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Abstract

The stochastic Koopman operator characterizes the average evolution of observables in dynamical
systems subject to uncertainty or noise. This study focuses on random dynamical systems (RDS)
in both discrete and continuous time. We analyze the spectrum and eigenfunctions of several linear
RDS. In particular, we examine cases where the family of operators forms a semigroup, which en-
ables the definition of an associated generator. A stochastic Hankel-DMD algorithm is introduced
to numerically approximate the Koopman eigenvalues and eigenfunctions, along with a proof of
convergence. The method is applied to various examples, demonstrating spectral decomposition
and model reduction. This approach extends deterministic Koopman theory to systems influenced
by randomness. Moreover, we highlight the advantages of refined DMD algorithms in improving
the accuracy of the approximated spectra.

Keywords: stochastic Koopman operator, random dynamical systems, spectral analysis, semi-
group theory, Hankel-DMD, dynamic mode decomposition, numerical approximation.



Introduction

The Koopman operator theory represents an alternative formulation of dynamical systems theory,
offering a versatile framework for data-driven study of high-dimensional nonlinear systems. This
theory originated in the 1930s through the work of Bernard Koopman and John Von Neumann
[24, 25]. In particular, Koopman realized that the evolution of observables on the state space of
a Hamiltonian system could be described by a linear transformation, which was later named the
Koopman operator [2]. Decades later, research such as that in [32] and [30] revived interest in
this formalism by proving the Koopman spectral decomposition and introducing the concept of
Koopman modes. These theoretical advancements were complemented by data-driven algorithms
for approximating the Koopman operator’s spectrum and modes, opening a new path for data-
driven study of high-dimensional systems (see, e.g.,[7, 18, 34, 35, 38]).

The two main candidates for studying systems via operators are the Koopman operator and the
Perron-Frobenius operator. In appropriate function spaces, these operators are duals to each other,
theoretically implying that there is no fundamental distinction between working with one or the
other. However, as previously mentioned, practical considerations come into play. For example,
how do we construct or represent the chosen operator from the problem description and available
data? How well does a finite approximation of this operator represent the ideal theoretical frame-
work? And to what extent is the intuition gained from numerical artifacts rather than reality? The
Perron-Frobenius operator represents a “dynamics of densities” view, focusing on the evolution
of groups of trajectories. The idea is to observe the evolution of a mass distribution under the
action of a flow. From a numerical perspective, constructing this operator relies on selecting a
set of initial conditions and simulating over a short period of time to avoid accumulating numer-
ical errors. Through these short simulations, transient dynamics can be captured well. However,
much attention has been focused on computing invariant densities, theoretical objects at infinity,
by approximating the Perron-Frobenius operator with a Markov chain.

On the other hand, the Koopman operator presents a ’dynamics of observables” view, akin to
the Lagrangian perspective in fluid mechanics, where measurements are made along trajectories.
For this operator, the numerical construction relies on potentially fewer initial conditions but re-
quires longer run-times, making it more suitable for physical experiments. For example, when
testing a jet engine, one starts with a relatively small number of initial conditions and runs it for a
long time, rather than preparing thousands of initial conditions and running the engine for only a
few seconds for each one[&].



Dynamic Mode Decomposition (DMD) is an essential tool in computational data-driven anal-
ysis of fluid flows. More generally, it is a computational device for Koopman spectral analysis
of nonlinear dynamical systems, with numerous applications in applied sciences and engineering.
Its effectiveness has led to the development of several modifications that make DMD more reliable
and functional. This approach allows for more precise selection of Ritz pairs, providing more accu-
rate spectral information about the Koopman operator. These improvements are illustrated through
numerical experiments, enhancing the effectiveness of the method known as DMD RRR (Refined
Rayleigh-Ritz Dynamic Mode Decomposition).

The objective of this master thesis is to provide a comprehensive study of the Koopman operator
theory in the context of Random Dynamical Systems (RDS). The primary focus is to elucidate
the fundamental concepts of the Koopman operator and its spectral properties, and to explore the
application of data-driven algorithms for approximating the Koopman operator’s spectrum and
modes. A further objective is to demonstrate the effectiveness of these methodologies through
various numerical examples, with a particular emphasis on the stochastic Koopman operator.

This work is presented in three chapters:

Chapter 1: Theoretical Principles of Random Dynamical Systems

This chapter lays the theoretical groundwork by introducing the fundamental concepts of both
deterministic and random dynamical systems. It delves into the definition of a Wiener process and
establishes the basic definitions of discrete and continuous Random Dynamical Systems (RDS).
Furthermore, the chapter provides an extensive overview of the Koopman operator, covering its
fundamental concepts, spectral properties, and the analysis of eigenfunctions and the spectrum of
eigenvalues.

Chapter 2: Koopman Operator Spectrum for Random Dynamical Systems

Chapter 2 focuses on the stochastic Koopman operator within the framework of Random Dynam-
ical Systems. It explores the operator’s characteristics in various contexts, including discrete-time
RDS, RDS generated by random differential equations, and RDS generated by stochastic differen-
tial equations.Additionally, the concept of semigroups of Koopman operators and their generators
is also examined.

Chapter 3: Numerical Examples

Chapter 3 delves into numerical approximations of the stochastic Koopman operator, with a de-
tailed discussion of the DMD algorithms for RDS.The theoretical concepts and methodologies
developed in the previous chapters are illustrated through a variety of numerical examples. These
examples include discrete RDS scenarios such as noisy rotation on the circle and discrete linear
RDS, as well as continuous-time linear RDS. Furthermore, the chapter presents examples involv-
ing stochastic differential equations, such as linear scalar SDE, nonlinear scalar SDE, and the noisy
van der Pol oscillator, to demonstrate the practical application and effectiveness of the studied
approaches.
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List Of Notations and Symbols

¥ Sigma-algebra

P Probability measure

T Semigroup (representing time)

(6())rer Group or semigroup of measurable transformations
(M, B) Measurable space

B Sigma-algebra on M

¢ Random Dynamical System (RDS) map

6 Measure-preserving transformation

¥, A map defined as ¢ o 8"

T"™(w, x) Action of the discrete RDS on x at the n-th step
RDE Random Differential Equation

SDE Stochastic Differential Equation

X;(w) Stochastic process

W, Wiener process

F' Flow map operator, or time-t map

K" Koopman operator

L*(X, du) Hilbert space or reproducing kernel Hilbert spaces

V Gradient operator



Chapter 1

Theoretical Principles of Random
Dynamical Systems

Random Dynamical Systems (RDS) are formally defined as cocycles over an ergodic base flow,
acting on a state space.

1.1 Introduction to deterministic and random dynamical systems

Let (Q,F, P) be a probability space, and T a semigroup (we can think of it as time). Suppose
that 6 := (6(¢))er is a group or semigroup of measurable transformations of (€2, ¥, P) preserving
a measure P (i.e. 8(t)P = P), such that the map (¢, w) — 6(f)w is measurable. The quadruple
(Q,F, P,(0(t))er) is called a metric dynamical system.

Definition 1.1.1. A Random Dynamical System (RDS) on a measurable space (M, B) over (6;)ser
the dynamical system (€, ¥, P) is a measurable map:

p:TXxXQXM — M,

such that ¢(0, w) = idy; and

@t + 5, w) = @(1, Osw) o P(s, W) (1.1.1)

for all ¢, s € T and for all w outside a P-null set, where ¢(t, w) : M — M is the map which arises
when t € T and w € Q are fixed, and o means composition.
A family of maps ¢(, w) satisfying (1.1.1) is called a cocycle, and (1.1.1) is the cocycle property.

The simplest case of a random dynamical system is a non-random, deterministic dynamical
system.
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Definition 1.1.2. A random dynamical system is deterministic if ¢ does not depend on w, i.e.,
@, x, w) = ¢(t, X).

Then the cocycle property (1.1.1) reads ¢(t + s) = ¢(t) o ¢(s), hence (¢(t))er consists of the
iterates of a measurable map on M if T = Z™*), and (¢(1));er is a measurable (semi-)flow if T = R,
respectively.

Remark 1. By the cocycle property, ¢(¢, w) is automatically invertible (for all + € T and for P-
almost all w) if T = R or Z, and ¢(t, w)™! = p(~t, fw).

Definition 1.1.3. Let 8 : Q — Q be a measure preserving transformation, and let yy : M X Q — M
be a measurable map. Put y,, = ¢ 0 #"~!. Then

Yn(w) oYy 1(w) ... oY (w) forn >0
¢(n, w) = {id forn=0

'70,:_,1_1(0-)) © '7[’,;_,1_2(0)) ... 0 t//(jl(a)) forn <0

defines an RDS (of course, defining ¢(n, w) for n < 0 requires 6 and (-, w) to be invertible P-a.s.).
In particular, if M = R? and x — ¥(x, w) is linear, then ¢ becomes a product of random matrices.

1.2 The Wiener process

Let (Q, F, P) be a complete probability space, {F}icjo,r] @ system of o-subalgebras of # which
are increasing in ¢, and {X},c[0,7] a stochastic process on (Q, #, P). In the following discussion, the
time interval [0, T'] will be fixed.

Definition 1.2.1. When (X;, 7, P) satisfies the following conditions 1), 2) and 3), it is called a
Wiener process:

1) The sample paths of X, are continuous in ¢, and Xy = 0.

2)Fort>s,t,s €[0,T], E(X; | F5) = X, with P-measure 1, where E(- | -) denotes the conditional
exectation with respect to the measure P.

3) E(X; — X,)* | F5) = t — s with P-measure 1, fort > s, £, 5 € [0, T]

Definition 1.2.2. A stochastic process Y; defined on (Q, ¥, P) (or simply, (Y;, P)) is called a
Gaussian process, when the distribution of (Y, Y;,,...,Y;,) with respect to P is subject to an n-
dimensional Gaussian distribution.

1.3 Discrete and Continuous Random Dynamical Systems

1.3.1 Discrete RDS

For a discrete time RDS we have T = Z* U {0}. Let (Q, F, P, (6(1))er) be a given metric dynamical
system and let i = 6(1).
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Definition 1.3.1. The discrete RDS ¢(n, w) over 6 can be defined by the one step maps
T(w,): M — M as
T(w,") := ¢(1,w),

since by applying the cocycle property one gets
¢n.w) =T (W), ) oo TWw),) o T(w,), n>1. (13.1)

From the fact that maps wi = 6(i) preserve the measure P, it follows that the maps T(wi(a)), 2
are identically distributed, thus (T(/'(w), -))ier is a stationary sequence of random maps on M [4,
Section 2.1]. According to (1.1.1), ¢(0, w) = idys. The action of the discrete RDS ¢(n, w) onx € M
gives its value at the n-th step and we denote it as

T"(w, X) = (n, w)X. (1.3.2)

Remark 2. We have a continuous-time RDS,if T is continuous (for example, T = R or T = R™).

1.3.2 RDS generated by the random differential equations

Suppose that T = R or T = R* U {0}. Let (Q,F, P, (0(t));cT) be a metric dynamical system.
We consider a continuous-time RDS generated by the random differential equation (RDE) of the
following form

x = F(6(t)w, x), (1.3.3)

defined on the manifold M, where 6(f)w is associated with the random dynamics. In this type of
equations, the randomness refers just to the random parameters, which do not depend on the state
of the system. RDE (1.3.3) generates an RDS ¢ over 6, whose action is defined by

o(t,w)x = X + f FO(s)w, p(s, w)x) ds. (1.3.4)
0

The properties of this RDS under different regularity properties of the function F' can be found in
[4, Section 2.2]. A set of trajectories starting at x that are generated by (1.3.3) is given by ¢(¢, w)x
and it defines the family of random variables. We say that this is a solution of the RDE with the
initial condition ¢(0, w)x = x. Since the solutions of the RDE are defined pathwise, for each fixed
w, the trajectory can be determined as a solution of deterministic ordinary differential equations,
so that the RDE (1.3.3) can be seen as a family of ordinary differential equations.

1.3.3 RDS generated by the stochastic differential equations

Let T=R* M =R%and T € T.Suppose that the stochastic process Xy(w),t € [0,T],w € Q is
obtained as a solution of the nonautonomous stochastic differential equation (SDE)

dX, = G(t, X)) dt + o(t, X;) dW, (1.3.5)
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where G : [0,7] xR? - R% and o : [0,T] x R — R are L? measurable. Here, W, =
(W], ..., W) denotes the r-dimensional Wiener process with independent components and stan-
dard properties, i.e., EW/) = 0,i = 1,...,r, EW!W!) = min(t, )8}, i, j = 1,...,r (5; is the
Kronecker delta symbol). The solution X;(w) of

! !
Xi(x) =x+ f G(Xy)ds + f o(Xs)dW, (1.3.6)
0 0
with the initial condition X;,(w) is formally defined in terms of It6 integral as (see [, Chapter 6])
t !
Xi(w) = X (w) + f G(s, Xy(w))ds + f o (s, X;(w)) dWs. (1.3.7)
fo fo

The probability space on which the process is considered can be identified with Q = Co(R*,R")
(space of continuous functions satisfying w(typ) = 0). Then, w € Q is identified with the canonical
realization of the Wiener process such that w(f) = Wy(w). If F is the Borel o-algebra, P the
measure generated by the Wiener process, and 6(¢) defined by the ”"Wiener shifts”

OHw() = w(t+-) — w(), (1.3.8)

(Q,F, P, (0(t))ser) becomes a metric dynamical system (see [4, Appendix Al]). It is a driving dy-
namical system for the two-parameter family of RDS (¢, 7o, w) that is given by

@(t, ty, W)X = Xi(w),

where X;(w) is given by (1.3.7) for the initial condition X;,(w) = x. Under certain regularity and
boundedness properties of the functions G and o, the basic existence and uniqueness results for the
SDE of the form (1.3.5 ) can also be found in [, Section 6.3], [33, Section 3.3].

1.4 Random Dynamical Systems and Markov Processes

1.4.1 RDS with independent increments, Brownian RDS

A random dynamical system (RDS) ¢(¢, w) over (QQ, F, P, (6;)seT) is said to have independent incre-
ments if for all
to <H £...<t, the random variables

QD(I] - tO, 91‘00.)), QD(IZ - tl’ 011 (l.)), ey ()D(tl’l - tn—] ) 0[,7_10)) (141)

are independent. If, in addition, for T = R* or R the map ¢ — ¢(t, w)x is continuous for all x € M
P-a.s., then the RDS or cocycle is said to be a Brownian RDS or cocycle.
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Remark 3. (i) An RDS with independent increments automatically has stationary (time homoge-

neous) increments, as, by the 6, invariance of P, ¢(h, 6,w) 2 o(h,w) for all € T.
(i1) If (7, w) consists of invertible mappings then, by the cocycle property,

@5 (W) == @(t, w) o ©(s, a))_1 = ¢(t — s, 0,w)

for s <t,s0(1.4.1) meansthat forfy <t <...<t,

Drot1s Ptitrs « o s Py ty (1.4.2)

are independent.

1.4.2 RDS and Markov chains, discrete time T = Z* or Z

Case T = Z*: Here ¢(n, w) = ¢(1, " tw)o. . .0¢(1, w), so the cocycle has independent increments
if and only if ¢(1, w), ¢(1, Bw), ... are iid. We thus have a product of iid random mappings, i.e., a
classical ‘iterated function system’. The mapping

x = on, w)x
defines a homogeneous Markov chain with transition kernel,for all B € 8
P(x,B) = Plw | ¢(1,w)x € B}. (1.4.3)

Putting x, = ¢(n, w)xy we have
X1 = @(1, 8" 0)xp, (1.4.4)

i.e., a stochastic difference equation generating the Markov chain.

Conversely, given a transition kernel P(x, B) on M, we want to construct an RDS with indepen-
dent increments over a dynamical system (Q, ¥, P, ), i.e., a cocycle ¢(n, w) with (¢(1, 0"w))pez+
iid, such that (1.4.3) holds. This question has been dealt with by Kifer [23, Section 1.1]. It always
has a positive answer as soon as M is a Borel subset of a Polish space and if we are content with
a measurable mapping (x, w) — ¢(1, w)x. If we want x — (1, w)x to be continuous or homeo-
morphisms or smooth etc., a general answer to this representation problem is not known up to now
(compare Kifer [23, p. 12]).

Case T = Z: Now ¢(n, w) is invertible, and the cocycle has independent increments if and only
if (¢(1, 8" w)),ez is iid. The mapping x — ¢(n, w)x defines a homogeneous Markov chain on all of
Z starting at xo = x, and (1.4.4) can be inverted to give

Xn = ‘10(1, Qna))_l-xrwl = ‘P(_l’ g_nw)xrﬁl-
We can now look at the forward transition kernel

P"(x,B) = Plw | ¢(1,w)x € B}
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and the backward transition kernel
P (x,B) = Plw | ¢(-1,w)x € B} = P{w | go(l,w)_lx € B}.

Note that in general P* and P~ do not have the same invariant measures: a forward invariant
measure v* has to satisfy

yt = fP+(x, Jdvt(x) = Ep(1, w)v*,

whereas a backward invariant measure v~ is characterized by
V. = fP_(x, dv(x) = Ep(—1,w)v”™ = Enp(l,w)_lv_.

1.4.3 RDS and Markov processes, continuous time T = R* or R

Case T = R*: Assume M = R? (similar things hold on manifolds). Let ¢(z, w) be a Brownian
RDS of homeomorphisms (or diffeomorphisms of some smoothness class). Then (¢(f, w))rer+ 1s @
Brownian motion with values in the group Hom(R?) (or Diff*(R) with a suitable =) in the sense of
Baxendale [5], or

@54(w) = @(t, w) © p(5, )",

s,t € R*, is a temporally homogeneous Brownian flow. By studying the infinitesimal mean
li 1E( (W)x = x) = b(x)
hl_{% 7 Prr+n(W)X — X) = 0(X
and the infinitesimal covariance
1 ,
lim —E((rren(@w)x = 0(prren(@)y = y)) = a(x, y),

Kunita [27] constructs a vector field valued Brownian motion (F(x, , w)) cgd seg+ > 1.€., @ cOntinuous
(in ¢) Gaussian process (F(-, ¢, w))er+ With values in the space of vector fields on R4

(so x — F(x,t,w) is a vector field), which has additively stationary independent increments and
satisfies F(-,0,w) = 0 ( P-a.s.).

The Brownian motion F is related to the Brownian flow ¢ by E(F(x, t, w)) = tb(x) and

cov(F(x,t,w), F(y, s, w)) = min{¢, sfa(x, y).

This implies that for all s € R*

!
psi(Wx =x+ f F(psu(w)x, du, w), tEels, ), (1.4.5)

which has to be understood in the sense that (1.4.5) has a solution which coincides in distribution
with the original Brownian flow ¢. In short: The (forward) flow satisfies an It6 SDE driven by
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vector field valued Gaussian white noise. F is called the random infinitesimal generator of ¢. All
n-point motions (¢(t, w)xy, . .., ¢(t, w)x,) are homogeneous Feller-Markov processes. In particular,
(¢(t, w)x)ier+ 1s a Markov process whose transition semigroup has generator

L= Zb (x)— + = Z ’axl (1.4.6)

The backward flow cps,,(a))‘l = (s, w) o p(t,w)™, 0 < s < t, satisfies for each € R* a backward
1t6 equation in s € [0, 7],

t

Psr(w) T x=x— f F(pu(w) ' x, du, w),
S

where

, 1.4.7)

d
F (x,t,w) = F(x,t,w) — tc(x), ci(x)= Z
j=1

and the backward integral f F (¢u, A(w)~'x, dit, w) is formally defined by the same definition as the
forward integral — the difference being the inverted measurability counting from ¢ backward to s.
As usual, things get more symmetric if we use Stratonovich forward and backward integrals.Put

FO(x, t,w)=F(x,t,w)— %c(x),

then F? is the forward as well as the backward Stratonovich infinitesimal generator of (.

Conversely, given a temporally homogeneous V(R?) (=vector fields on R¥) -valued Brownian
motion F, we can write down the SDE (1.4.5) to generate a Brownian flow with generator F. We
can easily construct a Brownian RDS describing the same object. Indeed, put

= {w | w(0) = 0,w(-) € C(R", V(RY))}
F = Borel field
P = distribution of F' = ‘Wiener measure’
Qw() = w(- +1) —w(), t € RT,

so 6, leaves P invariant and is ergodic. Moreover, representing F(-, ¢, w) = w(f), the uniqueness of
the solution flow of (1.4.5) yields

psi(w) =t —5,0,w), 0<s<t.
The flow property @o,+5 = @s,r+5 © @0, Teads

ot + 5, w) = @(t, O5w) o (s, W),
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which is nothing but the cocycle property. As (1.4.2) is satisfied, and (1.4.2) is equivalent to
(1.4.1), we have constructed a Brownian RDS from the given V(R?)-valued temporally homoge-
neous Brownian motion F.

The result is (modulo technical assumptions): There is a one-to-one relation between Brownian
RDS and temporally homogeneous vector field valued Brownian motions (defined via the SDE
(1.4.5)).

Since the law of F(-, ) (Gaussian!) is uniquely determined by the infinitesimal characteristics b(x)
and a(x, y), it follows that (a, b) uniquely determine the law of the corresponding Brownian RDS.
Consequently, as a and b appear in the generator of the two-point motion, the law of the two-point
motion uniquely determines the law of the Brownian RDS.

(The last statement is in general not true in the case of discrete time.)

Note that, however, the law of the Brownian RDS is in general not determined by the law of the
one-point motion. The point is that the generator (1.4.6) only contains a(x, x) instead of a(x, y). In
general there are thus many distinct Brownian RDS whose one-point motions have the same law.
For instance, if a(x, x) € CZ(R" :R9%d) s given, it can be factorized as a(x, x) = o(x)o(x) with
o : R — R Lipschitz. Now put a(x,y) = o"(x)o(y) , and generate a Brownian RDS by solving

dos (w)x = b(ps(w)x) dt + o(ps(w)x) dB(t, w),
where B is a standard Brownian motion in R<. In this case
F(x,t,w) = th(x) + o(x)B(t, w).

In general countably many B;’s are necessary to represent F.

1.5 The Koopman operator

1.5.1 Background

The Koopman operator advances measurement functions of the state of a dynamical system with
the flow of the dynamics. To explain the basic properties of the Koopman operator, we begin with
an autonomous ordinary differential equation

%X(t) = f(x(®) (1.5.1)

on a finite-dimensional state space M C R”". The flow map operator, or time-f map, F' : M — M
advances initial conditions x(0) forward along the trajectory by a time ¢, so that trajectories evolve
according to

x(t) = F'(x(0)). (1.5.2)

The family of Koopman operators K’ : G(M) — G(M), parameterized by ¢, are given by
K'g(x) = g(F'(x)), (1.5.3)
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where G(M) is a set of measurement functions g : M — C. Another name for g, derived from this
framework’s origin in quantum mechanics, is an observable function, although this should not be
confused with the unrelated observability from control theory. We can interpret (1.5.3) as defining
a family of functions
g :=K'g, go:=g (1.5.4)

that corresponds to the trajectory ¢ — g, in the set G(M) of measurement functions. In most
applications, the set of functions G(M) is not defined a priori, but is loosely specified by a set
of properties it should satisfy, e.g., that it is a vector space, that it possesses an inner product,
that it is complete, or that it contains certain functions of interest, such as continuous functions
on M. Hilbert spaces, such as L?>(M,du) or reproducing kernel Hilbert spaces (RKHS), are a
common choice in modern applied mathematics, although historically other Banach spaces, such
as integrable functions L' or continuous functions C(M) have also been used. The choice of the
space, whether explicit or implicit, can have consequences on the properties of the operator and
its approximations. In all cases, however, G(M) is of significantly higher dimension than M, i.e.,
countably or uncountably infinite.

The most significant property of the Koopman operator is that it is linear when G(M) is a linear
(vector) space of functions:

K'(a181(x) + @282(x)) = a181(F'(x)) + a282(F'(x))

t t (15.5)
= a1 K'g1(x) + K g2(x).

This property holds regardless of whether F' : M — M is linear itself, as it is simply a consequence
of definition (1.5.3), since the argument function g is on the “outside” of the composition, allowing
linearity to carry over from the vector space of observables. In this sense, the Koopman framework
obtains linearity of K" despite the nonlinearity of F’ by trading the finite-dimensional state space
M for an infinite-dimensional function space G(M).

When time ¢ is discrete, ¢ € N, and the dynamics are autonomous, then F" is a repeated z-fold
composition of F = F ! given by F'(x) = F(F(...(F(x)))), so that K"g is likewise generated by
repeated application of K = K. The generator K of the (countable) composition semigroup is
then called the Koopman operator, which results in a dynamical system

gr+1 = Kgk, (1.5.6)

analogous to xz+1 = F(xg), except that (1.5.6) is linear and infinite-dimensional.
When time ¢ is continuous, the flow map family satisfies the semigroup property

F™x) = FI(F°(x)), Vx,t,s>0, (1.5.7)

which can be strengthened to a group property ¢, s € R if the flow map is invertible. The Koopman

operator family K" inherits these properties as well. Given a continuous and sufficiently smooth dy-

namics, it is also possible to define the continuous-time infinitesimal generator £ of the Koopman

operator family as t

Ke=8 _im
t t—0 t

goF —g

Lg = }1_{16 (1.5.8)
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The generator £ has been called the Lie operator [24], as it is the Lie derivative of g along the
vector field f(x) when the dynamics is given by (1.5.1). This follows from applying the chain rule
to the time derivative of g(x):

d
78x) = Vg - x(1) = Vg - f(x(1) (1.5.9)
n d (x(1 + 1)) ~ g(x(1)
) x(t+ 1)) — g(x(¢
Zg(x(0) = lim £ 22 = Loy, (15.10)
t -0 T
resulting in
Lg=Vg-f. (1.5.11)
The adjoint of the Koopman operator is the Perron-Frobenius operator [15, 16]. In many ways,

the operator-theoretic framework for applied dynamical systems has two dual perspectives, corre-
sponding either to the Koopman operator or the Perron-Frobenius operator.
Similar to (1.5.6), £ induces a linear dynamical system in continuous-time:

d
Loz Lo 1.5.12
78 Lg ( )

The linear dynamical systems in (1.5.6) and (1.5.12) are analogous to the dynamical systems in
(1.5.1).

1.5.2 Eigenfunctions and the spectrum of eigenvalues

A Koopman eigenfunction ¢(x) corresponding to an eigenvalue A satisfies

P(Xks1) = Kp(x) = Ap(Xp). (1.5.13)

In continuous-time, a Lie operator eigenfunction ¢(x) satisfies

d
TO00) = L) = (). (15.14)

where u is a continuous-time eigenvalue. In general, eigenvalues and eigenvectors are complex-
valued scalars and functions, respectively, even when the state space M and dynamics F(x) are
real-valued.

It is simple to show that Koopman eigenfunctions ¢(x) that satisfy (1.5.13) for 4 # 0 are also
eigenfunctions of the Lie operator, although with a different eigenvalue. Applying the Lie operator
(1.5.8) to such a ¢ leads to

t t
K'¢=A¢p = Lo =lim KI=9 _im? t_ 1¢ = log(1)é. (1.5.15)

t—0 1 t—0
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Conversely, the induced dynamics (1.5.12) applied to an eigenfunction of £ leads to

d
Lp=pup = d—tgb=L¢:,u¢. (1.5.16)
An eigenfunction ¢ of £ with eigenvalue y is then an eigenfunction of K’ with eigenvalue
A" = exp(ut).

Thus, we will typically not make a distinction between Lie and Koopman eigenfunctions in the
context of autonomous dynamical systems.

Eigenfunctions of K and L that are induced by already-linear dynamics further illustrate the
connection between linear discrete dynamics X,+; = Ax, with analogous concepts for

8n+1 = 7(gn-

Given a left-eigenvector w' A = Aw” of the matrix A, we form a corresponding Koopman eigen-
function as
d(x) == wlx (1.5.17)

since
Kp(x) = p(Ax) = wl Ax = T x = 1p(x). (1.5.18)

In other words, while right-eigenvectors of A giver rise to time-invariant directions in the state space
M, which will be known as Koopman modes or dynamic modes, the left-eigenvectors give rise to
Koopman eigenfunctions, which are similarly time-invariant directions in the space of observables
GM).

In general systems, a set of Koopman eigenfunctions may be used to generate more eigenfunc-
tions. In discrete time, we find that the product of two eigenfunctions ¢(x) and ¢, (x) is also an
eigenfunction:

K(p1(x)p2(x)) = ¢1(F(x))2(F(x))
= 11291(X)¢2(X)
with a new eigenvalue 414, given by the product of the two eigenvalues of ¢(x) and ¢,(x). This
argument assumes implicitly that the product of the two eigenfunctions is again an eigenfunction
or, more strongly, that the space of observables is closed under multiplication. The corresponding
relationship for £ can be found by applying (1.5.15),

(1.5.19)

Ay = el et = 1712, (1.5.20)

resulting in
L($1(x)h2(x) = (1 + p2)h1(x)2(x). (1.5.21)

A simple consequence is that a complex conjugate pair of eigenfunctions of £, (u, ¢), (i, ¢), addi-
tionally implies the existence of a real-valued eigenfunction |¢| = /@ with an associated eigen-
value (u + j1)/2 = Re(u), thus leading to a non-oscillatory growth/decay of the eigenvalue.
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Algebraically, when the space of observables is closed under multiplication, the set of Koopman
eigenfunctions establishes a commutative monoid under point-wise multiplication. Thus, depend-
ing on the dynamical system, there may be a finite set of generator eigenfunction elements that
may be used to construct all other eigenfunctions. Cardinality of the set of eigenfunctions and the
relationships between them are further explored in [6]. The corresponding Koopman eigenvalues
form a multiplicative lattice, or an additive lattice for Lie eigenvalues due to (1.5.15).

Observables that can be formed as linear combinations of eigenfunctions, i.e., g € span{q’)k}f: 1>
have a particularly simple evolution under the Koopman operator

00 = ) vtk = K'g(x) = ) vidid. (15.22)

k k

This implies that the subspace span{qﬁk}f: | is invariant under the action of K.

1.5.3 Analytic Series Expansions for Eigenfunctions

Given the dynamics in (1.5.1), it is possible to solve the PDE

Vo(x) - f(x) = Ap(x) (1.5.23)

using standard techniques, such as recursively solving for the terms in a Taylor or Laurent series.
A number of simple examples are explored below.

Linear Dynamics. Consider the simple linear dynamics:

d
Ex =X (1.5.24)

Assuming a Taylor series expansion for ¢(x):
(X)) = co + C1X + x>+ c3x° + -
Then the gradient and directional derivatives are given by:
Vo = c1 +2¢ax + 3¢3x% + deax® + - -

Vo-f=cix+ 2czx2 + 3C3x3 + 4C4x4 + .-

Solving the Koopman eigenfunction PDE (1.5.23), we find that cg = 0 must hold. For any positive
integer A in (1.5.23), only one of the coefficients may be nonzero. Specifically, for 1 = k € Z*,
then ¢(x) = cx* is an eigenfunction for any constant ¢. For instance, if 1 = 1, then ¢(x) = x.

Quadratic Nonlinear Dynamics. Consider a nonlinear dynamical system:

%x:xz (1.5.25)
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There is no Taylor series that satisfies (1.5.23), except the trivial solution ¢ = 0 for A = 0. Instead,
we assume a Laurent series:

3 2

O(x)=--+c3x " +cox T+ c_1x_1 +co+cix+ czx2 + C3x3 + .-

The gradient and directional derivatives are:
_ -4 -3 -2 2 3
Vo= =3cax " —2c0x " —co1x “+cp +200x+3c3x" +4c4x” + -+

Vo -f=---— 3C_3X_2 - 2c_2x_l —c_1+ clx2 + 2czx3 + 3C3X4 + 404x5 + e

Solving for the coefficients of the Laurent series that satisfy (1.5.23), we find that all coefficients
with positive index are zero, i.e., ¢xy = 0 for all £ > 1. However, the nonpositive index coefficients
are given by the recursion:

Aciy1 = ke, fork < -1

Thus, the Laurent series becomes:

2P
¢(x)=c0(1——+———+--- = coeM*
x

This holds for all values of 4 € C. There are also other Koopman eigenfunctions that can be
identified from the Laurent series.

Polynomial Nonlinear Dynamics. For a more general nonlinear dynamical system:

d
d_tx =ax", (1.5.26)

A yl-n, . .
$(x) = eT-n<" " is an eigenfunction for all A € C.




Chapter 2

The Koopman Operator Spectrum for
Random Dynamical Systems

In the context of random dynamical systems, the stochastic Koopman operator acts on the space
of observable functions and allows the system’s evolution to be represented in terms of dynamic
modes. This spectral approach offers a unique perspective for analyzing systems where traditional
mathematical models are too complex or non-existent, but where data can be obtained by observ-
ing the system. The growing interest in this approach lies in its ability to provide data-driven
model reduction and prediction methods. Using algorithms such as stochastic Hankel-Dynamic
Mode Decomposition (sHankel-DMD), it is possible to numerically approximate the spectral ob-
jects (eigenvalues, eigenfunctions) of the stochastic Koopman operator and apply this methodology
to various practical examples[10].

2.1 Stochastic Koopman operator

Definition 2.1.1. The stochastic Koopman operator K” associated with the RDS ¢ is defined on a
space of functions (observables) f : M — C for which the functional

K'f(x) = E[f (1, w)x)], x€M 2.1.1)
exists. We refer to the family of operators (K"),cT as the stochastic Koopman operator family.

Given a continuous function on a compact metric space, the functional exists. If spectral ex-
pansions of the Koopman operator are required, the space might require further specification (e.g.,
in many cases, a Hilbert space will suffice, see Example 2). However, to maintain simplicity, we
generally do not specify the domain of the operator (except in specific examples), as our analysis
is largely unaffected by it.[10]

Definition 2.1.2. The observables ¢’ : M — C that satisfy equation
K¢ (x) = ° (¢! (x) (2.1.2)

22



2.2. STATIONARITY AND ERGODICITY 23

we call the eigenfunctions of the stochastic Koopman operator, while the associated values A5 (1)
we call the stochastic Koopman eigenvalues.

The above definition can be viewed geometrically: the level sets of an eigenfunction ¢ of a
stochastic Koopman operator are unique in the sense that the expectation of the value of the level set
at time 7 is A5 (£)¢'(x), where A3 is the stochastic eigenvalue, and ¢'(x) represents the eigenfunction
evaluated at time ¢. This expectation depends only on the initial level set at = 0, from which the
dynamics started.

An even stronger statement is available for eigenvalues on the unit circle: in that case, the
precise location of the state of the system after time t is within a level set of the associated eigen-
function. For example, if ¢(x) is an eigenfunction associated with eigenvalue 1, then its level sets
are invariant sets for the underlying RDS.(see the proof in [32] for the discrete-time RDS).

2.2 Stationarity and Ergodicity

Definition 2.2.1. A measure y is called invariant, or stationary, if

ll(A)=f fXA(so(l,w,X))de#,
M JQ

where y 4 is the indicator function for A € M. If y is a stationary measure, we have the equality

f ff((p(tl +s,w,x),...,cp(tn+s,w,x))de,u:f ff(go(tl,a),x),...,go(tn,w,x))de,u
M Ja M Ja

2.2.1)
for any s,t,...,t, .

Definition 2.2.2. A set A C M is called invariant if
fXA(@D(l,w, X)) dP = xa(x)
Q

for almost every x.

Definition 2.2.3. A stationary measure yu is called ergodic if every invariant set has measure O or 1.
The ergodicity assumption ensures that almost every trajectory samples the entire space, not just
some invariant subset. With this assumption, we can use time averages to evaluate integrals over
the space.

Lemma 1. Suppose u is an ergodic measure. Let
h(x, w) = h(g(t1, w, x), (12, , X), ..., Py, W, X))

for some #;,t,...,t,, with h € Ll(y X P). Then we have
1 m

-1
lim — h(x-,ar)zf fh(x,a))de (2.2.2)
mamm; J J M JIQ H

for almost every (xp, wp) with respect to u X P.
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2.3 Stochastic Koopman operator for discrete time RDS

Proposition 1. Suppose that A : Q — R% is measurable and that the one step map
T : QxR? — R? of a discrete RDS is defined by

T(w,Xx) = A(w)X. (2.3.1)
Denote by ®(n, w) the linear RDS satisfying 7" (w, X) = ®(n, w)Xx, i.e.,
D(n, w) = AW () - AW(W)A(W).

Assume that ®(n) = E[®(n, w)] are diagonalizable, with simple eigenvalues 1 j(n) and left and right
eigenvectors W;’ f/’}, j=1,...,d. Then the eigenfunctions of the stochastic Koopman operator K"
are

P =xW), j=1....4d, (2.3.2)

with the corresponding eigenvalues /137 (n) = A j(n). Moreover, if matrices A(w),w € £ com-
mute and are diagonalizable with the simple eigenvalues A j(w) and corresponding left eigenvectors
wj,j=1,...,d, then

v?/’} =w,; and /l‘]g. n)=E []_[ ﬂj(ebi_l(w))l .
i=1

Furthermore, f/;f, j=1,...,d are the Koopman modes of the full-state observable and the following
expansion is valid
d
K'x = Z 25 (m)x, WV (2.3.3)
j=1

Proof. The action of the stochastic Koopman operator on functions defined by (2.3.2) is equal
to

K'¢i(x) = E(D(n, w)x, W})]
= E[(x, ®(n, (u)*W’}-)]
= (X, E[D(n, w)"]W")
= (x, &(m)"W})
= Aj(n)(x, W(n))
= 2;(m¢’j(x)

where we have used that R
E[®(n, w)*] = (E[®(n, w)])* = D(n)".




2.4. STOCHASTIC KOOPMAN OPERATOR FOR RDS GENERATED BY THE RANDOM
DIFFERENTIAL EQUATIONS 25

In the case when matrices A(w), w € Q commute and are diagonalizable, they are simultaneously
diagonalizable (see [20, Theorem 1.3.12] ), i.e., there exists a single invertible matrix V, so that
A(w) = VA(w)V~!, where A(w) = diag(1;(w), ..., Ag(w)). Itis clear that the columns of the matrix
V are the common right eigenvectors of the matrices A(w), w € Q, and that W* = V-1, where W is
the matrix of the left eigenvectors. It is straightforward that

O(n,w) =V ]_[ AW )W
i=1

Therefore,
b(n) = VE []‘[ A@//—l(w»l we,
i=1

and we easily conclude that w; = w; and

() =E

[ o™ <w>)l :
i=1

Equation (2.3.3) can be easily proved by using the decomposition of the state x in the base W’;, f/?,
j=1,...,d, the linearity of the Koopman operator, and its action on the eigenfunctions given with
(2.3.2),1.e.,

d
K'x = K" Z(x, W
j=1
d

= ) K, W
J'J
=1

M=~

S ATIA A
A; (n)x, w?)v;f.

~.
1l
—

Remark 4. We will use the term principal eigenfunctions for the eigenfunctions of the form
¢j(x) = (x,wj), j = 1,...,d;In the linear case, the action of the Koopman operators on the full
state observable can be derived by using just the principal eigenfunctions, eigenvalues, and modes.

2.4 Stochastic Koopman operator for RDS generated by the random
differential equations

Proposition 2. If A : Q — R®? and A € L'(Q, ¥, P), then RDE

X = ABDw)x, (2.4.1)
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generates a linear RDS @ satisfying
f
O(t,w) =1+ f AB(5)w)D(s, w) ds. 2.4.2)
0

Assume that ®(r) = E[®(¢, w)] is diagonalizable, with simple eigenvalues ﬂ;. and left eigenvectors
W;,j: 1,...,d. Then

(/);.(x) = (X, W;), j=1,....4d, (2.4.3)
are the principal eigenfunctions of the stochastic Koopman operator K* with corresponding prin-
cipal eigenvalues /lf. () = f1j(t), j = 1,...,d. Moreover, if matrices A(w) commute and are diago-
nalizable with the simple eigenvalues 4 ;(w) and corresponding left eigenvectors w, j = 1,...,d,

then |
=w; and /lf. H=E [efo /lj(g(S)w)dS] )

Furthermore, f/;, j=1,...,d are the Koopman modes of the full-state observable and the following
expansion is valid

d
Kix = Z A5 (0)(x, WV (2.4.4)
=1

Proof. The first part of the proposition follows from [4, Example 2.2.8]. Furthermore, the
action of the stochastic Koopman operator on functions defined by (2.4.3) is equal to

K'¢(x) = E(Q(t, w)x, #')]
= B[(x, ®(z, w)*w;)]
= (x, E[D(1, w)"]W")
= (x, D1y W)
= (W)
- A (x)
With the same argument as in the proof of Proposition 1, we have A(w) = VA(w)W*, where W and
V are matrices of common left and right eigenvectors,
and A(w) = diag(1(w), . . ., Ag(w)). It is straightforward that

Ot w) = e o A6s)wyds _ Ve Iy AB(s)w) dsyy+.

and |
‘i)(f) =VE [efo AB(s)w) ds] W

We easily conclude that w; = w; and A7 (r) = E eh 1Ew)ds |
The proof of (2.4.4) is the same as the proof of (2.3.3) .
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Example 1. (Linear scalar RDS). Suppose that linear scalar RDE is given by
X = a(w)X, (2.4.5)

where a :  — R is a random variable with finite moments. Observe that 8(¢) = id, which means
that the probability space does not change with time. If the moment generating function defined by
M,y (1) = B[] is analytic for |f| < R, then for the initial condition ¢(0, w)x = x and ¢ < R there
exists a unique solution of (2.4.5), which can be expressed as[30]

ot, w)x = xeh @@ds, (2.4.6)

The action of the stochastic Koopman operator on the full state observable function ¢(x) = x is
then
K'x = E[p(t, w)x]

-E xefot a(w)ds]

=E [e"(‘“)’ ] X.

Thus, ¢(x) = x is the eigenfunction of the stochastic Koopman operator and the corresponding
eigenvalue satisfies
A5(1) = E[e"“] = Ma(0). (2.4.7)

2.5 Stochastic Koopman operator for RDS generated by the stochas-
tic differential equations

The Koopman operator family K" related to this RDS is defined by

K f(x) = ELf(¢(t, 10, 0)X)]. 2.5.1)

In this more general setting with the two-parameter family of Koopman operators (2.5.1), the eigen-
functions ¢ : M — C and eigenvalues A° (¢, 1) of the Koopman operator K" defined on a
finite-time interval satisfy

FHgH0(x) = A5 (1, 10) "0 (x). (2.5.2)

The following two propositions treat two classes of linear SDE. In the first one the random part of
equations models the additive noise and in the second one it models the multiplicative noise.

Proposition 3. Let the linear SDE with additive noise be defined by

dX; = AOX,dt + » b'(t)dW!. (2.5.3)

r

i=1
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where A(?) is a d X d matrix of functions and b(f), i = 1, ..., m are d-dimensional vector functions.
Assume that the fundamental matrix ®(z, 7o) satisfying the matrix differential equation

b =Ag, D(tg) =1 (2.5.4)
is diagonalizable, with simple eigenvalues ,&3.’[0 and left eigenvectors v?z’/.”“, j=1,...,d. Then
¢3.”°(x) = (X, w;:“’), j=1,....d, (2.5.5)

are the eigenfunctions of the stochastic Koopman operator K", with corresponding eigenvalues

A5 (8, 10) = f1(t, 10).

If matrices A(f) commute and are diagonalizable with the simple eigenvalues A ;(¢) and correspond-
ing left eigenvectors w;, j=1,...,d, then

Al

t
Ai(s)d
wj’to =w; and /lf.(t,to) :effo s8ds

(2.5.6)

Proof. Since the solution of (2.5.3) with the initial condition X;,(w) = x is given by, (see [I,
Section 8.2] )

r !
Xi(w) = D(t, 1) (x + Zf D1 (s,10)b'(5) dWi),
i=1 Y
we have

K (X) = B[4 (X))
r t
:E[<q>(r,zo)x,w;:’°>+<z f cD(t,to)cb—l(s,zo)bf(s)dwg,w;r’()ﬂ
i=1 Yo

t
f (t, 10) D (s, zo)bi(s)dwg'] , w;:’°>

To

,

= <d)(t, 10)X, w;:’()) + <E[
i=1

_ ALl A~ 1,10

- ] <X’ Wj >

= 47 (x),
where we used that E [ ft ; F(s) dWS] =0 (see [|, Theorem 4.4.14]) applied to

F(s) = O(t, 10)D "' (s, 10)b(5).

With this we proved the first statement. Since in the commutative case the fundamental matrix can
be expressed in the form

't
O(1, 10) = el O

its eigenvectors coincide with the eigenvectors of the matrix A(f) and eigenvalues are given by
(2.5.6).
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Proposition 4. Let the linear SDE with multiplicative noise be defined by

,
dX, = AOX, dt + » B()X,dW!, (2.5.7)
i=1

where A(7), Bi(t),i = 1, ..., r are d X d matrices of functions. Denote with @(z, ty) the fundamental
matrix satisfying the matrix SDE

dd = ADdr + Z B(H®dW!, ®(to) = I. (2.5.8)
i=1

and assume that ®(z, 19) = E[D(1, 1o)] is diagonalizable, with simple eigenvalues ,&;.’to and left eigen-

N
vectors W ° j=1,...,d. Then

¢;.’["(x) = (X, w;:’()), j=1,....d, (2.5.9)
are the eigenfunctions of the stochastic Koopman operator K", with corresponding eigenvalues
51, 10) = fuj(t, 10).
If the matrices A(f) and Bi(¢), i = 1,...,r commute, i.e., if A(H)A(s) = A(s)A(?),
A(t)B'(s) = B'()A(D)

= B ())B/(s)

= B/(s)B'(1)
fori,j=1,...,randall s, ¢, and if the matrices A(f) are diagonalizable with the simple eigenvalues
A;(t) and corresponding left eigenvectors w;, j = 1,...,d, then

Al

t
A5(s)d
wfto =w; and ﬂ?(l,to) = eloW)ds,

(2.5.10)

Proof. For the fundamental matrix ®(¢, #p) and the initial condition X;,(w) = X, the solution of
(2.5.7) is equal to, (see [, Section 8.5] )

Xi(w) = O(t, 1o)X, (2.5.11)
thus
K0 (x) = B9 (X, ()]
= E [(@( t0)x, )]
= <<i)(t, 10)X, w;:“’}

= Mg x),
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For the case with commutative matrices A(f) and B'(f), i = 1, ..., r, the fundamental matrix ®(z, o)
can be expressed in an explicit form as

Ot 19) = ef[;(A(s)—% L BB )dst [l 57, Bi(s)dwi'

(2.5.12)
Since

(1, 19) = E[D(t, 10)]

e I (A5 S, BU)Bi(s)T ) ds Ele Jo Xy Bl(s)dWi
— v ft;(A(s)—% {le"(s)B"(s)T)dse% ft(‘) " Bi()B(s)" ds

't
_ efto A(s)ds,

the eigenvectors of d(z, ) coincide with the eigenvectors of the matrix A(r) and eigenvalues are
given by (2.5.10), which proves the statement. Here we used the fact that

) [e Iy BGS) dwj] _ e% Jry B)B(s)" ds

(see [1, Theorem 8.4.5])
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2.6 Semigroups of Koopman operators and their generators

In this section, we examine Random Dynamical Systems (RDS) whose associated stochastic Koop-
man operators satisfy the semigroup property. We focus on situations where M is a Polish space
and B is the Borel sigma-algebra. An RDS defines a family of stochastic processes taking values in
M. Each process is associated with a probability measure P, on the canonical space M, induced
by a probability measure P related to the driving dynamical system. Significant results regarding
the properties of stochastic Koopman operators can be obtained in specific contexts, such as linear
or Markovian settings. Therefore, we limit our considerations to particular types of RDS and only
consider those that are Markovian[9], or more precisely, to those for which the family of processes
{p(t, w)X}xem 1s a time-homogeneous Markov family. Let F,* denote the sigma-algebra generated
by the “past” of the stochastic process, i.e.,

F = o(e(s,w)x, s < 1)

The Markov property implies that for s < f and any random variable Y, measurable with respect to
¥, the following relation holds:

E[Y | 7,1 = E[Y | ¢(s, w)x] (2.6.1)

Moreover, for such Y, the following equality, known as the Chapman-Kolmogorov equation, is
valid:
E[Y | ¢(s, w)x] = E[E[Y | ¢(t, w)x] | ¢(s, w)x] (2.6.2)

The Chapman-Kolmogorov equation implies the semigroup property of stochastic Koopman oper-
ators, 1.e.,
K =K oK' (2.6.3)

In the context of Markov processes, the Koopman operator is commonly referred to as the Markov
propagator or transition operator, and its properties have been extensively studied [12], [41]. There
are two significant and well-known classes of Random Dynamical Systems (RDS) that can be
identified with the Markov family: the discrete-time RDS generated by an independent identically
distributed process, and the continuous-time RDS generated by stochastic differential equations
where noise is modeled using a Wiener process. In both cases, the probability space associated with
the stochastic process modeling the noise can be identified with the canonical measure-preserving
dynamical system ([4]). In the following, we briefly describe the canonical dynamical system
(6())ser induced by a given stochastic process £ Suppose 5 = (Et)teT, where 5, :Q > BisaB-
valued stochastic process on a probability space Q, where (B, B) is a measurable state space. The
given process and the probability measure on Q induce a probability measure P on B”, allowing us
to define a new probability space (Q, 7, P) = (BY, 87, P), where 87 is the sigma-algebra generated
by the collection of cylinder sets. The canonical realization £ of the stochastic process & is defined
on (Q, 7, P) by the coordinate functions &(w) = w(t), w € Q. The shift transformations
6(t) : BT — BT given by

0w =wit+71), teT (2.6.4)
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constitute the semigroup or group of measurable transformations. Notice that the canonical real-
ization &,(w) can be viewed as the composition of the shift transformation (2.6.4) and the canonical
projection 7 : BT — B defined by

m(w(7)) = w(0) (2.6.5)

ie., &(w) = w(@) = 1(0(F)w). If time T is discrete (T = Z or T = Z*),

a map (f,w) — O0(t)w is measurable and (6(f)),er is a measurable dynamical system. In the con-
tinuous time case (T = R or T = R*), when B = R or when B is a Polish space, (6(¢)),er could
become a measurable dynamical system after some redefinition of the probability measure P and
of the o-algebra set (see [4]).

2.6.1 Discrete-time RDS

Let now assume that for T = Z* U {0}, w = (w;)ier is a canonical realization of the stochastic
process with the associated driving system composed by the shift transformation maps (2.6.4) as
described in the previous paragraph. If we assume that the discrete RDS ¢(n, w) is defined by the
one step map T'(w,-) : M — M of the form

T(w,") = To(m(w), "), (2.6.6)
where 7 denotes the canonical projection (2.6.5), by taking into account (2.6.6) in (1.3.1), we get

o(n, ) = To(W" ™ (W), ") o -+ o TomW(w)), ") o To(m(w),), n 2 1. (2.6.7)

If w is an i.i.d. stochastic process, the sequence

[TW (W), = Tor@' ™ (), )i > 1}

is an i.i.d. sequence of random maps, so that RDS (2.6.7) generates the time-homogeneous Markov

family {¢(n, w)x}em [4].
In this case, the stochastic Koopman operator family is a semigroup, so that

K'=K'o---oK' = (K, n>0.

Therefore one can think about K" as the generator of the stochastic Koopman semigroup, and we
denote it by K. According to (2.1.1), K is determined by using the one step map T'(w, -) as

% () =K' f(x) = BLAT (@, x)]. (2.6.8)

It follows from the semigroup property that if A5 is the eigenvalue of the stochastic Koopman
generator with the associated eigenfunction ¢(x), then (1%)" and ¢(x) are the eigenvalue and the
eigenfunction of the operator K".

Remark 5. The random maps were identically distributed but not necessarily independent, so that
the future state of the process obtained by the action of their composition (1.3.1) could depend on
the past behavior of the system and not only on the present state.




2.6. SEMIGROUPS OF KOOPMAN OPERATORS AND THEIR GENERATORS 33

Example 2. (Noisy rotation on the circle). We describe here the example considered in [10, 22].
A deterministic dynamical system representing the rotation on the unit circle S ' is defined by

T(x) =x + 1, (2.6.9)

where 9 € S! is a constant number. We consider here its stochastic perturbation, i.e., a discrete
RDS over the dynamical system 6 = (6(¢));eT, Where 6(¢) are shift transformations (2.6.4), defined
by the one stepmap 7 : @ x §' — S of the form (2.6.6):

T(w, x) = x+ 9+ m(w). (2.6.10)

Here w € [-6/2,6/2]% is a canonical realization of a stochastic process and 7(-) is the canonical
projection defined by (2.6.5). We suppose that the coordinates w; are i.i.d. with uniform distribution
on the interval [-6/2,6/2] for some 6 > 0. According to (2.6.8), the action of the associated
stochastic Koopman generator on an observable function f : §' — C is given by

/2

KS f(x) = BLA(T(w, x))] = (l)_ ) Flx+ 9 + wo) dwo. 2.6.11)

-0

For the functions
¢j(x) = exp(i2njx), jEZ, (2.6.12)

the following equality holds

0/2

1
K pi(x) = 5 f , exp(i27j(x + 9 + wo)) dwy
-5

. . 6
= S0UT0) o p(i2r ) expliz )
jmo
sin( jz6)

P exp(i2m jO)¢ j(x).

We easily conclude that (2.6.12) are the eigenfunctions of the stochastic Koopman generator with
corresponding eigenvalues
s sin(jmo)

A =— exp(2nj¥), jeZ. (2.6.13)
jmo

For any function f : L?>(S') — C we have the spectral expansion

K" f(x) = ch

( sin(jmd)
JjezZ

n
- ) exp(i2n jn) exp(i2n jx), (2.6.14)
jmo
where c; are the Fourier coefficients of f. Clearly, K" f(x) — co as t — oo. It is known that
the eigenvalues of the Koopman generator related to the deterministic dynamical system (2.6.9) lie
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on the unit circle and are equal to A; = exp(i2nji}); while the eigenfunctions are the same as in
the random case. Moreover, it is interesting to observe that for rational 6 the eigenspaces in the
deterministic case, i.e., for § = 0, are infinite dimensional, while they are finite dimensional in the
stochastic case (6 > 0) due to the compactness of the operator. To be more precise, in this example,
the eigenspaces become one-dimensional.

Remark 6. Consider the case when randomness is additive, i.e., when the one-step map 7 : Q X
RY — R is given by
T(w,x) = AX + 1(6(H)w),

where 6(¢) is a shift transformation and w : Q — R is the canonical realization of a process with
i.i.d. components. Suppose that E[w] = 0 and that the matrix A is diagonalizable with simple
eigenvalues 4;, j = 1,...,d. Then the eigenfunctions of the stochastic Koopman generator KS are
principal eigenfunctions of the form

¢j(x) = (x,w;), where w; are left eigenvectors of A, while its eigenvalues coincide with the eigen-
values of the matrix A.

2.6.2 Continuous-time RDS

Let suppose that the stochastic Koopman operators family satisfies the semigroup property. Define
the generator of the stochastic Koopman family (K"),cr acting on the observable functions f €
C}(R?) by the limit

(](tf(x)t_ S(X) , (2.6.15)

K f(x) = lim

t—0*

if it exists. For the Koopman operators associated with the RDS generated by RDE we have the
following proposition.

Proposition 5. If the solution of RDE (1.3.3) is differentiable with respect to ¢ and the stochastic
Koopman family (K"),cr is a semigroup, then the action of the generator K* on f € C}’(Rd) is

equal to
K f(x) = E[F(w,%)] - Vf(X). (2.6.16)
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Proof.
6 00 = liy 2L =109
. BUXG 0. x)] - f)

=1
t—0* t

=ﬁ%EV“@“?%f®]
=E Ilir(1)1+ X, %) _t J(X(O, w, x))}

[ d
=E »Ef(X(t’ w, X))

y

=E|Vf(x)-: d%X(t, w,X)

"

The swapping of the order of limit and expectation in the second line is justified by the dominated
convergence theorem and the fact that the convergence JM is uniform for all w and x,
since the derivative of f is bounded and the solution is differentiable (see [28, Section 7.6] for the
proof in the deterministic case).

= B[F(w,x)] - Vf(X).

Corollary 1. Suppose that a stochastic Koopman generator K associated with RDE (1.3.3) exists.
If ¢; and ¢, are the eigenfunctions of K with the associated eigenvalues A and A, then ¢ ¢, is
also an eigenfunction with the associated eigenvalue 4; + A;.

Proof. Since K5 ¢;(x) = Ai¢i(x) = E[F(w, x)] - Vopi(x), for i = 1,2, we have
K5 (¢162)(x) = E[F(@,X)] - V(¢12)(x)
= E[F(w,X)] - V$1(x)$2(x) + E[F(w, x)] - Vo (x)¢1(x)

= 1$1(X)P2(X) + A2¢2(X)¢1(X)
= (A1 + 2)(P1$2)(X). (*)

Corollary 2. Let ¢ € C ;(Rd) be an eigenfunction associated with eigenvalue A of the stochastic
Koopman generator K associated with an RDE (1.3.3). Then

d _
70t w)x) = Ag(p(t, w)x) + F(w, X) - Vet w)x), (2.6.17)

where
F(w,x) = F(w,x) — E[F(w,X)].
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Corollary 3. Suppose that a stochastic Koopman generator K associated with linear RDE (2.4.1)
exists. Also, assume that A = E[A(w)] is diagonalizable, with simple eigenvalues A ;j and left
eigenvectors w;, j = 1,...,d. Then

¢;x)=(x,wp), j=1,....,d, (2.6.18)

are the principal eigenfunctions of the generator K, while /lf =1 ; are the associated principal
eigenvalues.

Proof. According to (2.6.16), the action of the generator K5 of the Koopman operator family
associated with the linear RDS generated by (2.4.1) on f € C ;(Rd) is equal to

K f(x) = B[A(w)X] - V()
= Ax - Vf(x).

Thus
K (%) = (Ax,w))
= <X, A*W j>
= 4j6;(x).
which proves the statement.

Remark 7. Provided that the assumptions of Corollary 3 are valid, the principal eigenfunctions
¢ (x) given by (2.6.18) are the eigenfunctions of each Koopman operator K” also, with the corre-
sponding principal eigenvalues /1§ (1) = ¢!, The set of principal eigenfunctions does not cover all
the eigenfunctions of the Koopman operator as we discuss next. According to Corollary 1, over the
space of real analytic functions,

d
6() = @] (0 00, A=) mid;,
j=1

withn; e N*U{0}, j=1,...,d, are the eigenvalues and eigenfunctions of the Koopman generator.
Thus, like in the deterministic case, any analytic observable function f can be represented as a lin-
ear combination of powers of the principal eigenfunctions [3 1] and its evolution under the RDS can
be obtained using the spectral expansion formula. Another type of RDS which could be identified
with the time-homogeneous Markov family are the RDS generated by the SDE of the form (1.3.5)
with autonomous functions G and o, i.e.,

dX, = G(X)) dt + o(X;) dW,. (2.6.19)
In this case the stochastic differential equation generates the one-parameter family of RDS

o(t, w) := (1,0, w) = e(t + 19, ty, W),
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so that the corresponding stochastic Koopman operator family and the associated stochastic eigen-
values and eigenfunctions depend on parameter ¢ only. In this autonomous setting, we denote by
X;(x) the solution of equation (2.6.19) for the initial condition Xo(w) = X. In accordance with
(1.3.7) it is equal to

! !
X:(x)=x+ f G(Xy)ds + f o (X;) dWs. (2.6.20)
0 0
Proposition 6. The action of the generator of the stochastic Koopman family K* on f € Cg(Rd)
is given by
1
K £(x) = GV f(X) + S Tr (VN )T, (2.6.21)
where Tr denotes the trace of the matrix.

Proposition 7. Let ¢ € Ci(Rd) be an eigenfunction of the stochastic Koopman generator K>
associated with RDS generated by SDE (2.6.19) with the corresponding eigenvalue A. Then

do(Xy) = Ad(X)dt + V(X))o (Xy)dW,. (2.6.22)
¢ is the eigenfunction of the stochastic Koopman operator K also, i.e.
K p(x) = eVp(x). (2.6.23)

Proof. Suppose d = 1. It follows from It6’s formula
1
dY, = f/(X)dX; + Ef"(X,)o-(X,)zdt (2.6.24)
that the eigenfunction ¢(X;) evolves according to

d¢(X,) = ¢"(X)G(Xp)dt + %q&”(X,)O'(X,)zdt + ¢ (X)o(X)dW,

= K5 p(X)dt + ¢ (X))o (X)dW,
= Ap(X,)dt + ¢ (X))o (X)dW,,

where in the last equality we used that K ¢(x) = A¢(x). By using a similar procedure, the equations
(2.6.22) valid in multidimensional case can be easily derived. The fact that ¢ is an eigenfunction
of each Koopman semigroup member K’ follows from the spectral mapping theorem [ |3, Chapter
IV.3].

Remark 8. Unlike in the case of RDS generated by the RDE, the product of eigenfunctions of
the stochastic Koopman generator associated with RDS generated by SDE is not necessarily an
eigenfunction. This easily follows from Proposition 6. However, the eigenfunctions in many cases
satisfy a recurrence relationship (e.g., Hermite polynomials, which are Koopman eigenfunctions of
Ornstein-Uhlenbeck processes obtained as a solution of the Ornstein-Uhlenbeck SDE [33, Section
4.4]) and thus can be deduced from the principal eigenfunctions. This reduces the problem to
analysis of principal eigenfunctions, and thus d objects in an d dimensional space, remarkable for
a nominally infinite-dimensional representation.




Chapter 3

Numerical approximations of the
stochastic Koopman operator

One of the goals of this work is to compute the numerical approximations of the spectral objects of
the stochastic Koopman operators, i.e., their eigenvalues and eigenfunctions. This is performed by
extending the DMD algorithms, that are originally developed for approximating the spectral object
of the Koopman operators in deterministic settings, to the stochastic framework. DMD algorithms
and the spectral analysis of the Koopman operator are connected in the following way. Suppose
that the restriction of the infinite dimensional stochastic Koopman operator K’ to an appropriate n
dimensional subspace of functions is closed under the action of the Koopman operator (see [11]).
Let K € C™" denote its representation by an n X n dimensional matrix. The goal of the DMD
numerical algorithms is to determine the spectrum and associated eigenvectors of the finite dimen-
sional linear operator K, and those are in turn the eigenvalues and coordinates of eigenfunctions
of the associated Koopman operator in the chosen finite-dimensional basis. If the considered sub-
space is not closed under the action of the Koopman operator, one can expect that under certain
assumptions, the operator K at least approximates the underlying dynamics [2, 26].

3.1 The DMD algorithm for RDS

The DMD algorithm provides us with a decomposition of the pair (X,,;, Y,,,) given by the eigenval-
ues and the eigenvectors of the operator K, which is in the data-driven settings not known explicitly,
while it is known that its action on the range X,, should be equal to Y, [40]. For n > m and full
column range of X,, there exists an exact solution of the equation Y,, = KX,,, while for m < n the
equation is satisfied in a least squares sense [40].

Letf = (fi,...,f.)T : M — C" be a vector-valued observable on the state space. For an x € M,
let f*(w, x) = f (T*(w, x));k = 0,1,...be a vector-valued observable series on the trajectory of the
considered discrete-time RDS. Denote its expectation by

f*(x) = E[f*(w, x)] = KX(x). (3.1.1)

38
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For the continuous-time RDS ¢, we choose the time step A and define the values of the observables
in the same way as in the discrete-time case by taking

T*(w, x) = p(kAt, w)x. (3.1.2)

The value of the observable at the time moment #;, = kAt is evaluated as

(x) = K} £(x) = E[f(p(kAt, w)x)]. (3.1.3)

In this stochastic framework, the DMD algorithm is applied to the matrices X,,;, Y, € C™ which
are for the chosen initial states Xy, ..., X, € M defined by

Xo= (P £ - 0w)  Yu= () P oo o) G4

In this case, we expect that the DMD algorithm provides us with the eigenvalues and eigenfunctions
of the finite dimensional approximation operator associated with the Koopman operator K. In the
case when the Koopman operator family is a semigroup, we have K § = (7(& z)k , thus it makes sense
to apply the DMD algorithm to the time-delayed snapshots, which means that for the chosen initial
condition Xq, we define the matrices X,, and Y,, as

Xm = (°00) f'xo) -+ 7x0)) Y =(f'(x0) f2x0) -+ fM(x0))  (3.15)

In this case, we expect that the algorithm provides us with the eigenvalues and eigenfunctions
of the approximation operator associated with K i .~ The proof of the convergence of the DMD
type algorithm with input matrices (3.1.5) where fi,..., f, span the finite dimensional invariant
subspace of the stochastic Koopman operator, to its eigenvalues and eigenfunctions is given in [39]
for the RDS in which the noise is modeled by i.i.d. random variables and under the assumption of
ergodicity. We describe now the crucial steps of the DMD RRR algorithm.

3.2 DMD-RRR:Refined Rayleigh Ritz Dynamic Mode Decomposition

The DMD-RRR is an improved version of the Dynamic Mode Decomposition (DMD) that aims

to extract “dynamic modes” (spatial patterns evolving with specific frequencies and growth/decay
rates) from dynamic system data. Unlike classical DMD, DMD-RRR incorporates Refined Rayleigh-
Ritz techniques and numerical rank management, making it more robust to noise and high-dimensional
data.

In [11] a data-driven algorithm for computing DMD, called DMD refined Rayleigh Ritz (DMD-
RRR) algorithm, which enables selection of Ritz pairs based on the data-driven computation of
the residual, and substantially improves the quality of the retained spectral objects. The DMD
RRR algorithm starts in the same way as other SVD-based DMD algorithms, i.e., with the SVD
decomposition for low dimensional approximation of data:

X, = USV* ~ U,Z, V¥, (3.2.1)
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where £ = diag((f,-)?f{l ) o are singular values arranged in descending order, i.e., oy > ... >

Omin(m,n) = 0, and r is the dimension of the approximation space. Then
Y, = KX, = KU,Z,V;. (3.2.2)

Since KU, = Y, V,E;l, the Rayleigh quotient matrix S, = U KU, with respect to the range U, can
be computed in this data-driven setting as

S, =UY,V,z . (3.2.3)

Each eigenpair (4, w) of S, generates the corresponding Ritz pair (4, U,w), that is a candidate for
the approximation of the eigenvalue and eigenvector of the Koopman operator. Here we emphasize
a few crucial points at which the DMD RRR algorithm is improved in comparison with the standard
DMD algorithms [35, 40]. The first point of difference refers to the dimension r of the reduction
space. Instead of defining the dimension of the Instead of defining the dimension of the space a
priori or taking into account the spectral gap in singular values, it is proposed in [1 1] to take into
account user-supplied tolerance €, which is then used for defining r as the largest index satisfying
o, > o1€. The algorithm is, according to [1 1], further enhanced with the residual computation for
each Ritz vector pair (4, U,w)

n = IKWUw) = AUl = (Y V,E Hw = AU w2, (3.2.4)

where || - ||, stands for the L norm. Then the vectors at which the required accuracy is not attained
are not taken into account. The final improvement compared to the standard algorithms refers to
scaling of the initial data, i.e., if the matrix D, is defined with

D, = diag(I X, D)™,

we set X, = Xﬁ,pr and Y, = YE,:)DX and proceed with X,Sl) and Y,(;) as data matrices.




3.3. STOCHASTIC HANKEL DMD (SHANKEL-DMD) ALGORITHM 41

Algorithm 1 DMD-RRR for Random Dynamical Systems

Require: e Data matrices X,,, = (f%(xo), f'(x0), - - - , "~ (x¢)) and
Y, = (f1(x0), f2(x0), - - - , f™(x0)) from a single trajectory starting at X

e Tolerance ¢ for numerical rank determination

1: Normalize the data: D, = diag(/X,(:, DIl2)7,
2 X% =X,Df and Y = Y,,D*
3: Compute the thin SVD: X, = UZV*, where T = diag(c), With o' > 02 > ... > 0pyin 2 0
4: Determine the rank r as the largest index i satisfying o; > o1&
5: Extract the first 7 columns: U, = U(;,1:r),V, =V ,1:r,2, =2 :r1:7r)
6: Compute the Rayleigh quotient: S, = U*Y,,V,Z; !
7. Compute eigenvalues and eigenvectors of S,: §,W = WA, where A = diag(4;)._,
8: Compute the dynamic modes: ® = Y,,V,Z.'W
9: Fori=1,...,rdo
10:  Compute the residual for each Ritz pair (4;, U,w;):

1 i = IKUwi) = 4(Uwpllz = 1Y Vi Hwi = 4(Urwi)ll
12: End For
Ensure: @ (dynamic modes), A (eigenvalues), residuals {n;};_,

3.3 Stochastic Hankel DMD (sHankel-DMD) algorithm

This section defines the stochastic Hankel matrix and describes the application of a DMD-type
algorithm to this structure. The approach is based on the Hankel DMD method introduced in
[2] for deterministic dynamical systems, with the underlying principles extended to the stochastic
setting. The analysis is restricted to discrete-time random dynamical systems (RDS), under the
assumption that the associated family of stochastic Koopman operators satisfies the semigroup
property. This assumption is crucial, as it ensures the validity of the results produced by applying
the DMD algorithm to the Hankel matrix. In the absence of this property, a situation similar to that
of non-autonomous deterministic systems arises: applying the DMD algorithm to time-delayed
snapshots leads to the approximation of different operators, which results in significant errors [29].
The Hankel matrix in the stochastic framework is defined as follows. For a scalar observable
f + M — C, we define the vector of n observations along the trajectory that starts at x € M and is
generated by the one-step discrete random map 7'

' (w, x) = (f(X), f(T(w,X)) ... fF(T" (w,x)))T. (3.3.1)

Let f,’j(x), k = 0,1,... denote the expectation of f*(6(k)w, T*(w, X)) over the trajectories of length
k, ie.,

fk(x) = BIf"(0(k)w, TX(w, X))]
= (K fx), K* F(T(w, X)), ..., KT (w,x)))T.
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Observe that the components of f¥(x) are the values of the function K* f along the trajectory of
length n starting at x € M. The stochastic Hankel matrix of dimension n X m, associated with the
trajectories starting at X € M and generated by the map T is defined by

Hyson(w, %) = ((9(x) f1(x)... 771 (x))

f(x) K f(x) KL f(x)
fT(w,x) K fTwx) - K"AT(wx)

ST N w,x) K AT w,x) - KT (w, %))
The columns of H,«,, are approximations of functions in the Krylov subspace
Knu(K, ) = span(f, K' f, ..., K" ), (3.3.2)

obtained by sampling the values of functions K*f, k = 0,...,m — 1 along the trajectory of length
n starting at x € M. When the DMD algorithm is applied to the stochastic Hankel matrix, the
input data matrix X,, is defined by taking the first m columns of the Hankel matrix H,x(n+1)(w, X),
while the data matrix Y, is formed from the last m columns of the same matrix. We refer to this
methodology as the stochastic Hankel DMD (sHankel-DMD) algorithm. As already mentioned,
when we consider the continuous-time RDS, we could for the chosen Af associate to it a discrete
RDS by defining the one-step map as T'(w, X) = ¢(At, w)x. Then the Koopman operator K* should
be replaced with the operator 7(§ -
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Algorithm 2 Stochastic Hankel DMD

Require: e Scalar observable f : M — C
e One-step discrete randommap 7 : M - M

e Initial state x € M

Number of observations n along trajectory

Number of columns m for the Hankel matrix

e Tolerance ¢ for numerical rank determination
Form the vector of n observations along the trajectory starting at x:
f,(w, x) = (f(x), f(T (W, X),.... [T Hw,0))"
3: Compute the components of the expected trajectory:
fi(x) = B[f,(0(k)w, TH(w, )]
Construct the stochastic Hankel matrix H,,x,,(w, x) of dimension n X m:
6: Hyxm(w, x) = (frll x)... fZH (x))
Define the data matrices X,, and Y,,;:
X, = first m columns of Hj,xn+1)(w, X)
9: 'Y, = last m columns of H,,x+1)(w, X)
Normalize the data: D, = diag(|[X;(:, DIl2)},
X = X,,Dt and Y} = Y,,DF
12: Compute the thin SVD: X,(,i) = UZV", where £ = diag(o)?"
Determine the rank r as the largest index i satisfying o; > o1&
Extract the first 7 columns: U, = U(;,1:r),V,=V(,1:r, 2, =2(1:r1:r)
15: Compute the Rayleigh quotient: S, = U*Y,,V, X!
Compute eigenvalues and eigenvectors of S,: §,W = WA, where A = diag(4;);_,
Compute the dynamic modes: ® =Y, VrE;l w
18: Fori=1,...,rdo
Compute the residual for each Ritz pair (4;, U,w;):
ni = IKUwi) = 4Uw)l = 1Y ViZ  wi — 4:(Uwpll
21: End For
Ensure: ® (dynamic modes), A (eigenvalues), residuals {n;}7_,
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3.3.1 Convergence of the sHankel-DMD algorithm

It was proved in [2] that for ergodic systems, under the assumption that observables are in an
invariant subspace of the Koopman operator, the eigenvalues and eigenfunctions obtained by the
extended DMD algorithm applied to Hankel matrix, converge to the true Koopman eigenvalues
and eigenfunctions of the considered system. The convergence of the DMD algorithm with input
matrices X,, and Y,, defined by (3.1.5) to the eigenvalues and the eigenfunctions of the Koopman
operator is proved in [39] for the class of RDS in which the noise is modeled by i.i.d. random vari-
ables, under the assumption of ergodicity, and of the existence of the finite dimensional invariant
subspace. Here we prove that under the same assumptions, the convergence is accomplished for
the sHankel-DMD algorithm. Our proof is based on the fact that the eigenvalues and the eigen-
functions obtained by DMD algorithm correspond to the matrix that is similar to the companion
matrix, which represents the finite dimensional approximation of the Koopman operator in the
Krylov basis. We limit the considerations to the discrete-time RDS. Suppose that the dynamics on
the compact invariant set A € M is generated by the measure-preserving map 7'(w,-) : A — A for
each w € Q. We recall from [4] that a probability measure v is invariant for RDS ¢(n, w) = T"(w, -)
if it is invariant for the skew product flow

O(n(w, x) = ((nw, T"(w, x))

generated by T and 6(¢), i.e., if @(n)v = v and if mqv = P where mq denotes the canonical projection
Q x A — Q. Invariant measures always exist for a continuous RDS on compact space A (see [4,
Theorem 1.5.10]). If A is a Polish space, the measure v on {2 X A could be written as a product of
measures, i.e., dv(w, X) = du,(x)dP(w), i.e., for f € L'(v)

f fdv = f f f(w, X)dpte(x)dP(w). (3.3.3)
QxA QJA

If the skew product dynamical system @ is ergodic on QX A with respect to some invariant measure
v and if 6(n) is ergodic with respect to P, we say that ¢ is ergodic with respect to the invariant
measure v. Under the assumption of ergodicity of ® with respect to the measure v, the Birkhoff’s
ergodic theorem states that the time average of observable f € L?>(Q X A, v) under @ is given by

n—1

lim l Z fOk)w, Tk(w, X)) = f f(w, x)dv, a.e.onQ XA. (3.3.4)
"o QxA

The following proposition shows that under the assumption of ergodicity and Markovian property
of RDS, the sHankel-DMD algorithm provide us with approximations of eigenvalues and eigen-
functions that converge to the true Koopman eigenvalues and eigenfunctions.

Proposition 8. Suppose that the dynamics on the compact invariant set A C M is given by the one
step map T'(w,-) : A — A for each w € Q and that the associated discrete time RDS ¢ is ergodic
with respect to some invariant measure v. Assume additionally that the processes {¢(n, w)x; x € A}
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form a Markov family. Denote by u the marginal measure u = Ep(v) on A. Let the Krylov subspace
K,.(%, f) span an r-dimensional subspace of the Hilbert space H = L*(A, 1), with r < m, invariant
under the action of the stochastic Koopman operator. Then for almost every x € A, as n — oo,
the eigenvalues and eigenfunctions obtained by applying the DMD algorithm to the first r + 1
columns of the n X (m + 1)-dimensional stochastic Hankel matrix converge to the true eigenvalues
and eigenfunctions of the stochastic Koopman operator.

Proof. Consider the observables f : A — R belonging to the Hilbert space H = L?*(A, u). Due
to the ergodicity of ®, in accordance with Birkhoff’s ergodic theorem, (3.3.4) is valid, we get:

1 n—1
lim —Zf(Tk(a), X)) :f f)dv = f ff(x)dpw(x)d]?(a)) = ffd,u. (3.3.5)
St (wrs QxA QJa A

where the last equality follows from the fact that u = Ep(v) = Ep(u,,) For observables f, g € H, let
the vectors of n observations along the trajectory starting at x € A of the RDS generated by the map
T be denoted by f,(w, x) and g,(w, x) and defined by (3.3.1). If we denote the data-driven inner
product by (f,(w, X), gn(w, X)), we have:

1 15
lim ~[(f, (@, %), g(w, )] = lim = 3" AT*(w, )g" (T (@, )
n—oon n—oo n =0

n—-1
1 .
lim = " fe"(T*(w, %))
n—oo n =

k
f fg"du
A

={(f,g)y forae.x (%)

with respect to the measure u. Using the assumption that K,,(%C, f) spans an r-dimensional sub-
space of H, which is invariant for the stochastic Koopman operator, the restriction of the Koopman
operator to this subspace is finite-dimensional and can be realized by an r X r matrix. The repre-
sentation of this matrix in the basis formed by the functions (f, Kf,..., K"~ f) is given with the
companion matrix:

00 --- 0 ¢
1 0 C1
c=[01 - 0 o (3.3.6)
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where the vector ¢ = (cg, c1,...,c—1)T, obtained by using least squares approximation, is equal
to

T
¢ =G (LK Dot (K LK gt KK ) (3.3.7)

Here G denotes the Gramian matrix with elements
Gij = (K £ K g, ij=1,....r (3.3.8)

Consider now the stochastic Hankel matrix Hjx(+1)(w, X) of dimension nX (r+1) along a trajectory
starting at X and the companion matrix algorithm [2, 11] applied to the matrices

X, = (°x) flx) ... 7lx) and Y, =) £2x) ... f(x)).

We denote by C the numerical companion matrix computed as a best approximation of the least
squares problem

C =arg min ||Y, - X,B||.
BeCrXV

Using the assumption that the matrix X, has a full column rank, the pseudoinverse is of the form
X = (X*X,)"!X* and the matrix C is

C=X'Y,
= X X)X,

- [-xx,] [=x7Y,
n n
~—1 1 *
-G'-v,x). (k)
n

Here G denotes the numerical Gramian matrix whose elements are equal to

Gijw, ) = (0700, 670

n—1

1 : .
— D KT @)K T, %)
k=0

1 n—1 ' .

SN AT YT @), = L

n k=0

Now, by using (**), we conclude that
lim G;j(w,x) = (K™ K fyg, i, j=1,...,rforae. x, (3.3.9)
n—0oo

with respect to the measure y. From (***) we get that the last column

¢ = (Go(w, X), E1(w, X), . . ., Erey (@, X)) (3.3.10)
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of C is equal to

¢= G“I% (€E2000, £5009. (YO E5 00N, . (B 0. £ 0)) - (33.11)
Since _
lim (£ (%), £7(x)) = (K £, K g, j=1,...,r forae. x, (3.3.12)

with respect to the measure y, and the matrix G~ converges to the inverse of the true Gramian
matrix G~!, it follows that the components of & converge to the components of & (3.3.7). As
in [2, Proposition 3.1], we use the fact that the eigenvalues of the matrix C are the roots of a
polynomial having coefficients &;. Therefore, the eigenvalues of C are continuously dependent on
these coefficients, which implies that the eigenvalues of the companion matrix C converge to the
eigenvalues of the exact companion matrix, i.e., to the exact eigenvalues of the stochastic Koopman
operator. The eigenvalues and eigenvectors provided by the DMD algorithm are computed from
the eigenvalues and eigenvectors of the matrix S,, which is similar to the companion matrix C (see
[11, Proposition 3.1]), thus the conclusion follows.
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3.4 Numerical examples

3.4.1 Discrete RDS
Noisy rotation on the circle

To analyze the noisy rotation on the circle using the DMD algorithm, focusing on the computation
of the Koopman operator’s spectral properties.

The dynamical system under consideration is described as in Example 2, where the evolution of the
state variable is subject to both deterministic rotation and additive noise. To analyze this system,
we define a set of real-valued observable functions, which serve as the input to the DMD algorithm:

fi(x) = cos(j2mx),
gj(x) = sin(j2xx), where j=1,...,n-1

These observables are arranged into a vector-valued observable:

8n-1
This vector captures the essential harmonics of the system and provides a suitable subspace for
spectral approximation. The input data matrices X,,, and Y,,,used for the application of the DMD-
RRR (Refined Rayleigh—Ritz) algorithm, are constructed as in Equation((3.1.5)), using snapshots
of the observable vector evaluated along a trajectory of the system.

Analysis:

The analysis considers both deterministic and stochastic cases of the system.

o Deterministic Case:

— According to Tu et al. [40], for m > n, the DMD algorithm approximates the associated
Koopman operator in a least-squares sense.

— Due to ergodicity and the law of large numbers, as m — oo, the DMD algorithm’s
results converge to the eigenvalues and eigenvectors of the finite-dimensional approxi-
mating matrix of the Koopman operator.

e Stochastic Case:

— According to Takeishi et al. [39], the DMD algorithm also converges to the eigenvalues
and eigenfunctions of the stochastic Koopman operator.
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e Data Acquisition:

— To recover the spectrum of the stochastic Koopman operator in the ergodic system, the
matrices X, and Y, are constructed using values of the observable vector from a single,
sufficiently long trajectory:

X = (Fx0), F(T (@, %0 ..., FT" (@, x0))
Y = (F(T (@, x0)), F(T*, x0)), ..., F(T"(w, X0)))
— where x is the initial state.

e Numerical Experiment Setup:

The number of observable functions is set to n; = 150, resulting in n = 300 observable
functions.

The number of sequential snapshots used to determine the matrices X,, and Y,,, is m =
5000.

Parameters for the flow are set to ¥ = 7/320 and § = 0.01.

The DMD RRR algorithm is applied to obtain numerical results.
e Results:

— In the deterministic case, the eigenvalues lie on the unit circle, as expected.

— The real parts of the numerically recovered eigenfunctions ¢;(x), i = 1,2,3, closely
match the theoretically established eigenfunctions given by equation (2.6.12).

— The numerically captured eigenvalues of the stochastic Koopman operator closely co-
incide with the theoretical eigenvalues given by equation (2.6.13).

— Inthe stochastic case, the real parts of the eigenfunctions corresponding to the first three
eigenvalues /ll.S , 1 = 1,2,3, are presented; these eigenfunctions are given by equation
(2.6.12).

¢ Remarks:

— The deterministic and stochastic Koopman operators commute in this case, so the
eigenfunctions are the same, and the addition of noise does not perturb them (consistent
with Giannakis et al. [19]).

— The computed eigenvalues approximate the eigenvalues of the stochastic Koopman op-
erator restricted to the subspace spanned by the components of the vector observable.

— Since this subspace is invariant under the Koopman operator, the eigenvalues are com-
puted with high accuracy.

e Alternative Observables:
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— Similar results were obtained using observable functions:

fi(x) = ¢/ and
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Figure 3.1: Rotation on circle
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Discrete linear RDS

The discrete-time linear Random Dynamical System (RDS) under consideration is defined by a
mapping as introduced in Equation (2.3.1). The evolution of the system is governed by a random
matrix A(w), explicitly given by

(3.4.1)

Aw) = ( 0 ﬂ(w)),

-m(w) O

where the function 7 is defined in Equation (2.6.5). The random parameter w € Q evolves according
to the shift transformations 6 = (6(¢));ez+, as specified in Equation (2.6.4). Each coordinate w; of
w is generated by an independent and identically distributed (i.i.d.) random variable, satisfying the
probability distribution

Pw;=1)=p; and Pw;=2)=1-p;, O0<p;<l.

Theoretical Background:

e As proved in Proposition 1, the principal eigenvalues of the stochastic Koopman operator are
equal to the eigenvalues of the matrix A= E[A(w)].

e The associated eigenfunctions are given by equation (2.3.2).
Numerical Experiment Setup:

e Set p; =0.75.

e Select N = 10* initial points uniformly distributed over [0, 1] x [0, 1].

e For every chosen initial point x;o, j = 1,..., N, determine the random trajectory x;x, k =
1,2,..., where x;; denotes the state value at the k-th step.
DMD Application:

e Apply the DMD RRR algorithm to the full-state observables by taking states on each trajec-
tory separately.

e Define the input matrices for the DMD RRR algorithm as:

X j = (Xj1, X200 s Xjm—1)

Ym,j = (xj,Z’xj,3,---yxj,m), ]: 19-'-9N

Eigenvalue Approximation and Error Estimation:
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()

e In each computation associated with the initial value x;o, obtain the eigenvalue pair A,

which approximates the principal Koopman eigenvalues 1, ».

o For fixed m and the chosen set of initial conditions, obtain samples of approximating eigen-

o . _
values /11’2,] =1,...,N.

e To estimate the error, evaluate the L, L,, and L., norms of the difference between the exact
eigenvalues and the computed eigenvalues for the obtained sets of approximating eigenval-
ues.

e Present the norms determined for different values of parameter m (as shown in Figure 3.2).
Observations and Conclusions:

e The accuracy of the obtained eigenvalues increases monotonically with the number of snap-
shots m used in the computations.

e The error is O(\/L%), as expected for a random process of this type.

e The norm of the state values [|x;,,|| increases with m and can become quite large for large
values of m.

e The condition number of the input matrices of the DMD RRR algorithm can be very large.

e The scaling applied in the enhanced DMD RRR algorithm prevents instabilities that could
arise if the standard DMD algorithm without scaling is applied.

— Ly error
Ly error
— Lx error

log1o (error)

20 22 24 2% 28 30 32
logo (m)

Figure 3.2: Discrete linear RDS defined by (3.4.1). Ly, Ly, and L errors of approximated Koop-
man eigenvalues.
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3.4.2 Stochastic differential equations examples
Linear scalar SDE

The system under consideration is governed by a linear scalar stochastic differential equation (SDE)
of the form:
dX = uXdt+ odWw,, 3.4.2)

where u < 0 and o > 0. This equation defines a one-dimensional Ornstein—Uhlenbeck process, as
described in [33].

In the deterministic case (o = 0), the Koopman eigenvalues are given by
Ay =nu, n=0,1,2,...
and the corresponding eigenfunctions are the monomials

$n(x) = X"

In the stochastic case, the eigenvalues of the stochastic Koopman generator remain the same as
in the deterministic case. However, the eigenfunctions take the form

¢Vl(x):aan(ax), a = ﬂ|£2|, n=0,1,2,...
g

where H, denotes the Hermite polynomials and @, are normalization constants, as detailed in

[33, 3].

DMD Application in Deterministic Case:

e Observable functions: fj(x) = xj,j =1,...,n.

e Satisfactory results for the first n eigenvalues were obtained for moderate values of n (e.g.,
n =10).

e Significant numerical errors arise for larger values of n due to the ill-conditioned system
caused by the evolution of higher-order monomials (¢"x" — 0).

e With n = 10 and m = 2000 snapshots, the ten leading eigenvalues are determined with
accuracy greater than 0.01 (see Figure 3.3(b)).

e The standard DMD algorithm (without scaling) was more sensitive, capturing at most three
eigenvalues with accuracy greater than 0.01 on the same data.

DMD Application in Stochastic Case (Approach 1):
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e Observable functions: fj(x) = xj,j =1,...,n.
e m = 100 initial points from the interval [—1, 1] are chosen.
e n-dimensional observable vector is used.

e Input matrices X,,, Y, € R™" are defined by equation (3.1.4), with Y,, determined for k =
100 and using N = 1000 trajectories for each initial condition.

e Figenvalues computed using this approach lead to very accurate results for the Koopman op-
erator (see Figure 3.3(d) of the source document), with accuracy similar to the deterministic
case.

e Accuracy depends on the number of computations N, as well as the number and distribution
of initial points.

DMD Application in Stochastic Case (Approach 2):

e Observable functions: f;(x) =x/,j=1,...,n.
e For one chosen initial point, N = 1000 trajectories are generated.

e These trajectories are used to determine approximations of the expected values of the ob-
servable functions.

e These expected values are used in equation (3.1.5) to form input matrices X,, and Y,, for
m = 2000.

e The number of eigenvalues captured with satisfactory accuracy decreases (only four with
accuracy greater than 1072 in the presented case - see Figure 3.3(e)).

e The eigenfunctions associated with these four eigenvalues are captured with satisfactory ac-
curacy (Figure 3.3(f)).

e The lower accuracy could be due to errors introduced when approximating expected values
by averaging along trajectories.

e Increasing the number of computed trajectories should improve accuracy due to the law of
large numbers.
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(a) Deterministic Solution

(b) Deterministic Koopman Eigenvalues

(c) Deterministic Koopman Eigenfunctions
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Figure 3.3: Linear scalar

equation. Deterministic and Stochastic cases with u = -0.5, o = 0.001
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Nonlinear scalar SDE
The nonlinear scalar stochastic differential equation (SDE) under consideration is:

dX = (uX — X°)dt + o dW,. (3.4.3)

The qualitative behavior of the solutions depends on the sign of the parameter y, as discussed in
[17]. In this analysis, we focus on the case where y < 0 is fixed.

Theoretical Koopman Spectrum (Deterministic Case, oo = 0):

e The eigenvalues of the adjoint of the Liouville operator (which is the Koopman operator for
the deterministic equation) are:

Ay =nu, n=0,1,2,...,
(from [17]).

e The associated eigenfunctions are:

¢n(x) = (L] s
VX2 + |yl

(from [17]).
Theoretical Koopman Spectrum (Stochastic Case, o > 0):

e Eigenvalues and eigenfunctions of the generator of the stochastic Koopman family can be
evaluated by solving the associated backward Kolmogorov equation, which can be trans-
formed into the Schrodinger equation (see [17]).

e For small values of o, the eigenvalues are very similar to the deterministic case.

e Figenvalues are approximated numerically by solving the Schrédinger equation using the
finite difference method.

DMD Application in Deterministic Case (o = 0):

e The choice of observable functions is crucial for the accuracy of the results.
¢ Using Analytical Eigenfunctions or Linear Combinations as Observables:

— The subspace spanned by these functions is closed under the action of the Koopman
operator.
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— The restriction of the Koopman operator on this subspace can be exactly described by
a finite-dimensional matrix (the key matrix for DMD RRR).

— As a consequence, eigenvalues and eigenfunctions are computed with high accuracy
(see Figure 3.4).

e Using Monomials (f;(x) = x/) as Observables:

— Results were less accurate.

— Only a few leading eigenvalues and eigenfunctions were computed with satisfactory
accuracy.

DMD Application in Stochastic Case (o > 0):

e The DMD RRR algorithm is applied using the same set of observable functions as in the
deterministic case.

e Approach 1 (Multiple Initial Conditions):

— m = 100 initial conditions are chosen from an unspecified interval.

— Expected values of the observable functions are determined over N = 1000 trajectories
and after k = 100 time steps.

— Results in the same number of accurately computed eigenvalues as in the deterministic
case (see Figure 3.4(d)).
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(a) Deterministic Solution

(b) Deterministic Koopman Eigenvalues

(c) Fonctions propres de Koopman
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Figure 3.4: Nonlinear scalar equation. Deterministic and Stochastic cases with u = -0.5, oo = 0.001
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Noisy van der Pol Oscillator

The system is described by the following two-dimensional stochastic differential equation (SDE):
dX; = Xp dt,
dX, = (u(1 = X)X2 - Xy ) dt + V2edW,, (3.3.3)

where W, denotes a one-dimensional Wiener process.

The existence of a solution to this SDE system has been established in [4]. Furthermore, the
convergence of numerical approximations computed via the Euler—Maruyama method has been
demonstrated in [21].

Deterministic Case (¢ = 0):

e The dynamics converge to an asymptotic limit cycle whose basin of attraction is R?.
e The base frequency of the limit cycle is approximately wg = 1 — %,uz +0@?) [37].

o Applying the Hankel DMD RRR algorithm with the observable function

flx1,x) = x% +x§ + ,/x% +x§

yields a computed base frequency of 0.994151 for the chosen initial state.

e Figenvalues computed with standard DMD and DMD RRR (with residual threshold 79 =
107?) are compared (see Figure 3.5).

e The number of eigenvalues/eigenvectors obtained is 250 (for a Hankel matrix with » = 250
columns), but only a few satisfy the residual threshold in DMD RRR.

e DMD RRR eigenvalues form a lattice structure consistent with theoretical results
{kwo — p+ kwo 1 k € Z} [31].

e Standard DMD computes many spurious eigenvalues.

e Solution and DMD RRR eigenvalues (with residual threshold) are presented in Figure 3.5 .
Stochastic Case (¢ > 0):

e For large ¢, the solution is “smeared out” around the deterministic limit cycle, forming a
stochastic asymptotic limit cycle (see Figure 3.5).

o This statistical equilibrium can be determined by solving the associated Fokker-Planck equa-
tion.
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e Energy bounds for the noisy van der Pol oscillator were determined in [14].

e For small to moderate noise, the base frequency of the averaged limit cycle remains similar

to the deterministic case.

e Noise parameter is set to € = 0.005.
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Figure 3.5: Van der Pol oscillator. Deterministic case: (a) solution; (b) Koopman eigenval-
ues.Stochastic case: (c) solution; (d) stochastic Koopman eigenvalues




Conclusion

This thesis thoroughly explores the framework of the stochastic Koopman operator, extending the
classical Koopman operator theory to random dynamical systems. Given the intrinsic complexity
of such systems, often shaped by inherent uncertainties, the objective was to provide theoretical
and numerical tools for their linear analysis and the prediction of their observables.

The theoretical foundations of the stochastic Koopman operator were first established. This
included the formalization of its action on observables across various classes of random systems,
ranging from deterministic systems perturbed by noise to stochastic differential equations (SDEs).
This groundwork facilitated the characterization of the operator’s fundamental properties, such as
linearity and its infinite-dimensional nature, thereby enabling subsequent applications and approx-
imations.

Building on this theoretical basis, numerical approximation methods for the stochastic Koop-
man operator were developed and assessed. Particular emphasis was placed on adapting Dynamic
Mode Decomposition (DMD) algorithms originally designed for deterministic systems [34, 35]
to enhance robustness under stochastic influences. This adaptation allowed for the extraction of
stochastic Koopman modes and eigenvalues, yielding critical insights into the underlying dynam-
ics of random systems. The effectiveness and relevance of these numerical approaches were rig-
orously validated through a series of examples, including both discrete cases (e.g., noisy rotation
on the circle) and continuous ones (e.g., linear and nonlinear SDEs, noisy Van der Pol oscillator).
These examples demonstrated the capacity of the methods to capture observable dynamics in the
presence of noise.

Finally, these tools were applied to practical problems to illustrate their usefulness in tasks
such as long-term prediction of observables and the identification of coherent structures in com-
plex random systems. These applications underscored the added value of the stochastic Koopman
framework over traditional methods for analyzing random systems, particularly in terms of simpli-
fying complex dynamics and enhancing predictive capabilities.
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