoted
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as1, 032, . .., 036. Assign each edge (c3(s),cs(s+ 1)) of the 6/p(c3) =2
copies of c3 = (1,2,3,1) to the circle-arcs ass,s =1,...,6. Put 1,2,3,1,2,3
as symbols for the starting points of a3, ..., asg.

It happens that the circuit co appears 3 times along c as well, but this
is not the general case. For instance, if we would choose the sequence (2,
1, 2) to represent the circuit ¢y, then it is only the cycle (2, 1) which is
repeated 3 times in Us. Let .7 = {51, S2, 53} be the rotational partition of
P, with respect to the shift f; /5, provided in Example 3.3.1, and let Ay
be the corresponding component-sets indexed according to (3.4.2). Also let
Ui, = U?:l A, k=1,2,3.

Replacing the labeling (3.3.6) of Theorem 3.3.1 by (3.4.3), the sets .S;
will be defined as

Si=J A, i=1,23,
(k1)

where (k,1) is the index of any arc ay; on ¢ which starts at ¢ as in Fig-
ure 3.4.1. Then

Figure 3.4.1.
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S1 contains the intervals:

A1, Avg, Ais, Avg, Ags, Agg in U
Agy, Az, Ags  in Uy,
A31,A34 in Ug.

S5 contains the intervals:

Aga, Azg, Agg  in Us,
14327 A35 n U3.

S3 contains the intervals:

A33, A36 in U3.

Figure 3.4.2.
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The homeomorphs A of Ay along a circle are given in Figure 3.4.2.
Furthermore,

(S0 F775(51)) = AA11) + MArz) + A(Ass) + (A1) + MA1s) + A(Ae) = 2,
A(S1 N f176(S2)) = M(Az1) + A(Ass) + A(Azs) + A(As1) + A(Azq) = 2,

A(S2 0 f16(51)) = MAsa) + A(Aaa) + A(As) = 1,

A(S2 1 f5(93)) = A(As2) + A(Ass) = 7.

A(S3 N f176(51)) = M(Az3) + A(Ase) = 3.

3.5 Mapping Stochastic Matrices into Partitions
and a Probabilistic Solution to the
Rotational Problem

The rotational problem (%), quoted in Section 3.2, gives rise to prototypes
of questions which, suitably reformulated in other contexts, more abstact,
reveal their depth with greater clarity. One, to which we shall return in
the following chapters, is of considerable importance. Suppose we view
the correspondence i — S; between states 1,2, ...,n of a recurrent Markov
chain ¢ with prescribed transition matrix P, and partitioning sets S; of a
rotational system as a coding process.

This idea is much better translated in the context of dynamical systems
as a coding problem as follows: code a given A-state stationary stochastic
process 1 = ()5 _ ., where (A, o) is a measure space, onto an N-state
stationary process £ = (&, ), whose conditioned probabilities Prob (&,4+1 =
J/&n = i) are previously specified by a stochastic matrix P (see J.C. Kieffer
(1980), and S. Alpern and V. Prasad (1989)). N denotes the set of nonneg-
ative integers. Suppose that P admits an invariant probability distribution
7. Consider the associated dynamical system (A%, &/, u, ) to n, where
A is the doubly infinite sequence space, 27> is the product o-field,  is the
joint distribution of {7, }, and 7 denotes the left shift transformation de-
fined on A% by (7(8))n = Sn+1. Since 7 is stationary, p is preserved by the
shift 7.

The coding function will be thought of as a measurable function x: A> —
N so that & = k(77 (n;: —00 < i < 00)) for each j. Each coding function
corresponds to a measurable partition {S;};en of A% with S; = k=1({i}),
and conversely. The coding problem has a version for each n X n recurrent
stochastic matrix P = (p;;,%,5 =1,...,n),n > 1, expressed by the rota-
tional problem (%) where it is required to find a circle rotation 7 and a circle
partition {S;}.
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Let us point out that the relation P — {S;} which arises in the approach
of the previous section to the rotational representation is in general a one-
to-many relation since it depends on the following variables:

(a) the length of the rotation;

(8) the ordering of the cycles (in the complete graph):

(v) the starting points of the cycles;

6) the rotational labeling; and

the representative class (%, w.) of cycles (or circuits) and weights pro-
vided by a cycle decomposition algorithm on P and on a chosen strictly
positive invariant probability (row) distribution 7 (i.e., an algorithm
which expresses mP by a linear combination of the passage functions
Jey € € €, having w,. as positive scalars).

—_ — — —

(
(e

(The cycles are considered according to Definition 1.2.1 to have distinct
points.) When the approach to the rotational representation is defined in-
dependently from a cycle decomposition of P, then the ingredients (3), ()
and (e) are not considered.

Throughout this section the rotational-representation-procedure will be
that of the previous section. Accordingly, the rotational labeling will be
defined by (3.4.2) and (3.4.3). If we agree from the beginning that for a
given n > 2, the rotational length to be considered is 1/n!, and that the
ordering of the cycles and the starting points of the cycles will be originally
chosen, it will nevertheless be necessary to investigate the existence of a
uniqueness criterion for {S;} based on the variable (¢). This being formu-
lated so, the problem in question is the following: With the above variables
(), (B), (v) and () fixed, find a criterion on the variable (¢) which assures
the existence of a one-to-one mapping ® from the set of irreducible n x n
stochastic matrices P into n-partitions {S;}. In other words, we have to fix
a vector-solution of cycles and weights of an algorithm providing a cycle-
decomposition-formula for each irreducible n x n stochastic matrix P.

Before answering, let us notice that for an irreducible Markov chain £ the
transition matrix P = (p;;,4,j = 1,...,n) and the invariant probability dis-
tribution © = (m;,i = 1,2,...,n) determine uniquely the edge-distribution
E = (mpij,4,5 =1,...,n) and the cycle-distribution Co = (p(c)w,, ¢ €
%) attached to the circulation distribution {w,}, and conversely. Here for
both edges and cycles we have initially considered some orderings. Then we
may view & either as a vector with respect to the referential system of edge-
axes, or as a vector with respect to the referential system of cycle-axes (see
S. Kalpazidou (1995)).

On the other hand, given &, Theorem 3.3.1 provides a collec-
tion of rotational representations {R,}, with R, = (1/nl,{,S;}) whose
edge-distribution E, = (AoSi N f; *(aS))),5,5 =1,...,n),t = 1/n!, are
all identical to F, but whose cycle-distributions C, = (qw.,c € €,) are
distinct from the above cycle-distribution C. The explanation is sim-
ple: the cycle-distributions C\, are defined by a nonrandom algorithm with
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many solutions of cycles and weights in the cycle-decomposition-formula.
Obviously, under the assumption that the variables (@), (8), (y) and (8)
are fixed, the rotational representation will be unique if we fix a cycle-
distribution, as for instance the above Cy, which is the unique solution of a
probabilistic algorithm. The following theorem, adapted from the paper of
S. Kalpazidou (1994b), gives a detailed answer to this question along with
a probabilistic solution to the rotational problem.

Theorem 3.5.1. (A Probabilistic Solution to the Rotational Problem).
Given n > 2, for each ordering providing all the possible cycles in S =
{1,2,...,n} and for each choice of the representatives of these cycles there
exists a map ® from the space of n X n iwrreducible stochastic matrices P
into n-partitions = {S1,...,Sn} of [0,1) such that the rotational repre-
sentation process defined by (fi,{S:}) with t = 1/n! and {S;} = ®(P) has
the same transition probabilities and the same distribution of cycles as the
probabilistic cycle distribution of the Markov process on P.

If the measures of the component sets of S; converge, then the sequence
of partitions converges in the metric d defined as

A7) =D ASi+S)), (3.5.1)

where A denotes Lebesgue measure on Borel subsets of [0,1), and + denotes
symmetric difference.

Proof. We first appeal to the probabilistic cycle representation of Theorem
3.3.1 of Part I according to which any irreducible stochastic matrix P is de-
composed in terms of the circulation distribution (w., ¢ € € ) (introduced
by Definition 3.2.2 (of Part I)) as follows:

T Pij = Z ’chc(i,j), 27.7 es.

CECoo

where m = (m;,1 € S) denotes the invariant probability distribution of P, ¢
is the cycle attached to the circuit ¢, and J. is the passage-function of ¢. By
hypotheses, we have chosen an ordering for the cycles of %, and a starting
point for each of them. So, let € = {é1,...,és},8 > 1.

Let us replace the passage-functions J., by the circuit-matrices &, =
(1/p(ck))de,, k=1,...,s, where p(ci) denotes as usual the period of cj.
Next we shall follow the procedure to the rotational partition of the previ-
ous section starting with the probabilistic decomposition

S

TiDij = Z(p(ck)wck)Cc,c (4,7), i,5=1,...,n. (3.5.2)
k=1

Accordingly, relations (3.5.2) will replace the Carathéodory-type decompo-
sition (3.4.1) in the labeling (3.4.3).
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Let t = 1/n! and let f; be the shift defined by (3.2.1). Then there will
exist a rotational representation (t,{S;}), where the pairs (k,l) occur-
ring in the expressions of the partitioning sets S; = U(k,l) Ar,i=1,...,n
are given by labeling (3.4.3), and the Ay = f\ (Ap),k=1,...,s [ =
1,...,nl, are provided by the partition (A, k=1,...,s) of A=10,1/n!)
whose relative distribution (A(Ax)/A(A),k =1,...,s) matches the proba-
bilistic cycle distribution (p(cx) we,,k =1,...,s). Therefore we have

MAg) = (1/n) p(ex) we,, k=1,...,s, I=1,...,nl

Then the uniqueness of the lengths of the intervals Ag; follows from that
of the cycle-weights w,, in the algorithm of Theorem 3.2.1 of Part I. This,
added to the assumptions that we have chosen an ordering and the starting
points of the cycles in (3.5.2), will assure the uniqueness of the partition
{S;}.

Accordingly, for any fixed n > 2 there exists a map ® which assigns
to each n x n irreducible stochastic matrix P a partition .= {S;,i =
1,...,n} of [0,1) such that the rotational representation process defined by
(ft,”) with t = 1/n! and . = ®(P) has the same transition probabilities
and the same distribution of cycles as the probabilistic cycle distribution
of the Markov chain on P.

Finally, if we endow the set of all partitions of [0,1) with the metric d
defined by (3.5.1), the convergence in metric d of any sequence of partitions
{™S;} will follow from that of the measures of the component-sets of "S;.
The proof is complete. O

3.6 The Rotational Dimension of Stochastic
Matrices and a Homologic Solution
to the Rotational Problem

3.6.1. The map ® occurring in Theorem 3.5.1 is expressed by two one-
to-one transformations ®; and ®,. Specifically, ®; acts from the set of
n X n irreducible stochastic matrices into the set of pairs of ordered classes
(€0, Coo) where Coo = (p(ck)we,, k =1,...,5) is the unique probabilistic
cycle distribution assigned to the class o, = {¢1,...,¢és} of cycles accord-
ing to Theorem 4.1.1 of Part I. Also, @ assigns each pair (€, Cs) to an
n-partition .= {S1,...,S,} of [0,1).

In general, ®; becomes a one-to-many relation if we relax the assump-
tions in Theorem 3.5.1 For instance this happens if the cycle-representation-
algorithm varies, or if the ordering on the class of the circuits is changing
(i.e., the referential system of the cycle-axes varies). It is this case that we
shall consider, extending for a moment the domain of ®; to the class of all
n X n recurrent stochastic matrices.
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Let S={1,2,...,n},n>2, and let P = (p;;,%,j € S) be a recurrent
stochastic matrix. Then, choosing an invariant strictly positive probabi-
lity distribution 7 = (m;,7 € S) of P, a system of cycle-axes and a circuit-
representation-algorithm, one obtains an ordered class of circuits €=
{c1,...,¢5},8 > 1, and a row vector

C = (p(c1)weys - - -, ples)we,) (3.6.1)

which decompose P by equations
S
TiPij = Z(p(ck:)wczc)cac (ivj)v ivj € Sv (362)
k=1
where we, >0,k =1,...,s;p(ck) denotes the period of ¢, and C, is the
circuit-matrix associated with cy.
Once the pair (%, C) is chosen to represent the matrix P by equations
(3.6.2), the above transformation ®5 is concerned with an assignment

(€,.C) — ({Api}, {MAr)}) (3.6.3)

from the circuits of ¢ and numbers of C into the circle-arcs {Ay;} and
numbers {A(Ay;)} defined according to the labeling (3.4.2) and Theorem
3.5.1, where the shift f; is defined by (3.2.1) with ¢ = 1/M and M in equal to

the least common multiple of (2,3, ...,n) (A symbolizes Lebesgue measure).
Then, for each choice of the starting points of the circuits, the sets
Si=JAu, i=1...n, (3.6.4)
(k,l)

with the unions indexed by the pairs (k,[) which are assigned to each i ac-
cording to the labeling (3.4.3), form a partition .= {S1,...,5,} of [0,1).
Furthermore . along with ¢ = 1/M define a rotational representation of P.
When either n or sis a large number, the corresponding rotational partition
. will contain a vast number of components { Ay} and the construction of
S;,i=1,...,n, will become very complicated. This motivates our interest
in rotational partitions with a minimal number of components {Ay;}.

In this section we shall examine the rotational representations with small
numbers of components {Ay;} in the descriptions (3.6.4) of the partition-
ing sets S;,i =1,...,n. The approach is adapted from the paper of S.
Kalpazidou (1995).

Throughout this section we shall consider the rotational partitions .=
{S1,..., Sy} according to Theorem 3.5.1 where the rotational length is 1/M
with M equal to the least common multiple of (2,...,n), the components
Ay in the unions S; are labeled by (3.4.3), and the representation algorithm
and the corresponding collection (%, C) of circuits and weights vary. The
detailed exposition of the procedure for this type of rotational partitions
was given in Section 3.4. As we have already seen in Chapter 4 (Part
I), there are many algorithms which provide more than one solution of
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representative circuits and weights. Consequently, the pair (%, C') varies in
equations (3.6.2).
For a fixed representative pair (%, C) of P let:

6(i) denote the number of the components Ay, of S;yi =1,...,n, defined
according to labeling (3.4.3).

Then, as we have seen in the previous Section 3.4, 6(¢) depends only on %,
that is (i) is a topological feature of S; which depends neither on the
ordering of € mor on the starting points of the circuits of €. It is to
be noticed that, if 4 is passed by a single circuit ¢ of period p(c), then
6(i) = M/p(c), but when there are more than one circuit ¢ passing through
i, then 6(i) = Y .(M/p(c)). Hence 6(i) depends on the number s of the
representative circuits in the decomposition (3.6.2) and on the connectiv-
ity relations of .

Let 6§ = §(s, %) = max;=1,..., 6(). Then the number of components Ay,
of each S;,7=1,...,n, is less than or equal to §. We call 6 the length of
description of the partition = {S;,i = 1,...,n} associated with €.

In general when the collection % is dissociated from any matrix and
refers to an arbitrary graph, we shall call 6(s, %) the rotational length of
description on €. Then there exists a pair (sg,%p), which provides the
minimal value for §, when the representative class (%, C) varies in equations
(3.6.2). Let D(P) = 6(s0,6p) = ming x6(s,6). We call D(P) the rotational
dimension of P (S. Kalpazidou (1995)). Analogously, one may define the
rotational dimension of a finite oriented graph.

Now we shall be concerned with the homological characterization of the
rotational representations of P and of the corresponding rotational lengths
of descriptions via the Betti circuits. To this end, we shall consider, for the
sake of simplicity, only irreducible stochastic matrices on S and we shall
define the Betti circuits as in Chapter 4 of Part 1.

3.6.2. Before proceeding to our main task let us scrutinize the definition
of the rotational dimension of P. Specifically, when the circuit decomposi-
tion (3.6.2) is chosen to be the probabilistic one (provided by Theorem 3.3.1
of Part I), the circuits {c¢} and the weights {w,, } are uniquely determined
by a sample-path description. This probabilistic criterion enables us to gen-
eralize the rotational dimension to semigroups of stochastic matrices with
continuous parameter. A detailed argument of the rotational dimension of
semi-groups of finite stochastic matrices will be given in Section 3.9.

On the other hand, one may characterize an irreducible stochastic matrix
P as “chaotic” in the spirit of Kolmogorov if the connectivity relations of
the graph G(P) of P are complex enough. Then the Betti number of the
graph G(P) should be the maximal one.

It turns out that for a given n > 1 the largest Betti number of all the
connected oriented graphs on {1,2,...,n} is n? — n + 1. Then there is an
irreducible stochastic matrix on {1,2,...,n} whose graph has the Betti
number n? —n 4+ 1. In this case, the homological dimension of Betti is
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equal to the algebraic dimension of Carathéodory, which is n? —n + 1 as
well (see Definition 4.5.3 of Part I).

3.6.3. We shall now consider the homological approach of Sections 4.4 and
4.5 (Chapter 4) of Part I. Accordingly, let G = G(P) = (%o(P), %1(P)),
B =B(P),andT' =T'(P) = {v1,...,vs} denote, respectively, the graph of
a given irreducible stochastic matrix P = (p;; 4,j = 1,2,...,n), the Betti
number of G, and an arbitrarily chosen base of B directed circuits of G
called Betti circuits. Here the %By(P) and % (P) denote the set of points
and the set of directed edges of G endowed, respectively, with an ordering.
Then G is a strongly connected oriented graph where strong connectedness
is understood as in Section 4.4 of Part I. The Betti one-cycle associated
with a Betti circuit v will be symbolized by .

Then, following the same reasoning of Theorem 4.5.1 and Remark 4.5.6
of Part I, we have:

Theorem 3.6.1. Any idrreducible stochastic matric P = (pij,i,j =
1,2,...,n) has a circuit decomposition in terms of the Betti circuits
Yis--+-57YB> that is,

B
> mipijbig) = Y Wy, bug) € Bi(P), s, €R,  (3.6.5)
(i.4) k=1

or, in terms of the (i, j)-coordinates,

B
Tipij = 3 Uy Ty (1,4), iy, €R; dj=1,2,....n, (3.6.6)
k=1

where m = (71, ...,m,) denotes the invariant probability distribution of P
and J, s the passage-function associated to vy,. Furthermore, the circuit-
weights ., are given by equations.

ﬁ]’)’k :Za(ca’}/k)wca G,(C,’}/k) EZ, l€:1,2,...,B7
cE?

where the collection {€,w.} of circuits and weights is a circuit repre-
sentation of P given by either randomized algorithms or non-randomized
algorithms.

(Here Z, R denote as always the sets of integers and reals respectively,
and a circuit decomposition is understood as in Chapter 4, of Part I.) Any
decomposition of P in terms of the Betti circuits is called a Betti-type
circuit decomposition of P. For instance, equations (3.6.6) provide such a
decomposition (see also Section 4.5 of Part I).

In Remark 4.5.2 (Chapter 4) of Part I we have discussed how to obtain
positive weights ., in the decompositions (3.6.6) above (since ., can
be negative numbers). From this standpoint one may obtain a method of
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construction of finite stochastic matrices which admit Betti-type decompo-
sitions with positive scalars. Furthermore in Figure 4.4.1 we have illustrated
a strongly connected oriented graph where any B circuits are Betti circuits
(here B denotes the Betti number of the corresponding graph).

With this preparations, we now prove

Theorem 3.6.2. (A Homologic Solution to the Rotational Problem). Let
n>2 and S=1{1,2,...,n}. Consider G a strongly connected oriented
graph on S whose Betti number is B. Then for any irreducible stochastic ma-
trix P, which has G as its graph and a positive Betti-type circuit decomposi-
tion, there exists a rotational representation in terms of the Betti circuits.

Furthermore, if any B circuits of G are Betti circuits, then each of
the lenghts of description of the rotational partitions associated to any
irreducible stochastic matriz with the graph G is greater than or equal
to the length of description on a collection {m,...,vz} of Betti circuits
whose graph is G, where B < B.

Proof. Let G be a graph as in the first assumption of the theorem. Then
we shall apply Theorem 3.6.1 to the irreducible stochastic matrices on
S with the same graph G. Accordingly, let P = (p;;,i,5 € S) be such a
matrix which, in addition, admits a Betti-type decomposition (3.6.6) with
respect to a base {ll, e ,13} of Betti circuits of G where the weights

Wy, k=1,...,B, are positive. Then equations (3.6.6) can be written in
the form
B
Trl’pij:Z(p(’yk)ﬁ)’)/k)c’"{k(iaj)? ’lI)»Yk 207 kzlaan iajzla"'anﬂ
k=1
(3.6.7)

where C,, = (1/p(vk))Jy,., k= 1,...,B,and 7 = (m;,1 € S) denotes the in-
variant distribution of P, (p(yx)) symbolizes as always the period of v, and
J, the second order passage-function of 7).

Let us further assume that the weights ., are strictly positive. Put ¢t =
1/M, where M = l.c.m.(2,...,n). Then we may start labeling (3.4.3) with
the decomposition (3.6.7) and with the shift f; defined by (3.2.1). Next,
partition the interval A = [0,1/M) into B subintervals A;, As, ..., Ap such
that the relative distribution (A(Ax)/A(A),k =1,..., B) matches the dis-
tribution (p(yx)w,,,k =1,...,B), that is,

AMAg) = (1/M)p(’yk)u~)7k7 k=1,...,B,

where \ symbolizes Lebesgue measure. Define Ay = fi7'(Ay) for k=
1,...,B,and I =1,..., M. Then for each choice of the starting points of
Vi, k =1,...,B, the sets S; = J Agi,i = 1,...,n, whose components Ay,
are labeled by (3.4.3), provide a rotational representation (1/M,.#(P)) of
P. Since the previous approach relies upon homologic arguments we shall
call (1/M,.7(P)) a homologic solution to the rotational problem.
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Further, suppose that any B circuits of G are Betti circuits. Let P be an
irreducible stochastic matrix whose graph is G and let 6(s, %) be a length of
description on a collection % of directed circuits which decompose P
by a circuit-decomposition-formula. Then we may find a collection I =
{71,... ,’yB} with B < B, of Betti circuits in ¢ such that the associated
graph with T is G . Furthermore the length of description 6 (B,T) on T sat-
isfies §(B,T') < §(s,€). For instance, we have B < B when certain weights
W., are zero in equations (3.6.7). The proof is complete. O

3.7 The Complexity of the Rotational
Representations

We have seen in the previous section that, if P is an irreducible matrix
on {1,2,...,n} whose graph G = G(P) is the complete directed graph,
then three characteristics, which in general are irreconcilable, come into
a condition of compatibility. These characteristics are the Betti number
of P (a topological invariant), the Carathéodory dimension (an algebraic
dimension) and the property of being “chaotic” approached in the spirit
of Kolmogorov. The Betti dimension and the Carathéodory dimension are
introduced in Section 4.5 (Chapter 4) of Part L.

Consider the maximal rotational dimension of P when P varies in the set
of all n x n recurrent stochastic matrices. Another way to approach this
concept was initiated by S. Alpern (1983). The present section, as well as
the next one, deals with this approach as was developed by S. Alpern, J.
Haigh, P. Rodriguez del Tio, and M.C. Valsero Blanco.

We first start with a definition. A rotational partition .= {S;,i =
1,2,...,n} has the type L if the number of components of each S; is less
than or equal to L,i=1,...,n. Let D = D(n) be the least integer such
that every n x n recurrent matrix has a rotational representation of type
D, that is, a representation (¢,.7) where . is of type D. Then D depends
on the definition of the labeling of the components of the partitioning sets
S1,...,Sn. In Sections 3.3 and 3.4 there were presented two approaches
to the rotational partition. Now the ingredient D will be investigated in
the context of Alpern’s approach exposed in Section 3.3. To obtain a lower
bound of D(n) we first prove the following lemma due to S. Alpern (1983).

Lemma 3.7.1. Let ¢,k =1,...,7, be positive integers and let n =1+

citeca+-+e. Let Q=Q(c1,...,¢) be an n X n permutation matriz
with cycles of lengths 1,¢1,¢a,...,¢c.. Then, if Q is represented by (t,.7),
the type of & is at least l.cm.(cy,...,c.) (lc.m. symbolizes as always the

least common multiple).

Proof. Let 1 be the label of the 1-cycle of @ so that g;1 = 1. Then, if f
denotes f; the set S7 is invariant under f. It follows from Weyl’s well-known
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theorem (see P.R. Halmos (1956)) that ¢ is rational (irrational rotations are
ergodic—have no nontrivial invariant sets). Let ¢ = p/q in lowest terms, so
that every point in [0, 1) has fperiod ¢. The invariant set S; consequently
consists of at least ¢ intervals and hence the type of .# is at least ¢. To
estimate ¢ from below, observe that, if a point x belongs to S; where the
index 7 belongs to a @-cycle of length ¢ then the fperiod of x must be
a multiple of ¢;. But the fperiod of every z is ¢, so ¢ is a multiple of c.
Hence ¢ > l.cm. (¢1,...,¢). a

A general estimation of D(n) is given by S. Alpern (1983) as follows:

Theorem 3.7.2. There exist positive constants o and (3 such that for
all n,

exp(ant/?) < D(n) < exp(fn). (3.7.1)

Proof. We shall need the following notation and estimates due to Landau
(1958) (pp. 89-91). Let pi denote the kth prime (p; =2) and let m(n)
denote the number of primes less than or equal to n. A partial result in the
direction of the Prime Number Theorem (due to Chebyshev) asserts the
existence of a positive constant J; such that

m(n) < B1/logn.
Let d(k,n) be the largest integer power d such that p{ < n. Then for any
even n,
m(n)
27/2 < Lem.(2,3,...,n) = [] pp ™" <0, (3.7.2)
k=1
We can now proceed with the proof proper, beginning with the up-
per bound. The algorithm presented in the proof of Theorem 3.3.1 rep-
resents any recurrent n X n matrix by (¢,.) where . is composed of
intervals Ay, k=1,...,N,l=1,...,M, where N <n? —n+1and M =
l.em.(1,2,3,...,n). Consequently, we have that

D(n) < NM < n?lem.(1,2,...,n). (3.7.3)
If we combine (3.7.3) with (3.7.2) and take logarithms we get,
log D(n) < 2logn + w(n)logn
< logn(2 + Bin/logn) (3.7.4)
< logn(Bn/logn)
= fpn,
where 3 is some positive number larger than [;.

To obtain the lower bound, fix any even m and define ¢, =p
for k=1,...,7(m). Let n=mn,,, =1+ ZZ(:T) cx <m?. Then we apply

d(k,m)
k
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Lemma 3.7.1 to the permutation matrix @ = Q(ci, ..., Cx(m)), Obtaining
w(m)
D(ny,) > lem.(cr,. .., Crm)) = H pz(k’m) > om/2, (3.7.5)
k=1

Since n,, < m? and D(n) is nondecreasing, (3.7.5) implies

D(m2> > 2m/2

and hence
D(m) > gm’/?/2
or
D(m) = exp(am'/?),
where a = log 2'/2. O

The estimation (3.7.1) for D(n) is based on the labeling (3.3.6) (Section
3.3 of Part II) for the component intervals Ag; of the partitioning sets
Si,i =1,...,n. The change of the labeling will naturally imply the change
of the estimation of D(n). We now present other labelings along with the
corresponding estimations for the D(n).

A first labeling is given for n = 2 by J.E. Cohen in the course of the proof
of Thorem 3.2.1. Consequertly we have D(2) = 1. Next, the generalization
D(3) =2 is due to J. Haigh (1985) using the following labeling. Let P be
any 3 X 3 recurrent matrix with invariant probability distribution 7. Then
we have

T, = 7T1p1i+7('2p27;+71'3pgi, 1= 1,2,3, (376)
T = TiPi1 + TiPi2 + TiPi3, i=1,2,3. (3.7.7)
Equating the two expressions for 7; in (3.7.6) and (3.7.7), we have

P21 — WM1P12 = T1P13 — T3P31 = W3P32 — M2P23 = V. (3.7.8)

It turns out to be more convenient to define f;(z) = (z +t) (mod 2), and

use the interval [0,2) instead of [0, 1), so that A(S;) = 2m;. We now specify

the division points x1, 23, ..., x5, that partition [0,2) into the six intervals

in the order shown in Figure 3.7.1, by fixing the lengths of these intervals.
We choose

A(Air) = 2m; — Tipis, AAi2) = mpis,

Figure 3.7.1.
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b b e e e N

Xo=0 ¥, Ya X X, ¥s Yo Xy X, ¥, Y2 Xs xg=2

Figure 3.7.2.

and we define t = 1 — v, where v was introduced by (3.7.8). Then, writing
fe(xi) = y;, we can easily calculate the values of yo, ..., ys, and verify that
these points are juxtaposed with xo,...,xs as shown in Figure 3.7.2 (i.e.,
that zo < ys,ys < z1, etc.) and that:

T3 — Yo = 2mMP13, Y1 — T4 = 2T1P12,
Ty — Ys = 221, Y5 — T2 = 2mapas, (3.7.9)
Ty — Yo = 2M3p32, Y3 — To = 27M3P31-

Hence, if S; = Aj1 U A;o, then A(S;) = 2m; and relations (3.7.9) show that
Pij = A(fe(Si) NS;)/A(S;) for i # j; but since .= {S1, 52,53} partition
[0,2), the previous equation holds for {p;;} as well. Therefore we have
proved that any 3 x 3 recurrent matriz has a rotational representation
(t,), with t and &= {51, Sa, S3} defined above, where each S; is a union
of at most two intervals.

The particular cases D(2) = 1, D(3) = 2 cannot be extended to n > 4.
The above Alpern’s Lemma 3.7.1, which disproves that D(n) =n — 1 for
n > 4, uses a matrix corresponding to a reducible Markov chain with cyclic
classes of sizes 1, ¢y, co, ..., c.. Thus, if we partition any positive integer m
asm=cy +cy+ -+ ¢, and define

H(m) = Max{l.cm.(¢y, ca,...,c.): all partitions},

Alpern’s result implies that D(n) > H(n — 1). Furthermore, J. Haigh pro-
poses the following conjecture:

D(n)=H(n-1).

Here are some values:

n 2 3 4 5 6 7 8 9 10 11 12 13
H(n—1) 1 2 3 4 6 6 12 15 20 30 30 60

Also, J. Haigh (1985) proves the following:
Theorem 3.7.3. We have D(n) > D(n —1).

Proof. Let Py be some (n —1) x (n — 1) recurrent matrix in which any
rotational representation requires some S; to contain D(n — 1) intervals.
Let P; be the n X n matrix whose principal submatrix is Py, and p,, = 1.
Suppose that A(S,) = a and that P; has a representation in which every
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S; is the union of at most r intervals. Since f;(S,) = S, we see that the
intervals in S,, can be split into families, each family consisting of equally
sized intervals whose left endpoints are a multiple of ¢ = p/k apart.
Remove this S, from [0,1), coalesce the remaining intervals, and define
t = p(1 — a)/k; this gives a representation of Py on [0,1 — «), using at most
r intervals, so r > D(n — 1); but D(n) > r, so D(n) > D(n — 1). O

3.8 A Reversibility Criterion in Terms
of Rotational Representations

The rotational representations were originally given in Theorem 3.2.1 for
the case where the stochastic matrices are 2 x 2 irreducible matrices. These
matrices have the property of being reversible matrices. As is known, a
recurrent stochastic matrix P = (p;;,4,j = 1,...,n),n > 1, is reversible if
TiDij = T;Pji,4,j = 1,...,n, where m = (m;,...,m,) denotes an invariant
probability row-distribution. Define R = (r;,4,j = 1,...,n), where r;; =
mipij- Then P is a reversible matrix if and only if R is a symmetric matrix.

In this section we investigate the rotational representations of n x n re-
versible recurrent matrices according to the approach of P. Rodriguez del
Tio and M.C. Valsero Blanco (1991). One result will be a reversibility cri-
terion for finite recurrent Markov chains in terms of rotational partitions.

As already seen in the previous sections the type of a rotational partition
depends on the way the labels are assigned to each subinterval. If R is a
symmetric matrix, then it is a convex combination of n cycle matrices
(defined by relations (3.3.1) of this chapter) of length one and n(n — 1)/2
cycle matrices of length two, so the rotation can be taken to be 180°, that
is ¢ =1/2 in the definition (3.2.1) of the shift f;. In this case the cycles
and the labels can be reordered to get the labels grouped at least in pairs
except, perhaps, one of them. As two or more contiguous subintervals with
the same label can be merged into one, we have less intervals than labels,
therefore the type of the partition decreases.

The following lemma, due to P. Rodriguez del Tio and M.C. Valsero
Blanco (1991), shows that such orderings and labelings can be found.

Lemma 3.8.1. Let E = E(n) be the set of N =n+ n(n — 1)/2 unordered
pairs (i,7) with i,j in {1,2,...,n}. Then the elements of E may be ordered
and labeled as (a(k),b(k)),k = 1,..., N, so that in the circular arrangement
a(l),a(2),...,a(N),b(1),...,b(N) (i.e., with a(l) adjacent to b(N)) the
n+ 1 occurrences of each label i form at most [n/2] + 1 contiguous sets.

Proof. First assume n is odd. Let G be the graph with points 1,...,n
and edges F (the complete graph with loops added at every point). At
every point there are exactly (n — 1)+ 2 =mn+1 incident edges, since a
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loop counts as 2. Since this number is even, there is an Eulerian cycle
V1,...,UN,UN+1 = 01 in G (see M. Gondran and M. Minoux (1984), The-
orem 1, p. 338), for which we may assume 1 =wv; = vy. If k is even, let
(a(k),b(k)) = (vi,vg41) and if k is odd, let (a(k),b(k)) = (Vk+1, k)

In vertical notation, the ordering of F is as follows:

b(k) 1 V3 V3 Vk Vi+2 V42 e 1
a(k) V2 V2 V4 s Vk+1 Vk+1 Vk+3 N 1.

Observe that all occurrences of every label ¢ appear in pairs, with the
possible exception of the four I’s in columns 1, N — 1 and N. If n = 1 (mod
4), then N is odd and the 1 in column N — 1 is in the top row, so the
pairing holds for all the 1’s, too. Since each label i occurs n + 1 times. then
it occurs in (n 4+ 1)/2 contiguous pairs and we are done. If n = 3 (mod 4),
then there is a | in the bottom row of column N — 1, so these four I’s are
still in two contiguous sets and the occurrences of any label i still form at
most (n + 1)/2 contiguous sets, as required.

If n is even, the graph G has odd degree (n + 1) at every point. In this
case, define G’ to be the multigraph with N’ = N + n/2 edges obtained
from G by adding another copy of each edge (1,2),(3,4),...,(n—1,n).
Observe that every vertex has even degree m + 2 in G’. Apply the same
argument as before to obtain N’ columns with all labels (except possibly
1, which is treated specially, as before) appearing n + 2 times in (n + 2)/2
pairs. Then delete one appearance each, for the n/2 added columns (edges).
Renumber the columns; in the resulting circular ordering each label appears
in at most (n + 2)/2 contiguous sets. O

Example 3.8.1. Let n =3 (N =6). An Eulerian cycle in G is given by
1,2,2,3,3,1. The associated ordering of F, writing pairs vertically, is
given by

1 2 2 3 3 1 (two contiguous sets),
2 3 3 1 1

Example 3.8.2. Let n =4 (N =10, N’ = 12). An Eulerian cycle in G’ is
given by 1,2,2,3,3,4,4,1,3,4,2,1. If we delete the second occurrence of
the additional edges (1,2) and (3,4) (marked z), we have

1 2 2 3 3 4 4 3 3 2 2 1 (three contiguous sets),
2 2 3 3 4 4 1 1 4 4 1 1

Theorem 3.8.2. If R is a symmetric matriz, the P has a rotational rep-
resentation (3,.7) where . has type [n/2] + 1.
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Proof. As R is a symmetric matrix, it is a convex combination of n cycle
matrices of length one and n(n — 1)/2 cycle matrices of length two with
coefficients 7; in the (¢) cycle and 2r;; in the (3, j) cycle. Let (a(¢), b(3)),7 =
1,..., N, be as in Lemma 3.8.1.

Define
ap = 07
o = (Ta(i),b(i))/za if a(z) = b(i);
Qi = Ta(i),b(i)s 1fa(z) #b(l),’L: 1,2,...,N.

Let Agi,k=1,..., N, be a partition of [0,1/2), where

k-1 k
Apr = lzai7zai> .
=0  i=0

Define Akg = fl/Q(Ak'l)7k = 1, .. .,N,

S; = U A | U U Aga |
a(k)=i b(k)—=i

S = {Si,i: 1,...,’/1}.
Note that

N
R= Z 20 Ca(k),b(k)) >
k=1

where Cq(r),b(k)) 18 the n x n cycle matrix with elements:

if - a(k) #b(k):  Ca(i)b(k) = Colk),atk) = 3
cij =0, otherwise;

if a(k)=0bk): Cap)pm =1,
¢;j =0, otherwise.

Direct calculations prove that (%,f ) is a rotational representation of P.
The definition of the labels (a(k),b(k)) shows that .% has type [n/2] + 1.
The proof is complete. O

Remark. In case the matrix R does not contain all possible cycles of length
two or all possible cycles of length one, fewer subintervals in the previous
construction are required and the type of the partition may possibly be less
than [n/2] + 1. For example, if p;; = 0,4 =1,....,n (i.e., there are not any
loops) and n is even or n = 3 (mod 4), then the matrix P has a rotational
representation in which the partition . has type [n/2].

Let P be an n X n recurrent matrix with 7 its invariant probability dis-
tribution. Let @ = (¢;5) be defined ¢;; = (m;p;;)/m;. Q is called the reversed
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matrix of P. It is well known that @ is a stochastic matrix whose invariant
probability distribution is also .
We have:

Lemma 3.8.3. Let (t,-%) be a rotational representation of P. Then (1 —
t,.) is a rotational representation of Q.

Proof. Let fi(z) = (z+t) (mod 1), g:(z) = (x +1—1t) (mod 1) be shift
transformations on [0,1). Then f; = g; . Since (¢,.%) is a rotational rep-
resentation of P, then p;; = (A(f+(S;) NS;))/A(S;). Furthermore, ¢;; =
(mipji)/mi = AN fe(S;) N S:)/A(S:) = A(S; N ge(Si))/A(S;). This completes
the proof. O

We are now prepared to prove a reversibility criterion in terms of the
rotational representations following P. Rodriguez del Tio and M.C. Valsero
Blanco (1991).

Theorem 3.8.4. A recurrent matriz P is reversible if and only if it has a
rotational representation (%,Y), for some partition .. If so, there is such
a representation where the type of .7 is [n/2] + 1.

Proof. Let P be a recurrent reversible matrix, then p;; = ¢;;, so R is sym-
metric and we apply Theorem 3.8.2. Conversely, suppose that P has a
rotational representation (%,Y); then by Lemma 3.8.3. @ has the same
representation, so P = (). O

3.9 Rotational Representations of
Transition Matrix Functions

Let n > 2 and let P(h) = (pi;(h),4,j=1,...,n),h >0, be any standard
transition matrix function defining an irreducible Markov process & =
(&€n)n>0, whose invariant probability distribution is denoted by © = (m;,7 =
1,...,n). Then the cycle representation Theorem 5.5.2 of Part T and The-
orem 2.1.1 of Part II assert that each P(h) has a linear decomposition in
terms of a collection (€, w.(h)) of directed circuits ¢ and positive (weight-)
functions w,(h), that is,

mpi(h) =Y we(h)Je(i,§), i,5=1,...,n,
cETC

where the collection €'is independent of h and the w.(-) enjoy a probabilistic
interpretation in terms of the sample paths.

Associate with each h > 0 the discrete skeleton chain = = ({pm)m>0
with scale parameter h. Then, as is well known, =} is an aperiodic and
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irreducible finite Markov chain whose transition matrix is given by P(h) =
(pij(h),4,5 =1,...,n). A transition matrix function defining an irreducible
(or recurrent) Markov process will be called an irreducible (or recurrent)
transition matrix function.

In this section we generalize the rotational problem to the semigroup
(P(h))n>o of stochastic matrices following S. Kalpazidou (1994b). We shall
assume that the hypotheses of Theorem 3.5.1 of Part II are satisfied (the
ordering of the circuits and the starting points of the circuits are fixed, etc.).

We have

Theorem 3.9.1. (i) A  standard  transition  matriz  function
P=(P(h),h>0) on {1,2,...,n},n>2, is recurrent if and only if
for each h > 0 there exists a rotational representation (t,.#(h)) for P(h),
that is,

pij(h) = MSi N fHS)/AS), i,i=1,...,n; h>0, (3.9.1)

where fi = (x+1) (mod 1),z €[0,1), with t =1/n!,.(h) = (S;(h),i =
1,...,n) is a partition of [0, 1) and X denotes Lebesque measure. More-
over, for any recurrent standard transition matriz function P = (P(h),h >
0) and for any positive invariant probability distribution w there is a
rotational representation (t,#(h)) for each P(h),h >0, such that ® =

(ii) There exists a map ® defined by Theorem 3.5.1 which, for any ir-
reducible standard transition matriz function P = (P(h),h > 0), assigns
each P(h),h >0, to an n-partition .#(h) = (S;(h),i=1,...,n) of [0, 1)
such that for all h the S;(h) have the same labels for their components,
1=1,...,n.

Proof. (i) The assertion (i) of the theorem follows from Theorem 3.3.1
(Part IT) applied to each P(h),h > 0.

(ii) We further appeal to Theorem 5.5.2 of Part I according to which we
have the following probabilistic decomposition

TiDij (h) = Z wc(h)JC(i’ .])’ (392)
ce?
where (w.(h),c € %) is the circulation distribution of the discrete skeleton
Ep on P(h) whose ordered collection € of circuits is independent of h.
Then the statement (ii) of the theorem follows from Theorem 3.5.1 of Part
IT applied to each stochastic matrix P(h),h > 0.

Finally, from the definition of the labeling (3.4.3) and from the cy-
cle version of the Lévy Theorem 2.1.2, it follows that for each ¢ the
sets S;(h), h > 0, have the same labels (k,1) for their component intervals
Apgi(h). The proof is complete. O

A transition matrix function P = (P(h),h > 0) which satisfies equa-
tions (3.9.1) is said to have the rotational representation (¢,.7(h))p>0.
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Let P = (P(h),h > 0) be a recurrent standard transition-matrix function
where P(h) = (p;j(h),4,5 =1,...,n),n > 2, and let £ = (£,)n>0 be the cor-
responding Markov process. Denote by % the collection of directed circuits
(with distinct points except for the terminals) which occur along the sam-
ple paths of Z;,¢ > 0. Let further o be the number of circuits of €. Also, for
each P(h) let .(h) be a rotational partition associated with & according
to the procedure of Section 3.4.

Denote by 6(j),7 =1,...,n, the number of components Ag;(h), occur-
ring in the description of S;(h) by the union J;, ;) Ari(h) which is indexed
according to the labeling (3.4.3). Then, as in Theorem 3.9.1 (ii), we see
that 6(j),j =1,..., N, depends only on the representative class € of cir-
cuits, and so 6(j) will be a common characterstic of all the partitioning
sets S;(h), h > 0.

Consider 6(0, ) = max;—1_._»6(j).

We call 6(o, %) the rotational dimension of the transition matriz function
P. Then the rotational dimension é(s, %) of all the recurrent transition-
matrix functions with the same graph G is provided by the collection € of
all the directed circuits of G.
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266 List of Notations

R the set of reals

(%) the symbol of the rotational problem

[S] page 31

5 rotational partition

(t,.%) the rotational representation of length ¢

We circuit-weight (or cycle-weight) associated to ¢ (or ¢é)
we() the weight function associated to ¢

Z the set of integers
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