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Résumé

La théorie des systemes dynamiques était recherchée par des scientifiques et des mathématiciens
au cours des derniers siecles. Aussi, ’entropie de Shannon et Gibbs, qui était introduit en premier
par Claude Shannon dans son célebre papier de 1948 [1], a commencé une ére de la recherche
des systemes dynamiques, et, sans doute, était la source de la théorie de 'information. Dans ce
theése, on commence avec une introduction assez complete de la théorie des systemes dynamiques
dans la guise de la théorie de la mesure. On continue avec la définition de ’entropie de Shannon
et Gibbs, et nous montrons quelques théoremes fondamentaux qui vont élucider son connection
au systemes dynamiques. Nous terminons en discutant certaines applications aux domaines de

codage et compression.
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Abstract

Dynamical systems theory has been present at the forefront of research by scientists and
mathematicians for the past few centuries. Furthermore, the Shannon-Gibbs entropy, first
proposed by Claude Shannon in his celebrated paper from 1948 [1], helped usher in a new era
of dynamical systems research and can arguably be hailed as the source of information theory.
In this thesis, we begin with a fairly comprehensive introduction to modern, measure-theoretic
dynamical systems theory. We then move on to define the Shannon-Gibbs entropy and prove
some fundamental theorems which elucidate its connection to dynamical systems. We finish by

discussing some applications to the fields of coding and compression.
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1 Introduction

A dynamical system is simply a set of points, referred to as a collection of states, or a state

space, with a rule describing how these states evolve in time.

The formal study of dynamical systems from a mathematical perspective has a long and colourful
history, arguably beginning with Sir Isaac Newton’s development of classical mechanics and calculus
in his famous work “Mathematical principles of natural philosophy” published in 1687. Newton
went further than any scientist who came before him in describing the motion and interactions of

objects in our universe.

Further developments and abstractions were made in the following centuries. Notable works by
Poincaré [2], Birkhoff [3] and others helped branch out the study into other areas of focus, such as
chaos theory and ergodic theory.

In the late nineteenth century, famed physicist Rudolf Clausius introduced the concept of en-
tropy in his famous book, The mechanical theory of heat [4]. Later on, while developing the theory
of statistical mechanics, Austrian physicist Ludwig Boltzmann reinterpreted entropy as a measure
of disorder of a system in some of his writings [5]. His formula for entropy (which is now famously

engraved on his tombstone), is
S=KplhW (1.1)

where Kp is a physical constant referred to as “Boltzman’s constant” and W represents the number

of microstates associated to a given macrostate of a system.

Claude Shannon extended this notion of disorder when he defined his information-theoretic ver-
sion of entropy [1]. Partially inspired by Alan Turing’s wartime research into automation, Shannon
developed his theory by considering messages transmitted with finite alphabets and attempting to
discover a way to both decipher and compress this information as efficiently as possible. His work

is considered the foundation of modern information theory.

In many approaches to the study of dynamical systems, one takes a manifold M for a state space.
Time is modelled by a monoid action on the manifold (either R™ or NU{0}). More specifically, we
take time as a point ¢ in a monoid 7 (7 = Rt or 7 = NU{0}) and use it to define a collection
of smooth functions {¢'}ic7, ¢' : M — M, which preserve the structure of the monoid. In other
words, ¢* o ¢t = ¢,

The approach that we shall study extensively involves a measure-theoretic interpretation of a
dynamical system, where our state space is taken to be a probability space (2, F,P) and time
evolution is modelled through a collection of measurable functions 7% :  — Q where the monoid

structure of 7 is once again preserved: T o T? = TS T,

In this thesis, we will focus our efforts specifically on studying discrete-time dynamical systems.



The consistency condition derived from the monoid structure of 7 = NU {0} implies the existence
of an operator T : Q@ — Q (which is the ‘one-step time-evolution operator’) which generates the

rest of the time evolution through simple iteration.

The outline of this thesis is as follows: We shall first present some preliminary results from
measure theory and analysis. We will then go on to present our standard working definition of a
dynamical system, and develop some of the basic theory and properties. We will then introduce the
concept of entropy, provide some basic properties, and discuss the fundamental theorems relating
entropy to dynamical systems. We will conclude by looking at specific applications of this theory

to the study of coding and compression.

2 Preliminaries

Before we begin with our study of dynamical systems, we will introduce some standard results

of measure theory and probability which will prove useful in our analysis.

The first result is the Radon-Nikodym theorem which provides a way of representing certain
measures as integrals with respect to some reference measure. This notion shall be clarified in the

proceeding subsection.

The next one is a widely used result from probability theory known as the Borel-Cantelli Lemma,

which provides a neat method for computing the probabilities of sequences of events.

We shall then move on to the definition of the concept of conditional expectation, a widely used
notion in probability theory which will provide a useful framework for understanding many of the

results in our study of dynamical systems.

We shall conclude this section with a brief overview of measure-preserving transformations,

which we shall use to model the dynamics of our system.

2.1 The Radon-Nikodym theorem

Proved for R™ by Johann Radon in 1913, and extended to measure spaces by Otto Nikodym
in 1930 [6], the theorem we present in this section is central to the study of measure theory. The

version we present has been extended to general measure spaces.

Before we state the theorem, we recall a couple of basic definitions relating to measures.

Definition 2.1. Let (X, F, ) be a measure space, and let A be another measure (either positive
or complex) on (X, F). We say that \ is absolutely continuous with respect to u, and write A < p
if, for all £ € F,

((E) =0= A(E) =0 (2.1)



Definition 2.2. Let (X, F) be a measurable space, and let p be a (positive or complex) measure
on (X, F). We say that p is concentrated on a set A € F if u(E) = p(ANE) for all E € F, or in
other words, if u(E) =0 for all F € F such that AN E = .

If g1 and po are both measures on (X, F) such that p; is concentrated on A € F, ug is
concentrated on B € F, and AN B = (), then we say that p; and ps are mutually singular, and we

write

pa Lo (2:2)

We are now ready to state the celebrated Radon-Nikodym theorem.

Theorem 2.3. Let (X, F, u) be a o-finite measure space, and let A be a complex measure on (X, F).

(a) There exists a unique pair of complex measures, A\q and \s such that X\ = g + As, and Ay < [,
while A\s 1 p.

(b) There exists a unique function f € L'(u) such that

Aa(E) = /Efdu (2.3)
forall E € F

The uniqueness of the function f in part (b) of Theorem 2.3 is an easy consequence of a basic
fact about L' functions on measure spaces. This fact is fundamental in measure theory and will

prove useful to us later on in this thesis. As such, we present it here as a lemma.

Lemma 2.4. Let (X, F,u) be a measure space, and f,g € L' (u). f = g if and only if, for all

EeF,
/Efduz/Egdu (2.4)

It is important to note here that f and g are actually equivalence classes of functions which are
equal ‘almost everywhere’. When we say f = g, we really mean that f and g belong to the same

equivalence class.

Proof of Lemma 2.4.
The “only if” part of the proof is obvious, so we need only prove the “if” direction. Also, we shall
restrict our proof to real-valued functions, as the extension to complex-valued functions is also

obvious.



Let f and g be in L'(p) such that for all E € F,

[Efdu—[Egdu (2.5)

Consider sets of the form

By = {a: €X: f(z) > gla)+ 711} (2.6)

for n € N. each B,, is measurable, since

] (2.7)

Thus,

> / Lau (2.8)

where the equality follows from our assumption, and the inequality is a consequence of the
definition of B,,.

It follows that p(B,) = 0. Defining B = U2 | B),, we see that u(B) = 0 and that B can also be
written as B ={x € X : f(x) > g(z)}.

An analogous argument shows that the set A = {x € X : f(x) > g(z)} has measure zero and

thus

n({e € X : f(z) # g(2)}) = u(A) + u(B) = 0 (2.9)

This completes the proof. O

2.2 The Borel-Cantelli lemma

Another important result that we shall use comes from probability theory. Named after mathe-
maticians Emile Borel and Francesco Cantelli for discovering it at the turn of the twentieth century
(see [7] and [8]), it is a result which helps us to compute probabilities associated with sequences of

events.

Given a probability space (2, F,P) (i.e. a measure space such that P(2) = 1), we may consider



a sequence of events (F,)s2; C F. We define the following set:

o0 o0
limsup E,, = ﬂ U Ey (2.10)

n—o0 n=1k=n

We clearly have limsup,,_,., E, € F by the axioms of a o-algebra. limsup,,_,., Ey, can be inter-

preted as the set of all outcomes such that infinitely many F,, are achieved. In other words,

limsup B, = {w € Q: w € E, for infinitely many n € N} (2.11)

n—oo

We can now state the result concisely.

Lemma 2.5 (Borel-Cantelli). Let (2, F,P) be a probability space, and let (E,)S; be a sequence
of events in F such that

i P(E,) < 0.
n=1

We must then have

n—o0

P (lim sup En> =0
Proof. We begin by defining the sets B,, as follows:
o0
Bn= () Ex (2.12)
k=n

Immediately from the definition, we see that

1. B, € FforallneN
2. By41 C By, for all n € N.
The second fact (i.e. that B,, is a decreasing sequence) implies that limy, o P(By,) = P (72, By).

This is a basic result from probability theory and can be found in any introductory textbook (see

[9], for example).



We can now attempt to estimate the probability of limsup Ey,:

=0 (2.13)

where in the last step, we have implicitly used the fact that > ;2 P(Ey) < oc. O

2.3 Conditional expectation

Throughout the rest of this thesis, we shall be considering a probability space (€2, F,P), and we

shall define ezxpectation as integration with respect to P, namely, (whenever it makes sense),
E[f] = / fdP (2.14)
Q

We suppose f € L'(PP) and consider a sub o-algebra A C F. While f is a measurable function
from (2, F) to (C, B(C)), it need not be measurable from the reduced measurable space, (2, A). It
would be useful if one could find an A-measurable function f which could act as an ‘approximation’

to f. We will proceed by showing the existence such a function.

We consider the reduced measure space (€2, A, P 4), where P4 is simply the restriction of P to
A, and define a complex measure A : A — C given by

AA) = /A FdP (2.15)

one quickly verifies that A is absolutely continuous with respect to P4, and since P4 is trivially
o-finite, Theorem 2.3 implies the existence of a unique (up to a set of measure zero) function f , an

L' A-measurable function which satisfies

AMA) = /A fdP, (2.16)



for each A € A. Comparing this to the definition of A reveals that, for all A € A

/AdeP’:/AdeP (2.17)

Thus f is an approximation of f in the sense that their expectations agree over any .A-measurable
set. f is called the conditional expectation of f with respect to A, or the expectation of f conditioned
on A, and is commonly denoted by E[f|.A].

We now list some basic properties of conditional expectation.

Proposition 2.6. Let f,g € L'(P) and A C F, the following properties hold P-almost everywhere:

(a) for o, B € C, we have Elaf + Bg|A] = aE[f|A] + BE[g|A]
(b) if f is A-measurable, then E[f|A] = f
(c) if f is A-measurable, then E[fg|A] = fE[g|.A].
(d) if f € LP(P) for p € [1,00), then E[f[A] € LP(P) and [E[f[A][l, < [[f]l,
(e) if A={0,Q} is the trivial o-algebra, then E[f|A] = E[f].
The proofs of these facts are elementary and can be found in Chapter 15 of [10]. We shall now

make some illuminating remarks about some of these properties.

Firstly, for property (d), one sees that E[f|.A] is well-defined for f € LP(P) since it is a well-
known fact that in a probability space, LP(P) C L(P) for all ¢ < p.

Also, properties (a) and (d) together imply that the mapping f +— E[f|.A] is a bounded linear
operator from LP(P) to itself for any p.

Property (e) follows from the fact that if A is the trivial o-algebra, then all A-measurable
functions must be constant functions. In fact, this property can be generalized to slightly more

complicated o-algebras.

2.4 Measure-preserving transformations

Here we shall introduce the concept of a measure-preserving transformation, and prove a basic

result that we will be extremely important to us throughout our study of dynamical systems.

Definition 2.7. Let (Qy, F1,P1) and (g, F2,P2) be two probability spaces, and let 7" : Q1 — 9
be a measurable transformation, namely 771 (E) € F; VE € F,. T is called measure-preserving
if, for all E € Fy, P1(TY(E)) = Py(E)



For the purpose of studying a dynamical system, 1" will be understood as an operator which
will take a state w € ) to the next state in time. As such, T': 2 — Q will be a measure-preserving

transformation.
We now present an important result relating integration to measure-preserving transformations.

Theorem 2.8. Let (1, F1,P1) and (Qa, F2,P2) be two probability spaces, and let T : Q1 — Qo be
a measure-preserving transformation. Given g : Qo — C, a measurable function, then f = goT

defines a measurable function from Q1 to C and for any E € Fa, we have

/EngP’z —/T_l(E)fle’l (2.18)

Proof.

First off, the measurability of f = g o T is easily verified, and we will omit it here. Secondly,
we prove this result when g is taken to be a characteristic function, g = xp for some B € Fs.
The general result follows from the linearity of the integral and simple applications of monotone

convergence theorem (MCT).

If f=goT, we see that
fw) =xB(T(W)) = xr-1(5) (W) (2.19)

thus, we easily verify that

/ fd]P1 = / XT-1 (B)dP1
T-4(E) T-1(E)

=P (T (E)NT ! (B))
=P (T Y (ENB))
= PQ(E N B)

= / gdPy (2.20)
E
where the fourth equality above is due to the measure-preserving assumption on 7. O

One important question one asks is “Why should we assume that 7' is measure preserving?”.
The origin of this assumption is Liouville’s theorem from Hamiltonian mechanics, which says that
the volume (i.e. Lebesgue measure) of a distribution on phase space is preserved over time. Within

the context of probability theory, the assumption has another interpretation.

Since T is a measurable transformation, one can view it as the random variable representing

the immediate future. It’s distribution on F is therefore given by

Pr(E) = P(T"(E)) (2.21)



for all £ € F. By the measure preserving property of T, however, we see that Py = P, which

is equivalent to saying that the distribution of states is time-invariant.

3 Abstract dynamical systems

3.1 Definitions and first examples

An abstract dynamical system is a grouping (Q, F,P,T) where (2, F,P) is a probability space,
and T :  — € is a measure-preserving transformation. As mentioned in the introduction, T" can be
seen as the generator of a monoid, equipped with the operation of composition, so that {Ti}ieNU{O}

(with T° being the identity) represents the dynamics of the system.

Given a state w € Q, we define its orbit by the set of points {Ti(w)}ieNU{o}, which represent

the trajectory of w as the system evolves in time.

We say that T is invertible if T~! exists and is a measurable function. In this case, it is easy
to show that 7! is also measure-preserving and thus (€2, F,P,71) defines another dynamical

system. Equivalently, we can extend the monoid to a full group structure by taking NU {0} to Z.

The first and perhaps easiest example of an abstract dynamical system is to consider a fair coin
toss as our probability space, namely Q = {0,1} and P({0}) = P({1}) = 3, and to take a flip as
our generator, namely

T0)=1, T(1)=0 (3.1)

One easily verifies that T' is measure-preserving, and in fact 7" is also invertible (namely it is its
own inverse). However this dynamical system is not so interesting, seeing as how any orbit in this

system is just an alternating sequence of 1’s and 0’s.

A second fundamental example of an abstract dynamical system is the rotation around a circle.
We take as our state space the unit circle in the complex plane with the normalized arc length as

our probability measure, combined with a rotation as our generator of dynamics. Formally,

N={zeC:|z| =1}

F =B(Q)
ap=2
27
T(z) =e®™ 2, a€l0,1) (3.2)

Since arc length is preserved through rotations, we can see that T is clearly measure preserving,



as is illustrated in Figure 3.1. Furthermore, T is easily seen to be invertible, with its inverse given

by a rotation in the opposite direction. We shall revisit this example throughout this thesis.

Im 2

Rez

Figure 1: T preserves the arc length as the blue segment is sent to the green one

3.2 The Poincaré recurrence theorem

The first major result of dynamical systems theory that we present is originally due to Henri
Poincaré in 1890 and is quite astonishing [2]. Intuitively, it states that a state will almost surely
return arbitrarily close to its initial state infinitely many times. We give the formal statement

below.

Theorem 3.1. Let (2, F,P,T) be an abstract dynamical system, and let E € F be such that
P(E) > 0. Then P-almost all points in E return to E infinitely many times.

In mathematical terms, there exists F' € F, F C E, with P(F) = P(E) such that for each w € F
there exists a sequence {ny}3>, C N such that T™ (w) € E Vk € N.

Proof.
We let F,, = Ui":nT_k (E), namely the set of all points in Q which eventually land in E after at

least n time steps. We proceed to define F,, as

Foo= () Fo={weQ:Hm}}2, CN, T"(w) € E Vk € N} (3.3)
n=0

10



Thus the desired set is F' = E N Fu, and it remains to show that P(F) = P(E). This is of
course equivalent to showing that P(E \ F) = 0 since E can be written as the following disjoint

E:(EmFm)u(E\Fm) (34)

We will thus proceed by showing that E \ F, has measure zero. To begin with, we notice that
T=I(F,) = Futj, and thus P(F;) = P(F}), Vi, j > 0.

We now wish to calculate P(E'\ F},) for each n. To do this, we first note that E'\ F,, C Fy \ F),
(since E C Fp). Thus,

P(E\ Fu) < P(F\ Fy) = B(Fy) — P(Fy) =0 (3.5)
Thus, we find that

P(E\ Foo) = P(E\ MpZoFn)
P(US E \ F},)

<) PE\F)
n=0
=0 (3.6)
which completes the proof. O

3.3 Birkhoff’s ergodic theorem

In 1931, George David Birkhoff proved another major result of dynamical systems theory [3].
It establishes the existence of the ‘time average’ of integrable functions on a dynamical system and

provides a probabilistic interpretation.

Theorem 3.2. Let (2, F,P,T) be an abstract dynamical system, and let f € L*(P). Then

fr(w) == lim lz foTk(w) (3.7)

exists for P-almost all w. If we define the following subset of F,
Ar={Ac F:T7Y(A) = A} (3.8)

then Ar is a o-algebra, and we have that

11



fr = E[f|AT] (3.9)

P-almost everywhere. Moreover, if fr € LP(P) for p € [1,00), then

Iim E

n—oo

] =0 (3.10)

n—1
> foTHw) — i
k=0

In this subsection, we will provide a similar proof to the theorem as the one found in Chapter
4 of [11]

Before we prove this theorem we state and prove a small lemma.

Lemma 3.3. If f € L'(P) then E[f|A7] is T-invariant P-almost everywhere

Proof of Lemma 3.5.
We know that both E[f|Ar] and E[f|Ar] o T are Ap-measurable functions. By Lemma 2.4, it
suffices then to show that integrals of the functions over sets from Ap agree with each other. To

that end, we observe for an arbitrary set £ € Ap

/ E[f|Ar]dP = / E[f|Ar] o TdP (by Theorem 2.8)
E T-1(E)
= / E[f|Ar] o TdP (since E = T~ 1(E)) (3.11)
E
Since E was arbitrarily chosen from Ap, the lemma is proven. O

Proof of Theorem 3.2.

By the linearity of the conditional expectation, it is sufficient to prove the result for real-valued f.

We take g € L'(P) another real-valued function (for now, we will not precisely define g, but

interpret it as some arbitrary, real-valued L! function). For w € , we define G, (w) as
Gn(w) = max Y goT"(w) (3.12)

It easily follows from the definition that, for fixed w € Q, Gy, (w) is an increasing sequence of

real numbers, and thus its limit exists (either in R or it is c0). Let A be the following set in F:

A= {w €0 nh_)rglo Gh(w) = oo} (3.13)

12



The first observation we make is that A € Ap. To show this, we must prove that lim,,_,~, Gy (w) =

oo if and only if lim,, oo Gy (Tw) =

To do this, we manipulate the expression Gp41(w) — Gp(Tw):
_ k(o
Cnt1(w) = Gn(Tw) 1<k<n+1 Z 90T Gn(Tw)
= max {g(w),g( + max Zg oTH(w } Gn(Tw)

2<k<n+1+%

:g(w)—I—max{, max ZgoTk } Gn(Tw)

2<k<n+1 4
= g(w) — min {0, Gy, (Tw)} (3.14)
To summarize, we obtain
Gni1(w) — Gp(Tw) = g(w) — min {0, G, (Tw) } (3.15)

Equation 3.15 provides us with a lot of insight into G,,. Firstly, one easily establishes that either
both G, (w) and G,,(Tw) converge to a real number, or both diverge to infinity, and thus 7-1(A4) = A

Secondly, since G, (Tw) is an increasing sequence, one establishes that Gy,4+1(w) — Gy (Tw) must

be a decreasing sequence of real numbers, whose absolute value is bounded by 2|g(w)|.
If w € A, one also sees from Equation 3.15 that lim, oo (Gpi1(w) — Gp(Tw)) = g(w).

Furthermore, for all w, Gp4+1(w) — Gp(w) > 0 (since Gp(w) is increasing), thus one has the

following:

0< / (Gni1 — Gp)dP
A

A T-1(4)

— / (Gny1 — Gy o T)dP (3.16)
A

where the second line follows from Theorem 2.8, and the third line follows from the fact that
A € Ap. Thus we have that

/ (Gosr — G oT)dP > 0 (3.17)
A

By taking n to infinity on both sides of the relation, and applying dominated convergence

13



theorem, we see that

/ g(w)dP >0 (3.18)
A

and, since A € Arp, the definition of conditional expectation implies that
/ E[g|Az]dP > 0 (3.19)
A

At this stage, we pick € > 0 and make the following choice of g : Q — R:
g=[—E[f[Ar] —¢ (3.20)

This choice of g is integrable, since f,E[f|Ar] and the constant function e are all L' functions.

Moreover, by linearity of the conditional expectation, we have that
Elg|Ar] = E[f[Ar] — E[f[Ar] — e = —€ <0 (3.21)

Combining this fact with Equation 3.19 shows us that

/ E[g| A7]dP = 0 (3.22)
A

and since E[g|Ar] is strictly negative (for our choice of g), this means that P(A4) = 0.

So, for our choice of g, Gy, (w) is a convergent sequence for P-almost all w. In particular, we
have that

G
lim E2@) g (3.23)
n—o0o n
for P-almost all w. Thus, we have
1 Gn
lim sup — E goTF <limsup — =0 (3.24)
n—00 k 0 n—oo N

P-almost everywhere. Substituting our specific choice of g into the above inequality gives

lim sup — Z [ foT* —E[f|Ar] o T* — ¢ (3.25)

n—oo N
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Using Lemma 3.3, we may rearrange the above to obtain
n—1

limsup =3 f o T < B[f|Ar] — ¢ (3.26)

n
n—00 k=0

And since € > 0 was chosen arbitrarily, we obtain

n—1
1
lim sup — E foTk <E[f|Ar] (3.27)
n—00 nk:O

P-almost everywhere.

Now, if we had instead chosen g = (—f) — E[(—f)|Ar] — € for some ¢ > 0, an equivalent

derivation to the one above would lead to the following analogous inequality,

n—oo T

n—1
timsup - 3(—f) o T < B[~ f| Aq] (3.29)
k=0

However, this is easily rearranged (through basic properties of limsup and liminf, as well as the

linearity of conditional expectation) to obtain

n—1

| k
lﬂgfnkz_ofoT > E[f|A7] (3.29)

Combining (3.27) and (3.29) establishes the almost-sure convergence of Zz;é foTk,

To prove the last part of the theorem, we consider the operator Uy : LP(IP) — LP(PP) defined by

Ur(f)=foT (3.30)

This is known as the Koopman operator and shall be explored in greater detail in Section 5.

Theorem 2.8 implies that

OO, = 111, (3.31)

where ||-[|,, is the L norm, namely

i1, = ([ \flde>; (3:32)

For n € N, we also define the n-th averaging operator A, : LP(P) — LP(P),
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n—1 n—1
A(f) = S URP = S foh (33
k=0 k=0

From what was proved earlier, we have, for P-almost all w € €,

lim A, (f)(w) = E[f|Ar](w) (3.34)

n—oo

We also easily verify that A, (f) is bounded in norm:

1 n—1
~ > _UE(f)

k=0

1A (Pl =

= £, (3.35)

Thus, for all n, A, is a contraction.

To show LP convergence of A, (f), we first assume that f € LP(P) is bounded, i.e. |f(w)| < M
for some M € [0,00). In that case, the almost-sure convergence established in (3.34) allows us to

use the Lebesgue dominated convergence theorem to conclude that
lim (| Ay (f) = E[fAz]l], = 0 (3.36)

In the general case, when f € LP(P), we fix an arbitrary € > 0. it is a well known fact that we
can choose a bounded approximation to f, say g € LP(P) with |g(w)| < M € [0,00) for all w € Q,
such that

If =g, < Z (3.37)

Equation (3.36) establishes the LP convergence of A, (g) to E[g|Ar]. Thus, if we choose n and

m in N, we can verify whether or not the desired sequence has the Cauchy property:

HAn(f) - Am(f)”p = HAn<f) - An(g) + An(g) - Am(g) + Am(g) - Am(f)”p
< An(f = 9, + 1Am(f = 9, + [[An(g) — Am(g)ll,
<2[f = gll, + 14n(9) = Am(9)l,,

< 5+ [ 4n(g) = An(9)l (3.38)

p
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As A, (g) is an LP-converging sequence, we may choose n and m large enough so that

HAn(g) - Am(g)Hp < (339)

£
2

This allows us to conclude that A, (f) is a Cauchy sequence in the LP sense, and by the
completeness of LP, we must have that A, (f) converges in the LP sense. This completes the proof
of Birkhoff’s ergodic theorem. O

3.4 Ergodicity

A large focus in dynamical systems theory is on the notion of ergodicity. The concept, which
was first explored in detail by Boltzmann in relation to statistical mechanics, is central in many

well-studied examples, including those mentioned above.

Definition 3.4. An abstract dynamical system (2, F,P,T) is said to be ergodic if
P(A) € {0,1} (3.40)
for all A € Ar, the g-algebra of all T-invariant sets in F.

Intuitively, ergodicity in an abstract dynamical system is a statement about its irreducibility,

in the sense that the system cannot be decomposed into ‘loops’ of significant size.
The following theorem provides further interpretations of ergodicity

Theorem 3.5. Let (2, F,P,T) be an abstract dynamical system. The following statements are

equivalent:

(a) (0, F,P,T) is ergodic

(b) P(E) € {0,1} for all E € F such that P(T"Y(E)AE) =0
(¢c) P(E) € {0,1} for all E € F such that E C T~Y(E)

(d) P(E) € {0,1} for all E € F such that T"Y(E) C E

(e) if E € F is such that P(E) > 0, then P(UX T H(E)) =1

(f) if E,F € F such that P(E) > 0 and P(F) > 0, then In € Z* such that (T "(E)NF) >0

Prior to proving this theorem, we state (without proof) a couple of lemmas relating to the

symmetric difference, A, which will be useful.

Lemma 3.6. For any sets A, B, and C, we have

AAB C (AAC) U (CAB) (3.41)
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Lemma 3.7. Let (X, F,p) be a measure space, and let A, B € F be such that f(AAB) = 0. Then
W(A) = u(B) = (AN B) (3.42)
Proof of Theorem 3.5.

((a) = (b)): If E € F such that P(T~!(E)AE) = 0, then by the subadditivity of P, and by iterating

Lemma 3.6, we see that

P(T~"(E)AE) <P (UT" 7-0D(E )>

P(T~(E)AT~0D(E))

'MB

@
I
—

I
M=

IP’(T =1 (71 )AE)) 0 (3.43)

.
—_

where in the last line, we used the measure-preserving property of our ADS. Thus for any n € ZT,

we have
P(TT™(E)AE) =0 (3.44)

Intuitively, this tells us that the set of points which are mapped to F after any fixed number of
time-steps is ‘almost’ (in the measure-theoretic sense) the same set as F itself. Also, Equation 3.44

immediately implies that

P(T"™(E)\E)=0, P(E\T ™E))=0 VYnecZzt (3.45)

We now consider the set of all points in €2 which are mapped to F infinitely often, namely

Ey = limsup T "(E) = ﬁ (G T"“(E)) (3.46)
n=0 \k=n

n—o0

It is not hard to show that T~ !(E,) = Eu, which, by the assumption of ergodicity, implies
that P(Ex) € {0,1}. Thus, if we can show that P(FAE.) = 0, we can apply Lemma 3.7 to prove

P(FE) € {0,1}.

18



We first examine P(E \ E) to find that

o0

P(Ex \E) =P ( T‘k(E)) \ E)

(T*k(E) \ E)))
<P (M (T—k(E) \E))

< i P(TF(E)\E)=0 (3.47)
k=n

g}
bl
e

n

Il
=
PR
Ce 13
ol
e

where we have used the subadditivity of IP as well as basic properties of the symmetric difference.

In a similar fashion, we look at P(E \ F) to find

P(E\ Ey) =P (E\ ﬁ (G T—k(E)>)

n=0 \k=n

n=0 k=n
< i P(E\T™(E)) =0 (3.48)
n=0
Thus, we have
P(EAE) =P(Exx \E)+P(E\ Ex) =0 (3.49)

and thus, by Lemma 3.7, we have P(E) = P(E) € {0,1}.
((b) = (c)): If E € F such that E C T~Y(E), then trivially, we see that P(E\ T~}(E)) = 0.

Also, P(T-Y(E)\E) = P(T~*(E))—-P(E) = 0. This, and the above fact, imply that P(EAT~(E)) =
0 and by (b), we have that P(E) € {0,1}.

((c) = (d)): If E € F is such that T~}(E) C E, then E° satisfies the hypothesis of (c), so that
P(E€) € {0,1} which implies that P(E) € {0, 1}.

((d) = (e)): If E € F such that P(E) > 0, then one easily verifies that
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T H U2, T7™(E)) = U2 T-(E) C U T~"(E), and by (d), we have that
P(URZo T "(E)) € {0, 1} (3.50)
but since P(E) > 0, and E C U2 (T~ "(E), we see that we must have

P(U T "(E)) = 1 (3.51)

((e)=(f)): If E, F € F are such that P(E),P(F') > 0, then by (e), we have that P(U2_ (T~ (E)) =

1, thus )
O0<P(F)=P ((G T”(E)) ﬂF)
n=0

< i P(T~"(E) N F) (3.52)
n=0

Since the above sum is strictly positive, at least one term in the sequence must be strictly positive,

thereby demonstrating (f).

((f) = (a)): Suppose that (a) is not true. Then there exists a set E € F such that T-1(E) = E
and 0 < P(E) < 1. Then we must also have that 0 < P(E¢) < 1.

By applying (f) to E, and E¢, we must have, for some n € Z*, that

P(T~™(E) N E) > 0 (3.53)

However, T7"(FE) = E by assumption, and so

P(TT™(E)NE®)=P(ENE®)=PW0)=0 (3.54)
which is a contradiction. O

Theorem 3.5 provides with further characterizations of ergodicity which give us a better under-
standing of its nature. For example, Theorem 3.5(e) tells us that almost all points in §2 map to any

set E of arbitrary positive measure in an ergodic abstract dynamical system (Q, F, P, T).

Another way to characterize an ergodic system is through its collection of T-invariant functions.

The following theorem clarifies the connection.

Theorem 3.8. Let (Q, F,P,T) be an abstract dynamical system. The following are equivalent:
(a) (0, F,P,T) is an ergodic system
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(b) for all measurable f : Q — C, f = foT P-almost everywhere implies f is constant P-almost

everywhere.

(c) for all f € L?(P), f = f o T P-almost everywhere implies f is constant P-almost everywhere.

Proof.
((a) = (b)): Firstly, we note that since any measurable complex function can be split up into
its real and imaginary parts, each of which are real, measurable functions, it suffices to prove the

implication for real-valued functions only.

We consider some measurable function f : £ — R such that f(w) = f(Tw) for P-almost all
w € .

For m € Z, and n € N, we define the following set

Amm:f1([m,m+l)>:{wEQ::gf(w)<m+1} (3.55)

n n

The sets A, ,, satisfy the following properties:

o for fixed n € N, we have | |, ., Apmrn = €, ie. Q is the disjoint union of the sets A, ,, for all

m € 7.

e by the T-invariance of f, we have that P(T~1(A,,,)AAnn) =0

These facts allow us to conclude that

> P(Amn) =1 (3.56)

meZ

for fixed n € Z, and that
P(A;,n) €{0,1} VmeZ,neN (3.57)
From equations 3.56 and 3.57, we can see that for each n € N, we must have m,, € Z such that
P(Ap, n) =1 (3.58)
and for all m € Z such that m # m,,, we have
P(Apn) =0 (3.59)
Also, one easily verifies that A,,, , is a decreasing sequence of sets, namely

Ampirnl C Ay VY EN (3.60)
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Thus

P (ﬂ Ammn> = lim P(Ap,n) =1 (3.61)

n—00
neN

Thus, in the probabilistic sense, almost all points of Q lie in A := (), cry A, n-

We now claim that f is constant on A. Suppose for the sake of contradiction that this is not

true. In particular, suppose there exist w; and wy in A such that f(wy) # f(we).
Choose n € N large enough so that
1
— < Ifwr) = flwa)l (3.62)

Since wy,ws € A, then wi,w2 € Ay, n. Thus, by our definition of the set,

M < flon) < TEL T ) < TP (3.63)
Therefore,
n ntll 1
Fwn) = flon)| < |22 = T \ =~ < |f(wn) = flwn)] (3.64)

which is a contradiction. We may then conclude that f is constant on A which shows that (a)

implies (b).

((b) = (c)): This is obvious.

((c) = (a)): We take a T-invariant set E € F and would like to show that we necessarily have
P(E) € {0,1}.

To do this, we consider the indicator function on F,

1 wekFk
xe(Ww) = (3.65)
0 w¢FE
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Obviously, xg € L?(P) and furthermore, we see that

1 TweFE
xe(Tw) =
0 Tw¢ E
1 weTY(E)
o we¢T(E)
= xr-1(1) (@) = XB(W) (3.66)

Thus, x g satisfies the assumptions of (c), and therefore y g is constant P-almost everywhere. Thus,

for P-almost all w, xg(w) = 1, or alternatively, xg(w) = 0 for P-almost all w. In either case,

P(E) = /Q xudP € 0,1} (3.67)
OJ

One important fact that is worth noting is that for any ADS (Q,F,P,T) and any function
f € LY(P), E[f|Ar] is a T-invariant function (as we saw in the proof of Birkhoff’s ergodic theorem,

Theorem 3.2). We therefore have an important corollary.

Corollary 3.9 (corollary to Theorems 3.2 and 3.8). Let (2, F,P,T) be an ergodic abstract dynam-
ical system, and f € L*(P), then

1 n—1

=) f(TFw) (3.68)

n
k=0

converges to a constant for P-almost all w, namely
1 n—1
_— k_ —
Jim kz—of oTF =E[f] : /QdeP’ (3.69)

P-almost surely.

This corollary tells us that for an ergodic system, the ‘time-average’ of a function is, regardless
of initial state, equal to its ‘space-average’, namely its expectation over all possible states. This is

an important characterization of ergodicity.

We conclude this section with a final interpretation of ergodicity, known as the mean sojourn
time theorem, which is one of the initial formulations of the theory by Boltzmann in his development

of statistical mechanics.

Definition 3.10. Let (Q,F,P,T) be an abstract dynamical system, and consider C' € F and
w € Q. An ocurrence time for w in C is a number k € Z* such that T*(w) € C.
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We note that an occurence time may not exist for a given state w and event C' € F. We shall
soon see however that ergodicity will guarantee their existence (at least ‘almost-surely’) for certain

sets.

For fixed w € 2,C € F and n € N, we define the following quantity
rn(w,C) = |{k € Z" : k is an occurence time for w in C,k < n}| (3.70)

which is the number of times that w is evolved to a state in C for times strictly less than n. The

following theorem relates the time averages of this quantity to ergodicity.

Theorem 3.11 (Mean sojourn time). An abstract dynamical system (Q, F,P,T) is ergodic if and
only if for each C € F,

lim Tn (OJ, C)
n—o00 n

= P(C) (3.71)

for P-almost all w € 2. This limit is referred to as the mean sojourn time of w in C, as it can be

interpreted as the average time that w will spend in the set C, as time evolves indefinitely.

Proof.
(=):

This direction is a fairly straightforward application of Birkhoff’s ergodic theorem, since if our

system is ergodic, and C' € F, then one can easily verify that

n—1
r(w,C) =Y xo(T'w) (3.72)
k=0

where x¢ is the usual indicator function of C. One thus concludes the following

n—1

n(w, o1
im 29 gy L > xe(Thw) = / xedP = P(C) (3.73)

n—00 n
where we have used Corollary 3.9.
(<)

Suppose Equation 3.71 holds for each set C € F, and almost all w € Q. If E € Ar (T-}(E) = E),
we would like to show that P(F) € {0,1}.

To do so, we consider xg. One notes that the T-invariance of E leads to the T-invariance of

24



x e and thus,

n—1 .
n(w, B 1 1 fwe
lim T2 E) g 1 3 xB(Thw) = (3.74)
n—oo n n—oo N s 0 lf w ¢ Q
However, by Equation 3.71, we know that
. ro(w, B)
11113;() — = P(E) (3.75)

for P-almost all w € ). Since we have shown that the mean sojourn time can only possibly take on

the values of 0 or 1, we have finished the proof. O

4 The convex structure of invariant measures

In this section, we will broaden our view of dynamical systems theory. Instead of fixing an
abstract dynamical system (Q,F,P,T'), we will instead look at a fixed measurable space (2, F)
(a sample space 2 with an associated o-algebra) and then consider the collection P 7y of all
probability measures on (£2, F). If we further fix a measurable transformation 7" : Q — Q, we can
consider the collection of all T-invariant measures 77(7;27 F)» a8 well as 73(7;)(:3}_?);), the collection of all
ergodic measures with respect to 7.

An elementary observation is that the collections P 7) and P(TQ’ ) Ar€ conver. To see this, we

note that if £ € (0,1) and Py, Py € P(q 7), then the measure P defined by
P(A) =tP1(A) + (1 — t)P2(A) (4.1)

for each A € F is also a probability measure, i.e. P € P 7). If we had further assumed that

P, Py € 77(7;)’]_-), then we would find that P € P(%,f) as well.

4.1 The structure of P(Tg(zgg)

As we shall see in the remainder of this thesis, it will be useful to have a characterization of the
structure of P(Tg(f;%) in addition to the convexity property we discussed for P(q 7) and 73(:?17 7y To

that end, we provide a definition for an extremal measure P € 73(7;) )

Definition 4.1. Given a measurable space (€2, F), and a measurable transformation 7' :  — 2, a
measure P € 73(:';2 ) is called extremal if it cannot be expressed as the non-trivial convex combination

of two other T-invariant measures. In other words, if there exist ¢ € (0,1) and P1,Py € 73(7;2 7) such
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that

P = tP; + (1 — t)P, (4.2)

T (ext)

then, necessarily, Py = P = P. We denote the collection of all extremal measures by P(Q F)

We now state a theorem which shows the equivalence between ergodic measures and extremal

measures.

Theorem 4.2. For a given measurable space (2, F) and a measurable transformation T : Q@ — €,

we have that

T(erg) T (ext)
’P(Q,]—'g - P(Q,]—') (4.3)
Proof.
(Paz) © Par) )

T(ext) and would like to show that P € PT(Crg).

To prove the first part, we consider P € 73(Q 7) (Q.F)

Suppose for the sake of contradiction that there exists E € F such that T71(E) = E and
P(E) ¢ {0,1}. We may thus define the following conditional probabilities

P(ANE)
P(E)

Py(A) = P(A|E*) = AN ETD) (4.4)

Pi(4) = P(AIE) = S

for arbitrary A € F.

Py and P are well-defined probability measures, since both P(E) > 0 and P(E¢) > 0. Fur-
thermore, one can show that both P; and Py are T-invariant. We verify this for P;. We take an

arbitrary set A € F and compute

1
P ) = S
_ P(T"YANE))
N P(E)
_ P(ﬁ(g )E) — Py(A) (4.5)

where in the second equality we used the T-invariance of the set F and in the third equality we
used the T-invariance of the measure P. Py is verified to be T-invariant in an analogous manner.

Furthermore, it is evident that P and P, are each distinct from P:

PA(E?) = T g ) =07 F(EY
Pa(E) = g = 0 £ P(E) (46)
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Thus, if we take t = P(E) € (0,1), then one easily verifies that

P=1tP; + (1 —1t)Ps (4.7)

T (ext)

which is a contradiction to the fact that P € P(Q 7 -

T(erg) T(ext)y .
(Par ©Payp )

Once again, we proceed with a proof by contradiction.

Suppose P € P(F‘g(f}_g)) but P ¢ P(TQ(?;;). Then there exist ¢ € (0,1) and Py, Py € P(TQ’I) such that

P=1tP; + (1 —1t)Ps (4.8)

and both P; and Py are distinct from P. One easily verifies that for the above relation to hold, we
must have P; < P and Py < P. Thus, by Theorem 2.3, we must have hy, ho € L'(P) such that

Py(E) = /E hydP

Py(E) = [E hod P (4.9)

Now it is left as an exercise to check that the T-invariance of the measures P; and Py imply
the (P-almost everywhere) T-invariance of hy and hy. Thus, by Theorem 3.8, we must have that

hi and hg are constant functions (except possibly on sets of P-measure zero).

Since P; and Py are unit normalized (as they are probability measures), this necessarily implies
that h; = hy = 1, and thus we find that P; =Py =P, ie. P € P(TQ(?;). O
This theorem ties in nicely with our previous understanding of ergodicity; In the last section,
we saw that ergodic systems were ‘irreducible’ in the sense that we cannot decompose them into
disjoint ‘loops’ (T-invariant subsets) with positive measure. In this interpretation, we see that
ergodic measures are those that are ‘irreducible’ in the sense that they cannot be written as convex

combinations of other, distinct T-invariant measures.

4.2 Existence of invariant measures, the Bogoliubov-Krylov theorem

In the preceding parts of this section, we have almost implicitly been working under the as-
sumption that, given a measurable space (€2, F) and a measurable transformation 7' : Q@ — Q,

77(7;) 7) is non-empty. In fact, one can easily show that this is not always the case.

We take, as an elementary example, the measurable space (R, B(R)) with the measurable trans-

formation T'(z) = z + 1 for x € R. If P is a measure on (R, B(R)) which is T-invariant, then we see
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that for any interval of the form [m,m + 1) for some m € Z, we must have
P(im,m+1)) =P (T~ (jm,m +1))) =P(jm — 1,m)) (4.10)
which shows that the P([m,m + 1)) is constant for all m € Z. Now since

R=||[m,m+1) (4.11)
meZ
we have two possibilities. The first is that P([m,m + 1)) = 0, which would imply that P(R) =

0, i.e. P is the trivial measure, and not a probability measure. The second possibility is that
P([m,m + 1)) > 0, which implies that

P(R) =Y P([m,m+1)) = oo (4.12)
meZ
which also shows that IP is not a probability measure, and thus, for our choice of T, P(TR BR) = 0.

The following celebrated theorem, due to mathematicians N. Bogoliubov and N. Krylov [12],

specifies conditions for which invariant measures are guaranteed to exist.

Theorem 4.3. Let Q be a compact metric space, and let B(Q2) be the associated Borel o-algebra.

Then for any measurable transformation T : Q — ), we have that 77(7;] 7) £ 0.

As a prerequisite to proving this theorem, we present a lemma which is an important conse-

quence of the celebrated Stone-Weierstrass theorem.

Lemma 4.4. If Q is a compact metric space, then C(2), the space of all continuous, real-valued

functions, equipped with the supremum norm, ||f|lcc = supyeq |f(W)|, is a separable space.
We shall not prove this lemma here, but it can be found in [13].

Proof of Theorem 4.3.
By the above lemma, we know that there exists a countable dense subset of C(€2), which we shall

denote by {fn}>2 ;. We now fix wp € 2 and consider the sequence

n—1
U3 A(Thw) (4.13)
k=0

for each n € N. By the compactness of {2 and continuity of fi, it must be a bounded sequence of
real numbers and thus there exists a subsequence which converges in R. We may do the same for

each function f; and thus, using a standard diagonal argument, we may obtain a strictly increasing
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sequence of natural numbers (ny);2,; such that

LN gt (4.14)

converges as k — oo, for each j € N,

We now claim that for the above sequence converges for any f € C(€2). To see this, we fix € > 0
and choose m € N such that ||f — fi,|| < €/3. Also since

ng—1

Af§jnz (4.15)

converges as k — oo, we may choose ki, ko large enough such that

ng, —1 ngy—1

€
- — - 4.16
nggﬁn "wp) Xjﬁl <3 (4.16)
thus by comparing the ky and ko terms in our sequence for f, we find
1 ng, —1 ngy—1
— f(T'wp) — — f
1 nkl—l 4 nkl—l TLkl—l
:EZJC(TZWO)— meTwo—*meTwo
1 -0 k1 k1
Mgy —1 ngy,—1 ngy—1
me wo—*me —*Zf
1 ngy —1 ngy—1 ng, —1 1 ngy—1
<— Hf fm||+ o Z fm WO - Z fm WO) +— Z Hf_me
[ K k2 50
ELELE
3 3 3
=€ (4.17)
This shows that the sequence is Cauchy, which proves the existence of the limit.
We proceed to define J : C(2) — R in the following manner:
1 ng—1
J(f) = lim — T 4.18
(1) = Jim - 3 (T (418)

One easily verifies that
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e J is a positive linear functional.

o [JINI<I/I

e J(1)=1
Thus, by the Riesz representation theorem, there exists a measure P on (€2, B(£2)) such that
J(f) = / fdp (4.19)
Q

from which we see that P(Q) = [, 1dP = J(1) = 1 so that PP is a probability measure. Furthermore,
for any f € C(Q2), we verify that

— lim & > f(Tlwo) = J(f) (4.20)

where we were able to shift the sum due to the fact that ng grows to infinity and the terms at

either end of the sequence are uniformly bounded. This allows us to conclude that

/QfonIP—/QdeP (4.21)

for all f € C(f2). By the density of C(Q2) € L!(P), the same must hold for all L' functions as well.

In particular, for any Borel set E' € B(£2), we must have

/ xpdP = / xgpoTdP = / x7r-1(g)dP (4.22)
Q Q Q
Il Il
P(E) P(T~1(E))
This establishes the T-invariance of P. Thus 73(:';2 BQ) is non-empty. O

4.3 The weak topology and existence of ergodic measures

We would now like to continue our study of dynamical systems by showing that under the same
assumptions as the Bogoliubov-Krylov theorem, there exists an ergodic measure with respect to

any measurable transformation 7.

Before we can show this, we will need some preliminary results from topology.

Definition 4.5. Let (£, F) be a measurable space. The weak topology 7 on P r) is the minimal
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topology such that the maps

e / fdp (4.23)
Q
are continuous for all f € C(Q).

With this definition in hand, one sees that if a sequence {j,};2; C P(q,F) converges (in the
weak topology) to u € Pa,F), this is equivalent to saying that

Tim_ /Q Fdp, = /Q Fdp (4.24)

for each f € C(Q).

With this definition, we are now prepared to present two important results, which shall be

useful in proving the existence of an ergodic measure.

Theorem 4.6. Let Q2 be a compact metric space, and let F := B(QQ) be its associated Borel o-
algebra. Then P(q, F) is compact in the weak topology.

The proof of this theorem can be found in [14] and [15].

Lemma 4.7. With the same assumptions as Theorem 4.6, we have that 73(7;) 7) s also compact.

Proof.
Since P(TQ, 7 C Pq,r), it suffices to show that P(TQ ) is closed.

To do this, we consider a sequence (p, )5 ; in P(TQ #) Which converges (in the weak sense) to p,

and we would like to show that u € P(TQ F) a8 well.

By our definition of the weak topology, we must have that

Tim_ /Q Fdp, = /Q Fdp (4.25)

for all f € C(2). Also, since p, € P(TQ 7) for each n € N, we must have

[ roTdi = [ s, (4.26)
Q Q
for all f € C'(£2). Thus

/ foTdu = lim / foTdu, = lim / fdu, = / fdu (4.27)
for each f € F. By the density of C(Q) in L'(u1), we must have T-invariance of j. O
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We now establish the main result
Theorem 4.8. Let 2 be a compact metric space and F its associated Borel o-algebra, then
T (erg)
Pag) 70

Proof.
We consider a countable dense subset of C'(€2), namely {f,}5°;, and define the following sequence

of subsets of P(TQ, )

Po =Po.5)
Pn = {,u € Pp_1: / fndpu = sup / fndl/} (4.28)
Q VEPL_1JQ

We now list some important facts about this sequence. For each n € Z™, we have:

(a) Prn D Pnt1
(b) Py, is non-empty

(¢c) Py is closed, and therefore compact.

Fact (a) is obvious, and we prove the other two facts by induction.

To begin with, we see that in the base case (n = 0), Py = 73(7;2 7) is both closed by Lemma 4.7
and non-empty by Theorem 4.3.

For the induction step, we assume P, is both non-empty and closed. To help verify that this

implies that P, is non-empty and closed as well, we introduce the following collection of mappings

Uy

n *

Uy, () = /Q fadp (4.29)

which are easily seen to be continuous with respect to the weak topology. We may now write

Pr+1 as

Poi1=U} " ({ sup / fndy}> NPy (4.30)
vEPL-1JQ

From this we see that P, is the intersection of two closed sets and is thus closed as well. Further-
more, Uy, must attain its maximum on P, by our assumption of closedness and non-emptiness,

which demonstrates that P, is non-empty.
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We thus have a decreasing sequence of compact, non-empty sets, which implies that

P=(P. (4.31)
n=0

is non-empty as well. If we can show that P C P(Tﬂ(e}r%), then we will have completed the proof. To
do so, we will show that any element of P is an extremal measure (recall that in Theorem 4.2, we
T'(ext)

showed that ng;:g)) =Pa.r )

Take P € P, and suppose that there exist Py, Py € 73(1;2 ) and t € (0,1) such that

P=tP 4+ (1 —-1t)P, (4.32)
Then, we must have
/ fr1dP = t/ frdPy + (1 — t)/ f1dPo (4.33)
Q Q Q
However, since P € P;, we must also have that
/ fidP = sup / frdv (4.34)
Q 1167)(7;27]_-) Q

The only possibility then is that

/Qfldplz/ﬂfldPQZ/QfldP (4.35)

which shows that Py, Py € P;. We repeat this argument inductively to find that

e P, PP

The density of {f,}°°, in C(Q), and subsequently the density of C(Q) in L!(P), show that P; =

Py = P, showing us that P € Pérg(e;;). O

4.4 Unique ergodicity

In this section we examine the properties of a system with exactly one invariant (and therefore

ergodic measure).

Definition 4.9. Let (2, F) be a measurable space and let 7' : Q@ —  be a measurable trans-

formation. 7T is said to be uniquely ergodic if 73(1;2 ) consists of exactly one element. In that
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case,
T(ext)  pT(erg) T o
where P is the sole T-invariant and sole ergodic probability measure on (2, F).
A system that is uniquely ergodic is of special interest, since a natural selection of a measure is

apparent. In this subsection, we will demonstrate sufficient conditions for unique ergodicity in the

case of a compact metric space.

Theorem 4.10. Let Q) be a compact metric space, F its associated Borel o-algebra, and T : Q) —
a measurable transformation. If there exists a collection of functions ® C C(QQ) which is dense in
C(Q) such that for all f € ®, and w € Q, we have

‘ 1 n—1 N
nlgrolo - Zf(T w) = cf (4.37)
k=0
where ¢y € C is a constant (depending on f), then T is uniquely ergodic.

Proof.
We need to prove that 77(7;2 7) consists of exactly one element. We first note that for p € 77(:€2 F)
and for f € ®, we have by Birkhoff’s ergodic theorem that

lim + 3 F(Tw) = E[f|Ar](w) (4.38)
for p-almost all w. However, by assumption,
lim nzl f(TFw) = ¢p (4.39)
neen k=0
for all w € 2. Thus, we must have that

[ EArlan = [ epi=cq (4.40)
Q Q

which implies that
/ fdp =cy (4.41)
Q

for any p € 73(7;2 ) and any f € .
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Suppose 1, fto € P(TQ,]_-), then by the above fact,

/Qfd#l =cp= /Qfduz (4.42)

for any f € ®. Since ® is dense in C(2), then

/Q fdu = /Q fdus (4.43)

for all f € C(Q). Then, by the density of C(Q2) in L', we must have 1 = po. Thus 77(:?2 7 consists

of a single element. O

4.5 Rotation on unit circle, Kronecker-Weyl theorem

We return now to the example mentioned in Section 3.1, the rotation on the unit circle. We
recall that

N={zeC:|z| =1}

F =B(%)
do
dP = or
To(z) = @2 ae0,1) (4.44)

defines an abstract dynamical system. Also, since 2 is a bounded, closed subset of C, it must be

compact.

The obvious question to ask at this point is whether or not (2, F,P,T) is ergodic. This is
resolved by the following theorem, originally proven by Hermann Weyl in [16].

Theorem 4.11 (Kronecker-Weyl). T, is uniquely ergodic for (Q, F) if and only if « is irrational.

Proof.
We only prove one direction of the implication. The other is left as an exercise that will be more

precisely formulated at the end of the proof.

We assume « is irrational and would like to prove unique ergodicity of T,. To do so, we will

attempt to apply Theorem 4.10 to our system.
Let ® = {f,, € C(Q) : m € Z}, where

fm(2) = 2™ (4.45)

By Stone-Weierstrass theorem, ® is dense in C'(2). Fixing some m € Z, we examine the magnitude
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of the n-th term in the ergodic average of f,:

1 n—1 "
"kzofm(T z)| =

(4.46)

Since a ¢ Q, we must have that ‘1 . ei(zﬂam)‘ # (0 for any m € Z. Thus, the above calculation

shows that

n—1

.1 k
Jim ~ > fm(TF2) =0 (4.47)
k=0
for each m € Z and z € €0, and thus, by Theorem 4.10, T}, is uniquely ergodic. O

Since dP = % is an invariant measure, it is the thus the only invariant measure when « is

irrational and thus (92, F,P, Ty) is an ergodic ADS.

5 Koopmanism and spectral theory

In this section, we explore a deep connection shared between dynamical systems theory and
spectral theory on Hilbert spaces. Specifically, we will see how the dynamics of a given system can

be mapped onto the Hilbert space of L? functions on our system.

5.1 The Koopman operator

Given an abstract dynamical system (2, F,P,T), we consider the Hilbert space of square-

integrable functions on (£, F,P), namely L?(P) equipped with the inner product

(fr9) = /QfgdP (5.1)

On this space, we define the operator Ur : L?(P) — L?(P) in the following way
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Ur(f)=1foT (5.2)

which we call the Koopman operator. In simple terms, the Koopman operator sends a function

forward one step in time, by composing it with the generator of the dynamics.

With the knowledge that we have already obtained on dynamical systems, we can make some

important observations about the Koopman operator.

Lemma 5.1. The following statements hold for an abstract dynamical system (2, F,P,T) and its

associated Koopman operator, Ur.

(a) for any f,g € L*(P), we have (Ur(f),Ur(g)) = (f,g) (and in particular, if T is invertible, then
Ur is unitary).

(b) 1 is an eigenvalue of Ur. Furthermore, 1 is a simple eigenvalue (i.e. its eigenspace is one-

dimensional) if and only if T is ergodic.
(c) if X is an eigenvalue of Ur, then |\ = 1.

(d) If f,g € L*(P) are eigenfunctions of Ur with different eigenvalues, then f and g are orthogonal,
i.e. (f,g)=0.

Proof.

(a) To see this, we make a simple application of Theorem 2.8:

Wr($).Ur(g) = | FoThgoTap
— [ (Fg)orae = [ Foap =t5.9) (5.3)
Q Q
If T is invertible, then one readily verifies that the inverse Koopman operator is
Uyl =Upa (5.4)

which shows us that Ur is unitary.

(b) To see that 1 is always an eigenvalue of Ur, consider the constant function
I(w)=1 Vwe (5.5)

We easily see that Up(1) = 1, and thus 1 is an eigenvalue and its eigenspace contains the space

of all constant functions. By Theorem 3.8, we know that ergodicity of our system is equivalent
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to the fact that all T-invariant functions are constant, which is equivalent to the fact that the

eigenspace of the eigenvalue 1 consists only of constant functions (i.e. it is one-dimensional).

If A € C is an eigenvalue for Ur, then for some non-zero f € L?(P), we have
Ur(f) =Af
Thus, we have
(Ur(£).Ur(£) = L) = AP (E ) = PP IR
We also have, by property (a), that

(Ur(f),Ur(f)) = (£, ) = I fI

and since f is non-zero, this necessarily implies that |A| = 1.

Suppose we have that

Ur(f)

Af
Ur(g) = A

29

(5.7)

(5.9)

where, f,g € L*(P) are non-zero, A\; # A2, and by (c), we know that [A\;| = [A2] = 1. An

application of (a) shows us that
(Ur(f),Ur(g)) = {f9)
but we also have that
(Ur(f),Ur(9)) = (AL, dag) = AL e (f, 9)
We are thus able to conclude that

(f.9) = A" (f,9)

(5.10)

(5.11)

(5.12)

However, by assumption, A1 # Ao which implies that )\1_1/\2 = 1. Thus, we are left to conclude

that (f,g) = 0.
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5.2 Koopmanism and ergodicity

In Lemma 5.1, we saw that ergodicity was equivalent to the simplicity of the eigenvalue 1. In
this next theorem, we will show that ergodicity implies some really elegant spectral properties of

the Koopman operator.

Theorem 5.2. Let (Q, F, P, T) be an ergodic abstract dynamical system, and let Ur be its associated
Koopman operator. Then its eigenvalues are all simple and form a subgroup of {z € C : |z| = 1}

(with respect to complex multiplication)

Proof.

To begin our proof, we will show that any eigenvalue A of the Koopman operator must be simple.

Let A € C be an eigenvalue, and F) its associated eigenspace. We would like to show that
dim F, = 1. To do so, we consider non-zero f,g € F) and we shall show that f and g are simply

scalar multiples of each other.

Since f,g € E), we have that

Ur(f)
Ur(g)

Af
Ag (5.13)

Moreover, if we consider their absolute values,

Ur(If) = f o T| = [Al1f] = | ]
Ur(lgl) = lgoT| = |A[]g] = |gl (5.14)

Thus |f], |g| are eigenfunctions of Ur associated to the eigenvalue 1, and from Lemma 5.1 (b), we
know that the ergodicity of our system implies that |f| and |g| must be constant functions. Thus,

since f and g are non-zero, we must have |f|,|g| > 0 on all of Q, and thus

T
g( ) (@) (5.15)

must be an element of L?(P). We then verify that

FY_foT _Af_ f

which shows that g € F1, and thus is a constant function. This is equivalent to saying that f and
g are scalar multiples of each other. Thus dim E = 1.
To see that the set of eigenvalues of Upr forms a group, we need only check that it is closed

under multiplication, and that for each eigenvalue, its multiplicative inverse is also an eigenvalue.
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This is easily done by verifying that if f € Ey, and g € E), are both non-zero functions for some

A1, A2 € C, then fg € L?(P) defines an eigenfunction with respect to Ao, and that % € L?(P) is

an eigenfunction for the eigenvalue )\1_1 O

5.3 Koopman spectrum for circle rotation

In this section, we return to our classic example of the rotation on the unit circle look at the

Koopman spectrum for the dynamical system.

We recall that our system is given by

N={ze€C:|z| =1}

F = B(Q)

de

dP =
To(z) = @™z ae0,1) (5.17)

and that this system is uniquely ergodic for irrational c.

In the proof of unique ergodicity, we introduced the collection of functions # = {f,, : m € Z}

on ) where
fm(2) = 2™ (5.18)

We recall that .# has a (complex)-linear span which forms a dense set in C(€2) and thus in

L?(2). We now look at the action of the Koopman operator on a function f,, € .#

Uz, (fm)(2) = fm o T(2)

(e

2rma) ,m

= ¢l z

= i2mma) £ (2) (5.19)

Thus, we see that {e?™% : m € Z} is a collection of eigenvalues of Uz, . In the following theorem,

we show that this collection is in fact the complete set of eigenvalues.

Theorem 5.3. Let (Q, F,P,T,) be the dynamical system as given above. Then
op(Ur) = {e*™™* . m € 7} (5.20)

where o,(Ur) denotes the point spectrum (eigenvalues) of Ur.
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Proof.
We already know that {!2™) :m € Z} C 0, (Ur) since .Z is a collection of eigenfunctions of Ur.
Thus, we must show that if A € C, XA ¢ {e?™% : m € Z}, then A must not be an eigenvalue.

Suppose Urp(f) = \f for some X ¢ {¢/?™) : ;€ Z} and some f € L?*(P). We would like to
show that f = 0. By Lemma 5.1 (d), we have for any f,,, € .%, that

(fs fm) =0 (5.21)

Which allows us to conclude that for any ¢ in the linear span of .%, we also have

(f,9)=0 (5.22)

A simple density argument allows us to then conclude that for any g in L?(IP), we have that
(f,9)={g.f)=0 (5.23)

Thus, in particular, (taking ¢ to be an indicator function), we see that for any E € F, we have
that

/ fAP =0 (5.24)
E

Which implies (by Lemma 2.4) that f = 0. O

6 Entropy in dynamical systems

Entropy is a concept that is fundamental in dynamical systems theory and information theory.

It provides a numerical measure of the ‘disorder’ or ‘uncertainty’ in a system.

The notion of entropy was first introduced by Rudolf Clausius in a series of papers he published
in the 1850’s and 1860’s [4]. He used it to describe the heat that is dissipated as energy is transferred
from one system to another. It is precisely this phenomenon that led Clausius to choose the name

entropy; it combines the words ‘energy’ and ‘tropos’, the Greek word for a change or transformation.

6.1 Independence and refinement of partitions

It is not possible to properly define the Shannon-Gibbs entropy without the notion of a partition.
A partition of a probability space is intuitively just a splitting of the space into measurable subsets.

We present a formal definition below.
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Definition 6.1. Let (2, F,P) be a probability space. A collection C = {C;}ier C F is called a

partition if the following are true:

(a) I is countable.
(b) CinCij=0foralli#jel

(€) Uies Ci =0

It turns out that the study of entropy can, without loss of generality, be restricted to more
‘well-behaved’ partitions, and that the analysis becomes greatly simplified when one does so. To

that end, we provide the definition of a normal partition below.

Definition 6.2. A partition C = {C;}1 of a probability space (2, F,P) is called normal if I is a
finite index set, and P(C;) > 0 for each i € I. The collection of all normal partitions of the space
is denoted by Part (2, F,P).

As an abuse of notation, the trivial partition containing only the whole space itself will be
denoted by €.

A useful way of thinking about partitions is to imagine them as instruments which can ‘observe’
the system, and depending on what state it is in, tell you which element of the partition it belongs

to.

With this interpretation in mind, we introduce two concepts which will be central to under-

standing the notion of entropy.

Definition 6.3. Given two partitions C,D € Part (2, F,P), we say that C is refined by D, and

write C < D, if each element of C can be written as a union of elements from D.

Equivalently, we say that D is a refinement of C, and write D > C.

One easily verifies that the symbols < and > define a partial order on Part (2, F,P) with 2 as

a minimal element, i.e.

Q2 <C VC € Part (2, F,P) (6.1)

Another useful relation between two partitions is that of independence.

Definition 6.4. Two partitions C and D in Part (2, F,P) are said to be independent of each other
if

]P)(CZ N Dj) = P(Ci)P(Dj) VC; €C, Dj eD (6.2)
In this case, we write C 1L D.
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The final definition we present in this section is that of a common refinement. It specifies a

canonical way of taking two partitions and constructing a third, which refines both of them.

Definition 6.5. Given two partitions, C = {C;}icr and D = {D;};c; in Part (2, 7, P), the common
refinement of C and D, denoted by C V D is defined as

C\/'DiZ{CZ‘ﬂDjiiEI,jEJ} (6.3)
We now present some basic properties of partitions.
Proposition 6.6. Given arbitrary partitions C,D,E € Part (Q, F,P), the following hold:

(a) C<CVD, D<CVD.

(b) Associativity: (CVD)VE=CV (DVE)
(c) QvC=C

(d) QL C (VC e Part(Q,F,P))

(e) (CLD, C<D)=C=0

Proof.
Properties (a),(b),(c), and (d) are trivial to verify, and thus we will only prove property (e).

Suppose that we have two partitions, C, D € Part (2, F,P) satisfying
cCLD, C (6.4)

Let C be an element of C. Since D refines C, we must have that
czum (6.5)
for some collection {D;}" ; C D. Furthermore, by independence, we have
P(D;) =P(C'ND;) =P(C)P(D;) (6.6)
We must therefore have that P(C') = 1 and since C is a normal partition, we must have C = Q. O

Proposition 6.6 (b) implies that we may write the common refinement of multiple partitions in
a relatively simply way: Given a finite index set I, and a collection {C;};c; of normal partitions,

we use the notation

\ ¢ (6.7)

el
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to denote the common refinement of all the partitions in the collection.

6.2 Shannon-Gibbs Entropy

We now introduce the Shannon-Gibbs entropy in the formalism that we have developed thus

far.

Definition 6.7. Given a probability space (2, F,P) and a partition C € Part (2, F,P), the entropy
of C, denoted by h(C), is defined as

h(C) ==Y P(C;)In(P(C;)) (6.8)

C;eC

One should think of entropy as a measure of uncertainty, or alternatively, the expected ‘infor-
mation’ gained from observing the state of the system. These interpretations will become more

clear as we reveal the properties of entropy.

To elucidate the interpretation of entropy as the expected information, we define the information

function on €2 for a partition.

Definition 6.8. Given a partition C € Part (Q2, F,P), the information function with respect to C

is given by
Ic(w) = — hl(]P’(Cl)) if we G (6.9)
The information thus measures the following: if w €  belongs to a ‘small’ part of C (in the

probabilistic sense), the information function returns a high value. It only returns 0 if C = Q. Also,

with this definition, one easily sees that
h(C) = / IodP = E[I¢] (6.10)
Q

This validates our interpretation of entropy as the average information contained in a state.

6.3 Conditional entropy

Another important concept in our study is that of conditional information and conditional
entropy. Above, we interpreted entropy of a partition as the average information obtained from
determining in which component of the partition a given state lies. The conditional entropy is a
measure which relates the information of two given partitions. Specifically, it measures how much
more information is obtained from determining the relevant component of one partition, given that

we already have obtained information from another partition.
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Definition 6.9. Given two partitions, C, D € Part (2, F,P), the conditional information function
of C, given D, is denoted by I¢jp and is defined on 2 by

]P)(Cz N Dj)

Ieip(w) = —In (P(C;|D;)) = —In ( B(D;) ) for w e C; N D; (6.11)

With Definition 6.9, we have a convenient way of defining conditional entropy.

Definition 6.10. The conditional entropy of C given D, or the entropy of C conditioned on D
(where C and D are two normal partitions of (2, F,P)) is simply the expectation of the conditional

information:

h(C|D) =E[lgp) =~ > P(CinD;)In(P(Ci|D;)) (6.12)
C;€C,D;€D

We remark that the specific case of conditioning on the trivial partion reduces these definitions

to the more basic notions of entropy and information:
RCI) =h(C), Ieo=Ic (6.13)

We now present a number of fundamental properties of information and entropy

Proposition 6.11. Consider C,D,€ € Part (2, F,P) and w € Q. The following hold:
() h(C) >0 and h(C) =0 & C = Q

(b) IfC has n elements, then h(C) < In(n) and h(C) = In(n) < B(C)) = L vCieC
(¢) C <D= h(C) < h(D)

(d) h(C|D) < h(C) and h(C|D) = h(C) & D L C

(¢) Ievp = Ip +Igpp, (R(CV D) =h(D)+ h(C|D))

(f) Ievpie = Ipje + Iepve,  (M(CV DIE) = K(DI|E) + h(CID V £))

Prior to proving Proposition 6.11, we will present the celebrated Jensen’s inequality for convex
functions, named after the mathematician Johan Jensen who proved it in 1906 [17]. We shall see

that it is fundamental to understanding and interpreting entropy.

Lemma 6.12. Let ¢ : (a,b) — R be a convez function and x1,...,x, a finite sequence in (a,b).

Furthermore, let aq,...,a, be a sequence of strictly positive numbers whose sum is 1. Then,

n n
o <Z aﬂi) < aip(x;) (6.14)
i=1 i=1
Furthermore, if @ is strictly convez, then equality holds only when x1 = x9 = -+ = zy.
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Jensen’s inequality is proven in much greater generality in [18]. We have presented a much

simpler version as it will suffice in our applications of it throughout this thesis.

Proof of Proposition 6.11.

(a) The positivity of entropy is trivial, and moreover holds for the information function: I¢(w) >
0 Ywe Q.

If h(C) = 0 then

> P(C)In(P(Cy) =0 (6.15)

The only possibility is that P(C;) € {0, 1} for each element C; € C, and since C is normal, we
must have C = ().

(b) Suppose C = {C;}I";. We then see that

n n

—h(C) =) P(C)In(P(Cy)) = > P(Cy) <_ o <P(IC¢)>>

=1 =1
= P(C;)
=l (; B(Cy)

where the inequality was obtained by applying Lemma 6.12 to the strictly convex function

) = —In(n) (6.16)

—In. Negating the above proves the first part of (b) and once again by Lemma 6.12 we see
that equality can only be achieved when P(Cy) =P(Cy) = --- =P(C,,), i.e. when

P(C;) = fori=1,...,n (6.17)

SRS

(c) If C < D, then for each C; € C, we have a finite sequence Dy; 1y, ..., D, of elements of D
such that

ki
U D ;) = Ci (6.18)
j=1

Monotonicity of the probability measure implies that P(D; ;) < P(C;) for each j, and therefore
—In(P(D;;)) > —In(P(C;)). Thus, for w € Cj,

Ie(w) = —In(P(Cy)) < —In(P(D;;)) = Ip(w) (6.19)

and since each w in © must belong to some C; € C, this proves (c)
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(d) The proof of this fact is a fairly simple application of Lemma 6.12:

h(CID) = — 3" P(C; N D) In(B(Ci|D;)

7.7

:;P ZIPD]C 1n< 01|D)>
)

equality is achieved if and only if P(C;|D;) = P(C;|Dy) for any i, j, k, which is equivalent to

<Z]P’
fz]p

(6.20)

saying that P(C;|D;) = IP(C;). This is an equivalent condition for independence of C and D
(e) This part follows from (f) (which shall be proven below) by taking & = Q.

(f) For w € C; N D; N Ey, where C; € C, D; € D, and Ej, € £, we have

Ipje(w) + Ieppve(w) = —In <P(Dijk)> -1 <P(Oi T Ek))

P(Ek) P(D; N Ex)
- P(Dj N Ek) ]P)(CZ N Dj N Ek)
o < P(Ey)  P(D;NE) >
=—1In <P(Ci g(gi)m Ek)) = Ieyple(w) (6.21)

Since C;, D; and Ej, were arbitrary elements of their respective partitions, the equality above

must hold everywhere on Q. Thus (e), and the entire lemma have been proved.

O]

Proposition 6.11 provides us with invaluable intuition on how entropy measures the information
contained in a partition. For instance, part (c¢) of the lemma tells us that a more refined parti-
tion allows us to distinguish a given state more precisely and thus one obtains necessarily more
information then in a ‘coarser’ partition. Another example can be found in part (e), which tells
us that the information gained by measuring against two partitions simultaneously is equivalent to
the information gained from measuring one partition plus the information gained from measuring

the second partition conditioned on the first.

The lemma can also be used to derive further interesting properties of information and entropy.

For instance, parts (d) and (e) together imply the following important property.

Corollary 6.13. Entropy is subadditive: Given two normal partitions C and D, we have

h(C Vv D) < h(C)+ h(D) (6.22)
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with equality if and only if C and D are independent of each other.

6.4 An axiomatization of entropy

As early as Shannon’s seminal paper from 1948 [1], efforts were made to mathematically ax-
iomatize the concept of entropy (see for instance [19] and [20]). Khinchin’s book, Mathematical
foundations of information theory, was among the first to provide both concise and physically

meaningful axioms to uniquely specify an entropy functional.

We first note that for a given probability space (Q, F,P) and partition C € Part (Q2, F,P),
the only necessary information for defining entropy are the individual probabilities of each of the
elements of C. Thus, we can simply reinterpret entropy as a function on probability vectors from

R"™.

Formally speaking, if we define

Pn:{p:(pl,...,pn)GR”:piZOW, Zpizl} (6.23)
i=1
and
P=JPn (6.24)
i=1

then we may re-envision the Shannon-Gibbs entropy defined in Section 6.2 as a function from
P to RT. Specifically, we see that

h:P—RT
n
h(py,...,pn) = — Y _ pilnp; (6.25)
i=1
(with the convention 0ln0 = 0) is an extension of Definition 6.7, with the identification of

Part(£2, F,P) to a subset of P. Stating and proving uniqueness theorems about entropy in this

formalism is in some sense the most universal and ‘natural’.

Khinchin’s five axioms are straightforward properties that we have already seen are satisfied by
the Shannon-Gibbs entropy: If H : P — R is a function such that

(i) H is symmetric in its arguments.
(ii) for fixed n, H : P, — R is a continuous function

(iii) H is maximized on P, by (%,..., 1)
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(IV) H(p17 o 7pn)0) - H(pl) cee 7pn)
(v) for fixed (2, F,P) and C,D € Part (Q2, F,P), we have that H(C VD) = H(C) + H(C|D) (see
Proposition 6.11 (e))
then H = ¢ - h for some ¢ > 0.

The uniqueness theorem that we shall prove in this section is particularly impressive in that
it can be succinctly described with 2 axioms. We shall follow the proof as completed in a set of

project notes by student Sherry Chu [21].

To be able to properly describe the axioms, we introduce some time-saving notation.
Definition 6.14. Let ; is a finite probability space for each i € {1, ..., m}, with size |Q;| = n; and
associated probability vector (p(q, 1), - - P(q;n;)) for each Q;. Furthermore, let p = (p1,...,pm) €
Ppn. Then the p-mixing of the collection ;;”,, denoted by ;" pi€, is a probability space with
> it n; elements, and probabilities given by

Pij = Pi P(;.5) (6.26)
forl1<i<mand1l<j<n,;.

If we take a p-mixing as in the above definition, we see that we can rewrite its Shannon-Gibbs

entropy in terms of the relevant entropies of its components.

h (@szz) = — Zzlpij In p;;
i=1

i=1 j=1

=— Z Zpij (Inp; + np, ;)

i=1 j=1

==Y pilnpi Y P = D0 Y P@ng) npe.)
=1 7j=1 =1 =1

== pilnpi+ > pi- ()
i=1 =1

= " pi - h() + h(p1, ..., pn) (6.27)
=1

As we see above, the entropy of the p-mixing of a collection {€2;};~, is just the weighted average
of the entropies of the components €);, plus the entropy gained from the mixing itself, namely

h(pi,...,pn). We shall aptly call this the mizing property of entropy.

We are now prepared to state and prove the main theorem.
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Theorem 6.15. Let H : P — R be a function such that

(a) if we restrict the domain to R?, then H : Py — R is a continuous function.

(b) the mizing property holds: for a collection ;" of probability spaces, and
p= (p17 e )pm) € Pn, we have

=1 =1

(c) H(%,%) >0
then H = c- h for some ¢ > 0.

We remark that in the standard literature, a continuity assumption is generally made for the
whole function H : P — R as opposed to simply the restricted function H : P — R. We shall see
in the following proof that continuity is only required in two variables, and the rest follows from

and induction proof which has no argument based on continuity.

Proof. For n € N, we define

f(n) EH(,...,) (6.28)
As a direct result of the mixing property, we have that

flnm) = f(n) + f(m) (6.29)

for n,m € N. Applying this inductively, we see that for n, k € N, we have f(n*) = kf(n).

We would now like to show that f(n) = clnn for some ¢ > 0. We shall do so in a few steps.
We will first begin by showing that the difference between successive points of f(n) tends to 0, and

then use this fact among others to show that f(n) must be of the desired form.
We begin with a small lemma:

Lemma 6.16. If H satisfies the mizing property, then H(1) = H(0,1) = 0.

Proof of Lemma 6.16. We first show H(1) = 0. Take any vector p = (p1, p2) € Pa, then we apply
the mixing property to find that

H(p1,p2) = p1H(1) + p2H(1) + H(p1, p2)
= H(1) + H(p1, p2)
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which, upon rearranging, implies that H(1) = 0. Next, we consider the vector p = (0,p1,p2) € Ps3
and apply the mixing property in two different ways:

H(0,p1,p2) =p1H(0,1) + p2H(1) + H(p1, p2)
=paH(0,1) +p1 H(1) + H(p1, p2)

Using the already proven fact that H(1) = 0, we find that
(p2 —p1)H(1,0) =0

Since we are free to choose p; and py in such a way that p; # p2, we must have H(1,0) = 0. O

We now proceed with showing that lim,,_, f(n) — f(n —1) = 0.

We define d, = f(n) — f(n—1) and 6, = H (1,1 — 1). by the continuity of H on P, we have
dp, — H(1,0) = 0 as n — oo. If we can then show that |d,, — J,| — 0, then this will imply that
dn, — 0, and we will have completed the first half of this proof.

Before we estimate |d,, — ], it is useful to remark that f(1) = 0, implying that do = f(2) —
f(1) = f(2), and inductively, one easily finds that

f(n) = Z d; (6.30)

Furthermore, by carefully applying the mixing property with (%, 1-— l), we find

n
1 1 1 1
S =
n n n—1 n—1
1 1 1 1
=—H(1 1-—-H
n ()+< n) (n—l7 7n—l)

1 1 1 1
+H|(-,1-—-|—-H ey (by mixing property)
n n n—1 n—1

n—1
=0, — 21;2 (6.31)

n
Using equation (6.31) inductively, one can prove for any N € N (N > 2), that
N

1 N
> dy = ~ > ndy (6.32)
n=2

n=2
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This leads to the following expression for dy:
N N-1
dy = dy - Z dy,
n=2
=N+ = Z ndy, — Z dn,

N-1 N-1

1 1
5N+an;n5n N—ln,zms”
1 N-1

Thus, we may finally estimate the distance between dy and §y:

N—
ldy — dn| = ‘ Z
f N-1
Z nloal+ Y n
— By
<7 .
< N ( Sup|5 |+ (N — \F)nggw |> (6.34)

In particular, since ¢, — 0, we must have that sup,, [6,| < oo and sup,,>y [0n| — 0 as N — oo.
Thus, the expression on the right hand side of equation (6.34) goes to 0 as N goes to co. We thus
have the desired result: lim,,_, f(n) — f(n — 1) = 0.

We would now like to show that f(n) = clnn for some ¢ > 0. Clearly, if such a ¢ exists, then

we must have

O {G) VR
Inn
_ f(2)

Thus, we define ¢ = f(2)/In2. By property (c) of H, we must have ¢ > 0. Furthermore, since
f(n*) = kf(n) for any k,n € N, we can see that

lim M:c < f(n)=clnn VneN (6.36)

n—oo Inmn

f(n) =clnn = lim,_ f(n)/Inn = c is obvious. To prove the other direction, we suppose for

contradiction that Ing € N such that f(ng) # clnng. in this case, if we consider taking the limit
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along the subsequence n'{j for k=1,2,..., then we see that

lim M = lim 7f(nl(‘j)

n—oo Inn k—oo In nlg

_ f(no) Lo

N In no

which leads to a contradiction. Thus, we need only show that lim,,_,~ f(n)/Inn = c. Furthermore,

if we define the function

0 ifn=1
g(n) = ' (6.37)
f(n) —clan ifn>2

Then our goal becomes to show that
lim 2~ =0 (6.38)

To do this, we first note that ¢g(2) = 0 and we define ¢, = g(k + 1) — g(k). We can see from the
definition of g(n) and the fact that f(n) — f(n — 1) tends to zero that e, — 0 as kK — oo For given

n > 2, we may write n = 2ny + r1 where 1 € {1,2}. Specifically, for fixed n, we must have

=[]

rL=n—2n (6.39)

We use this to re-express g(n) in a helpful way:
n—1
gn) = Y e +g(2n) (6.40)
k=2n,

We note that 2n; < n — 1 so that the expression above makes sense.

We can also re-express ¢(2n;) in a more useful manner:

g(2n1) = f(2ny) — %ln@nl)
= @)+ f0m) = T2 (2 4 nmy)
= f(n1) —clnny
= g(n1) (6.41)
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Thus, equation (6.40) becomes

n—1

gn) = > e +g(n) (6.42)

k=2n1

We repeat this process, expressing nj = 2ng + ro with 7o € {1,2}. More specifically, analogous to

equation (6.42), we have

ni—1

gn) = > ex+g(na) (6.43)

k=2n9

Iterating this process inductively, one sees that after ko steps, we eventually have ny, = 1 with

the following recursive relations

g = 2Ngy1 + Tkl
ne—1

glng) = > e+ g(npa) (6.44)

i=2nk+1
Using these relations, and taking ny = n, one can neatly expand equation (6.42) as follows:

ko ng—1—1

gn)=>_ > @ (6.45)

k=1 i=2n,

where we have implicitly used the fact that g(2) = g(1) = 0. Furthermore, one deduces from the

first relation in equation (6.44) that the number of iterations, ko, cannot exceed logyn = lfrll—g

We now proceed to estimate the size of g(n)/In(n) using the results we have shown thus far. We

1n2) €

first fix some £ > 0. Since lim;_,~ €¢; = 0, we may choose N; € N large enough so that |e,| < (7 5

VAN
=
3
™
™
Q

AN
|

1 (ko +1)2 In2\ ¢
Inn Zek +< Inn ) <2> 4
Ny
1 Inn+1In2\ ¢

where in the third line, we have used the fact there are at most 2(ky + 1) total terms in the

IN

summation expression for g(n) from equation (6.45), and in the fourth line, have used the fact that
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B

In
kO < In

Since ‘fo;l €k

[\

is a finite constant, we may choose Ny € N large enough so that

1 €
— D <z Vn=N, (6.47)
Inn — 2
Furthermore, we may choose N3 € N such that
1 In2
% <2 Vn>N; (6.48)
nn

Thus, if we choose n > max { N1, N2, N3}, equations (6.46), (6.47), and (6.48) imply that

<%+7:5 (6.49)

This finally demonstrates that lim,,_,~ g(n)/Inn = 0, and thus f(n) = clnn, where c = H(1/2,1/2)/In2.

We now move on to the final part of this proof, showing that H = ¢ - h. We begin by first
showing that this is true when we restrict the functions to P». In other words, we would like to
show that

H(p,1-p)=c-h(p,1—p)=—c(plnp+(1—p)In(l—p)) (6.50)

By property (a), it suffices for us to prove the above statement for p € QN (0, 1).

We thus consider p = > for some n,m € N, m > n. Using the mixing property, we shall

re-express f(m) in terms of f(n).

=p H<1, 71>+(1—p)H<m1n, 7m1n>+H(p,1—p)
=pf(n)+ (1 —p)f(m—n)+H(p,1-p) (6.51)
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We may now rearrange equation (6.51) to obtain an expression for H(p,1 — p):

H(p,1=p) = f(m) —pf(n) = (1 =p)f(m—mn)
=c(lnm—plnn+ (1 —p)In(m —n))
(p+ (1 =p)Inm—plnn+ (1 —p)In(m —n))

ln— +(1-p) (mmnjn))

= pmp+( p)In(1 —p))
=c-h(p,1—p) (6.52)

Il
o

Where we have used the fact that p =n/m and 1 —p = (m —n)/m.

It is now left for us to prove the correct form for a general probability vector from P = J,,cy Pa-

We do this by induction on n.

We consider an arbitrary probability vector (p1,...,pn) € Py (where n > 2), and we assume
that for any p € UZ;% Py, we have H(p) = c¢- h(p). We shall now apply the mixing property with
the vector (pp,1 — pp) € P2, along with the induction hypothesis to obtain the desired expression
for H:

Hproee ) = 2o+ (0= ) ({2 22 ) 4 1 = )

n—1
E— [(1 — ) Pi (1 flp ) +ppInp, + (1 — pp) In(1 —pn)]
. n

= —C [sz lnpi - (1 - pn) 111(1 - pn) + Dn hlpn + (1 - pn) ln(l _pn)]

= —c) pilnp
i—1
=c-h(p1,...,pn) (6.53)

where we have used the fact that 2?2_11 p; = 1 — p,. This completes the proof. ]

6.5 Measurability and information

Given a probability space (2, F,P), it is obvious from Definitions 6.8 and 6.9 that the in-
formation function and conditional information function for given partitions are measurable with
respect to F. However, we shall see that the structure of a normal partition leads to more specific

measurability conditions for information.

Definition 6.17. Given a probability space (2, F,P) and a normal partition C, the o-algebra
generated by C shall be denoted by o(C)
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Since a partition C is a finite collection of disjoint, measurable sets whose union is {2, we
see that o(C) is simply the collection of unions of elements in the partition (with the empty set
included) and is in bijective correspondence with the power set of C. Furthermore, we clearly have
C <D= 0(C) C (D) for partitions C,D € Part (22, F,P).

The following lemma tells us how the measurability of the information and conditional infor-

mation functions are related to the partitions on which they are defined.

Lemma 6.18. Let (2, F,P) be a probability space and C,D € Part (2, F,P) then I¢ is measurable
with respect to o(C) and Iop is measurable with respect to o(C V D).

Let us now consider three normal partitions on (2, F,P), C,D, and &, and suppose that C <
D. From our established interpretation of entropy and information, we should expect that if we
are already given the information from D, then the expected additional information gained by
measuring €& would be less than the information gained had we only been given the information

from C. This intuition is formalized in the lemma below.

Lemma 6.19. Let C,D, and £ be normal partitions of (2, F,P) with C < D. Then
Ellsiplo(C v €)] < Leic (6.54)
and in particular,
h(&]D) < h(&|C) (6.55)

Proof.
We first remark that since any element of o(C V £) is a union of elements in C (which are disjoint),

it suffices to show that for an arbitrary element C; N E € C V D, we have

/ IeppdP < / IeedP (6.56)
CiNEy CiNEy

Since C < D, we may write C; = (Ji_, D(; j) with {D(; j)}7; C D so that

> _P(Dgy) =P(Cy) (6.57)
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We may therefore expand the left hand side of equation (6.56) in the following manner:

= P(D ) N Ey)
IeipdP = / IeipdP = IP ) N Ep) In <J>

= - ZP P(Ek| D j)) In(P(Ek| D 5)))
" P(Dy

=—P(Cy) Y (W) P(Eg|D(; ;) In(P(Ey|Dy; ) (6.58)
j=1 !

Now, by taking ¢(z) = zIn(z), with a; = P%zg])v)) and x; = P(Ex|Dy; j)), we may apply Lemma
6.12 (since ¢ is strictly convex on (0,00)) to find that — 377", ajp(x;) < —p(377L, aj - x;), which

expands as follows,
— (P(Di )
~PEY (g ) PUELID ) W(E(EDG)

< —P(C;) iw P(Ex|D; 7)) | In iMP(EkID(i,j))

= PG ~ P(C)
= —P(C;)P(Ek|C;) In(P(E|Cy))
= —P(C; N Ex) n(P(E|Cy)) = / IgicdP (6.59)
C;NEy
Summarizing the work above,
/ IgipdP g/ IgicdP (6.60)
C;NE} CiNEy
which was precisely what we needed to show. O

6.6 Kolmogorov-Sinai entropy
Our discussion about entropy thus far has not included any mention of dynamics. We shall now
see how one may suitably define a quantity which we may call the dynamical entropy of a system.

Appearing first in papers by Russian mathematician Andrei Kolmogorov ([22] and [23]), and
expanded upon by his student Yakov Sinai [24], this concept of a dynamical entropy has proven

useful in classifying types of dynamical systems.

Given an ADS (Q, F,P,T), a partition C € Part (2, F,P), and a number n € N one easily
verifies that the collection T~"C, defined by

T7"C ={T""(C):CeC} (6.61)
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defines a normal partition, as the operation C — T~ "(C') preserves intersections and unions. We
shall call T7"C the n-th pull-back of C If we further assume that 7' is invertible, then T"C is a
partition for any n € Z (T°C = C). For n positive, we shall call T"(C) the n-nth push-foward of C.

In what follows, we shall assume for simplicity that 7" is invertible.

A simple observation one can make about the ‘pull-back’ and ‘push-forward’ actions is that

they preserve entropy: Given partitions C,D € Part (2, F,P),

h(C|D) = (T"C|T"D) Vn € Z (6.62)

A similar relation holds for the information and conditional information functions,
Ic|fD(OJ) = ITnc|TnD<TnW) Vn € Z,w € (663)
Definition 6.20. Let (Q, F,P,T) be an abstract dynamical system, and C € Part (2, F,P). The

dynamical entropy of C, denoted by hp (C), is given by

0
1 )
hr(C):= lim ~h| \/ TC (6.64)

n—oo M
i=—(n—1)

The Kolmogorov-Sinai entropy, denoted by hr is then defined as the supremum of the dynamical

entropy over all normal partitions,

hy = sup hr (C) (6.65)
CePart (Q,F,P)

It is not clear from the definition that the dynamical entropy should even exist for a given par-
tition. However, its existence is a direct consequence of the subadditivity property from Corollary
6.13 and Fekete’s lemma, a simple, yet famous and important result about subadditive sequences

of real numbers, proven by Michael Fekete in 1923 [25]. We state the lemma without proof here.

Lemma 6.21. Let {a,}22, be a subadditive sequence of real numbers, i.e.
Gntm < ap + @y Vn,m €N (6.66)
then we have that lim,, . %= exists (could be —oc), and

lim 2% = inf &2 (6.67)
n—oo n neN n

Of course, since entropy is a positive quantity for any partition, the limit defined in equation
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(6.64) not only exists but is in fact finite, and we have that

hr (C) < b (C) (6.68)

We shall now introduce some shorthand notation to help in our discussion of dynamical entropy.
Assuming the ADS (Q, F,P, T is invertible, and given a partition C € Part (Q2, F,P), and m,n € Z

with m < n, we denote by C;}, the following partition,

crn=\/Tc (6.69)

We will also define, for n € N, C™ = 09( 1) With this, we observe that equation (6.64) may

n—

be rewritten as

b (C) = lim SR (C™) (6.70)

n—oo N

Another lemma about sequences of real numbers will prove useful in providing more interpre-

tation for the dynamical entropy of a system:

Lemma 6.22. If {a,}5° is a sequence of real numbers such that lim,_, a,, exists, then

n

.1
nh_}n;o - Z;ai (6.71)

exists as well and
1 n
nh_)rgo ay, = nh_{rolo - Z; a; (6.72)
1=

To help understand what it is exactly that the dynamical entropy is measuring about a system,
we consider the sequence of real numbers
hn=h(C"), ho=0 (6.73)
for some C € Part (2, F,P). Looking at the difference of successive terms,

I = hn1 = h(C") — b (C™Y) = h (cyci(n,l)) (6.74)

where in the last equality, we applied Proposition 6.11 (e). One verifies that h, —h,_1 is a decreasing

sequence of positive numbers (as a consequence of both Proposition 6.11 and Lemma 6.19) and

60



thus has a finite limit. Thus by Lemma 6.22, we have that

n

. 1 1
Tlim h (C|c£(n_1)) = lim —>"(hn = hno1) = lim —hy = hr (€) (6.75)

n—oo n

=1

In this way, a physical interpretation becomes clear. The dynamical entropy of a partition is
simply the expected additional information gained from observing the system with this partition,

given (conditioned on) its entire history.

Of course, when T is invertible, one makes the relatively simple observation, that hp (C) =
hp-1(C), and thus

hr (C) = lim h(C|Cy™Y) (6.76)

n—oo

as well.

6.7 The Shannon-McMillan-Breiman theorem

The Shannon-McMillan-Breiman theorem is considered by many to be the cornerstone of infor-
mation theory. It relates the notion of the ergodicity of a system to its dynamical entropy and in

many ways, is an analog of Birkhoff’s ergodic theorem.

Claude Shannon first proved the theorem in the specific case of Markhov processes in his classic
paper from 1948, which is considered to be the starting point of information theory [1]. This
theorem was expanded upon to include general ergodic dynamical systems by McMillan (mcmill

ref) and later proved for almost-everywhere convergence by Leo Breiman in 1957 [26].

In this subsection we state the theorem, as well as an important corollary known as the asymp-
totic equipartition property, and in the following two subsections, we shall provide two proofs of
the theorem, whose approaches are different enough so that presenting both of them is justified

from a pedagogical standpoint.

Theorem 6.23 (Shannon, McMillan, Breiman). Let (Q, F,P,T) be an ergodic, invertible ADS.
Let C € Part (Q, F,P). Then, for P-almost all w, we have

lim - Ign (w) = hy (C) (6.77)

n—oo n

Moreover, convergence is in L'(P) also.

6.8 Proof with martingales

In our first proof of the theorem, we shall rely on an application of one of Doob’s martingale

convergence theorems. Before we proceed with the proof of Theorem 6.23, we recall the definitions
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of filtrations, stochastic processes, and martingales.

Definition 6.24. Given a probability space (2, F,P), a sequence {F,, },en of sub-o-algebras of F
is called a filtration if F,, C F,41 for each n € N. In other words, a filtration is an ‘increasing’

sequence of o-algebras, compatible with the space (2, F,P).

Filtrations are most commonly used to represent the way information is acumulated as one
makes measurements over time. However, on its own, a filtration is insufficient to model a sequence

of measurements. To that end, we introduce the notion of a stochastic process.

Definition 6.25. Given a probability space (2, F,P), a real-valued (or complez-valued) stochastic
process is a sequence (f,)o>; of real-valued (or complex-valued) random variables on 2. That is to
say that f, : Q@ = R (or f, : @ — C) is F-measurable for each n € N. One says that a stochastic

process (fn)02 is adapted to the filtration (F,,)52; if each f, is Fj,-measurable.

A stochastic process allows one to represent a dynamical system with a probabilistic time
evolution, as opposed to the theory we already developed where the time evolution is generated
by a fixed, deterministic evolution operator, T. The sequence of random variables (measurable

functions) represents measurements of some system and are indexed by a discrete time.

Moreover, if a stochastic process (fn)02; is adapted to a filtration (F,)5°;, then the filtration
helps capture how information is gained as measurements are sequentially carried out. JF,, contains

the events that can be tested once the measurements up to time n have been made.
It is important to note that for any stochastic process (f,)2%, a natural filtration (to which
(fn)22, is adapted) is given by

Fn=0(f1,f2,-- - fn) (6.78)

where o(f1, fa,..., fn) is the minimal o-algebra such that fi,..., f, are measurable functions.

Stochastic processes are used as models in a wide variety of settings, and without further im-
posed structure, very little can be said about the asymptotic behaviour of an arbitrary stochastic
process. However, by requiring it to have a certain expected monotonic behaviour, a lot of knowl-

edge can be gleaned.

Definition 6.26. Let (22, F,P) be a probability space. A real-valued stochastic process (fp)nen
is called a supermartingale with respect to a filtration (F,)52, if, for all n € N, we have that
fn € LY(P), and

(1) (fn)se, is adapted to (Fp)52

n=1

(i) E[fps1|Fnl < fn ¥neN
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If equality holds in (ii), then we call (f,)2; a martingale. A stochastic process (gn)nen is called a

submartingale if the stochastic process (—gn)nen 1S a supermartingale.

Martingales (as well as super- and sub-martingales) have many nice properties, specifically
relating to their convergence. We now present a theorem, named after the American mathematician

Joseph Doob, which deals with two types of convergence for martingales.

Theorem 6.27 (Doob’s martingale convergence theorem). Let (2, F,P) be a probability space and

let (fn)S2 be a supermartingale with respect to filtration (Fy,)52 ;.

suppose further that (fn)5e, is

uniformly integrable, that is to say

lim sup/ |fu|dP | =0 (6.79)
K00 \neN J{|fa|>K}

Then there exists a function f € L'(P) such that f, — f P-almost everywhere and in L'(P), that

is, for almost all w, we have

Jim fo(w) = f(w) (6.80)
and furthermore,
Tim | f, — f[] = 0 (6.81)

A complete proof of this theorem can be found in [27].

With the concept of martingales and with Theorem 6.27 at our disposal, we are now in a position

to prove Theorem 6.23.

Let (Q,F,P,T) be an invertible, ergodic abstract dynamical system, and C € Part (Q, F,P).
We would like to show that

To do so, we inductively apply Proposition 6.11, parts (e) and (f) to I¢n to find
fen = ICO«H) = e+, “in-nlC
=Ic+1 T
ctleo ., pre®

n—1

=Ie+ Y IgeroT" (6.83)
k=1
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Thus, by defining

fo=1Ic
fr= Ic\cf (6.84)
we see that
1 1 n—1
Zlon == " .
“len =~ kzo fro (6.85)

It is obvious that (fx)72, is a sequence of positive functions. We would now like to show that

(fx)i2, is a (uniformly integrable) supermartingale with respect to the filtration

Fi = a(Ch) (6.56)

The fact that its a supermartingale follows simply from Lemma 6.19. To show uniform integra-

bility, we present the following lemma.

Lemma 6.28.

sup fi € L'(P) (6.87)
k>0

Proof of Lemma 6.28.
Showing the integrability of supy~( fx is equivalent to showing that the function g : [0, 00) — [0, c0)

defined by
g(z) =P ({sup fre > x}) (6.88)
k>0

is integrable with respect to the Lebesgue measure on [0,00). To see why this is true, we rewrite

the integral of g and apply Fubini’s theorem:

/Ooog(:n)diﬁ - /OOOP <{i§13fk g $}> v
[ ()
_ /Q (/Ooo X{suprso fk>x}dx> a

_ / sup fxdP (6.89)
Q

k>0

Thus we have equivalence of integrability. We now proceed to show that g is integrable.
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We begin by noting that C is a finite partition, so we denote its size by N, and thus have
C = {Ci}¥.,. Now, we fix z € [0, 00) and we define

k>0

B(x) = {w € Q:sup fr > 1‘} (6.90)

so that g(z) = P(B(x)). We now look at the elements of the partition C and examine how they
intersect with B(x).

Suppose C; € C such that P(C;) < e~ ®, then, for w € C;, we have
fo(w) = — 1H(P(C7;)) > (6.91)

thus implying that C; C B(x). Let I = {i : P(C;) < e”*} be the collection of all indices for which

the corresponding elements have the appropriate bound on their probabilities. Then it follows that

JCic B(x) (6.92)

i€l

If we consider the set of remaining indices, J = {1,..., N} \ I, then for j € J, we clearly have
P(C;) > e™®. We consider, for fixed j € J, the intersection

BN C; (6.93)
Without loss of generality, we may assume that B(z) N C; # (). For w € B(z) N Cj, we define
k(w) = min{k € N: fip(w) >z} (6.94)

and define D(w) as the unique element of Cf ) Such that w € D(w). Now we present some basic
facts about D(w) for w € B(x) N Cj.

(1) Cj N D(w) C B(l’) N Cj
(2) P(Cj N D(w)) < e P(D(w))

(3) for wi,ws € B(xz) N Cj, either D(w;) = D(w2), or D(wi) N D(wy) =0

Fact (1) is obvious. to prove fact (2), we simply note that by our definitions of k(w) and D(w),

we have

Jrw)(w) >z (6.95)
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which is equivalent to

(RGN D)
1( (D)) >> (6.96)

We thus algebraically manipulate the above to obtain

P(C; N D(w)) < e *P(D(w)) (6.97)

To see why fact (3) is true, we assume that D(w;) # D(w2) and we first consider the case when
k(wi) = k(ws) = k for some k € N. In this case, we see that D(w1), D(w2) € CF, and since they are

distinct elements of the same partition, they must be disjoint.

The other case we must consider is when k(wq) # k(w2). Without loss of generality assume
E(w1) < k(w2). Then we have that Cf(wl) =< Cf(wz), and in particular, either D(wz) C D(w) or
D(wz) N D(wy) = 0. the first possibility contradicts the minimality of k(ws), and thus D(ws2) N
D(wy) = 0.

These three facts combined allow us to conclude that for each j € J, there exists a countable

index set K and a countable collection of sets

{Di}rer, C | J CF (6.98)
neN

such that D], N D} =0 Vk #1, P(C; N D]) < e *P(DY}), and

| | (¢;nD])=B(x)nc; (6.99)
keK;
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Thus, given our knowledge of the index sets I and .J, we can bound the probability of B(x):

g(z) = P(B(x))

=Y P(Bx)NCi)+ Y _P(B(

el Jj€J
=Y P(B(x)nCi)+Y_ Y PC;nND])
el jeJ keK;
SRS St
iel jed kek,
Sy e o
iel jed keK;
N
Sy
i=1
— Ne™® (6.100)
This completes the proof that sup,,>q fn € L'(P). O

From Lemma 6.28, it follows that the sequence f;,, satisfies the uniform integrability condition

from Theorem 6.27, since

lim sup / fndP < lim sup / fndP
K—00 >0 {fn>K} K—00 n>0 {SuanO fa>K}

< lim sup fpdP (6.101)
K—o0 {sup,,>¢ fn>K} n=0

where in the first step, we used the monotonicity of the Lebesgue integral on positive functions and

in the second step, we used the fact that

/ sup fndP > / fndP (6.102)
{sup,, >0 fn>K} n=0 {sup,>0 fn>K}

for all n € N.

Since sup,,>q fn € L'(P), we have that limg f{sup o f>K} SUP0 fndP =0, and thus, from
(6.101) we see that f, is uniformly integrable. -

So, by Theorem 6.27, there exists f € L' such that f,, — f P-almost surely, and E[|f, — f|] — 0
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as n — oco. In particular, we have

E[f] = lim E[f,)
= 1im A(C[C})
= hp1 (C)
= hr (C) (6.103)

We will now make use of f and its properties to rewrite and analyze the sequence of interest,

%Ic*n. Starting from equation (6.85), we have
1 n—1
“Ien = "
e kZ—O fro

n—1 n—1
=Y (fr=FoTF+) foT” (6.104)
k=0

k=0

By Theorem 3.2, and the fact that (2, F,P,T) is an ergodic system, we must have that

n—1
grolozjf oT* =E[f] = hr (C) (6.105)
k=0

where this limit can be interpreted both P-almost surely and in L!(PP). It therefore remains to show
that

n—1
Jim Y (fe—foTh=0 (6.106)
k=0

both in L!(P), and P-almost surely. To do so, we define a sequence of positive functions
Gn = sup | fx — f| (6.107)
k>N
for each NV > 0. By the construction of f, we see that
lim Gy =0 (6.108)
N—oo

P-almost surely. Furthermore, one easily verifies that

Gy < |fI+ (6.109)

sup f
k>0
Since both f and supy> fi are L'(P), (6.109) and the Lebesgue dominated convergence theorem
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imply that

lim E[Gy] =0 (6.110)

N—o0

or, stated in an alternative way, for any ¢ > 0, we may choose an m large enough so that

E[G] < & (6.111)

To conclude the proof, we fix an arbitrary ¢ > 0 and choose m large enough so that (6.111) is
satisfied. Now, looking at the magnitude of the n-th term in the sequence, where n is some number

larger than m, we find

1 n—1 1 n—1
3 (= DT < S| — £ o T
k=0 k=0
1 m—1 1 n—1
<=3 =D TH+ =3 GroT*
k=0 k=m
1 m—1 1 n—1 1 m—1
== ’(fk_f)oTk""*ZGmoTk—*ZGmOTk (6.112)
n n n
k=0 k=0 k=0

Now by taking the ‘limsup’ of the above (as n tends to infinity), we can easily see that the first
and third terms in the last line tend to zero, and the middle term is simply an ergodic sum which
tends to E[G,,]. Thus,

i
L

(fx — f)oT*

0

1
limsup |— <E[Gn] <e (6.113)
n—oo |1

il

This establishes the desired convergence (as £ > 0 was arbitrarily chosen) and thus the theorem is

proved. O

7 Subadditivity and entropy: Kingman’s subadditive theorem and

extensions

To broaden our perspective on Shannon entropy, we shall study a special class of random variable

sequences, called subadditive.

Definition 7.1. Let (2, F,P,T) be an ADS. A sequence of real-valued random variables (X,,)> ,

is called subadditive if, for all n,m € N, we have

Xpim < Xn 4 Xpp o T" (7.1)
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P-almost everywhere.

In 1968, Sir John Kingman published two important papers relating to the convergence of sub-
additive sequences, and his work culminated in an important theorem, now referred to as Kingman’s
subadditive ergodic theorem [28]. Its implications are far-reaching and it provides an important

interpretation for some of the convergence theorems we have seen thus far.

Kingman’s theorem was extended in the works of Derriennic [29], and alternative and elegant

proofs were presented in a paper by Avila and Bochi [30].

As a classical example of a subadditive sequence, we consider an L' function f and consider

the sequence of its ergodic averages,
1 n—1
Sp = — ™ 7.2

One easily verifies that S,, satisfies (7.1) and is thus a subadditive sequence. In fact equality

holds, and such a sequence is called additive.

As we shall see, Kingman’s original theorem suffices to imply Birkhoff’s ergodic theorem, but

does not however imply the Shannon-McMillan-Breiman theorem. This is because the sequence
1
I, = EICH (7.3)

for some partition C is not a subadditive sequence.

Nevertheless, subadditivity plays a key role in understanding why the above sequence converges.
One of Deriennic’s extensions, aptly named the almost subadditive ergodic theorem, suffices to prove

the convergence of I,.

In this section, we shall first present (without proof) Kingman’s original theorem, and then

present Deriennic’s generalization, and provide a proof based on that of Avila and Bochi.

7.1 Kingman’s subadditive theorem

Theorem 7.2. Let (Q,F,P,T) be an ADS, and let (X,,) be a sequence of real-valued measurable
functions such that X1+ (the positive part of X1 ) is integrable. If X,, is a subadditive sequence, then

1
X = lim -X, (7.4)

n—oo N

exists almost everywhere, in [—00,00). Moreover, X is integrable and

/Xd[P: lim 1/XndJP’: infl/XndIP (7.5)
Q Q Q

n—oo N neN N
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One can see that Kingman’s theorem at least partially implies Birkhoff’s ergodic theorem: Take
an ADS (Q,F,P,T) and consider an L!(P) function, say f. We then define the stochastic process

(Xn)o2; in the following manner

n—1

Xp=) foT* (7.6)

k=0

It is then a trivial exercise to check that X, is a subadditive sequence. In particular, it is

additive, namely

n+m—1
Xutw= Y fol*
k=0

n—1 n+m—1
S rer S pom
k=0 k=n
— X, + X, o T" (7.7)
Since (X1)™ = fT is integrable, Theorem 7.2 shows us that
o1
X = lim —X, (7.8)
n—oo N

exists P-almost everywhere and that

XdP = lim I/XndIP’
Q

Q n—oo N
1 n—1
= lim /ZfodeP

_ /Q FdP (7.9)

where in the last equality, we have used the measure-preserving nature of 7.

As we shall see later on, this theorem is not sufficient however to prove the Shannon-McMillan-
Breiman theorem. To circumvent this, we now proceed to prove a theorem which extends Kingman’s
original theorem into a result which is powerful enough to establish Shannon’s theorem with the

right convergence properties.

7.2 The almost-subadditive ergodic theorem

Over the years there have been numerous extensions made to Kingman’s original theorem about
subadditivity (see for example [31] and [32], among others). In this section we present a variant of

the theorem in which we relax the requirement that the relevant sequence be subadditive. Instead,

71



we allow for an appropriate error term, which satisfies certain integrability and boundedness con-
ditions. We shall see that the entropy as defined in Section 6 will satisfy our conditions and the

Shannon-McMillan-Breiman theorem will be a corollary.

Theorem 7.3. Let (2, F,P,T) be an abstract dynamical system, and let (X,)22, be a real-valued
stochastic process such that E[Xlﬂ < 00.Also, let Y, : Q@ — RT be a sequence of non-negative

random variables such that sup, cyE[Y,] < co and
lim 2% =0 (7.10)

P-almost surely.

If (X,,) is almost-subadditive with respect to (Y,), that is, for all n,m € N, we have
Xoim < Xn+ XpmoT" + Vi o T, (7.11)

then the following results hold

(1) There exists X : Q — R measurable, such that E[X 1] < oo and

Xn
lim (w)

n—oo n

= X(w) (7.12)

for P-almost all w € Q. Furthermore, X is T-invariant: X = X oT.

(2)

E[X, . .E[X,
E[X] = lim ElXn) = inf ElXa) (7.13)
n—oo n neN n
(3) If X1 € LY(P), i.e. E[|X1]] < oo, then X € L*(P) and
lim E { X"—XH = 0. (7.14)
n—o00 n

That is to say % — X in L.

Proof.

We start the proof with observation that the subadditivity assumption from equation (7.11) implies

I
—

n

X, <) (X107 +Y;0T9),

<.
Il
o

and so

lH-«:(X;) <EX;)+EMW) < <. (7.15)

3
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Set
A, =E(X,) € [—o0,00][.

The subadditivity implies

where C' = sup,, E(Y;,). We denote

1 1
L = lim —A, =inf —A, € [—00,0].
n non

n—oo

Let
1 - 1
X(w) = liminf — X, (w), X (w) = limsup —X,,.
n—oo N n—oo N

The relation (7.15) and Fatou’s Lemma imply

E(X*) < E(X]) + E(Y1) < oc.

The relation
Xpn<X1+X, 10T+Y, 10T

implies
X <XoT, X <XoT,

One can then easily show that this implies
XoT"=X, XoT™"=X. (7.16)

We shall require the following result as it plays a key role in the rest of the proof:

Proposition 7.4.
/ XdP = L. (7.17)
Q

(Proof of Proposition 7.4): We shall first establish (7.17) under the assumption that for some
C > 0 and all n,

~X, > -C. (7.18)

Fatou’s Lemma then implies

/ XdP < L. (7.19)
Q
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To prove the opposite inequality, fix € > 0. For k > 1, set
1
E, = {w ‘ —(Xj(w) +Yj(w)) < X(w) + € for some 1 < j < k}
J

This sequence of sets is increasing and Ui Ep, = 2. Some of these sets might be empty and let kg
be the first integer such that P(E,) > 0. For k > ko we set

Hy = (X + e)xp, + (X1 +Y1)xEy,

and
Ry, = max(Hy, X1+ Y1).

One easily verifies that
X +e<Hy. (7.20)

We will prove that the following inequality holds for n > k > kq:
n—k—1 ) n—1 ‘
Xp< > HpoT/+ > RyoTV. (7.21)
j=0 j=n—k
To prove this inequality, for given w we defined inductively a sequence of integers
O0=mp<mnp <mg<ng<---

as follows. Suppose that m;_; is defined. Let n; be the least integer bigger or equal then m;_;
such that 7" (w) € E}, (recall Poincare Recurrence Theorem). Let 1 <[ < k be such that

1

; (X (T w) + V(T w)) < X(Tw) +e.

We then set

mj = n; + L.
Let now £ be the largest integer such that my, < n. Iterating the inequality
Xp(w) < Xp1(w) + Xq(Tw) + V1 (Tw)
we derive

Xow) € Xy @)+ 3 (X0(T90) + Y2 (T90)).

J€[me,n]

Now,
Xomy (W) € Xy (W) + Xompon, (T W) + Yoy, (T w),
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and another iteration gives

Xy (@) € Xy (@) + D) (X(TVw) + Yi(TVw)).

JEMme—1,m|
Continuing this way, we derive
l
Z my—ny (Tw) + ) (X1 (TIw) + Y1 (Tw)),
j=1 jeSs
where
/—1
S = (Jlmjnjia[ Ulme,n[.
=0

Now, the definition of m; and relations (7.16), (7.20), imply

Xinjon; (T"w) < (mj —nj)(X(Tw) +e) = Y (X(Tw)+e) < Y Hy(T¥),

ie[mj,nj[ 7;E[njv"nj[
and so
¢
> Xy, (T"w) <> Hy(T9w)
j=1 jeD
where
J4
D =" "[nj,my[.
j=1
Hence,
Xo(w) <37 He(TVw) + ) (X (Thw) + Yi(T'w)). (7.22)
jeD JjeES

Note that X1(T7w) + Y1(Tw) = Hy(T9w) for j € U'Zg[mi, nita]. I n < ngyq, then Xy (TVw) +
Y1(T'w) = Hi(T'w) also for j € [my,n[, and (7.21) follows from (7.22). If n > ngyq, then (7.22)

can be written as

ngy1—1 ' n—1 ‘ ‘
Xn(w) < Hy(T'w) + Y (X1(TVw) + Yi(TVw).
Jj=0 J=neq1

By construction, mygi1 — ner1 < k, and by the choice of ¢, myy1 > n. We can now write (7.22) as

ney1—1 n
Xp(w) < Y Hy(Tw)+ Y (X1(TIw) + Yi(Tw))
Jj=0 J=ne+1
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and (7.21) follows. Integrating (7.21) we derive

/ X, dp< 182 / HdP + = / Ry dP.

Since Ry is integrable,

L= lim /X dP < HydP = / (X+e)dP+/ (X1 + Y;)dP.
Ey, °

n—00 7,

Since X, X + Y1, are integrable and E}, is increasing sequence of sets satisfying Uy E = €2,

lim [ (X +e)dP = /(X +e)dP,  lim [ (X4 Y1)dP=0.
Q

k—o0 Ek k—o0 Eg

Hence,
L< / (X + €)dP.
Q

Taking € | 0, we derive
L< / XdP.
Q

This estimate and (7.19) yield (7.17) under the assumption (7.18).

We now use a limiting argument to show that (7.17) holds without the additional assumption
(7.18). For C > 0, let
XY = max(X,,, —nC).

n

This sequence of random variables satisfies all assumptions of Theorem 7.3 (with the same Y},) and
the bound (7.18) holds. Moreover, if

1
X = liminf —X,,, X = liminf — XC

n—oo n n—oo 1N

then X¢ = max(X,—C). Since E(XT) < oo, an application of Monotone Convergence Theorem

gives

/ XdP = inf / (X, —C)dP.
Q

>0 Jq
On the other hand,
inf [ (X,—C)dP = inf [ XSdP = inf inf — / XCdP = inf inf — / X%ap.

Cc>0 Jq C>0 Jq C>0 n n n C>0n

Monotone Convergence Theorem again gives that

inf / XCdp = / X, dP.
C>0 Jq Q
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Hence,

1nf/X dP = /Xd]P’.

We now continue with the rest of the proof. We must show:

Lemma 7.5. For any positive integer k,

1 1
limsup — X, = klimsup —X,,.

n—oo N n—oo T

The inequality
1 1
lim sup — X, < klimsup —X,,.
n—oo N n—oo N
is obvious. To prove the opposite inequality, write

n=kmy+ry, 1<r, <k.

Then
X < Xpm,, + Xp, 0 TF™ 4 Y, 0 TH™ < Xy, + H 0 T,

where

k
_ + oy
H=> (X +Y;").
j=1
Since H is integrable, Birkhoff’s Theorem implies

HoTkmn =,

lim
n—oo kmy,

Hence,
1

1 1 1 1 1
limsup —X,, = limsup —X,, < —limsup —— Xg,,, < —limsup —Xp,.
n—oo M n—00 mn k noco kmy k n—oo M

We are now ready to complete the proof of the Theorem 7.3. Suppose that for some C > 0 and

all n,

1

-X,, > —C. (7.23)
n

Fix k and set
n—1
S, = (X + Yy) o T7F.
=0

S, is additive with respect to T*,

Sntm =Sn +Sm o ™,
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and &1 = — X, < Ck. Hence, Proposition 7.4 applies to S,, and

1
SdP > lim / S, dP = —/(Xk+Yk)dIP’.
Q Q

Q n—oo n

On the other hand, subadditivity and the previous Lemma yield

1 , 1 1 _
—S = limsup — Z(Xk +Yy)o T7% > limsup = Xj, = klimsup = X,, = kX.
n—oo N =0 n—oo N n—oo N
Hence,
1 _
- / (Xp + Yi)dP > / Xdp.
k Jo Q

Taking k — oo, we get

L> / XdP.
Q

This estimate combined with Proposition 7.4 yields that X = X. This proves Parts (1) and (2) of
Theorem 7.3 under the assumption (7.23). The remove this assumption, one argues as in the proof
of the Proposition 7.4. If X¢, X¢ and X, are is in the proof of Proposition (7.4), then the above

argument gives

max(X, —C) = X¢ = X¢ = max(X, C).
Taking C — oo we derive X = X, and this yields Parts (1) and (2) of Theorem 7.3. Finally, to

prove Part (3), note that the sequence | X,,| also satisfies the assumptions of Theorem 7.3 and so

1 1
lim ~E(X,]) = inf ~E(|X,|) = E(IX]).
n n

n—oo N

Part (3) of the theorem then follows from a fairly simple application of dominated convergence

theorem. O

7.3 Corollary: Shannon-McMillan-Breiman theorem from almost-subadditivity

In this section, we show how Shannon-McMillan Breiman can be viewed as a direct consequence
of Theorem 7.3.
To see this, we start with an ergodic abstract dynamical system (Q, F,P,T) and a partition
C € Part Q). Defining
I, (w) = Ien(w). (7.24)

We note that each of the I,,’s is a strictly positive function.

If we can show that the sequence I, satisfies the conditions of Theorem 7.3, then we shall be

done, since this would imply that the sequence % converges (both P-almost surely and in L') to a

78



T-invariant function S. Since all T-invariant functions are constant in an ergodic ADS, we would

then have
E[],
S = lim ) (7.25)
n—oo n
and in particular,
which is equivalent to Theorem 6.23.
Thus, we choose n, m € N arbitrarily, and write
Lnwm =In+ LnoT" 4+ (Lngm — I — Iy o TT) (7.26)
(third term)
Now, by taking a closer look at the third term in the above expression,
In+m — In — Im (¢} Tn = ICn+m — ICTL - ICm o Tn
_ _ n
= C:'(,Ln+m)_l|c’(’)171 IC"L (] T
= (ICO 71‘(:{1 — ICO 71) ©) Tn
Jr
g(Lﬁ_ﬂql—J@EJ) oT" (7.27)
We now define
+
Yhzzcmp(kmmo——km> (7.28)
neN

First off, we see by definition that each Y,, is a measurable function with range in R™. Moreover,
by Lemma 6.28, we must have that Y;,, € L}(P) for each m € N. Also, by equations (7.26) and
(7.27), we have that

I < Iy + Lo T + Yy 0 T" (7.29)

Thus, if the sequence of random variables [, is to satisfy the conditions of Theorem 7.3, it

remains to show that sup,, E[Y,] < oc.

We shall first need the following lemma.

Lemma 7.6. For any A € C™, and x > 0, we have
P <A N {w € Q:sup lempen (w) > x}) <e™® (7.30)
neN

Proof of Lemma 7.6.
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Let C(z) = {w € Q : suppey lemep (w) > :r}, and let w € AN C(z). For such an w, we define

n(w) = min {n €N: Iemier(w) 2 a:} . (7.31)

This quantity exists (is finite) as w € C(x).

We further define D(w) to be the unique element of C;’ ©) Which contains w. Tt is fairly easy to see
from the definition of D(w) that for w; # we, both elements of ANC/(x), that either D(w;) = D(w2)
or D(wy) N D(wy) = 0. Also, for w € AN C(z). We must have

P(AN D(w
fongre) == (S ) 2
— P(AND(w)) < P(D(w))e ™ (7.32)

The above facts can be neatly summarized in the following manner. We may write the set
ANC(z) as

ANC(x)=|JAND; (7.33)
el
where I is some countable index set, D; N D; = () for any i # j, and

P(AN D;) < P(D;)e™® (7.34)

Thus,

P(ANC(z)) =P (U AN DZ-)

el

=> P(ANDy)

el

<> e "P(Dy)

el

=e "> P(Dy)

el

<e® (7.35)
This completes the proof. ]

The rest of the proof is fairly straightforward. We shall use Lemma 7.6 to place a bound
P(Y,, > z) for x > 0.
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If we choose A € C™, then, using the previous lemma, we have

neN

P (A N {sup Iemiep > @ — ln(IP’(A))})

neN
< e~ (@=In(B(4))
=P(A)e* (7.36)
Summing over all elements of C™ gives
P(Y,, >x) <e ™. (7.37)

This gives us the desired integrability, as we see that
oo
E[Y,,] < / e “de=1 (7.38)
0

for any m € N, and thus sup,, E[Y;,] < cc.

Furthermore, if € > 0 is an arbitrary positive number, we have

[e.e] Y o0
p(Yn <N e 7.39
,; <n >e>_;e < 0 (7.39)

Thus, by the Borel-Cantelli lemma (Lemma 2.5), we have

Yy
P (lim sup — > E) =0 (7.40)
n

n—o0

Also, since € > 0 was arbitrarily chosen, we must have

Y,
P <lim sup — = 0) =1 (7.41)
n—oo N
Or, in other words, lim sup,,_, % = 0 P-almost surely.

Thus, I,, satisfies the conditions of Theorem 7.3 and we have that equation (7.25) is satisfied.

8 Coding and entropy
One central area of study in coding theory is that of data compression. Given a source of data,

in the form of character strings with varying lengths, a code will transcribe this data into another

alphabet, and one generally tries to do so in such a way as to minimize the average length of the
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obtained strings.

Claude Shannon, not surprisingly, was the main pioneer in the development of coding theory
with the source coding theorem (i.e. a more specific version of Theorem 6.23, see [1]). Other ad-
vances were made by mathematicians and computer scientists over the second half of the twentieth
century. Noted works include Huffman’s celebrated paper on prefix-free coding [33], as well as an

extension by Gray, Ornstein and Dobrushin [34].

In this section, we shall examine the relationship between entropy and compression, looking
first at the notions of faithful and prefix-free coding, and then turning our attention to compression

rate bounds and how they relate to our already-developed concept of entropy.

We remark that in this section, in contrast to the preceding sections, we shall use a base of 2 for
the logarithm in the definition of entropy, as it has more physical significance to binary coding, the
main study of compression theory. Nevertheless, the theory developed here has a direct analogue

for n-ary coding.

8.1 Faithful codes and prefixes

Let A be a finite set. A shall be called an alphabet. An element a € A is called a character,
or a letter. A™ will refer to the set of all length-n sequences w = (w;)"_; with w; € A for each .
Elements of A™ are called words of length n. A* = U2 ;A" is the set of of all A-words of finite
length.

If A and B are two alphabets. then a function C': A — B* is called a 1-code, or simply a code,
from A to B. A is called the source alphabet, while the range, C(A) is called the codebook. An
element of the codebook C(a) for some a € A is called a codeword. In general, one takes A and B
to be different sizes, and in many applications, B is taken to be the set B = {0,1}. We shall do

the same in the rest of this thesis, without losing any significant intuition about the subject.

A desirable feature of a code is called faithfulness. A code C' : A — B* is called faithful if it is
injective. A faithful code ensures that no two letters of the source alphabet A are mapped to the

same codeword.

To build upon the notion of coding, one can look at transcribing A-words of length greater than
1. One way of doing so is to use the binary operation of concatenation. Given two elements of A*,
say u = (u;)"_, and v = (v;)!", the concatenation of u and v, denoted by uv, is an element of A*

of length n + m with the following as characters:

(uv) U; 1<i1<n
uv); =
Vien NH1<i<n+m

A canonical way of obtaining n-codes from 1-codes is through concatenation. We first look at
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the case of 2-codes. If C'is a 1-code, then one defines the 2-coding Cy : A?> — B* for any sequence

ab € A% (a and b are arbitrary elements of A) as
Cs(ab) = C(a)C(b)

In other words, the concatenation of the letters a and b is encoded by the concatenation of the

codewords C'(a) and C(b). This method can be recursively applied to obtain n-codes.

While this method of building codes of words of A is intuitive, it unfortunately does not preserve
faithfulness. As an example, we consider the alphabet A = {a, b, ¢} and faithful 1-code C' : A — B*
with C(A) = {01,010, 10}, C(a) = 01, C(b) = 010, and C(c) = 10. If we look at the 2-code Cs as
defined above, we get that Cy(ab) = 01010 = Cy(be) and the ability to decode is lost. This problem
can be resolved by requiring that an extra property hold on the 1-code C.

A non-empty word u € A* is called a prefix of a word w € A* if we have that w = uv for some
v € A*. w is called a proper prefix if v is also non-empty. A subset W C A* is called prefix-free if

no member of W is a proper prefix of any other element in W.

A faithful coding is called a prefix coding, or, more aptly, a prefix-free coding, if a = a whenever
C(a) is a prefix of C'(a). This is equivalent to saying that the codebook C(A) is prefix-free. This

leads us to the first important result.

Lemma 8.1. Let C : A — B* be a faithful, prefiz-free code. Then, for each n € N, the n-code
Cn : A™ — B* obtained by concatenating codewords of C' is also faithful.

Proof.

We shall look at the case n = 2. The rest follows from inductively applying the argument. Suppose,
for the sake of contradiction, that the 2-coding Cy is not faithful. Then there exists ab,cd € A2,
with ab # cd, such that

Cs(ab) = C(a)C(b) = C(c)C(d) = Ca(cd)

Now, if a = ¢, then we’d have C(a) = C(c) = C(b) = C(d) and by the faithfulness of C, we’d have
that a = ¢ and b = d and then we’d be done. Thus, we may assume that a # c¢. By the faithfulness
of C, we must have that C(a) # C(c). The only way this can be true, however, and still have that
C(a)C(b) = C(c)C(d), is if C(a) is a prefix of C(c) or vice-versa. This contradicts the prefix-free
property of C. O

A more enlightening way of seeing why prefix-free concatenation code must preserve faithfulness
is simply to make sense of the algorithm necessary to decode a codeword from an n-coding C,

obtained from a prefix-free code C.

As an example, suppose that A = {a,b,c} and C : A — B* is a faithful, prefix-free code, letting
C(a) =010, C(b) = 1001, and C(c) = 1010.
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We now look at the word in B* given by

w = 10100101001

To proceed with decoding, we start at the left of the sequence w, and start to test the prefixes
of w (i.e. 1, 10, 101, etc...) against our codebook C(A) until a valid codeword appears. In this
case, the first is 1010 = C(c). Since C(A) is prefix-free, no other letter could have produced the
beginning of the sequence w, so we know that the first letter of our code is ¢. We then proceed to
look at the sequence w without the first four letters, i.e. w’ = 0101001. Repeating the process, we
find that the next codeword is 010 = C(a), and then finally the last letter is 1001 = C(b), leading
to the decoding of the word cab € A3.

The algorithm for decoding a word w € B* (assuming it is a valid codeword, for some n-code

concatenation of C) can be summarized as follows:

1. Start testing the prefixes of w in order until one of them appears in the codebook, C(A), call

it C1.

2. ¢1 corresponds to the first letter of the decoded word. There can be no ambiguity since
the prefix-free property guarantees us that this prefix of w cannot be the prefix of another
codeword in C'(A)

3. Repeat the process on w, starting after the decoded prefix to obtain codes ca, c3... Proceed

until the word is completely decoded.

8.2 Binary-tree representations and Kraft’s inequality

A prefix-free set W C B* has the property that it can be effectively represented by a directed
binary tree, which we shall label T'(W') with vertex set V(WW). It has the following rules:

1. Each vertex v € V(W) represents a prefix for codewords in W, except for the parent vertex

vg, which is just the empty word.

2. If a vertex v may be represented as v = ub with u being another vertex, and b not being

empty, then there is a unique directed path from u to v.

With these conditions, W happens to be the leaves of the tree, or in other words, the subset
of V(W) of vertices which do not have edges directed away from them. As an example, we look
at the prefix-free set W = {00,100, 101,0100,0101}. Included below is a figure of the binary-tree

representation of W.
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Figure 2: Binary-tree representation of set W = {00, 100, 101,0100,0101}. The edges represent the
addition of a binary digit necessary to obtain the next vertex. Figure obtained from page 72 of [35]

One can see that the number of leaves at a given depth of the tree is bounded not only by the
number of choices of 0’s and 1’s but also by the number of leaves at greater depths. This realization

and a fairly simple combinatorial argument gives a result known as Kraft’s inequality.

Lemma 8.2 (Kraft’s inequality). Let W C B* be a finite prefiz-free set. Then,

d 2w <y (8.1)

weW

where € : B* — N represents the length of a sequence in B*.

Proof.
Let m be the Lebesgue measure on the unit interval [0, 1], and for w € W let I, represent the closed
sub-interval of length 274®) where the left endpoint has the dyadic expansion of w. Alternatively
stated,

{(w)

inf I, = Zwi <%> .

i=1

For example, if w = 101 then the left endpoint of I, would be % + 71; = g so that I, = [%, %]

An important fact is that each of these intervals is disjoint, i.e. I, NI, = () for u,v € W, and
u # v. To see why, we note that if this were not true, then there would be u,v € W with u # v such
that inf I,, € I,.. since the interval I, has length 2~ this would imply that the dyadic expansion
of inf I,, would have the same first terms as the dyadic expansion of inf [,,, but that would imply

that u is a proper prefix of v, a contradiction.

Thus, we have a collection {I,, : w € W} of disjoint intervals, all contained in [0, 1]. Thus,

m ( U Iw) = > mly) =Y 27 <m(0,1]) =1

weW weW weW
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Kraft’s inequality shall play a vital role in establishing a bound on code-length, as will its

important converse:

Lemma 8.3. Let 1 <[} <y < ... <, be a non-decreasing sequence of integers satisfying the

Kraft inequality. That means

n
S
i=1
Then, there exists a prefiz-free subset of B*, W = {w; € B* : 1 <1i <n}, such that {(w;) = I;.

This lemma will not be proved directly here, but we note that it is quite obvious given Kraft’s
inequality, and that the above proof of Lemma 8.2 can be easily reordered to prove Lemma 8.3.

An alternative proof can be found in [35]

8.3 Entropy and average code length

Up to now, we have not discussed any properties one can assign to the source alphabet A in a
given code. In general, if one considers realistic cases, we may find that certain characters in an
alphabet are used more often then others. Intuitively, by assigning shorter codewords to the more
frequent characters in A, one may hope to obtain shorter codes on average. In this chapter, we

shall properly formalize this concept.

Let us suppose that we have a probability distribution on A, some finite alphabet. By this, we
mean that there is a function p : A — [0,1] with ), p(a) = 1. For each a € A, pu(a) can be seen
as the probability of obtaining a. Of course, without a notion of valid words in A*, this doesn’t
really have any meaning, but for now, this will suffice as a good approximation of more complex

and meaningful scenarios.

We may define what is known as the entropy of this distribution, H(u), by

H(p)=—>_ p(a)log p(a) (8.2)

acA
where the base of the logarithm is assumed to be 2, as stated in the introduction of this section.

For a given code C': A — B*, one may define the code-length function, Lo : A — N, given by

In other words, the code-length function assigns to each a € A the length of its associated
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codeword in C(A). If C is prefix-free, then by Lemma 8.2, we have

Z 9—Lc(a) <1

a€cA

If our source alphabet A has a probability distribution p associated with it, one may further

define the average, or expected code-length:

E.[Lo] =) Lo(a)u(a) (8.3)

a€A

As stated previously, one main goal of coding theory is to try and find effective ways of minimiz-
ing this quantity. The following theorem provides an important bound on the expected code-length
of prefix codes, and also shows a way to obtain codes with expected lengths very close to this
bound.

Theorem 8.4. Let A be a finite alphabet equipped with probability distribution u. Then,

(i) H(n) <E[Lc] for all prefiz-free codes C : A — B*.

(ii) There exists a prefiz-free code C : A — B* such that E[Lco] < H(u) + 1

Before we prove this theorem, we present a necessary lemma.

Lemma 8.5. let p = (p;)I, be a probability vector and let ¢ = (q;)I be a sub-probability vector.
This means p;,q; > 0 for all i and that > ;¢ <> i1 pi = 1. Then we have

n
Y pilog 2 >0 (8.4)
i=1 i
with equality if and only if p; = q; for each i.

Proof of Lemma 8.5.
the function f(z) = —Inz is strictly convex, such that —Ilnz > 1 — z, with equality if and only if

x = 1. With this in mind we consider the following sum:
I WL T WA ()
i=1 i i=1 pi 3 pi
n n
= Zpi - Z >0
i=1 i=1
Since logy © = ﬁ—i, the same inequality is true by replacing In with log with any base. O

With this lemma, we are now capable of proving our main theorem.
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Proof of Theorem §.4.
We first let C': A — B* be some prefix-free code and examine its expected code-length.

Le] =Y Le(a)p(a) =D log 250 pu(a)

a€A aGA

= nla)log ;- ﬁc(a) — ) u(a)log u(a
acA a€A

= nla)log - 2@ + H(p)
acA

By Kraft’s inequality, >, 4 2-Lc(a) < 1 and thus, by Lemma 8.5, the first term in the last line

above is positive, therefore proving the first part of the theorem.

To show the second part of the theorem, we define the following function £ : A — N so that
L(a) = [—logu(a)] where [z] is the smallest integer which is greater than or equal to . With

this definition we can see that

22 E(a)<2210gu Z:U’

a€A acA

By Lemma 8.3, we may construct a prefix-free code C' : A — B* such that Lc(a) = L(a) for each
a € A. Noting that L(a) < 1 — log uu(a), we proceed to examine the expected code-length of C'.

cl =) La)u(a)

acA
<> (1 =logp(a))ula) =Y pla) = > p(a)log p(a
acA a€A acA
=14+ H(p)
This proves the second part of the theorem. O

It is important to note the details of how the prefix-free code was chosen so as to obtain the
right bound. for characters a € A with larger frequency pu(a), the lengths of the codewords L(a)
were chosen to be shorter. If each of these frequencies happened to be exact powers of 1 , then it

would be possible to choose a code satisfying E,, [Lc] = H ().

8.4 n-codes and asymptotic compression rates

We now begin to consider codes n-length words formed with our alphabet A. Of course, since
A™ is just a finite set (A is assumed to be finite), we see that n-codes C), : A™ — B* are conceptually

no different from simple codes from A to B*.
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More specifically, if u, is a probability distribution on A™, then, as before, one defines the
entropy of the distribution, H (uy,), as follows

H(pn) == > pn(x) log(pin(z))
TEAN
also, for any code C,, : A™ — B*, the code-length function, L¢, , is defined as before.

We now consider a probability measure 1 on A, the set of all sequences z = (x;)$°; with each
ZX; in A.

To clarify what we mean by this, we shall introduce some notation. If z = (2;)72, € A*, then

m

™ is the word of length (m — n) + 1 representing the n-th to m-th elements of the sequence x.

T
Also, for x € A, the ‘n to m cylinder set of x’, denoted by [z!"], is defined by

[z0] ={y € A™ 1y = 27}

n n

With these definitions, we let F be the o-algebra generated by all finite intersections of cylinder
sets. Thus, (A>,F) is a measurable space and the notion of a probability measure p on (A>, F)

is well-defined.

The n-th marginal of u, denoted by u,, is a probability distribution on A™, defined in the

following manner: If a = a'’ is an element of A", then we define its probability by

pin(a) = p([a1])

one can easily verify that the additivity and normalization properties of a probability distribution

are satisfied.

It is reasonable to ask how one may define the notion of entropy of a measure y on A*°. To do

so, we first define the per-symbol entropy of its marginal, pu,,
1
hn(:“/n) = EH(Mn) (85)

The entropy of the measure, h(u) is then defined with an appropriate limiting procedure.

h(p) = Tim sup hn (1) (8.6)

n—oo

It turns out if p is a stationary process, i.e. measure-invariant with respect to the left-shift
operator, then equation (8.6) is simply the Kolmogorov-Sinai entropy (see Section 6.6) of the

associated dynamical system.

Now, suppose we have a measure i on A>, and an n-code C), : A™ — B*, then another quantity
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of interest is that of the expected per-symbol code-length,

aeA”

Equations (8.5) and (8.7), along with Theorem 8.4 imply that for a given probability distribution
1y on A" all prefix-free n-codes C, obey

hn(iin) < Sy, (59

They also imply the existence of a prefix-free n-code C,, such that
B[] < (i) + (9)
n pn [&~Cr] = Ninn n .

We may now look at sequences of prefix codes and ask how they might behave as the length
of source words grows. Let {C),}°%; be a sequence of codes with C), being a prefix code from A"
to B*. Given a probability measure p on A%, we may define the (asymptotic) compression rate of
the sequence, R, ({Cy}) by

R,({Cy}) = limsup 1E L] (8.10)

n—0o0

which is an approximate measure of the ability of our code to ‘shorten’ words from our source
alphabet as their length gets arbitrarily long. With this definition, we easily obtain the following
theorem from equations (8.8) and (8.9).

Theorem 8.6. For a given probability measure p on (A%, F) the following are true.

(a) There exist prefix sequences {Cy} such that R,({Cy}) = h(u)

(b) There is no prefiz sequence {Cy} such that R, ({Cy}) < h(y)

This result helps illuminate the direct connection between the notion of code-length and entropy.
In Section 8.3 we showed how the entropy of a given distribution on A acted as a lower bound for
the average code-length of prefix codes and showed how one can construct a prefix code whose
average code-length is ‘nearly optimal’, within one of the entropy. By focusing our attention on
the asymptotic results, Theorem 8.6 gives us a tight bound, solidifying the notion that entropy is

indeed a measure of compressibility of information.
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