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1. Introduction

Information geometry established by Amari and Nagaoka [4] is an elegant method
for statistical inference. This method provides us a very general approach to
statistical parameter estimation. Under this framework, we easily find that the
efficient estimator can be given with less calculation complexity for exponential
families and a curved exponential families under the independent and identical
distributed case. Therefore, we can expect a similar structure in the Markov
chains.

The preceding studies [9, 10, 11, 12, 13, 14, 15, 16] introduced the concept
of exponential families of transition matrices. However, in their definition, al-
though the maximum likelihood estimator has the asymptotic efficiency, i.e., at-
tains the Cramér-Rao bound asymptotically, the maximum likelihood estimator
is not necessarily calculated with less calculation complexity. That is, the maxi-
mum likelihood estimator has a complex form so that it requires long calculation
time in their model. Further, it is quite difficult to calculate the Cramér-Rao
bound even with the asymptotic first order coefficient because these papers fo-
cused only on the limit of the inverse of the Fisher information. From a practical
viewpoint, it is needed to calculate the asymptotic first order coeflicient. So, it
is strongly required to resolve these two problems for the estimation of Marko-
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vian process, i.e., (1) to give an asymptotically efficient estimator with small
calculation and (2) to derive a formula for the asymptotic Cramér-Rao bound
with small calculation.

The purpose of this paper is giving the answers for these two problems. For
this purpose, we notice another type of exponential family of transition ma-
trices by Nakagawa and Kanaya [2] and Nagaoka [5]. They defined the Fisher
information matrix in their sense. On the other hand, for the estimation of the
probability distribution, the class of curved exponential families plays an impor-
tant role as a wider class of distribution families than the class of exponential
families. That is, when the unknown distribution belongs to a curved exponen-
tial family, the asymptotic efficient estimator can be treated in the information-
geometrical framework. Therefore, to deal with these problems in a wider class
of families of transition matrices, we introduce a curved exponential family of
transition matrices as a subset of an exponential family of transition matrices
in the sense of [2, 5]. Since any exponential family of transition matrices is a
curved exponential family, the class of curved exponential families is a larger
class of families of transition matrices than the class of exponential families. Es-
pecially, any smooth subset of transition matrices on a finite-size system forms
a curved exponential family of transition matrices. Our purpose is resolving the
above two problems for a curved exponential family as well as for an exponen-
tial family. Since any smooth parametric subfamily of transition matrices on a
finite-size system forms a curved exponential family, our treatment for curved
exponential families has a wide applicability for the estimation of Markovian
process. This is reason why we adopted the definition of an exponential family
by [2, 5].

Firstly, we show that, for an exponential family of transition matrices in the
sense of [2, 5], an estimator of a simple form asymptotically attains the Cramér-
Rao bound, which is given as the inverse of Fisher information matrix. That is,
the estimator for the expectation parameter is asymptotically efficient and is
written as the sample mean of n + 1-observations. Since it requires only a small
amount of calculation, the problem (1) is resolved. Additionally, the problem (2)
is also resolved for an exponential family of transition matrices because Fisher
information matrix is computable.

To show the above items, we discuss the behavior of the sample mean of
n + 1 observations. Indeed, while the existing papers [7, 6] derived the form
of the asymptotic variance, this paper shows that the asymptotic variance can
be written by using the second derivative of the potential function of the gen-
erated exponential family. Using this relation, we show that the sample mean
asymptotically attains the Cramér-Rao bound for the expectation parameter.

Next, we define the Fisher information matrix for a curved exponential fam-
ily with a computable form. Then, using a transition matrix version of the
Pythagorean theorem, we give an asymptotically efficient estimator for a curved
exponential family, in which, the estimator is given as a function of the above
estimator in the larger exponential family. Since the asymptotic mean square er-
ror is the inverse of the Fisher information matrix, the problems (1) and (2) are
resolved jointly. In the above way, we resolve the problems that were unsolved in
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existing papers [9, 10, 11, 12, 13, 14, 15, 16]. Further, during this derivation, we
also obtain a notable evaluation for variance of sample mean as a by product,
which is summarized in Subsection 2.1.

For the above discussion, we need the description of an exponential family of
transition matrices. Since the information geometrical structure for probability
distributions plays important roles in several topics in information theory as
well as statistics, it is better to describe the information geometry of transition
matrices so that it can be easily applied to these topics. In fact, the authors
applied it to finite-length evaluations of the tail probability, the error proba-
bility in simple hypothesis testing, source coding, channel coding, and random
number generation in Markov chain as well as the estimation error of parametric
family of transition matrices [17, 18]. Thus, we revisit the exponential family
of transition matrices [2, 5] in a manner consistent with the above purpose by
using Bregmann divergence [21, 20]. In particular, the relative Rényi entropy
for transition matrices plays an important role in the finite-length analysis; we
define the relative entropy for transition matrices so that it is a special case of
the relative Rényi entropy, which is different from the definitions in the litera-
tures [2, 5]. Although some of results in this paper have been already stated in
[5] (without detailed proof), we restate those results and give proofs since the
logical order of arguments are different from [5] and we want to keep the paper
self-contained. In particular, although the paper [5] is written with differential
geometrical terminologies, e.g., Christoffel symbols, this paper is written only
with terminologies of convex functions and linear algebra.

The remaining of this paper is organized as follows. Section 2 gives the brief
summary of obtained results, which is crucial for understanding the structure
of this paper. In Section 3, we define the relative entropy and the relative Rényi
entropy between two transition matrices In Section 4, we revisit an exponen-
tial family of transition matrices and its properties. In Section 5, we focus on
the joint distribution when a transition matrix is given as an element of a
one-parameter exponential family and the input distribution is given as the
stationary distribution. Then, we characterize the quantities given in Sections
3 and 4 by using the joint distribution. In Section 6, we proceed to the n + 1
observation Markov process when the initial distribution is the stationary distri-
bution. Then, we show that the sample mean of the generator is an unbiased and
asymptotically efficient estimator under a one-parameter exponential family. In
Section 7, we proceed to the n + 1 observation Markov process when the initial
distribution is a non-stationary distribution. We show a similar fact in this case.
Section 8 extends a part of these results to the multi-parameter case and the
case of a curved exponential family. In appendix, we address the relations with
existing results by Nakagawa and Kanaya [5], Nagaoka[5], and Natarajan [1].

2. Summary of results

Here, we prepare notations and definitions. For two given transition matrices
W and Wy over X and Y, we define W x Wy (z,y|a’, ') := W (z|2" )Wy (y|y'),
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WX (@, p—1,...,x1|a’) := W(xn|Xp_1)W (xp-1|Tn_2) - W(x1|2'), and W"(z|z’) =

Dy W@, Tp—1, ... 21]2"). For a given distribution P on X and a
transition matrix V from X to Y, we define V' x P(y,z) := V(y|z)P(x) and
VP(y) =3,V xPy,x).

A non-negative matrix W is called irreducible when for each z, 2’ € X, there
exists a natural number n such that W"(x|z’) > 0 [27]. An irreducible matrix
W is called ergodic when there are no input z’ and no integer n’ such that
W™ (z'|x") = 0 unless n is divisible by n/ [27]. The irreducibility and the er-
godicity depend only on the support X3, := {(z,2’) € X?|W (z|2’) > 0} for a
non-negative matrix W over X. Hence, we say that X‘?V is 1rreducible and ergodic
when a non-negative matrix W is irreducible and ergodic, respectively. Indeed,
when a subset of XVQV is irreducible and ergodic, the set XVQV is also irreducible
and ergodic, respectively. It is known that the output distribution W™ P con-
verges to the stationary distribution of W for a given ergodic transition matrix
W [7, 3, 27]. Although the main result is asymptotic estimation for an expo-
nential family and a curved exponential family, we also have additional results
as Subsections 2.1 and 2.2.

2.1. Asymptotic behavior of sample mean

Assume that the random variable X,, obeys the Markov process with the irre-
ducible and ergodic transition matrix W (z|z'). In this paper, for an arbitrary
two-input function g(x,2’), we focus on the sample mean S, := % where
gM (X" =3 9(Xig1, X;), and X = (X, 4q,..., X7). This is because
a two-input function g(z, 2’) is closely related to an exponential family of transi-
tion matrices. Indeed, the simple sample mean can be treated in this formulation
by choosing g(x,2’) as x or 2. Since the function g(x,2’) can be chosen arbi-
trary, the following discussion can handle the sample mean of the hidden Markov
process.

Then, the expectation E[S,] and the variance V[S,] are characterized as fol-
lows. We denote the normalized Perron-Frobenius eigenvector of W (z|2’) by Py
and define the limiting expectation E[g(X, X")] := >~ , g(@, 2" )W (z[2") P (2').
We denote the Perron-Frobenius eigenvalue of W (xz|z')e?9(®*) by Xy and de-
fine the cumulant generating function ¢(0) := log Ag. Then, when the transition
matrix W is irreducible and ergodic, the relation

E[Sn] — E[g(X, X")] (2.1)
is known. In Sections 6 and 7 of this paper, we show

d?¢
while existing papers [7, 6] characterized the asymptotic variance by using the
fundamental matrix. (See [17, Section 6].)
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In particular, when the initial distribution is the stationary distribution Py,
we have E[S,,] = E[g(X, X")]. Then, in Section 6, using a constant C, we show
that

¢ ¢ )2 < nV[S,] < ¢ ¢

PO 7)< < O+ %V (2:3)

for the stationary case. The concrete form of C' is also given in Section 6. This
analysis is obtained via evaluations of Fisher information given in Sections 5, 6,
and 7.

2.2. Cramér-Rao bound and asymptotically efficient estimator

Firstly, for simplicity, we summarize our obtained results for the one-parameter
case while this paper addresses a multi-parameter exponential family. In Section
4, for a given two-input function g(z,z’) and an irreducible and ergodic transi-
tion matrix W, we define the potential function ¢(6) and exponential family of
transition matrices {Wpy} with the generator g(x,z’). We also define its Fisher
information matrix ‘;27‘5(0) and the expectation parameter n(f) := Z—‘g(@). Then,
we focus on the distribution family of Markov chains generated by the family of
transition matrices {Wy} with arbitrary initial distributions. We show that the
Fisher information of the expectation parameter under the distribution family
is asymptotically equal to n%(@(n))’l + o(n) even for the non-stationary case
in Section 7. Then, we show that the random variable S, is the asymptotically
efficient estimator, i.e., the mean square error is % (0(n))/n+o(1/n). In Section
6, we give more detailed analysis for the stationary case. To derive the results
in Sections 6 and 7, we prepare evaluations of Fisher information in Section 5.

Now, we address the multi-parameter case. In Section 4, we also define a
multi-parameter exponential family Wy of transition matrices, and show the
Pythagorean theorem. Then, we show the asymptotic efficiency of the sample
mean in the multi-parameter case in Subsections 8.1 and 8.2. We also show
that the set of all positive transition matrices on a finite-size system forms
an exponential family in Example 1. Further, we define a curved exponential
family of transition matrices, and give its asymptotically efficient estimator in
Subsection 8.3. Since any smooth parametric family of transition matrices on
a finite-size system forms a curved exponential family, this result has a wide
applicability. These results require the technical preparations given in Sections
3,4, and 5.

2.3. Relative entropy and relative Rényi entropy

In this paper, given two transition matrices W and V', we define the relative
entropy D(W||V) and the relative Rényi entropy D14s(W||V) in Section 3. In
Subsection 8.3, the relative entropy D (W ||V') plays a crucial role in our estimator
in a curved exponential family. We also show that the Fisher information is given
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as the limits of the relative entropy and the relative Rényi entropy, which plays
important roles in the proof of the asymptotic efficiency of our estimator in
a curved exponential family in Subsection 8.3. Also, as discussed in [17], the
relative Rényi entropy Di14(W||V) plays a central role in simple hypothesis
testing as well as the relative entropy D(W||V). Further, these information
quantities play an central role in random number generation, data compression,
and channel coding [18]. In Section 3, we also give their properties that are
useful in the above applications.

For these applications, we need to address the relative entropy D(W||V') and
the relative Rényi entropy D14+s(W]|V') in a unified way. More precisely, the rel-
ative entropy D(W V') is needed to be defined as the limit of the relative Rényi
entropy D145(W||V). Indeed, the existing paper [5] defined the relative entropy
D(W||V) in a different way. However, the definition by [5] cannot yield the def-
inition of the relative Rényi entropy in a unified way. Appendix A summarizes
the detailed relation between the results in this part and existing results.

3. Relative entropy and relative Rényi entropy

In this section, in order to investigate geometric structure for transition matrices,
we define the relative entropy and the relative Rényi entropy. For this purpose
we prepare the following lemma, which is shown after Lemma 5.2.

Lemma 3.1. Consider an irreducible transition matriz W over X and a real-
valued function g on X x X. Define ¢(0) as the logarithm of the Perron-Frobenius
eigenvalue of the matriz:

Wo(z|a') := W (x|a')e?9®). (3.1)

Then, the function ¢(0) is convex. Further, the following conditions are equiva-
lent.

(1) No real-valued function f on X satisfies that g(z,2') = f(x) — f(2') + ¢
for any (z,2") € X3, with a constant c € R.

(2) J;he function ¢(0) is strictly convez, i.e., %(6‘) >0 for any 6.
d

(3) Gg%(8)]o—0 > 0.

Using Lemma 3.1, given two distinct transition matrices W and V, we de-
fine the relative entropy D(W||V') and the relative Rényi entropy D s(W||V)
as follows. For this purpose, we denote the logarithm of the Perron-Frobenius
eigenvalue of the matrix W (x|z')!**V (z]2')~% by (1 + s) under the condition
given below. When X3, C X% and X2, is irreducible, we define

de o(1+s)
DW|V):=—-(1), Diys(W|V) 1= =—— (32)
for s > 0. The relative Rényi entropy D14s(W||V) with s € (—1,0) is defined by

(3.2) when X3, NXE is irreducible, which is a weaker assumption. When X3, NXZ
is irreducible and the condition XVQV - X‘% does not hold, the relative entropy
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D(W||V) and the relative Rényi entropy D14+s(W||V) with s > 0 are regarded as
the infinity. Note that the limit limg_,o D145(W||W’) equals D(W||W'). When
XVQV C X‘% and X‘?V is irreducible, the function log % satisfies the condition
for the function ¢ in Lemma 3.1 because W and V are distinct. Hence, the
function s — sD14s(W|V) is strictly convex. So, the relative Rényi entropy
D14+s(W||V) is strictly monotone increasing with respect to s.

From the property of Perron-Frobenius eigenvalue, we immediately obtain

the following lemma.

Lemma 3.2. Given two transition matrices Wx and Vx (Wy and Vy ) on X
(V), respectively, we have

D(WxHVX) +D(WyHVy) = D(WX X Wy”VX X Vy)
Diys(Wx|[Vx) + Diys(Wy [Vy) = D1s(Wx x Wy [[Vx x Vy)

for s € (—=1,0)U (0,00).
Theorem 3.3. Transition matrices Wy, Wa, and W satisfy

pDWL[W) + (1 =p)D(Wa|[W) = D(pW1 + (1 —p)W2 W) (3.3)
pD(W[W1) + (1 = p)D(W|[W2) =2 DW|lpW1 + (1 —p)W2)  (3.4)

forpe (0,1).

(3.3) can be directly shown from Lemma 4.5 given latter. The proof of (3.4)
will be given after (5.5).

4. Information geometry for transition matrices
4.1. Exzponential family

In the following, we treat only irreducible transition matrices. Hence, an irre-
ducible transition matrix is simply called a transition matrix. We define an expo-
nential family for transition matrices. We focus on a transition matrix W (z|2’)
from X to X. Then, a set of real-valued functions {g;} on X x X is called lin-
early independent under the transition matrix W (x|z") when any linear non-zero
combination of {g;} satisfies the condition in Lemma 3.1. For 6 = (6%, ..., 0%)
and linearly independent functions {g;}, we define the matrix Wy(z|z") from &
to X in the following way.

Wg(zla') = W (a|a!)e2izt 09 (@21 (4.1)

Using the Perron-Frobenius eigenvalue \; of Wg, we define the potential func-
tion ¢(f) := log Ag-

Note that, since the value ) W s(z|z’) generally depends on 2/, we cannot
make a transition matrix by simply multiplying a constant with the matrix W .

To make a transition matrix from the matrix Wg, we recall that a non-negative
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matrix V from X to X is a transition matrix if and only if the vector (1,...,1)T
is an eigenvector of the transpose VT, In order to resolve this problem, we focus
on the structure of the matrix W ;. We denote the Perron-Frobenius eigenvectors
of Wy and its transpose W,‘g by ﬁ; and ﬁg: Then, similar to [2, (16)] [5, (2)],
we define the matrix Wy(z|z') as

Wy(ala') = As " Py(a)W g(zl2) Pg(a) . (4.2)

The matrix Wy(z|a') is a transition matrix because the vector (1,...,1)" is an
eigenvector of the transpose W2 The stationary distribution of the given transi-
tion matrix Wy is the Perron-Frobenius normalized eigenvector of the transition
matrix Wy, which is given as

—2

Py(z)Pj(x)

Flﬂx = 4.3
) S P P )
because
—3
ZW (z]")Py(z') = P§ ZW 2|2 Pa(z’)
Ag .0 Pa(a")Py(z")
Pa)Pal) _ _ply

Y, Py Paa”)

In the following, we call the family of transition matrices £ := {Wj} an exponen-
tial family of transition matrices generated by W with the generator {g1, ..., ga}-
Since the generator {g1,..., g4} is linearly independent, due to Lemma 3.1,

0% _ (@) o gprict] itive f bit t
Z’LJ CZC_] 907907 — L2 1S Stric y pOSl 1ve I0r an arpil ral“y non-zero vector

¢=(c1,...,¢cq). That is, the Hesse matrix Hz{¢] = [806 a(beﬂ] i,j is non-negative.
Using the potential function ¢(), we dlscuss several concepts for transition
matrices based on Lemma 3.1, formally. We call the parameter (91, ...,0%) the

natural parameter, and the parameter 7, ) == gg; (A) the expectation parameter.

For 77 - (7717 s 777d) we define 91( ) ed( ) as 77](01(77)7 SRR ed(ﬁ)) ="j-

For a given transition matrix W, we deﬁne a linear subspace Ny (X?) of the
space G(X?) of all two-input functions as the set of functions f(z) — f(2') +c.
Then, we obtain the following lemma.

Lemma 4.1. The following are equivalent for the generator {g;} and the tran-
sition matriz W.

(1) The set of functions {g;} are linearly independent in the quotient space
Q(X2)/NM_/’(X2)._’

(2) The map 6 — 7j(0) is one-to-one.

(3) The Hesse matriz Hzl¢] is strictly positive_’for any 0, which implies the
strict convexity of the potential function ¢(6).

(4) The Hesse matriz Hg(d]|5_, is strictly positive.
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(5) The parametrization g Wy is faithful for any g.

Proof. Applying Lemma 3.1 to ¢(¢t) for an arbitrary non-zero vector ¢ =
(c1,...,cq), we obtain the equivalence among (1), (3), and (4). (3) = (2) is
trivial.

Now, we show (2) = (1) by showing the contraposition. If (1) does not

holds. There exists a non-zero vector ¢ = (c1, ..., ¢q) such that Y. cigi(z,2') =
f(z) = f(a’) + C. Hence, we have % = 0. Hence, (2) does not hold.

Now, we show (1) = (5) by showing the contraposition. When Wy = Wy,
considering the logarithm, there exist a function f and a constant c¢ such that
>, 07 gi(w.a) - X2, 00g;(w,0) = f(2) — (') + C for (z,2") € X3,

Now, we show (5) = (1) by showing the contraposition. If a set of real-valued
functions {g,;} on X x X is not linearly independent, there exist a function f
and a constant C' such that Y-, 07 g;(z,2') = 32, 67 g;(x,2') = f(x) — f(2') +C.

In this case, choosing ﬁzv (x) = ﬁg*(x)ef(””) and Ay = A\ge~©, ﬁz% and \j; are
the Perron-Frobenius eigenvector and eigenvalue of the transition matrix Wj,.
Then, we have Wy, = Wj. O

Now, we introduce the notation Wy w := {V|V is a transition matrix and
X2, = X2}. Any element W' € Wx w can be written as W/ (z|z') = W (z]2")ed®:
by using an element g € G(X?) because of log % € G(X?). Hence, if and
only if the set of two-input functions {g;} form a basis of the quotient space
G(X?)/Nw (X?), the set Wx w coincides with the exponential family generated
by W with the generator {g;}. This fact shows that Wx w is an exponential
family.

In particular, when W is a positive transition matrix, the subspace Ny (X?)
does not depend on W and is abbreviated to A(X?). In this case, Wy is
the set of positive transition matrices. Then, it does not depend on W, and is
abbreviated to Wy.

We define the Fisher information matrix for the natural parameter by the

2 -
Hesse matrix Hy{¢] := [%(9)]1}% The Fisher information matrix for the ex-
pectation parameter is given as Hg[¢] ™. Further, for fixed values 051, ... 6,

we call the subset {Wj € ElG = (0',...,0F 65+1 .. 67)} an exponential sub-
family of £. The following are examples of an exponential family.

Example 1. Now, we assume that X = {0,1,...,m} and W is a positive
transition matriz, i.e., X3, = X?. Define g; j(x,2') = 6,0, ; fori=1,...,m
and j =0,1,...,m. Then, the m*+m functions g; ; form a basis of the quotient
space G(X?)/N(X?). Therefore, the set of positive transition matrices forms an
exponential family with the above choice of g;. ;.

Example 2. For a given subset S C X2 for X = {0,1,...,m}, we choose a
transition matriz W whose support is S. Define the subset S as {(i,7) € S|i is
not minimum integer satisfying (i,7) € S for a fized j}. We define g; j(x,z') =
82,10z 5 for (i,j) € S. Then, the set W w is an exponential family generated
by {givj}(i,j)eé' However, the set Wx w s not an exponential subfamily of the

8



M. Hayashi and S. Watanabe/Information Geometry Approach in Markov Chains 10

set of positive transition matrices because it is not included in the set of positive
transition matrices.

Remark 1. The above-defined exponential families contain exponential families
of distributions as follows. For a given exponential family of distributions Py on
X with the generator f(x), we define the transition matriz W (x|z') as Po(x) and
the generator g(xz,2") as f(x). Then, the exponential family Wy (z|x’) is Py(z).
The given potential function and the given expectation parameter (defined in the
next subsection) are the same as those in the case with the exponential family
of distributions {Py}.

Remark 2. The papers [9, 10, 11, 12] called a family of transition matrices
{Wy(z|2")} an exponential family when Wy(z|x') has the form

Wy (z|z') = eC@e)+09(z.e) = (0,27 (4.4)

The papers [14, 15, 16] extended the above definition to the continuous-time
case. However, our exponential family is written as [5]

W9 ($|$1) = eC(w,w’)-{-@g(m,I,)-‘rw(@,w)—1{1(9,1’)—(]5(9) . (45)

by choosing C(z,x") and ¥(0,x) as log W (z|z") and logﬁg(x), respectively. So,
the traditional definition (4.4) is different from ours. The advantage of our model
over their model is explained in Remark 3.

4.2. Mixture famaily

In the following, we assume that the functions {g;} satisfies the condition of

—

Lemma 4.1. For fixed values 7,1, .. .,70,k, we call the subset {W; € £|7j(0) =
(Mo1s -+ Noks Mht1s - - - s Md) } & mizture subfamily of €. Given a transition matrix
W, real-valued functions g; on X2, and real numbers b;, we say that the set
(Ve Wxwl| X, . gi(x, 2" )V(z|x")Py(a') = bjVj} is a mizture family on Xy,
generated by the constraints {g; = b;}. Note that a mixture family on X3, does
not necessarily contain W because its definition depends on the real numbers
b;. When W is a positive transition matrix, it is simply called a mizture family
generated by the constraints {g; = b;} because Wy w is the set of positive
transition matrices. For a given transition matrix W and two mixture families
M and My on X3, the intersection M; N My is also a mixture family on A7,.

Lemma 4.2. The intersection of the mizture family on X3, generated by the
constraints {g; = bj}j=1,..k and the exponential family Wax w is the mizture

subfamily {Wy € Wax wli(0) = (b1,..., bk, ks1,...,m4)} of the exponential
family Wx w .

Lemma 4.2 will be shown after Lemma 5.1 in Section 5. Here, we give exam-
ples for mixture families.
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Example 3. A transition matric W on X x Y is called non-hidden for X when
Wx (zlz’) == 32, ey Wiz, yl2',y') does not depend on y' € Y. For a transition
matric W on X x Y, the set Wx|xxy,w :={V € Wxxyw|V is non-hidden for
X on X x YV} is a mizture family on (X x V)3,. Hence, the set Waxixxy,w N
Wy xxy,w is also a mizture family on XZ.

Example 4. The set of bi-stochastic matrices on X = {0,1,...,m} forms a
mixture family as follows. For a permutation o, we define the transition matriz
Weo(x|2") = 0p,60. Then, we focus on the set T' of transpositions (i,7) and the
subset H of cyclic permutations with length 3 defined by H := {(0,4,7)]0 < i <
j < m}. Then, |TUH| = |T| + |H| = 20t 4 mOnZD) — 002 Ag will be
shown in Appendiz B, The set of bi-stochastic matrices on X ={0,1,...,m} is
parametrized as {Wy}sep, where

Wi= > neWot (1= > ne)Wi (4.6)
oc€TUH cETUH
E:={ne Rm2|Wﬁ(x|x/) >0 for Vao,x' € X}. (4.7)
We define the functions
gi(z,@") =08, — g0 fori=1,....m (4.8)
Go(z,2") = Wy (z|2") — Wia(z|z"). (4.9)

As will be shown in Appendiz B, the set {g;}™ 1 U{Jo }oeTun is linearly inde-
pendent. Then, the matriz A = (ay,0) given as follows is invertible:

1
Qoo 1= g;; Jor (2,295 (2, x/)m 1

(4.10)

Then, using the inverse matriz B = A=Y, we can define the functions {go }oeTuH
as the dual basis in the following way:

9o =D boodo, (4.11)
cc€TUH
which implies that
1
m+1

Zga"(xv‘r/)gd(xv'r/) = 50’,0/- (412)

Hence, the set of functions {gi}" U {9stoerun is linearly independent. We
can employ the mizture parameter under the above set of functions. Since the
stationary distribution of Wi is the uniform distribution and

S gila, ) Wiyal')
S gola, ') Wylala!)

the transition matriz Wg(x|x') is the expectation parameter (0,...,0,n). That
is, the set of bi-stochastic matrices on X is the mixture family generated by the
constraints {g; = 0}j=1... m-

m+1:0fori=1,...,m, (4.13)

=1, forc € TUH, (4.14)

m+1
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4.3. Relation with relative entropy and relative Rényi entropies

The relative entropy and the relative Rényi entropies are characterized by using
the potential function ¢(#) as follows.

Lemma 4.3. Two transition matrices Wy and Wy, satisfies

U

DTW5) =320~ 07) 22 @) ~ 6(6) + 6(F) (4.15)
Dy (Wi W) = ((1—0—5)9—59)—8(1+S)¢( ) + sé( ’)' (4.16)

Proof. Let (1 4 s) be the logarithm of the Perron-Frobenius elgenvalue of the
matrix Wy(az|a')'+*Wy, (z[2") 7. Then, we have ¢(1 + s) = ¢((1 + $)6 — s0') —
(1+5)¢(A) + s¢(#). Hence, we obtain (4.16). Taking the limit s — 0, we obtain
(4.15). O

The Fisher information matrix Hz[¢] can be characterized by the limits of
the relative entropy and relative Rényi entropy as follows. That is, taking the
limits in (4.15) and (4.16) in Lemma 4.3, we can show the following lemma.

Lemma 4.4. For ¢ = (ci,...,cq), we have

hm D(W (lW,

9 y
f+é t) _%g% t_QD(W§+€t|‘W§) = Z Hé’[¢]i,jc c (4'17)

2
lim 5 D1+S(W|\ Wisa) =lim 5 D1 (W, o[ Wp) = 1+SZH Bl et

(4.18)

The right hand side of (4.15) can be regarded as the Bregmann divergence
[21]* of the strictly convex function ¢(f). In the following, we derive several
properties of the relative entropy by using Bregmann divergence. That is, the
following properties follow only from the strong convexity of ¢(§) and the prop-
erties of Bregmann divergence.

Using [20, (40)], we have another expression of D(Wj||W;,) as

D (Wi Watgry) = Y0 0G) (o = mp) = o) +0G), - (419)

! Amari-Nagaoka [4] also defined the same quantity as the Bregmann divergence with
the name “canonical divergence.” They showed that the canonical divergence satisfies the
Pythagorean theorem and (4.19) via the concept of the dually flat. Recently, Amari [20]
showed these properties by a calculation of the convex function ¢(§), which does not require
Christoffel symbols calculation. Since the derivations by [20] more directly explain the rela-
tion between the convex function ¢(§) and these properties, we refer the paper [20] for these
properties.
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—

where v(7) is defined as Legendre transform of ¢(f) as

—

() = max } | 0'ni = o(8) = 30" (i — #(00):

—

Since v(7]) is convex as well as ¢(6), we have the following lemma.

Lemma 4.5. (1) For a fized g, the maps 0 — D(Wgl|W5,) and D11s(Wg||Wy,)
are convez for s > 0. (2) For a fized ', the map ij — D(W§(ﬁ)|\W~/) is convet.

4.4. Pythagorean theorem

It is known that Bregmann divergence satisfies the Pythagorean theorem for [20,
(34)]. Applying this fact, we have the following proposition as the Pythagorean
theorem.

Proposition 4.6. (Nagaoka [5, (23)]) We focus on two points @ = (6'*,...,0'%)
and 6" = (0", ...,60"%). We choose the exponential subfamily of & whose natural
parameters 01 .. 0% are fized to 9”k+1, o 9”d, and the mizture subfamily of

& whose expectation parameters n, . .., Nk are fived to 77(5’)1, . ,77(5’)’“. Let§ =
(01, ...,0%) be the natural parameter of the intersection of these two subfamilies
of €. That is, 63 = 0" for j=k+1,...,d andnj(g) :nj(g’) fork=1,... k.
Then, we have

D(W5|Wg.) = D(Wg |[W=) + D(W=|Wg,). (4.20)

Indeed, Nagaoka [5] showed (4.20) in a more general form by showing the
dually flat structure [4] via Christoffel symbols calculation. Using (4.20) and
Lemma 4.2, we obtain the following corollary.

Corollary 4.7. Given a transition matriz V and a mizture family M on X2
with constraints {g; = b;}5_,, we define V* := argmingy,c o D(W|V).
(1) Any transition matric W € M satisfies D(W||V) = D(W||V*)+D(V*||V).
(2) The transition matriz V* is the intersection of the mizture family M on
X2 and the exponential family generated by V and the generator {g; }2?:1.

Proof. First, we notice that the exponential family Wx y contains V' and in-
cludes M. Choose an element V in the intersection of the mixture family M on
X‘% and the exponential family &, generated by V' and the generator {g, }?:1'
We apply (4.20) to the mixture family M and the exponential family €y . Then,
any transition matrix W € M satisfies that D(W||V) = D(W|V) + D(V||V).
Since D(W||V) > 0 except for W =V, we have miny e D(W||V) = D(V||V),
which implies that V* = V, i.e., (2). Hence, we obtain (1). O

Similarly, we have another version of the above corollary.
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Corollary 4.8. Given a transition matric W and an exponential family € C
Wax w with the generator {g;}, we define W, := argminy .o D(W||V'). Assume
that' S, v g5z, @)W (al2’) Pu. (') = by.
(1) Any transition matriz V € & satisfies D(W||V') = D(W||[W,)+D(W,||V).
(2) The transition matriz W, is the intersection of the exponential family £
and the mizture family on X3, with the constraints {g; = b;}.

Example 5. We choose transition matrices Vx and Vy on X and Y, re-
spectively. We also choose a transition matric W on X x Y whose support
is (X X V)V xvy - When a set of two-input functions {gx;} forms a basis of
G(X?%) /Ny, (X?), the exponential family generated by Vx x Vi with the genera-
tor {gx|i} is {Vx x Vv |Vx € Wx vy }. When a set of two-input functions {gy;}
forms a basis of G(V?)/ Ny (V?), the exponential family generated by Vx x Vy
with the generator {gx|i} U {gy|;} is {Vx x VY |V§ € Ex vy, Vy € Ey o}
Hence, when a transition matriz W belongs to a mizture family with the con-
straints {gx|; = a; }U{gy|; = b; }, the intersection between the exponential family
and the mizture family consists of one points, which is denoted by Wi x W5,.
Applying (4.20), we obtain

D(W||Vx x Vi) = D(W|Wk x W) + D(Wh x Wi|[Vx x Vi), (4.21)

In particular, when W is non-hidden for X (for the definition, see Example 3.),
Wx satisfies the same constraint {gx|; = a;} because the stationary distribu-
tion Py is the marginal distribution of the stationary distribution Py . Hence,
W = Wx. Thus, Wk can be regarded as a marginalization of a transition
matriz W that is not necessarily non-hidden.

5. Stationary two-observation case
5.1. Relative entropies and expectation

In the previous section, we formally defined several information quantities from
the convex function (;5(5) in the multi-parameter case. In this section, we con-
sider the relation with the structure of probabilities in the one-parameter case.
That is, we will see how the information quantities reflect the conventional in-
formation quantities. For this purpose, we assume that the input distribution is
the stationary distribution of the given transition matrix.

Since the stationary distribution of the given transition matrix Wy is Py
given in (4.1), we can define the joint distribution

Py ()W (x| Py (')
Ao Y, Py(a") Py(a”)

Wy x Fé(m,x’) = Wg(x|x’)ﬁ;(x’) = (5.1)

on X x X. Now, we focus on the probability distribution family {Wy x ﬁ;}, and

denote the expectation and the variance under the distribution Wy x P, by Eg
and Vy. These are simplified to E and V when 6 = 0.
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Lemma 5.1. (/5, Theorem 4], [2, (28)]) For 6 € R, we have

n(6) = 55(6) = Edlg = S Ph@Welal o) (52

The lemma shows the reason why we call the parameter n the expectation
parameter.

Proof. From the definition of Wy, we have

d
< log Wy(als!) =

P
L log Ay + ~=log =L 4 gz, a'). (5.3)
Py(a')

Taking the average of the both hand sides with respect to the distribution
Wy x ﬁ;, we have 0 = —% log Ao+, 4 ﬁ;(a:)Wg(ﬂx’)g(x,x’). O

Lemma 5.1 shows Lemma 4.2 as follows.

Proof of Lemma 4.2: 1In this proof, we consider the multi-parameter case.
Replacing the derivative by the partial derivative in Lemma 5.1, we have

ni0) = oo (0) = 3" Po(e)Wylala)gs 2,2, (549)

J

x,x’
Choose the generator {gi, ..., gx} of the mixture family on X%,. There exist two-
input functions gy1, ..., i such that the set of two-input functions {g1,..., g}

form a basis of G(X?)/Nw (X?). Hence, due to (5.4), we see that the intersection
of the mixture family on X3, generated by the constraints {g; = b;},;—1,.. x and
the exponential family Wy w is the mixture subfamily {W; € Wa.w|i(6) =
(b1, -, by Met1, - - -, ma) } of the exponential family Wy .

O

Now, we introduce the conditional relative entropy for transition matrices W
and V from X to ) and a distribution P on X as follows.

D(W||V|P) := D(W x P||V x P),

where the relative entropy between two distributions P and P’ is defined in the
conventional way as D(P||P’) := >~ P(x)log 5,(—(?). Hence, the relative entropy
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defined in the previous section is characterized as follows [5, (24)].

DOy |War) = (0~ )2 (0) — 6(6) + (0"
= 3 P Woleta’) log AT L~ 610) + 610
Wo(ala’) Py(x) Py(a)
=L P Walelelow Gy ~log 5 - +low 2
a) ;Pe Wg x|x )log % = D(W9||W9/|F;), (5.5)

where (a) follows from the fact that Fé(m) = . W9($|ZC1)F;($I).

Proof of (3.4): Since the map W’/ — — >
convex for a given 0, (5.5) guarantees (3.4).

( "W (z|2") log W' (x|a') is

x,x’

O

5.2. Fisher information and variance

Using the Fisher information J, of the family {ﬁ;}e of stationary distribu-

tions, we discuss the Fisher information JZ of the family {Wy x ﬁ;}g of joint
distributions in the following lemma.

Lemma 5.2. The Fisher information J@2 can be written as

d2¢
o = 2z (0) + J. (5.6)
Lemma 5.3. The second derivative %(6‘) s calculated as
d*¢ d¢ d . =3
T20) =Volo(X.X) = 2 (0) + LrogPy(x) ~ TroxPhx)]. (67)
In particular, when 0 =0,
i , A 160
=z (0) =Volg(X, X)| + 23 W(als)g(w,a)—5=| = (58)

z,x’

Proofs of Lemmas 5.2 and 5.3 are given in Appendix C. Further, the quantity
2
%(O) has another form [17, Theorem 6.6]. Using Lemma 5.3, we can show
Lemma 3.1 as follows.

Proof of Lemma 3.1: Due to (5.7), the non-negativity of variance implies
that ¢(f) is convex. Since Condition (2) trivially implies Condition (3), it is
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enough to show that Condition (1) implies Condition (2) and Condition (3)
implies Condition (1).

Assurgle Condition (1). Then, the random variable g(X, X)—%¢(6)+ - log Fg (X)—
4 log Py(X') is not a constant on XZ,. Hence, the variance in (5.7) is strictly
greater than zero, which implies Condition (2).

Conversely, we assume that Condition (1) does not hold, i.e., g(z,2') = f(x)—
f(2")+C for any (z,2') € X3, with a constant C' € R. Then, we can find that the
Perron-Frobenius eigenvalue of W (z|z') = W (z|a!)e? (@) =07 @)+0C jg N, = £0C

J— 2
and its right eigenvector is Pz. Thus, we have dd‘i;(f) = 0, i.e., Condition (3)
does not hold. Hence, Condition (3) implies Condition (1).

O

6. Stationary n + 1-observation case
6.1. Information quantities

Similar to the previous section, this section also discusses the one-parameter case
with the stationary initial distribution P,. Now, we consider the distribution
Wy x ﬁ; on X", which is defined as

n ok Bt
W™ X Py(n, ... x1) = Wo(zpi1|zy) - - Wo(aa|ar)Py(x1). (6.1)

We also define the random variable g™ (X" 1) := 377 | ¢(Xpy1, Xj) for X"+ =
(Xn+1,---,X1). In this section, we denote the expectation and the variance un-

der the distribution Wy' x ﬁé by Ep and Vy. Then, the cumulant generating
function ¢,,(0) := log Eg[exp(fg™ (X" T1))] satisfies

0 (6) =Eglg" (X)) = m(6). (62)

Now, we calculate information quantities. Similar to Lemma 5.2, the Fisher
information can be calculated as follows.

Lemma 6.1. The Fisher information J; ™' of the family {W,*™ x F;}g can be
written as

J’n,+1 _ d2¢ 9 Jl 6.3
g =nom(0)+Jp. (6.3)

The proof can be done in the same way as Lemma 5.2. The conditional rela-
tive entropy is characterized by the Bregman divergence defined by the convex
function ¢(0) as follows.

n n|pl n -1 n —1
DWWy [Py) i= D(W,™ x Py||Wyi™ x Py)
de

=n((0 = 8')—5(8) = &(8) + ¢(¢)) = nD(Wo | We). (6.4)
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6.2. Asymptotically efficient estimator

The relation (6.2) implies that w is an unbiased estimator for the param-
eter 7). The variance of g"(X"T!) is evaluated as follows.

Lemma 6.2. The inequalities

hold, where Vg := Vo[- log Fg(X)] =3 F; (2) (L logﬁZ(:v))Q.

Hence, we obtain
n Xn+1 V n Xn+1 dz_f 9 1
X Vel (X)) RO

Vol"—— - - n\/ﬁ). (6.6)

The Fisher information j:;(g)l for the expectation parameter n of the family

{Wexn X ﬁ;}g is

1
n(l+ —e—)

R o+t 24 ¢ n.%(0)
nil 0 . a" 149 -2 _ _  "dez ')
Jn(G) _(dn(G))z =(n do? (6)+ Je)(dm @)= (ﬂ(g)) .
a6 do®

That is, the lower bound of the variance of the unbiased estimator given by
Js
w5 (0)

Z,, for the expectation parameter 7 satisfies

Cramér-Rao inequality is %(6‘) /n(l+ ). Hence, any unbiased estimator

g Co0) g} 1
Vo[Zn] > df’Q(J)l _ @) _ =% +o0(—). (6.7)
e
no55(0)
The relation (6.6) shows that the unbiased estimator w realizes the op-

timal performance with the order %

Proof of Lemma 6.2: The combin;ition of (C.1) agld (C.2) implies that % )
is the variance of [—_‘;—‘15 (0) + L log Py(X) — L log Py(X') + g(X, X’)] under the
distribution Wy x P, in the two-observation case. In the n + l-observation

case, using Lemma 6.1, we can similarly show that n%(@) is the variance of

[—n% (0)+ < log ?2 (Xnt1)— 2 log ﬁz (X1)+g™(X™ )] under the distribution

Wp x Py
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Now, we define the 2-norm of the random variable f(X"™1) as |[f|2 =
/2 gnir Wi X Pa(a 1) f(z7+1)2. Then, we have

n 0 0) = Jgn(xm) — 02 9) 1

d
T d@ 7 Inge(XnH) 7 log Py(X1)|l2
<[lg™ (X" — 71 )H2+|| 10gPe(Xn+1)H2+||@10gP9(X1)H2

=V Valg(X™H1)] +2

which implies (wnde2 — 2v/Vp)? < Vg[g(X™1)]. Then, we obtain the first
inequality because n4-2 - (9)(1 -2 d;/;(e) )2 =( d92 —2/Vp)2. Similarly,
i
. —3 —
since 970X +1) ~ n98(0)+ 4 108 Py (Xo11) — 4 og Pyl = (X" 1) -
nde( Nz = I log Py(Xpi1)l|2 — ||d%logP9(X1)H2, we obtain the second in-
)2 ( nd92 (9) + 2\/9)

equality because d; 0)(1+2

dﬁ (0)

7. Non-stationary n + 1l-observation case

Similar to the previous section, this section also discusses the one-parameter
case. Now, we consider the non-stationary case. Since the convergence to the
stationary distribution is required, we assume that the transition matrices Wy
are ergodic as well as irreducible. Then, we fix an arbitrary initial distribu-
tions Py on X such that the Py is distribution is smoothly parameterized by the
parameter 6. In this section, we assume that Wy is the exponential family gener-
ated by the generator g(z,z’) and the random variable X"+ := (X,,41,..., X1)
is subject to W, x Py with the unknown parameter 6. Then, we denote the
expectation and the variance under the distribution WQX” X Py by Ep and Vy.
In this general case, the relation (6.4) does not hold. In stead of these relations,
as is shown in [17, Lemma 5.4], we have

1
hﬁm nD(Wexn X PQHW X Pgl) :D(WQHWQ/), (71)
nh_}rrgo D1+S(W><n X PgHW;fn X P@/) D1+5(W9HW9/). (72)

For a function h on R, we define the random variable g™ (X" 1) := ¢"(X,,41)+
h(X1). When we use the random variable §"(X"!)/n as an estimator of the
parameter 7(6), the error is measured by the mean square error:

gr(x"*h

n

MSE,[g" (X" )] = Eo[( - n(6))%]. (7.3)
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Then, we have Eg[g" (X" 1) = Eg[g"(X"T)] + Eg[h In the following

discussion, we employ the norm ||f(X"*1)|2 := \/Eo[f X"Jrl ] for a function
f on R"+1 Using the triangle inequality for this norm, we have

VVelg™ (X7 H1)] — Vo [h(X1)] < /Vg[gn(X+1)]
N G ERVA A (7.4)

YT S AR S R RIS SRl

<y g X e MO g 0 gy
(7.5)

It is known that the expectation of ¢"(X"*!) and the variance of &\/;1)

converge to those under the stationary distribution [7, 3]. Hence, due to (6.2)
and (6.6), we have

~n Xn+1 n Xn+1 d
Jim £ T e ) = L),
~n n+1 ~n n+1
s ) i il
® S S P
Y nhﬂngo Ve[g Jn ] = W(G)a (7.7)

where (a) and (b) follow from (7.5) and (7.4), respectively. The relation (7.6)

n+1
shows that the estimator w

is asymptotically unbiased for the parameter
7. The mean square error is %(6‘)% + o(%), which implies (2.2). Further, it
is shown that the random variable \/n (%ﬂﬂ)
the Gaussian distribution with the variance d02 2(0) at # = 0 [17, Corollary 6.2].
Replacing Wy by Wy, we find that the random variable ﬁ(%ﬁﬂ) —n(0))
asymptotically obeys the Gaussian distribution with the variance ‘fof (0).
Next, for the family {W," x Py}g, we consider the Fisher information Jj

for the natural parameter 6 and the Fisher information j9” for the expectation
parameter 7).

n(0)) asymptotically obeys

Lemma 7.1. The limit of the Fisher information Jj for the natural parameter
0 is characterized as

im 28— T2 ) (7.8)

n—oo M do?

Hence, the limit of the Fisher information j9" for the expectation parameter n

. . . Jn 2 _
is characterized as limy, o <& = %(6‘) L



M. Hayashi and S. Watanabe/Information Geometry Approach in Markov Chains 21

Lemma 7.1 implies that the lower bound of the Cramér-Rao inequality is
n n+41
%(6‘( ))L 4 o(L). Therefore, the estimator %

by the Cramér-Rao inequality with the order <. That is, the estimator £
is asymptotically efficient.

attains the lower bound
gr(xrth

Proof of Lemma 7.1: Similar to (C.2), we have
d¢

T =Eol(-n0(0) + dalogmxnm Hlog Py(X1) + 6" (X" )] + 73
dé d n
=120 6) + 105 Py(Xo1) — 08 P(Xa) + 9" (X )3 + 3.

(7.9)

Since (7.6) and (7.7) yield that 1| g"(X"*1) — nde( )3 — Z;‘f (9), we have

1 do d d. — -
%H —n%(ﬁ) o7 logPe(Xn_,_l) - @bgpe(Xl) + 9" (X"l
" d(b -3 d -3
T(HQ (X" — ( M2+ || 1OgPe(Xn+1)||2+ ||@10gP9(X1)||2)
1 do 2 o d?¢

max |@ log Py(z)| — (7.10)

<=l () = n @)l + )

T
The combination of (7.9) and (7.10) yields that lim,, . 22 < £2(6). Similarly,

the opposite inequality can be shown by replacing the role of (7.10) by the
following inequality.

d -3 n n+1
Tl =G50 + 1o Po(Xo) = 1o P5(X1) + 4" (X"
1w ontt do 2 d —3 d%¢
Z%Hg (xn* )—”@(9”2—ﬁmg?ﬂ@logpe(ﬁ?ﬂ - 102 (0).

Hence, we obtain (7.8). Since 3—2(6‘) = %(9)_1, (7.8) implies lim;, oo /-

R n
o (0)7L.

8. Estimation with multi-parameter case

8.1. Estimation with multi-parameter exponential family: stationary
case

Assume that Wy is a multi-parameter exponential family of transition matrices

with § = (0%,...,0%) with the generator {g;}. Then, we assume that the ini-
—=1

tial distribution is the stationary distribution Py on X of W; and the random
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variable X"t := (X,,11,...,X1) is subject to Wg" X ng with the unknown
parameter g. In this subsection, we denote the expectation and the variance
under the distribution W(;" X ﬁ;* by Ez and V.

Similar to (6.2), using g"(X"*!) := [¢7 (X" *1)];, we can show that

gr (X 7

Eql ] = 1(6), (8.1)

0 n

which implies that §*(X™*!) is an unbiased estimator of the expectation pa-
rameter 7j(6). We denote the covariance matrix of g™ (X" 1) by Covy[g™ (X" T1)].

We also denote the covariance matrix of [% log ﬁg(X )]; by Covy.

Lemma 8.1. The matrixz inequalities

nH6)(1 - 2\/ Mgl Covalglé] 2112 oy gmxmo1)

n

2 \/ IHglé] CousHigel “*, 52

n

hold, where the matriz inequality is defined by the positive semi-definiteness.

Proof. First, we fix a real unit vector @ = [a,];. Applying (6.5) to the random
variable 3~ a;g7 (X" !), we obtain

dTCOV95

T — 2 =T -n n+1\1=
na” Hgl¢la(l —2 WW) <a’ Covg[g"(X™ )@
a” Covyi
<nd"Hjlgld L 2 (s,
<nd' Hzl¢la(1+ 2 nd’THé»[gb]ﬁ) (8.3)
Since gfg?;;@ < |[Hglé]~* CoveHglg] "2 |, (8.3) implies (8.2). O
Lemma 8.1 yields that
—n Xn+1 Cov-[g" Xn+1 H- 1
Covy X)) _ Covld X)L Bald) oLy (s

n? n n
Now, we denote the Fisher information matrix of the distribution family

{ﬁ:;} by J 91. The Fisher information matrix j;(;i)l for the expectation parameter

77 of the distribution family {Wg” X F;*b is
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That is, the lower bound of the variance of the unbiased estimator given by
. . o 1 1 Sy 17,
Cramér-Rao inequality is 2Hz[¢]2 (11 + LHz[¢] 2 J(}H9~[¢] 2)"'H;[¢]z, i.e., the

Cramér-Rao inequality is given as

Ty 5 Lo (1 + Shfo 2 25001 Hglan®

). (8.5)

COV@[

The relation (8.4) shows that the unbiased estimator g

timal performance with the order %
Therefore, we obtain an asymptotically efficient estimator for the expectation
parameter. To estimate the natural parameter, we need to solve the equation

-0 (5.6)

realizes the op-

for 6. Since the function ¢(f) is strictly convex, 8(7f) can be derived by the
maximization of the concave function as

argmaxij - 0 — ¢(6). (8.7)
g

The calculation complexity does not depend on the number n of data. Hence,
when the number d of parameters is not so large, the natural parameter can be
estimated efficiently even with a large number n of data.

However, the conventional algorithm for the maximization of the concave
function [28] requires the calculation of the derivative. Since the convex func-
tion ¢(§) is given as the logarithm of the Perron-Frobenius eigenvalue of the
matrix Wy, the calculation of the derivative is not so easy. To overcome this
kind of difficulty, we can employ derivative-free optimization algorithms [29, 32]
represented by Nelder-Mead method [30]. A derivative-free optimization algo-
rithm maximizes a concave function without calculating the derivative only with
calculating the outcomes with several inputs. In particular, it is expected that

—

such an algorithm enables us to numerically derive 6(7) for a given 7.

8.2. Estimation with multi-parameter exponential family:
non-stationary case

Next, similar to Section 7, we consider the non-stationary case and assume that
the transition matrices W are ergodic as well as irreducible. Then, we fix an
arbitrary initial distributions P; on X’ such that the distribution Py is smoothly

parameterized by the natural parameter 0. This assumption contains the special
case when the distribution Py does not depend on the parameter g.

In this subsection, we denote the expectation, the variance, and the covari-
ance matrix under the distribution Wg” X Py by Ez Vz, and Covy. Then, we
employ the random variable g™ (X" *!) := (g7 (X" *')). When we use the random
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variable §"(X™t1)/n as an estimator of the parameter 6, the error is measured
by the mean square error matrix:

—n n+1
MSEQ[& R

Similar to (7.6), we can show that

-n n+1 . .
tim Ty ) = 129 gy, (5.5)

For any vector ¢ = (¢;), the application of (7.7) to 8 = ¢- gimplies that

—n XnJrl —n XnJrl
lim ne” MSE[ = ) gix)

lim |¢= lim nE’TCov0~[ c= 5TH§[¢]57

n—oo
which implies the following theorem.

Theorem 8.2.

—n XnJrl —n XnJrl
lim nMSE {2 Fx)

Jim | = lim nCovgq]

n—roo

| = Hglgl- (8.9)

—n n+1
The relation (8.8) shows that the estimator X g asymptotically unbi-

ased for the expectation parameter 7j. The above theorem implies that the mean
square error is ~Hg[¢] + o(2).
Next, for the family {W(;" x Py} 5, we consider the Fisher information matrix

J;l for the natural parameter g and the Fisher information matrix j;l for the
expectation parameter 1].

Lemma 8.3. The limit of the Fisher information matriz J;} for the natural

o ) , T2 o
parameter 0 is characterized as lim, o == = Hg{¢]. Hence, the limit of the

Fisher information matriz jg for the expectation parameter 17 is characterized
jn

as lim,, oo T§ = H(;[qﬁ]*l

Proof. We fix a real unit vector @ = [a;];. The application of the relation (7.8)

ST tn =
a J§a

= "TH(;[¢]EL’, which implies lim,, s JTS =

Hz(¢]. Since [agie(f)]m is Hz[¢], we obtain lim,, . JT;l =Hylo] 1. O

tof=c- gyields that lim,, o

Lemma 8.3 implies that the lower bound of the Cramér-Rao inequality is

LHz[¢] 4+ o(L). Therefore, the estimator w attains the lower bound by
the Cramér-Rao inequality with the order % That is, the estimator w is
asymptotically efficient.

Similar to the one-parameter case, we can show that the random variable
\/ﬁ(w —ij(8)) converges to the Gaussian distribution with the covariance
matrix Hg{¢].
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8.3. Estimation with multi-parameter curved exponential family

Next, we proceed to estimation with multi-parameter curved exponential family.
A d'-parameter subset £ = Wi (5)}5 of an exponential family & = {Wy},
of transition matrices is called a curved exponential family of transition matri-
ces. For example, a mixture family defined in Subsection 4.2 is also a curved
exponential family. As explained in Example 1, the set of all positive transition
matrices on a finite-size system forms an exponential family. Hence, any smooth
subfamily of transition matrices on a finite-size system forms a curved exponen-
tial family. Then, we define the Fisher information matrix H £ as the metric of

the submanifold. Assume that the Jacobian matrix A := [gg? |z_¢ )i, has the
J =So

rank d’. When the potential function of the exponential family is ¢, the Fisher

information matrix is written as Hx = ATH; - [¢] " A because the Fisher
o Ocrv (€o)
~1

information matrix for the expectation parameter n at §CRV(5)) is He &’
CRV (So

¢ Gcrv (9(X ™)/ n)

Bery (E) Borv(E(X™)

Model %

F1G 1. Estimator for the curved exponential family.

In the following, we assume that the exponential family £ is generated by g;.
Given n 4 1 observations X", as Fig. 1, we define the estimator £*(X"+1) :=
argming D(W§cnv(§"(X"+1)/n)||W§cnv(5)) for the curved exponential family &.
Then, similar to the case of a curved exponential family of probability distribu-
tions [4, Section 4.4], we can show that the estimator £ (X" 1) is asymptotically
efficient. That is, the mean square error matrix is asymptotically approximated

to %Hg[gb]_l + o(2) as follows.

Theorem 8.4. The random variable E”(X"H) — {Q asymptotically obeys the
Gaussian distribution with the covariance matrix %Hgﬂ [¢]~. Then, the mean
square error matriz of our estimator g"(X nt1y s asymptotically approzimated
to %Hg[qﬁ]_l +o().

Proof. The random variable g™ (X" *1) /n—1j, asymptotically obeys the Gaussian

distribution with the covariance matrix %chRV(go) [¢], where 77, := 77(0crv (&)))-

Since the neighborhood of g"(X"‘H) in £ can be approximated to the tangent
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space at the true point {o, due to Corollary 4.8, the point Ocry (g”(X"H)) can
be approximately regarded as the projection to the tangent space at 50 from the
observed point gy (7 (X" ) /n).

To see the asymptotic variance of the random variable g”(X ntly Eo, we
choose a d x d’ matrix By and a d x (d — d’) matrix By such that the d x d
matrix B = (Bj, Ba) satisfies that

B"Hz &)l 'B=1 and BiH; = (¢ tA=0. (8.10)

Th;n, BlTchav(ﬁl) [gb]T ;1 is invertible. 1So ATH; v )[¢>]*11A =

(BY My @) (81 A B Hgo o )01 Bi(Bl Hy ) [91714)

= (BlTchav(io)[gb] AT (BTHQCRV(&)[qﬁ]*lA). Now, we introduce the new pa-
rameter 7(i7) := B~!j under which, the metric is given as Cartesian inner

product. Hence, the covariance matrix of the estimator B=1(g"(X"*!)/n) for
the parameter 7(77) is the matrix 17.

We denote the vector (1, ...,74)" by 7 (7). Since the parameter € is approx-
imately identified with the element of the tangent space, we have A(g — {r:)) =
7 — 17, = B(7(77) — 7(1],,)). Hence, (8.10) implies that

—

BHg )8 T AE = &) = BIHg [0 B(F((&)) — (i)
Bi(7

=B{H; &) [8]7 Bi(F(ii(€)) — F’(ﬁo» = 7(7(€)) — 7 ().

Thus,

—

€& = (BIWg, ) [0 A7 (7 (7)) — 7 ().

In this approximation, our estimator g"(X n+1y for { is characterized as
(BTHGCR\/(E @17t A) BT (M (XY /n—1,) +&o. Thus, the covariance matrix
of our estimator is

(BY Hyory (97 A7 ((BTHeCRV<5O>[¢]_1A)T)_1

1
=~ (Bl Hgpu () [0) AT (Bl Hy [0 A) ™

1 1 -
n(ATH§CRV(5 o7t = —Hg [6)7".

That is, the random variable g”(X ntly 50 asymptotically obeys the Gaus-
sian distribution with the covariance matrix %Hg [¢] 1. Therefore, the mean

square error matrix of our estimator 5" (X1 is asymptotically approximated
o wHeAgl ™ +o(3). O

Remark 3. The papers [9, 10, 11, 12, 14, 15, 16] showed that the mazimum
likelihood estimator (MLE) is asymptotically efficient in the exponential family
with their definition (4.4). Since the definition (4.4) is different from ours (4.1),
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the results in this section are different from theirs. Further, since our asymptoti-
cally efficient estimator is given as the sample mean of g, the required calculation
amount is smaller than theirs. Even in the case of a curved exponential fam-
ily, the Pythagorean theorem (4.20) enables us to calculate our asymptotically
efficient estimator with small amount of calculation. However, their MLE does
not have so simple form because their exponential family does not have such a
geometrical structure, e.g., expectation parameter and the Pythagorean theorem,
etc. Hence, it requires large calculation amounts.

Indeed, when the matriz entries of the transition matriz is to be estimated,
the literature [8] showed that the sample mean is the same as the mazimum
likelihood estimator. However, this fact holds only for such a specific parameter,
and cannot be applied to the parameter estimation of our exponential family, in
general. Our method can be applied to any parameter of an exponential family
i our sense.

8.4. Implementation of our estimator for curved exponential family

In this subsection, we consider how to calculate our estimator 5"(X n+1) This
calculation depends on the type of parametrization of the transition matrix

W ~. We can consider two cases as follows.
Ocrv (§)

(1) The entries of the transition matrix Wz = are calculated directly from
fcrv (§)

E with small calculation complexity.

(2) The entries of the transition matrix Wy
CRV

(¢ are calculated by (4.2) via
the calculation of §CRV(5). In this case, the calculation of these entries

has large calculation complexity.

For example, Example 4 belongs to Case (1) because Wj; is directly calculated
from the parameter 1.

In the calculation of the estimator 5" (X1, first, we obtain the estimate
77 of the larger exponential family £ with the expectation parameter. Then, we
calculate its natural parameter 7 by the method given in the end of Subsec-
tion 8.1. The following steps depend on the above case. In Case (1), we can
implement the minimization by employing the final expression in (5.5) with
small calculation complexity due to the following reason. The final expression
in (5.5) needs only the entries of the transition matrices Wy, and Wi @ and
the Perron-Frobenius eigenvector of Wj. In this case, it is enough to calcu-
late the Perron-Frobenius eigenvalue the Perron-Frobenius eigenvector of W,
only at the first step. At each step of the minimization, we do not have any
difficult calculation. Therefore, the final expression in (5.5) brings us an easy
implementation of the minimization in Case (1).

However, in Case (2), it is better to employ (4.15) instead of the final expres-
sion in (5.5) due to the following reason. When the final expression in (5.5) is
employed, the calculation of the transition matrix W§cnv(€) requires the calcula-

tions of the Perron-Frobenius eigenvalue and the Perron-Frobenius eigenvector
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of the matrix given in (4.1) as in (4.2). To calculate the RHS of (4.15), we need

to calculate the partial derivative % (") and the Perron-Frobenius cigenvalues

$(0") and ¢(Acry (€)). Fortunately, the partial derivative %(9’) coincides with
the expectation parameter 7', which is firstly obtained. Also, it is enough to
calculate the Perron-Frobenius eigenvalue ¢(6_‘7 ) only once. Hence, at each step
of the minimization, we need to calculate only the Perron-Frobenius eigenvalue
d(Ocry (€)), i.e., we do not need to calculate the Perron-Frobenius vector. There-
fore, (4.15) requires less calculation complexity than the final expression in (5.5)

in Case (2).

9. Conclusion

We have revisited the information geometrical structure (the exponential fam-
ily, the natural parameter, the expectation parameter, relative entropy, relative
Rényi entropy, Fisher information matrix, and the Pythagorean theorem) of
transition matrices by using the convex function ¢(#) defined by the Perron-
Frobenius eigenvalue of the matrix W; defined by (4.1). Then, we have shown
that the sample mean of the generating function is an asymptotically efficient
estimator for the expectation parameters in the exponential family of transition
matrices. Combining this property and the Pythagorean theorem, we have given
an asymptotically efficient estimator for a curved exponential family of transi-
tion matrices. As a consequence, we have characterized the asymptotic variance
of the sample mean in the Markovian chain by using the second derivative of
the convex function ¢(6).

In this paper, we have assumed that our system consists of finite elements.
Indeed, the existing papers [22, 23, 24, 25, 26] reported several difficulties to
evaluate the variance of the sample mean in the continuous probability space
even with the discrete time Markov chain. So, it is remained to extend the
obtained results to the continuous case. However, this assumption is assumed
only for describing the conditional distribution by a matrix. We do not use the
finiteness of the cardinality of the probability space explicitly. Therefore, it seems
that there is no essential obstacle for extension to the continuous case under
a proper regularity condition. This extension will enable us to handle several
Gaussian Markovian chains in a simple way. Further, the obtained version of the
Pythagorean theorem will be helpful for the hierarchy of exponential families of
transition matrices. For an example, a hierarchy of exponential families can be
constructed by changing the degree of Markovian chain, it might be interesting
to investigate this example.
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Appendix A: Relation with existing results

As mentioned in Introduction, some of results in this paper for relative entropy
and exponential family have been already stated in [5] (without detailed proof)
and we restate those results and give proofs to keep the paper self-contained.
For deeper understanding, we summarize the relation with those papers in this
appendix.

Our definition (3.2) for the relative entropy D(W|V') has the following rela-
tion with those by [1, 2, 5]. Natarajan [1] and Nakagawa and Kanaya [2] defined
the relative entropy D(W||V') by the final term of (5.5). However, Nagaoka [5]
defined the relative entropy D(W||V) by (4.15) and showed the equivalence
with the final term of (5.5). If we consider only the relative entropy D(W||V),
the definition by the final term of (5.5) is natural. However, the relative Rényi
entropy D14s(W||V) cannot define in the same way. Hence, in order to treat
the relative entropy D(W||V) and the relative Rényi entropy Di4s(W/||V) in
a unified way, we adopt the definition (3.2) for the relative entropy D(W||V)
instead of the final term of (5.5). Our definition clarifies the relation between the
relative entropy D(W||V) and the relative Rényi entropy D14s(W||V), which is
helpful when we apply these quantities to simple hypothesis testing [17], random
number generation, data compression, and channel coding [18] in Markov chain.

Next, we address the convexity of the function (;5(5) Nakagawa and Kanaya
[2, Section III] and Nagaoka [5] showed the convexity ¢(f) in their respective
cases. Nagaoka [5] also showed the equivalence between (1) and (5) in Lemma
4.1. However, they did not clearly consider the relation with the other conditions
in Lemma 4.1. In fact, these equivalence relations are essential for the condition
of a generator of an exponential family and also for applications to finite-length
evaluations of the tail probability, the error probability in simple hypothesis
testing [17], source coding, channel coding, and random number generation [18]
in Markov chain.

Now, we proceed to the definition of an exponential family for transition ma-
trices. Our logical order of arguments in this definition is different from that
by Nagaoka [5] and Nakagawa and Kanaya [2]. We firstly define the potential
function ¢(f) from a given transition matrix W and a given gencrator {9;}
Then, we give the parametric transition matrices although their papers [5, 2]
gave the parametric transition matrices firstly. The potential function ¢(§) for
a transition matrix W and a generator {g;} produces several information quan-
tities, which play the central roles when we apply the exponential family for
transition matrices to finite-length evaluations of the tail probability and the
above applications [17, 18] in Markov chain. To characterize these information
quantities, we employ an exponential family of transition matrices. So, our log-
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ical order adapts such an application. Further, this paper introduces a mixture
family while the existing papers [5, 2] did not define a mixture family.

Indeed, Kontoyiannis and Meyn [31, (11)] gave a one-parameter family of
transition matrices with the same logical order. However, they did not use the
terminology “exponential family” and did not show the convexity of the poten-
tial function ¢(f). Ito and Amari [19] discussed the geometrical structure of an
exponential family of transition matrices only for Wy in the same definition as
ours. However, they did not treat this set as an exponential family of transition
matrices.

Our formula (4.20) in Pythagorean theorem (Proposition 4.6) has the follow-
ing relation with Nakagawa and Kanaya [2]. Nakagawa and Kanaya [2, Lemma
5] showed (4.20) with & = 1. Hence, our relation (4.20) can be regarded as a
generalization of Nakagawa and Kanaya [2, Lemma 5]. Indeed, the motivation
of Nakagawa and Kanaya [2, Lemma 5| is related to the exponent of simple
hypothesis testing. That is, their purpose is to show the relation

min D(W|Wy) = min D(Wy||[Wo). (A1)
W:D(W||Wy)<r 0:D(Wo||[W1)<r

However, the multi-parametric extension (4.20) is essential for estimation in a

curved exponential family, which is discussed in Subsection 8.3.

Appendix B: Set of positive bi-stochastic matrices

To discuss Example 4 in the detail, we investigate the set of bi-stochastic matri-
ceson X ={0,1,...,m}. First, we divide the linear space of (m+1) x (m +1)
matrices into two linear spaces:

A= {(ve + wy )yl (Ve)z, (W2)z € Rm+1} (B.1)
B =< (agy)z,y Z Aty = Z Qg =0forz,y=0,1,...,m ». (B.2)
x'=0 y'=0

In the following, any two-input function g(x, 2’) is regarded as an (m—+1)x (m+1)
matrix. For an arbitrary non-identical permutation o € Sy, the function g,
belongs to B. The function g; belongs to A. Also, when a function h satisfies
h(z,y) = ¢ + vy — v, with a constant ¢ and a vector (v,) € R™*1 the function
h belongs to A. Any non-zero linear combination of {g, };”:1 cannot be written
by the above function h. Thus, to show the linear independence of the set of
functions {g;}7"; U{go}oerun, it is enough to show the following lemma.

Lemma B.1. The set {j, }oerun is linearly independent in the linear space B.

The number of elements of the set {g, };”:1 U {90 }oeTum is m?, which equals
the dimension of B. So, the set {g;}7.; U{Jo}oeTun spans the linear space B.
For any bi-stochastic matrix W, we have W — W;4 € B. Hence, W — W4 can be
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written as a linear combination of {gs}serum, i-€., ZUETUH NsJo- Therefore,
W =W + ZUGTUH NoJo = Wﬁ'

Proof of Lemma B.1: Now, we prepare notations. For a two-input function
g, we define the symmetric matrix S[gls . = g(x,2’) + g(2/, ) and the anti-
symmetric matrix A[gly.. = g(z,2") — g(2’, x).

Due to the constraint for B, the diagonal entries of an element of S(B) are
determined by other entries. Fixed 0 < i’ < j° < m, only the matrix S[g(y ;)]
has a non-zero (', j')-th entry among the set {S[g(; jy|}i,j)er- Hence, the set
{S19G.5]} i, jyer is linearly independent in the linear space S[B].

Due to the constraint for B, the (0, 7)-th entry and (7, 0)-th entry of an element
of A(B) are determined by other entries. Fixed 0 < i’ < j' < m, only the matrix
Alg0,i7,51] has a non-zero (i', j')-th entry among the set {A[g0,i.)]}(0,i,j)cH-
Hence, the set {A[G0,i,5))}(0,i,j)err 18 linearly independent in the linear space
A[B]. Therefore, the set {G(0,i,j)}(0,i,j)en i linearly independent in the linear
space B. Since A[Q(M)] = 0 for (i,7) € T, the set {g,}oerun is linearly inde-
pendent in the linear space B.

O

Appendix C: Proofs of Lemmas 5.2 and 5.3

The Fisher information J@2 can be written as

=3 Wpx Py(z,a')[— cZ?Q log Wy (x[2') Py ()]

x,z’

=1 d? =1
:ZWe X Py(x,2")[— d92 1ogW9( |z") — prEs log Py(z')]

x,x’

1 d? _
=> Wy x Py(x,2")[~ dazlogW9( |az’)] +ZP9 [—— log P,(z)]

x,x’

=1
= 3 Wi x P ) [ s o Wil + )

2. 1 & Poz) &
_gg;ngPe(a::r){ d921g—9—ﬁlogﬁz(x/) daZlogW( z|a)

d2 / 1
(a) —=1 d? 1 d?¢
= We x Pz, a")[~ T 1ogA | +J} = T

z,x’

(0) + Jg, (C.1)

where (a) follows from the relation - ., Wy x F;(x,w )d02 log = (( /)) =0,
which is shown by the following fact: The expectations of W log PO(X ) and
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deQ log Pe (X’) are the same because the marginal distributions of X and X’ are
the same. Hence, we obtain (5.6). The Fisher information J7 is also written as

=S W x ﬁ;(x,x/)(de log Wy (2|2 Py (z ))2

x,x’

=" W x Py(x,z') l(% log We(xlx'))2

z,x’

+ 2(;9 log Wy (z|z’ )) (;9 long(x )) + (59 logPe( ))2]

+ZP9 ) (5108 P (a ))2]

+ 22(—10gW9 :v|x'))W9(:C|:v )(%logPe( ))ﬁe(:v')

:ZWg XF;($,xl)l(C;210gW9 (z|2' )2

x,x’!

—=1 nrd 2 1
:ZW@ X Po(x,x )[dG log Wy (x|z’ )} +Jp

—1 do d —3 2
=" Wo x Py, a') [ 50(6) + - 10gPie) — 10 P(a’) + gz, a')] + T3

Combining (5.6) and (C.2), we have
&¢
d6?

which implies (5.7). Since

d? d
¢ 0

d g(x,x
(S (0) + (5 6(0))e?®) = ) = Z W (2] ) 92 B2 ()

(6) = Val(g(,2') — 220)) + L log Py(x) — - 1ogPy(a')] >0, (C.3)

x,x’!

—2
ba(a.a’) WPo(2)

=Y Wiala )" P)(a)g(w,a')? + 2W (ala)e 0 g(w,a!)
2P (")
+ W(x|x’)eeg(x’x )7d92 ,
we have another expression of ‘fof (0) as follows.
d>¢
W(e)
=2
= dP,(x'
=0 [ W (a9 Py (e, ) + 20 (afa!yeos0o) LA o

x,x’

@ igb(g))?.

0g(x,x’
+ W (z]a’)ef9(®) |~ (35
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When 6 = 0,

e )= el i g, + W alaglr, ) O oy
~Volg(x. X')]+2§W<w|x’>g<x,x’>dﬁ§§"’> .

because 32, W(ala!) L) — 5> W(ale\Py(a’) = 0 and n(0) =

Eolg(X, X)). Hence we obtain (5.8).

Appendix D: Twice differentiability

We show the twice-differentiablity of ¢(0), ﬁz and ﬁg. First, focus on the 1-
parameter case. Now, we define the function I (6, z) := det(Wy — zI) with the
identity matrix I. Since g = e?(?) is the unique solution of F (6, z) = 0 and the
function F (0, z) is twice-differentiable, the implicit function theorem guarantees
that g is twice-differentiable. Hence, ¢(0) is also twice-differentiable.

Next, we show that the twice-differentiablity of ﬁz and ﬁz, which are nor-

malized eigenvector with positive entries of Wy and W, . Now, we define the
vector-valued function F5(6,y) := Wyy and the function F3(0,y) := >y Ya-

Since ﬁz is the unique solution of F»(0,y) = 0 and F3(0,y) = 1 and the func-
tions Fy(6,y) and F3(9 y) are twice-differentiable, the implicit function theorem

guarantees that Pe is twice-differentiable. Replacmg the role of Wy by that of

We, we can show the twice-differentiablity of Pe These discussions can be
extended to the case when 6 is a d-dimensional parameter.
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