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Abstract

We study new formulas based on Lyapunov exponents for entropy, mutual information,
and capacity of finite state discrete time Markov channels. We also develop a method for
directly computing mutual information and entropy using continuous state space Markov
chains. Our methods allow for arbitrary input processes and channel dynamics, provided
both have finite memory. We show that the entropy rate for a symbol sequence is equal
to the primary Lyapunov exponent for a product of random matrices. We then develop
a continuous state space Markov chain formulation that allows us to directly compute
entropy rates as expectations with respect to the Markov chains’ stationary distributions.
We also show that the stationary distributions are continuous functions of the input symbol
dynamics. This continuity facilitates optimization of the mutual information and allows
the channel capacity to be written in terms of Lyapunov exponents.

1 Introduction

In this work we develop the theory to compute entropy and mutual information for Markov
channels with general inputs. The results are extensions of the work by Goldsmith and Varaiya
for finite-state Markov channels with i.i.d. inputs [3], although the methods by which we obtain
our results are quite different than those used in [3]. We model the wireless channel as a
finite-state discrete-time Markov chain (DTMC). Each state in the DTMC corresponds to a
memoryless channel with finite input and output alphabets. The capacity of the Markov channel
is well known for the case of perfect state information at the transmitter and receiver. We
consider the case where only the transition dynamics of the DTMC are known (i.e. no state
information).

Previous research on this case is essentially limited to [3], which extends the work in [6]. In
[3] the authors restrict their analysis to channels where the channel transition probabilities do
not depend on the input/output symbols (e.g. channels without IST) and i.i.d. inputs. Under
these restrictions the authors prove several key results. First, they show that two conditional
probability distributions for the channel state — the channel distribution conditioned on all
past outputs and the channel distribution conditioned on all past input/output pairs — are
continuous state space DTMCs. Second, they show that these Markov chains posses unique
stationary distributions that are continuous functions of the i.i.d. input distribution. Finally,
the authors show that the symbol entropy rates and capacity of the channel can be computed
using the stationary distributions for these Markov chains. We will review these results in more
detail in the next section.

The approach in [3] does have limitations. In particular, the authors point out that the
assumption of i.i.d. inputs cannot be easily relaxed (indeed, they provide an example where
their methods fail using Markov rather than i.i.d. inputs). The framework in [3] also fails when
channel transitions depend on the input/output sequences.

Our main contribution in this paper is to extend the results of [3] to allow computation of en-
tropy and mutual information rates for Markov channels with symbol dependent dynamics and



general inputs. We prove these extensions using several results from chaotic dynamic systems
and stochastic processes. The first, and perhaps most interesting, result is that the entropy
rate of a symbol sequence generated by a Markov channel is equivalent to the primary Lya-
punov exponent for a product of random matrices. Second, we show that while the probability
distributions of the channel conditioned on past symbol sequences are not necessarily Markov
chains, we can construct augmented processes from these probabilities that are Markov chains.
We then use existence and uniqueness results from Lyapunov exponent theory, as well as theory
for general state space Markov chains, to prove several theorems for the augmented chains. In
particular we show that for the case of general inputs:

e the entropy rates of the input, output, and input/output sequences can be computed as
expectations with respect to the stationary distributions of the augmented Markov chains,

e the mutual information rate is a continuous function of the dynamics driving the (non-
i.i.d.) input sequences and can be optimized to compute capacity,

e while the augmented Markov chains may have multiple stationary measures, the entropy
rates computed with respect to any of the stationary measures will be unique.

Due to length constraints we do not include detailed proofs of some of the more technical results.
The details can be found in [4].

The rest of this paper is organized as follows. In the next section we discuss previous research
and specify our channel and input/output symbol models. In Section 3 we develop the connection
between entropy rates and Lyapunov exponents. In Section 4 we construct augmented Markov
chains using the conditional channel probability distributions and show that we can compute
entropy rates as a function of the Markov chains’ stationary distributions. We conclude with a
discussion of further research in Section 5.

2 Previous Research and Channel Model

Let Z = (Z, : n > 0) be a stationary finite-state irreducible Markov chain living on state space
Z. The random sequences of observed inputs and outputs will be denoted X = (X,, : n > 0)
and Y = (Y, : n >), and take values in X and ), respectively. We will use the notation

S 2 (S Sty - -+ Sien) (1)

m

for the sequences X,,, Y,,, and Z,,. We will denote random variables or sequences using capital
letters and deterministic variables or sequences using lower case letters. Deterministic matrices
will be bold upper case letters and random matrices will be upper case Greek letters.

2.1 Previous Research

In [3] the authors study a simplified version of the problem we consider here. However, it is
useful for us to review their results since they are similar to some of the results derived herein.
In this sub-section we will review the setup and results of [3]. As we will see later, while the
proofs cannot be easily generalized, many of the results in [3] can be extended to the general
models considered here.

In [3] the authors consider the traditional Markov channel model with i.i.d. inputs. This
Markov channel is defined by its conditional input/output probabilities, p(y,|T,,z,). By as-
sumption, the channel state at time n + 1 is independent of previous symbols given the channel
state at time n, hence p(z,11|2n, ", y™) = p(zn, 2ns1). Each of the states z € Z corresponds to
a memoryless channel and therefore p(y,i1|zn11, 2™ 2™, y") = P(Yni1|2ns1, Tny1). I the inputs



x, are 1.i.d. then p(yni1, Tni1lznat, 2™ 2™ yY") = D(Tna1)P(Yns1|Tnit, 2ne1). Finally, using these
assumptions we can state that

N

p(l’ N|Z H yn’xna Zn) and p(yn+1|zn+1a Zna yn) = p(yn+1|zn+1)' (2>

Under these assumptions the authors of [3] show several key results, which we will state here

without proof. Define the vector 7, as the conditional state distribution for the channel given

all past input/output symbols, 7,(z) = p(Z, = z|X"~', Y™ !). Then 7, is a continuous state
space Markov chain. Furthermore, the evolution equatlon for 7, can be written as

ﬂ-nA(Xn,Yn)P

7TnA(Xn’yn)€

) (3)

Tn+1 =

where e = [1,---,1]7, P is the transition matrix for the channel, and A(x,, v, is an i.i.d. random
diagonal matrix with kth diagonal term p(Y,|X,,, Z, = k). Likewise, p,(k) = p(Z, = k|Y"7 1) is
also a Markov chain with a similar evolution equation

pn(p(X’n,yYn)P
pn®(Xn,Yn)e ’

Pn+1 = (4)
where ®(k, k) = p(Y,|Z, = k).

Then according to [3], for the case of i.i.d. inputs 7, and p,, are Markov chains with unique
stationary distributions. Furthermore, the following entropy rates can be written as functions
of these Markov chains

HY,|X,, X"y = E [— log > p(ynln, Z, = z)ﬁn(z)] = H(Y,|X,, ™) (5)

2€Z
HOGY™™) = E =108 3 plonlZe = n(2)| = HOil). ©)
Therefore, we can compute the mutual information rate I(X,Y") as
IXY) = Jim if(X”, Y®) = Jim (") = HX) (7
— Jir?o% (il—] YY) (l/i|Xi,Yi‘1,Xi‘1)> (8)
= nhj{.log (i (Yilpi) — (Yz‘|Xz‘,7Ti)> : (9)

At this point, the authors of [3] stop to point out that this is a new formula for mutual informa-
tion. The significance of this formula is that it can be easily computed since we have evolution
equations for 7w, and p,. The authors also show that the stationary distributions for 7, and
pn are continuous functions of the i.i.d. input distribution for X,,. This continuity implies that
one can optimize the input distribution to maximize mutual information and find the channel
capacity. Notice that the random matrices in the evolution equations for m, and p, must be
i.i.d. for m, and p,, to be Markov chains. Once the inputs are not i.i.d. the proof techniques from
[3] can no longer be used since they cannot guarantee that m, and p,, converge to appropriate
random variables. If the convergence of 7, and p, cannot be assured, then the expectations in
(5) and (6) cannot be computed, rendering the convergence of (9) questionable.

However, if we write (5) and (6) in matrix form we find a much more compact representation
and can shed some light on how to generalize the formulation to non-i.i.d. inputs. We have
from (5) and (6) that

lim — (ZH Yilpi) — (K[X,-,m)) =
i=1

n—oo n,



n—oo n,

lim — <ZE log A (x, v, €l — E[—logpn@(xn,yn)€]>

= E._, [— log WA(ny)e} -E,. {— log pCID(ny)e]
= B [~logllAxyll] = By [~log [ n)ll]

where the expectations are taken with respect to the stationary distributions of , and p,. We
state this representation without proof since we will prove the general case in the next section.

Although the authors of [3] did not realize it, this matrix representation shows that the
entropy rates H(Y') and H (Y| X) are equivalent to the Lyapunov exponents for two products of
random matrices. This connection will allow us to extend the results of [3] since existence and
uniqueness results for Lyapunov exponents do not require the random matrices in (3) and (4)
to be i.i.d. or diagonal. In the following sections we will detail the equivalence between entropy
rates and Lyapunov exponents, and then proceed to extend the Markov chain results from [3]
to general channels. However, we must first define our model for general Markov channels with
general inputs.

2.2 Channel Model

It is important to note that while we refer to the process Z as “the channel”, we are not
restricted to using the states of Z to model states in a wireless channel. Indeed, we must
permit a general structure for Z in order to model channels that are more complex than those
considered in [3]. For example, Z could conceptually represent two Markov chains: the first
modeling a standard Gilbert-Elliot channel and the second modeling a Markov process that
assigns probability distributions to the inputs (i.e. Markov modulated inputs). We can also
model ISI channels by introducing symbol memory into Z. That is, a state z € Z could
correspond to both a channel and a finite number of previous inputs or outputs. Our only
restriction is that |X|, |V|, and |Z| must be finite.

In order to model a sufficient level of generality we must use a non-standard formulation of
the Markov channel. Readers are likely familiar with the traditional Markov channel model we
discussed above, where each state in the channel Markov chain corresponds to a memoryless
channel. That is, each state z, € Z corresponds to a probability distribution for the outputs
given an input, p(y,|z,, z,). We will add two layers of generality to this model. First we will
allow the input symbol probabilities to depend on the channel state, this changes the above
probability to p(z,, yn|2,). Second, we will allow for non-causal dependence of the input/output
symbols with respect to the channel. This adds one extra term such that for each pair of states
(Zn, Zna1) € Z we have p(Zy,, Yn|2n, 2nr1). We introduce the non-causal dependence in order
to facilitate our Lyapunov exponent formulation, it is unlikely that this dependence will be of
any practical use when computing entropy or mutual information rates. Clearly the traditional
channel model mentioned above can be formulated as a special case of what we propose here.
Finally, by these assumptions, the input/output sequences X and Y have a joint distribution
specified by

p<XO:x07%:y07"'7Xn:xn7Yn:yn|zn+1) = (10)
Hp($iayi‘zi = 2, Zit1 = Zit1). (11)
i=0

3 Entropy Rates and Products of Random Matrices

Our goal is to compute the mutual information rate 1(X,Y’) for the symbol sequences X and
Y. In this paper we will use the relation /(X,Y) = H(X)+ H(Y) — H(X,Y), where

H(X) = — lim —1ongn(X0,...,Xn) (12)

n—oo n,



H(Y) = - lim ~logpya(Ye....,Ya) (13)

n—oo n,

1
H(X,Y) = —lim —logpx,y)n((Xo, Y0),. .., (Xs, Y5)). (14)

n—0o0 N,

This reduces our mutual information problem to one of computing entropy rates. Likewise, the
resulting capacity problem is

1 1
C = lim max —I(X™,Y") = lim max —(H(X")+ H(Y") — H(X™",Y") (15)

n=0 p(X") 1 n=o0 p(X") N
= max[H(X)+ H(Y) ~ H(X,Y)], (16)
p

where the last equality holds provided we can prove the entropy rates are continuous functions
of the input dynamics p(X).

In this section we show that the probability of observing a particular input, output, or
input/output sequence can be represented as a product of random matrices. Then we show
that the entropy rate of each of these sequences can be computed as the primary Lyapunov
exponent for the random matrix product. Finally we present a relevant theorem from Lyapunov
exponent theory regarding the existence and uniqueness of such quantities. The continuity issue
and resulting capacity formula will be addressed in Section 4.

3.1 Entropy Rates and Random Matrices

Much of the work required to show the connection between entropy rates and Lyapunov expo-

nents is simply manipulation of definitions. Let px ,(zo, ..., %) 2 p(Xo = zo,..., Xy = T,),
A A
Pyn(Yos - Yn) = p(Yo = Yo, -, Yo = ¥n), and pixy)n((Zo;%0), - -+ (Tn, Yn)) = p(Xo = 0, Yo =
Yoy - -+ Xy = Ty, Yy, = yp,). Using our above assumptions we have
p(X,Y),n(xm Yoy TnyYn) = Z P(20 H (5, Y5125, 2j41)P(25, Zj41)
205241 Jj=0
Pxal(To, - xn) = Y, plz H x (512, 2541)P(2), Zj41)
Z205--Rn+1 :
pY,n(y07 s 7yn) = Z p ZO H (y]|zj7 Zj—‘rl)p(zjv Zj+1)7
205---Zn+1 7=0
where pX<x7 %5 ZjJrl) = Zyey p(xv Y, Zj, Zj+1)> pY(y7 Zj; Zj+1> = erX p(ma Y, Z5, ZjJrl)a and the

p(zj, zj+1) are the transition probabilities for Z.
Now we can express p(x,y)n, Px,n, and py,, in term of matrices. Set

G(szyJ') - (G(xj:Yj)<Zj7zj+1) F 25 %1 € Z)
ij = (Gx.(Zj,Zj+1)) 125, 25+1 € Z)

J

Gy, = (Gy(7,241)) 1 25,211 € 2)

where,
Gy (255 2i11) = P, Y5125, 27410)p(25, 2j41)
Gy (25, 2501) = px(x5l2), 2501)p(25, 2j11)
Gy; (25, 2541) = pv(Yil2s, 2501)p(2), 2j41)-

That is, each input and output symbol, and input/output symbol pair has an associated matrix.
The elements of each matrix are indexed by the states in Z. The (zj,z;41)th entry of each
matrix corresponds to the probability of observing the symbol(s) associated with that matrix
given (z;, zj+1) multiplied by the probability of (z;, z41).



Let e = [1,..., 1] and let u = (u(2) : 2 € Z,u > 0) be a row vector for the distribution of
Zy. Then we can write p(x,y)n, Pxn, and py,, in terms of the following matrix products:

p(X’Y)’”«xO’ Yo)s -5 (Tn, Yn)) = MG(XO,YO) T G("ny}’n)@
pXﬂ’b(xm"'amn) = ,UGXO '-~Gxne
Py (Yo, - yn) = UGy, -Gy e

Now we can make the connection between sample-path entropy rates and products of random
matrices. We have

pxy)n((Xo,Y0), -+, (X, o)) = ulxy) (0T xy)(1) -+ Tixyy(ne, (
pX,n(XOwH;Xn) = uFX(O)FX(l)FX(n)e, (18)

pY,n(%v s 7Yn) = MFY(O)FY(l) e FY(n)e7 (
where the I'(x,y)(j)’s, I'x(k)’s, and I'y (I)’s are random matrices: I'ixy)(j) = G(x,v;), I'x(k) =

Gx,, and I'y(l) = Gy,, which are generated by the sequences (X,Y’), X, and Y. Then the
entropy quantities we wish to compute are:

1
H(X) = — lim - log ul'x (0)I'x (1) - - T'x(n — 1)e
1
HY) = —7}5{}0 n log uI'y (0)T'y (1) - - - Ty (n — 1)e
.1
H(X, Y) = — nh—>nolo ﬁ log ,U/F(X7y) (0)1—‘()(7)/)(1) s F(X7y) (n - 1)6

Proposition 1: The entropy rates H(X), H(Y), and H(X,Y) are equivalent to the negative
of the primary Lyapunov exponents for products of random matrices

.1

H(X) = = lim —log|[Cx(O)Tx (1) Tx(n = 1)l = =Ax (20)
.1

H(Y) = = lim ~log|[[y(0)Ty (1) Ty(n = 1)|| = =Ay (21)
.1

HX)Y) = _nhjgloﬁlog||F(X,Y)(O>F(X,Y)(1)"'F(X,Y)(n_1)“ = —Axv, (22)

where the random matrices I'x, I'y, and I'(x y) are defined above. The Lyapunov exponent A
for a product of random matrices is defined as A = lim,,_.o = log ||[[(0)T'(2) - - - T'(n — 1)||, where
A may be deterministic or random. We will show in the next section that A is deterministic for

our problem.

Proof: We have already provided the necessary definitions, all we need to show is that
uAe = ||A]|, for any matrix A. Notice that every element of our random matrices are non-
negative and therefore the matrix products are also non-negative. Both u and e are strictly
positive and therefore pAe satisfies the conditions for a matrix norm. That is, pAe > 0 and
pAe = 0iff A =0, [laAl] = o||A]], and [[A + B[| < ||A]| + || B]|

3.2 Lyapunov Exponents

Some of the first significant results on random matrices were originally produced by Fursten-
berg and Kesten [2] and later refined by Oseledec [7]. This is still an active area of research,
particularly within the statistical physics and mechanics communities. The most basic re-

sults in this area of research establish conditions under which a product of random matrices
LO)Ir')---I'(n—1) satisfies

1
—log [|IT(0)['(1)---T'(n—1)|| = A a.s. as n — oo, (23)
n



where ) is a constant known as the primary Lyapunov exponent. In the dynamic systems
context, the Lyapunov exponent represents the exponential rate at which two initially close
points diverge. In our setting, the constant A\ is precisely the entropy we wish to compute,
which allows us to employ the entire theory of random matrix products in order to solve our
problem. In this paper we will use one major result from this field, which states

Theorem 1: If I'(0),I'(1) ... I'(n — 1) form a stationary ergodic sequence and
E [log* [[T(0)]|] < oo then

nm1bgwmﬁay”nn—nn:g%iEmgwmway“nn—nm:Aa&

n—oo n,

Proof: See [2].

This representation for entropy rates allows us to write a new expression for mutual infor-
mation and capacity for a Markov channel.

I(X,Y) = Ay + Ay — Axy and C:I;%%))([Ax—f—)\y—)\xy], (24)

where the capacity formula holds if we can show that the Lyapunov exponents are continuous
functions of the input dynamics p(X). Much like the Asymptotic Equipartition Theorem for
entropy rates, Theorem 1 provides an extremely useful result by guaranteeing the existence
of a deterministic limit A independent of the initial distribution (indeed, the two theorems are
related). There are many other results in this research area that provide some interesting insights
into this problem as well as other connections between Lyapunov exponents and different forms
of entropy. Due to space constraints we will not discuss these issues further, see [4] for details.

Another consequence of Theorem 1 is that we can use simulation to calculate our entropy
rates via the following algorithm:

1. First simulate a long sequence for the channel Z,.

2. Based on the simulated channel states simulate a sequence of input/output pairs (z,, yn)-
3. Compute the matrix products and entropy rates using (23).

4. Finally, compute mutual information using (24).

Simulation is a common method for computing Lyapunov exponents. However, simulation-based
methods for computing Lyapunov exponents often have extremely poor convergence properties
[1]. That is, while the Lyapunov exponents can be computed using the simulation method
given above, there is no method to determine how long the simulation must run in order to
achieve a particular confidence interval or error bound on the simulated estimate. Furthermore,
optimization via simulation can be very time consuming. In the next section, we discuss a
somewhat more elegant method that allows us to directly compute the entropy rates, mutual
information, and capacity for a Markov channel.

4 Markov Chain Formulation

In [3] the authors show that the probability distribution of the channel conditioned on past inputs
and outputs is a continuous state space Markov chain with a unique stationary distribution.
They also show that entropy rates and capacity can be directly computed as functions of the
stationary distributions for these Markov chains. However, these results rely heavily on the fact
that the input sequence X is i.i.d.

In this section we will show that we can use the stationary distributions for augmented
versions of the Markov chains in [3] to directly compute the Lyapunov exponents (i.e. entropy



rates) for Markov channels with general inputs. We will show that the Lyapunov exponents are
continuous functions of the parameters driving the (non-i.i.d.) input process X, which allows
us to prove the capacity formula (24). Due to space constraints the existence and continuity
results for our Markov chain formulation will be stated without proof. See [4] for these details.

4.1 Channel Conditional Probability Distributions

We begin by making the connection between our random matrix product formulation and the
probability distribution of the channel conditioned on past observed symbols. Once we observe
this connection the Markov chain formulation follows quickly. In order to conserve space and
simplify our discussion we will only consider the computation of Axy = H(X,Y") in this section.
The results for H(X) and H(Y') are similar to those for H(X,Y).

Consider the vector W, = ul'(x yy(0)I'(x,y)(1) ... T'(x,y)(n — 1) resulting from the product
of the initial distribution u with a sequence of random matrices. Using (17) we see that the
vector W, is a random vector and W,,(z) = p((Xo, Yo), .-, (Xn_1,Yn-1), Z, = z). Suppose we
normalize W,, in each time slot so that we have a probability distribution, call this normalized
vector V,,. Then

Wo = Ww=p (25)

Wn = Wn_lr(x’y) (77, — 1) (26)
4 -1

v, = Vel =) (27)

Vil xyy(n = D)

where || - || is the 1-norm. We will assume ||V,_1T'(x y)(n — 1)|| > € > 0 for all possible values
of V and I'. Since the I' can only be selected from a finite collection of matrices and the V' are
probability distributions, this assumes the matrices G(x y) have at least one positive element
per column, which is equivalent to assuming any input/output pair can be observed in any
channel state.

Notice that by normalizing W,, at each time step we are simply dividing by the probability
of observing the symbol sequence (X, Yp),. .., (Xu—1,Yn—1). Hence the sequence of vectors V,,
is

Vo = = P(Z)

1 p(Xo, Yo, Z1)
Vi = —W, = = p(Z:](Xo, Y.
! Ao ! ZzEZp((XmYO)aZl:Z) p( ll( ‘ 0))
1 p((Xo,Yb),...,(Xn_l,yn_l),Zn>
VTL = 7Wn: — Zn X?Z?YT’L 5
Mo S oez (X0 Yo)s s (X1, Yot)s Zon = 2) p(Zal( )

namely the conditional probability distribution for the state of the channel given all past in-
put/output symbol pairs.

In [3] the authors show that V,, is a continuous state-space Markov chain with a unique
stationary distribution that we can use to find entropy rates and capacity (provided the X,, are
i.i.d.). However, in our case V,, is generally not Markov since the inputs X,, are not i.i.d., hence
we must use an augmented stochastic process in order to form a Markov chain.

4.2 An Augmented Markov Chain

Consider the process U = (U,, : n > 0) where U,, = (V,,, Z4+1, Z,). That is, rather than consider
only the conditional distribution of the channel we will use the joint process consisting of the
conditional distribution V,, and the channel states (Z,1,Z,). (We must include both Z, and
Zn+1 due to our channel model (10).) At first this seems a bit awkward since we are using
both a conditional distribution of the channel and the actual channel state to form our Markov



chain. However, keep in mind that the sequence V), is strictly determined by observation of the
input /output process (X,Y’) and not Z.

We would like to show that U is a Markov chain with at least one stationary distribution 7.
If this is the case, then we can compute H(X,Y) as

.1

H(X.Y) = - lim —log 1T (0) - Ty (n — 1)e] (28)

1 1
= — lim —logW,e=— lim —loguvy...v, 1V,e (29)

1 n—1

= —lim — ) log(v) (since V,e=1) (30)
= —E.[logv] = —Ex [log| VT l] (31)
= —MAxy a.s. by Theorem 1 (32)
where the v; are random scalars v; = ||ViI'(x,y(7)||. Notice the similarity between this expecta-

tion and those used in [3] (refer to section 2, equation 9). Indeed, the expectations are almost
identical, except our random matrices are neither i.i.d nor diagonal. Likewise, our expectation
is computed with respect to an augmented version of the Markov chain considered in [3].

The following propositions show that our Markov chain U has a stationary distribution
7w that is a continuous function of the input dynamics. This will allow us to compute the
required Lyapunov exponents and state the capacity formula in terms of these quantities. Recall
that we allowed our input probabilities to depend on the state of the channel. Therefore, our
input dynamics are embedded in the random matrices I" rather than an external probability
distribution (as is the case for i.i.d. inputs). Therefore, in order to prove this continuity
property, we must show the Lyapunov exponents converge for a converging sequence of Markov
chains, rather than a converging sequence of input distributions. Proofs of these propositions
can be found in [4].

Proposition 2: Define a state-space for U and its associated o-algebra (S,S) such that
S = AlZl x 22 Then U is a continuous state space discrete time Markov chain with state space
S and an associated transition kernel K on (S,S).

The kernel K is defined in the usual fashion, if u is a measure on S, pK(A) is the measure
defined by pK(A) = [qu(ds)K (s, A). If the function g is bounded and S-measurable, then Kg
is the function on S defined by K¢(s) = [¢ K(s,dt)g(t). For those not familiar with general state
space Markov chains, the transition kernel K is the continuous space equivalent of a transition
matrix for a discrete space Markov chain. We can think of yK as a one-step ahead probability
measure. The function Kg(x) is a one-step ahead conditional expectation of the function g
given current state z € S.

Proposition 3: For any uniformly continuous function g (¢ € UC) and sequence of states
— 8, such that s,,,s € S we have Kg(s") — Kg(sy,).

n

m

Sn

Proposition 4: Suppose we enumerate the symbols pair (z,y) € (X,)) as [1,...,]|X, Y]]
As we defined in Section 3, we have a random matrix I'(n) such that for each j € (X,)) we have
I'(n) = G; € G with probability p(j|z1, 22). Now suppose we take a sequence of random matrices
[ (n) such that I"™(n) = G}* € G™ with probability p™(j|z1, 22), and each Gj* € g™ — G; € G
and p™(j|z1, 22) — p(j|z1, 22). Also define the corresponding sequence of transition kernels K.
If we have s" — s,,, then K,,g(s") — Kg(sy).

Theorem 2: Suppose we have a sequence of Markov chains with kernels K, K, K5, ... on
(S,8) as defined in Proposition 4, and let «, ay, ag, . .. be initial distributions on S for each of
the Markov chains. Then if

1. a, =«



2. if s — s, in S and g € UC, then K,,g9(s]") — Kg(s,)

n n

3. every Markov kernel K, has an invariant measure 7"

measures K,,(z,-) is tight,

, and the family of probability

then the sequence 7™ is tight and every limit point of 7™ is an invariant measure for K. (See
[5] for a proof of this theorem.)

This completes the steps needed to show that we can compute the entropy rate H(X,Y) =
Axy = —E;[log||[VT (xv)||] as a function of the stationary distribution m for the Markov chain
U. Moreover, the stationary distribution is a continuous function of the dynamics for the
input symbol process, which are determined by the matrices G(x,y). That is, if every matrix
Gi" — Gj and the probability mass functions p™(j|z1, 22) — p(j|21, 22), then every limit point
of the sequence of stationary distributions =, is a stationary distribution for K. Hence, by
Theorem 1, Em[log||VT (xyvy|| = Ex[log||VT x vyl

Therefore, we can compute each Lyapunov exponent Axy, Ax, and Ay, as an expectation
with respect to the stationary distribution for a Markov chain. Furthermore, since the Lyapunov
exponents are continuous functions of the input dynamics we can write the channel capacity as

O = Imax [/\X + )\y — /\XY] (33)
p(X)

5 Conclusions

We have presented a new representation for entropy rates, mutual information, and capacity
based on Lyapunov exponents for products of random matrices. We showed the equivalence
between the entropy rates for a Markov channel and Lyapunov exponents. Furthermore, we
showed that the Lyapunov exponents are continuous functions of the dynamics for the input
symbol process. These properties allow us to write mutual information in terms of Lyapunov
exponents and to optimize the mutual information in order to find channel capacity.

Due to space constraints we are unable to discuss many other interesting possibilities that
arise from this connection between entropy rates and Lyapunov exponents. In the journal version
of this paper we plan to address these issues as well as provide more intuition for the results
presented here.
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