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Abstract

The purpose of the new DMD algorithm developed in this paper is to show that DMD
methods very similar to KDMD emerge naturally out of a finite rank representation of
the Koopman operator. It should be noted that the developed algorithm, while derived
in a different way than traditional KDMD, involves computations that are nearly identical
to KDMD, and as such, is not expected to offer any performance benefits over KDMD.
Moreover, the algorithmic development of the present method does not invoke feature space
representations and infinite matrices as in Williams et al., rather this method uses directly
the properties of Koopman (or composition) operators and kernel functions. By doing
so, this makes the theoretical dependencies of kernel based DMD methods transparent as
densely defined operators over infinite dimensional kernel spaces. In order to present this
new kernel perspective of Koopman analysis, the manuscript first introduces reproducing
kernel Hilbert spaces (RKHSs) and examines the properties of Koopman operators over said
spaces. Additionally, the examination of these properties led to the proof that the Koopman
operator over the Gaussian RBF’s native space is only bounded when it corresponds to
discrete dynamics that are affine.

1 Introduction

Dynamic mode decomposition (DMD) has been gaining traction as a model-free method of making short-run
predictions for nonlinear dynamical systems using data obtained as snapshots of trajectories. DMD and its
variant, extended DMD, have proven effective at extracting underlying governing principles for dynamical
systems from data, and reconstruction methods using DMD allow for the modeling of nonlinear dynamical
systems as a sum of exponential functions, which is analogous to models obtained for linear systems (Kutz
et al., |2016b).

DMD is closely connected to the Koopman operator corresponding to discrete time dynamical systems
(Schmid, 2010). The Koopman Operator Kg over a Hilbert function space, H, is a composition operator
corresponding to the discrete time dynamics, F' : R — R", acting on functions in the Hilbert space.
Specifically, Krpg = go F. In the context of discrete time dynamical systems, F' is the discrete time dynamics
that maps the current state of the system to a future state z;,11 = F(x;). Frequently, the function g € H is
referred to as an observable.

DMD aims to obtain a finite rank representation of the Koopman operator by studying its action on the full
state observable (i.e. the identity function) (Schmid} 2010). Koopman operators over reproducing kernel
Hilbert spaces (RKHSs) were studied to take advantage of infinite dimensional feature spaces to extract
more information from the snapshots of a system in Williams et al.| (2015a). This perspective also enacts
a dimensionality reduction by formulating the DMD method in a reproducing kernel Hilbert space (RKHS)
framework and implicitly using the kernel trick to compute inner products in the high-dimensional space of
observables. In|Williams et al.| (2015b)), it is shown that kernel-based DMD produces a collection of Koopman
modes that agrees with other DMD results in the literature.

The introduction of kernel based techniques for Koopman analysis and DMD yields a new direction for
Koopmanism. Traditionally, the theoretical foundations of Koopman operators, and their implementation in
the study of dynamical systems, have been rooted in ergodic theory. When working with functions that are
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L? with respect to an ergodic measure, the Birkhoff ergodic theorem guarantees that time averages under
the operation of the Koopman operator will converge almost everywhere, or with probability 1|Budisi¢ et al.
(2012). This convergence gives invariants for the Koopman operator in L? with respect to the invariant
measure corresponding to the dynamics, and the Wiener Wintner theorem can be leveraged to realize the
spectrum of the operators.

This is somewhat unsatisfying, since for a deterministic continuous time dynamical system, the ultimate
result of discretization and Koopman analysis is probabilistic. Moreover, since the point-wise convergence
given by the Birkhoff theorem holds almost everywhere, as opposed to everywhere, there is no guarantee that
convergence will be realized at a given point. Furthermore, since all numerical methods deal with finitely
many data points, convergence is impossible to verify.

The new perspective added by kernel methods is that of approximations. Universal RKHSs, such as those
corresponding to Gaussian RBFs and Exponential Dot Product kernel functions, have the ability to approxi-
mate any continuous function over a compact subset of R™ to any desired accuracy up to numerical precision.
Moreover, when the kernel function is continuous or bounded, convergence in RKHS norm yields point wise
everywhere convergence and uniform convergence over compact subsets of R™. Given a Koopman operator
Kr corresponding to the discrete dynamics, F', an € > 0, and a compact subset ) that is invariant for the
dynamics, it follows that if ¢ satisfies

[Kpd — Adllm <, (1)

then
1 —Amt

5 (2)

for x € ), where the accuracy of the resultant models depend on € and A. Significantly, as € tends to zero,
so does the difference |p(F™(x)) — A" ¢(x)| at every point in x € Q. This everywhere convergence stands in
contrast to ergodic methods, where convergence results only hold almost everywhere.

[O(F™ (x)) — A" o(x)] < Ce

The study of dynamical systems through the Koopman formalism over RKHSs manifests as a search for
functions that are close to being eigenfunctions of the Koopman operator, rather than the actual eigenfunc-
tions. Since only a finite amount of data can be available for the study of an infinite dimensional operator,
actual eigenfunctions typically cannot be computed. In fact, there is no requirement that r even has any
eigenfunctions. The universality property arises in the search for Koopman “eigenfunctions,” which, given
a particular Koopman operator and kernel space, might not exist, since the existence of an eigenfunction
depends on the Hilbert space. However, the formal equation, ¢(F(z)) — Ap(z) = 0 may still hold for some
continuous function ¢. If one is working over a RKHS corresponding to a universal kernel, then for any
given compact set and € > 0, there is a function ¢ € H such that |p(z) — @(z)| < € for all = in that compact
set, which provides for an “approximate” eigenfunction (Steinwart & Christmann) [2008). This is particu-
larly important for DMD methods, which attempt to construct a finite rank approximation of a Koopman
operator from a collection of observed snapshots. Note that obtaining approximate eigenfunctions as in
equation [1| is not dissimilar to the objective of ergodic methods, where approximation of system invariants
and eigenfunctions using time averages is sought. The existence of eigenfunctions depends on the selection
of the Hilbert space, as will be shown in Section [4] and eigenfunctions may not be present even in the L2
ergodic setting (Budisi¢ et al., 2012).

The objective of this manuscript is to present the kernel perspective of Koopmanism as a distinct study from
the ergodic perspective. In addition, this manuscript addresses several properties often assumed to hold
for Koopman operators, and provides counterexamples showing that these properties do not hold in general
for Koopman analysis over RKHSs. Finally, we will give a general and simplified algorithm for DMD using
Koopman operators that only requires that the operators be densely defined.

2 Reproducing Kernel Hilbert Spaces

A Reproducing Kernel Hilbert Space (RKHS) H over a set X is a Hilbert space composed of functions from
X to C such that for all z € X the evaluation functional F, f := f(x) is bounded. Therefore, for all € X
there exists a function K, € H such that f(z) = (f, K;) for all f € H. The function K is the reproducing
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kernel centered at x and the function K : X x X — C defined by K(z,y) = (K, K) is the unique kernel
function corresponding to H (Aronszajnl [1950). Throughout most of this manuscript, the methods used will
be restricted to RKHSs of real valued functions. However, for some specific examples in Section [4] it will be
more convenient to employ RKHSs of complex valued functions.

Reproducing kernels can be equivalently expressed as realizations of inner products of feature space mappings
in ¢2(N). In particular, given an orthonormal basis for a RKHS, {e;,(-)}5°; C H, the kernel function may
be expressed as K (z,y) = > oo, em(®)en(y), where ¥(z) := (e1(x),e2(z),...) € £3(N) is called a feature
map. Equivalently, given a feature mapping ¥ : X — ¢(N), there is a RKHS whose kernel function is given
as K(z,y) = ((x), U(y))ee.

We will make repeated use of projections onto finite dimensional vector spaces arising from spans of collections
of kernels centered at snapshots from a dynamical system. For a collection of centers {x1,..., 2z}, the
projection of a function g € H onto o = span{K,,,..., K,  } is given as arg min,c,, ||h — g| &, which can be
resolved by expressing has h =Y .- w; K,,, expanding || > /", w; K,, — g||% via inner products, and setting

the derivative with respect to w := (wy, ..., w,)T € R™ to zero, resulting in the weights
—1
w1 K(zy,21) - K(21,%m) g9(z1)
Wy, K(xm,z1) - K(@m,om) 9(zm)

The projection is then defined by P,g := > ., w;K,, where the weights w; are obtained as above.

A RKHS of real valued functions, H, over 1 C R"™, is said to be universal if for any compact V C €,
€ >0, and h € C(V), there is a function h € H such that ||h — hll. < €, where C(V) denotes the set of
continuous functions defined on V. Many commonly used kernel functions satisfy this universality property,
including the Gaussian RBF kernel functions and the exponential dot product kernel functions (Steinwart
& Christmann) 2008)).

3 Koopman Operators over RKHSs

The theory of Koopman operators has been long intertwined with ergodic theory, where ergodic theoretic
methods justify almost everywhere convergence claims of time averaging methods to invariants of the Koop-
man operator. The Birkhoff and Von Neumann ergodic theorems are posed over L!(R) and LP(R) for p > 1
, respectively (Walters| [2000). However, the invariants for Koopman operators are not always analytic or
even smooth. Hence, ergodic theorems do not give guarantees of convergence within most RKHSs, which
are frequently composed of real analytic functions. Furthermore, even though ergodic theorems guarantee
the existence of invariants over L?(R), the invariant itself is hidden behind a limiting operation via time
averages (Walters, [2000). Hence, there is an expected error in the constructed invariant that stems from
finiteness of data.

The objective of DMD methods is to find functions within the function space that nearly achieve eigenfunction
behavior. Specifically, for a Koopman operator, K, and € > 0, the objective is to find ¢ € H and A € C
for which |[Kp@(z) — A@(z)| < € for all = in a given workspace. When such a function is discovered, the

eigenfunction witnesses the snapshots, z;11 = F(z;), as an exponential function as @¢(z;41) = MN@(x1) +
1_>\’L+1

o - € If ¢ is a proper eigenfunction for K, then € may be taken to be zero, and ¢(z;41) = Xp(xy).

Ergodic methods generally yield |Kp@(z) —A@(x)] < € only for almost all x within the domain of interest. For
a RKHS, the condition |[Krp@(x) —A@(z)| < € may be relaxed to ||Krpd—AP||g < €, since |[Kp@(z) —Ad(x)| <
C||Krp—Ap|lg < Ce, where C' > 0 depends on the kernel function and the point x. If the kernel function is
continuous and the domain is compact, a finite C' may be selected uniformly for that domain. In the special
case of the Gaussian RBF kernel function and the domain being R™, C' may be taken to be 1.

If Kr is compact and the finite rank approximation of g, which we will denote as K F, is within € of Kg
with respect to the operator norm, and if ¢ is a normalized eigenfunction for Kr with eigenvalue A, then
IKrd = A@|lg < |IKpd — Krdllg < ||IKr — Kr|| < e. Hence, if we obtain a finite rank approximation of g
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that is within € with respect to the operator norm, then an eigenfunction of the finite rank approximation
will approximate the behavior of an eigenfunction of r. This approximation is important in DMD, where
the eigenfunctions are utilized to generate an approximation of the full state observable, giq(z) := z, one
dimension at a time, as outlined in Section [5}

If an accurate finite rank approximation of the Koopman operator can be obtained in a RKHS, then the
approximation of the overall model is accurate point-wise everywhere, and uniformly over compact sets
when the RKHS consists of continuous functions. In contrast, the approximation is only accurate almost
everywhere when considering Koopman operators posed over L?(R). Point-wise everywhere approximation
is a distinctive advantage of kernel based methods that is not clear from an invocation of the kernel trick in
machine learning, and requires the operator theoretic considerations introduced in this manuscript.

The need for approximation of the Koopman operator in the operator norm topology naturally leads to
the question of when a Koopman operator, or more generally, a composition operator, can be compact.
Compactness is a central issue for DMD as every approximation is indeed of finite rank, stemming from the
observed data. In 1979, it was established in [Singh & Kumar] (1979) that composition operators over L? (1)
cannot be compact when p is non-atomic. Indeed, L?(R) has no compact composition operators.

Most Koopman operators over most frequently considered RKHSs are compact for a very narrow range of
dynamics. In fact, most Koopman operators over these spaces are not even bounded, as will be expanded
upon in Section [£:2.3] Unboundedness is an added complication for the valid implementation of DMD,
addressed in Section[5] using densely defined and potentially unbounded Koopman operators. Alternatively,
other classes of compact operators over RKHSs connected to dynamical systems can be leveraged for DMD
procedures to give convergence guarantees (see, e.g., Rosenfeld et al.| (2022)).

The remainder of this section introduces densely defined Koopman operators over RKHSs, where Lemma
[I] enables the DMD algorithm introduced in Section [5] Let H be a RKHS over R™. For a function F :
R™ — R™ we define the Koopman Operator (sometimes called a composition operator), Kgr : D(Kr) — H,
as Kpg =goF where D(Kp) ={9g € H:goF € H}. When D(Kp) is dense in H, K is said to be densely
defined. While not all densely defined Koopman operators over RKHSs are bounded, they are all closed
operators.

Lemma 1. Let F : X — X be the symbol for a Koopman operator over a RKHS H over a set X. Kp :
D(Kr) — H is a closed operator.

Proof. Suppose that {g,}5°_; C D(KF) such that g,, -+ g € H and Kpg,, = h € H. To show that Kp
is closed, we must show that g € D(Kp) and Kpg = h. This amount to showing that h = go F', by the
definition of D(K). Fix z € X, then

h(w) = <h7Ka:>H = <’CFgmaKz>H = lim gm(F(fL‘))

lim
m—r 00 m— 00

= lm (gm, Kr@))n = (9, Kr@))n = g(F(z)).

im
m— 00

As x was an arbitrary point in X, h = g(F(z)) and the proof is complete. O

If a Koopman operator is densely defined, its adjoint is densely defined and closed. Given the kernel function
centered at x, (Krpg, Ko)g = (90 F, Ky)g = 9(F(2)) = (9, Kp(2))g. Thus, K, € D(K%) for all 2 € X, and
K%Ky, = Kp(;). Hence, each kernel function is in the domain of the adjoint of a densely defined Koopman
operator, and as the span of kernel functions is dense in their RKHS, the adjoint is densely defined.

4 A Different Landscape for Koopman Operators

This section examines properties of Koopman operators over RKHSs. The selection of space fundamentally
changes the behavior of Koopman operators over that space, where properties such as the lattice of eigen-
functions, common eigenfunctions for different discretizations, and boundedness of the operators may not
hold. Each succeeding subsection provides counter examples for each of these properties for specific spaces,



Under review as submission to TMLR

and it is proven that the Gaussian RBF’s native space only supports bounded Koopman operators if the
discrete dynamics are affine.

Recently, kernel methods have been adapted for the study of DMD and Koopman operators, largely through
the guise of extended DMD, where kernels are leveraged to simplify computations via the kernel trick.
However, the adjustment from the classical study of Koopman operators through ergodic theory to that
of reproducing kernel Hilbert spaces leads to significant differences in the Koopman operators and their
properties. In most cases, the ergodic theorem cannot be directly applied to recover invariants of Koop-
man operators, since those invariants are often nonsmooth. This present section exemplifies some of the
distinguishing properties of Koopman operators over RKHSs, and in some cases illustrates their limitations.

Much of the classical properties of Koopman operators in a variety of specific contexts, such as L? spaces
of invariant measures and L' spaces, can be seen in Budigi¢ et al. (2012); [Kawahara| (2016)); Kutz et al.
(2016b); Brunton & Kutz (2019)); [Brunton et al.| (2021). Properties of the Koopman operator strongly
depend on the selection of underlying vector space, and boundedness, compactness, eigenvalues, etc. change
based on this selection. While Koopman operators were introduced by Koopman in 1931 in [Koopman
(1931) and then later picked up by the data science community in the early 2000s (e.g. (Mezi¢, [2005; Kutz
et al.l 2016b)), the study of such operators and their properties continued in earnest throughout the 20th
century as composition operators (e.g. (Shapiro, [2012))). This is particularly important for RKHSs, where
the specification of a bounded or densely defined Koopman operator over a particular space yields strong
restrictions on the available dynamics.

4.1 Concerning Sampling and Discretizations
4.1.1 Forward Complete Dynamics

In applications, Koopman operators enter the theory of continuous time dynamics through a discretization
of the continuous time dynamical system (Bittracher et al.,|2015; Mauroy & Mezi¢, |2016). That is, given the
dynamical system & = f(z), the system is discretized through the selection of a fixed time-step, At > 0, as

Tyl = Tm + [, :’"+At f(x(t))dt, where the right hand side plays the role of the discrete dynamics. However,

for such a discretization to exist for arbitrarily large values of m, it is necessary that the dynamics be forward
complete.

For example, consider the one dimensional dynamics, & = 1+ 2. For fixed 0 < At < 7/2, the corresponding
discrete time dynamics are given as Z,,+1 = tan(arctan(z,,) + At). Setting z,, = tan(w/2 — At), it is
clear that z,,4+1 is undefined. Consequently, the composition symbol, F(x) = tan(arctan(z) + At) for the
hypothetical Koopman operator, is not well defined over R™ for any selection of At.

The forward completeness assumption restricts the class of continuous dynamics on which Koopman based
methods may be applied. A DMD method that circumvents this requirement, by utilizing Liouville operators
and occupation kernels, may be found in [Rosenfeld et al.| (2022).

4.1.2 Sampling and Data Science

Ergodic based methods as employed in [Budisi¢ et al.| (2012)); Mezi¢| (2005)); Kutz et al.| (2016bib)); Takeishi
et al.| (2017) provide a methodology for obtaining invariants and eigenfunctions for a Koopman operator
almost everywhere. That is, by selecting a continuous representative of an equivalence class in an L? space
for the invariant measure, at almost every point within the domain, time averaging against that representative
will converge to an invariant of the operator. However, this is a “probability 1” result, and the number of
points where it may fail can potentially be uncountable. Without any external information concerning the
convergence, there is no true guarantee that at a particular selected point, the time-averaged approximation
will be close to the value of an actual invariant at that point. Such computational issues is precisely where
the strength of kernel methods manifests.

To illustrate the kernel method, suppose that F : R™ — R”™ is a discretization of a dynamical system with
the corresponding Koopman operator, Xr : H — H, and H is a RKHS over R" consisting of continuous
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functions. Suppose further that e > 0 and Kp : H — H is an approximation of Kp such that the norm
difference is bounded as |[Kr — Kp|| < e.

Suppose that ¢ € H and is a normalized eigenfunction of K with eigenvalue A\. The function ¢ behaves,
pointwise, as an approximate eigenfunction of g, since

Kr@(z) = Ap(@)| = |Krd(z) — Kr(a)p(z)]
= [((Kr = Kp)g, K(,2))u| < [IKr = Kel|K(2)|a <e-C

and C' > 0 is a constant that depends on the kernel function and a prespecified compact domain. The
compact domain may be extended to all of R™ in some cases, such as when the kernel function is the
Gaussian RBF kernel function. Thus, it can be seen that kernel spaces and approximations that are close to
the Koopman operator, in operator norm, can provide functions that behave similar to eigenfunctions of the
Koopman operator. Moreover, the difference in behavior from a proper eigenfunction is governed pointwise
by how close the operator approximation is in the first place.

4.2 Properties of the Operators

In this section, we consider a single simple example. Consider the dynamical system & = (22 —xl)T, which
corresponds to circular dynamics in the plane. For any fixed 0 := At, the discretization of this system yields
cos(f) —sin(6)
sin(d)  cos(0)

a fixed time-step results in a fixed rotation of R?. To simplify the presentation, we use C as a model for
R?, where rotation of the complex plane reduces to multiplication by a unimodular constant, z,,+1 = €*z,,.

The corresponding discrete time dynamics will be written as Fp(z) := 2.

the linear discrete dynamics z,,+1 = ( ) ZTm. That is, the discretization corresponding to

As a function space for definition of the Koopman operator, this section will consider the classical Fock space
consisting of entire functions. The Fock space is used extensively in Quantum Mechanics (Hall, 2013)) and it
is a space where operators have been well studied (Zhul 2012)). The Fock space is given as

F?(C) := {f(z) = Z amz"™ Z |am|[*m! < oo}
m=0 m=0

The Fock space is a RKHS, with kernel function K (z,w) = e®*. Kernel function for the Fock space over C"
may be obtained through a product of single variable kernels as K(z,w) = P

Closely related to the Fock space is the exponential dot product kernel, e””Ty, where for a single variable, the
exponential dot product kernel’s native space may be obtained by restricting the Fock space to the reals,
and then taking the real part of the restricted functions. Through a conjugation of the exponential dot

2
product kernel, the Gaussian RBF may be obtained as Kg(x,y) = e~ llzlz/2ee v llyllz/2 = exp (—%) ,

and performing the same operation on the Fock space kernel over C" yields K¢g(z,w) = e 2ew om0 /2 -
_\2
exp (—@), which is the kernel corresponding to the complexified native space for the Gaussian radial

basis function over C™ (cf. (Steinwart & Christmann| 2008)). This space may be expressed as
HE(C) = {g(x)e™=" 2 1 g € FA(CM},

and the native space corresponding to the Gaussian RBF can be obtained by taking the real parts of functions
from HZ and restricting to R™.

4.2.1 Lattice of Eigenfunctions

As presented in |[Budisi¢ et al.| (2012); Klus et al.| (2015), the eigenfunctions of Koopman operators over L!(R)
form a lattice. That is if ¢ and p, are two eigenfunctions for the Koopman operator, then so is ¢y - ¢o. For
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the lattice to occur more generally, it is necessary for the product of the eigenfunctions to be a member of
the underlying vector space. This closure property holds, for example, in the space of continuous functions
and other Banach algebras. Hilbert spaces are not generally Banach algebras, and since it is desirable to
work over Hilbert spaces for properties such as best approximations, projections, and orthonormal bases (cf.
(Folland, {1999)), it is important to demonstrate that the closure property of eigenfunctions of Koopman
operators does not hold in general.

Setting € = 7, the discrete dynamics corresponding to rotation by 7 in the complex plane becomes z,,+1 =
€™ 2m = —2zm. That is the corresponding Koopman operator, Kr_ : F2(C) — F?(C), is given as Kg_g(z) :=
g(—z). Hence, every even function is an eigenfunction for this Koopman operator with eigenvalue 1.

Any function g € F?(C) exhibits a strict bound on its growth rate (cf. (Zhu, 2012)). To wit, |g(2)| =

{9, K (-, 2)) r2(c)| < gl 1K (5 2) |2y = ll9llp2(cye 2. That is, if a function is in the Fock space then
the function is of order at most 2, and if the function is of order 2 it has type at most 1/2 (cf. (Boas| 2011))).
Conversely, if an entire function is of order less than 2, it is in the Fock space, and if it is of order 2 and

type less than 1/2, then it is also in the Fock space. While functions of order 2 and type 1/2 can be in the
2%/2

1212
2

Fock space, it does not hold for every such function. For example, e is of order 2 and type 1/2, but is

not in the Fock space.

Thus, ¢(z) = e*’/* is an eigenfunction for Kg_ in the Fock space. However, ¢ - ¢ = e*’/2 is not in the Fock
space, and cannot be an eigenfunction for Kg_ : F?(C) — F2(C). Hence, the eigenfunctions for K, do not

form a lattice.

4.2.2 Common Eigenfunctions

The intuition behind the use of Koopman operators in the study of continuous time dynamical systems
is that eigenfunctions for the Koopman operators should be “close” to that of the Koopman generator for
small timesteps. However, semi-groups of Koopman operators do not always share a common collection of
eigenfunctions.

For example, set § = 7/2, which yields F/5(z) = iz. In this case, the polynomial z* + 2® € F?(C) is an
eigenfunction for the Koopman operator corresponding to § = m/2 with eigenvalue 1. However, z* + 2% is
not an eigenfunction for Kr, ,, as (eiT/32)% 4 (e7™/32)8 = eM7/3,4 4 ¢27/3,8 and the constants cannot be
factored out of the polynomial as an eigenvalue.

Hence, since each Koopman operator obtained through a fixed time-step may produce a different collection
of eigenfunctions, there is no way to distinguish which, if any, should correspond to eigenfunctions of the
Koopman generator.

4.2.3 Boundedness of Koopman Operators

Throughout the literature, it is frequently assumed that Koopman operators are bounded. This assumption
manifests as an unrestricted selection of observables in the study of the Koopman operator. When a Koopman
operator is a densely defined operator whose domain is the entire Hilbert space, it is also closed. Hence, by the
closed graph theorem (cf. (Folland, 1999, Theorem 5.12)), such an operator must be bounded. Furthermore,
the collection of finite rank operators is dense in the collection of bounded operators over a Hilbert space
in the strong operator topology (SOT) (cf. (Pedersen, |2012, Paragraph 4.6.2)). Convergence in SOT was
independently studied in the work |Korda & Mezié| (2018), where the DMD routine was demonstrated to
converge to a bounded Koopman operator in SOT.

As mentioned in Korda & Mezid| (2018]), SOT convergence does not in general lead to convergence of the
eigenvalues. To preserve spectral convergence, the finite rank approximations produced by DMD algorithms
need to converge to Koopman operators in the operator norm topology. The most direct approach, and
one that leads to good pointwise estimates of eigenfunctions, is through the use of compact Koopman
operators. However, it isn’t immediately clear when one can expect a continuous dynamical system to yield
a compact Koopman operator through discretization. For example, the Koopman operator corresponding to
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discretization of the continuous time system @ = 0 is the identity operator, I, for any fixed time step, and I
is not compact over any infinite dimensional Hilbert space.

In addition, for any given RKHS, the collection of bounded Koopman operators is very small. It was
demonstrated in (Carswell et al.| (2003)) that a Koopman operator over the Fock space is bounded only when
the corresponding discrete dynamics are affine. It follows that the same result holds over the exponential
dot product kernel’s native space.

It may perhaps be less obvious that this result extends to the Gaussian RBF’s native space, and a proof
of this fact is given below. As far as the authors are aware, this is the first time this result has appeared
in the literature, and it demonstrates that even for popular selections of RKHSs, the collection of bounded
Koopman operators is small.

Lemma 2. If K is a bounded operator over the Gaussian RBF’s native space, then F is a real analytic
vector valued function over R™.

Proof. If KF is bounded, then KpK,(z) = K, (F(x)) = exp(—||F(z) — y||3) is in the RBF’s native space for
each y € R™. Since every function in the RBF’s native space is real analytic, so is K,(F(x)), and thus, the
logarithm, —||F(z) — y||3 = —||F(2)||3 + 2y F(x) — |ly||3 is real analytic. This holds if y = 0, and hence
|F(z)||3 is real analytic. Thus, for every y, the quantity y? F(z) is real analytic. That each component of
F(z) is real analytic follows from the selection of y as the cardinal basis elements of R™, and this completes
the proof. O

Lemma 3. If F' is a real analytic vector valued function that yields a bounded Koopman operator, K, over
the Gaussian RBF’s native space, then its extension to an entire function, F : C" — C™ induces a bounded
operator over Hg(C™).

Proof. Since an entire function on C™ is uniquely determined by its restriction to R™, it follows that the
span of the complex valued Gaussian RBFs with centers in R" is dense in Hg. Moreover, to demonstrate
that g is bounded, it suffices to show that there is a constant C such that

C?Ka(z,w) — Kg(F(2), F(w)) 3)

is a positive kernel. By the above remark, it suffices to show this for real z,y € R™, but then this is equivalent
to the statement that g is bounded over the Gaussian RBF’s native space over R". O]

Theorem 1. If F': C* — C" is an entire function, and K is bounded on Hg, then F(z) = Az +b for a
matrizx A € C"*" and vector b € C™.

Proof. If K is bounded, then it has a bounded adjoint, K}, which acts on the complex Gaussian as
K#Ka(-,z) = Ka(-,F(z)). In particular, there is a constant C' > 0 such that [|Kg(-, F(2))[F, <

C?||Ka(-,2)|3,- Noting the identity |Ka(:,2)||3, = exp (2 Z;;l(gzj)z) and taking the logarithm, it
follows that

Y (SEj(2)* < log(C?) + ) (S%) < log(C?) + ||z5. (4)
j=1 j=1
From this inequality, it follows that for each coordinate j = 1,...,n, the harmonic function v;(z) = SF}(z)

has linear growth. That is, there is a constant C' so that |v;(z)| < C(1+|z||2) for all z € C™. It follows (e.g.
from the standard Cauchy estimates) that v;(z) = v;(z + ¢y) must be an affine linear function of = and y,
and therefore, so must its harmonic conjugate u;(z), and we conclude that F(z) = Az + b. O

Corollary 1. If F is a real entire vector valued function, and Kg is bounded on the Gaussian RBF’s native
space over R™, then F is affine.

Hence, for the most commonly used kernel function in machine learning, the collection of bounded (and
hence compact) Koopman operators over its native space is restricted to only those Koopman operators
corresponding to affine dynamics. Each selection of RKHS and kernel function will yield a correspondingly
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small collection of bounded Koopman operators. It should be noted that Koopman operators were completely
classified for over the classical sampling space, the Paley-Wiener space (Chacén & Giménez, 2007)), as also
being those that correspond to affine dynamics, and it is a simple exercise to show that the native space for
the polynomial kernel also only admits bounded Koopman operator when the dynamics are affine.

Consequently, in most practical respects Koopman operators over RKHSs should not be assumed to be
bounded, and certainly not compact.

5 Dynamic Mode Decomposition with Koopman Operators over RKHSs

As a product of its genesis in the machine learning community, many DMD procedures appeal to feature
space, and this continues to hold in the current implementations of kernel-based extended DMD (Williams
et al.l 2015Db)), which casts the snapshots from a finite dimensional nonlinear system into an infinite feature
space. The direct involvement of the feature space in the estimation of the Koopman operator leads to rather
complicated numerical machinery. To avoid directly computing the infinite dimensional vectors that result,
an involved collection of linear algebra techniques are leveraged to extract the Koopman modes. Here it is
shown that this process may be simplified and that a procedure that directly involves the kernel functions
centered at the snapshots simplifies the design of DMD algorithms. This approach keeps to the spirit of the
“kernel trick,” where feature vectors are never directly evaluated and only accessed through evaluations of
the kernel function itself.

Recall that in a real valued Hilbert space, the projection of a function g onto a collection of linearly inde-
pendent basis functions, u1,...,uys, is a linear combination of those functions, Pg = ZJM:1 w;u; where the
weights w; may be determined via

—1
wq (ur,ur)g -+ (ui,unm)m (g,u1)m

Wi (urr,u)ag -+ (unmsum)E (g,unm)m

Let F be a linear transformation between two finite dimensional vector spaces V' and W. Suppose that
a = {(aj,...,ay) is an ordered basis for V, and suppose that 8 = (81,..., ) is an ordered basis for W.
The matrix representation of the linear transformation, F, with respect to the ordered bases o and  is
denoted as [E]2, where the j-th column of this matrix is the weights of the vector E,; corresponding to the
ordered basis 3.

Throughout this algorithm, a Koopman operator will be assumed to be densely defined, as Section [4] demon-
strated that most Koopman operators cannot be expected to be bounded or compact. An additional as-
sumption will be made that the kernel functions themselves reside in the domain of the Koopman operator.
It should be noted that since the kernels are always in the domain of the adjoint of the Koopman operator
(see Section , a finite rank representation of the adjoint of the Koopman operator may thus be derived
without assuming that the kernels are in the domain of the Koopman operator.

For the sake of the derivation, it is also assumed that the Koopman operator is diagonalizable, which is
not generally expected to be true. However, the finite rank representations leveraged in this manuscript are
almost always diagonalizable, since the set of non-diagonalizable matrices are of measure zero in the collection
of all matrices. Moreover, for periodic data sets, the adjoint of the Koopman operator will be invariant on the
span of the collection of kernel functions centered at the snapshots, and thus, the finite rank representations
will be explicitly the adjoint of the Koopman operator on that subspace, which supports the assumption of
the availability of eigendecompositions for the Koopman operator in the periodic or quasiperiodic settings.

For a given collection of snapshots {x1, za, ..., zm}E[, the goal is to determine a finite rank representation of g
that is derived from the kernel functions centered at the snapshots. To express a finite rank representation,

I'While availability of a time series of snapshots {z1,z2,...,zm} such that x;4+1 = F(z;) is a more typical use case, the
developed method does not require such a time series. It can also be implemented using arbitrary snapshots {z1,z2,...,2m}
and {y1,y2,...,ym} provided y; = F(z;).
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the ordered basis o = {ky,, ..., kz, _, } is leveraged. In particular, if P, is the projection on to span(«), the
operator P,Kp maps span(a) to itself, which enables the discussion of eigenfunctions and eigenvalues of Kp
using only functions in span(a).

Suppose that given a function g € span «, with coefficients a4, ..., a,,—1, the function P,Krg can be expressed
in the basis a using the coefficients by, ..., b,,—1. As a result, the operator P,Kpr can be represented using a
matrix that maps the vector (a1, ..., am,l)T to the vector (by, ..., bm,l)T. In the following development, the
finite rank representation of P,Kp, expressed in a matrix form, is denoted by [P,/Kr|%, where the notation
[[]¢ indicates that both the domain and range of P,/ is restricted to span(a).

e
The ith column of [P,Kr]® may be determined through the examination of the action of the operator P, Kp
on the basis function k,,, fori =1,...,m —1 as

—1

<kfc1akm1>H <km1akmm—1>H <Pa’Ckamkm1>H

<kxmf17kl1>H <kxnl—17kl7n—1>H <PaK:kawk'xm,1>H

Therefore, using the fact that Crk,, (x) = kg, (F(z)), the matrix [P,Kr]S may be written as

K(zi,21) - K@nem) \ (K@) - K@, 1)
[PoKrle = : : : :
K(:Cmflvl'l) K(fﬁm—l,xmq) K(ﬂvm,xl) K(xmaxmfl)

It should be noted that this is precisely the pair of matrices examined in Williams et al.| (2015b]) after the
use of a truncated SVD. In numerical implementations of the developed method, if the Gram matrix being
inverted above is not invertible, then it is regularized by adding el,,_; to it, where € > 0 is a user-selected
regularization coefficient and I,,,_1 is an m — 1 X m — 1 identity matrix.

The objective of DMD is to use the finite rank representation determined above to create a data driven model
of the dynamical system. This makes use of a fundamental property of eigenfunctions of the Koopman oper-
ator. In particular, suppose that ¢ is an eigenfunction of g with eigenvalue A\. Evaluating the eigenfunction
at a snapshot reveals o(z;11) = o(F(x;)) = Kpp(x;) = Ap(x;). Hence, p(z;41) = Np(z1). Now suppose
that {¢p; 521 is an eigenbasis for a diagonalizable Koopman operator, Kp, corresponding to the eigenvalues
{Aj}52. For a state x € R", let (z)4 be the d-th component of z for d = 1,...,n. If it is assumed that
the mapping = — (z)4 is in the RKHS (as it is when H is the native space for the exponential dot product
space (Steinwart & Christmann) 2008)), then it may be expressed as (z)q = limps_00 Z;Vil(fj,M)dcpi(x) for
some coefficients {(¢;, M)d};il' Note that since the Koopman operator is not generally a normal operator,
{pi}32, is not expected to be an orthonormal basis, and hence, there may be nonzero influences between
the coefficients obtained by projection and this is expressed by the additional index M in &; ;. This means
that a series representation of the decomposition as expressed in [Kawahara, (2016)); Brunton & Kutz| (2019)
is not always possible. Hence, Koopman modes are not fixed quantities unless there is an orthonormal basis
of eigenfunctions for the Koopman operator. By stacking each (z)4, the full state observable giq, given by
gia(x) = x, is expressed as

M
gale) = lm " &), (5)
j=1

Hence, each snapshot may be reconstructed as

M
Tip1 = A}linoo z; §j .m0 (1). (6)
j=

Since the Koopman operator is approximated here by a finite rank representation, perfect reproduction of
giq through a series of eigenfunctions is not possible. Instead, eigenfunctions determined through the finite

10
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rank representation are used to construct the approximation of gig. In particular, the matrix [P,Kr|% is the
matrix representation of P,Kp. If v; is an eigenvector for the matrix [P,/ICr]S with eigenvalue \;, then

K(z,z1)

m—1
[PaKplgw; =X D (0))iK (2, 2).
=1 i=1

PQICF <Z (U])ZK(I',(EZ)> =

K(‘T7 xm—l)

That is, z;’:ll(vj)il( (z,x;) is an eigenfunction of P,Kpr. The corresponding normalized eigenfunction is
denoted by

m—1

. 1
pj() = ——=—= > (v))iK(z, ), (7)
UTij i=1
V'Y
where G = (K (z, xg))?f[:ll is the Gram matrix associated with the snapshots and the kernel function and

()t denotes the conjugate transpose.

Using a finite rank representation of equation it is easy to see that the d-th row of the matrix
£ = (51 §m,1) of Koopman modes is comprised of the components of (z); along the (non-

orthogonal) directions ¢;. That is, gia(z;) = x; = E;":_ll &j@;(x;), which yields =X (VTG)_l, where
X = (xl xm_l) is the data matrix and
v _ Umen
V= (\/UIle w/vjn_lem,l)

is the matrix of normalized eigenvectors of [P,Kr]%.

Using the approximate eigenfunctions, ¢;, a data driven model for the system is obtained as

m—1
Tip1 & Z §iNiPj(w1). (8)
j=1

Algorithm 1: Pseudocode for the novel kernel perspective based DMD algorithm. Upon obtaining the
Koopman modes, the approximate eigenfunctions, and the eigenvalues, equation [§] is used to compute
Ti41-

Input: Snapshots, X = {x1, 22, ..., T}

Input: Kernel function K : R™ x R™ — R of an RKHS

Step 1 Compute the Gram matrix, G = (K (z, xg)):f[:ll

Step 1.5 If G is ill-conditioned, then set G = G + €l,,,_1

i=mf=m—1

Step 2 Compute the interaction matrix, B = (K (i, %¢));—5 1
Step 3 Compute the finite rank representation of the Koopman operator, [P, Kr|® = G™1B

Step 4 Compute eigenvalues, A;, and eigenvectors, v;, of [Py Kp]

Step 5 Compute the matrix of Koopman modes, £ = X (VTG)_1
Step 6 Compute approximate eigenfunctions, equation [7]

Output: Koopman modes, f} forj=1,....m—1
Output: Approximate eigenfunctions, ¢;(z) for j=1,...,m—1
Output: Eigenvalues A; for j =1,...,m—1

11
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6 Vector Valued Considerations

The attentive reader will notice that the ultimate objective of DMD is to achieve an approximation or
decomposition of the function giq(x) := x, the full state observable. However, the full state observable is
R™ valued, whereas the RKHSs in question consist of scalar valued functions. Consequently, the coefficients
that are determined to approximate the full state observable are vector valued. Up to now, the methods
have simply separated the individual components of g;q and established an approximation for each of them
separately. The weights for these approximations are stacked to make the vector valued coefficients.

This section shows how the vector valued coefficients arise naturally from a projection onto vector valued
functions in a vector valued RKHS. With the right selection of kernel operator, this projection operation
reduces to the setting of Section

If the goal is to decompose the full state observable all at once, then one must appeal to vector valued
RKHSs, which produce an operator valued kernel function. Given a vector valued RKHS, H, consisting of
functions that map a set X to a Hilbert space Y, there is for each x € X and v € Y a function K., € H
such that (g, Ky ,)g = (9(x),v)y. The mapping v — K, , is linear, and hence, the kernels are expressed as
K,v where K, : Y — H is a bounded operator. In this case, for each g € H, K}g = g(x). The operator
valued kernel associated with H is given as K(z,y) := K;K,:Y x )Y — H, and note that when J = R",
this operator valued kernel is a matrix whose entries are scalar valued functions.

When a vector valued RKHS, H, is obtained from a scalar valued RKHS, H with kernel k(z,y), as H = H"
where the inner product of two elements, g = (g1,...,9,)7 and h = (hy,...,h,)T, from H is given as
(g, h)m = Z;-l:l<gj, hj) i, then the operator valued kernel is given as k(x,y)I,, which has many convenient

properties for computation. More details concerning vector valued RKHSs may be found in |Carmeli et al.
(2010); |Agler & McCarthy| (2023)).

Here the Koopman operator is defined just as it would be for a scalar valued space: Krpg = go F', and the
difference here is that g is vector valued. Similar relationships between the Koopman operator and the kernel
functions still hold, where (Krg, K.v)un = (9(F(x)),v)y = (9, Kp)V)u, hence K1 Ky = Kp(y).

Now given a collection of snapshots, {z1,...,2}, the associated operator valued kernels are K, ,... K,,,.
For decomposition of the full state observable, g;q(x) = x, one needs to interface with the Hilbert space
and construct a finite rank approximation of r as was done in the prior section. This means that a
subspace within H needs to be constructed, say spanned by a collection of basis functions «, so one can

write I@F = PaK:FPa.

The selection of the basis « is less constrained than in the scalar valued case, only the kernels centered at
the snapshots were considered. In this case, not only must the snapshots be considered, but also complete
freedom of the choice of v € R™ to select each K, , = K,v. A natural choice is to select v from the standard
basis of R™. This leads to & = (Kyg.ey5---» Kunrriers Kaorens -3 Kang viear- s Kag.ens -« s Kapr_1.en ), Which
is a large basis for problems such as the cylinder flow example, where n is of the order 80, 000. Consequently,
the gram matrix corresponding to this basis is a square matrix of dimension M - n.

So for arbitrary operator valued kernels, the DMD algorithm presented in this paper would have to invert
an M - n dimensional matrix, and the computation time would scale with the dimension of the space as
O((M - n)?) using standard inversion algorithms. This scaling would make benchmarks such as the cylinder
flow example completely infeasible.

Computational feasibility can be achieved through the judicious selection of the kernel operator. Here we
leveraged a kernel operator of the form K(xz,y) = k(z,y)I, with k a scalar valued kernel function. In this
case, (K,v, Kyw)g = k(z,y)(v,w)r~ and the two functions K v and K,w are orthogonal when v and w are
orthogonal in R™. This means that the Gram matrix composed of the « given above is going to be a block
diagonal matrix with each block being the Gram matrix corresponding to the scalar valued kernel. Thus only
one matrix of size M must be inverted, and each dimension treated individually. Significantly, the inversion
problem no longer scales with the dimension.

12



Under review as submission to TMLR

Alternatively, if we instead use a different scalar valued space for each dimension, we would get n different
Gram matrices to invert. The complexity would scale with the dimension, but linearly rather than cubicly.

Formally, suppose that k(x,y) corresponds to a scalar valued RKHS, H, and let H be an R” valued RKHS
such that if g € H, then g = (g1,...,9,)7 where g; € H for each i = 1,...,n equipped with the inner
product (g,hyg = Y. (i, hi)z. That H is a vector valued RKHS follows since if v € R" and z € X

then [(g(z), v)zn| < llg(@)lrellvllen = /32721 [{gi k(- 2)) gPllollre < V(2 2)4 /3052 loill g vl =

VEk(z,2)|lg|g|lv]gn , hence the functional g +— (g(z),v)gr~ is bounded. In this setting, K(z,y) =
diag(k(z,y),...,k(z,y)), and (Kye;, Kyej)rn = 0 if @ # j.

If {x1,...,zN} is a collection of snapshots such that F(z;) = x;41, then a finite rank approximation of Kp
may be constructed by examining the image of the operator on Ky, ., fori=1,...,Nand j =1,...,n, and
then projecting back onto the span of these kernels. The projection operation requires the computation of
the Gram matrix for the basis { Ky, ¢, }, which is a block diagonal matrix, where each block corresponds to
a selection of dimension through e;. Thus, if G = (k(zs, xg))i\f s—1 the gram matrix manifests as

G
G =
G

Similarly, the interaction matrix is a block diagonal. Consequently, the vector of weights corresponding to
each kernel function is composed of n smaller vectors of length N — 1, each one corresponding to a different
dimension. Hence, each dimension may be treated independently. The eigenfunctions for this finite rank
representation of the Koopman operator are then composed of n identical collections of N — 1 functions,
differing only in the dimension they are supported in. Let @q1,...,¢n € H be these scalar valued functions,
and write @5 ; := @se; be the corresponding vector valued eigenfunction.

If the full state observable is projected onto this collection of eigenfunctions as ga(z) =

N N 7 A
o e Wsi®si(®) = D g D) (D1, wsie;) . Here, 01w, e, = &, where & is the Koopman mode
from the previous section.

7 Numerical Examples

7.1 Periodic flow around a cylinder

The website (Kutz et al.| [2016a) accompanying the textbook Kutz et al.| (2016b) provides several data sets
that serve as benchmarks for spectral decomposition approaches to nonlinear modeling, which have been
released to the public through their website. This section utilizes the cylinder flow data set to demonstrate
the results of the developed DMD method. The cylinder flow example is numerically generated, and the data
provided corresponds to a planar steady state flow of the system. The data set consists of 151 snapshots,
containing values of the vorticity of the flow at several mesh points in a plane, recorded every 0.02 seconds.
In this demonstration, snapshots 1 through 30 are used as the input data, and snapshots 2 through 31 are
used as output data, assuming that the ith and (¢ + 1)th snapshots satisfy x;11 = F(x;) for some unknown
nonlinear function F. The snapshots are normalized so that the largest 2-norm among all snapshots is 1.

The Koopman modes, eigenvalues, and eigenfunctions are then computed using the developed technique
and snapshots 2 through 31 are reconstructed using equation [§] DMD is implemented using the ex-
ponential dot product kernel, K(z,y) = exp( Ty) (with g = 1), and the Gaussian RBF kernel,

K(z,y) = exp (—i”x - y||§> (with p = 1).
To further demonstrate the accuracy of the obtained finite-dimensional representation of the Koopman

operator, snapshots 32 through 151 are predicted from snapshot 1 using equation [§]

13
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(a) This figure presents the reconstruction of the vor-

ticity field at the same time points using two different (b) This figure presents prediction of the vorticity
kernel functions. The left column presents the recon- field at the same time points using two different ker-
struction of the initial state, 1. The middle column nels. The left column presents the prediction of, xs:.
shows the reconstructions of the state, x15, and the The middle column shows the reconstructions of the
right column corresponds to the reconstruction of the state, x101, and the right column corresponds to the
state x3o. reconstruction of the state xis1.

Figure 1: Reconstruction and prediction of the vorticity of a fluid flow past a cylinder using two different
kernel functions. The first rows contains the ground truth, the second rows leverages the Gaussian RBF
kernel, and the third row uses the exponential dot product kernel.

0 I | | | | 0 I | | | |
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
t[s] t[s]
(a) Method developed in this paper (b) Kernel DMD method in |Williams et al.| q2015bD

Figure 2: For the periodic flow example, this figure shows the 2-norm of the error between the true snapshots
and the snapshots generated using DMD. The results for the Gaussian RBF kernel and the exponential dot
product kernel are identical.

7.2 Turbulent flow

Another Numerical example uses a data set that accompanies [Jakob et al| (2020]), which consist of flow
simulations that range from laminar flow configurations to turbulent flow configurations. The data can
be accessed from their website [Jakob et al| (2021). The flow data used in this paper (id number 7999)
corresponds to 2-dimensional turbulent flow with a Reynolds number of 4092.2162409351754 and a Kinematic
viscosity of 5.4501926528485274 exp —05. The data consist of 1001 snapshots, each snapshot contains flow
velocities in the horizontal and vertical directions measured on a regular grid of size 512 x 512 in two
dimensions with domain [0,1] x [0, 1]. The snapshots are separated by 0.01 seconds. In this demonstration,
snapshots 1 through 300 are used as the input data, and snapshots 2 through 301 are used as output data,

14
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assuming that the ¢th and (¢ 4+ 1)th snapshots satisfy x;1 = F(z;) for some unknown nonlinear function F'.
The snapshots are normalized so that the largest 2-norm among all snapshots is 1.

The Koopman modes, eigenvalues, and eigenfunctions are then computed using the developed technique and
snapshots 2 through 301 are reconstructed from snapshot 1 using equation[8] DMD is implemented using the

Gaussian RBF kernel, K(z,y) = exp (fin - yH%) (with 4 = 0.75 and € = 0.0001). The baseline method

from Williams et al.[(2015b)) is implemented using the same kernel with p = 0.000518. The predictive model
in equation [§]is also used to generate 700 additional snapshots.

7.3 Discussion

The ability of the developed DMD technique to reconstruct the training data from the same initial condition
is apparent from figures and [3] both for the periodic flow, where the relative reconstruction error are
of the order of 1le — 4, and the turbulent flow, where the relative reconstruction errors are of the order of
le — 2. As shown in both of the reproducing kernels used yield similar reconstruction results.

In the case of the periodic flow, as shown in figures [ID] and [ given the first 31 snapshots, the developed
DMD technique is able to predict the remaining 120 snapshots, with a relative prediction error of order
le — 8, without the knowledge of the underlying physics, F'. Furthermore, as expected, the performance of

the developed method is nearly identical to the baseline Kernel DMD method developed in |Williams et al.
(2015b).

1 [ ]
o )
& &
| | 0.5 B
= =
8 8
0 \ \ \ \ |
2 4 6 8 10
t[s] t[s]
(a) Method developed in this paper (b) Kernel DMD method in [Williams et al.| (2015b))

Figure 3: For the turbulent flow example, this figure shows the 2-norm of the error between the true snapshots
and the snapshots generated using DMD.

In the case of the turbulent flow, as shown in [3| the relative prediction errors for the method developed in
this paper and the baseline kernel DMD method developed in Williams et al.| (2015b) quickly increase to
1. Since the data are normalized so that the largest 2-norm among all snapshots is 1, a relative prediction
error of 1 signifies a very poor match between the predicted state and the true state. Such performance
degradation is expected for turbulent flows since the underlying assumption that the ith and (¢ + 1)th
snapshots satisfy x;11 = F(x;) for some unknown nonlinear function F' is unlikely to generalize outside the
training data when the flow is turbulent. From figure [3] the method developed in this paper appears to
perform slightly better than the baseline. This performance improvement can be attributed to the explicit
regularization of the Gram matrix in Step 1.5 of algorithm [T where the regularization parameter can be
tuned in addition to the kernel width parameter. In |Williams et al.| (2015b)), the regularization is done
implicitly through the pseudoinverse operation. We postulate that by manipulating the threshold used to

decide which singular values are zero in the pseudoinverse computation, the performance of the kernel DMD
method can be improved.
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8 Conclusion

This manuscript revisits theoretical assumptions concerning DMD of Koopman operators, including the
existence of lattices of eigenfunctions, common eigenfunctions between Koopman operators, and boundedness
and compactness of Koopman operators. Counterexamples that illustrate restrictiveness of the assumptions
are provided for each of the assumptions. In particular, a major theoretical result is established to show that
the native RKHS of the Gaussian RBF kernel function only supports bounded Koopman operators if the
dynamics are affine. Moreover, a kernel-based DMD algorithm that simplifies the algorithm in (Williams
et al |2015a) and presents it in an operator theoretic context is developed and validated through simulations.
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