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Abstract

In this thesis, we investigate how ordinal patterns can be used to determine the complexity
of measure-preserving dynamical systems. Roughly speaking, ordinal patterns describe how
a sequence of values can be ordered by size. The permutation entropy, a quantity based on
the distribution of ordinal patterns, is compared to the Kolmogorov-Sinai entropy, a measure
for the complexity of dynamical systems. One of the main results of this dissertation states
that the permutation entropy and Kolmogorov-Sinai entropy are equal for one-dimensional
dynamical functions whose domain of definition can be partitioned into a countable number
of intervals on which the function is monotone. This is a generalization of a previously
existing result, which only allowed for a partition into a finite number of intervals and required
continuity.

We further explore if the above mentioned results still hold true when generalizing the
permutation entropy by replacing the Shannon entropy used in its definition with the Rényi
entropy. We are able to show that this is generally not the case.

Additionally, two types of conditional variants of the permutation entropy are investigated.
We establish conditions under which they are equal to the Kolmogorov-Sinai entropy.

Finally, we establish specific conditions for multidimensional dynamical systems under
which the permutation and Kolmogorov-Sinai entropy are equal. The methods used to achieve
this result also provide an upper bound for the speed of converge of the entropy of ordinal
patterns towards the Kolmogorov-Sinai entropy for some specific dynamical systems.

Zusammenfassung

In dieser Dissertation untersuchen wir, wie ordinale Muster genutzt werden kénnen, um die
Komplexitdt von maflerhaltenden dynamischen Systemen zu bestimmen. Ordinale Muster
beschreiben, grob gesagt, wie eine Sequenz von Werten nach Gréfle sortiert werden kann. Die
Permutationsentropie, ein Grofle basierend auf der Verteilung von ordinalen Mustern, wird mit
der Kolmogorov-Sinai Entropie, ein Maf fiir die Komplexitit von dynamischen Systemen, ver-
glichen. Eines der Hauptresultate dieser Dissertation besagt, dass die Permutationsentropie
und Kolmogorov-Sinai Entropie fiir eindimensionale Funktionen gleich sind, wenn sich dessen
Definitionsbereich in eine abzéhlbare Anzahl von Intervallen aufteilen lasst, auf denen die
Funktion monoton ist. Dies ist eine Verallgemeinerung eines vorher existierenden Resultates,
welches nur eine Partition in endlich viele Intervalle zuliefl und Stetigkeit erforderte.

Des Weiteren erforschen wir, ob die oben genannten Resultate weiterhin gelten, wenn man
die Permutationsentropie verallgemeinert, indem man die in der Definition verwendete Shan-
non Entropie durch die Rényi Entropie ersetzt. Wir kénnen zeigen, dass dies im Allgemeinen
nicht der Fall ist.

Zusétzlich werden zwei Typen bedingter Permutationsentropie untersucht. Wir stellen
Bedingungen auf, unter denen diese gleich der Kolmogorov-Sinai Entropie sind.

Schlielich fithren wir bestimmte Bedingungen fiir mehrdimensionale dynamische Systeme
ein, unter denen die Permutationsentropie und Kolmogorov-Sinai Entropie gleich sind. Die
Methoden, die dafiir verwendet wurden, liefern fiir bestimmte dynamische Systeme auflerdem
eine obere Schranke fiir die Geschwindigkeit, mit der die Entropie ordinaler Muster gegen die
Kolmogorov-Sinai Entropie konvergiert.
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1 Introduction

Determining the Kolmogorov-Sinai entropy (K-S entropy) of a measure-preserving dynamical
system is a key problem in the analysis of a system’s complexity. Roughly speaking, this
entropy is a measure for the amount of information that is gained on average by observing
the system’s dynamics.

Measure-preserving dynamical systems can be used to model different kinds of physical or
abstract systems. They describe how ”points” in some state space change over discrete time
steps. The ”points” in this state space are weighted by some measure which does not change
over time.

Complexity is an important aspect of dynamical systems. Depending on the point of view,
there are different interpretations of complexity. From a modeling viewpoint, complexity is
related to how fast small changes to the current state of system can grow over time. From a
stochastic viewpoint, complexity of a system can describe how difficult it is to predict a new
outcome of a dynamical system based on previous outcomes. This difficulty is directly related
to the amount of information that is gained on average by observing the system’s dynamics.

In all cases, the idea of complexity is connected to some kind of uncertainty. To quan-
tify this uncertainty and therefore to quantify the complexity of dynamical system, one can
use the Shannon entropy, which is a concept from information theory [28]. This leads to
the definition of the so called 'Kolmogorov-Sinai entropy’ as a measure for the complexity of
dynamical system which was first introduced by Kolmogorov [20] and later refined by Sinai
[30]. Originally, the Kolmogorov-Sinai (K-S) entropy was not directly introduced to measure
complexity but because it is invariant under certain isomorphism. This invariance allowed
Kolmogorov to show that two specific measure-preserving dynamical systems are not equiv-
alent because their Kolmogorov-Sinai entropy is different. This was an open question until
that point.

Besides the Kolmogorov-Sinai entropy, there exist alternative methods to measure the com-
plexity of a dynamical system. One example is the so called Lyapunov exponent. This concept
is applicable if the considered system is smooth enough. Under specific conditions, one can
show that Kolmogorov-Sinai entropy can be directly calculated using the Lyapunov expo-
nent [26]. However, in this thesis we will only consider the Kolmogorov-Sinai entropy as the
‘classical’ measure for complexity because it can be defined in more general situations.

While the Kolmogorov-Sinai entropy has a precise mathematical definition and interesting
properties, its computation can be difficult. Therefore, in 2002, Bandt and Pompe introduced
the so called permutation entropy as an alternative measure for the complexity of a one-
dimensional dynamical system which is easier to evaluate numerically than the K-S entropy
[5]. The permutation entropy is a measure for the information contained in the ordinal
structure of a dynamical system. One can extend the definition of the permutation entropy
to multi-dimensional systems by introducing a number of real-valued random variables as
observables that each project the multi-dimensional dynamics into the real numbers in which
the ordinal structure is then considered.

Given data generated by an underlying but not necessarily known dynamical system, the
value of the permutation entropy is usually easier to estimate from this data than the value of
Kolmogorov-Sinai entropy. This led to many practical applications of the permutation entropy
(e.g. [21],[24],]29]). While determining the value of the permutation entropy, one would still
like to know the value of the Kolmogorov-Sinai entropy as a measure for the complexity of
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the corresponding system. Therefore, the relation between the Kolmogorov-Sinai and the
permutation entropy is a question of interest. Bandt, Pompe and G. Keller showed that those
entropies are equal for one-dimensional interval maps if there exists a finite partition of the
domain of definition into intervals such that the considered map is monotone and continuous
on each of those intervals [4]. It was also shown that the permutation entropy is an upper
bound for the K-S entropy for all one-dimensional systems (see [4] or [2]). This upper bound
can be generalized to multidimensional maps under sufficiently general conditions [16]. It is
still an open question if and how the condition of piecewise monotony for the equality of the
entropies can be generalized to a larger class of one-dimensional maps.

1.1 Basic concepts

As mentioned above, to determine the complexity of a dynamical system, one can analyze
the uncertainty of possible outcomes of the system using the Shannon entropy. The Shannon
entropy can only be applied to a finite (or countable infinite) distribution of outcomes but the
considered systems typically take values in the real numbers, so uncountably many outcomes
are possible. Therefore, one needs to discretize the system first
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When determining the Kolmogorov-Sinai entropy, the discretization is achieved by using a
finite (or countable infinite) partition of the system. Instead of considering the exact outcome
of the system, one only takes into account in what subset of the given partition a point is
located (Figure 1.1). Considering this for each point in a sequence of outcomes, creates a
sequence of sets in which each specific point is located in. We call such a sequence symbolic
pattern. Each symbolic pattern can, for example, be encoded by the individual indices of the
sets the different points are located in.

One motivation of the permutation entropy is to achieve a discretization without needing
to use a given partition. This is done by considering all possible ways different values in a
sequence of outcomes can be ordered (see Figure 1.2). We call such an ordering of a sequence
of points an ordinal pattern. Since all the different ordinal patterns can be indexed using
permutations, the resulting entropy is called permutation entropy.

The fact that the permutation entropy only depends on the relative order of points can
provide some practical advantages over the Kolmogorov-Sinai entropy when working with
real-world data. For example, the permutation entropy is invariant with regard to monotone
transformation of the data. This is relevant in practice because monotone transformations of
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data can, for example, occur if the some underlying system is observed using different mea-
suring devices. But ideally, a measure for complexity should only depend on the underlying
system and not be affected by these transformations.

Additionally, small amounts of noise are less likely to change the ordering of a sequence than
the values of the sequence itself. Therefore permutation entropy can be less affected by noise
(see e.g. [27]). Higher amounts of noise can, however, effect the permutation entropy more
significantly. This means that permutation could theoretically also be used to differentiate
between noisy random data and deterministic data.
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Figure 1.2: Possible orderings of sequences of length n

1.2 Previous results

Ordinal patterns as a measure for the complexity of dynamical systems were first introduced
by Band and Pompe in 2002 [5]. In the same year, Band, Pompe and G. Keller showed that the
permutation entropy is equal to the Kolmogorov-Sinai entropy for a specific class of dynamical
system. This was the first result that related the permutation entropy to some other measure
of complexity. Motivated by this result, other theoretical properties of permutation entropy
and ordinal patterns and possible applications of them were investigated in the following
years.

Band, Pompe and G. Keller also defined a topological variant of the permutation entropy
and showed that it is equal to the topological entropy of dynamical system for some dynamical
systems. It was later shown by Misiurewicz that there exist some dynamical systems for which
the topological permutation is not equal to the topological entropy [23]. It is not known to
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this date whether there exist dynamical systems for which the permutation entropy is not
equal to the Kolmogorov-Sinai entropy.

A. Antoniouk, K. Keller and S. Maksymenko investigated the separation properties of
ordinal patterns [3]. Roughly speaking, they showed that, under certain circumstances, all
the information of a dynamical system can be captured by looking at ordinal patterns. As
a consequence of this result, one can use partitions into ordinal patterns to generate the
Kolmogorov-Sinai entropy. This approach using ordinal patterns to generate the Kolmogorov-
Sinai is similar to the use of ordinal patterns in the calculation of the permutation entropy. It is
not known whether these approaches are always yield the same value. One difference between
them is that this approach requires an additional limit for the computation compared to the
one limit needed to calculate the permutation entropy. Theoretically though, both approaches
could yield the same result. One attempt to establish a connect between these approaches
was done in a paper from 2013 [38]. However, as we will discuss in section 3.5.1, the methods
used in the mentioned paper are not sufficient to establish such a connection.

One can define conditional variants of the permutation entropy. These variants were first
investigated in [37]. This paper made some theoretical statements about the conditional per-
mutation entropy and compared how the complexity of some simulated data can be estimated
using the original or the conditional variant of the permutation entropy. It was noticed that
the conditional variant typically converges faster than the original permutation entropy which
makes it the preferable for practical applications.

In 2017, I. Stolz and K. Keller introduced a generalization of the concept of ordinal patterns
[33]. They observed that the order relations between different points in a sequence, which
determines the ordinal pattern of this sequence, can be replaced by more general relations.
This leads to a generalization of the concept of ordinal patterns. The basic and general
ordinal patterns have in common that they are both determined by comparing pairs of points
in a sequence of points. Considering the distribution of pairs instead of single points is what
provides the separation property of ordinal patterns. Stolz and Keller showed that, under
some conditions, certain generalized patterns also exhibit this separation property [33].

Amigo et. al. defined an alternative type of permutation entropy which is based on analyz-
ing the ordinal patterns of coarse-grained versions of the dynamical system. This approach
can be seen as a hybrid between the original version of the permutation entropy and the
Kolmogorov-Sinai entropy. It was shown that this alternative definition of the permutation
entropy is equal to the K-S entropy [2]. However, it is unknown how this alternative type of
permutation entropy is related to the original definition of the permutation entropy by Bandt
and Pompe. Therefore, we will only focus on the original definition in this thesis. Addition-
ally, the approach of Amigo et. al. has the disadvantage that an additional limit is required
for its calculation. An overview about the differences between these two approaches can be
found in [1].

1.3 Practical applications

When analyzing data using permutation entropy, it is often interesting to find out how the
value of the permutation entropy changes over time. So instead of calculating one value for
the entropy of the entire signal, one calculates different values for the entropy of the signal
within a specific time window and slights this window along the signal.

An example where permutation entropy has shown to be a useful tool is the classification
of data from electroencephalogram (EEG):

Permutation entropy has been used to extract features from EEG data which were then
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used to automatically detect epileptic seizures (see e.g [25] and [41]). Seizures could be
detected with a high accuracy. This approach utilizes the fact the EEG during seizures is
characterized by a lower permutation entropy. By determining the entropy of the EEG, the
multidimensional data of each channel is represented by single numbers. This reduces the
complexity of the data and causes the subsequent classification to be better at generalizing
to new data. Additionally, PE is robust to small noise and has low computational complexity
which allows this method to be used in real-time.

Keller et al. showed that conditional variants of the permutation entropy can be useful for
data classification by testing those methods on EEG data [17]. In another paper, the per-
formance of generalizations of the permutation entropy based on Rényi entropies were tested
[18]. These generalized permutation entropies can potentially provide some new information
about the underlying data.

Nicolaou and Georgiou used permutation entropy to identify different sleep stages [24].
They recorded EEG signals during sleep and calculated the permutation entropy for different
points in time. It was noticed that the permutation entropy would yield significantly different
values for different stages, which can be explained by the fact that the complexity of the brain
activity is different for different sleep stages. Based on these different values, the different
sleep stages could be classified.

In [29], the performance of anesthesia was investigated using permutation entropy. So called
local field potentials were measured, which is a more precise method to investigate the brain
activity of specific areas than measuring an electroencephalogram. Besides the permutation
entropy, various other methods were applied to the recorded data and their correlation to the
concentration of anesthesia after a certain period of time was determined. Out of all tried
methods, the permutation entropy showed the highest correlation.

In this thesis, we will focus on investigating the distribution of ordinal patterns when
the length of the patterns tends to infinity. However, there are also applications that are
based on analyzing the distribution of ordinal patterns of short length. For example, one can
establish an estimator for the so called Hurst exponent of fractional Brownian motion based on
analyzing the distribution of ordinal patterns of length 3 [32]. The Hurst exponent is, roughly
speaking, a measure for the roughness of data that is modeled by a fractional Brownian
motion. Estimating the Hurst exponent of rock joint surfaces in different directions, which
is an important but difficult task in geology, is an example where methods based on short
ordinal patterns have shown good results [13].

As another example, analyzing the distribution of short ordinal patterns can be used to de-
tect change points in time series [31]. A change point is a point in time where the distribution
of the underlying process changes. Changes in the distribution of the process typically also
imply changes in the distribution of ordinal patterns. Analyzing the changes in the distri-
bution of ordinal patterns has the advantage of being more robust with regard to monotone
transformation of the data. Theoretically, one can use ordinal patterns of any length for
this approach but patterns of length 4 (see Figure 1.2) have shown to be a good compromise
between being complex enough to reflect different patterns in the data and easy enough to
estimate.

1.4 Overview of results

In chapter 2, the basic definitions are established and some often used concepts are introduced.
Chapter 3 focuses on the relationship between Kolmogorov-Sinai and permutation entropy
in the one-dimensional case. We investigate generalized versions of the Kolmogorov-Sinai and
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the permutation entropy that are based on the Rényi entropies, which are a generalization of
the Shannon entropy. These generalized entropies depend on some parameter ¢ € R and we
will demonstrate that the relationship between K-S and permutation entropy is also different
for different ¢ € R. For ¢ = 1 we will show that the considered entropies are equal for
(countably) piecewise monotone functions. This is a generalization of an existing result by
Bandt, Pompe and G. Keller who showed the the above equality holds true if the functions
are monotone and, additionally, continuous on a finite number of intervals. [4].

In section 3.5 we investigate two different variants of conditional permutation entropy and
analyze their relationship. Additionally we establish some condition under which these con-
ditional variants and the original permutation entropy coincide.

In chapter 4 we introduce conditions under which a multidimensional variant of the per-
mutation entropy is equal to the Kolmogorov-Sinai entropy. This is the first time such an
equality is shown in more the one dimension, however, the conditions are relatively restrictive.
Essentially, we require that the considered maps are expanding in every direction, Lipschitz
continuous and the measure is not too spread out. The methods used in this chapter differ
from the ones used in the previous chapter. They could potentially be further weakened and
these methods allow for a different perspective on the question of equality between permuta-
tion and Kolmogorov-Sinai entropy. In special cases, they can be used to obtain an theoretical
upper bound for the speed of convergence for the permutation entropy.



2 Preliminaries

2.1 Often used spaces

We start by introducing the mathematical spaces that will be used within this thesis.

Definition 2.1 (Complete probability space). A triple (2,27, u) is called probability space
if &7 is a o-algebra defined on Q and p : &/ — [0,1] a probability measure. (9,9, u) is
called complete if for all A € o/

w(A)=0 = Bed for all BC A

holds true. If (2,.e7, 1) is not complete, one can add all subsets of sets A with u(A) =0 to
the o-algebra o/ and extend the domain of definition of p accordingly. Such an extension is
called completion.

Because the value of the entropy is not affected by sets of measure zero, working with the
completion of the probability space instead of the original space has no effect on the results
we are interested in. Therefore, our results are not less general if, for example for practical
application, we do not assume completeness from the beginning.

We often require that the sample space  of our considered probability space (2, <7, u) is
a complete separable metric space and that &/ is the Borel o-algebra based on the metric
defined on 2. This provides a connection between the metric and the events given by the
o-algebra of. Roughly speaking, the countability related to the separability of the metric
space is transferable to the Borel o-algebra o/. This guarantees that the considered o-algebra
is not too ’complex’.

Definition 2.2 (Complete separable metric space). Given a set Q # (), amapd: QxQ — R
is called metric if for all wy,ws,ws €

(i) d(wi,w2) =0 w1 = wo,
(i) d(wy,w2) = d(we,w;) and
(iii) d(wl,wg) < d(wl,WQ) + d(WQ,CL)g)

hold true. (£2,d) is called metric space.

This space is called complete if for every Cauchy sequence (wy,)nen in € there exists w € 2
with lim, e d(wy,w) = 0.

(Q,d) is called separable, if there exists a countable set A C  such that for all w € Q2 and
e > 0 there exists a € A with d(w,a) < e.

Notice that the meaning of completeness for a metric space is different from the meaning
of completeness for a probability space.
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Definition 2.3 (Borel o-algebra). Let (€2, d) be a metric space and 7 the topology generated
by the sets
{we Q| dw,wy) < e}

for all wy € 2 and £ > 0. Then the Borel o-algebra Z(£2) on  is the smallest o-algebra
containing all sets in 7. If it arises out of the context on what space ) the Borel o-algebra
is defined on, we simply write 2 instead. Sometimes we extend £ to its completion (see eg.
Definition 2.4) and use the some notation 4.

In this thesis and for many applications, we typically consider the Borel o-algebra %(Q2)
for the metric space (2, d) where Q is a subset of R” for n € N and d the Euclidian distance.
In this case, Z(2) is simply the smallest o-algebra containing all sets of the type

[al,bl[x[ag,bg[x Lo X [an,bn[ﬂﬂ

with aq,b1,a2,by...,a,,b9 € R.

2.1.1 Standard probability spaces

Some statements within this thesis, which will mainly appear in section 3.4.5, cannot be
proven on arbitrary probability space but only on so called Standard probability spaces.

Definition 2.4 (Standard probability space). A probability (2, </, u) is called Standard
probability space, if there exists a complete separable metric space (2, d) such that (€2, .7, 1)

is isomorphic to (€2, Z5(2), 1), where %;(€2) denotes the completion of the Borel o-algebra
of 2 with regard to p.

Isomorphisms between probability spaces are defined the following:

Definition 2.5 (Isomorphism between probability spaces). Let (21,974, 1) and (g, 9%, p2)
be two probability spaces. A map ¢ : Q1 — Qs is called isomorphism, if there exist sets
Aq € o) and Ay € afp with g (A1) = p2(Az) = 1 such that

(i) ¢+ A1 = Ag with ¢'(w) = p(w) for all w € A; is invertible,
(ii) (AN A;) € o for all A € a7,
(iii) o~ 1(AN Ay) € A for all A € o,
(iv) p1(p~1(A)) = pa(A) for all A € .

If there exists such an isomorphism between two probability spaces, these spaces are called
isomorphic.

The statements that can only be proven on Standard probability spaces are basically all
related to the so called ergodic decomposition of measures. To be able to decompose any
probability measure into an uncountable collection of measures, the assumption of being
standard is essential for the probability space.
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Since for practical purposes we are mostly interested in Borel probability spaces on some
subset of R? anyway, the assumption of being Standard is not a significant restriction. Most
Borel probability spaces, whose dimension is not too big in a certain sense, can be made
isomorphic to a complete separable metric space by adding a set of points with measure zero.

2.2 Measure-preserving dynamical systems

Given a probability space (€2, .27, ), adding a measurable and measure-preserving map 7" to
this space creates a so called measure-preserving dynamical system.

Definition 2.6 (Measure-preserving dynamical systems). Let (£2,.97,u) be a probability
space. A map T : Q — Q is called measure-preserving with regard to pu or u is called
invariant under 7 if T' is measurable, i.e. T~(A) € o for all A € o7, and u(T~1(A)) = p(A)
for all A € o/. If T is measure-preserving with regard to u, the tuple (Q, o7, u, T') is called
measure-preserving dynamical system.

2.2.1 Ergodicity

Ergodic dynamical systems play a special role in the theory of measure-preserving dynamical
systems because they have many nice properties.

Definition 2.7 (Ergodicity). Let (€, o7, u, T) be a measure-preserving dynamical systems.
The map T is called ergodic with regard to p if

T71(4) = A= p(A) € {0,1}
holds true for all A € <.
So the T-invariant sets of an ergodic dynamical system are only the trivial sets with measure

0 or 1. One of the most important consequences of this fact is Birkhoff’s (pointwise) ergodic
theorem:

Theorem 2.8 (Birkhoff’s (pointwise) ergodic theorem). Let (2,97, u,T) be a measure-
preserving dynamical system. Then for every integrable R-valued random variable X there
exists an integrable R-valued random variable X with

n—1
lim — ; X(THw)) = X (w)

satisfying E(X) = F(X) and X oT = X p-almost surely. If T is ergodic, than X = E(X)
p-almost surely.

Birkhoff’s theorem will be crucial for some of the arguments in the following chapters. It
can be used to deduce statements about the asymptotic behavior of dynamical systems, which
is relevant when investigating the complexity of such systems.
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On a practical level, Birkhoff’s theorem allows us to estimate probabilities based on only
one realization of the dynamical system. Given a dynamical system (Q, <7, u,T), the exact
distribution of the probability measure p is typically not known in practice. Instead, one can
only observes a realization w, T (w), T?(w),... for some fixed w € Q. According to Birkhoff’s
Theorem, for any set A € & the quantity

#{tc{0,1,...,n -1} | T"w) € A}/n

converges to E(14) = pu(A) for p-almost all w € Q. So for any set A € o/, we can p-almost
surely estimate its probability based on a single realization of the dynamical system.
There exists equivalent formulation of ergodicity that can be easier to use or the verify:

Lemma 2.9 ([40]). Let (2, <7, u, T) be a measure-preserving dynamical system. The fol-
lowing statements are equivalent:

(i) T is ergodic with regard to pu.

)
(ii) uw(T~1(A)AA) =0 implies u(A) € {0,1} for all A € 7.
(iii) UpZqT"(A) = Q for all A € o with p(A) >0

)

(iv) limp—oo = >0 w(ANTH(B)) = p(A)pu(B) for all A,B € .

We use the notation
AAB:=(AUB)\ (ANB)=(A\B)U(B\ A4)

to denote the symmetric difference between sets A and B.

2.2.2 Periodicity

Definition 2.10 (Aperiodicity). Given a measure-preserving dynamical system (2, <7, 1, T'),
let

I:= | J{we Q| T (w) =w}

n=1

be the set of periodic points of 7. The map 7' is called (u-almost surely) aperiodic, if
p(I) =0

holds true.

With .
Iy := U{wEQ:T"(w) =w}

n=1
we denote the set of all points with period smaller or equal to k € NU {oco}. These sets are
p-almost surely T-invariant:

10
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Lemma 2.11. Let (22,47, 4, T) be a measure-preserving dynamical system. Then
p (T~ () ATl ) = p (T~ (M) \ ) = 0

holds true for al k£ € NU {oco}.

Proof. We will first show that
I, C T7Y(I1,) fiir alle k € NU {oo} (2.1)

holds true. Let k£ € NU {oco} and w € II;. So there exists some n < k with 7"(w) = w. This
implies

T(T(w)) = T(I" () = T(w).

Hence, T(w) € Iy which is equivalent w € T~!(Il;). Therefore, (2.1) holds true.
The fact that T is measure-preserving then provides

p (AT (T0)) =g (T~ (M) \ 1) + o (T \ T (10 )) 2y (T~ (T ) \ T, )

(21)
=" (T~ () — p(I) = p(Iy) — p(Ily) = 0. O
In particular, if T" is ergodic with regard to u, we have
wu(Ily) € {0,1} for all k € NU {oo}

according to Lemma 2.9.

Definition 2.12 (Non-atomic measure). Let (€2, .27, i) be a probability space. The measure
w is called non-atomic, if u({w}) = 0 holds true for all w € Q.

Periodicity is tied to the concept of non-atomic measures as shown in the following lemma.

Lemma 2.13. Let (€2, .27, u, T') be a measure-preserving dynamical system. If 7" is p-almost
surely aperiodic, then u is non-atomic.

Proof. We perform a proof by contradiction. Suppose, T is p-almost surely aperiodic but
there exists some w € Q and some € > 0 with p({w}) = . We have

{w} T (T"({w}))-
for all n € N, which implies
u(T"({w})) = w(T(T"({w}))) = p({w}) =€

because T is measure-preserving. Since {w} has positive measure and 7" was assumed to
be aperiodic, w cannot be a periodic point. This implies T"({w}) N T™({w}) = 0 for all
n # m € Ny. Therefore,

N-1 N-1
" ( U T“({w})) = S u((fwh) = Ve
n=0 n=0

11
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holds true for all N € N. Choosing N > 1/¢ yields the contradiction

N-1
m ( U T”({w})) > Ne > 1. O
n=0

Some of the statements in the following chapter only hold if the considered measure is
non-atomic, which is why we often consider aperiodic dynamical systems.

Convexity Many of the functions involved in the definition of the Shannon entropy in the
next section involve convex function. A subset X of a real-valued vector space is called convex
if

ar; + (1 —a)zg € X forall 21,29 € X and a € [0, 1]

holds true. A function f: X — R defined on a convex set X is called convex if
flazi + (1 —a)zs) < af(r1) + (1 — ) f(z2) for all 1,20 € X and « € [0, 1]
and concave if
flazi + (1 —a)xs) > af(x1) + (1 — ) f(z2) for all 1,20 € X and « € [0, 1]

holds true. Using induction, one can extend the above definition to convex combinations
involving finitely many elements. This leads to the so called Jensen’s inequality which will
be used multiple times in this thesis to prove certain properties of the Shannon entropy and
related concepts.

Lemma 2.14 (Jensen’s inequality [14]). Let X be a convex subset of a real-valued vector
space, n € NU {oo}, z; € X and a; >0, ¢ € {1,2,...,n}, with > oy =1. If f: X - R

is a convex function, then
n n
f (z a> < auf(@)
i=1 i=1

holds true. If f is concave function,

f (Z az‘xi) > aif(xi)
i=1 i=1
holds true.

If X C R is a convex subset of the real number and f : X — R is two times continuously
differentiable, then f is convex if f”(z) > 0 for all 2 € X and concave if f”(z) < 0 for all
z e X.

2.3 Entropy

2.3.1 Shannon and Rényi entropy

A vector p = (p1,p2,...,pn) € R™ with n € NU {oo} is called stochastic, if p; > 0 for all
i €{1,2,..,n} and >.?_,p; = 1. Entropy in its simplest form is defined for the set of all

12



2.3. ENTROPY

stochastic vectors. The Shannon or Rényi entropy quantify how close to the equidistribution
(1/n,1/n,...,1/n) a stochastic vector p € [0,1]"™ is. The corresponding entropy of p is
maximal if p is equal to the equidistribution. Since the outcome of random events is most
difficult to predict if the distribution of the events is equal to the equidistribution, the Shannon
or Rényi entropy can be seen as a measure of 'unpredictability’.

Definition 2.15 (Rényi entropy). Let p = (p1, p2, ..., pn) & stochastic vector of length n €
N U {oco}. The Rényi entropy H(p,q) of p and parameter ¢ € R is defined as

—rlog(Xi, pf), falls g #1,

H(p,q) =
) {— o pilog(pi), falls ¢ =1.

We set 07 := 0 for al ¢ € R and 0 - log(0) := 0.
H(p) := H(p,1) is called Shannon entropy of p.

So the Rényi entropy is a generalization of the Shannon entropy. The following Lemma
shows that the Rényi entropy is continuous in q.

Lemma 2.16. For all stochastic vectors p

él_%H(p,Q) =H(p,1)

holds true.

An important property of the Rényi entropy is the monotonicity decreasing as a function
of ¢. The monotonicity of the Rényi entropy as a function of ¢ is an important property that
will be used multiple times in chapter 3 to establish certain inequalities.

Lemma 2.17 (Monotony in ¢). For all stochastic vectors p
@ < ¢ = Hp,q)> H(p )
holds true.
The proves of the two previous lemmas can be found in the appendix.

We now define the Rényi entropy of a partition of Q. Given a measure space (2, %7), we
call a collection of sets P = {P;};cs partition of € if the following holds true:

(i) Pe o/ foralliel,

(ii) P, #0 forall i € I,

(i) PN Pj =0 for all i, j € I with i # j,
)

() Uer P =9

13
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Definition 2.18 (Rényi entropy of a partition). Let (£2,.27, u) be a probability space and
P ={P,P,,...,P,} a partition of Q of length n € NU {oo}. Then

HM(Pv Q) = H((:U’(PI)HU’(PQ)? 7lu(P’VL))7 Q)

defines the Rényi entropy of the partition P.

H,(P) := H,(P,1) is called Shannon entropy of the partition P.

If the choice of the considered measure p is obvious from the context, we simply write H (P, q)
or H(P) instead of H,(P,q) or H,(P)

We want to calculate the entropy of specific kind of partitions. In the following, the classes
of partitions are defined that are of interest in this thesis.

Definition 2.19 (Special classes of partitions). Let (€2, .47, u) be a probability space. We
define
P(e/) ;= {P C &/ | P is a finite partition of Q}

and

P¢(e/) := {P C &/ | P is a finite or countable partition of Q with H(P) < oo}.

There are different ways one can combine multiple partitions. The following definition
describes one method of combining partitions that is relevant for calculating the entropy of a
dynamical system.

Definition 2.20 (Refinement of collections of sets). Let P = {Py, Ps,...,P,} and Q =
{Q1,Q2,...,Qm} be two collections of sets in Q. Then we define the refinement of these
collections as

PvQ:={PNnQ;|lic{1,2,..,n},j €{1,2,...,m} and PN P; # 0}.

The refinement of a finite or countably infinite number of collections Py, Po, ... is defined
as

l l
\/Pk:{ﬂPk;é(MPkEPk forallk€{1,2,...,l}}
k=1

k=1
for I € NU {o0}.

In particular, if P and Q are partitions of €2, the refinement P VvV O is a partition of €2 as
well.

One of the main differences between the Rényi entropy for ¢ # 1 and the Shannon entropy
is the so called "Subadditivity’. While the Shannon entropy exhibits this property the Rényi
entropy does not in general.

14
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Lemma 2.21 (Subadditivity). Let (€2, <7, ) be a probability space. Then for all finite or
countable partitions P and Q of (.

H(PVvQ)<H(P)+ H(Q)

holds true
The proof of this Lemma can be found in the appendix.

2.3.2 Kolmogorov-Sinai entropy

The iterates T%(w) are recursively defined as T*(w) = T(T* Y(w)) for t € N and w € Q
with 7°(w) = w. The value of the Kolmogorov-Sinai entropy depends on the position of the
elements of orbits (w,T(w),T?(w),...) with respect to a finite or countable partition. All
elements w € €2 whose orbit of some length n € N is the same with respect to same partition

partition build a so called symbolic pattern.

Definition 2.22 (Symbolic patterns). Let (€2, .7, u, T) be a measure-preserving dynamical
system and P = {P;};c; a partition of Q with some finite or countable index set I. For
n € N and a multi index ¢ = (ig,1,...9,—1) € I" we define the symbolic pattern

n—1
P(i):= (T7UP,) =P, nT Y (P,)N...T" (P, )
t=0

and the partition into symbolic patterns

PM .= {P(i) | i € I" and P(i) # 0}.

The partition into symbolic patterns can also be written as

n—1

P(n) = \/ Tﬁt(,P)u

t=0

where T7H(P) = {T4(P,) }ie1.

When determining the complexity of a dynamical system, we consider the probabilities
of w,T(w), T?(w),..., T Y (w) lying within specific sequences of sets. This leads to the
definition of the Kolmogorov-Sinai entropy.

Definition 2.23 ((generalized)Kolmogorov-Sinai entropy). The(generalized) Kolmogorov-
Sinai entropy (or entropy rate) of T' with regard to the partition P is defined as

hu(T, P, q) := lim inf EHM(P(”), q), (2.2)

n—oo N
The (standard) entropy rate is given by
hu(T,P) := h,(T,P,1)

15
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By
hu(T,q) := sup h(T,P,q),
PeP()
the (generalized) Kolmogorov-Sinai entropy of T is defined, where the supremum is taken
over all finite or over all countable partitions with finite entropy. The (standard) Kolmogorov-
Sinai entropy is given by
hu(T) := hu(T, 1)

If the choice of the considered measure p is obvious from the context, we simply write
h(T,P,q) or h(T,q) instead of h,(T,P,q) or h,(T,q).

Originally, the Kolmogorov-Sinai entropy was defined as the supremum of the entropy
rates over finite partitions, disregarding countable partitions. For ¢ = 1 however, according
to Abramov’s Theorem, the supremum of the entropy rates over all countable partitions with
finite entropy is not larger than the supremum of the entropy rates over all finite partitions
(see e.g. [15]):

hy(T,1) = sup h(T,P,1)= sup MI(T,P,1).
PeP (o) PePe()

2.3.3 Generating partitions

One can define an order relation for the set of all partitions:

Definition 2.24 (Relationship between collections of sets). Let (€2, 97, ) be a probability
space and P, Q@ be two collections of sets in 2. The collection Q is called finer than P or
a refinement of P (with regard to p) if for all sets @ € Q there exists a set P € P with
w(Q\ P) = 0. We write

P -; Q or Q i P

to denote that Q is a refinement of P. If it is clear from the context what measure pu is
considered, we simply write

P=<Q or Q= P.

The relative order of two given partitions also affects the relative order of the Rényi entropies
of those partitions.

Lemma 2.25. Let (£2,.97, 1) be a probability space and P and Q two countable partitions
of Q2. Then P < QO implies
H(P,q) < H(Q,q)

for all ¢ € R.

The proof of the above lemma can be found in the appendix.
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Given some a measure space (£2,47) and let P be some collection of element of <7, we
denote by

o(P) = ﬂ 5
PCYCd:
.Y is a o—algebra

the smallest o-algebra containing all elements of P. Notice that o(P) is indeed a o-algebra
because the intersection of g-algebras is a o-algebra again.

Definition 2.26 (Almost-sure equality between o-algebras). Let (€2, .97, 1) and (2, o/, 1)
be two probability spaces. We write

ah C o
I

if for all Ay € @7 there exists a set Ag € o with u(A;AAz) = 0. We write

= o
i

if @4 C o and 9% C o] are true.
w ©

Given two finite or countable partitions P and Q, it is easy to see that o(P) C o(Q) is
n
equivalent to P < Q.

“w

Instead of considering o-algebras based on a partitions one can also generate c-algebras
based on random variables. Given a random variable X = (X1, Xo,...,Xy) : @ — RY, we
define

o(X)=0({X;1(B)| Be ZR), ic{1,2,...,d}})

Given a collection of random variables {X ) | j € J}, where J is some index set, we define

a({X(j)|jEJ})::0 ﬂAj|Aj€a<X(j)),jEJ
jeJ

It is often difficult to determine the Kolmogorov-Sinai entropy of a dynamical system ex-
plicitly because one has to calculate the entropy rate of all finite partitions to determine the
supremum. However, under specific circumstances, there exist partitions or sequences of par-
titions that can fully capture the dynamic of the system and are sufficient to determine the
Kolmogorov-Sinai entropy.

Definition 2.27 (Generating partition). Let (£2,.27, u,T') be a measure-preserving dynam-
ical system. A finite partition P of Q is called generating partition if

o (q; T_t('P)> f o
t=0

The sequence of partitions { Py, }ren is called generating sequence of partitions, if Py < P11

for all £ € N and
TP | = o
o (\/ \/ ( k)) "

k=01t=0

17
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holds true.

Example 1 (Interval partitions). Given a dynamical system (2, %, u, T) with Q C R? and
% being the Borel o-algebra defined on 2, one can define a sequence of generating partitions
based on intervals. Define

27K G+1)- 275 if je{-4F ..., 4" -1}
PP =] - 00,27k if j=—4F -1
[2%, oo] if j = 4%
for all j € {—4%F —1,4% ... 4% —1, 4%} and k € N and set
T = {01, J2. -+ da) € {(—4F — 1,45, 4F — 14"} | (PF x P} x ... x PF)NQ # 0}
Then {Pk}keN with
Pk = {(P]kl Xij; X XP]]Z)HQ|(]17.7277]d) EJk}

is a sequence of generating partitions because the Borel o-algebra is the smallest o-algebra
containing all (multidimensional) intervals.

Theorem 2.28 (Entropy of generating partition [40]). Let P be a generating partition.

Then
h(T,P) = h(T)

holds true. Let {Px}ren be a generating sequence of partitions. Then

lim h(T,Pg) = h(T).

k—o0

holds true

So generating partitions can be used to determine the entropy of a dynamical system.

2.3.4 Bernoulli-Shifts

Fix N € N. (One-sided) Bernoulli shifts are maps that have a relatively simple dynamic.

They are defined on
YN = {w = ()2 | wi € T} (2.3)

where ¥ = {0,1,2,..., N — 1}.
Given s,t € N with s < t and (as, ..., a;) € X5+

Cllag, ..., as) == {w e XN : w; = q; for i € {s,...,t}}
defines a so called cylinder set in XN, Let

C =0 ({Cﬁ(as, ...,at) :s,teN,s <t (a37 ...,at) c Et—s-f—l})

18
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be the o-algebra generated by all cylinder sets.
Given a stochastic vector p = (p1,p2,...,pn), we define the measure v on the measure
space (XN, %) as the product measure generated by p, i.e.

t
v(Cllas,...,a)) = Hpai
for all cylinder sets C(as, ...,a) € €.
Define a map B : ¥ — ¥N by
wr w = B(w), where w; =w;y; forallieN

It is easy to see that (XN, %, v, B) forms a measure-preserving dynamical system. We call
(ZN,%, v, B) Bernoulli shift generated by the stochastic vector p.
Let
Cr = {(7f(a1,“.,ak) :(al,.“,ak) S E:k} (2.4)

be the partition into cylinder sets of length k € N. Then
n—1
e = \ B7(Cr) ={CFT" Han, oy Ghgn1) © (a1, Ghpn1) € ST} = Chynoy (25)
t=0

for all n € N. One can use this to directly calculate the entropy rate h, (B, Cy).

n—1
H, (t\/0 Bt(%)wz) = q__ll log > (o)

CeViZy B~1(Ck)

= q lOg Z V(Cf+n71(a1a ey ak-‘rn—l))q

(@1, Qpppy—1 ) EXFFR—L

1 k+n—1 q
e (M)
q 62k+n71

(a1, 0k 4n—1) i=1

k+n—1

= q_—ll log Z H Pl

(a1, @pqp—1)EXkFTP—L i=1

1 k+n—1
- q
_q_llog (Zpa>

a€y
-1
:(k—l-n—l)-q_llog <aezng>
=(k+n-1)-H(p,q) (2.6)

for all n € N and g # 1. Due to the continuity in ¢ of the Rényi entropy (Lemma 2.16) the
above statements also holds true for ¢ = 1. Therefore

n—1
.1 —t
hy(B,Ck, q) —lﬂgfﬁH <t\_/OB (Ck)7Q>
:hminfw-H(p,q):H(pm
n

n—o0
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holds true for all ¢ € R.
Now consider the function ¢ : ¥ — [0, 1] with

o((wi,wa,...) =Y wi- N (2.7)
=1

One can easily show that this function is invertible v-almost everywhere. Only elements
w € ¥V ending in (...,N —1,N —1,N —1,...) can be mapped to the same value as other
element:

o((wr,wa, .., wg, N—=1,N=1,N—1,...)) = p((w1,w2,...,wr +1,0,0,0,...))

So this map is invertible if we restrict the domain of definition to the elements w € XN that
are not ending in repeats of NV — 1. This is not a problem because the set of elements ending
in repeats of N — 1 has measure 0.

We consider the function 7" : [0, 1[— [0, 1] with T(w) = N - w mod 1. Define the measure
w1 on the the Borel o-algebra % on [0, 1] by

w(A) = v(p7H(A)) (2.8)

for all A € #. Then ([0,1[, B, T, 1) is a measure preserving dynamical system which we will
also call a Bernoulli shift generated by the stochastic vector p. The map ¢ is an isomorphism
between (XN, %, v) and (]0,1], %, 1) and can be used to transform B into T because

poB=Toyp (2.9)
holds true. Now consider the partitions
Pe:={[i - N* (i+1)-N*|ie{0,1,...,N* —1}} (2.10)

for k € N. It is easy to see that
¢(Cr) = Py

holds true. Using (2.5), this implies

P = Pryni (2.11)

for all k,n € N. Additionally, given k € Nand Py, Py € P, there exists (al,al, ... ,ay), (a7, a3, . ..

YF with
Pi = @(C{C(alla aéa B 70’};7))

for i € {1,2}. Therefore, for all ¢ > k, the fact that the measure u is based on the product
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measure v yields

WPNT ™ (P)) = v(e (PLNT ' (P2) = v(e” H(P1) N (T(P2)))

2 (e (P) N B (e (P))

(e~ (@(CF (a1, a3, -, a}))) N B~ (0™ (0(CF (a1, 3, ..., a})))))

—~

= v(C¥(al,dd, ... al) N B7H(CY(a3,d3,. .. a})))
= V(Cl%'“(a%,a%, vy G by 1, Do, - by a3 a3, a2))
= Z I/(C%k—i_t(a%,a%,...,a,lg,bk+1,bk+2,...,bt,a%,ag,...,a’%))

(blt1,-m b)) EXE R

k t k
= Z (Hpazl> ’ <Hpbi> ’ (Hpa?>
(bios 15 ESt—F \i=1 i—k i1

(It {11

= v(Ci(at, a3, a})) - v(CY(ad, a3, a})))

= pu(Pr) - pu(Py). (2.12)

Thus, iteratively applying the function T' creates independence between cylinder sets, which
is the main reason why many properties of Bernoulli shifts can be calculated analytically, as
can be seen in section 4.2.2 for example.

As another consequence of (2.9), the entropy rates of B and T with regard to the correct
partitions are equal:

Lemma 2.29. Let ([0,1[, %4, T, 1) be a Bernoulli shift generated by the stochastic vector
p € [0,1]Y and Py, as in (2.10). Then

H (ngn),Q) = (k+n—1)-H(p,q).

In particular,
WT,Pr,q) = H(p,q)

holds true for all ¢ € R and k € N.

Proof. Let be ([0,1[, %, T, 1) a Bernoulli shift generated by the stochastic vector p € [0, 1]V
and (XN, %, v, B) the Bernoulli shift based on the set ¥ = {1,2,..., N} and generated by the
same stochastic vector p. Let further ¢ : ¥ — [0, 1] be given as in (2.7) and Cj, the partition
into cylinder sets of length k£ € N as defined in (2.4). Since ¢(Cr) = Px holds true for all
k € N, we have
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Therefore

n—1
Hy, (\/ T_l(Pk),q) = q_ll log > n(P)?

PeV} ) T=1(Py)

28 —1 _
2 S| X ve o)y

PeV =y T~4(Px)
2.13) —1 _
= Ty los S e (P
Pe\? = ¢B~t(Cy)
i log Z v(C)?
q - 1 n—1 _
CeViZy B7H(Ck)
n—1
- Hl/ (\/ B_t(ck)aQ>
t=0

(2.6)

(k+n—1)-H(p,q)

for all ¢ € R. Consequently

n—1
1
hy(T, Py, q) = liminf —H (\/ Bt(m),q>
t=0

n—oo N
k —1
— liminf " H(p,q) = H(p,q)
n—o0 n
holds true for all ¢ € R. O

Since (Pk)ken as given in (2.10) is a generating sequence of partitions, the above Lemma
together with Theorem 2.28 implies in particular

h(T) = lim h(T,Py) = H(p).
k—o00
The map ¢ does not only preserve the entropy but also the order relation within the
respective spaces, more precisely

w <jex W E p(w) < (W) (2.14)

holds true for all w,w’ € X, where "<jo,” is the so called lexicographic order and ”<” is the
standard order on R. The lexicographic order "<, ” is a total order defined on ¥N. Given
w= (w;)X € YN and o' = (Wi, € YN then w <jex w; holds true if w = ' or if w;, < wj,
where 7, := min{n € N | w; # w/}.

Statement (2.14) is especially interesting when considering ordinal patterns, which will be
defined in the next section. The equivalence (2.14) implies that, roughly speaking, the ordinal
patterns of (XN, %, v, B) and ([0, 1[, %, u, T) are equivalent.

2.4 Ordinal patterns
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Definition 2.30 (Ordinal patterns). Let (2,7, u,T) be a measure-preserving dynamical
system, X = (X1, Xo,...,Xg) : Q@ = R? a vector of random variables for d € N and

Sy = {(mo,m1,...m—1) € {0,1,...n —1}" | m; # m; for ¢ # j}

the set of all permutations of length n. Given a permutation m = (mg, 71, ..., Th—1) € &y,
we say that (xg,x1,...,2n—1) € R™ has ordinal pattern 7 if

Ty S Ty S o0 S Ty

holds true and if x, = 2, , implies m; < w41 for all t € {0,1,...,n — 2}.
We denote the set of points with ordinal pattern = by

PXi = {we Q| (Xi(T™(w)), X;(T™ (w)), . .., X;(T™ ' (w))) has ordinal pattern 7}

and by
OPX(n) :={PXi #0]ic{1,2,...,d},7 € G,}

the partition of €2 into these sets.

Given a set , let id : 2 — Q with id(w) = w for all w € Q be the identity map.

For Q C R and X = id we simply write OP(n) instead of OP'(n).

In the above definition, an ordinal pattern of length n was encoded by a permutation
7 = (7m0, M1,...,Tn—1) € Sy, where T™(w) is the i-th smallest element in the sequence
w,T(w),...T" Y(w). It can often be helpful to consider a different way of encoding ordinal
patterns:

If we know for all s,¢ € {0,1,...,n — 1} whether T%(w) < T*(w) is true, we can determine
to which ordinal pattern P, the point w belongs to. Therefore, we can encode an ordinal
pattern by all pairwise comparisons of elements of the orbit of length n. The set

R:={(z,y) eR? |z <y} (2.15)

will be used throughout this thesis to describe the order relation between two points.
Given two function f1, fa :  — R, they can be combined to (f; x f2) : 2% — R? with

(f1 X fo)(wi,w2) == (fi(w1), f2(w2))

or (fl, fg) 0 — R2 with
(f1, f2)(w) = (fr(w), fa(w)).

In particular, this provides

(fi x fa) THR) = {(w1,w2) € Q| fi(w1) < falwa)} € Q7

and
(f1, f2) ' (R) = {w € | fi(w) < fa(w)} € Q

Given a random variable X : Q — R we define

Rx = (X x X)"'{R,R?\ R}.
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which is a partition of Q2. For Q C R and X = id we simply write
R :=Ria

instead.
Using this notation, we can alternatively describe the partition into ordinal patterns by

d n—1 n—1

orX(m)=\/\/ V @77 (X x X;)'({R,R*\ R}). (2.16)

i=1 s=0 t=s+1

Example 2 (Example: Ordinal patterns of logistic map). Consider the dynamical sys-
tem ([0,1],%,u,T) where T : [0,1] — [0,1] is defined by T'(w) = 4w(l — w) and
w(A) = [(my/z(1 —z))"' da for all A € B.

Figure 2.4 shows the partitions into ordinal patterns of length 2, 3 and 4. One can make
some observation about ordinal patterns when looking at this Figure: The first obvious
observation is that the partition OP(3) of ordinal patterns of length 3 is finer than OP(2)
and OP (4) is finer than OP(3). Secondly, not every ordinal pattern is realized. The partition
OP(3) could theoretically contain 6 = 3! sets, but Psjp = 0 holds true. How many sets
P; € OP(n) are non-empty depending on n € N is an interesting question itself (see for
example [10]) and is related to the definition of ’topological variants’ of the permutation
entropy [4].

Additionally, not every pattern is a connected interval. For example, Psg3; is the union
of two non-adjacent intervals.

T'(w)
1 —_
Po132 P3o12 Py213 Pa301 P013 P132B120¢ 1
0 I || || | []]
NI | ] 1] w
Po123  Posi2 Po3i2 P2031 Pz031 P3102 P12381230
Poi2 Pox: Paoy Pro2 Prao
Poy Py

2.4.1 Permutation entropy

Since taking the supremum over all finite partitions is necessary to calculate the Kolmogorov-
Sinai entropy, its determining can be difficult. There are theoretical results that ensure, under
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some conditions, the existence of a partition, such that the entropy rate with regards to this
partition yields the K-S entropy. However, in practice, one does not know how such partitions
look like. Additionally, this partition depends on the dynamics T° whose precise description
might be unknown as well for practical applications.

The permutation entropy has the advantage that it can be calculated without having to
find such partitions. The ordinal patterns necessary for calculating the permutation entropy
automatically partition the space 2 in a way that can capture the information of a system,
independently of the considered map T'.

Definition 2.31 (Permutation entropy). Let (2, 7, u, T)) be a measure-preserving dynam-
ical system. Let X = (X1, Xo,...Xy) be a vector of real-valued random variables defined
on 2 and g € R. Then the lower and upper permutation entropy are defined as

1
PE,(X,T,q) = liminf —H, (OPX(n), q)

n—oo n,

and

- 1

PE,(X,T,q) = limsup —H, (OP*(n),q), (2.17)
n—oo T

respectively. If the choice of the considered measure p is obvious from the context, we

simply write PE(X, T, q) and PE(X, T, q) instead of PE,(X,T,q) and PE, (X, T, q).

Choosing X = id and ¢ = 1 in definition 2.31 provides the definition of the one-dimensional
permutation entropy as originally defined by Bandt and Pompe [5]:

PE(T) := PE(id, T, 1)

Remark 2.32. Unlike in Definition 2.23 of the Kolmogorov-Sinai entropy, one does not
know whether 2 H(OP(n)) converges for n — oco. Therefore, we differentiate between the
permutation entropy defined using the limit inferior and the entropy using the limit superior.
However, in many of the here considered cases the limit inferior will behave equivalent to
the limit superior in the definition of the permutation entropy.

Different definitions can be found in the literature: Amigd, Kennel and Kocarev used the
limit inferior for the definition of the permutation entropy [2]. Bandt, Pompe and G. Keller
used the limit directly while showing that the limit exists [4]. K. Keller, A. M. Unakafov
and V. A. Unakafova used the limit superior in [16].
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3 Permutation entropy (based on Rényi
entropies) for one-dimensional systems

3.1 Overview

In this chapter, we will focus on one-dimensional dynamical systems (2, 4, u,T), meaning
Q) C R. The o-algebra £ is the Borel o-algebra defined on 2, i.e. the smallest o-algebra
containing the sets {w € Q | w1 < w < wa} for all wi,ws € RU {—00,4+00}. We define the
one-dimensional permutation entropies

PE(T,q) := PE(id, T, q)

and

for parameters ¢ € R and simply write PE(T) and PE(T) for ¢ = 1.

The following theorem is due to Takens and Verbitskiy. They originally proved the state-
ment of this theorem for invertible systems only and it was later mentioned in Verbitskiy’s
doctoral thesis that the same holds true for non-invertible systems [11]. There also exists a
statement for non-ergodic systems (see [35]), but we will not consider this here.

Theorem 3.1 (Takens and Verbitskiy [34]). Let (£2,.97, u) be a Standard probability space
and T : Q —  an aperiodic and ergodic measure-preserving function. Then

hT,q) = h(T)
holds true for all ¢ > 1. Additionally, ~A(7") > 0 implies
h(T,q) = oo

for all ¢ < 1.

It is natural to wonder whether a statement similar to the above theorem holds also true for
the permutation entropies PE(T), q) or PE(T, q) for ¢ > 1 and how these entropies are related
to the (generalized) Kolmogorov-Sinai entropy. We will study this question for general ¢ € R
in this chapter whenever possible. However, we can only show some statements for ¢ = 1. In
this case we will prove the specific statement and outline the difficulties of generalizing the
specific statements to arbitrary ¢ € R.

Table 3.1 gives an overview over the statements that are considered in this chapter. Theo-
rem 3.15 was first proven by Bandt Pompe and G. Keller and the first theoretical result about
the permutation entropy [4]. Theorem 3.17 is the main result of this chapter and generalizes
Theorem 3.15 to more general dynamical systems.

The statement of Theorem 3.10 for ¢ = 1 was first explicitly stated and proven by Amigo
[2]. In this chapter we state with Theorem 3.10 an inequality that holds true also for ¢ # 1.
In case of ¢ # 1 we can, however, only relate PE(T, q) to SUp pep, (2) h(T,P,q), which is the
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CHAPTER 3. PERMUTATION ENTROPY (BASED ON RENYI ENTROPIES) FOR
ONE-DIMENSIONAL SYSTEMS

ergodic _
systems ¢<0 g €[0,1] ¢=1 ¢>1
piecev;fise Th 313 Th 315 Theorem 3.10:
monotone eorem 3.13: eorem 3.15:
— —— PE(T,q) > sup h(T, P,
& contin. PE(T, q) < log #M | PE(T) = h(T) | L2 1+9) PeP}Z@)( )
PE(T,q) < h(T)
c?untajt)ly possible
piecewise Theorem 3.17 (Example 5)
monotone || Theorem 3.10: PE(T) = h(T)
PE(T,q) > sup h(T,P,q)
general PePy(2)
dynamical Theorem 3.10: Theorem 3.10:
system PE(T) > h(T) PE(T,q) %GSI;’JI()QS(:RP? q)

Table 3.1: Overview of different results in this chapter for one-dimensional dynamical systems.
For simplicity, only the results for the ergodic case are displayed. The partition
into sets on which T is monotone is denoted by M.

supremum of the entropy rates over all ordered partitions. It is in general not known for what
dynamical systems and parameters ¢ # 1 this supremum is equal to h(T),q), which equals
the supremum of the entropy rates over all partitions. Corollary 3.14 shows that for ¢ < 1
there exist systems for which those two suprema can take different values. This corollary is
a consequence of Theorem 3.13 which shows that PE(T,q) and PE(T, q) are both equal to
the Kolmogorov-Sinai entropy h(T) for ¢ € [0, 1] if the dynamical is piecewise monotone and
continuous.

For ¢ > 1 we give an example of a piecewise monotone and continuous ergodic dynamical
system for where PE(T, q) is strictly smaller than h(T'). This is not possible for ¢ = 1 which
shows that, unlike the generalized Kolmogorov-Sinai entropy, the permutation entropy based
on Rényi entropies behaves differently for ¢ > 1 than for ¢ = 1.

There are still many questions that are not answered in this thesis and to which there is
no known answer so far. For example, it is still an open question whether PE(T) < h(T)
holds true in general. There exists no proof but also no counterexample to this statement.
For ¢ # 1 we can typically only establish an inequality.

In Section 3.5 we investigate conditional variants of the permutation entropy. It was first
noticed in [37] that a conditional permutation entropy can converge faster than the original
permutation entropy which makes them attractive for practical applications.

3.2 Conditional entropies
One can quantify the relationship between two kinds of entropy by looking at the conditional

entropy of the partitions used in the definition of the corresponding entropies. Conditional
entropies are defined as follows:

28



3.2. CONDITIONAL ENTROPIES

Definition 3.2 (Conditional entropy). Let (€2, .27, u) be a probability space and P and Q
finite or countable partitions of €. Then

H(P|Q,q) :=H(PV Q,q) — H(Q,q)

defines the conditional Rényi entropy of P with respect to Q for all ¢ € R.

It follows from Lemma 2.25 that

H(P,q) — H(Q,q) <H(PV Q,q) — H(Q,q) = H(P|Q,q)

holds true.

By choosing P and Q as the partition into symbolic and into ordinal patterns, we can use the
above equation to quantify the entropy difference of the Kolmogorov-Sinai and permutation
entropy.

It is, however, often difficult to determine the conditional entropy exactly. Therefore,
we establish an upper bound for the conditional entropy that depends on the ’amount of
intersection” between two partitions. Let (£2,.97, u) be a probability space and P and Q two
partitions of 2. We define

A(P|Q) ={PeP:uPNQ) >0} (3.1)
as the collection of all subsets of P that are intersecting the set Q) € Q p-almost surely.

Lemma 3.3. Let (2,47, u) be a probability space and P and Q two finite or countable
partitions of 2. Then

HPI0.q) < { Daco (@) 0s#APIQ) forg=1
05 \maxgeolos#APIQ)  forg#1

holds true, where #A denotes the number of elements contained in a set A.

Proof. Consider the function f :]0,00[— R with f(x) = 2. Since f"(z) = q(q — 1)2972, we
have f”(x) < 0 for ¢ < 1 and f”(z) > 0 for ¢ > 1 for all z > 0. Thus, f is concave for ¢ < 1
and convex for ¢ > 1. Therefore, Jensen’s inequality (Lemma 2.14) implies

<f ) #(PNQ) if g<1

D .
PEA(PIQ) ( @) > f > 7#(57@%) if ¢ >1
PeA(P|Q)

for all Q € Q. Using this and the fact that the function q__—ll log is monotonically increasing
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for ¢ < 1 and decreasing for ¢ > 1 provides

H(PVQ,q) =

__11 log [ > ) u(Pn Q)q)

QeQ PeP

_ __1110g DD (PﬁQ)q)
)

q QeQ PeEA(P|Q

I O Ll u?;g))))

¢—1 QeQ PeA(P|Q)

(32 -1 P
< qllog(Z#A(PQ)-f( > ;&;%))

QeQ PeA(PIQ)

—1
= o | 3 #APIQ) - S (#ZE?@))

QeQ

= —qlos Z#A(PQ)”-M(Q)")

QReQ

QReQ

-1 1-q —1
= 1 log <<5135#A(7’!Q)> ) T =

= gleaé( log(#A(P|Q)) + H(Q,q)

-1 1=q q
< . log (gleaé(#A(P’Q)> : Z Q) )

- log (Z M(Q)q>

QEeQ

for all ¢ # 1. This is equivalent to H(P|Q, ¢) < maxgecg log(#A(P|Q)).
For ¢ = 1, consider the function g : ]0, 00] —]0, 00] with g(x) = xlog(z). This function is
convex because ¢”(r) = x71 > 0. So we can use Jensen’s inequality to show
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Using the above inequality provides

HPVQ) =—Y Y wPnQ)log(u(PNQ))

QeQ PeP
==> > uwPnQ)log(u(PNQ))
QeQ Pe-(P|Q)
<= > u(Q) - (log(u(Q)) — log(#A(P|Q)))
QeQ
+ 3 (@) - log(#A(PIQ).
QeQ
This is equivalent to H(P|Q) < > nco Q) - log(#A(P|Q)). O

So the conditional entropy is bounded by the average logarithmic ’amount of intersection’
for ¢ = 1 and the maximal logarithmic ’amount of intersection’ for ¢ # 1. Notice that the
upper bound for ¢ # 1 in the above lemma cannot be smaller than the upper bound for ¢ = 1.

3.3 Permutation entropy as an upper bound for K-S entropy

The aim of this section is to investigate if the permutation entropy is an upper bound for the
Kolmogorov-Sinai entropy, i.e. if

PE(T,q) = h(T, q)

holds true for all ¢ > 1. We will focus on the lower permutation entropy because the obvious
inequality PE(T, q) > PE(T, q) implies that the upper permutation entropy will be an upper
bound if the lower permutation entropy is.

3.3.1 Combinatorial approach using Rényi entropy

In this subsection, we want to show that the permutation entropy is an upper bound for the
Kolmogorov-Sinai entropy by using combinatorial arguments. To achieve this, it is necessary
that the order information given by the partition into ordinal patterns OP(n) can be used
to infer information about the possible symbolic patterns P . This is only possible, if the
elements of P can be ordered in some sense. We will call partitions whose elements can be
ordered ordered partitions.

Definition 3.4 (Ordered partitions). Let 2 be a subset of R and 2 be the Borel o-algebra
on  and p be a probability measure on (£, %). Then we call a partition P = {P,};c; of Q
ordered (with regard to p), if

12 ({(w1,ws) € Py X Py | w1 < wa}) € {0,p%(Py; x Piy)} (3.3)

holds true for all i1,i9 € I with 47 # 2. Here ,u2 denotes the product measure of y with
itself on the product o-algebra £ ® Z. We define

Po(AB) :={P € P(#) | P is an ordered partition}

and
PS(R) := {P € P°(A) | P is an ordered partition}.
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The product measure p? is defined by

12(A % B) = u(A) - u(B)

for all A,B € A.

Remark 3.5. Notice that

{(w17w2) € b, x P, | w1 <w2} = (Pll X Pi2)ﬂ U] _OOvQ]X](LOO[ EBRA
q€Q

holds true. Therefore, the probability u? ((P;, x P;,) N R) is well defined. This might not
necessarily be true if the Borel o-algebra 4 is replaced with an arbitrary o-algebra.

Given two disjoint intervals P;, and P;, for i1, 2 € I with ¢; # 42, one of the intervals has to
be located to the left of the other intervals. Without restriction of generality we can assume
that P;, is the left interval. Then any point w; € FP;, is smaller than any point wy € P;,.
Hence

{(wl,OJQ) S Pil X PiQ | wyp < CL)2} = Pil X Pz'2

and
{(wi,w2) € P, X Py, w1 <we} =10

hold true, which implies
N2 ({(wlv"‘)?) € Pi1 X PiQ | wr < WQ}) € {07M2(]Di X Pl2)}

for all 41,49 € I with i1 # is. So every partition P = {P;};c; into intervals is an ordered
partition. Therefore, the partitions in P,(%) can be seen as probabilistic versions of interval
partitions.

In the following lemma, we will prove the existence of an upper bound for the ’amount of
intersection’

A(P™|Py) = (P e P™ | u(PNP;) > 0}

between ordinal and symbolic patterns, given an ordered partition P.

Lemma 3.6. Let (Q, <7, u,T) be a measure-preserving dynamical system, X : Q@ — R
a random variable and U/ a finite ordered partition of R with regard to px. Then for
P:= X"YU), n € Nand all P, € OPX(n)

LAP™|P,) < (" + Al — 1)

#HU -1

holds true.

Proof. Set I ={1,2,...,#U} and label the sets U; € Y with i € I in such a way that
i1 <y = ({(wi,wa) € (XTH(Uiy) x X1 (Us,)) | X(wi1) > X (w2)}) =0 (3.4)
holds true for all i1,49 € I. Since U is assumed to be an ordered partition, this is always

possible. Set P; := X ~1(U;) for all i € I so that P = {P,}ic;.
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Fix n € N and P, € OPX(n). Using

for all 4 = (ig,i1,...in—1) € I", we have

#A(PM|P,) = #{i € I' | u(P(§) N Py) > 0.

For all w € Py,
X(THw) < XT™(w) <...< X(T™ ' (w))

holds true. Using (3.4), this implies
iﬂ'o S iﬂ'l S cee S Z.7rn,1
for all 2 = (ig, i1, ...in—1) € I" with u(P(2) N P;) > 0. Therefore,

#A(PM|Py) = #{(ig, i1, .. in1) € I"™ | p(P(i) N Py) > 0}
< #{(io,il, .. ~7:n—1) eI ’ iwo < im <...< iTrn71}

_(n+H#U-1
o\ #U-1
holds true for all P, € OPX (n). O

This lemma can be used to directly proof the following two corollaries 3.7 and 3.9.

Corollary 3.7. Let (Q,4,u,T) be a measure-preserving dynamical system, X =
(X1,X2,...,Xg) : Q@ — R% a vector of random variables and U a finite partition of R
into intervals. Then

d d
h (T, \/ Xl.l(u)> < lim h <T, \/ orX (k))

i=1 i=1
holds true.
Proof. Take k,m € N and set P; := X; '(i). Then

H(P™ |(0PX: (k)W)

3

IN

H(TM(PM)|(0PXi (k)

~
o

3

IN

H(T* (P T+ (0PXi (k)

~+
Il
()

3

H(PP|0P¥i(k))

t=

= mH (P |OPYi (k)

o
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holds true for all s € {1,2,...,d}. Together with Lemma 3.6 and 3.3, this provides

d
h<T’\/7’i>—n1£20iH<\/7’ )—n%znooniff(\/P )
=1

=1

< lim —H (\/ PRy (OPX(k))<mk>>

m—o0 mk

= Hm % H (OPX (k)™ + H (\d/1 P}m’“)\(OPX(k))W))]
- g L [morueny oS ot 0px<k>><mk>>]
< i 1 0P @)+ 3 (0P 0 74)

m—oo | m

< lim %H((OPX(@)W)) +Z;H(Pi(k)|OPXi(k))]
d

= WT,OPX() + Y L H(PPIOP¥: (1)

=1
d
<HT,OoPX()+Y - Y u(PX)log#APY|PX)
=1
d
+

1 | b+ #U — 1
> % > wPF)log <( a1 >>
=1 pXicopXi(k)
k+#U—1
o (< #U 1 >>
log ((k + #U — 1>#u—1>

log(k + #U — 1)
k

Tl

= W(T, 0P (k) + d(#U — 1)

for all £ € N. This implies

WT.P) < lim | (T, 0P (k) + d(gu — 1)} 08F F#U =1

k—o00 k

]_1 W(T,0P(k)). O

The following theorem can be found in [3]. We give here a different and shorter proof than
the one shown in [3] that relies mainly on the combinatorial argument of the above corollary.

Theorem 3.8. Let (2,97, u,T) be a measure-preserving dynamical system and X
(X1, Xo,...,X) : © = R? a vector of random variables satisfying

o ({XioT"|teNg,i €{1,2,...,d}}) = . (3.5)

Then
h@):gmhaxpxw»
—00

holds true.
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Proof. Let p; : RY — R with p;((z1, 2, ...,2q)) = z; be the projection on the i-th coordinate.
Let %(R?) denote the Borel o-algebra on R?. Since this o-algebra is generated by sets of the

type
Il XIQ X ...Id,

where I; are intervals, there exists an increasing sequence of partition (U;);cy of R into inter-
vals, such that

BRY) = o ({p7 W) |1 eNyi€ {1,2,....d}})

holds true. Using (3.5), this implies

THXYp; ') | t € No,l € Nyi € {1,2,...,d}})
THX7'U)) |t € No,l € Nyi € {1,2,...,d}})

. ((7 <7 TH{X;N W) i€ {1,2,...,d}})>

I=1t=1

Thus, (P;)ien with

d
P = \/ X;l(ul)
i=1
is a generating sequence of finite partitions, which implies

WT) = lim W(T,P))

l—o0

according to Theorem 2.28. Corollary 3.7 provides
(T, P) < lim h(T, oP* (k))
for all [ € N. Combining the two previous statements yields
WT) = lim A(T,Py) < lim A(T, OPX (k)). (3.6)

On the other hand,
WT)= sup h(T,P)> lim h(T,OP%(k))
PeP(o) k—oo

holds true, which, together with (3.6), finishes the proof. O

Corollary 3.9. Let (Q2,%,u,T) be a measure-preserving dynamical system with Q C R.
Then for all finite ordered partitions P € P,(%)

PE(T,q) > W(T,P,q)

is true for all ¢ € R.
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Proof. Using Lemma 2.25, Lemma 3.6 and Lemma 3.3 yields

H(P™,q) <H(P™ v OP(n),q) = H(OP(n), q) + H(P™|OP(n), q)
<H(OP(n),q) + maxlog(#A(P"| Pr))

<H(OP(n), q) + max log ((n ;ﬁﬁ; 1))

<H(OP(n),q) + max log ((n + #P — 1)#73—1)
<H(OP(n),q) + (#P —1)log(n+ #P — 1)

for all ¢ € R. Hence,

PE(T, g) = liminf ~ H (OP(n), q)

n—oo N
1
> liminf - [H(P<n>, q) — (#P — 1) log(n + #P — 1)]
= liminf © H (P(”),q) = MT,P,q). O
n—oo M

Theorem 3.10. Let (2, %, 1, T) be a measure-preserving dynamical system with Q C R.
Then

PE(T,q) > sup h(T,P,q)
PEeP,(A)

holds true for all ¢ € R. In particular,
PE(T) = h(T)

is true.

Proof. The first inequality is an immediate consequence of Corollary 3.9. Since the Borel
o-algebra is generated by intervals, Theorem 2.28 provides

sup h(T,P)=h(T)
PEP,(2)

This implies the second inequality. O

3.3.2 Generating partitions for Rényi entropy

As an alternative approach to using combinatorial arguments one can use the generating
properties of ordinal patterns to show that the permutation entropy is an upper bound for
the Kolmogorov-Sinai entropy using Rényi entropy.

Recall that a sequence of partitions {Py }ren is called generating sequence of partitions, if

P < Pyyq for all £ € N and
o (\/ Pk> f 4
k=0
holds true (see Definition 2.27).
One of the key properties of ordinal patterns is the fact that the sequence (OP(k))ren of

ordinal patterns is generating for ergodic systems:
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Theorem 3.11 (Ordinal patterns are generating [3]). Let (2, %, u,T) be an ergodic
measure-preserving dynamical system with  C R. Then (OP(k))ken is a generating se-
quence of partitions, i.e.

o (OP(k))ren) m ]

holds true. This implies
klim h(T,OP(k)) = h(T)
—00

A proof of this theorem can be found in [3]. One can also show that in the one-dimensional
case the limit of the entropy rates based on ordinal patterns is a lower bound for the permu-
tation entropy. To show this, one does not even need to require that the underlying system
is ergodic.

Lemma 3.12. Let (2, %, u,T) be a measure-preserving dynamical system with Q C R.
Then
PE(T,q) > lim A(T,OP(k),q)
k—o0

holds true for all ¢ € R.

Proof. For all k,n € N
OP(n + k) > OP (k)™

holds true. According to Lemma 2.25, this implies
1 1
PE(T, q) = liminf —H(OP(n + k),q) > liminf —H(OP(k)",q) = h(T,OP(k),q)
for all £k € N and ¢ € R. Thus,

PE(T.q) > lim h(T,0P(k).q) O
—00

We would like to show that PE(T,q) > h(T,q) holds true for all ¢ € R using the above
lemma. Therefore, we need to investigate, whether
lim A(T,OP(k),q) = h(T,q) (3.7)
k—o00
holds true for all ¢ € R. For ¢ = 1 and ergodic systems, this follows from Theorems 3.11 and
2.28, using the fact that the sequence of ordinal patterns is generating. For ¢ # 1 we can not
show that (3.7) is true because there exists no statement like the one given in Theorem 2.28
when using Rényi entropy for ¢ # 1. In the following, we will give an example of a dynamical
system and a generating sequence of partitions that does not generate the entropy for ¢ # 1:
Choose the stochastic vector p with H(p) # H(p, q) for ¢ > 1, for example p = (1/3,2/3).
Let ([0,1], B, T, 1) be the Bernoulli shift generated by the stochastic vector p and

Pr = {[i- N" (i+1)-N*|ic{0,1,..., N* —1}}
Lemma 2.29 implies

k—o0
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for all ¢ € R. For ¢ = 1, this provides

h(T) = lim h(T,Pyx) = H(p) (3.8)

k—o0

due to Theorem 2.28 and because (Py)ren is a sequence of generating partitions (see exam-
ple 1).
Since Bernoulli shifts are aperiodic and ergodic (see for example [7]), Theorem 3.1 provides

h(T,q) = h(T)

for all ¢ > 1. Using the fact that A(T") = H(p) holds true for a Bernoulli shift 7', one can
conclude

klggo h(T7 Pk,Q) = H(p, Q) 7& H(p) = h(T) = h(Ta Q)

holds true for all ¢ > 1.

So we have shown that a generating sequence of partitions does in general not generate the
entropy for ¢ # 1. As a consequence, we cannot use properties of generating partitions for
q # 1 to determine the entropy and are, therefore, not able to show that (3.7) holds true.

3.3.3 Permutation entropy for ¢ < 1

Takens and Verbitsky showed that
hT',q) = oo

holds true for all ¢ < 1 and aperiodic maps T [36]. So it is natural to ask whether PE(T, ¢) =
oo is true as well for ¢ < 1. This question is directly related to the following question:
Does

sup  h(T,P,q) < h(T\q) (3.9)
PeP,(A)

hold true for ¢ < 17
Theorem 3.10 provides

PE(T,q) > sup h(T,P,q)
PeP,(A)

for all ¢ € R, so a positive answer to (3.9) would imply PE(T,q) = co. However, this is in
general not true as we will see in the following Theorem.

Theorem 3.13. Let (2, %, u,T) be a measure-preserving dynamical system with Q@ C R
being an interval. Suppose there exists a finite partition M of €2 into intervals such that T’
is monotone and continuous on each of those intervals. Then

PE(T,q) < lim ~log #{M € M | M # 0)

holds true for all g > 0.

Proof. Let M be the partition into intervals on which T is monotone and continuous. It was
shown in [4] that

lim  log #{P, € OP(n) | Py # 0} = lim L iog #{M € M™ | M # 0}
n—oo n n—oo n
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holds true for the here considered class of functions. Therefore,

— 1
PE(T,0) = limsup — log Z p(Py)°
n—oo T
PnGOP(n)

1
= lim sup - log #{Pr € OP(n) | p(Pr) > 0}

n—oo

< lim %log #{Py € OP(n) | Py # 0}

holds true. The quantity limsup,, %ooilog #{P, € OP(n) | Pr # 0} could be considered
a topological version of the permutation entropy. Using the fact that the Réniy entropy is
monotonically decreasing in ¢ (Lemma 2.17) then implies

PE(T,q) < PR(T,0) < Tim log#{M € M) | M # 0}

for all ¢ > 0. O

Given a dynamical system satisfying the conditions in Theorem 3.13, the above theorem
implies in particular
Thm. 3.10 __

1
sup h(T,P,q) < PE(T,q) < lim —log#{M € M™ | M # 0} <log(#M) < oo
PeP, () n—oon

for all ¢ € [0, 1[. In contrast, we have

sup (T, P,q) = h(T',q) = o0
PeP(B)

for all ¢ € [0, 1] and aperiodic functions.
If T is continuous on all of €2, it was shown by Misiurewicz and Szlenk that lim,, % log #{M €

M) | M # 0} is equal to the topological entropy of the dynamical system [22]. A measure

p is called measure of maximal entropy if the Kolmogorov-Sinai entropy h,(T') is equal to the
topological entropy. The Lebesgue measure as an invariant measure for the tent map would
be an example for such a measure. Many of the practical relevant measures are measures of
maximal entropy. So if (Q,%, u,T) is an continuous system and p is a measure of maximal
entropy, then lim,, . %log #{M € M™ | M +# 0} is equal to the Kolmogorov-Sinai entropy.

In this case, one can exactly determine the value of PE(T),q) for ¢ € [0, 1] as shown in the
following Corollary:

Corollary 3.14. Let (Q, %, u,T) be an ergodic measure-preserving dynamical system with
Q) C R being an interval. Suppose there exists a finite partition of () into intervals such that
T is monotone and continuous on each of those intervals. If

lim —log #{M € M®™ | M £ 0} = h(D),
n—00 M
then

PE(T,q) = PE(T,q) = sup h(T,P,q) = h(T)
PeP,(A)

holds true for all g € [0, 1].
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Proof. Fix q € [0,1]. Theorem 3.13 provides

PE(T.q) < lim %log #{M € M™) | M £ 0} = h(T)

and Theorem 3.10 yields

PE(T,q) > sup h(T,P,q).
PEeP,(A)

Combining those statements with the fact that the Rényi entropy is monotonically decreasing
in ¢ (Lemma 2.17) results in

WT) =PE(T,q) > PE(T,q) sup h(T,P,q) > sup h(T,P,1)=h(T). m
PEP(A) PEP,(A)

3.4 K-S entropy for piecewise monotone functions

3.4.1 Overview

The aim of this section is to investigate if the Kolmogorov-Sinai is an upper bound for the
permutation entropy entropy, i.e. if

PE(T) < h(T)

holds true. We will focus on the upper permutation entropy because the obvious inequal-
ity PE(T) < PE(T) implies that the lower permutation entropy will be bounded by the
Kolmogorov-Sinai entropy as well.

If we manage to show that PE(T') < h(T) holds true, we can combine this with the inequality
PE(T) > h(T) obtained in the previous section to conclude

PE(T) = PE(T) = h(T).

Unlike in the previous section, we will restrict our considerations to the case ¢ = 1. The
reason for this becomes clear in Section 3.4.8 where we will give an example of a piecewise
monotone function for which PE(T, q) = h(T, q) does not hold true for ¢ # 1.

Bandt, Pompe and G. Keller proved the following statement in 2002:

Theorem 3.15 ([4]). Let (Q, %, u,T) be a measure-preserving dynamical system for some
interval 2 C R. If there exists a finite partition of € into intervals such that T is piecewise
monotonically increasing or decreasing and continuous on each of these intervals, then

PE(T) = h(T) (3.10)

holds true.

A map T : Q — R is called monotone on an interval M C Q if
w1 <wy implies T(wy) < T(we) for all wi,wy € M

or
w1 <wg implies T(wy) > T(w2) forall wi,ws € M
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holds true. Bandt and Pompe called a map T piecewise monotone if there exists a finite
partition M of €2 into intervals such that 7" is monotone and continuous on each set M € M.

Here, we want to consider functions 7" that are piecewise monotone in a more general and
probabilistic sense. Therefore, we give a different definition for piecewise monotony, which is
similar to Definition 3.4 of ordered partitions.

Definition 3.16 (Piecewise monotone function). We call a map T : Q — Q (countably)
piecewise monotone (with regard to p) if there exists a partition M = {M,};er € P¢ such
that

p? (M; x M) N RN (T x T)"Y(R)) € {0,u* (M; x M;) N R)} (3.11)

holds true for all i € I, where R = {(z,y) € R? | z < y}. We will call such a partition M
partition into monotony parts or partition into monotony sets of T

It was not known whether (3.10) is true for a more general case than piecewise monotony.
In the following paragraph, we consider the well studied Gauss function as an example of
a countably piecewise monotone map. While the value of Kolmogorov-Sinai entropy of this
function can be determined analytically, the value of the permutation entropy was unknown
so far.

In this section, we are able to show that the equality of K-S and permutation entropy still
holds true if we omit the condition of continuity and if there exists a countable partition of
the domain of definition into intervals such that the one-dimensional map is monotone on
each of those intervals. Unlike in the paper of Bandt, Pompe and G. Keller [4], we do not
require that this partition into intervals is finite. Since continuity and the finiteness of the
partitions into monotony intervals was crucial to the approach used in [4], we are forced to
apply different methods here, and use a more measure-theoretic approach.

Example 3 (Gauss function). The map T : [0, 1] — [0, 1] with

T(w) = 1/w mod 1 %fw>0

0 ifw=0
is called Gauss function (see Figure 3.1). This map is measure-preserving with regard to
the measure p, which is defined by pu(A) = @ N IJ%I dx for all A € £ [7]. The partition

M = {[n%rl, 1[l'n € N} U {{0}} of [0,1] is a partition into monotony intervals of 7. The
map T is countably piecewise monotone but not piecewise monotone. Therefore, we cannot
use Theorem 3.15 to decide whether PE(T") and h(T) are equal. However, we can use our

new theorem below to show the equality as explained in Section 3.4.4.

We will show here that (3.10) is true for countably piecewise monotone maps T as well.
Our main result can be formulated as follows:

Theorem 3.17 (Main result). Let (Q,%, 1) be a Standard probability space with & C R
and 7" : Q — Q a measure-preserving map. Suppose that T is countably piecewise monotone
and M a countable partition into monotony parts of T' with H(M) < co. Then

PE(T) = PE(T) = h(T)
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Figure 3.1: Graph of the Gauss function 7.

holds true.

We have already given a proof of the above theorem in a paper together with K. Keller
[12]. The proof given in this thesis is more comprehensive, especially the generalization to
non-aperiodic systems. The different arguments used to proof the results are singled out more
precisely. Additionally, the proof of the non-ergodic part presented in this dissertation uses
completely different techniques compared to the proof in the before mentioned paper.

Theorem 3.17 is a consequence of the following more general theorem:

Theorem 3.18. Let (Q, %, u, T) be a measure-preserving dynamical system with Q C R,
and assume that the following conditions are satisfied:

Condition 1: There exists a finite or countably infinite ordered partition M =
{M;}icr C # with H(M) < oo and some m € N with

MM @ MM VIR Q*\ R} < MM oMM v \/(T xT)™ ({R,Q*\R}).
u=1

(3.12)

Condition 2: For all € > 0, there exists a finite or countably infinite ordered
partition Q with H(Q) < oo and

1 n
Z lim sup — Z w(Q@NTHQ)) <e. (3.13)
aem T S
Then
PE(T) < W(T)
holds true.
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As already mentioned, the above theorem is a generalization of the result of Bandt, Pompe
and G. Keller (Theorem 3.15 here). Note that in the simpler case of piecewise monotony the
restriction H (M) < oo is not necessary because H (M) is always finite for a finite partition
M into monotony intervals.

To prove our results, we begin with Lemma 3.19 by reducing our problem to a combinatorial
one. This is analogue to the approach used in [4]. While Bandt et al. followed this by an
examination of periodic points, utilizing the piecewise monotony and continuity, we use the
piecewise monotony more directly and then apply measure-theoretic arguments.

Rough outline of the proof We first start by proving Theorem 3.18. To achieve this, it will
be shown in subsection 3.4.2 that the entropy difference PE(T) — h(T,P) is bounded from
above by a term depending on the number of intersections between sets of points with an
ordinal pattern and the sets of the partition (). This number of intersections depends on
the chosen partition P.

The partition P will be chosen as a combination of the partitions M and Q given in the
conditions 1 and 2 of Theorem 3.18. Using condition 1, we show that for this choice of P
the upper bound for the entropy difference is finite. Condition 2 allows us to create an upper
bound that can be smaller than any ¢ > 0.

After proving Theorem 3.18, we will use this result to prove Theorem 3.17. We will first
show, that condition 1 in Theorem 3.18 is satisfied for (countably) piecewise monotone func-
tions. Then it will be shown, that condition 2 is satisfied for aperiodic and ergodic functions.

In subsection 3.4.5, ergodic decomposition will be used to generalize the above result for
ergodic and aperiodic functions to non-ergodic and aperiodic functions.

Finally, in subsection 3.4.7, the assumption of aperiodicity will be removed.

3.4.2 Upper bound for entropy difference
Recall that we defined

A(OP(n)|P(i)) = {Px € OP(n) [ p(P(i) N Pr) > 0}

for ¢ € I™ as the set of all permutations whose ordinal patterns are intersecting the set
P(t). Roughly speaking, if the size of A(OP(n)|P(¢)) does not grow too fast on average for
increasing n, then the partition OP(n) does not add a lot of new information to P, so
H(OP(n)) and H(P™) will be similar in size.

We give an upper bound on the difference between PE(T') and h(T') based on #A(OP (n)|P(3)).

Lemma 3.19. Let (2, %, u, T) be a measure-preserving dynamical system with 2 C R and
P = {P,}icr a finite or countable partition of 2 with H(P) < oo. Then

PE(T) < A(T, P) + limsup = 3 u(P(i)) log(#A(OP()|P()
1el™

and, for all ¢ > 1,

PE(T, q) < h(T, P, q) + limsup - maxlog(#A(OP(n)] P(3)))

n—oo TN

hold true.
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Proof. Let P = {P;}icr be a finite or countable partition of Q with H(P) < co. Lemma 3.3
provides

2 iezn M(P(2)) - log(#A(OP(n)|P(3)))  for ¢ =1

H“P“”P”)S{mmmmma#A«wumpa»> for g > 1.

This implies

H(OP(n)) < (73(”) vV OP(n)) = H(P(”)) + H(OP(n)|P™)
M)+ Y u(P(i))log(#5SF (4))

eln

and
H(OP(n),q) < H(P™,q) + max log(#A(OP (n)| P(1)))

for ¢ > 1. Dividing both sides by n and taking the limit superior n — oo finishes the proof. O

The above lemma allows to reduce the task of determining the difference between H(OP (n))
and H(P™) to determining the quantity A(OP(n)|P(3)) in dependence of n € N. Determin-
ing the latter can be done using combinatorial arguments and exploiting the monotony of T'.
This will be done in the following two lemmas 3.20 and 3.21.

Lemma 3.20. Let (2,4, u,T) be a measure-preserving dynamical system with Q C R.
Suppose, there exists a finite or countable ordered partition M = {M; };c; of Q and m € N
such that

MM @ MM v {R,R*\ R} < MM MM v \/(T xT)™({R,R*\R}) (3.14)

u=1

holds true, where R := {(w1,w2) € 92 : w; < wa} and M™ @ M™ = {M(3) x M(j) :
2,7 € I"}. Then for all n € N with n > m and multi indices & = (ig,i1,...,%p—1) € I"

#A(OP(H)|M(Z)) < 22;”:1 #{s€{0,1,....n—1}|is=ip—o and s#n—u}

is true.

Proof. Fix m € N and n € N with n > m and @ = (ig,i1,...,in—1) € I". We will show that

ME @ M)y \_/ (T x T)"*({R,R?>\ R})
t=0
< M o M v \_/1 (T x T)"*({R,R*\ R}) (3.15)

holds true for all s € N with s > m using induction over s:
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The above statement is trivial for s = m. Suppose, (3.15) holds true for some s € N with
s > m. We will now show that (3.15) holds for s + 1:

S

MO 6 M)\ (0 ) (.2 RY)
t=0

s—1
= (TxT)"! (M(S) @ MO v\ (T x 7)™ ({R,R?\ R})>
t=0

v M™ @ MM v {RR?\ R}

G (T xT)~* (/\/l(“”) @M v s\/l(T x T)7t ({R,R?\ R}))
t=0
v MM @ My \7 (T x T)™" ({R,R?\ R})
u=1
= (TxT)™! (M(S) @ MB) v 8\_/1(T x T)7t ({R,R?\ R})> VMe M
t=0
< (T xT)™" <M(S) ® M) v \_/1 (T x T)~* ({R,R?\ R})) VMo M (3.16)

= M@ MEF Y\ (T < T)™* ({R,R*\ R}),

t=s+1—m

In (3.16), the induction hypotheses was used.
Notice that

MM = \n/(id,:r)*”“ (MO @ Mm@,

s=1

OP(n) = \/(id,T) ""* <\/(T x T)H{R,R?\ R}))

s=1 t=0

hold true (see (2.16)). This implies

<=

s—1
M v oPn) = \/(d,T) " (M(S) ® MO v \/(T x )" ({R,R?\ R}))

t=0

©
Il
—

3
|

1 s—1
= \/ (id,T7)~"+* (M(S) ® MO v \/(T x T)""({R,R?\ R}))

t=0

»

<= -

s—1
v \/ (id, T) "+ (M(s) ® MO v \/(T x )" ({R,R?\ R}))

t=0

w
Il

m
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3.15) ™! sl
32 V Gd, 7)™ [ MS @ MO v \/(T x T)~ ({R,R* \ R})
s=1 t=0

n s—1
v \/ (Gd, 1)~ <M<S>®M<S>v \ (TxT)t({R,R2\R})>
s=m t=s—m

n—1 n—1

=MD v \/ \/ (@, T {R,R*\ R}).

s=0t=n—m

Therefore,
#A(OP (n)| M (i) = #A(M™ v OP (n)| M (i))
n—1
M v/
s=0t
V \/ (T°,T) " ({R, R?\ R})|M(3) )
1
#

=0t=n—m

n—

T, T ({R,R?\ R})IM(i)>

1
(
=n—m

S#A<
(Y

n

o

IA

n—1
A ( (T°, T ({R,R*\ R})\M(i)>

Il
= O

n—1

T #A (7, 7)) '({R.E2\ R})M() (3.17)

0t=n—m

3 »

IA
—

S

holds true. Note that
(T, TH ' ({R,R*\ R}) = {w € Q: T%(w) < TH(w)},{w € Q: T%(w) > TH(w)}}.
For s = t, we have
#A((T°,T) 7 ({R,R*\ R})|M(3)) = #A ({0,Q}[M () =

If i5 # iy is true, T%(w) and T*(w) are located in different sets M;, and M;, for all w € M(4).
Since p-almost every point in the left interval is smaller than any point in the other interval,

M(@) vV (T*, T) " ({R,R?* \ R}) = M(3)
holds true, which implies
#A((T°, T ' ({R,R*\ R})|[M(3)) < #A (M(3) v (T°,T") " ({R,R*\ R})|M(3))
= A (M) M) = 1.
In all other cases, we have
#A (T, T ({R.R*\ RY)|[M(3) < #(T°,T")"'({R,R*\ R}) = 2.

The above considerations can be summarized as

=1 if s= T is 7 Uty
#A ((T*, T ({R,R?\ R})|M(3)) {< 9 if Z £ z Zn; ;é:tit.

In combination with (3.17), this provides

#A ((zvs7 T:t)fl({]%7 R2 \ R})|M(’L)) < 22?;73_m #{s€{0,1,...,n—1]is=4; and s#t}
_ 22?:1 #{s€{0,1,....,n—1]is=in—n and s;én—u}. ]
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In the following subsection we will show that the conditions of the previous lemma can be
satisfied for m = 1 if the function 7" is countably piecewise monotone.

One could also state the previous Lemma for m = 0 by setting M) := {Q} and \/}_, (T x
T)"'({R,R%\ R}) := {Q} as trivial partitions and U?:l{s €{0,1,...n—1} | i =i,y and s #
n — 1} := . The conditions for m = 0 are satisfied if the function is monotone on  itself,
since then {R,R?\ R} < {Q} holds true.

In subsection 3.4.6, we will give an example of a dynamical system where the requirements
of Lemma 3.20 can not be fulfilled for m < 1 but for m = 2.

Roughly speaking, the number m determines for how far in the future the ordinal structure
needs be observed to determine the ordinal structure in the present.

Proof of Theorem 3.18. Take € > 0. According to Conditions 1 and 2, there exist finite or
countably infinite ordered partitions M = {M;}icr, Q = {Qj}jes and m € N with H(M) <
oo and H(Q) < oo satisfying (3.12) and (3.13). Consider the partition

P =MV Q={MNQj}ujerxs = {Fij)}ajerxr-

Notice that P is again a finite or countably infinite ordered partition with H(P) < H(M) +
H(Q) < oo. Using Lemma 3.19, this implies

PE < A(T,P) +limsup 3" ju(P((G.5)) lo(#A(OP(n) (3. 5))))
O eI x )

SKS+lmswp Y u(P(G.) g #AOPWIP(@IN).  (3.15)

(t,3)e(IxJ)™

where we consider (4, 7) as a single multiindex and I x J as one index set. So

ﬂ Mlt N th)

=0

for all (2,7) = ((i0,J0), (91,71),- - -, (in—1,Jn—1)) € ( x J)". Lemma 3.20 provides

1)
(n

Y. ulP((,4))) - log(#A(OP(n)|P((3, 4))))
(5,4)e(Ix )™
<log?2 Z w(P((2,7))) (Z #{s€{0,1,....,n—1}| (is,7s) = (in—u, jn—u) and s # n — u})
(t,4)e(IxJ)™ u=1
§log2 Z wu(P( (Z#{sé{O,l,..,n—l}US:jnuands#n—u})
e(IxJ)n
logZZ Z < ))) #{s€{0,1,....n—1} | js = jn—w and s #n — u}
u=1jeJjn zGI”
logQZZ )-#{s€{0,1,....n—1} | js = jn—w and s #n —u}
u=1jeJn
<log222 c(#{se€{0,1,..on—u—1} | js = jn-u} +u—1)
u=1jeJjn
=log2- | m( —1/2+ZZ #{s€{0,1,..,n—u—1}|js = jn_u} | (3.19)
u=1gjeJjn
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Combining (3.18) and (3.19) yields

PE(T) < h(T) +log2 thsupl S Q) - #s €40, 1o m—u—1} | s = juu).

u—y "0 jean

For each u € {1,...,m}, we have

timsup = 3™ w(QU)) - #{s € 10,1 —u— 1} s = ju-u}

n—oo ]EJ”

—hmsup— Z Z ((Fydn—u))) - #{s€{0,1,....n —u—1} | js = jn—u}

oo njn wEJ jen—u
timsip 3 Sl € THQy L) | A € (0L — 1) | Tw) € Q) = 1) -1
n—oo N —U
Jn—u€J 1=0
n—u

o uTTTHQINTTHQ))

QeQ 1=0
(3. 13)
:thsup Z,u QNTHQ))
0co n—oo T —
Hence,
PE(T) < h(T) +log2-m-e.
The statement of the theorem is then proven by choosing € arbitrarily close to 0. 0

3.4.3 Using monotony

In this subsection we show that condition 1 of Theorem 3.18 is satisfied for m = 1 if the
function T is (countably) piecewise monotone.

Lemma 3.21. Let T : Q2 — € be a countably piecewise monotone map on 2 C R and
M = {M;},cr a countable partition into monotony parts of 7. Then (3.14) holds true for
m = 1, that is

MOMV{RR*\R} < MMV (T xT)'{R,R*\ R})

is true.

Proof. We will show that for all ¢,5 €
M; x M; V{R,R*\ R} < M; x M;V (T xT)"'({R,R?\ R})

holds true, which implies the statement of this lemma.

If i # j holds true, w; and wy are located in different sets M; and M; for all (wi,ws) €
M; x M;. In Figure 3.2, this corresponds to the fact that M; x M; either completely lies in the
triangle R or in the triangle R? \ R. Since p-almost every point in the left interval is smaller
than p-almost every point in the other interval,

MZ‘XMj\/{R,Rz\R}%MZ‘XMj
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Figure 3.2: The striped area corresponds to the set R = {(w1,w2) € Q% | w1 < we} and the
gray area to (T' x T)~!(R) for the Gauss function 7.

holds true, which yields
M; x M V{R,R*\ R} < M; x M; < M; x M; vV (T x T)"'({R,R*\ R}).

If i = j holds true wy and ws are located in the same set M; = Mj;. Since the function 7" is
monotone on M;, the order relation between w; and wo is either the same as the order relation
between T'(wi) and T'(wo) for all (wi,ws) € M; x M; or the the same as the order relation
between T'(w2) and T'(wq) for all (wi,ws) € M; x M;. This implies

M; x M; V{R,R*\ R} < M; x M; v (T x T)"'({R,R*\ R}).

In terms of Figure 3.2, this means that in each square M; x M; the set R is equal to
(T x T)"Y(R) if T is monotonically increasing in M; and equal to (T x T)~Y(R¢) if T is
monotonically decreasing in M;. O

Lemma 3.22. Let T : Q — Q be a countably piecewise monotone map on 2 C R and
M = {M,}icr a countable partition into monotony parts of 7. Then for all n € N and multi
indices @ = (0,41, ... ,n-1) € I"

#A(OP(H)|M(’L)) < 2#{36{0,1,...,71—2}|iS:z'n_1}

holds true.
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Proof. This is an immediate consequence of Lemma 3.21 and Lemma 3.20 for m = 1. O

Corollary 3.23. Let (2, %, u,T) be a measure-preserving dynamical system with Q C R.
Let T be countably piecewise monotone and M a countable partition into monotony parts
of T. If H(M) < oo holds true, then

LH(OP(n), q) < THM®™, ) +1og2

n

S|

for all ¢ > 1. In particular,

PE(T) < h(T, M) +1log2 < h(T) + log 2.

holds true.

Proof. We have

PE(T) < h(Z, M) +limsup — 3 u(M(@)) log(#A(OP(n) M (0)))

noo i
according to Lemma 3.19. Lemma 3.22 provides
#A(OP(H)|M(2)) < 2#{36{071,...,71—2}\iszin_1} < gn—1

for all n € N. Combining the above statements yields

PE(T) < h(T, M) + limsup = 3 ju(M(@))(n — 1) log2

n—oo T !
iel”
= h(T, M) +limsup(n — 1)/nlog2 = h(T, M) + log 2
n—oo
< h(T) + log 2. O

Remark 3.24. The upper bound log?2 on the difference between the entropies in corol-
lary 3.23 does not depend on the map 7', as long as T is countably piecewise monotone. So
we have, in particular, PE(T™) < h(T™) + log?2 for all m € N, which leads together with
PE(T™) > h(T™) to

h(T) = lim @

m—00 m

(3.20)

However, it is, to our knowledge, not known whether lim,, o, PE(T™)/m = PE(T) holds
true in general.

We will now show that the conditions in the above lemma can be satisfied if the considered
dynamical system is ergodic. In a later subsection we will show that those conditions can be
fulfilled for non-ergodic systems as well.

3.4.4 The ergodic case
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Theorem 3.25. Let (2, %, 1, T) be a measure-preserving dynamical system with Q C R.
Let T be aperiodic, ergodic and countably piecewise monotone and M a countable partition
into monotony parts of 7. If H(M) < oo holds true, then

PE(T) = PE(T) = h(T).

Proof. To proof this theorem, we need to show that the two conditions of Theorem 3.18 are
satisfied. It follow from Lemma 3.21 that the first conditions is true for the given partition
into monotony parts M. So it remains to show that for any ¢ > 0 there exists a partition Q
with

thsup Z,u QNTYQ)) < (3.21)
QEQ n—oo
Define
G-27F G+ 1)-27FNQ if je {4k, ... 4% —1}
QF:=14]-00,27F[NQ if j=—4F -1
[2%, co[N if j =4F

for all j € {—4% —1,4% ... 4% —1,,4%} and k € N and set
Jpo={j e {-4F—1,4% . 4" — 1,45} | QY #£ 0}
The collection of sets Qf, := {Qf}je J, is a finite ordered partitions of €2 satisfying

Qr < Qr+1 (3.22)

for all £k € N and -
() Qk(w) = {w}, (3.23)

k=1

for all w € Q, where Q(w) denotes the subset of Q. that contains the element w. According
to Lemma 2.9, the ergodicity of T" implies

> limsup - Zu @NT@) = X @) = [ u(@u(w)) o

j€Jk n—eo jE€Jk

for all k£ € N. Since the aperiodicity of T implies

lim p(Qy(w) 2 (ﬂgk )“”23 u({w}) =0,

applying the dominated convergence theorem yields

lim thsup Z,u QkﬂT Qk = hm/ (Qk(w

k—>00 ‘ n—oo TN

= /klggou(Qk(w))dw = 0.

Hence, for all € > 0 there exists a partition Qj that satisfies (3.21). O
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Continuing example 3 One can show that the Gauss map T considered in example 3 is
ergodic (see e.g. [8]). In order to apply Theorem 3.25 it remains to show that H(M) < oo is
true for M = {[n+1’ [|neN}U{{0}}:
Consider the map @ :]0, 00] —]0, 00] with ®(z) = —zlog(z) for all # > 0. The map @ is
monotonically increasing on |0, 1/e[. Choose N € N such that
1 r 1 < log 2

n n+1l nn+1) e

is true for all n > N. Recall that the invariant measure p of the Gauss function 7 is defined
by p([a,b]) = log2 fa 135 do for 0 < a <b<1. We have

11 1 /i Lo, 1 /i La 1 1
_— = x r = .
F\lns1n log2 L 142  ~ log2 L log2 n(n+1)

for all n € N. This implies

¢<“<{ : iD)@(lo;z n(n1+1)>

1 1 log2 + 21
1 oglog?2 + 2logn (3.24)
log2 n? (log 2)n?

for all n > N + 1. So we can conclude

oo 1)
S (i) 5D
Sl 5,

<§:¢’ 11 +Z:loglog2 +§: 2logn <>
- F\lns1n “— (log2)n* 4 (log2)n? ’

which allows us to use Theorem 3.25 to conclude that PE(T') = PE(T) = h(T) holds true.

It remains to show that the second condition (3.13) in Theorem 3.18 holds true. As shown in
the previous section, this is true if the system is ergodic. But as we will show with Lemma 3.37
in the next section, ergodicity is not even required for (3.13) to hold true.

3.4.5 Using ergodic decomposition

To generalize the results of the ergodic case in section 3.4.4 to non-ergodic systems, we use
the so called ergodic decomposition. The idea is to use the fact that, under some technical
conditions, every T-invariant measure can be written as a convex combination of ergodic
measures.

To be able to write an invariant measure as a convex combination of ergodic invariant
measures, it is necessary to guarantee that a convex combination of invariant measures is, in
fact, an invariant measure again. This can be easily seen:
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Let 1, o be two T-invariant measures and « € [0, 1]. The sum p := p1 + p9 is a probability
measure and for all A € o/ we have

(apt1 + (1 — a)ua) (T (A)) = apa (T (A)) + (1 — a)u2(T1(4))
— apn(A4) + (1 — a)uz(A) = (ap + (1 — a)uz) (A),

hence au + (1 — a)ug is T-invariant as well.

Conditional expectation One way to obtain a convex combination of measures is by using
conditional expectation. We will follow here the approach used in [9] and extend the results
of interest to the permutation entropy.

Definition 3.26 (Conditional expectation). Let (2, %, 1) be a Borel probability space,
o/ C A a sub-c-algebra and f : Q2 — R a B-measurable and integrable function. Then the
conditional expectation E(f|<) of f with respect to &7 is (u-almost everywhere uniquely)
defined by the properties

(i) E(f|<) is a o/-measurable real-valued function defined on £2,
(i) [4E(fl«)dp= [, fdp forall A e o

Property (i) and (ii) characterize the conditional expectation F(f|<?)(w), roughly speaking,
as an average that is dependent on the element of the o-algebra 7 in which w is located.
This ’dependent averaging’ with respect to some w and selected sets in &/ can be expressed
as an integral with respect to specific measures Mf{ :

Theorem 3.27 (Conditional measures [8]). Let (2, %, 1) be a Standard probability space,
o/ C A a sub-c-algebra and f : Q — R a #-measurable and integrable function. Then there
exists a set Qo € & with u(Qo) = 1 and a collection of measures {y7 : w € Qo} on (Q, B)
such that

E(f|#)(w) = A Fw) g (v)

for all Z-measurable and integrable functions f : © — R. The measures p? are called
conditional measures and are p-almost surely unique.

Combining property (ii) of the conditional expectation and Theorem 3.27 yields

u(A) = [ 1a@)an(e) = [ Balan)w) o)

-/ ( / L) dmu)) auw) = [ 4 (4) dute),

for all o-algebras o C % and A € 9B, where 1 4 is the indicator function of A. So, conditioning
on a o-algebra o generates a decomposition of the measure p into components x7. We write

p= /Quf dp(w)
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to abbreviate this fact.
We are interested in a decomposition of the measure y such that the components uf are
ergodic with regard to T'. To achieve this, we need to choose the g-algebra &7 accordingly:

Consider
& ={Ec#|T'(E)=F}. (3.25)

This collection of sets is a o-algebra:
We have T~1(Q) =, so Q € &. Additionally,

T'Q\E)=T'Q)\TYE)=Q\E

holds true for all £ € &, s0 Q\ FE € &. Finally, for all E1,Es,... € &

T! (U EZ) -Jr'E) =&,

is fulfilled, which implies | J; E; € &.
By choosing o = &, the decomposition

p= /Q pg dp(w)

is exactly the ergodic decomposition of the measure u according to the following theorem:

Theorem 3.28 (Ergodic decomposition of invariant measure [8]). Let (£2, %, 1) be a Stan-
dard probability space. Let

p= /uff dp(w)

be a decomposition of u with & defined as in (3.25) and uS given by Theorem 3.27. Then
T is measure-preserving and ergodic with regard to pé, for y-almost every w € Q.

The proof of this Theorem is relatively technical. For example, it is necessary to use the fact
that each sub-g-algebra of a Standard probability space can be considered to be generated
by a countable collection of subsets of 2.

3.4.5.1 Convex combination of entropy

If 1 is a convex combination of finitely many measures, the same is asymptotically true for
the entropy with regard to these measures, as shown in the following lemma:

Lemma 3.29 (Entropy of convex combination). Let (2, <7, u,T) be a measure-preserving
dynamical system and « € (0,1). Let u = apg + (1 — a)ug where puy and py are probability
measures on (2, ¢7). Then

a-H,(P)+(1—-a)-H(P)< H,(P)

and
Hy(P) <o Hy (P) + (1 —a) - Hy, (P) — alog(a) — (1 — a)log(1l — a)
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hold true for all finite or countable partitions P € P¢(«7).
invariant with regard to T,

In particular, if p; and po are

hH(T7 P)=a- oy, (Tv P) + (1 —a)- By, (T77D)

holds true. If, additionally, PE, (T') = PE,, (T) and PE, (T) = PE,,(T) holds true, then

PE,(T,P) = a- PE,, (T, P) + (1 — a) - PE,, (T, P).

Proof. Let P € P€(&/) be a finite or countable partition of Q and a € (0,1). We will show
the first inequality:

Consider f : (0,00) — R with f(z) = —zlogz. The function f is concave because f”(z) =
—1 <0 for all z > 0. This implies
Hy,(P)== Y u(P)logu(P)= "> flom(P)+ (1 —a)ua(P))
pPeP PeP
> af(u(P) + (1 —a)f(ua(P))
Pep
=—a Y m(P)log(u(P)) — (1—a) Y ua(P)log(pa(P))
PeP PeP
=aH,, (P)+ (1 —a)Hy, (P).
We will now show the second inequality:
For all P € P we have
u(P) = apr(P) + (1 — a)ua(P) = o (P).
Using the monotony of the logarithm provides
—log(pu(P)) < —log(au(P))
and, analogously,
—log(p(P)) < —log((1 — a)p2(P)).
Thus,
H,(P) ==Y u(P)logu(P)
PeP
==Y (ap(P)+ (1 — a)uz(P)) log u(P)
pPeP
—a Y m(P)logu(P)— (1—a) Y pa(P)logu(P)
Pep pepn)
<—a Y m(P)log(am(P)) — (1—a) > pa(P)log((1 — a)us(P))
PePp Pep
=—a Y m(P)log(u(P)) — (1—a) Y pa(P)log(ua(P))
Pep PeP
—aZul )log(a) — (1 — «) Zug ) log(1l — «)
PeP PeP

= aHy, (P) + (1 = a)Hy, (P) — alog(a) -

(1 -a)log(l— ).
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Now consider a sequence of partitions (P )neny € Pco(7). Using the above inequalities yields
on the one hand

1 1 1
lim —H, (Pp,) > o lim —H,, (P,)+ (1 —«) lim —H,, (Py)

n—oo n n—,oo N, n—oo N

and on the other hand

lim ~ H,, (P,) < lim % [@H,, (Pa) + (1 — a)H,, (Pa) — alog(a) — (1 — a) log(1 — a)]

n—oo n

1 1
=a lim —H, (P,)+(1—-a) nh_)fglo EHM (Pn)

n—oo M

assuming all considered limits exist. This implies

1 1 1
lim —H, (P,) =« lim —H,, (P,)+ (1 —a) lim —H,, (P,).

n—oo n n—oo N n—oo n

Choosing P, as \/?_01 T—i(P) for a fixed partition P € P or as OP(n), respectively, finishes

the proof. O

The above Lemma can be inductively modified to the case where the measure p is a combi-
nation of finitely many measures. However, we are interested in the ergodic decomposition of
1, which can be a convex combination of uncountably many measures. Therefore, a different
approach is necessary.

This approach will make use of the concept of conditional measures introduced in Theo-
rem 3.27. The conditional measures provide a way to generalize the definition of the condi-
tional entropy in a way that allows for conditioning on arbitrary sub-c-algebras.

Definition 3.30 (Shannon entropy conditioned on o-algebra). Let (€2, %, 1) be a Standard
probability space, &, ¢ C % sub-o-algebras and P a finite or countable partition of §2

H,(P|o?) = /Q H, (P) du(w),

defines the entropy of P conditioned on the o-algebra <7, where 1 is given as in Theo-
rem 3.27. If the choice of the considered measure p is obvious from the context, we simply
write H(P|</) instead of H,(P|</).

If o = o(Q) for a finite or countable partition Q with H,(Q) < oo, then

H,(P|l«/) = Hu(P|Q)

corresponds to the entropy conditioned on a partition of {2 as defined in 3.2.
The properties of the Shannon entropy conditioned on a o-algebra are analogue to the
properties of the Shannon entropy conditioned on a partition:

Lemma 3.31 (Properties of conditional entropy [9]). Let (2,47, u) be a Standard proba-
bility space, P and O finite or countable partitions of ) and ¢ C &7 a o-algebra. Then

H(P|€) < H(P)
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and

H(PVQ|€)=H(P|IQVE€)+ H(Q|F)

holds true. Let (Qk)ken a sequence of partitions of Q with Qp < Qg1 for all £ € N. Then
lim H(P[€V Q) =H(P|EV \/ Qk)
k—00 el

If T-1(€) = €, then

lim 1H(7><”>|<5) = H(P|% V (7 T74(P)) (3.26)

n—oo N, =1

holds true.

Property (3.26) is sometimes called "future formula” because in H(P|< V \/;2, T~ (P)),
the term \/$2, T~%(P) can be interpreted as the information about P starting at ¢t = 1, so for
the future, and P = T~°(P) describes the information about P for ¢t = 0, so in the present.

There exist some properties of measure-preserving dynamical systems (2, %, u,T) that
remain true p-almost surely for every subsystem (Q, 8, T, uff ), where pp = [ u;f;/ is a decom-
position of u:

Lemma 3.32. Let (2, %, 1) be a Standard probability space and

p= / e dp(w)

a decomposition of p for a g-algebra &/ C . If T is py-almost surely aperiodic and there
exists a finite or countable partition P of Q with H,(P) < oo, then there exists a set 2y € A
with ©(£20) = 1 such that

(i) T is 7 -almost surely aperiodic and
(ii) H,e (P) < oo holds true

for all w € Q.

Proof. Consider the set
IT:= U {WeQ:TW) =uw'}

n=1

of all periodic points. Since T is p-almost surely aperiodic, we have u(IT) = 0. Set
Q= {we Q| pZ 1) =0}

Suppose, 1(€21) < 1 holds true. Then there exist € > 0 and a set A C Q\ 1 with u(A) >0
and p7 (IT) > ¢ for all w € A. This would imply

u(0) = [ 1 (M du) > [ 42 (M dute) = & () > 0
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which is a contradiction to p(II) = 0. So p(21) = 1 must be true. Now set
Q2 :={we Q| H,o (M) < o0}
Suppose, 1(22) < 1 holds true. Using Lemma 3.31, this would imply

Hy(M) = H(Mh) = [ H M) due) = [ Hyo (M) du(e) = o
Q MN\Q2
which is a contradiction to the assumption H,(M) < co. So we must have p(€2) = 1. Set
Qo= Ny
which has measure 1 according to the above arguments. ]

The next Lemma can be found in [9] but with the additional assumption that the system
is invertible.

Lemma 3.33. Let (2, %, 1) be a Standard probability space and T' :  — Q a measure-
preserving map. Then for any finite partition P

h(T,P) = lim l1L1(73(">|(§)

n—oo N

holds true.

Proof. Let (Q)ren be a sequence of finite partitions of Q with Qx C & and Qp < Q1 for
all k € Nand o (\/,—, Q) = &. Notice that, according to the definition of &,

T7(Qx) = QO

holds true for all i, k € N.
Take € > 0 and any finite partition P of ). Lemma 3.31 provides

lim lH(7><">|<§) =HP|\/ T (P)ve& = lim H(P| \/ TPV Qp),

n—oo n
=1

so there exists ky € N with

(P!\/T‘Z vgk0> <H<P|\/T‘Z v£> +e

=1
Now define Py := P V Qi,. Then

W(T,P) <h(T,Po) = H(Po| \/ T~ (Po)) = H(PV Q| \/ T (P)V \/ T (Qso))

1=1 i=1 =1

=H(PV Q| \/T )V Qi)

=1

Py\/T )V Q) + H( Qko\\/T )V Q)

=1

_HPy\/T va0)<H7D|\/T—1 YV E)+e

=1 =1

— lim SH(P™|&) + ¢

n—oo n
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The first statement of this Lemma follows from choosing ¢ arbitrarily small. O

The following theorem is a consequence of the above lemma.

Theorem 3.34 (Ergodic decomposition of Kolmogorov-Sinai entropy [9]). Let (2, %, 1) be
a Standard probability space and T : 2 — 2 a measure-preserving map. Then

D) = [ Iy (T) e

holds true, with & defined as in (3.25).

This statement can not easily be extended to the permutation entropy. This is mainly due
to the fact that it is unknown whether the future formula (3.26) holds true when using ordinal
patterns instead of symbolic patterns.

However, in the special case of piecewise monotone maps, we can prove a statement similar
to the one given by Lemma 3.33:

Lemma 3.35. Let (Q, %, u) be a Standard probability space with Q@ CR and T : Q —
an aperiodic measure-preserving map. Suppose that 7" is countably piecewise monotone and
M a countable partition into monotony parts of T" with H(M) < co. Then

n—oo n

lim ~H,(OP(n)|&) = / e (T) dpa(w)

holds true.

Proof. According to Theorem 3.28 and Lemma 3.32, there exists a set {29 € Z with () =1
such that 7" is measure-preserving, aperiodic and ergodic with respect to ,uf and H ué (M) < 0
holds true for all w € €.

Set

Falw) = - H, (OP(n)

for all w € Q and

9(w) = H, s (M) + log 2.

For all w € Qp, Corollary 3.23 implies

fn(w) <

Huf(./\/l(")) +log2 < H,s(M) +log2 = g(w).

S|

Since p¢ is ergodic with regard to T for every w € €, the pointwise convergence

nh—>ngo fa(w) = h,uf (T)

follows from Theorem 3.25. Additionally,

/gd,u = H(M|&) +log(2) < Hy(M) +log2 < 0o
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and g and f, are measurable. This allows us to use the dominated convergence theorem to
show

Jrug @) = [ puf) dnce)

= lim fn(w) dﬂ(w)

n—oo

n—oo n

o1
~ gim & /Huf(OP(n)) dpu(w)
o1
:nlgngo EHu(OP(n)]éa)
The last equality is simply the definition of the conditional entropy as given in 3.30. ]

Using the above lemma, we can now show that, for the here considered class of measure-
preserving dynamical system, equality of permutation entropy and Kolmogorov-Sinai entropy
is equivalent to being able to apply the methods used in the ergodic decomposition of the
Kolmogorov-Sinai entropy in Theorem 3.34 analogously to the permutation entropy.

Theorem 3.36 (Ergodic decomposition of permutation entropy). Let (2, &, u) be a Stan-
dard probability space with 2 C R and 7" : 2 — € an aperiodic measure-preserving map.
Suppose that T is countably piecewise monotone and M a countable partition into monotony
parts of T' with H(M) < co. Then the following two statements are equivalent:

(i) lim LH(OP(n)|&) = PE(T) with & defined as in (3.25),

(i) PE(T) = PE(T) = h(T).

Proof. Suppose that (i) holds true. Then

PE(T) 2 lim ~HOP0)[6) "% [ e (1) duw) " (),

n—oo M

Now, suppose that (ii) holds true. Lemma 3.31 implies
.1 ==
nlggo EH(OP(n)|<§’) < PE(T).

It remains to show the reverse inequality. Take £ > 0. According to Theorem 2.28, there
exists a finite partition P into intervals satisfying h(T,P) > h(T) — . Lemma 3.31 provides

H(P™|&) <H(P™ v OP(n)|&)
—H(P™|OP(n) v &) + H(OP(n)|&)
<H(P™|OP(n)) + H(OP(n)|&)

Lemma 3.3 combined with Lemma 3.6 yields

lim lH(P(”)\op(n)) < lim +

n—oo N n—oo N

(#P —1)log(n+#P —1)=0
and Lemma 3.33 implies

lim ~H(P™|&) = h(T,P).

n—o0 M
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Therefore,
1 1
im — im — )£y — (n)
Jim ~H(OP(n)|6) > Tim - [H(P®)|#) ~ H(P™|OP(n)
> h(T)—¢
WpE(T) -«
This implies (i) because € can be chosen arbitrarily close to 0. O

Unfortunately, we are not able to show that

lim ~H(OP(n)|&) = PE(T)

n—oo n

holds true in general. However, we can still use ergodic decomposition, but not by apply-
ing this concept to the permutation entropy directly but by applying ergodic decomposi-
tion to Theorem 3.25 which contained a condition for the equality of the permutation and
Kolmogorov-Sinai entropy:

Lemma 3.37. Let (0,2, 1) be a Standard probability space and T : Q — 2 an aperiodic
measure-preserving map. Then for all € > 0, there exists a finite ordered partition @ that
satisfies (3.13), i.e.

Z lim sup 1 Z wQNTHQ)) <«
=1

0co n—oo N —

holds true.

Proof. Define

[-27F,(j+1)-27%[NQ if j e {—4F, ... 4% -1}
Q=4 ]—-00,27F[NQ if j=—4k—1
[2%, co[N if j =4

for all j € {—4% —1,4% ... 4% —1,,4%} and k € N and set
Jpo={j e {—4F—1,4% . 4" — 1,45} | Q¥ # 0}
The collection of sets Qp := {Q?}je J, 1s a finite ordered partitions of ) satisfying

Qr < Qr+1 (3.27)

for all £ € N and -
() Qk(w) = {w}, (3.28)

k=1

for all w € Q, where Qj(w) denotes the subset of Qy that contains the element w.
According to Theorem 3.28 and Lemma 3.32, there exists a decomposition

uz/uf
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of p and a set Qp € Z with u() = 1 such that 7' is measure-preserving, aperiodic and
ergodic with respect to ,uf for all w € Q.
Now define

I D S WA Tkl (#3)
jeEJ =1

for allw € Q and n, k € N. Since T is ergodic with regard to xS for all w € g, Lemma 2.9 (iv)

implies
Jim (w0 = > pul(@f)?
JE€Jk

for all kK € N and w € y. Because

C <fZZuw (@)= ui@h =1

je€Jy I=1 j€Jk

holds true for all n,k € N and w € €2, we can use the dominated convergence theorem to
deduce

Jim LSS (@ T Q) = Jim S Z/uw (@ N T(QY) du(w)

jEJE 1=1 jeJi 1=1

= lim [ for(w)dp(w) = / lim £ p(w) dp(w / > pd(@)? du(w).

n—oo
JjE€JL

The sequence (Z e uf(Q"?)Q)k N is monotonically decreasing for k — oo for all w € Q, so
€

it is dominated and its limit exists and we can again use the dominated convergence theorem
to show

lim lim — ZZM QJ nT Q]))

k—ocon—oo N,
jeJE 1=1

= hm /Z,uw Qk )“dp(w /hm Zuw Qk )* dp(w). (3.29)

jeJk

Set
I (W) = 1 Qi)
for all w,w’ € Q. The sequence (gi . (w’))ren is monotonically decreasing due to (3.27) and
bounded from below for all w,w’ € Q, therefore limy_,o g ., (w') exists for all w,w’ € Q.
Now take any € > 0. According to Egorov’s theorem (see e.g. [6]), for all w € 2 there exists
a set B, € A with
pé(Q\ B,) < /2, (3.30)

such that g, converges uniformly for £ — oo on B,,, i.e.

lim sup
k—o0 w EBW

Gw(w') — lim gk,w(w')‘ =0. (3.31)
k—o00

Since ¢ is aperiodic for all w € Qp, we have

lim g () = lim i (Qu(w (ﬂ Q) (w > 2 L ({w'}) = 0 (3.32)

k—
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for all w € Qp and W’ €  due to Lemma 2.13. Therefore, (3.31) is equivalent to

lim sup ggwo(w') =0. (3.33)

k—ooreB,
Notice that g (w’) is constant on the subsets of Qy, i.e.
k(@) = p(Qr(wl)) = p (Qn(wh)) = grw(wh)
for all wi,wh € QF € O, k € N and w € Q. This implies

sup grw (W) = sup pG(Qr(W)) = sup  pg(Q). (3.34)
w'€By, w’'€By, ]EJk
QENBL#0

Hence, we can conclude that

i li - k k
Jim Jim 37 3@ 07

jeJ 1=1

/hm Zuw (QF)? dp(w / Jim g (Q7)? du(w)

j€Jk

] T T ae

jEJk: JEJk:
| Q¥NB.L=0 QkNBL#0

S/ lim |pS(Q\By)+ | sup  ul(QF) > wS @ || dpu(w)
Qp k=0 JETk: ; JETk:
By

@;NBu# QFNBL#0

(3.30) _ P
<[ ezt s (@) dutw)
Qo i

00 jedi:

Q5N Bu#D
3.34
I NEER s 45(Q)) du)
QO k—oo w"”eB,

= / e/2dp(w) =¢/2
Qo
holds true. Therefore, we can choose a k € N such that
1 . k ~ =Lk
Jim =% Y u(@yNT(@)) <e
jedy 1=1

holds true. Then Q = Oy, satisfies (3.13). O

An alternative method to prove the above lemma can be found in a paper by T. Gutjahr
and K. Keller [12]. They used so called Rokhlin towers instead: Let (€2, %, u, T') be a measure-
preserving dynamical system as given Lemma 3.37, then for all € > 0 and n € N, there exists

a set B € 4 such that .
m (U Tt(B)> >1—¢
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holds true and the sets T-4(B) ,t € {0,1,...,n — 1} are pairwise disjoint. The collection of
sets {TY(B) |t € {0,1,...,n—1}} is called Rokhlin tower of height n with base B. The sets
in the finite ordered partition Q in Lemma 3.37 were then constructed based on the different
sets in the Rokhlin tower.

Using Theorem 3.18 and the previous lemmas, we can now prove a version of the main
Theorem 3.17 for aperiodic dynamical system.

Theorem 3.38 (Main result for aperiodic systems). Let (2, %, 1) be a Standard probability
space with 2 C R and T : 2 — © an aperiodic measure-preserving map. Suppose that T is
countably piecewise monotone and M a countable partition into monotony parts of T with
H(M) < co. Then

PE(T) = PE(T) = h(T)

holds true

Proof. Tt follows from Lemma 3.37 and Lemma 3.21 that the conditions of Theorem 3.18 are
fulfilled which directly provides PE(T) < h(T). Together with Theorem 3.10, this implies

h(T) < PE(T) < PE(T) < h(T). =

3.4.6 Example of piecewise monotone function with (M) =

In this subsection we will illustrate that the condition H(M) < oo for the partition into
monotony parts M of a piecewise monotone function 7' is sufficient but not necessary for
PE(T) = h(T) to hold true.

Given a piecewise monotone function T and its partition into monotony parts M, the
partition M V Q is a partition into monotony parts for every ordered partition Q. So, many
different partitions M into monotony parts can be found for one function 7. To find a
possible necessary condition it is, therefore, reasonable to only consider the smallest partition
into monotony parts. We call the partition M smallest partition into monotony parts, if it is
a partition into monotony parts and

M=<M

is true for every partition into monotony parts M’. Technically, the smallest partition M
is generally not unique because we can add or remove sets with measure 0 to the individual
subsets of M. If we consider two partitions M; and My equivalent, when M; < Ms and
Mo < M holds true, the smallest partition into monotony will then be unique modulo this
equivalence relation.

But even when considering the smallest partition into monotony parts M, the condition
H(M) > o is not always necessary for PE(T') = h(T') to hold true. In the following example
we will consider a measure-preserving dynamical system (2, 8, u,T) with H(M) = oo for
the smallest partition into monotony parts and PE(T") = h(T).
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Example 4. Consider 2 = [0, 1] and the Borel o-algebra % on ). Set

= 1
S = ,
; (i+1)(log(i +1))?
1 1
i= g . for i € N,
TS i Desi D2 S
ag := 0,
ai = maq,
a; :=1— i+l for i > 2,
my
M; = [a;—1,a;] for i € N.

Notice that {M;};en is a countable partition of € into intervals.
The function T : Q — Q is defined piecewise linear on each set M; (see figure 3.3) by

77;;}1 if we My,
T(w) = a;—w wW—ai;—1 . . .
A1 =Y q; g - if we M; with i e N\ {1}.

a;—a;—1 a;—a;—1

Let A\ be the one-dimensional Lebesgue measure. Define a measure p on (2, %) by

/L(A) ::ij‘)\(AﬂMj>

J=1

for all A € #. The measure p is defined in such a way that

p(gy =3 M AOMG) i AMEOM)

~T 0L aan ™

holds true for all ¢ € N. Since {M; };en is a countable partition of 2, we have

Q) = ;N(Mi) = ;mz = S; ES D 1,

so u is, in fact, a probability measure.
By construction of T', we have T'(M;) = M,_; for all : € N\ {1}. This implies

T_l(Mz;l) N [al, 1[: M;

a;—2—0i—1
a;—a;—1

for i = 1. Thus, for all i € N\ {1} and all intervals [a, b[C M;_;

for all i € N\ {1}. In each interval M;, the function 7" has the constant derivative
for i € N\ {1} and n%
(i — Gi—1

AT ([a, b)) N M;) = 1 A[a, b))
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holds true, which yields

(T ([a, b[)) (T~ ([a, b)) N [0, ax[) + (T~ ([a, b]) N [a1, 1])
w(T~([a, b)) N M) + (T~ ([a, b]) N M)
_ ml')\(T H(a,b) N M) | mi - MT ™ ([a, b)) 0 M)
A(My) A(M;)
_ mam - Afa,b) % - Al[a, b))
al — ap a; —
2
—A(la,p) - (™ m; - (ai = 1
_A([jb[) <m1+(az l_az2 az_az 1)
_ (@i —aice)
B )\([aij ( Aj—1 — Q52 az 1— Gj— 2>
sy [ R) )
A;—1 — ;-2 az 1 — ;-2
(gl (MLt me ) mi A([a, b))
=330 (") = S

_ miy .))\\((][\Z;E)EF;MZ'—H = u([a, b))

for all [a,b]€ M;_1. Hence, p is invariant with regard to 7.

It is easy to see that the smallest partition M into monotony parts for the function given
in example 4 is given by
M = {M;}ien,

where M; is defined as above. This partition satisfies

Z“ i) log u(M, Zmz log(m;)
~ log(S) + 1 Z log(z(- (log(l)) ) > log(S) + 1 i log(i)

S = i log(i))? S =i (log(4))?
I — 1
= log() + 5~ Zz; ilog(i)

So we cannot use Theorem 3.17 to show that

PE(T) = h(T)

holds true. However, we can use the more general Theorem 3.18 to show this fact. But first,
one needs to verify that the conditions of Theorem 3.18 are fulfilled. We will first show that
there exists a partition M of [0, 1] into intervals, such that

M™ @ M VIR R*\ R} < M™ @ MM v \/(T x T)™({R,R*\ R})

u=1

holds true for some m € N.
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a; -

%i

ao

I
ag al az az 1

Figure 3.3: Graph of the function T given in example 4

Lemma 3.39. Let (Q, %, u, T) be given as in example 4 and M := {M;, My} with M; :=
[0,a1[ and My := [a1, 1[. Then (3.14) holds true with m = 2, that is

2
M @ M V{RR*\ R} < MP e MO v \/(T xT)™({R,R*\ R})

u=1

is true.

Proof. Every set C € M® @ M®) can be written as
C=CinT 1 CH x C}nT~HC3)
with Cij € M for all i,j € {1,2}. We will show that for all 16 possible sets C € M @ M)
2
{CY V{R,R*\ R} < {C} v \/ (T x T)""({R,R*\ R})
u=1
holds true, which then implies the statement of this lemma.

If C§ # C? holds true, we have w; < wy for all (w1, ws) € C or wy > ws for all (wy,ws) € C,
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which implies

2
{CY V{R,R*\ R} = {C} < {C} v \/ (T x T)"“({R,R* \ R}).

u=1

If C’l1 = 012 = M holds true, we have wj,wy € M for all (wj,w2) € C. Since T is
monotonically increasing on M;j, the order relation between w; and ws is the same as the
order relation between T'(wq) and T'(ws) for all (w1, wy) € C. This implies

2
{CYV{R,R*\ R} = {C}V (T xT)""({R,R*\ R}) < {C} v \/ (T x T)"“({R,R*\ R}).

u=1
It remains to consider the four cases where Cl1 = 012 = M5 holds true. Notice that

Moy NT7 (M) = [ay, as], (3.35)
My N T (My) = [ag, 1]

is true. So, if additionally C1 # 022 is satisfied, we have either w; € [a1,a2[ and wa € [ag, 1]
or vice-versa. Since [a1, az[ and [ag, 1[ are two disjoint intervals, this implies

2
{CYV{R.R*\ R} = {C} < {C} v \/ (T x T)""({R.R*\ R}).

u=1

Now consider the cases where Cf = C? = My and C4 = C5 = M; holds true. According to
(3.35), we have (wy,ws) € [a1, az| for all (w1,ws) € C. Since T' is monotonically decreasing on
[a1, az[, the order relation between w; and ws is the same as the order relation between T'(w2)
and T'(wq) for all (w,ws) € C. This implies

2
{CYVAR,R*\ R} ={C} V(T xT)""({R,R*\ R}) < {C} v \/ (T x T)"“({R,R*\ R}).

u=1

Finally, consider the case where 6’11 = C’12 = M, and 021 = 022 = M5 holds true. Set

D= U{(wl,WQ) < QQ Wi, W € [ai,aiﬂ[}
=1

as the set of all pairs (wy,ws) where w; and ws are located in the same interval [a;, a;4+1][ for
some i € N. If (wy,w) € D is fulfilled for (wy,ws) € C, the points w; and ws are located in
the same interval [a;, a;1+1] where the function 7' is monotonically decreasing. This implies

{C}V{R,R*\ R} < {C}V{R,R?>\ R}V {D}

= {C} V(T xT)"'({R,R*\ R}) v {D}
2
<{Ctv \/ (T xT)“({R,R*\ R}) v {D}. (3.36)

u=1

If (w1,w) € D is not fulfilled for (wy,ws) € C, the points w; and wy are located in different
intervals [a;, a;+1] and [aj,aj41[. Since T'([ai, ait1]) = [ai—1,a4] for all ¢ € N, the order
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relation between [a;, a;+1[ and [a;, aj4+1] is the same as the order relation between the intervals
T([ai, ai+1]) and T'([a;, aj4+1[). This implies
{C} V{R,R*\ R} < {C} V{R,R*\ R}V {2\ D}
— {C}V (T x T)"\({R.B2\ R}) v {2\ D}
2
<{Ctv \/ (T xT)™({R,R*\ R}) v {Q\ D}. (3.37)

u=1
Combining (3.36) and (3.37) provides

2
{CYV{R,R*\ R} < {C} v \/ (T x T)"“({R,R*\ R}) v {D,Q\ D} (3.38)

u=1

for Cf = C? = C} = C3 = M. To determine whether (w1,w2) € D holds true, we need the
information of (T x T)~2({R,R?\ R}), which has not been used so far in this proof.

For (w1,w2) € CN D, we have (T(wy), T (w2)) € D. Therefore, w; and wsy are located in the
same interval [a;, a; 41| for some ¢ € N on which the function 7" is monotonically decreasing.
This implies that the order relation between T'(w;) and T'(ws) is the same as the order relation
between T2 (ws) and T2 (w1).

For (wi,ws) € C'\ D, we have (T'(w1),T(w2)) ¢ D. Therefore, w; and wy are located in the
different intervals [a;, aj+1[ and [aj, a;j41[ with ¢, j € Nand ¢ # j. Since T'([a;, aiv1]) = [ai—1, ai]
for all i € N, the order relation between T'(w1) and T'(w9) is the same as the order relation
between T?2(w;) and T2 (ws).

To summarize, we can infer whether (w1, ws) is located in D by comparing the order relation
between T'(w;) and T(w2) and the order relation between T2(w) and T?(ws). This implies

2 2
\ (T xT)™({R,R*\ R}) v{D,Q\ D} < \/ (T xT)"“({R,R*\ R})
u=1

u=1
Together with (3.38), this yields

2
{CHVAR R\ R} < {C}V \/ (T x T)"({R,R*\ R}). O
u=1
It is easy to see that the function T' considered in example 4 is aperiodic. Together with
the above lemma and the fact that H(M) < oo holds true, Theorem 3.38 then implies
PE(T) = PE(T) = h(T).

3.4.7 Generalization to non-aperiodic maps

Recall that we call a dynamical system (2, .o, u, T') aperiodic if, p(U,—{w € Q | T"(w) =
w}) = 0 holds true. In particular, aperiodicity implies that T%(w) and T*(w) cannot be equal
for s #t € Ny and p-almost all w € 2. This simplifies the definition of the permutation en-
tropy because then the inequalities T%(w) < T*(w) and T%(w) < T*®(w) are mutually exclusive.
Additionally, aperiodicity was necessary in (3.32) for the proof of Lemma 3.37.

We will now show that the condition of aperiodicity in Theorem 3.17 is not needed to show
that PE(T) = PE(T) = h(T) holds true. Recall that

k
0 = | J{we Q| TMw) = w}
t=1
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is the set of points with period less or equal to k € N and

o0

IM:=1l := U{wEQ\Tt(w):w}

t=1

the set of all periodic points. Thus, a map T is aperiodic (with regard to p) if
p(I) =0
holds true.
Lemma 3.40. Let (Q, %, 1, T) be a measure-preserving dynamical system. If there exists
k € N with p(IIx) = 1, then

h(T) = PE(T) = PE(T) = 0.

Proof. Tt is enough to show PE(T') = 0 because Theorem 3.10 implies h(T') < PE(T) < PE(T).
Suppose p(Ilx) = 1 for some k € N. Set Iy := (). Notice that for all i € {1,2,...,k} and

w e II; \ 11,4
T (w) = Tt™med (W) (3.39)

holds true. Consider now the partition

P o= {IL\ I by
of 2. Then Lemma 3.3 provides
H(OP(n)) < H(P) + H(OP( )|P)

+ZN A\ TLi_1) - log (#A (OP(n)|II; \ I;_1))

n—1
+Zu A\ i) - log (#A(\/(Ts,m1<R,R2\R>m\m1))

s,t=0

s,t=0

+10g( ( TS,Tt)l(R,]R2\R))).
s,t=0

PE(T) = limsup lH(OP(n))

k i—1
G2 g Z A\ Ti_1) - log (#A ( \/ (7%, 7% (R, R* \ R)|IL, \HH))

This implies

n—oo N
1 k—1
<limsup— [H(P)+log | #A | \/ (T°, ") (R, R*\R)
n—oo TN $.4=0
=0. O
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Given a measure p on a measure space (§2,.27) and a set A € &7 with u(A) > 0, the measure

ua defined by
p(BNA)
B) =

for all B € o7 is the restriction of u on A.
The following two lemmas show how the entropy and the T-invariance are effected by
restricting the measure p on some set A with p(A4) > 0.

Lemma 3.41. Let (2,97, ) be a probability space and M a countable partition with
H, (M) < co. Then for all sets A € &7 with u(A) >0

H,,(M) <o

holds true, where p4 is the probability measure on ({2, .«7) defined by pa(B) := £ (ﬁgf) for

all B € &.

Proof. Consider @ : [0,1] — R with ®(z) := —zlog(z) for x € (0,1] and ®(0) = 0. The
function ® is monotonically increasing for x €]0,1/e[ because ®'(x) = —log(z) — 1 > 0 for
x €]0,1/e[. Therefore,

Hy(M)=— 3 p(MnA) log <u(MﬂA)>

iy #A4) n(A)
“los(u4) - 3 O og (401 1 )
1
=log(u(A)) + W(A) M% ® (u(M N A))
1 1
—loB(u(A) + s S NN+ S 0 4)
p(M)<e! u(M)>e!
<log((4) + 3w+ e 3 )
p(M)<e~! u(M)>e~!
<log((4)) + 3 @)+ ey 3 )
p(M)>e?
1 1
=log(n(A)) + mHM(M) + w(A) ngl. ®(u(MNA).
u(M)>e~!

Since #{M € M : u(M) > 1/e} < e, the sum

S @ (u(MnA))

MeM:
w(M)>1/e

has to be finite. Therefore, the assumption H,(M) < oo implies H,, (M) < oo according to
the above inequality. O
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Lemma 3.42. Let (2, 7, 1, T) be a measure preserving dynamical system and A € &/ with
wu(A) >0 and
w(AAT™1(A)) = 0. (3.40)

Then (Q, .97, ua,T)) is a measure-preserving dynamical system.

Proof. Take any A, B € /. Then

W(T™(B)NA) > p(T7(B) N AN T (4))
— u(T(B) N A) — (T~ (B) N A\ T (4))
> u(T7(B) N A) - p(A\ T (4))
> u(T7(B) N A) — pf(AAT(A))
(3.40) (

=7 w(T1(B) N A). (3.41)

This implies

Thus, (92,97, ua,T)) is a measure-preserving dynamical system. O

In the following Lemma we consider periodic systems where the length of the period is not
necessarily uniformly bounded by some constant &k € N, unlike in Lemma 3.40 where this
was the case. To still be able to show that the permutation entropy of such systems is 0, we
additionally need to require that the entropy of the system is bounded in some sense. This
can be achieved if the considered system is (countably) piecewise monotone.

Lemma 3.43. Let (Q, %, u,T) be a measure-preserving dynamical system with Q C R. Let
T be countably piecewise monotone and M € P$(%) a partition into monotony parts of 7.
Suppose p(II) = 1 holds true. Then

PE(T) = PE(T) = h(T) = 0

holds true.
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Proof. As in Lemma 3.40, it is enough to show PE(T) = 0 because Theorem 3.10 implies
h(T) < PE(T) < PE(T).
Since
k—00

for all m € N there exists k(m) € N with

1
pp (Mg(my) > 1 — o (3.42)

Now define for all m € N the measure ,uém) on (9, A) by

ANTI
(m)(A) — 'u( k(m))
(M)
for all A € #. According to Lemma 2.11,

i (T (Timy) Alomy) = 0.

holds true. Due to Lemma 3.42, this implies that (2, %A, ,ul(,m),ill is a measure-preserving
dynamical system for all m € N. So we can apply Lemma 3.40 to PEu(m) (T'), which provides
P

PE ((T) = 0. (3.43)
P

We introduce a further probability measure u((lm) on (9, A) defined by

u{™M(A) = {1 (Mkem)” if 1 (Megmy) <1,

for all A € A. It holds
=i (M) - 1™ 4 (1= g (W) ) - 1™

Notice that the measure ,ugm) has to be invariant with regard to T because p and ul(om) are

T-invariant. Additionally, Lemma 3.41 provides that Hu<m) (M) < oo holds true for all m € N.
q

So we can use Corollary 3.23, which implies
ﬁ#gyn) (T) S hugrn) (T, M) + 10g(2) (344)

Now take ¢ > 0. We have h, (T, M) < H,(M) < oo, so there exists a finite partition P with
huy(T, M) < h,(T,P) + €. Using Lemma 3.29 and 3.40 yields

(1= 1 (m)) - P o (T3 M)
=hyu(T, M) = 1 (W) - B o (T, M) = By (T, M) < Dy (T, P) + €
= (Wi(m)) - o (T, P) + (1= 1 (HWamy)) - B o (T, P) +- €
= (1= 4 (Tgm))) - by o (T, P) + €

1
<—-h (T,
< hué W(T,P)+¢

g% -log #(P) +e. (3.45)
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Consequently, Lemma 3.29 provides
— 1
PE,(T) <limsup — { (My(my) - H (m)(OP( )+ (1= p (Iymy)) ~H#((Im)(OP(n))

_n;ogﬂk(m log (1 (Wy(my)) — (1 = (Mg ))1°g(( ~#(Mm)))]
)PE <m>

)
<pt (Mg ) PE o (T) + (1= (iomy)
3) (1 — i (Hk(m))) li:}lj@gp EH/J’SZm) (OP(n))
(1 =ty (W) - (B (7. M) + 105(2))

- (log(#P) +log(2)) + ¢

for all m € N and € > 0. This implies

_ - 1
PE(T) = PE,(T) < li_r>n ool (log(#P) +1og(2)) +e=¢ (3.46)
and thus
PE(T) = 0
because € can be chosen arbitrarily close to 0. O

Proof of Theorem 3.17. 1If p(IT) = 1 holds true, the proof of this Theorem directly follows from
Lemma 3.43. For p(II) = 0, the proof of this Theorem directly follows from Theorem 3.38.
So it remains to consider the case p(II) €]0, 1[. Define the measure p, on the periodic part of
the system as

u(A NI
pp(A) = ————
=)
for all A € % and the measure u, on the aperiodic part as
p(AN\I)
pa(A) 1= ————=
=T

for all A € #. Lemma 3.42 provides that j, and p, are invariant with regard to 7. So we
can apply Theorem 3.38, which implies

PE, (T) = PE,,(T) = hy,(T) (3.47)
because H,,, (M) < oo holds true due to Lemma 3.41. Additionally, Lemma 3.43 provides
PE,, (T) = PE,,(T) = h,(T) = 0. (3.48)

According to Lemma 3.29, we have

PE,(T) =(1 — p(1D)) - PE,,,(T) + u(IT) - PE,,, (T)
(3ﬁ8)(1 — p(IT)) - PE,, (T)
G201 — (1) - by, (1)
(3.48) (1) - by, (T) + (1 = p(ID)) - hy, (T)
—h,,(T)

Analogously, one can show
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3.4.8 Permutation entropy of piecewise monotone functions using Rényi entropy

In this section we show that the equality PE(T) = h(T) for piecewise monotone functions does
not hold true in general when using Rényi entropy instead of Shannon entropy. To achieve
this we consider one-sided Bernoulli shifts. Remember that the Kolmogorov-Sinai entropy
h(T) of a Bernoulli shift T' generated by a stochastic vector p is equal to H(p). We will make
use of the following fact about Rényi entropies of stochastic vectors:

Lemma 3.44. For all ¢ > 1 and all ¢ > 0 there exists a stochastic vector p with

H(p) — H(p,q) > c.

Proof. Let ¢ > 0 and ¢ > 1. Choose N € N such that

& q
N> 2. —_—
= <1og<2> - 1>

holds true. Consider the stochastic vector p = (p1,p2,...,pan4q1) € [0, 1]2N+1 with

1

p1:§

and
1

Pi = gxr1 for i € {2,3,...,2" +1}.

Then

2N 11

H(p)=— ) pilog(p:)
=1

1 1 1 1
_ _oN
=-2" ON+1 log <2N+1> 35 log <2>
CN+1

1
5 log(2) + 3 log(2)

N
> D) 108;(2)

and
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Hence,
N q

H(p) — H(p,q) > log(2) - <2q_1> > c. O

Example 5. Take any ¢ > 1. Choose N € N and a stochastic vector p = (p1,p2,...,pN) €
[0, 1] such that
H(p,q) +1log2 < H(p) (3.49)

holds true. This is always possible due to Lemma 3.44. Let ([0, 1], %, T, 1) be the Bernoulli
shift generated by p. Since T is aperiodic and ergodic (see for example [7]), Theorem 3.1
implies

WT) = T, q) (3.50)
Let M = {[(i —1)/N,i/N][| i € {1,2,...,N}} be the partition into monotone parts of 7.
Then

Cor

hMT, M, q) +log2 "2 H(p,q) +log2 < H(p) = (3:50)

Neo

PE(T, q) h(T) h(T,q)

holds true.

3.5 Conditional permutation entropy

As stated in Lemma 3.31, the entropy rate of a partition can be calculated by taking the limit
of a sequence of conditional entropies instead. More precisely, given a finite partition P, we
have

lim lH(P<">) = lim HP|TY(P™)) = lim HP®™|T-H(P™)) = lim HP"D|pm)

n—soo n n—0o0 n—oo n—oo
(3.51)

The first equality directly follows from Lemma 3.31. The second and third equality follow
from

H(PIT~H(P™)) < H(P™|T~H(P™))
< H(p(n+1 |73(n)
= H(P" Dy — H(P™)
= H(P"D) — H(T~H(P™))
= H(P"D |7~ (PM))
= H(PV T 1 (P™)T~H(PM))
< HP|IT~H(P™)) + H(T~H(P™)| T~ (PM))
= H(P|IT"(P™))

Analogously to (3.51), one can define conditional variants of the permutation entropy, simply
by replacing the partition into symbolic patterns P by the partition into ordinal patterns
OP(n). This provides the quantities

H(OP(n+1)|OP(n)) and  H(OP(n)|T~'(OP(n))).
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Unlike in (3.51), it is not immediately obvious whether these quantities converges to the
original permutation entropy PE(T) or even to the same value. This will be investigated in
this section.

As observed in [37], simulations indicate that the conditional permutation entropy converges
faster than the standard permutation entropy. It is not clear why this is the case on a
theoretical level but one can get an idea by considering the following situation:

Let (an)nen be an monotonically decreasing and bounded sequence of real numbers. Then
there exists a € R with lim,_,s, a,, = a. Set

n
12
= — aTL
n-
=1

According to the Stolz-Cesaro theorem, (by,)nen also converges to a. However, the speed of
convergence is typically different. The monotony of (a,)nen provides

iizn;@i—az Z\az—al> Zlan—al lan — al . (3.52)

Therefore, (a,)nen converges at least as fast to a as (by,)nen does.
Now let P be a finite partition of Q and set P(¥) := {Q}. By choosing

|by, — a| =

Ay 1= H(p(n)’p(nfl))

for n € N, it follows form (3.52) that the sequence of conditional entropies converges at least
as fast to h(T,P) as

bn = ;Za = ;ZH(PWP“_U)

== ZH H(PUD) = lH(p(n)) — HPOY) = 1
n n
Notice that this is only true because H(P™|P"=1) = g (P|T~1(P"~1)) is monotonically
decreasing in n € N.

Analogously, one could try to argue that H(OP(n)|OP(n — 1)) converges faster to PE(T)
than 2 H(OP(n)). However, H(OP(n)|OP(n — 1)) is typically not monotonically decreasing in
n and we do not even know whether H(OP (n)|OP (n — 1)) converges in general. So we can not
theoretically guarantee that the conditional permutation will converge faster. Nevertheless,
simulations show that it typically still does. This could indicate that (H(OP (n)|OP(n —1)))nen
does not differ that much from a monotone sequence.

The faster convergence speed of the conditional permutation entropy makes it useful for
practical applications. Therefore, it is interesting to analyze the relation between the condi-
tional permutation entropy and the standard permutation entropy.

The following three statements are a generalization of a statement given in [19].

Lemma 3.45. Let (Q, %7, 1, T) be a measure-preserving dynamical system and (P )nen a
sequence of finite partitions of () satisfying

P VT YHP,) < Ppy1. (3.53)
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Then
e 2 27 (Pn

n—00

T (P)) <liminf # (P, [PP)) < limine Lap,)

n—00 n—oo M

holds true for all k£ € N.

Proof. Take k € N. We have
limint H (P, [T (PP) ) = timint (1 (PI+D) — 1 (171 (PP))]

= timiat 1 (P+0) — 1 (P0)] < i [ (PI) 1 (P10)]

= liminf H (77(’21

n—oo n

P ).

The Stolz-Cesaro theorem further provides

P < liminf 3 1 (P
=1

lim inf H (77(’“)

n—00 n+l

)

it 237 [ () - 1 (PO)] = timint X 1 (P1,) - 1 ()]

n—oo M 4 n—oo N
1=
1 By G5 1 1
= iminf LH (Pi)) < Bt L H(Prai) = lmnt H(Py). -

Notice that (3.53) is fulfilled for P, := OPX (n).

Lemma 3.46. Let (Q,9/,u,T) be a measure-preserving dynamical system and X =
(X1, Xo,...,Xg) : © = R? a vector of random variables satisfying

o ({X;0T" |t eNg,i€{1,2,...,d}}) = .

e h(T) < liminf H (OPX (n) ‘T‘l ((OPX (n))(k)> )

n—o0

holds true for all £ € N.

Proof. According to Theorem 3.11, we have

h(T) = lim h(T,OP% (n)).

n—oo

Using the future formula for the entropy rate (see e.g [39]), we can write

h(OPX () = lim H (oP% (n) ’T‘l (oPXm)®))
for all n € N. This implies
h(T) = lim lim H (OPX(n) ‘Tfl ((OPX(n))(l)))

n—00 [—00

<liminf H (OPX(n) |7 (0P (n)®)) )

n—o0

for all £k € N. O
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Theorem 3.47. Let (Q, 47,1, T) be a measure-preserving dynamical system and X =
(X1, X2,...,Xg) : Q = R? a vector of random variables satisfying

o ({X;0T" |t eNg,i€{1,2,...,d}}) = .
If h(T) > PE(X,T) is true, then

B(T) = timinf H (OPX (n) | T~ ((OPX (n))®)) )

n—0o0

— liminf H ((OPX(n F1)® | (opX(n))<k>)

n—00

= PE(X,T) = PE(X,T)

holds true for all £ € N.

Proof. Lemma 3.45 and 3.46 provide
.. X -1 X (k)
B(T) < liminf H (OP (n) ‘T ((OP (n)) ))

<liminf # (0P (n+1))® |(OP* (n))®))

n—o0

< PE(X,T) < PE(X,T).

The assumption h(T) > PE(X,T) then implies

n—o0

h(T) = lim inf H (OPX (n) ‘T—l ((Opx(n))(k)»

— liminf H ((OPX(n +1)® )(opX(n))w))

n—o0

~ PE(X,T) = PE(X.T).
for all kK € N. O

The above theorem implies that the conditional permutation entropy is equal to the stan-
dard permutation entropy for piecewise monotone functions 7.

3.5.1 No-in-between sets V/,

Theorem 3.47 in particular implies that the two different variants of conditional permutation
entropy are equal for piecewise monotone functions. We want to investigate whether this
equality is true for more general one-dimensional systems. To achieve this, we consider the
sets

Vyi={weQ|w<Tw) and T%(w) ¢ (w,T"(w)) for all s € {1,2,...,n —1}}
WHw e Q| T w) <w and T¥%(w) ¢ (T"(w),w) for all s € {1,2,...,n—1}} (3.54)
for n € N. They contain all points w € 2 for which no point in the set {T'(w), T?(w), ..., T" 1 (w)}
is located between w and T"(w). These sets were first considered in [38]. They can be used

to determine the relationship between different kind of entropies based on ordinal patterns.
The following lemma gives the main reason why this is possible.
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Lemma 3.48. Let (2,4, u,T) be a measure-preserving dynamical system with Q@ C R.
Then

H(OP(n+1)|OP(n) vV T~YOP(n))) < log(2)u(Vy)
holds true for all n € N, where V}, is defined as in (3.54).

Proof. Fix some n € N. The set V,, can be written as a union of sets in OP(n) vV T~ (OP(n))
because

n—1 -
Vi, = U () Gd, 7%)" ﬂ 5, T") 12\ Ay) (3.55)
(A1,AQ,...,An_l)E{R,Q2\R}"_1 s=1 s=1 ,,
€a(OP(n)) €o(T—1(OP(n)))
holds true. Notice that
OP(n+1) = OP(n) VT ' (OP(n)) Vv (id, T") ' ({R, Q* \ R}). (3.56)

For Q € OP(n) V T~Y(OP(n)) consider some w € Q. If w ¢ V,, is true, we can use the
transitivity of the order relation to determine the order relation of w and 7" (w) from the
ordering given by (). This implies

#A((d, T { R, \ R}[Q) = 1 (3.57)
for all @ C Q\ V,,. Thus,

H(OP(n+1)|OP(n) v T~Y(OP(n)))

(3§6) H(OP(n) Vv T Y (OP(n))|OP(n) Vv T~ (OP(n)))

H((id, T") " ({R, @\ R})|OP(n) v T~ (OP (n)))
= H((id, ")~ ({R, Q% \ R})|OP(n) v T~'(OP(n)))

e 3 #(Q) - log(#A((d, T") " ({R. 22\ R})|Q))

QEOP (n)VT—1(OP (n))

= > p(Q) - log(#A((id, T") "' ({R, 2\ R})|Q))
QEOP(nzg\/gT*:(OP(n))
n 3 p(Q) -log(#A((id, T T ({R. 9%\ R})|Q))

QEOP (n)VT—1(OP (n))
QLVn
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(3.55) 3 w(@) - log(#A((1d, T") " ({R,2* \ R})|Q))
QGOP(nzg\/T_l(OP(n))
+ 3 w(Q) log(#A((id, ")~ ({R, 2* \ R})|Q))

QEOP (n)VT—1(OP(n))
QCO\V,

20 3 1(Q) - log(#A((id, T " ({R, 22\ R})|Q))
QEOP (n)VT—1(OP(n))

QCV,

> 1(Q) - log(2)

QGOP(né)\/T‘ L(OP(n))

=Vn

= log(2) - u(Va). =

IN

Lemma 3.49. Let (2, %, 1, T) be a measure-preserving dynamical system and V,, € & as
defined in (3.54). If lim,, o0 1(V;,) = 0, then

lim [H (OP(n+1)|OP(n)) — H (OP(n)|T~*(OP(n)))] =0

n—o0

holds true.

Proof. Since T~*(OP(n)) < OP(n), we have
H(OP(n+1)|OP(n)) > H(T*(OP(n))|OP(n)) = H (OP(n)|T~'(OP(n)))
for all n € N. So it remains to show that
lim_ [H (OP(n+1)|OP(n)) — H (OP(n)|T~(OP(n)))] <0 (3.58)

holds true:

H (OP(n+ 1)|OP(n)) — H (OP(n)|T~'(OP(n)))

= H(OP(n+ 1)) — H(OP(n)) — H(OP(n) vV T~*(OP(n))) + H(T~*(OP(n)))
= H(OP(n +1)) — H(OP(n)) — H(OP(n) V T~*(OP(n))) + H(OP(n))
= H(OP(n+1)) — H(OP(n) VT *(OP(n))) = H (OP(n + 1)|OP(n) V T~ *(OP(n))
T og@u(vh).
Therefore, (3.58) follows from lim,, o p(V;,) = 0. O

So, if u(V,) converges to 0 for n — oo, the two types of conditional entropy are equal.
As the following lemma will show, lim, . (V) = 0 holds true if, roughly speaking, the
dependence between w and T"(w) decreases to 0 for n — oco. This is, for example true if the
considered system is mixing. A measure-preserving dynamical system (2, <7, u,T) is called
mixing, if

lim u(ANT"(B)) = u(A) - u(B) (3.59)

n—oo

holds true for all A, B € <.
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Lemma 3.50. Let (Q, %, u,T) be an aperiodic and mixing measure-preserving dynamical
system with Q C R. If T is ergodic, then

liminf u(V,) =0

n—oo

holds true, and if (stronger) T is mixing, then

lim p(V,,) =0

n—oo

holds true, where V,, is defined as in (3.54).

A proof for the 'mixing part’ of the above lemma can be found in [38]. We give here an
alternative proof, that includes a statement for the weaker ergodic case.

Proof. To prove the ‘ergodic part’ of the above lemma, take € > 0. Choose an ordered
partition U = {U;}Y, of Q such that 0 < u(U;) < € holds true for all i € I. This is always
possible because p was assumed to be aperiodic. Label the sets U; € U with i € {1,2,..., N}
in such a way that

1 < i = ,uZ({(wl,wg) S Ui1 X UiQ Twyp > wg}) =0
holds true for all 1,42 € {1,2,..., N}. Since T is ergodic, there exists an n, € N such that
N ng—1
m (ﬂ U T‘S(Ui)> >1—e.
i=1 s=1

holds true.

The set (i, "' T—5(U;) consists of all w € Q with orbit (w, T(w),...,T™ ') visiting
each of the sets in 4. Thus, if such w lies in U; with 1 < ¢ < N and in V; for t > ng, by
definition of V; the point Tt(w) must belong to Uy UUUU;yq. With a similar argumentation
for w € Uy or w € Uy, one obtains the following:

N ng—1
u (Vm N U TS(Ui)>

=1 s=1

N-1
/L(UlﬂT U1UU2 +Zu U N7t U,_1 UU; UUH_l))—l—,u(UNﬁT_t(UN_lLJUN))
=2

holds true for all ¢ € N with ¢ > ng. If T is mixing, this implies

N no—1
lim g1 <Vn n U TS(U¢)>

i=1 s=1

i

< pU)pUruUsz) + ) wUi)u(Ui—1 UU; UUita) + p(Un)p(Un-1 U UN)

7

[|
¥

U126+Z 3€+MUN)

< 3e.
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If T is not necessarily mixing but ergodic, we have

N no—1 N no—1
s > (V“ﬂ S ) =i > (V+“ﬂ yr )
N-1
< pU)pUL1Ul2) + ) w(U)(Ui—r UU; UUit) + p(Un)p(Un—1 U Un)
1=2
w(U) 254—2 U;)3e + n(Un)2e
< 3e.

The Stolz-Cesaro theorem then provides

N ng—1 N ng—1
hnrgloréfu(v ﬂﬂUT ))<hnrgloréfn2,u,<vtﬂﬂUT ) 3e.

i=1 s=1 i=1 s=1
Hence
lim inf 1z (V)
N ng—1 N ng—1
= liminf |u (Vn n U T‘S(Ui)> + 1 (Vn () T‘S(Ui)>
oo i=1 s=1 i=1 s=1
N ng—1
<
1%&@(1/ n() U 7 )>+s
i=1 s=1
< 4e.
Since € can be chosen arbitrarily close to 0, this implies liminf,, o 1 (V;,) = 0. O

After showing that liminf, . p(V;,) = 0 holds true for ergodic systems, one might try to
show that limsup,,_,., #(Vy) = 0 holds true as well. However, this is in general not the case
as illustrated by the following example:

Example 6. Consider the rotation map 7" : [0,1[— [0, 1] with T(w) = w + a mod 1 for
some irrational ¢ € R\ Q. One can show that the measure-preserving dynamical system
([0,1[, B, A\, T') is ergodic, where A denotes the Lebesgue measure (see e.g. [7]). And in
particular,

limsup A\(Vy) >

d—o0

N | =

holds true.
Proof. Define
1
do(w) ::min{k€N|w<Tk(w) <w+2}.

and, inductively,
dp(w) ;= min{k € N | w < TF(w) < T%-1) ()}
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[.

for all w € [0,1]. Notice that dp4+1(w) > dn(w) holds true for all n € Ny and w € [0,1
0,1].

Since T is ergodic, the orbit {w, T'(w), T?(w), ...} is dense in [0, 1[ for (almost) all w € [0,
Hence, d,,(w) is well defined for all n € Ny and w € Q. Further,

for all n € Ny and w,w’ € [0, 3[. This implies

d, = d, <i> — iy (w)

for all w € [0, 5[. Therefore,

02 (10 o5 )

> A ({w €Q|w< T (W), THw) ¢ (w,T%(w)) for all € {1,2,...,dy — 1}} N [0, % D

N

for all n € Ny. Hence,
1
limsup A(Vg) > limsup A(Vy,,) = 3 O

d—00 n—00

Using Lemma 3.48, one can establish a relation between the permutation entropy and
the Kolmogorov-Sinai entropy bases on ordinal patterns. This was first done in [38] and
originally motivated the consideration of the sets V,,. We give here a different proof of the
same statement, which is directly based on the properties of the conditional entropy.

Lemma 3.51. Let (2, %4, u,T) be a measure-preserving dynamical system with Q@ C R.
Then

i H (OP(n) |OP(n —1) VT~ (OP(n—1))) < o0 (3.60)
n=1

implies

Proof. Using Theorem 3.8, the statement of this theorem is equivalent to
PE(T) = lim h(OP(k)).
k—o00

It follows from Lemma 3.12 that

PE(T) > lim h(OP(k))

holds true. So it remains to show

PE(T) < lim h(OP (k).
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The equality

for all n € N implies

=> H|\/(0P(s) "tV

=1

V

 (or(

“(
(Y
H(

m |oPi)®)

(OP(5))
(OP(s))"=++D
(OP(s))(

s=1

s (n—s+1)

$) s+t v OP (k)

)OP
)op(k)

o)
)

(n—s+1)

">> ~H (OP(k)(”))

i—1
(n st+1) OP(k)(")> - H (\/ (OP(s))(nferl) v OP(k)(n)>
s=1

i—1

\/ (OP(s)" =D v 0P<k><">)

s=1

_ Zn: H ((op(i))m—m) )(OP(z’ —1))—iF2) op(k)W)

< H ((OP(i))(”_i“) ((OP(z‘ -

1))

i=k+1
n n—i+1
ZH<\/ )\ T OPz—l)))
i=k+1 =0 5=0
n—i n—i+1
< H( \/ T7°(OP(i — 1)))
i=k+1 t=0
< > S H(E-ope) [T (0P - )Y TP - 1))
i=k+1 t=0
= Y (n—i+1)-H(OP@)|OP(i — 1) VT~ (OP(i - 1)))
i=k-+1
<n- zn: H (OP(i)|OP(i — 1) VT~ (OP(i — 1)))
i=k+1
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for all £ < n. Hence,

PE(T) < lim limsup lH (OP(n) \Y% OP(k)(”))

k—oo nosoco N

i [h(OP(k:))-HimSUPlH (op(n)’OP(k:)(n))]

k—o0 n—soo N

h(OP(k)) + lim sup Zn: H (OP(i) |OP(i — 1) v T~'(OP(i — 1)))
n—o0 imkt1

< lim

k—o0

< kli_)m h(OP(k)) + kli_)m i H (OP(i) |OP(i — 1) v T~ (OP(i — 1)))
i=k+1

B9 Y n(oP (k).

k—o00

O]

In combination with Lemma 3.48, the above lemma implies that the permutation entropy

is equal to the Kolmogorov-Sinai entropy if

> u(Vi) (3.61)
n=1

holds true. However, as we will show in the following lemma, this is impossible for basi-
cally every interesting dynamical system. In particular, this implies that the statement in

Lemma 3.51 is not an equivalence.

Lemma 3.52. Let (2, 2,1, T) be an aperiodic and ergodic measure-preserving dynamical

system with 2 C R. Then
Z (Vn) = 00
n=1

holds true, where V;, is defined as in (3.54).

Proof. Recall that
Ii= | J{weQ|w=Tw)}
seN
is the set of periodic points. Since T is p-almost surely aperiodic, we have p(II) = 0.

We will now prove the statement of this lemma by contradiction. Suppose » -7, u(V;) < oo

holds true. Using the Borel-Cantelli lemma implies

k=1n=k
or, equivalently,
K o S SINee)
am (U Q@) = (U Q@) -1
k=1n=k k=1n=~k
Therefore, there exists K € N with

u<<ﬁ<9\vn>> \H) =u(ﬁ<a\vn>> =u<LKJ ﬁm\m) >0,

n=K n=K k=1n=k
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Set
O(w) = | uin lw —T%(w)|

for all w € Q. Notice that every aperiodic point w ¢ II satisfies (w) > 0. Thus,

o<u<ﬂ<ﬂ\vn>\n> _M<U {we ﬂ(ﬂ\vn>\nré<w>>1/z})

n=K i=1 n=K

= hm,u,({we N (Q\vn)\nya(w)>1/i}>.

1—00
n=K

So there exists some § > 0 such that

oo

As={we () (@Q\ V) \II]5(w) > 5}
n=K

has strictly positive measure. Because there exists a countable set (25 C €2 with

As= {J Asn(w—16/2,w+6/2),

weNs

we have
,LL(A(; N (wo — 5/2,&)0 + 5/2)) >0

for some wy € 2. Using the ergodicity of T', this implies

1 ( U 77" ((wo — 6/2,00 + 5/2))) =pu (U T~(T~" ((wo — 6/2,w0 + 6/2)))> =1
n=K n=0

and, consequently,

7! (A(; N (wo — (5/2,000 + 5/2) N U T_”((wo — (5/2,000 + 5/2)))
n=K

= ,u(A(; N (wo — (5/2,(.4}0 + (5/2)) > 0.
So in particular, As N (wo — §/2,wo + 6/2) N UnZ e T ((wo — §/2,wp + §/2)) is not empty.
Take some

w € As N (wo = 6/2,wo+6/2) N | T7"((wo — 6/2,w0 + 6/2)).

n=K
We have |w — wp| < §/2. Additionally, there exists ng € N with ny > K such that 7™ (w) €
(wo —0&/2,wp+0/2) holds true, which is equivalent to |wy — 7™ (w)| < /2. As a consequence,
lw—T"(w)| < |w—wo| + |wo — T (w)| < 6
holds true. This implies that
m:=min{n € N| |w —T"(w)| < ¢}

is smaller or equal to ng. In particular, m € N is well defined and not infinite. On the other
hand,

weA; C{weQ| 1<£Iii£—1 lw—T%w)| > 0}
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implies m > K. By construction of m, we have
lw—T%w)| >6>|lw—T"(w)]

for all s € {1,2,...,m — 1}. Hence, w € V,;, holds true, which is a contradiction to

w e As C ﬂ Q\ V.
n=K

Therefore, Y >, u(V;,) < oo cannot be true. O

The above lemma still holds true if we drop the condition of ergodicity:

Corollary 3.53. Let (2, 4, 1) be a Standard probability space with @ CR and 7': Q —
an aperiodic measure-preserving map. Then

Z 1(Va) = o0
n=1

holds true, where V;, is defined as in (3.54).

Proof. According to Theorem 3.28 and Lemma 3.32, there exists a decomposition

Mz/ﬂf

of pand a set Qy € A with u(Qy) = 1 such that 7" is measure-preserving, aperiodic and ergodic
with respect to u for all w € Qy. The monotone convergence theorem and Lemma 3.52 then
provide

> lim ,uf Vo) dp(w

s, D pE ) aute)

:/ oo dp(w) = oo. O
Qo

To summarize, we have shown with Lemma 3.52 that the summation condition (3.61) that
was establish in [38] as a way to prove that the Kolmogorov-Sinai and permutation entropy
are equal, can not be satisfied. Therefore, a different kind of summation condition would be
necessary. But as of now, such a better condition has not been found.
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4 Permutation entropy of piecewise expanding
and mixing maps

The aim of this chapter is to find conditions for multidimensional measure-preserving dy-
namical systems under which the multidimensional permutation entropy coincides with the
Kolmogorov-Sinai entropy. As will be explained in the next section, different methods are
necessary in the multidimensional case compared to the one-dimensional case. The downside
of those methods is that they are only applicable to more specific dynamical systems. On
the upside, those methods allow for explicit upper bounds on the rate of convergence of the
permutation entropy for some dynamical systems (see Theorem 4.5).

4.1 Introduction

In the multidimensional setting, we consider measure-preserving dynamical system (2, A, u, T')
where Q C R? with d € N and 4 is the Borel o-algebra on Q. The case d = 1 corresponds to
the one-dimensional setting considered in the previous chapter.
Recall that
R={(z,y) eR* |z <y}

and
Rx = (X x X)"YR,R?*\ R}

for any random variable X : Q — R. Let p; : R? — R be the projection on the i-th coordinate,
ie. pi((wi,wa,...,wq)) = w;. To abbreviate the notations, we set

Ri=Rp, = {(w1,w2) € 02 | pi(w1) < pi(w2)}.
and

n—1ln—1

OP'(n) := OPP'(n) = \/ \/ (T°,T") "\ (Ry),

s=0 t=0
for all i € {1,2,...,d}. Notice that

(7%, T") 7 (Ri) = {w € Q| pi(T*(w) < pi(T"(w))}-

The partition into ordinal patterns of length n is then given by
d .
OP(n) := \/ OP'(n).
i=1

and the (multidimensional) permutation entropy by

1
PE(T) = liminf —H(OP(n)).
n—,oo N
In the one-dimensional case (d = 1), piecewise monotony was the main condition for the
permutation entropy to be equal to the Kolmogorov-Sinai entropy. A system is called piecewise
monotone, if there exists a partition M of €2, such that for all M € M w; < wy either implies

89



CHAPTER 4. PERMUTATION ENTROPY OF PIECEWISE EXPANDING AND
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T(w1) < T(wa) for all wy,ws € M or T(wy) > T'(w2) for all wi,ws € M. Such a condition
cannot directly be generalized to d > 1 because w; < we wouldn’t be well defined.

One possible way to generalize the idea of piecewise monotony to higher dimensions could
be as follows:

We call T piecewise monotone, if there exists a partition M of @ C R? such that for all
MeMandie{l,2,...,d}

pi(w1) < pi(we) implies p;(T(w1)) < pi(T(w2)) for all wy,ws € M

or

pi(w1) < pi(we) implies p;(T(w1)) > pi(T(w2)) for all wy,ws € M.

However, this is very limiting. Consider for example the function T : [0, 1[>— [0, 1[? with
T((w1,w2)) := (2w; mod 1,2ws mod 2). This function suffices the above given generalized
conditions for piecewise monotony. But even though it is technically a multidimensional map,
practically it is only a product of two one-dimensional systems and can therefore easily be
separated in multiple one-dimensional systems. With the above given generalized definition
of piecewise monotony, it is difficult to find functions that fulfill those conditions and are more
than just a product of one-dimensional piecewise monotone functions.

Hence, trying to find conditions that directly try to generalize the one-dimensional idea of
piecewise monotony might not be a good approach. Instead, we try to find conditions that do
not depend on the ordering between different points or the ordering between one-dimensional
projections of those points.

Since this new multidimensional approach should work for the one-dimensional case as well,
considering simple one-dimensional systems first to get an idea for useful conditions could be
a good strategy. So in the next section, we try to prove the equality of permutation and
Kolmogorov-Sinai entropy for a specific one-dimensional system without using the fact that
this system is piecewise monotone. In the subsequent section we then try to establish condi-
tions, under which the ideas of the following section can be generalized to higher dimensions.

4.2 o-permutation entropies

The central idea of this approach is LIm following: We split the partition of ordinal patterns
OP(n) into two parts OP(n,a) and OP(n,a), i.e.

OP'(n) = OP'(n,a) vV @i(n, a),
and consider the entropy of each part individually. We define these partitions as

@i(n,a) = \/ (75,71 (Ry),

(s,t)EER:
[t—s|=n®

OP'(n,a):= \/ (I°,T")7(Ry)
(s,t)EER:
[t—s|<n®

for a € [0,1], where E,, := {(s,t) € {0,1,...,n —1}? | s < t}.
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Based on these partitions one can define the lower and upper a permutation entropies

d
o1 i
hnII_l>loléfﬁH (\/ opP (n,a))

i=1

IS

n—oo N
=1

and liminle (\/ W(n,a)) .

It is easy to see that

0P (n, 1) = OP'(n,0) = {9},
OP'(n,0) = OP'(n, 1) = OP'(n),
@i(n,ag) < OPi(n,al)
and @i(n,al) =< @i(n,ag)

hold true for for all oy, a9 € [0,1] with a7 < g and all n € N. In particular, this implies

1 d
hnnigf EH (\/1
1=

d
and  liminf ~H <\/ OP'(n, a)> < PE(T)
=1

n—oo mn

OP'(n, a)> < PE(T)

for all a € [0, 1].

On the other hand, the a-permutation entropies are not that much smaller as the following
lemma shows. This lemma is not necessary to prove the main statement of this chapter but
shows that the a-permutation entropies are an upper bound for the Kolmogorov-Sinai entropy
the same way the original permutation entropy is, as shown in Theorem 3.10.

Lemma 4.1. Let (Q,%,u,T) be a measure-preserving dynamical system with Q C R9.
Then

lim inf lH

n—oo N

A~
<=
<
£
2
~
AV
=
=

@
Il
e

1
and liminf —H

n—oo N

M~
<=
9
£
2
-~
AV
=
=

@
Il
L,

hold true for all « €]0, 1].

We will introduce another lemma to help with the proof of Lemma 4.1. Given a partition
P and a set Q) € A, recall that
APIQ)={P P |uPNQ) >0}

is the collection of sets in P that are intersecting the set Q.

91



CHAPTER 4. PERMUTATION ENTROPY OF PIECEWISE EXPANDING AND
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Lemma 4.2. Let (Q,%,u,T) be a measure-preserving dynamical system with Q C RY,
U := {U,}ics a finite partition of R into intervals and Q := p}l(Z/{). Then for all « € [0, 1]

-« [n]
#A(QM|Py) < <#Q#+Q“_l . 1) (4.1)

holds true for all P, € @i(n, a) and

al _ [n!=]4+1
HA(QM|P,) < (#Q;Q["J 1) (4.2)

holds true for all P, € OP(n, ).

Proof. Fix j € {1,2,...,d}. Set I = {1,2,... N} with N = #Q = #U and label the sets
Qi € U with i € I in such a way that

11 < 19 = pj(wl) < pj(w2) for all wy; € @;, and all wy € Q;, (4.3)
holds true for all i1,i5 € I. Fix n € N. Set

n—1
= ﬂ Tﬁt(Qit)
t=0

for all ¢ = (i, 41,...9n—1) € I". We will first prove (4.1):
Take Py € OP'(n, o). We have

#A(QM|Pr) = #{i € I" : w(Q(4) N Py) > 0}

Define
n—1
= U {(s1,82,...5m) €{0,1,...,n—1}":
m=1
Sit1 — s; = [n%] forallie {1,...,m—1}
and s1 < [n“] and sp, >n—1— [n“]}
as the set of all sequences in {0, 1, ...,n—1} whose consecutive elements have a difference equal
to [n®] and whose length is maximal. Since |s;, — si,| > n® for all s = (s1,52,...5m) € S
and 41,142, € {1,...m} with 4; # ig, there exists a permutation 7% = (77, 75,...,75,) of s such
that

pi(T™ (W) < pj(T™ (W) < ... < pj(T™(w))
holds true for all w € Py. Using (4.3), this implies
Zﬂf Siwg Sglwfn
for all 2 = (ig,i1,...ip—1) € I" with u(Q(2) N Py) > 0. Therefore,

#{(ig )7y € T (ﬂ T~ (Qi,, ) >>0}

S#{(isk)zn:1€f ‘Zﬁf S’Lﬂg Sglwfn}
(N+m-—1
~\ N-1
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holds true for all s € S. Since the length m of a sequence s € S is at most

%:cyﬂ +1< 2]+ 1=+,

we have

m nl—oc
#{(is )iy € 1™ | 1 <ﬂ TSk(QisQﬁpw) >0 < <N jv(_ 1 ]>
k=1

for all s € S. The set S is defined in such a way that for every i € {0,1,...,n — 1} there
exists a sequence s € S and an index k € {1,2,...,m} such that s =i. This implies

#{i e I'" | p(Q(3) N Pr) > 0}

< [T #4Ga i e 1 u(ﬂT%Q%mp)w

seS

L) (V)

seS

which finishes the proof of (4.1) by using #S = [n®]. We will now prove (4.2):
Now take P, € OP'(n,a). For all s € {0,1,...,n — [n®]} there exists a permutation
P - (Wf,T{'S,...,T['Fna-|) of {s,s+1,...,5+ [n¥] — 1} such that

(T (w)) < pj(T™ (W) < ... < pi(T™(w))
holds true for all w € Py. Using (4.3), this implies
iy <img <o < ims,
for all ¢ = (ig,1,...in—1) € I"™ with u(Q(2) N Pr) > 0. Therefore,

s+[n*]—1

#la) e | ) TRHQi) NP | >0}
< #{()E T e I iy g <o s}
(N +[n*] -1
B N-1
holds true for all s € {0,1,...,n — [n®]}. This implies

Hi I w00 R)>0)
s+[n*]—1
u+1)([n no —
H #1 (i I(f—:;()[(nL] 1) Vet pl ) TRQu) NP | >0}

- (N + [ - 1> <N + ] - 1) i
< H = )
N -1 N -1

u=0

which finishes the proof of (4.2). O
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Proof of Lemma 4.1. Because the Borel g-algebra can be generated by finite partitions into
sets of the form ﬂ;lzl pj_l(Aj) where A; are intervals, for all € > 0 there exist finite partitions
U; of R into intervals, such that

d
R(T) <h (T, \/ pjl(l/lj)) +e

holds true. Set Q; := pj*l(uj). Using properties of the Shannon entropy, we get

for all n € N. Lemma 3.3 implies

H(QMIOP (n,0) < 3" u(Pr) - log(#A(Q"|Pr)),
Pﬂeﬁj(n,a)

which together with Lemma 4.2 yields

lim ~H(Q" [OP (n, )

n—oo N

) 1 #Qj+|'n1—a‘| [n]
Jm = ) M(Pﬂ'log(( #0Q;— 1 ) )

Pr E@j (n,0)

_ o L #%+WﬂUW]
= nlggo - log (( (o 4+ 1

A
5
|
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i g (HO Y

n—oo N (nlfoﬂ

< Jim " iog () + fn=e7y#9 )
[n] log(#; + [n'~°])

= Jim ; (#Q; - 1)

.1
< liminf —
n—,oo nN

H(\d/ |OP]noz —i—H(\d/ )]+€

Jj=1

d
ApJ
_l%rg{)rolan (\/ OP’(n a)) +e.

Analogously, using Lemma 4.2, one can show

lim H(Q(n)\OPJ(n a))

n—oo N

o Liog [((#Q+ T =1\
am o log (( £Q; — 1 )

< L bﬁ%%+hﬂ—ﬁ@*)

IN

= lim
n—oo

= i (LDl N 2Dy
= Jim PEFLEIIEL g, -0y <0,

which implies

ISH

MT) < hmlnf—

n—oo M

d
\/ |OP3na +H(\/O]3j(n,a))]+€
j=1

J
_hnrglorolan (\/ OP’(n a)) +e.

7j=1

The statement of this Lemma follows from the fact that € can be chosen arbitrarily close to
0. O
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4.2.1 Combinatorial arguments

Given a finite partition P = { P, };cs, recall that
n—1

P(i)= (T *(P,)
s=0

for ¢ = (io,il, ... ;in—l) S
The following lemma is a generalization of some of the results proved in Lemma 3.20 and
is fundamental to most of the arguments used in this chapter.

Lemma 4.3. Let (Q,%,u,T) be a measure-preserving dynamical system with Q C RY,
U = {Ui}ier a partition of [—b,b] into intervals and P = {P;}icr = p].*l(Z/{). Then for all
je{1,2,...,d},neN, EC{0,1,...,n —1}? and multi indices i = (iq,%1,...,in_1) € I"

#A \/ (Ts,Tt)il('R,j) P(’l,) < 2#{(s,t)€E| Ts=i¢}
(s,t)eE

holds true.

Proof. Fix j € {1,2,...,d}, n € N, a multi index @ = (ip,%1,...,ip—1) € [" and E C
{0,1,...,n — 1}2. Then

#A(\/ (@) Ry)| PG | < [T #A(T, TN (Ry)IP(>) (4.4)

(s,t)eEE (s,t)EE

holds true. Note that
(T%,T) " (Ry) = {{w € Q| pj(T*(w)) < pj (T (W)}, {w € Q| pi(T*(w)) = pj(TH(w))}}-

If 45 # iy is true, p;(T%(w)) and p;(T*(w)) are located in different intervals U;, and U;, for
all w € P(4). Because every point in the left interval is smaller than any point in the other
interval, we have either

AT, T THRY)IP(E) = {w € Q| p;(T°(w)) < pj(T"(w))}

or

A((T*, TN R)IP(3) = {w € Q| pj (T*(w)) = p;(T"(w))}-

This implies
#A((T°,T) 71 (Ry)|P(i) = 1.

If iy = iy,

#A((T*, T (Ry)|P(3) < #((T°,T)7H(Ry) =2
holds true. Applying (4.4) then yields

#A< \/ (T°,T) " (R;) P(z’)) < o#H{(sDER] iv=ir} -

(s,t)EE
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4.2.2 Permutation entropy of Bernoulli shifts from a different perspective

Given N € N\ {1} and a stochastic vector ¢ = (q1,¢q2, . ..,qn) With g, := maxi<;<y ¢ < 1,
let ([0, 1[, &, u, T) with
T(w)=N-w mod1

be the Bernoulli shift generated by q as introduced in Section 2.3.4. To exemplify how com-
paring the Kolmogorov-Sinai entropy to the a-permutation entropies can potentially be easier
than comparing it to the original permutation entropy, we compare the different entropies for
this Bernoulli shifts. The relatively simple structure of Bernoulli shifts allows us to determine
the difference between these entropies analytically. In Section 2.3.4, we explicitly determined
the Kolmogorov-Sinai entropy of Bernoulli shifts. And since Bernoulli shifts are piecewise
monotone, Theorem 3.17 implies that the permutation entropy of these system is equal to its
Kolmogorov-Sinai entropy.

We will now show that the Kolmogorov-Sinai and permutation entropy are equal for
Bernoulli shifts by considering o permutation entropies. Let

be the partition of [0, 1] into the N intervals on which 7" is monotone. Recall that

n—1 n

H (ﬂ P2t> = H qi,

t=0 t=0

holds true for all (ig,41,...,9,-1) € {1,...,N}™
As in Section 3, we will use conditional entropies similar to

H(OP(n)|P™)
to determine the entropy difference between symbolic and ordinal patterns. But instead of
using OP (n), we use OP (n, ) or OP (n, o) and instead of using a fixed partition P, we consider

partitions that additionally depend on the length n of the considered ordinal patterns. In the
example of Bernoulli shifts, for fixed o €]0, 1[, we consider Pp,aq for n € N with

Pro={[(i—1) - N*i - N*]|ie{1,2,...,N*}}

for k € N as defined in (2.10). Even though these partitions change depending on n,
1H (PFZL]) still converges to the Kolmogorov-Sinai entropy due to

lim (P ) %2 fim L gpntnel-n)y
n—oo N [n] n—oo n
= lim ntfn?-1 1 H(Ppr+n®l=1)
n—o0 n n 4+ [noﬂ -1
1
- lim ———— (n+[n*1-1)
nh—>n;o n 4+ [noz" _ 1H(P )
FE H(q) = h(T). (4.5)

Applying Lemma 3.3 and Lemma 4.3 to the here considered partitions into intervals Pp,a =:
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{P!"}icr, yields

H(OP(n, a)]PF )W) < log(2) - Z w(P"(2)#{(s,t) € By, | s+ n® <t and is =it}

el

<log(2)-n*-p U {weQ|#{(s, ) €EE, |s+n*<tandwec T 5(P)NT P} > 1}
PeEP[pa

<log2) n?- 3 Y wTH(P)NT(P))

PePrpay (s,t)EER:
s+n*<t

< log(2 Y Z (PNT7HP)) (4.6)

PE'P[na] t= [n(ﬂ

SRR S i

t=[n] PE'PMQW

n
<log(2)-n®- > u(P) Y g <log(2)-n***. g,

PEP,’na] t:’r’no‘]

which converges to 0 for n — co.
Analogously to (4.6), one can show

H(OP(n,)[P()) < log(2) -w® > > w(POT(P)).

To find an upper bound for the above quantity, we will use the following lemma.

Lemma 4.4. Let ([0, 1], 8, 1, T) be the Bernoulli shift generated by the stochastic vector
q=(q1,92,-..,qn) and

P={[(i—-1)/N,i/N[|i€c{1,2,...,N}}

Then

N t
Y wPNTHP)) < (Z g ””)
=,

Pep®)
holds true for all k,t € N with ¢ < k.

Proof. Fix k,t € N with t < k. Take P € P, There exists ¢ = (ig, i1,...,4i5_1) with

k—1

P=()T*(Py)

s=0

Let
D:={PeP® | PNTP)+0}
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Suppose P € D. Then is = is4; must hold true for all s € {0,1,...,k —1—t¢}. Hence

[(k+t)/t]—1 t—1 k+t—1
PNTHP) = N 7 (ﬂ TSP,-S> N N
u=0 s=0 s=t-| (k+t)/t]
[(k+t)/t]-1 t—1
C ﬂ T—ut (m T—S—thiS)

u=0 s=0

and

[(k+t)/t] -1 t—1

p(PATHP) <p| () T (ﬂ TP)
u=0 s=0
L(k+t)/t]=11-1 i
= JI Il = Hq“ o,

u=0 s=0

Therefore,

S w(PATP) = 3 w(PAT(P))

pepk) pPeD
t—1

< Z Lk+t /t] <Z Lk/t+1j> ‘ 0

(i0y--eyit—1)€{1,..., N}t s=0
Using the above Lemma, we can show that for sufficiently large n € N

[n®]-1

H(OP(n,0)[P{m) <log(2)-n*- >~ >~ u(PNT(P))

t=1 PGPMoq

[n]-1 t
< log(2) - n Z (Z gl /t+1J>

w

fn“1 L/ N
< log(2) - n? - Z (thno‘/tﬂj)
t=1 \i=1
[[no/21-1 s N N e A t
= log(2) - nd. (Z qitn(’/tHJ) + Z (Z qina/tHJ) ]
| =1 i=1 t=[no/2] \i=1
[n*/2]-1 , -1 /N t
t=1 t:(na/ﬂ =1
na/ﬁ 1 mel-1 / N [ne/2]
< log(2) - n3- ( a/na/Q—HJ) Z (Z s - %’) ]
t=1 t=[n/2] \i=1

a/2

<log(2) - n?- [([no‘/21 -1)-N-q

cx/2

+ ([n™] = [n*/2]) - QQW}
<log(2) - n*T* . (N+1)-q
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holds true. Again, this converges to 0 for n — co. Combining the above arguments implies

1 1 (n) 1 (n)
~H(OP(n)) < ~H(OP(n)|P{7))) + ~H(P{))
< EH(OP(n, a)\PFnzq) + EH(@(TL: a)‘PFnzq) + gH(PFan)
« [ 1 n
<log(2) - P - (g2 + (N + 1) + S H(PI)) (4.7)

for all a €]0, 1[. This immediately provides an upper bound for the entropy difference:

Theorem 4.5. Let ([0, 1], %, u, T) be the Bernoulli shift generated by the stochastic vector

qg=(q1,92,...,qn) and ¢, := max;<j<n ¢;. Then
]. @ (e
~H(OP(n)) = h(T) < inf log(2)-n*" (" + (N +1)- ¢/ +n"' - H(q). (48)
n <a<

holds true.

Proof. Let a €]0,1[, n € N and Py, as given above. Lemma 2.29 provides

Lopm) y_ [ +n—1 nt+n _ a1

Laep) = I g < T (g = 0 1) H(a)
The proof of this Theorem then directly follows from (4.7) and the fact that H(q) = h(T)
holds true. [

Notice that we have not used the piecewise monotony of the function 7" at any point to
prove this result. Therefore, a method similar to the above approach could, theoretically, be
used in higher dimensions. To prove the part of this result involving H(OP(n, «) we, roughly
speaking, used the fact that Bernoulli shifts are expanding, in the sense that the distance
between a pair of close points grows exponentially under iteration. To prove the other part
concerning H (OP(n, «), we used some kind of mixing property of Bernoulli shifts.

Throughout this chapter, we will introduce the conditions (C1)-(C6) to generalize those
ideas of expanding and mixing, together with some other necessary conditions, to higher
dimensions.

Another advantage of the above approach compared to using monotony, is that the more
constructive nature of this arguments yields an explicit upper bound for the entropy difference
that does not only hold true asymptotically but for every n € N.

Different combinatorial arguments can give the lower bound

LroP(n) - h(r) > (v - 1B N 1

n n
So for Bernoulli shift maps, one can directly give an upper bound on how fast + H(OP(n))
converges to h(T).

4.3 Generalization to higher dimensions

The general strategy of our approach can be summarized in the following theorem:
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Theorem 4.6. Let (2, %,T,u) be a measure-preserving dynamical system for Q C RY.

Suppose for some a €]0, 1] there exist sequences (Py)nen and (Qy)nen of partitions of 2
with

(i) Hmsup,, ., ~H( 1(1n)) < h(T),
(i) limsup,, o ~H ( %")\7’73")) =0,

(iii) limsup,,_, . %H(W(n, a)\Q%n)) =0forall j € {1,2,...,d} and

j (n)y _ ;
LH(OPI(n,a)[Pr”) =0forall j € {1,2,...,d}.

(iv) limsup,,_,

Then

PE(T) < h(T)
holds true.

Proof. Tt holds

lim sup lH (OP(n))

n—oo TN

< limsup lH <OP(n) % PT(Ln)>

n—oo N

< limsup %H (PT(L”)) + %H (OP(”)‘PT(LTL)>
n—oo
%) h(T) + lim sup lH (OP(n)|7)T(L”)>

n—oo T

d
1 N
< W(T) +1i —> H (0P oP’ Py
< h(T)+ 17rlnsup " 2 <O (n) Vv (n,a)|P, )

d
< W(T) + lim sup 1 ZH (@j(n, oz)|737(Ln)> +H (@j(n, a)|737(zn)>

n—oo N =1
(iv) I n
< W(T) + limsup — ZH (OP (7%04)’7)7(1”))

n—oo N %
J=1

d
< h(T) + lim sup 1 ZH (@j(n, Oz)|Q$ln)> +H (Q%”)Ipén))

n—oo N £
Jj=1

(id) + (i) h(T).

4.3.1 Upper a-permutation entropy

To prove (i), (ii) and (iii) in Theorem 4.6, we require that the measure preserving dynamical
system (Q, %, u, T') fulfills the following conditions:

(C1) Q is bounded, i.e. there exists b > 0 with

QC{z e R ||z] < b},
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(C2) the measure p is not “too concentrated” on small stripes, i.e there exists a constant
C > 0 and ~ €]0, 1] such that for all z,y € R with z < y and ¢ € {1,2,...,d}

pu(p; ' ([z,9]) < Cly — )7,

where p; : Q@ — R with p;((w1,we,...,wq)) = w; is the projection on the i-th coordinate,

(C3) T is piecewise expanding, i.e. there exists a constant ¢; > 1 and a finite partition M of
Q such that for all M € M and for all w,v € M we have

IT(w) =Tl = erf|w = v,
where ||o|| = ||o||2 is the 2-norm,

(C4) the sequence of partitions (T"(M))nen, is mixing with a mixing rate ¢(n) that is
satisfies
lim n%/® - p(n) =0

n—oo

for some « €]0, 1].

Remark 4.7.

o Condition (C2) implies in particular that the measure p is non-atomic, i.e u({w}) =0
for all w € Q.

o If T is continuously differentiable on each M € M, condition (C3) is satisfied if every
eigenvalue of the Jacobian is larger than ¢ for every point in M.

o The mixing rate of the sequence of partitions (77" (M))nen, in condition (C4) corre-
sponds to the mixing rate of the stationary stochastic process (X, )nen, with X, (w) =1
it T (w) e M;.

Mixing rate Let ¢ : N — [0, 00[ be a monotonically decreasing function. We call a sequence
of partitions (T"(M))nen, mixing with rate p(n) if there exists a k¥ € N such that the
following holds true for all n € N:

There exists a collection F of sets in C o(\/[—, T~*(M)) with

M <Q\ U F) <n? (4.9)

FeF

such that
sup p(ANT*(B)) — p(A)u(B)

AeF 1(A)
Beo(ViZy T7H(M))

< o(n). (4.10)

The mixing rate is small if the dependency between different iterations decreases fast
enough. For example, if (X,)nen, with X, (w) = i if T"(w) € M, is a Markov process
(of order k), the mixing rate ¢(n) of (X,)nen, is zero for all n € N.

To illustrate that there exist dynamical systems that satisfy the above conditions and that
those systems are not too special, we will consider the following example.
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Example 7. Consider the measure-preserving dynamical system (Q, <7, u,T) with Q =
[0,1[%, 7 the Borel-o-algebra of 2, u the 2-dimensional Lebesgue measure on  and T :
Q) — ) defined by

T(w) = T((w1,ws)) = G’ é) (w1,w2)” mod 1.

One can show that 7" is measure-preserving with regard to p. Conditions (C1) and (C2) are
true for C = v =1 and (for example) b = 2. Condition (C3) is true for ¢; = 2 because 2 is
3 1

the smallest absolute value of the eigenvalues of A := < 1 3

> . The partition into expanding
subsets is given by

M= {AN i = Lilx [~ 1,jD N | i,j € {1,2,3,4}}.
It is more difficult to verify condition (C4). We will show that condition (C4) holds true for

k=1and ¢ =0:
Diagonalizing A provides

=6 D)

M™ = {A™([i — 1,i[x[j - 1,j) N Q| 4,5 € {1,2,...,4"}}

This implies

for all n € N. Set
Fo={A"([i — 1,i[x[j —1,4]) | 4,5 € {1,2,...,4"} and A™"([i — 1,i[x[j — 1, j[) € Q}

The number of sets in M (™) \F is proportional to the length of the circumference of the quad-
rangle A”([0,1]?). Considering the diagonalization of A, one can see that this circumference
is bounded by c¢ - 4™ for some positive constant ¢ € R. This implies

M(Q\UF):H U rFl< > wr

FeF FeEMMN\F FeEM@ON\F

S#(M(”)\f> - max pu(F)<c-4"-8"=c-27"
FeMm

Therefore, (4.9) is fulfilled. Since p(A) = 8" for all A € F, we have

3 1\", ..,
WANT(B)) - p(A)u(B) _“(B)/d“((l 3) V-5 ) 0
11(A) B 11(A) o

for all B € A. So (4.10) holds true for ¢(n) = 0 for all n € N.

To construct the partitions Q,, used in Theorem 4.6, we will set n, := (/7] and U, as

Un = {[b(—1+2i/n,) b(~1+ 20+ D/n)[[i € {0.1,omy — 1)) (411)
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Define .
Q. = \/ ' Un). (4.12)
j=1

It becomes clear in the proof of Theorem 4.10 why this is a useful choice.

The sequence of partitions 737(1”) in Theorem 4.6 will then be chosen as

Py i= M (4.13)

with an appropriate 8 €]0, 1[. Looking at (4.5), it is easy to see that (Pp)nen satisfies (i) in
Theorem 4.6. We will now show that (ii) in Theorem 4.6 holds true for the above choice of
9, and P,

Lemma 4.8. Let (Q, %4, 1, T) be a measure-preserving dynamical system satisfying condi-
tions (C1),(C2) and (C3) and (U, )nen a sequence of partitions as defined in (4.11). Then

d

i ~ 8 [/ (pj—l(un))(”)

n—oo n
f=1l

PO | =0

holds true, where P, = M1 for some 3 € [1/2,1].
Proof. Using properties of the conditional entropy, we have

lim ~H \d/ (p]fl(un))(")

n—oo N

d
= Jim L (\/ (57" )™ e

Therefore, it remains to show that

lim H (pj—l(un)

n—oo

M(Nﬂ)) -0 (4.14)

holds true for all j € {1,2,...,d}.
Take j € {1,2,...,d} and set

U = ﬂb(—l + (204 077 ) b(—1 4 (206 + 1) — 075 i) [ i€ 0,1, ony — 1}}
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and
Wy ={Me MV | mn | pr(U) £ 0}
Ueu;

For a set M € £, define
Vo (M) :={A € p; ' (Un) | AN M # 0}

Choose N € N such that
2B ;YN < b. NI/

holds true. Condition (C1) and (C3) imply that the diameter of M is not larger than 2b~cl_‘/ﬁ
for all M € M([\/’ﬂ), so for all n > N we have

#Vo(M) <2

for all M € MV7]) and
#Vo (M) =1

for all M € W};. This implies for all n > N

H (pj_l (Un)

< S u(M)log(Va(M))
Mem(vnl)

= " w(M)log(V,,(M)) + > pu(M) log(Va (M)
MeWwy ME(MU\/EU\W;;)

< 3 u(M)log(1) + > (M) log(2)

Mew; we(MVAD\W;)

—log(2) - p ( U M)
Mem(vVrD\wx
<log(2) - p (Q\ U pjl(U))

UeUz

MiIvaD )

=1og(@)- [ (7" ([~b:b(=1+ 077 /)| )
£ (ot (BT @i ) b1 4 @it ) )
i=1

()]

(C2)
S 10g(2) . |:2C . (b . n*5/’72)'y 4 (n’y o 1) . C . (2b . n75/72)7i|

<log(2) - C [2m 5/ 47 (20)7 n_5/”’}

=log(2) - C [zm 5 4 (20)7 n*l/'y] 7

which converges to 0 for n — co. So, one can conclude that (4.14) holds true. O
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Given Q C R?, let

B(w,r) =={w € Q||| —w| <7}

be the ball with radius » > 0 centered at w € Q and

B(A,r) := U B(w,r)

wEA

the r-parallel set around A C Q. In particular, if Q C R and A = [a, b] is an interval, then

B(A,8) = [a—6,b+ 4.

We now want to show that (iii) in Theorem 4.6 holds true. To achieve this, we first introduce
the following lemma.

Lemma 4.9. Let (Q, %, 1, T) be a measure-preserving dynamical system satisfying condi-
tions (C1),(C2),(C3) and (C4) with k and ¢ as in (4.10) and ¢; as in condition (C3). Let

{Ui}ier be a collection of sets in R. Then for all 6 > 0 and ¢t > —ll(j)gg((i))

L <U p; (Ui) N T_kt(le(Ui))>

el

<7+ 3l {(B(UL))) - (u(o5 (B, ) + 2(0)
i€l

holds true

Proof. Let ¢ and M be as in condition (C3) and (C4). According to the definition of the
mixing rate, there exists a £k € N such that for all ¢ € N there exists a collection of sets
F € MO with

u(ﬂ\ U F) <n~?

FeF

and

sup p(ANTH(B)) — w(A)u(B) < p(n) - u(A)
Beo(ViZy T—H(M))
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for all A € F. We have

(Up] )T (! <Ui>>>

el

<up|U U M|nT* U o

i€l MeMm®) MeMW
Mnp; ' (U;)#0 Mrp;  (U;)#0

=u |l U Mm|u U M

el Me}‘ MeMONF
Mnp; ' (U;)#0 Mop; H(Us)#0

N7kt U M

Mem®
Mnp; H(U;)#0

<p|U

el A4€f
Aiﬂp

ﬂTfk:t
MeM ®)
A4ﬁp_1

U U M

MeMW\F
Mnp; (U:)#0

<pu U M UU U M | nT* U M

MeMO\F iel MeF Mem®)
Mnp; = (Us)#0 Mop; H(Us)#0

<pu U M|+> ok Uy wm|nT™ U M

MeMW\F iel MeF MeMmM®
Mnp;(U;)#0 Mnp;  (U;)#0

:u<Q\UF>+Zu U Moz U o
FecF icl MeF M'eM®
Mnp; (U;)#0 M'np;H(U;)£0

<n_4—|—z Z w| MnT* U M’

el M1€]: M'emM®
A4ﬂp; (Us)#0 Apmp;lah)#@
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(%4)71_4-1'2 > uwM)- | u U M|+

el MeF M'emM®
Mnp; ' (U:)#0 M'p; L (U:)#0
=n~1 4 Z i U M| - |p U M| + () (4.15)
iel MeF M'eM®
Mnp; H(U:)#0 M'np; H(U)#0

for all t € N. Now Choose ¢t € N with ¢t > —lfgg((i)). This is equivalent to

t
(1) <
1
According to condition (C3), the diameter of the set M satisfies

diam(M) < <1>t

C1

for all M € M® | which implies
diam(M) <o

for all M € M®. Therefore,

U M| <p'(BU;0)
MeM®
Mﬂpjfl(Ui)#@

holds true for all ¢ € {0, 1}, which, combined with (4.15) finishes the proof. O

Theorem 4.10. Let (2, %, u,T) be a measure-preserving dynamical system satisfying con-
ditions (C1),(C2),(C3) and (C4) and (U, )nen a sequence of partitions as defined in (4.11).
Then .
H (W (n, a)yg,({‘))
lim
n—o0 n

holds true for Q,, := pj_l(Z/ln) and all o €]0, 1[ with lim,, ;s 7%/ - ¢(n) = 0.

=0, (4.16)

Proof. For n € N write I,, := {0,1,...,n* — 1} and
Ul = [b(—1+ 2i/n*),b(—1+2(i + 1)/n")[

7

for i € I,, s0 Uy, = {U}}icr,. Further, Q7 := p; ' (Ul"), so @ = {Q} }icr, -
Take a €]0, 1[. Define for n € N, i € I,, and some ¢ > 0 the set

An(i) = {w € Q[ #{(5,1) € En | T°(w),T"(w) € Q7 and |t — s| > n"} < no}
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where ng := |e-+/n]. Notice that for all n € N and 4 = (ig, i1, ...,in—1) € I} with Q"(¢) C
Nier, An()

#{(s,t) € E, |is =1, and |t —s| > n"} < ng

holds true. Combining Lemma 3.3 and Lemma 4.3 provides

H(OP'(n,0)|Q™) < Y~ n(Q(3)) - log (#A (0P (n.0)|Q(4) ) )

iel™

<log(2) Z w(Q(%)) - #{(s,t) € {0,1,....;n — 1}?| is = i and |t — 5| > n"}

teln
=log(2) Z w(Q(3)) - #{(s,t) € {0,1,...;n — 1}*| is = iy and |t — s| > n"}

QO hery Anli)

+log(2) D Q@) #{(s,1) €{0,1,..,n =1} is =iy and [t — s > n®}
el™:
QO eer,, An(i)

<log(2) > 1(Q(3)) - no + log(2) > w(Q()) -n?

QO sy Anli) QO e, An(i)
<log(2) - ng + log(2) - (1 — (ﬂ An(i)>> -n?.

i€ly

After dividing by n and because € can be arbitrarily close to 0, it remains to show that

nh_}nolo <1—u<ﬂ An(z)>> -n:nli_{]gou<u An(i)c> n=0

i€ln, iel,

holds true. We have

An(i) ={w e Q| #{(s,t) € B, | T*(w), T"(w) € QF and |t — 5| > n*} > ng}
Cl{weQ|#{(s,t) € B, | T5(w), T"(w) € Q" and |t — s| > n} > 0}
= U m@)nT@n

(s,;t)eEn,
[t—s|>n>

n n—1
c UTs( y @?mwcz?)),
s=1

t=[n%]
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which implies

n n—1
" (U An(i)c> < n (U Jr ( U ﬂTt(Q?)))
i€ln i€l s=1 t=[no]

n n—1
= p (U T ( U U Q?ﬂTt<Q?)))
s=1 t=[no] i€ly

n—1
<n-op ( U U Q?W%Q?))

t= |—n°‘-| i€ly,

<n Y n (U Q; ﬂTt(Q?)) (4.17)

t:[na‘\ iEIn

Let ¢; > 1 be as in condition (C3) and set &, := n~8/7*. Chose N € N such that

log(dn) k- 8k log(N)

N > —
—  log(cr) v2log(c1)

holds true. Applying Lemma 4.9 to (4.17) provides for all n > N

n—1
i (U An(i)c> <n- Y ow (U Q; mT‘%Q?))
iel, t=[n] ieln

n—1

=n- > w(p @) 0T ()

t=[n]

A I (7" Bs (1) - (1 (07 " (Bs, (U1) + (12/k]))

t=[no] i€l
S S S (n (p D) + 1 (9 (Bo U\ UD) )
t=[ne] i€ln

-(u( (B, (U] >>) e([t/k)))
@y S (1 (p7" ) +20 - 3)7) - (1 (7" (Bs, (UID)) + e[/

i€y t= (n&]

SEBS (1 (o7 @) + 20 - 0757) « (u (57 (B, 7)) + (12/k))

i€ln t=[n|
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< 3 (u (o ) +20 0757 - (u (7 (B5, (UF) + o(Ln k)

iely
<n2420 078 H1 - (14 o(|n%/k)))

o 0 (5 00)) - (st (B, WD) + ol /1) )

b i'eln
<024 200~ Y] (14 o([n®/k])) + n2(. lir,ngf(u(p}l(Ban(Uﬁ)))) +([n?/k]))
<0200 (01 4 1) - (Lt o[ /k]) +n0® - (C - (2(1+60)/ny) + ([0 /K]))
<n 2420 (072 407 (L (It /k]) +n? - (C- (40T 4 ([0 k)
<n P20 (0 400 (L4 ([0 k) + C - 470 n? ([0 k)).

Hence,
i o (U Anu)C) n
i€ly,
< lim n 7t 420 - (12 4 0 Y (14 o([n/k]) + C - 47 Tt 403 - o([n®/k])

n—oo

- i) =0 ()" () ) o

If ¢ decreases exponentially, like in example 7, (4.16) holds true for all « €]0, 1.

4.3.2 Lower a-permutation entropy

To show (iv) in Theorem 4.6, we require that our measure-preserving dynamical system fulfills
two further conditions.

(C5) The map T Lipschitz continuous on each set M, i.e. there exists a constant co > 1 such
that
[T(w) =T < caflw — vl

holds true for all w,v € M € M.

(C6) the measure p is absolutely continuous with regard to the d-dimensional Lebesgue mea-
sure A and its density dp/d\ satisfies

sup u(Dy) - n < oo
neN
where

Dy, :=A{w € Q| (du/dN\)(w) > n}.

Notice that those conditions are both true for dynamical system given in example 7.

Condition (C5) guarantees that the deformation caused by the map T is bounded. Con-
dition (C3) guarantees the same for the inverse of 7', which is defined piecewise on each set
M € M. The following lemma is a consequence of this bounded deformation.

111



CHAPTER 4. PERMUTATION ENTROPY OF PIECEWISE EXPANDING AND
MIXING MAPS

Lemma 4.11. Let T': Q — Q be a map that satisfies condition (C3) for a constant ¢; > 1
and a partition M. Consider the map S : Q — Q with S(w) := w — T'(w) and the on A C Q
restricted map S|4 : A — S(A) with S)4(w) := S(w) for all w € A. Then the following holds
true:

(i) For all M € M
1818 (@) = S W) = (e1 = Djw = vl

holds true for all w,v € M,
(ii) Sjar is injective for all M € M,
iii) S} is Lipschitz continuous for all M € M, i.e
| M

1
01—1

1S w) = S]] < ———lw — 4

holds true for all w,v € S(M).
If, additionally, T" satisfies condition (C5), then
(iv) for all M € M
15101 (w) = S )| < (e2 + D)[Jw — pl]
holds true for all w,v € M,

(v) for all M € M

1
—1 —1
IS725@) = SR 2 — 1w -

holds true for all w,v € S(M).

Proof. Fix M € M. The triangle inequality implies

1S (W) = S W) = [lw = T'(w) —v + T (V)|
=[(T(v) = T(w)) — (v —w)|
> | T(v) = T(w)|| = [[v —w
(C3)
> (e1 = Dlv —w

and

I18a(w) = Siar ()| = llw = T(w) = v+ T()]
= |(T() = T@)) + (=)
<ITE) = T + - v
(C5)
< (@ + v -l

for all w,v € M. Therefore, (i) and (iv) are true. Statement (ii) follows immediately from
(i). We will now show (iii) and (v). Take w,v € S(M). Since S, is injective according to
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(i), there exist unique elements w', v’ € M with S5/ (w’) = w and S| (v') = v. Thus,

1S53 w) = St = ! = /|
@ 1
< L lSp) - S|
T
N C1 — 1 w
and
1S3 (@) — Sﬁ\}(V)H = |l =)
() 1
> N /
= — 71980 (W) = S ()]
1
S
2+ 1
hold true O

Notice that the above lemma holds true for T* instead of T" as well by replacing the constants
¢1 and ¢y with ¢, and ¢4 and M with M®,
Given t € N and two disjoint one-dimensional intervals I1,Io C R, set M := I N T (I3).
Then either
w < THw)

holds true for all w € R with w € M or
w > THw)

holds true for all w € M. This exclusivity of the order relations allows to deduce in what
ordinal pattern w is located in based on the intervals that T%(w) is located in for different
t € Np. In the higher dimensional case of {2 C R?, it is more difficult to construct a set M C Q
such that for j € {1,2,...,d} either

pj(w) < pi(T"(w))

holds true for all w € M or
pj(w) > p;(T"(w))

holds true for all w € M. As we will show in the following lemma, this exclusivity of order
relation for certain points in higher dimensions is guaranteed if those points are not too close
to the set {w € Q | pj(w) = p;(T"(w))}. How far away from this sets those points need to
be mainly depends on the constants ci,c2 in Conditions (C3) and (C5). The proof of this
lemma makes use of the properties deduced from bounded distortion that were established in
the above lemma.

Lemma 4.12. Let (2, %, u,T) be a measure-preserving dynamical system satisfying con-
ditions (C1), (C3) and (C5). Then for all n,t € N with n > ¢ and all sets M € M™ and
M e MW with

MC M
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and
M ¢ B({w € M' | pj(w) = pj(T*(w))}, 2b(ch/(e1 = 1) + 1)er ™)
we have either
pi(w) < pi(T"(w))
for all w € M or
pi(w) > p;i(T*(w))
for all w e M.

Proof. Take n,t € N with t <n, M € N and M’ € M® with

M & B({w € M | pj(w) = p;(T"(w))},2b(ch/(c1 — 1) + 1)eg ™).

Let ¢; > 1 be the expansion constant in condition (C3). Notice that diam(M) < 2bc;™ holds
true, which implies

M N B({we M| pj(w) = pj(T"(w))}, 2bche; ™ /(e1 — 1)) = 0
and thus
M0 B({w e M| pj(w) = pi(T' ()}, 20che; ™ f(er — )N M = 0. (4.18)

Consider the function Sjpy : M" — Sjpp (M') with S)pp(w) = w — T*(w) for all w € M'. We
have

B({w € M'| pj() = py(T* (@)}, 2bcher™/e1 — 1)) (1 M

= B({w e M'| pj(ew — T'(w)) = 0}, 2bche™ /(e — 1)) O M’

— B({we M’ |w—Ti(w) € p; ({01}, 2beher™ /(1 — 1) 1 M

= B(S):(p; ' ({0})), 2bcher™ /(er — 1)) N M.

Lemma 4.11 (iii) provides

B( (05 ({0}), 2bcher™ /(er = 1) N M
B(S)p (05 ' ({0})), 2bcher ™/ (cy — 1)) N M
\M/( (5 ' ({0}), 2bche; ™)) N M

= S/ (B(p; ' ({0}), 2bcher™))

= S (pj (B({0}, 2bcher™)))

= {w e M |pj(w) — p;(T"(w))] < 2bche; "}

Using (4.18), this implies
M {w e M| [p;(w) — pi (THw))] < 2bcher™} = 0.
Because M C M’ holds true, this is equivalent to

M€ {we M| [pj(w) —pi(T'(w)] > 2bcker™.

114



4.3. GENERALIZATION TO HIGHER DIMENSIONS

Now suppose that the conclusion of this lemma does not hold true, i.e. there exists wi,ws € M
with

pj(wi) <pj(THw1))  and  pj(ws) > pj (T (w2)).

Using wi,wz € {w € M’ | |pj(w) — p;(T"(w))| > 2bche; ™} provides
pi(T (w1)) — pj(wi) > 2bche ™ and  pj(w2) — pj(TH(w2)) > 2bche™.

This implies

[P (T"(w1)) — p;i (T (w2))]

= [(pj(T"(w1)) = pj(w1) + pj(w2) = pi(T"(w2))) — (pj(w2) — pj(wn))]

> |pj(T*(w1)) — pj(wi) +pj(wz) = pj (T (w2))] = |pj(w2) — pj(wr)]

> 4bcser " — Ipj(w2) — pj(wi))

> 4bcser " — J|lwz — wi|

> 4bche;™ — diam(M)

> dbche™ — 2be; ™

> 2bche ™. (4.19)

On the other hand

|9 (T"(w1)) = pj(T* (w2))]
< T (w1) = T (wo)|

(©5)
< ey flwr —wa|

< ¢ - diam(M)
< 2bche ™

holds true, which is a contradiction to (4.19). O

Now we can establish an upper bound on the conditional lower a-permutation entropy
based on the measure of the sets considered in the lemma above.

Lemma 4.13. Let (Q, 8, u, T) be a measure-preserving dynamical system satisfying condi-
tions (C1), (C3) and (C5). Then for all 0 < a <

1 .
- j (n+[n?1)
nH (OP (n, a)| M )

[n®]
<log(2) Y. Y wB{we M |p;w)=pi(T'w))},2b(ch/(cr — 1) + 1)e;™ ) N M)
t=1 prrem@®)

holds true, where ¢; is the expansion constant given in condition (C3).
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Proof. For alln € Nand 0 < a < 8, we have

OP] (n, a)|M! "Hnﬁ]

n|
%H (\/ 75 (\/ (id, T)~ ) MWH"B”)

In%]
%ZH (T s (\/ id, T)~ )) M(’”WD)

=1

< %ZH (TS (@ (id, T)~ ) s (M(W”))

IN

3

IN

[

t=1

[n
ak (\/ (id, T) " (R;)|M MBD)
t=1

[n®]
< 3 1 (i, 1) (Ry) MDY
t=1

Consider now a fixed t € {1,2,..., [n*]}. Recall that
A((id, T)™(Ry)|M) = {P € (id, T)""(R;) | u(P N M) > 0}
for all sets M € £ and set
By y(M') = B({w € M’ | pj(w) = pj(T" (@)}, 2b(ch/(c1 — 1) + Ve ™)
for all t € {1,2,...,[n%]} and M’ € MW, If M ¢ B,,;(M') N M’ holds true for M € M)
with M C M’, then Lemma 4.12 provides
A((1d, T)"Y(R;)|M) = 1.
Hence,

H ((id,T)—t(Rj)yM“”B”)
< S (M) log A, T) () M)

MeM(P1)

= > Y a0 log(#A(G4,T) T (R,)|M))

M'eM® prepq(MmAY)

= > > MM -log(#A((id, T) " (R;)| M))
M/eM®  preaq(1nP1)
MCBy, «(M"NM’

+ > > MM -log(#A((id, T) "' (R;)|M))
M/eM®  pre A (1nP1)
Man,t(M’)ﬂM’

og2)- S ST w(MnM)

M'eM®  pre pq(mP1)
MCBy«(M)NM’

< log(2)- > p(Buy(M)n M) O
M'eM®)

IN

116



4.3. GENERALIZATION TO HIGHER DIMENSIONS

So according to the above lemma, we now need to show that

(]

log(2) ¥ Z B({w € M' | pj(w) = p; (T (w))} 26(ch/(e1 — 1) + 1)e; ™) N M)

t=1 pMrem

converges to 0 for n — oo to show that the conditional entropy converges to 0. To achieve
this, we establish an upper bound for the measure of those sets considered in the above sum

by, additionally, using Condition (C6).

Lemma 4.14. Let (2, 8, 1, T) be a measure-preserving dynamical system satisfying condi-

tion (C1), (C3), (C5) and (C6). Then

(B{w € M' | pj(w) = p;(T"(w))}, 2b(ch/(c1 = 1) + 1)e; ™) N M\ Dy)
< k(2b)%(ch +1)*(ch/(ex = 1) + L)eg "

holds true for all k,n,t € N, M’ € M® and 8 > 0 with
Dy = {w € Q| (dufdN)(w) > k)

as defined in (C6).

Proof. We have
B({w € M" | pj(w) = p;(T"(w))},2b(c/(c1 = 1) + 1)e; ") N M’
=B({w e M| pj(w — T"(w)) = 0},20(c3/(c1 — 1) + Ve ") N M
= B({we M’ |w—T"w) € p; ({01}, 2b(ch/(c1 = 1) + 1)y ™) N M
= B(S; 0y ({0})), 20(ch/(ex = 1) + 1)eg ") N M.
Using Lemma 4.11 (v), this implies
B({w € M' | pj(w) = py(T" (@)}, 26(ch/(e1 — 1) + D)eg™) N M’
C Sjap (B(py ' ({03),20(ch/(ex — 1) + 1) " (el +1))) N M’
= S (B(p; ({0}), 20(ch/(ex = 1) + 1)e; " (5 +1)))
= S/ (05 (B(0,2b(ch/(e1 — 1) + 1) " (ch + 1))
Therefore,
uB({w e M| pj(w) = pi(T"(w))}, 2b(c3/ (1 — 1) + L)y ™) N M\ Dy,)
( o (Pf ( (0,2b(c3/(e1 = 1) + 1)ey " (c5 + 1)))) \ D)
St ,2b(ch/(e1 — 1) + 1)ey "(ch +1)))) \ Dy)
0,2b(ch/(c1 — 1) + 1)ey "(ch +1)))))
DAy (B(0,2b(ch/(c1 — 1) + 1) " (02 +1))))
1)2b(ch/(e1 — 1) + L)ey (Cz +1)(20)"
Uy +1)?

(0
S|]\}r(p] 1<B(

holds true.
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The upper bound established in the above lemma now allows us to show that the measure
of those sets considered in Lemma 4.13 converges to 0.

Corollary 4.15. Let (Q, 4, u, T) be a measure-preserving dynamical system satisfying con-
ditions (C1), (C3), (C5) and (C6). Then

[n~]
im > > u(B({we M| pj(w) = pi(THw))}, 2b(ch/(c1 — 1) + ™ ) N M) =0,

n—oo
t=1 prre m@)

holds true for all 0 < a < .

Proof. Let 0 < a < 8 and choose some o' € (a, 3). Set
¢ = 2(#M)(c1 + 1)*(c2/min(c; — 1,1) +1).
Lemma 4.14 provides
[n®]
S 3B B € M ) =T e 1)+ ) )
t=1 Mrem(
[n®]
=l S S [HB € M Iy e) = TN e 1+ ) DM D)
t=1 pMrem@
p(B({e € M | pi(e) = py (T ()}, 2006 (er = 1)+ ey ™) M 0 D)

<Y Y [ 1 e )4 e D)

t=1 M'em®

IA
=T
sE

Ng

#M)! [ @)U+ D (/e = 1)+ Ve + (Do)

IN

nlg]go n®(#M)™ [cna/(%)d(cga + 1% /(er = 1) + I)Cfnﬁ + M(Dcna’)}

< T d (nO‘JrnO‘,) —nP n® ,
< lim (20)% "+ (D )
— 1; n ,
= lim ¢ u(D o)
_ . (na_na/) na/ ,
e e MDger)
< (sup ™ (Do) lim )
neN n—oo
() 0

We now can use Theorem 4.6 to prove the main result of this chapter:

Theorem 4.16. Let (2, %, u, T) be a measure-preserving dynamical system satisfying con-
ditions (C1)-(C6). Then

lim sup lH(OP(TL)) < I(T)

n—oo M
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holds true

Proof. Choose some « €]0,1[ that satisfies the mixing condition (C4) and 8 €]0,1[ with
B > max(a, 1/2). Take sequences of partitions (Qy,)nen and (Pp)nen as given in (4.12) and
(4.13). Then (i)-(iv) in Theorem 4.6 are satisfied:

Lemma 4.8 implies (ii). Theorem 4.10 shows that (iii) holds true. And Lemma 4.13 together
with Corollary 4.15 proves (iv). And finally, because of

lim l1&1(7?5[”)

n—o00 N

— lim EMED)

n—oo N
N U N (n+1n?))
= Jm — n+LnﬂJH(M )

n+nP 1 8
<1 . H(M@+R?)
- nl—%lo n n + LnﬁJ (M )
_ 1 8
< 6-1y. L g nf))
= B ) S M
1

g L o))y <

nh—>n<§on—|—Ln5JH(M ) =hT, M) < h(T),

(i) holds true. O
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5 Conclusion

In chapter 3, we showed that the permutation and Kolmogorov-Sinai entropy are equal for
one-dimensional dynamical systems that are countably piecewise monotone. This is a gene-
ralization of a previous result which stated that these entropies are equal if the system is
monotone and continuous on a finite number of intervals. It is still an open question how or
whether the conditions that allow this to be true can be further generalized. The condition of
monotony was crucial for the main arguments of the corresponding proofs. Removing it would
therefore require a completely different approach. Theoretically, it could also be possible that
the condition of monotony is strictly necessary and can not be removed. Unfortunately, no
example of a dynamical system for which permutation and Kolmogorov-Sinai entropy are
not equal has been found yet. Finding such an example could help to clarify what the most
general conditions for one-dimensional systems are under which the K-S and permutation
entropy coincide.

One method to find such an example, which has not been explored in this thesis, is to
investigate how applying measure-theoretic isomorphisms to a dynamical system affects the
permutation entropy of the system. One central property of the Kolmogorov-Sinai entropy is
the fact that this entropy is invariant under such isomorphisms. Finding an isomorphism that
changes the value of the permutation entropy would provide an example of a dynamical system
for which the value of the K-S and permutation entropy are different. To construct such an
isomorphism, one could try to use that fact that isomorphisms, which per definition preserve
the measure-theoretic structure of a dynamical system, do not necessarily preserve the order
structure of the system. However, considering the results of chapter 3, this isomorphism can
not be a simple piecewise monotone function but needs to be more complex. Considering
functions as isomorphisms whose graph have a fractal-like shape could potentially provide
interesting examples.

Further, we investigated permutation entropy based on Rényi entropies. It turns out that
the value of these entropies is typically different from the value of the permutation entropy
based on the Shannon entropy or the K-S entropy. For most cases, it is still an open question
how one can analytically determine the value of the permutation entropy based on Rényi
entropies. In practice, the fact that the permutation entropy is possibly different when based
on Rényi entropies can be an advantage since it allows to calculate a whole spectrum of
potentially different permutation entropies for one dynamical system. This spectrum of per-
mutation entropies could be used to better classify the complexity of such systems. How this
advantage can be fully utilized in practice is subject to further research.

While the permutation entropy based on Rényi entropies is typically not equal to the
Kolmogorov-Sinai entropy based on Rényi entropies, it is more directly related to the supre-
mum of the entropy rates based on Rényi entropy over all interval partitions. As a consequence
of this fact, we showed that taking the supremum of the entropy rates based on Rényi en-
tropies over all interval partitions typically does not yield the same result compared to taking
the supremum over all partitions. This is important to keep in mind for practical calculations
since, due to limited precision, only interval partitions can be realized on a computer.

At the the end of chapter 3, we showed that the permutation entropy, conditional permuta-
tion entropy and K-S entropy are equal under certain conditions. This is an important result
because the conditional permutation entropy typically converges faster to the K-S entropy of a
dynamical system than the original permutation entropy does. Knowing that these entropies
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are all equal justifies using the conditional permutation entropy in practical application for
which fast convergence is relevant.

As part of the proof of some results related to the conditional permutation entropy, we
considered a sequence of measures of specific sets named V,,. It was previously shown that
the K-S and permutation entropy would be equal if this sequence converged to zero fast
enough. However, we were able to show that this sequence always converges too slowly.
Therefore, a more refined approach is needed to show the equality between permutation and
K-S when trying to use a similar approach. But it is more likely that simply considering the
measure of the sets V,, is a too rough approach to show the equality between permutation
and K-S entropy.

In chapter 4, we established conditions under which the multidimensional permutation and
K-S entropy are equal. The established conditions are relatively specific but the first condi-
tions of this kind that allow to prove such an equality. It is likely that these condition can be
further generalized or simplified. For example, one could try to combine conditions (C2) and
(C5) into one conditions that will only depend on how the measure of the systems is affected
by the dynamic T" without making any assumptions about how T is affecting the metric of
the system. Additionally, it would be interesting to try to weaken the mixing condition given
by (C4). It could possibly be enough te require that the system is simply mixing as defined
in (3.59). Interestingly, the dynamical system being mixing also played a central role when
proving certain results for the conditional permutation entropy (see Lemma 3.50).

As mentioned in chapter 4, if the considered map of the dynamical system is continuously
differentiable, condition (C3) is satisfied if every eigenvalue of the Jacobian is larger than
some constant ¢ > 1. Therefore, it would be interesting to see if applying methods from the
theory of smooth dynamical system can be helpful to generalize the results of this chapter.
For smooth dynamical systems, the so called Lyapunov exponent can be used to quantify the
system’s complexity. One can show that under certain conditions the Lyapunov exponent and
the Kolmogorov-Sinai entropy are equal [26]. Whether a similar direct connection between the
Lyapunov exponent and the permutation entropy can be created is a question worth further
research.

Finally, the methods discussed in chapter 4 can potentially be used to find results for one-
dimensional systems that are not necessarily (countably) piecewise monotone since they do
not make use of the fact that the system is, in some sense, order preserving.
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Appendix

Proof of Lemma 2.16. Let p be a stochastic vector of length n € NU {oco}. Then

-1 | - _f@
q—llog<;pi>_ 9(q)

with f(g) :=log(>_i—, p}) and g(q) := g — 1 for all ¢ € R. The derivatives are

H(p,q) =

> e log (pi)pf

f'(a) =
PNy 5
and
d(q) =1
L’Hospital’s rule then implies
f(a) . f'(a) D log(pi)p! -
lim H(p,q) = — lim —= = — lim = —lim ==—7—"=—) log(pi)pi = H(p).
g—1 (p Q) g1 g(q) g1 g/(q) g1 2?21 pzq ZZ; g(pl)pl (p)

O]

Proof of Lemma 2.17. Let p be a stochastic vector of length n € NU{oco} and ¢1,¢2 € R\ {1}.
Consider f : [0,00) — R with

The first and second derivative are given by

)= B2
q2 —

and

iy (@ =1 (@ —gp) n2unl
(z) = e T ,

Suppose ¢1 < g2 < 1. Then f”(z) > 0 for all z € [0, 00) which implies that f is convex. Using
Jensen’s inequality yields

q1—1

n a5—1 n n n n
-1 -1 -1
(o)™ = (et < S () = St = St
=1 =1 =1 =1 =1

123



CHAPTER 5. CONCLUSION

which is equivalent to

) )

& (g1 —1)log (qu2> (g2 — 1) log (Zp )

“ativ(r) =t ()
__ - log <;p§’2> < __ - log(;pé’l)

& H(p,q2) < H(p, q1).

Thus, H(p,q) is monotonically decreasing for g < 1.
Now suppose 1 < g1 < ¢o holds true. Then f”(x) <0 for all z € [0, 00), which implies that
f is concave. Jensen’s inequality implies

q1—1

n aa—1 n n n n
1 1 1
(o)™ = (St ) = S () = St = St
=1 1=1 =1 =1 =1

(S) = ()

& (g —1) log<Zp ) (g2 —1) 10g<2p >

() gt
-t ()

<~ H p7 QZ p7 Q1
Thus, H (p, q) is monotonically decreasing for ¢ < 1. For ¢; < 1 < ¢g, the continuity of H(p, q)
(Lemma 2.16) implies

which is equivalent to

So H(p, q) is monotonically decreasing for all ¢ € R. O
Proof of Lemma 2.21. We will first show H(P V Q) < H(P) + H(Q) which is equivalent to
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H(P) + H(Q) — H(PV Q) > 0:
H(P)+ H(Q) — (PVQ)
= _ Z”(P log (P Z 1(Q)log 1(Q +Z Z (Q N P)logu(QnN P)

pPeP QeQ PeP QeQ
P
RS o
PeP QeQ
n(P)p(Q)
> —1 P —
S o) ICATT A
PeP QeQ
—log(1) = 0.
where we used the convexity of —log combined with Jensen’s inequality to show the above
inequality. O

Proof of Lemma 2.25. Let Q = {Q;}ier be a refinement of P = {P;},cs, so for every j € J
there exists an index set I; C I with

plPolJei| =0,

icl;
which implies
U@
i€l
We now investigate the cases ¢ < 1, ¢ > 1 and ¢ = 1 individually:
For g < 1 we have

S ouP)t=>"p (U Qz) => (Zu(@»)q <> (Zu(@-ﬁ) = (@)

jeJ jeJ iel jeJ \icl; jed \i€l; iel

Hence, using the monotony of the logarithm,

log Zu < log (ZM Qi) ) H(p,q,P).

jeJ i€l

H(p,q,P) =

For ¢ > 1 we have

q

DouE)t= p| Ui =D | Dom@)] 23 [ 2om@)] => n(@)

jeJ jeJ icl; jeJ \iel; jeJ \i€l; icl

which implies

H(p,q,P) =

log > (P

jeJ

log (Zu Qi) ) H(p,q,P).

el

For ¢ = 1 the statements follows from the continuity of the Rényi entropy in ¢ (Lemma 2.16).
O
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List of Symbols

C;(as, ceey at)
(f1 x f2)(wi,w2)

(f1, f2)(w)

o = o
I

A C o
I

Vi—1 Pr
Pe(e)
diam(A)
id
P=<Q
PVvQ
Rx

Cylinder set
= (fi(w1), f2(w2))
= (fi(w), f2(w))

Equality between o-algebras

Relation between o-algebras

Refinement of multiple partitions

Collection of finite or countable partitions with finite entropy
Diameter of a set A

Identity maps

Q is a refinement of P

Refinement of two partitions

= (X x X)"Y{R,R?\ R}

Collection of invariant sets, i.e {E € & | T"Y(E) = E}
Product measure: p?(A x B) = u(A) - u(B)

Conditional measure

Collection of countable or finite ordered partitions with finite entropy

Partition into ordinal patterns

Collection of finite ordered partitions

Upper ordinal patterns for parameter «a € [0, 1]
Lower ordinal patterns for parameter a € [0, 1]
Upper permutation entropy

Collection of finite partitions

Set of periodic points

Set of points with period < n

Set of all permutations of (0,1,...,n—1)

Partition into symbolic patterns of length n € N

18
23
23

17

17

14
14
108
23
16
14
24
54
32
53
31
23
31
90
90
25
14
10
10
23

15
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List of Symbols

128

o-algebra generated by random variable X

o-algebra generated by partition P

Lower permutation entropy

Symmetric difference

Ball centered at w with radius r

r-parallel set of A

Shannon entropy

Rényi entropy for parameter ¢

Kolmogorov-Sinai entropy

Entropy rate

(generalized) entropy rate for parameter ¢ € R

(generlized) Kolmogorov-Sinai entropy for parameter ¢ € R
Symbolic pattern given a partition {P;};c; and multi index ¢ € I™
Set of points with ordinal pattern m

Projection on the i-th coordinate

={(z,y) eR* |z <y}

No-in-between sets

17
17
25
10
106
106
13
13
16
16
15
16
15
23
89
23
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