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Abstract

Movement primitives, a subdomain of imitation learning in robotics, leverage Machine
Learning to learn movement sequences from demonstrations. Unfortunately, numerous
proposed primitives cannot extract understandable and interpretable physical information
from the learned latent space. The Koopman Theory analyzes highly complex dynam-
ical systems and decomposes them into spatio-temporal characteristics and hence in
interpretable physical information. In the scope of this work, a new class of movement
primitives, the Probabilistic Dynamic Mode Primitives (Pro-DMPs), are introduced based
on the underlying concept of Koopman Theory. A probabilistic dual perspective is proposed
utilizing Gaussian Process State-Space Model. The transition model is assumed to be a lin-
ear stationary Markov sequence, and hence linear dynamics in latent space are considered.
A Gaussian Process is applied to define a distribution over possible observation functions
defining the dependence of the latent sequence on the given demonstration. The variability
within the given demonstrations is represented in the inferred linear trajectories in latent
space and captured by a hierarchical structure. This probabilistic framework naturally
accounts for uncertainties and noise, leading to a nonparametric Bayesian formalism that
allows us to capture time-independent dynamics in latent space. We demonstrated that
the framework is capable of learning and reproducing given demonstrations on several
benchmarks.




Zusammenfassung

Bewegungsprimitive, ein Teilbereich des Imitationslernens in der Robotik, nutzen maschi-
nelles Lernen, um Bewegungsabldufe aus Demonstrationen zu lernen. Ungliicklicherweise
sind zahlreiche vorgeschlagene Primitive nicht in der Lage, verstdndliche und interpre-
tierbare physikalische Informationen aus dem gelernten latenten Raum zu extrahieren.
Die Koopman-Theorie analysiert hochkomplexe dynamische Systeme und zerlegt sie in
rdumlich-zeitliche Eigenschaften und damit in interpretierbare physikalische Informa-
tionen. Im Rahmen dieser Arbeit wird, basierend auf dem zugrundeliegenden Konzept
der Koopman-Theorie, eine neue Klasse von Bewegungsprimitiven, die Probabilistische
Dynamische Modus Primitiven, eingefiihrt. Es wird eine probabilistische duale Perspektive
unter Verwendung von GPSSM erarbeitet. Das Transitionsmodell wird als lineare statio-
nédre Markov-Sequenz angenommen, und daher werden lineare Dynamiken im latenten
Raum betrachtet. Mit Hilfe eines Gaul3-Prozesses wird eine Verteilung iiber mégliche
Beobachtungsfunktionen definiert, die die Abhéngigkeit der latenten Sequenz von der
gegebenen Demonstration definiert. Die Variabilitdt innerhalb der gegebenen Demonstra-
tionen wird in den gefolgerten linearen Trajektorien im latenten Raum dargestellt und
durch eine hierarchische Struktur erfasst. Dieser probabilistische Rahmen beriicksichtigt
auf natiirliche Weise Unsicherheiten und Rauschen, was zu einem nichtparametrischen
Bayes’schen Formalismus fiihrt, der es erlaubt, zeitunabhéngige Dynamik im latenten
Raum zu erfassen. Anhand mehrerer Benchmarks haben wir gezeigt, dass das Framework
in der Lage ist, gegebene Demonstrationen zu erlernen und zu reproduzieren.
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1. Introduction

With the deluge of data and the increasing computational power of technologies, Machine
Learning attracts increasing attention to analyze and understand given data from highly
complex systems [1-6]. With the help of mathematics, statistics, computer science,
and engineering techniques, Machine Learning uses an interdisciplinary approach to
conclude, make decisions, and predict future outcomes [2,4-6]. In robotics, imitation
learning is a central area aiming to learn behavior from given demonstrations [7-10].
The concepts of movement primitives, a subdomain of imitation learning, leverages
Machine Learning to learn movement sequences from demonstrations. In general, there
are three distinct types of movement primitives that provide the basis for a large number
of other primitives. Among them, the Dynamic Movement Primitivess (DMPs) are the
first proposed movement primitives and hence laid the foundation for this subdomain in
Imitation Learning [7,11, 12]. They rely on stable linear dynamical systems and learn
the nonlinearities by utilizing regression models. The other two primitives are fully data-
driven frameworks not requiring an underlying stable linear dynamical system [9,10]. The
first framework builds on Gaussian Mixture Regression (GMR) and consequently utilizes
Gaussian Mixture Modelling (GMM) to identify clusters in the given demonstrations [9,13].
Subsequently, based on the inferred clusters, regression techniques are applied. The
second framework, the Probabilistic Movement Primitives (ProMPs), offers a probabilistic
approach, relying fully upon regression models [10, 14, 15]. The regression models learn
to recreate the demonstration as a function based on the time as input. A large amount
of research has been done on these three concepts, and several promising movement
primitives have been proposed [8-10,16-21]. Unfortunately, many of these proposed
frameworks are unable to extract understandable and interpretable physical information
within the learned latent space.

The Koopman Theory addresses the analysis of highly complex dynamical systems [22-27].
This theory considers a linear evolution of selected measurement functions on the given
data in an infinite-dimensional Hilbert space, rather than the nonlinear evolution of the
collected data points themselves [22—-24]. As a result of the linear behavior in Hilbert space,




Koopman Theory allows a subsequent decomposition into spatio-temporal characteristics
of the given dynamical system and thus into interpretable physical information [24]. The
Dynamic Mode Decomposition (DMD) family provides frameworks to approximate the
infinite-dimensional Hilbert space by a finite-dimensional invariant subspace [25-34]. The
origins of DMD lie in fluid mechanics, where it was introduced independently of Koopman
Theory and has attracted considerable attention in numerous research areas [32,33]. Its
increasing success results from its simple formulation and its close connection to Koop-
man Theory [25,26]. The DMD family provides equation-free, data-driven approaches
capable of spatial-temporal decomposition of complex systems without requiring explicit
knowledge of the governing dynamics [28-31]. Since the given data can originate from
highly nonlinear behavior, techniques based on feature mappings or kernelized functions
have been proposed in the literature, hence extending the DMD family [29-31]. Sub-
sequently, the use of spectral decomposition, also known as eigenvalue decomposition,
allows the dynamics to be decomposed into spatio-temporal patterns [25,26]. Based on
these spatio-temporal patterns, the dynamics are analyzed and predictions are made.

1.1. Contribution

This thesis formulates a new class of movement primitives based on the underlying concept
of Koopman Theory. The different approaches of the DMD family approximate the infinite-
dimensional Hilbert space by a finite-dimensional invariant subspace. In the context of
this work, a probabilistic dual perspective is adopted in the beginning. Based on Gaussian
Process State-Space Model (GP-SSM), the evolution in the latent space is assumed to be a
stationary linear Markov sequence, and a Gaussian Process (GP) is considered to describe
the dependence on the given demonstrations. Compared to the DMD family, the inverse
mapping from the latent space representing the invariant subspace back to the observation
space is considered. The probabilistic formulation naturally accounts for uncertainties
and noise and leads to a nonparametric Bayesian formalism for the observation model.
Consequently, nonlinear observation functions between latent and observation space are
included by the assumed the GP. In the context of this work, the Gaussian Process Dynamic
Mode Decomposition (GP-DMD) is proposed, a probabilistic dual variant of the DMD family.
This framework represents a Maximum A Posteriori probability estimate (MAP) of the
sequence in the latent space and the corresponding linear operator. The problem that
the invariant subspace and thus the latent space can have a higher dimensionality than
the observation space involves the risk of overfitting. Accordingly, the Bayesian Gaussian
Process Dynamic Mode Decomposition (Bayesian GP-DMD), a fully Bayesian formalism




of the GP-DMD, is introduced. This formulation provides a Variational Inference (VI) or
Variational Bayes (VB) method and thus mitigates overfitting and achieves approximations
of the posterior distribution over the linear operator and linear trajectories in the latent
space.

While the GP-DMD and the Bayesian GP-DMD represent a dual perspective of the DMD
family, they are unable to deal with multiple demonstrations. In the concept of move-
ment primitives, learning variability within multiple given demonstrations is an essential
component [8-10]. Therefore, this thesis proposes Probabilistic Dynamic Mode Primitives
(Pro-DMPs), a new class of movement primitives. The Pro-DMPs target to express the
given variability within the given demonstrations in the derived trajectories in the latent
space. Based on the ProMPs [10, 14,15, 18], a hierarchical structure is provided in the
latent space, extending the GP-DMD framework. As a result, the Pro-DMP embodies an
Expectation Maximization algorithm (EM) and determines optimal point estimates for
the sequence in the latent space and the linear operator. In order to reduce the risk of
overfitting, the Bayesian Dynamic Mode Primitives (Bayesian-DMPs) adopt a fully Bayesian
formalization of the Pro-DMP. As a result of the global linearization in latent space, the de-
rived frameworks capture spatio-temporal characteristics of underlying time-independent
dynamics. The probabilistic dual perspective hence provides frameworks in which the
latent space captures physical information.

1.2. Overview

This thesis is organized as follows. First, an overview is given of the basic paradigms
of Machine Learning in Chapter 2. Thereby the introduction of the Probability Density
Estimation and the related Maximum Likelihood estimate (MLE) and MAP takes place
[2,4,6]. Next, the introduction of the Latent Variable Models (LVMs) [3,4,35] and the
well-known EM [36, 37] is given. On that basis, fully Bayesian learning is motivated,
and techniques such as VI and VB are derived [3-6]. Also, the relation between the
EM and the VI resp. VB is shown. To introduce nonparametric models, the GP [38,39],
as well as sparse Gaussian Processes techniques [40-43], are discussed next. Chapter 2
concludes with Gaussian Process Latent Variable Models (GP-LVMs) [44-49] and Bayesian GP-
LVMs [50] resulting from the combination of LVMs and GPs. Chapter 3 focuses on Koopman
Theory [22-24] and the DMD family [25, 26, 28,32-34]. Hence, the Koopman Theory is
first discussed to gain insight into the topic. Subsequently, the DMD, a straightforward
approximation, is introduced. With the extended Dynamic Mode Decomposition (extended




DMD) [25,26,29] and the kernel Dynamic Mode Decomposition (kernel DMD) [25, 30, 31],
we then consider two extensions of the DMD framework. Eventually, a probabilistic
perspective of DMD is adopted in the context of Bayesian Dynamic Mode Decomposition
(Bayesian DMD) [51]. Chapters 4 and 5 provide the central contribution of this work.
First, an overview of State-Space Models (SSMs) [52-54] and GP-SSMs [54-60] is given.
After that, the GP-DMD and the Bayesian GP-DMD are proposed. Eventually, the new
classes of movement primitives, the Pro-DMP and the Bayesian-DMP, are introduced.
Benchmarks for the validation of the performance of the GP-DMD, the Bayesian GP-DMD,
and the Pro-DMP on different datasets are provided in Chapter 6. In conclusion, Chapter 7
discusses the proposed framework, highlights its advantages and disadvantages, and gives
an outlook for future research.




2. Machine Learning

Machine Learning aims at analyzing and interpreting patterns and relationships from
given data of an unknown process [1-6]. Based on these learned relationships, Machine
Learning interdisciplinarily leverages mathematics, statistics, computer science, and
engineering techniques to conclude, make decisions, and predict future outcomes of
interest. In particular, the daily growing deluge of data and the increasing technologies’
computational power are increasing the interest in Machine Learning in various modern
research fields from physics and robotics to economics and beyond [26, 61]. In the
following sections, an overview of Machine Learning paradigms necessary to understand
the work, is provided.

Sections 2.1, 2.2 and 2.3 give an overview of classical paradigms in Machine Learning
to understand the intricacies and effects of Bayesian formalism. Fitting parameterized
models to represent given data is discussed. Basic techniques derive optimal estimates
of parameters expressing the probabilistic framework as an optimization procedure in
logarithmic space [3-6]. However, the resulting parameters correspond to a point estimate
responsible for an optimum in the probability log-density function. For this reason, the
techniques of the full Bayesian formalism are discussed to circumvent the points estimate by
treating the parameters as random variables [3,4, 6]. Additional variables are introduced
to handle fragmentary data and express more complex structures in the probabilistic
paradigms [4, 6, 35].

In Sections 2.4 and 2.5, the constraint imposed by parameterizing a model to express
possible functions for given data is removed. The supervised learning paradigm discussed
proposes a generalization of the Gaussian probability distributions to infinite-dimensional
function spaces [4, 6, 38,39]. Thus, the restriction of the possible functions responsible for
the data is done by a probability distribution. Functions are assigned a higher probability
value the more they represent the given data.

Eventually, Sections 2.6 and 2.7 present a central framework of this work. It leads to a
proposed Bayesian formalism that considers a regression problem with unknown inputs.




Optimal estimates for the inputs are inferred, considering the distribution over all possible
functions responsible for the data. Therefore, it appears to combine the techniques
proposed in the earlier sections. The ideas and assumptions made in these sections form
the basis for the techniques derived in this work.

2.1. Probability Density Estimation

The data used in Machine Learning in general results from underlying unknown stochastic
random processes [4]. For this reason, it is useful to adopt a probabilistic perspective in
which the given data is considered as a set of random variables drawn from an unknown
probability density function. In Probability Density Estimation, the central challenge is
to find suitable approximations of this density function that captures as many properties
describing the given data as possible [2-6,35,61]. However, unknown sources not captured
by the data induce further random noise and complicate the search for satisfactory
approximations [4].

p(Y |0, M)p(6 | M)
Jp(Y |0, M)p(6 | M)d6
_p(Y | 6, M)p(8 | M)
p(Y [ M) ’

p(@ Y, M) =

a core quantity in Machine Learning [2,4-6]. Using Bayes’ Rule, also called Bayes’ Theorem,
the posterior distribution is composed of a likelihood and a prior distribution. In general,
the likelihood does not integrate to one. Therefore, the denominator, called marginal
likelihood or evidence, ensures that the posterior distribution is normalized and represents
a valid probability density function [4, 6].

It is straightforward to take the ,best guess“ as the optimal solution for the parameters

0" = argmaxp(Y | 0, M),
(7]

known as Maximum Likelihood estimate (MLE) [2-6,61]. The MLE is a popular probabilistic
paradigm in Machine Learning, which is characterized by its simplicity. It considers an
optimization problem on the observed data’s log-likelihood, assuming that each data point
was drawn independently. The prior p(0) is uninformative, constant, and thus equal for




(a) (b) (c)

Figure 2.1.: This figure illustrates the disadvantage of overfitting on a data set from a
sinusoidal stochastic process with additional random noise. While (a) accu-
rately represents the underlying sinusoidal process, (b) and (c)’s more com-
plex models overfit the data. This behavior is a well-known drawback in max-
imizing the likelihood of parametric models in Machine Learning [4, 6].

all parameters. Therefore, the only relevant quantity for the optimization problem is the
likelihood function. This optimization can achieve nearly perfect results if enough data Y is
available. However, Figure 2.1 illustrates a major drawback of using Maximum Likelihood
estimate (MLE). Considering only the likelihood and the selected parametric model M
carries the risk of overfitting [4, 6]. Increasing the model’s complexity leads to an increase
in maximum likelihood and a perfect fit to the data points Y. However, the increase in
complexity comes with the disadvantage that the functional forms are highly fluctuating
and extreme, and the model does not capture the underlying stochastic process of interest.
From a mathematical perspective, this occurs due to a resulting underdetermined system
with fewer observations than parameters [4]. This is a well-known drawback of MLE [4,6].

One appealing way to address the risk of overfitting consists of reducing confidence in
the model’s MLE solution. For this purpose, uncertainty and variability in the parameters
0 and hence in the model’s estimates are considered. From a Bayesian perspective, this
consideration is done by incorporating a priori knowledge about the parameters into the
posterior estimate

6" = argmaxp(Y | 6, M)p(0 | M),
o

resulting in the well-known Maximum A Posteriori probability estimate (MAP) [2-6,61].
The use of a prior leads to a regularization term in the optimization problem that imposes




additional constraints on the parameter values. Depending on the amount of data, the
model balances the best estimate between the prior probability and the likelihood. The
uncertainty about the optimal estimate increases, and the prior solution is preferred when
the data set becomes smaller. Conversely, as the number of data increases, the confidence
in the likelihood estimate increases. As a result, the uncertainty and hence the prior is
neglected, and the MAP solution converges to the MLE solution [4-6]. Consequently, prop-
erly estimating the prior leads to sophisticated solutions and mitigates the aforementioned
problem of overfitting [4, 6].

2.2. Latent Variable Models

One important feature in unsupervised learning and thus in Probability Density Estimation
is the consideration of Latent Variable Models (LVMs) [3-6,35]. In these models, the joint
density is assumed to be augmented by some unobserved or hidden random variables
called latent variables. The likelihood expands to a marginal likelihood over these latent
variables

p(Y | 0, M) = /p<Y,x 16, M) dX,

considered as data set X = {xq, --- ,xr}. The number of latent variables usually grows
with the number of observations Y [4,6]. For discrete instead of continuous latent variables,
the integral is replaced by a sum. On the one hand, the use of LVMs follows from incomplete
or fragmentary data. On the other hand, it offers the possibility of taking dependencies
between observations into account without increasing the parameter size significantly. In
this way, it is possible to model correlations and hierarchical structures and thus handle
more complex distributions [3, 6,35]. However, these advantages come together with the
cost of inducing dependencies between the parameters. These dependencies are expressed
by the log-likelihood of the data forming the logarithm over integrals

logp(Y | 0, M) = log/p(Y,X | 6, M)dX

T
= Zlog/p(yt,xt | 6, M) dxq, 2.1
=1

e (x,0)




which is generally intractable [3, 4, 6, 35]. This intractability complicates the use of
the aforementioned probabilistic paradigms MLE or MAP and causes difficulties training
generative models.

Instead of working directly on Equation (2.1), a convenient and deterministic way is
moving to a more tractable approach by introducing a lower bound [3-6]. This introduction
involves extending the joint density model and the likelihood with an auxiliary distribution
called the variational distribution ¢(X). A variational distribution either has a parametric
form or expresses a family of functions. Thus, using Jensen’s inequality [62], the data’s
log-likelihood changes to

T
L(X,0)= Zlog/p(yt,xt | 0, M) dx;
t=1
. (ve.x: | 6, M)
:Zlog/q(xt)p Y, Xt ) dX
t=1 q(xt)
‘ p(yexi | 0, M)
> 1 ty Xt ) dX 2.9
> gj a(xe) log == 7S (2.2)

gp(Xt | v, 0, M)p(y, | 0, M)

q(xt) x

T
=> (logp(y; | 8, M) — KL(p(x; | y,,0, M) | q(x))) ,

o ﬁELBO(q(Xt)a 0)7

resulting in the tractable lower bound known as Evidence Lower Bound (ELBO) or free
energy [3-6,63,64]. The optimization of this lower bound leads to the well-known iterative
Expectation Maximization algorithm (EM)

E step: q¢(x;)" <« argmax Lypo(q(x;),0) Vi,
a(xi)

M step: 6* ¢ argmax Lupo(q(x:)*, 0),

where the variational distribution ¢(X) and the model parameters 6 are subsequently op-
timized, as shown in Figure 2.2 [2-6,36,37]. The E step tightens the ELBO by minimizing




E step

N

KL(q || p)

logp(Y | )

LELBO (2, 6)

KL(q |l p) =0

M step

LELBO (2, 6)

logp(Y | ©)

KL(q || p)

LELBO (2, 6%)

1L

log p(Y | 6%)

Figure 2.2.: This figure shows the cyclical process of the well-known Expectation Maxi-
mization algorithm. The EM maximizes the actual marginal log-likelihood

logp(Y | ) taking unobserved latent variables into account.

The Ex-

pectation step (E step) tightens the lower bound by minimizing the Kull-
back-Leibler divergence between the variational distribution ¢ and the true
posterior distribution p. Classical Maximum Likelihood estimate is then ap-
plied in the Maximization step (M step), and the parameters 6 are optimized.
This optimization increases the lower bound £, and thus maximizes the
marginal likelihood [3, 4].
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the KL divergence (see Appendix B) between the variational distribution ¢(X) and the
latent variables’ posterior distribution p(x; | y;, @, M). The parameters of the model are
updated in the M step. Working with exponential families such as Gaussian distributions
(see Appendix A) allows the posterior p(x; | y,;, 8, M) to be analytically determined in
closed form. Jensen’s inequality (see Equation (2.2)) vanishes completly and the ELBO is
equal to the marginal log-likelihood [3]. Consequently, the M step directly optimizes the
marginal log-likelihood. In general, the vanishing of Jensen’s inequality is not always the
case [3]. The KL divergence, for instance, does not become zero, resulting in a constant
deviation between the variational and posterior distributions. This deviation results in a
constant offset between the true marginal log-likelihood and the calculated ELBO. Thus,
the introduction of the ELBO entails the risk of an offset in the estimation of the optimal
parameter values 6" [3]. The EM algorithm nevertheless provides a convenient way to
estimate the parameters’ optimal values for a selected model. Additionally, it provides an
approximation of the posterior distribution of the latent variables.

2.3. Bayesian Learning

The extension of MLE by the Expectation Maximization algorithm achieves the handling
of Latent Variable Models but still maximizes the log of a probability density function. It
searches for an optimal parameter value for a selected model, considering only the density.
Even if a prior p(0) is considered and thus the probability density function is reshaped,
MAP again provides only an optimal point estimate of 8*. A suitable and intuitive way is
to consider the probability density and the probability mass and thus the entire posterior
distribution. Indeed, this consideration is a part of Bayesian Learning or Bayesian Statistics
by treating the unknown parameters as random variables [3-6]. This treatment changes
the previous optimization problem of parameters into a Probabilistic Inference problem.

The quantity of interest becomes the marginal likelihood over possible latent variables X
and the parameters 0, represented as

p(Y\M)://p(Y,X,BU\/l)dXdB

_ //p(x,e 1Y, M)p(Y | M) dX de. (2.3)

This evidence of a selected model M can be seen as the expectation of the likelihood
given the posterior distribution of all latent variables. The consideration of the entire
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posterior distribution due to the Bayesian modeling fully addresses uncertainty and
variability in estimating the parameters 6. Also, the Occam’s Razor effect resulting from
marginalization across parameters penalizes overly complex models [6]. However, for
most probabilistic models, the corresponding likelihood in Equation (2.3) is intractable,
and exact Probabilistic Inference is daunting [3, 4, 6].

Instead of directly inferring the marginal likelihood, two well-known families of techniques
in the research community consider the approximation of Equation (2.3). First, numerical
sampling techniques such as Markov Chain Monte-Carlo (MCMC) are used [4-6,65-67].
These stochastic approximation techniques converge to the true distribution given a
sufficient number of samples [4, 6]. However, the computational complexity grows expo-
nentially with the number of dimensions of the latent space. Therefore, these algorithms
suffer from the well-known curse of dimensionality [4,6].

In contrast, a deterministic way is to consider the approximation inference methods
known as Variational Inference (VI) or Variational Bayes (VB) [3-6,63,64,68-73]. The
family of these methods results when we extend the Expectation Maximization algorithm
introduced previously. Here, the Probabilistic Inference problem is again considered as
an optimization function of the data’s log-likelihood. Like in section 2.2, they introduce
a variational distribution ¢(X, 8) over all latent variables and apply Jensen’s inequality
resulting in an ELBO

T
L(X,0) = Zlog//p(yt,xt,e | M) dx; d@
t=1

T
> Z//q(x,e) log p(yzf;‘ge')m dX de
t=1 ’

(logp(y, | 0, M) — KL(p(xt,0 | y,, M) || ¢(X,9)))

T
=1

t
def
= Luso (Q(X> 9))

However, allowing every possible choice of ¢(X, ) entails intractability due to the depen-
dencies between all latent variables X and 0 [3,4, 6]. There are, in general, two ways to
restrict the shape of the distribution. One way assumes that the variational distribution has
a particular parametric form ¢, (X, 8) parameterized by w. This transforms the ELBO’s
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optimization into a nonlinear optimization problem

w® = arg max EELBO(qw (Xa 0))’

and thus can be solved by applying classical methods of nonlinear optimization [4, 6].
An alternative is to constrain the variational distribution ¢(X, €) to represent a particular
family of possible distributions. This restriction requires a pre-assumed factorization of
the variational distribution

T
¢(X,0) =[] a(x)a(6),
t=0

the so-called mean field assumption. The mean field assumption makes the optimization
problem tractable. Applying Calculus of Variations and the Euler-Lagrange formalism
leads to optimal parameters for each factor of the variational distribution [3]. Like EM, a
cyclic procedure results

VBE step: ¢(x;)" <« argmax Lgpo(q(x:),q(0)) Vi,
q(xi)

VBM step: ¢(8)° <« arg(n;ax Luso(q(xi)", q(0)),
q(0

in which each factor is successively updated while the others are kept fixed. In the research
community this procedure is popularly known as Variational Bayes Expectation Maximiza-
tion algorithm (VBEM) [3]. Due to the maximization of a convex lower bound, an optimal
solution is guaranteed [4, 6, 74]. However, the accuracy of the optimal solutions depends
on the assumption made about the variational distribution. If the true posterior distribu-
tion is representable by a functional form or lies in the family of possible distributions,
the KL divergence vanishes. Otherwise, the resulting variational distribution gives an
approximation and an offset between the marginal log-likelihood and the ELBO [3, 4, 6].
The choice of the best setting is therefore crucial.

Central parameters in the previously mentioned algorithms are the so-called hyperparam-
eters of the probability density model. For instance, the hyperparameters are the natural
parameters of the prior distribution p(#). In a Gaussian distribution, this corresponds
to the mean and the covariance or precision matrix. While the EM algorithm iteratively
infers over the unknown latent variables X and maximizes the model’s parameters 6,
the VBEM algorithm transforms this into a purely Probabilistic Inference problem [3-6].
However, in the methods presented so far, the hyperparameters are always assumed to be
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fixed. Therefore, it is a reasonable extension to maximize them as well [3, 6]. The VBEM
algorithm first infers over the latent variables X and 0. Subsequently, a maximization
step (M step) is performed to optimize the hyperparameters while keeping the variational
distributions fixed. This extension is called Empirical Bayesian learning. This extension
abandons the fully Bayesian approach due to maximizing over the hyperparameters. In
other words, only optimal point estimates for the hyperparameters are considered again,
without taking uncertainties and variabilities into account [3,6].

2.4. Gaussian Processes

The previous sections consider Probability Density Estimation. The presented methods
are interested in an approximation of the probability density model responsible for the
given observations. For this purpose, parametric models M are utilized, which are
parameterized by 0. Due to this parameterization, these Machine Learning methods
belong to the so-called parametric methods [4, 6]. In parametric methods, training and
prediction seem to form two completely independent phases [4, 6,39]. The predictive
density distribution, given by

py* | Y, M) = / Dy | Y. 0, M)p(8 | Y, M) d6

- / p(y* | 6. M)p(6 | Y, M) de,

clearly shows this separation. The probability of a new data point y* depends only
on the model M and the parameters learned 0. In a sense, parametric methods rely
solely on the trained model and seem to neglect the given data Y. Thus, the choice
of parameterization is an essential component [4-6]. On the one hand, a too strongly
parameterized model limits the representability of arbitrary functions. On the other hand,
low restriction leads to complex models with many parameters and thus to the danger of
overfitting [4,5,39]. While the discussed Bayesian learning (see Section 2.3) is one way
to find a satisfying tradeoff, another attractive way is to consider nonparametric Bayesian
methods such as Gaussian Processes (GPs). In Machine Learning, Gaussian Processess
are traditionally used for regression and classification problems and are thus a topic
in supervised learning [4, 6,38,39, 61, 75]. This paradigm combines the learning and
prediction phases attractively. Instead of assuming a parametric model and considering
a distribution over the parameters, GPs infer directly over functions [38,39]. Loosely
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Figure 2.3.: These figures show the behavior of Gaussian process regression when at-

tempting to capture the underlying sinusoidal stochastic process. On the
left side (a), only a zero-mean Gaussian process prior is given. Therefore,
the resulting trajectories evolve around the zero-mean without following the
sinusoidal shape. On the right side (b), two data points are given. The tra-
jectory of the mean function captures parts of the sinusoidal shape from
the given data. The sampled trajectories tend to follow the mean and thus
the sinusoidal the closer the distance to the observations. As the distance
increases, the trajectories become less constrained and take on arbitrary
smooth forms [39].

speaking, the idea is to constrain the functions using only a prior distribution over all
possible functions. The probability assigned to a function increases the more it fits the
observed data. Thus, the inference problem is transformed into an infinite-dimensional
functional space [4,6,39]. In general, however, dealing with infinite-dimensional objects

is challenging.

A convincing prior distribution over possible function values f(-) is the generalization of
a Gaussian distribution called Gaussian Process Prior. Given some set of input variables
X = {xq, -+ ,x7}, the Prior forms a multivariate Gaussian distribution over corresponding
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function values F = {fy = f(xq¢), -+ ,fr = f(xr)} by
F ~ GP (mx,Kxx),

fo m(Xo) k(Xo,Xo,e) k(Xo,XT,O)

fT m(xT) k(XT,Xo,O) k(XT,XT,e)

where mx and Kxx correspond to a mean vector and a covariance or kernel matrix [38].
Due to this generalization of Gaussian distributions, the handling with infinite-dimensional
objects becomes feasible [39]. It is very common to set the mean function m(-) to zero,
hence, it is also done in this work. The entries of the kernel matrix corresponding to
some kernel functions k(-, -, 8) depending on adjustable parameters. In the left part of
Figure 2.3, samples drawn from a zero-mean Gaussian Process prior are shown. They
exemplify the resulting smooth trajectories and evolution around the zero-mean function.
Since no data of the underlying process is given, these trajectories are not sinusoidal.

In a regression problem, the outcoming function should match given observations Y =
{¥o, - ,¥r}- Assuming a Gaussian likelihood measuring the uncertainty between the
observations and the functions with some precision value ), the posterior distribution is
expressed by

p(F|Y,X) x N(Y | F,\,')GP(F | 0,Kxx),

which is analytically computable in closed form [4]. The most probable function values F
given the inputs X and observations Y correspond to

fi=Kxx (Kxx + ;1) Y, (2.4)
$ = Kxx - Kxx (Kxx + A, ') Kxx. (2.5)

The mean value of the function g corresponds to the observed data Y if A\, — oo or,
equivalently, the variance converges to zero. The predictive density distribution of an
unknown observation F* for a new input variable X* is given by

p(F* | X*, D) = / p(F* | X*, F)p(F | Y, X)dF,
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and represents another interesting query. The integrand corresponds to a multivariate
Gaussian distribution represented by

op 0 Kxx Kxx-
F* 0|’ Kxx Kx*x= ’

due to its assumed Gaussian nature [4,6]. Similar to predicting the value function for
known observations Y, the marginalization is analytically solvable and forms a Gaussian
distribution [4]. In this way, the new observation’s predictive probability results in

p(F* | X*, D) o N(F* | i, %),
with the mean vector and covariance matrix

B =Kxx (Kxx + ;1) Y, (2.6)

_1\—1
> = Kxx- — Kxox (Kxx + A1) Kxx. 2.7)

The predicted function values differ from the predicted mean value the greater the distance
to the given values Y. The closer the distance, the more they are constrained. The right
part of Figure 2.3 shows this behavior for two observations of the data Y. The curve of the
mean function already captures parts of the sinusoidal shape. The samples drawn from
the resulting distribution tend to follow the mean close to the observed data points. With
an increasing number of data points, the model provides a closer fit to the data [4, 38, 39].

The properties of the sampled trajectories, such as smoothness, are determined by an
appropriate choice of the covariance or kernel function [39]. An overview of the kernels
relevant to the context of this work is given in the Appendix C. A kernel usually represents
a similarity measure between two points [4]. In case when the two points are close to
each other and show strong similarities, they are assigned a high value. Consequently, the
resulting function values similarly exhibits high similarities. Further, the use of nonlinear
kernels enables a mapping into a nonlinear feature space. This mapping extends Gaussian
processes’ capabilities and is also known as the Kernel Trick in Machine Learning [4, 6].
Learning the kernel parameters 6 is done by maximizing the marginal log-likelihood given
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L£(0) = logp(y)
—log [ p(Y | F)p(F | X)dF
= log/\/ (Y | O,Kxx(O) + )\y_l)
T 1 1 . T
=-3 log 2 — 3 log|Kxx(0)| — 5 Tr (Kxx(0)YY"), (2.8)

which is computable in closed form due to its Gaussian nature [4, 6, 38, 39].

In summary, the Gaussian process framework does not rely on parametric methods and
leverages the seen data to predict future outcomes. Therefore, the complexity of the
method depends on the size of the given data [38,39,43,54]. For this reason, the Bayesian
Gaussian process belongs to the nonparametric methods. In these methods, the number
of parameters and the complexity increase with the size of the data [4,6]. The automatic
adjustment of the complexity seems attractive in itself. However, it is associated with
a high computational cost. The computation time increases cubically ((’)(T3)) with the
number of given data due to the inversion of the kernel matrix (see Equations (2.4) to (2.7)
and (2.8)) [38,39,43]. In the next chapter, techniques that mitigate this problem are
proposed and discussed.

2.5. Sparse Gaussian Processes

As mentioned in the previous chapter, the cubic complexity associated with increasing data
size is a challenge for Gaussian Processes (GPs). Numerous works focused on this problem
and have proposed sparse Gaussian Process methods [40-43,75-79]. These methods allow
scaling of Gaussian process models to large data sets without unfavorably affecting the
prediction quality [80]. A subset of sparse Gaussian process techniques considers global
approximation techniques. These techniques apply an approximation of the 7" x T" kernel
matrix Kx x. Such techniques use low-rank matrix approximation to decompose the
kernel into the following product

—1
Kxx = KxiKixKixv
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where the middle term corresponds to a D x D Kernel over D < T data points X [80-82].
The use of deterministic techniques from this domain results in approximations that
cause high prediction variance and are consequently unfavorable [80, 83]. Probabilistic
techniques, therefore, model this decomposition in the probabilistic generative model.
They consider the so-called inducing inputs X as parameters living in the same space as
the function inputs X [77]. The prior distribution over all possible functions, expressed
by a Gaussian Process prior, expands to

p(F|X) = [ p(F.F| X) dF

Fl o] [Kxx Kool -
:/gP(~ ‘ N XX)dF
Fl o] |Kg Kgx

—gP (FIR.S),

taking into account the inducing inputs and corresponding outputs F, known as inducing
variables [40-43,76,77]. The resulting prior distribution again forms a Gaussian process
prior with corresponding mean and covariance

~ —1 ™
i =KygK L F,

‘S -1
> = Kxx — KyxKz 5 Kzx-

These equations already show the advantage of using inducing points, which only require
an inversion over a D x D matrix, thus reducing the complexity to O(7'D?). In order to
avoid running into high prediction variances, we extend the predictive density distribution
to

p(F* | X*,Y,X) = //p(F* | X*,F,F)p(F,F | Y,X)dF dF,

considering the inducing variables and inducing inputs. Instead of inferring exactly this
distribution, the assumption is made that the inducing variables form sufficient statistics
for the predictions [77]. Consequently, the likelihood of a new data point F* depends
solely on the inducing variables and not on the tuple (F, f‘). This reason implies the name
inducing variable and inducing inputs. Under this assumption, the predictive probability
density is formed

o(F* |X) = [ [ p(F* | X" F)p(F | XF)q(F) dF dF.

q(FF)

19



where ¢(F, f‘) is a variational distribution that approximates the true posterior distribution
p(F, F | Y, X, X). The goal is to optimize the inducing inputs X to minimize the KL
divergence between the two distributions. This minimization is similar to maximizing an
Evidence Lower Bound, using the variational method discussed in Section 2.3 [3,4, 6].
Thus, if the marginal log-likelihood is assumed, the ELBO is as follows

logp(Y | X) = log / p(Y | F)p(F | X)dF
= log //p(Y | F)p(F | X, F)p(F | X) dF dF

10, POY I FIp(E [ X F)p(F | X) oo
> // q(F,F)log J(F.T) dF dF

- / / p(F | F)q(F) log P! F)p(F | X) p oF
q(F)

déf [’ELBO()E7 q(f‘)a 0)7

depending on the inducing inputs X, the kernel’s hyperparameters 6, and the variational
distribution ¢(F). An optimal Gaussian distribution in closed form is obtained from the
derivative w.r.t. ¢(F) using Euler-Lagrange and Variational Calculus. Substituting this
optimal distribution into the lower bound leads to a new objective given by

/CELBO(X’ 0) = logN(Y | OvKXQZ(O)K;(%(O)K)Ex(e))

2
T (Kxx(6) ~ K (0K (0)Kx(0))

where gradient descent based optimization techniques are used to optimize the corre-
sponding hyperparameters and inducing inputs [77]. The trace term accounts for the total
variance between the true function F and the inducing variables F [50, 77]. While maxi-
mizing the likelihood, the variance between F and F is minimized. If the inducing inputs
X match the given inputs X, the trace vanishes, and the full Gaussian process is obtained
(see Equation (2.8)) [77]. A closer look at the augmentation of the marginal log-likelihood
reveals further that the inducing inputs only affect the inducing variables and thus the vari-
ational distribution. The marginalization of the inducing variables renders the influence of
the inducing inputs vanishes as well. For this reason, the inducing variables are referred to
as variational parameters [50,54,77]. They only influence the variational approximation
¢(F) and not the original joint density model p(Y, F). Thus, they only change how tightly
the Lower Bound corresponds to the marginal log-likelihood [50, 54, 77].
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2.6. Gaussian Process Latent Variable Models

In numerous fields of research, high-dimensional data Y is used. For instance, fluid
mechanics or computer vision analyze given data in images or video frames [4, 6, 25,
26]. Thus, the dimensionality of a single data point is sometimes enormous. However,
in these high-dimensional spaces, the data points are close to each other and form a
much less-dimensional manifold [35]. The continuous LVMs (see Section 2.2) used in
Machine Learning aim to determine a mapping into such a low-dimensional manifold
while preserving the data’s inherent structure [4, 6, 35]. Subsequently, analysis and
interpretation of the data take place in this low-dimensional spaces. The mapping of
a point x; in the latent space to a single scalar observation in the observation space is
expressed by

Ynt = f(xt7 Cn) + €nt, 2.9

where c,, is a vector describing the parameters of the mapping f(-,-) [35,44-46]. The
associated y,,; corresponds to the nth row and the ¢th column of the given observation ma-
trix Y. N and T denote the dimension and the number of given observations, respectively.
Assuming an independently drawn noise e,; ~ N (0, \y'I) the mapping in Equation (2.9)
is equivalent to

N T
p(Y |X,C) = [T TN Wt | £(xt,¢0), 291, (2.10)

n=1t=0

a Gaussian likelihood function [4, 35,44]. The variables in the latent space resulting
from the dimensionality reduction are collected in a matrix X € R™*7, In dimensionality
reduction frameworks, usually, the latent space dimension is smaller than that of the
observations, i.e., M < N. Several frameworks in these fields like Principle Component
Analysis (PCA), Factor Analysis (FA) and Independent Component Analysis (ICA) treat the
latent variables as random variables [4,6]. They assume an appropriate prior over the
variables and perform marginalization over them. Subsequently, the parameters collected
in C are optimized. First, marginalizing the latent variables and then optimizing the
parameters formulates the primal formalism for dimensionality reduction [44].

The dual formalism accordingly follows the opposite way. The parameters of the mapping C
are considered random variables and are assigned a prior distribution p(C)N (c,, | 0, A\g'I).
They are then marginalized, and the latent variables X are optimized [44, 45]. For
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simplicity, a linear mapping is assumed, and thus the function becomes f(x;,c,) = X/ c,.

The marginal likelihood is represented in closed form by

T
p(Y [ Xy ) = [ []ptv | Coxiav)p(©)dC
t=0
T N
= //H H/\/'(ym | x7 ¢n, 2yDN (cy, | 0,Ag' T) deg -+ - den
t=0n=1

N
=11 / N(YT | X ep, &yI)N (e, | 0,A5'T) de,,

Y003 T+ A XTX)

n=1

N
[TV (
n=1

N
n=1
expressed by N independent Gaussian processes [44]. The vector Y,, corresponds to
the nth row of the given observation matrix. The subsequent application of Maximum
Likelihood estimate results in the new objective

NT D 1
L(X,0) = -5 log(27) — o) log|Kx x(0)| — 5T (Kxx(0)'Y'Y),

and forms the Gaussian Process Latent Variable Models. For a linear kernel, eigendecom-
position results in a closed-form analytic optimal solution [44,45]. The Kernel Trick (see
Section 2.4) achieves a generalization to nonlinear mappings from the latent space to the
data space [44,45]. A suitable nonlinear kernel function replaces the linear kernel. This
generalization has the consequence that there is no closed-form solution available, and
thus nonlinear optimization techniques are applied [44].

The GP-LVMs seem to form a combination of the GPs and the IVMs frameworks. It
considers a regression problem with known outputs and unknown inputs. The optimal
inputs X* most likely responsible for the seen data Y are estimated using Maximum
Likelihood estimate (MLE) [44,45]. However, as discussed in the previous chapter, the
resulting latent variable estimate is only a point estimate [4]. Consequently, it does not
consider uncertainty and variability. The use of point estimates also carries the risk of
overfitting (see Section 2.1) if overly complex models are assumed [6]. In the GP-LVMs
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framework, overly complex models result when the latent variables exhibit a higher
dimension than the observations, i.e., M > N. The majority of problems considered
in the literature address dimensionality reductions, and thus such a situation does not
occur [44-47,50]. Therefore, the application of GP-LVMs achieves satisfactory results.
The Gaussian Processes resulting from marginalization entail another drawback in the
GP-LVMs framework. The computational complexity of each evaluation of the optimization
problem increases cubically with the amount of given data, resulting in a complexity of
O(T?) (see Section 2.4). In the following chapter, a method is presented that alleviates the
aforementioned problems based on Sparse Gaussian Process techniques (see Section 2.5).

2.7. Bayesian Gaussian Process Latent Variable Models

The GP-LVMs formalism entails the problem of a resulting point estimate of the latent
variables. If the dimensions of the latent space M is larger than the dimensions of the
observations space N, there is a risk of overfitting overfitting the estimate of the latent
variables X [50]. A suitable extension is to consider uncertainties and variabilities in the
latent variables’ estimates utilizing a prior distribution

T
p(X) =[N (x| 0,1).
t=0

This consideration extends the GP-LVMs formalism. Optimization of the resulting objective
remains, obviously, a point estimate and results in the Maximum A Posteriori probability
estimate [4,6]. The better way is to treat the latent variables X as random variables and
marginalize them in the marginal log-likelihood. This consideration extends the GPLVM
framework to a Bayesian learning paradigm [50]. Simultaneously, the computational
complexity is to be reduced by sparse Gaussian process techniques [46, 77]. As discussed
in Section 2.5, inducing variables F are introduced with their corresponding inducing
inputs X. On the one hand, these inducing pairs reduce the computational complexity to
O(TDQ) [77]. On the other hand, the inducing variables are assumed to provi~de sufficient
statistics. Thus, the function values F are conditional independent given F [77]. The
extension of the GP-LVMs is expressed by the following marginal likelihood

GP (YZ 10, Kx x) = //\/’(Yn | Fu, \y' )GP(F,, | 0, Kx x) dF,,

= //J\/(Yn | Fo, AP DN (F, | 1, B)GP(F,, | 0, Kz ) dF, dF,,
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with the quantities p,, = KXiK)i&f‘n and ¥ = Kxx — KxiK;{l}zKix To achieve the

fully Bayesian approach, the function values F and the inducing variables F are considered
random variables. Using VI (see Section 2.3), an Evidence Lower Bound for the marginal
log-likelihood is formalized by

N N
> logp(Yn) = log ///p(Yn, F,,F,,X)dF, dF, dX
n=1 n=1

N
- - (Yn ‘ Fn)p(Fn)p(X) -
>3 o (X)p(Fy | Fr)g(F,)2 = dF, dF, dX
> tog ] acxw q

¢(X)q(Fn)

def

= »CELBO(q(X)? Q(F)’ 0)’

where the variational distribution is factorized accordingly

N
¢(X,F,F) = ¢(X) [[N(Fn | 1, 2)g(Fy),
n=1

based on a mean field assumption. For clarity, all hyperparameters and variational
parameters are represented by 6. Few reformulation steps give the ELBO the following
form

E

Laso(a(X), q(F),8) = ( ~ KL(g(X) || p(X)) = KL(q(F.) || p(F2))

(log N (Y, | Fu YD),

Ay -
7Tr <<Kxx>q(x) - Kf(% <KXXKXi>q(X)>>’

n=1

(X)q(Fn)

where the operator (-) ., defines the expected value w.r.t. the probability distribution
q(+) [50]. The hyperparameters and variational parameters are jointly optimized using
nonlinear optimization techniques [50]. As in Section 2.5, the trace’s quantity represents
the total variance between the true function values F and the inducing variables F. Thus,
the maximization of the Evidence Lower Bound simultaneously minimizes the variance
between the true functions and the inducing variables [50].

In summary, the extension to a variational method provides a Bayesian learning formal-
ism that approximates the fully marginalized GP-LVMs [50]. If, on the one hand, the
hyperparameters and variational parameters are optimized, the result is an Empirical
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Bayesian approach. Keeping them fixed, on the other hand, results in a full Bayesian
formalism [6]. Furthermore, approximating the true posterior distribution of the latent
variables X with given data Y leads to an Automatic Relevance Detection (ARD) [50].
An ARD automatically determines the latent space’s dimensionality by giving low proba-
bilities to dimensions not relevant to the data [4]. Moreover, the Occam’s Razor effect
(see Section 2.3) in fully Bayesian learning mitigates the risk of overfitting [6]. This
mitigation is beneficial when the latent space’s dimensionality is higher relative to the
dimensionality of the observation space. The reduced computational complexity O(7'D?)
increases linearly with the size of the observations Y and quadratically with the size of
the inducing pairs. Finally, the concept of taking induced variables as sufficient statistics
and achieving conditional independence is particularly emphasized. In the further process
of the work, this assumption is essential.
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3. Dynamic Mode Decomposition

The analysis and understanding of dynamics of highly complex systems have been a
central focus in research for decades [25,26]. Dynamical systems provide mathematical
frameworks to describe the evolution and behavior of quantities in a system over time [84].
Traditionally, highly complex dynamical systems are modeled analytically based on partial
or ordinary differential equations [25]. However, due to the deluge of data and Machine
Learning techniques, data-driven approaches increasingly gain attention [26]. These
approaches learn to understand, and eventually control and predict, the underlying
dynamics of an unknown complex system from data [25,26]. The following sections
present a modern perspective of data-driven dynamical systems and form the basis for the
rest of the work.

The growing availability of measured data from complex systems enables the use of
data-driven frameworks. The data, however, originates from highly nonlinear dynamical
behaviors. In Section 3.1, Koopman Theory is introduced that considers a linear evolution
of measurement functions of the data instead of the nonlinear evolution of the data points
themselves [22-24]. In simple terms, this concept forms a latent variable model, where
the seen data are mapped into a latent space, where they evolve linearly.

Section 3.2 introduces a data-driven regression framework that performs global lineariza-
tion directly on the given observations. The framework employs spectral decomposition,
also known as eigenvalue decomposition, to decompose the dynamics into spatio-temporal
patterns [28,32,33]. Based on these spatio-temporal patterns, the dynamics are analyzed,
and predictions are made. This framework formalizes an approximation of the concept
discussed in Section 3.1, considering linear measurement functions [25, 26].

However, the assumption of inferring linear dynamics directly from the given data is
restrictive since these data may arise from highly nonlinear behaviors. Section 3.3,
therefore, deals with techniques that generalize the procedure discussed in Section 3.2.
These techniques achieve generalization utilizing feature mappings or kernelized func-
tions [25,29-31].
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Data-driven techniques, however, suffer from inaccuracies and uncertainties in the given
data [51]. The majority of the concepts in Sections 3.1 to 3.4 are based on deterministic
techniques. Thus, representing uncertainties in the given data is a challenge. Section 3.4
therefore adopts a probabilistic perspective to incorporate the advantage of a Bayesian
formalism into the data-driven formulation.

3.1. Koopman Theory

As a result of the vast amount of available data, data-driven modeling of dynamic systems
is becoming increasingly important in modern times. A variety of techniques such as
Machine Learning and Optimization are applied to understand the complexity of the given
data and analyze the behavior over time. Due to the discrete nature of the given data and
the digital aspects of modern-days technology, the consideration of discrete dynamical
systems seems appealing [25,26]. In this context, the objective is to analyze a discrete
dynamical system given by

Yit1 = f(Yt),

where f describes an unknown mapping between the given observations collected in
Y = [YO"" 7YT]'

In Koopman Spectral Analysis, instead of considering the nonlinear evolution of a state
y, € R™, an alternative perspective is taken in the form of the evolution of measurement
functions h : R® — R [22-26]. This alternative representation is visualized in Figure 3.1.
In this approach, the infinite number of possible measurement functions 4 form an infinite-
dimensional function space H known as Hilbert space. The measurements h evolve linearly
on this infinite-dimensional space, defined by an infinite-dimensional linear operator
K : H — H, called the Koopman operator. Thus, the nonlinear evolution of the states Y
in R" are expressible by

Kh(xt) = h(f(xt)),

a linear evolution in the Hilbert space 7. While the linear behavior is appealing, the
infinite dimensionality of the Hilbert space still poses a problem.

For this reason, specific key measurement functions are sought to provide a basis for the
Hilbert space. The linearity associated with the Koopman operator K provides Spectral
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Figure 3.1.: This figure sketches an illustration of the perspective taken in Koopman The-
ory. Observations of the current nonlinear dynamical systemy,, y;, -+, yr
are given. A measurement function » maps these finite-dimensional observa-
tions into an infinite-dimensional function space. In this Hilbert space, these
infinite-dimensional measurements xo = h(yy), x1 = h(yy), -, Xr =
h(yr) evolve linearly. Thus, Koopman Theory circumvents the analysis of
nonlinear finite-dimensional dynamical systems by analyzing linear infinite-
dimensional systems [25].

Analysis, and the spectral decomposition results in

Kor(y) = Medn(y),

where )\, and ¢;, correspond to the kth eigenvalue and eigenfunction, respectively. The
eigenfunctions ¢, are such central measurements spanning an inherent measurement
coordinate system and forming a basis of the Hilbert space . Consequently, any vector h
of possible measurement functions is expressable by

)|
hy)=| @ | =D éuly)ve,
)|

where the vector v, represents the kth koopman mode. These modes correspond to
the superposition values of the eigenfunctions to obtain the measurement vector. The
decomposition from the Spectral Analysis provides a linear representation of the change
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of the measurement function in the Hilbert space by

= Nbr(yo)va-

The system behaves linearly in this space. Thus, the dynamics of the system are decom-
posed into a spatio-temporal coherent structures [24,26]. The eigenvalues represent the
temporal progress of the measurement functions, while the eigenfunctions in combina-
tion with the Koopman modes describe the coherent spatial characteristics. Temporal
changes in the coherent spatial characteristics are computed by multiplying them with
the Koopman eigenvalues. In this way, the behavior of the nonlinear dynamical system
is fully characterized by spectral decomposition. However, it is also infinite-dimensional.
As a result, infinitely many degrees of freedom are necessary to describe the space of all
possible measurement functions h of the state [25,26].

The handling of an infinite-dimensional measurement space is challenging in practice
[24-26]. For this reason, the invariant Koopman subspace has been proposed. A finite
number of measurement functions hy, hg, ---, h, spans the base of the subspace H C H.
In this way, arbitrary measurement function within the space h € H are expressed by

h=aoa1h +042h2+"‘+04php,

the superposition of the basis functions. The invariant subspace restricts the dynamical
behavior of measurement functions to evolve in the subspace H. Hence, the application of
the Koopman operator results in measurement functions

E/ =Kh=p01h +ﬁgh2+"‘+ﬁphp,

which are themselves in subspace #. The finite number of p measurement functions
generate a finite-dimensional Koopman operator matrix K € RP*P, It acts on a vector
space R? whose coordinates are given by the values of the measurement functions h;(y).
Therefore an invariant Koopman subspace induces a finite-dimensional linear system
[25,26]. Any finite set of eigenfunctions establishes a basis for an invariant subspace.
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Therefore, a key task in Koopman Spectral Analysis is the search for or an appropriate
approximation of the eigenfunctions.

In summary, the Koopman representation circumvents the nonlinear, finite-dimensional
dynamics of the dynamical system by considering linear, infinite-dimensional dynamics
[22,24-26]. The advantage of this approach is the resulting linear differential equation
system, which is solvable with Spectral Theory [25]. Thereby, it is possible to decompose
the dynamics into spatio-temporal patterns [24]. Invariant subspaces are considered to
induce linear, finite-dimensional systems and deal with Koopman Theory in practice [26].
However, the correct choice of the bases of these subspaces is a major challenge in Koopman
Analysis.

3.2. Dynamic Mode Decomposition

From the perspective of Koopman Theory, a straightforward restriction to the invariant
subspace is the use of direct linear measurement functions x = h(y) = y. In this way,
we work directly with the given observations xo = y,, - ,xr = yr € RY, as shown
in Figure 3.2. The linear measurements span an invariant subspace, thereby inducing
a finite-dimensional Koopman operator K € RV*¥ acting on a vector space RY. The
simple assumption of linear measurements and direct use of the observations leads to the
data-driven regression framework known as Dynamic Mode Decomposition (DMD) [32].
DMD has been introduced independently of Koopman Theory in fluid mechanics and has
attracted significant attention in numerous research areas [25,26,28,32-34]. Its increasing
success results from its simple formulation in terms of a linear regression problem and
its close connection to Koopman Theory. DMD is an equation-free, data-driven approach
capable of spatio-temporal decompositions of complex systems without requiring explicit
knowledge of the governing dynamics [25, 26].

In the DMD community, the given observations are considered snapshots of an unknown
underlying dynamical system. The evolution of these snapshots describes the temporal
evolution of the underlying dynamical system. DMD aims at providing the best possible
representation of the temporal evolution through a linear dynamical system. First, the
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collected observations are arranged into two snapshot matrices

0 1
X" = X1 X9 ... X7-1]> X = X2 X3 ... XrT

Assuming uniform sampling in time, a minimization problem can be formulated as
A = argmin || X' - KX°| .
K
— X1 x0" (XOXOT> !

-
X0t

where ||-||  is the Frobenius norm and X" denotes the pseudo-inverse of the first snapshot
matrix. The resulting linear operator A is closely related to the Koopman operator
[25,26,32]. Spatio-temporal coherent structures are possible to determine from the linear
operator A using spectral decomposition. Given the assumption of linear dynamics of
the data, these structures describe the underlying dynamics of the data entirely. The
eigenvectors represent coherent spatial modes that oscillate over time. The frequency
and/or the growth or decay rate of the oscillation is described by the eigenvalues [25,26].
The eigenvectors and eigenvalues resulting from the spectral decomposition of the linear
operator A are therefore an approximation to the Koopman modes and the Koopman
eigenvalues [32]. However, high-dimensional data, e.g., from fluid mechanics, lead to
high-dimensional snapshot matrices X°, X! € RV*T, The calculation of the pseudo-
inverse and the spectral decomposition of these matrices with a large number of rows
becomes intractable. However, many high-dimensional complex systems are based on
low-dimensional linear dynamics [28]. Therefore, instead of considering the whole system,
DMD focuses primarily on the dominant eigenvalues and eigenvectors of the matrix.

For this reason, DMD applies a dimensionality reduction to the first snapshot matrix
i ook . . . .
XY oc UL~V . Thus, the linear operator of the original space is represented as

A = XIx0*
x X'V U,

where U € RV*M | 55 ¢ RV*M and V € RT*M result from the Singular Value Decom-
position (SVD). By appropriate choice of the dimension of the resulting latent space, a
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lower dimension results, i.e., M < N. However, the application of Spectral Analysis on
the high-dimensional linear operator of interest A remains a challenge. For this reason,
the dynamics of the low-dimensional space induced by SVD are considered. The spectral
decomposition takes place on the linear operator projected into the low-dimensional space
given by

A=UAU

—U'X'VE

Note that the reduced linear operator matrix A has the same nonzero eigenvalues as the
full matrix A, which is a key property [26].

The application of dimensionality reduction in DMD shows parallels to Latent Variable
Models (see Sections 2.2 and 2.6). While IVM frameworks, such as PCA, only decompose
the spatially correlated structure in the given data and ignore temporal information, DMD
also considers temporal information due to the spectral decomposition [25,26]. The
mapping to reconstruct the full state x from the lower dimensional state is done by

x = UX.
The spectral decomposition of the linear operator results in
AW = WA,

where the entries of the diagonal matrix A correspond to the eigenvalues, and the column
vectors W correspond to the eigenvectors. The eigenvalues from the low-dimensional
space correspond to the eigenvalues of the original linear operator and represent the DMD
eigenvalues [28]. They describe the time behavior of the linear dynamics behind the given
data. On the other hand, the eigenvectors describe the modes and therefore the coherent
spatial structures of the low-dimensional space. One way to obtain the DMD modes of the
original linear operator A is to straightforwardly apply the left singular matrix

® = UW,
where @ corresponds to the projected modes [32,33]. However, it is not guaranteed that

these modes correspond to exact eigenvectors of the original linear operator A and thus
to true DMD modes. Instead, one can reconstruct the eigenvectors exactly by

= X'V lUW,
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Figure 3.2.: In this figure, the Dynamic Mode Decomposition is represented from the
Koopman theory point of view. The observations y,, y;, -+, yr is the
data of the current unknown dynamical system. The invariant subspace is
spanned by the use of linear measurement functions x = h(y) = y. The
coordinates of the measurement functions on which the Koopman operator
acts are the given measurement data itself. Thus, the Dynamic Mode De-
composition operates directly on the given data under the assumption of a
linear dynamic behavior and represents a straightforward global lineariza-
tion [25].

?”—6

resulting in true DMD modes of the original data. It has been shown that these projected
eigenvectors in high-dimensional space are eigenvectors of the high-dimensional matrix
A [28]. Therefore, they represent true DMD modes of the original high-dimensional system
and represent the coherent spatial structures. The resulting spatio-temporal coherent
structures depicted by ® and A provide the means to represent the system state as a
data-driven spectral decomposition

M
Xt = 3 YA by = WA D,
m=1
where 1, and b, refer to the mth DMD mode in ® and a mode amplitude, respectively.
The vector b corresponding to all mode amplitudes is generally computed by a
b= \I’+X0,

where W™ represents the pseudo-inverse of the DMD modes. The decomposition enables
the reconstruction of the given observations, the prediction of future outcomes, and also
the control of the dynamical systems [25-27].
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The Dynamic Mode Decomposition framework provides a simple and effective data-driven
regression framework. It allows inferring spatio-temporal structures from given data
only, without any knowledge about governing equations or properties of the underlying
system [25,26]. Many modern systems exhibit high-dimensional, nonlinear dynamic
behavior and thus require nonlinear methods for modeling. However, they are based on
a low-dimensional, linear dynamical behavior describing the spatio-temporal change of
the high-dimensional data [26,28]. The use of DMD provides an important feature to
analyize and understand these dynamical systems, attracting much attention in various
research fields.

3.3. Dynamic Mode Decomposition on Nonlinear Observables

Given a sufficient amount of data, the DMD, on the one hand, provides accurate character-
istics of the underlying dynamical system, even for some nonlinear systems [25,26]. On
the other hand, the assumption of linear measurement functions, and thus working directly
with the given data Y, is restrictive. In many cases, the data given are not rich enough to
properly characterize the underlying system dynamics [29]. In Machine Learning, feature
mapping is usually applied to transform given data into a higher dimensional space where
Linear Algebra techniques are applicable [4, 6]. From the Koopman perspective, measure-
ment functions h(y) are indeed closely related to feature mappings. The measurement
functions can be seen as a mapping from the physical space in which the dynamical system
evolves nonlinearly to a linear feature space. The use of linear measurement functions in
DMD is therefore very restrictive, and the extension to more complex feature mappings
seems reasonable. A more extensive set of measurement functions, such as polynomials
or radial basis functions, results in an expansion of the invariant subspace and a better
approximation of the Koopman operator. The approximation of the operator gives a better
representation of the nonlinear characteristics of the underlying dynamical system [29]

The extended Dynamic Mode Decomposition (extended DMD) provides a regression frame-
work that incorporates a broader set of measurement functions and thus generalizes the
classical DMD [25, 26,29]. A set of M measurement functions & : RV — R is selected to
achieve a finite-dimensional approximation of the Koopman operator K. These measure-
ment functions span an invariant subspace Har C M in Hilbert Space (see Section 3.1).
The coordinates of the measurement functions in the induced M -dimensional vector space
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are defined by

hi(y)
ha(y)

hor(y)

where the measurement functions take the form of polynomials, radial basis functions,
etc. [29]. The resulting snapshot matrices, given by

further emphasize the extension of the observations. Like classical DMD, extended DMD
aims at minimizing the residual error defined by

T
1
A =argming 3 [[h(y)" ~ Kh(y, )|
t=1

— x1x0oT (XOXOT>_1
= GG,

where G, G; € RM*M_ The resulting approximation of the Koopman operator is closely
related to DMD under the assumption of simple linear measurement functions. The
extended DMD represents a finite-dimensional approximation of the Koopman operator
K, which describes the linear mapping in the invariant subspace ;. In this way, the
properties of the underlying nonlinear dynamical system are approximated, which is
described by the triple of Koopman eigenvalues, eigenvectors, and modes [29]. The
extended DMD offers two main advantages. The matrices Gy and G; are embedded
in RM*M " and consequently, the computational cost is determined by the number of
features [25,29]. It is particularly useful when a large amount of data Y and thus
snapshots of a dynamical system are given. Moreover, the computational cost of the
pseudo-inverse of size M x M is also determined by the resulting dimension of the feature
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space. For dynamical systems with a large number of given data, extended DMD thus
provides, on the one hand, the possibility to reduce the computational effort and, on the
other hand, to extend the spanned invariant subspace by a suitable selection of the feature
mapping. Due to this selection, the approximation of the Koopman operator improves and
hence the determination of the spatio-temporal characteristics of the dynamical system of
interest [29].

However, in dynamical systems with large state dimensions, the approximation of the
Koopman operator is challenging [25,26,30,31]. The use of DMD and especially extended
DMD, which increases the state dimension by selecting the feature mapping, becomes
impractical for such systems. Both methods suffer accordingly from the curse of dimen-
sionality [25]. Like Machine Learning, kernel Dynamic Mode Decomposition (kernel DMD)
considers a dual representation that achieves a decomposition of data from dynamical
systems with high-dimensional state spaces [30,31]. The kernel DMD framework circum-
vents the dimensionality problem by defining a kernel function that implicitly computes
inner products in the high-dimensional space of given observations. Assuming that the
dimensions of the data are larger than the number of given data, i.e., T'—1 < M, Singular
Value Decomposition can be used to decompose the initial snapshot into

—USV*,

where X,V € RT-Dx(T-1) and U € RM*T-1, Given that T'— 1 < M the range of
X° contains the range of A, and the eigenvalue problem takes place in a latent space.
The projection of the eigenvalues into the original space is given by w = Uw. The dual
formulation is based on the reformulation of the eigenvalue problem, resulting in

A - )

X0x0" x1lyy-1 AIU)x’fv

s lvexO xlve-l /\IU> W

=U | (='v) XX (VEY) AT | W,

-~

=A
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where the approximation of the Koopman operator is now calculable by A [25,30]. In
this way, the eigenvalue problem has been transformed into a low-dimensional latent
space. The computational cost is now defined by the number of the given data instead
of the feature space dimension [30]. The necessary quantities for the computation are
Go = X9 X0 ¢ RT-17-1 and G; = X" X! € RT-17-1 with V and X obtainable from
a spectral decomposition of G given by

G, = VI2V*,

The main advantage of the method is the possibility to apply the kernel trick [4,6]. A
closer look at the two outer product matrices, given by

h(Yo)Th(YO) T h(Yo)Th(YT—l)
éoz . . ’
_h(YTA)Th(Yo) T h(YTfl)Th(YTfl)
| h(y)"h(y) - h(y)"h(yp)
Gy = : : :
_h(YT—l)Th(Y1) T h(YT—1)Th<YT)

reveals that each element in both matrices corresponds to an inner product in the feature
space. Consequently, using the kernel trick, each inner product is replaceable by any kernel
feature. In this way, the kernel DMD framework presents itself as a nonparametric method,
where the complexity of the model increases with the number of given data [30, 31].

In summary, the search for suitable approximations of the Koopman operator and the
associated Koopman triples, which represent the spatio-temporal characteristics of given
dynamical systems, is a challenge in modern research [25-27,85,86]. DMD provided
a simple and efficient regression framework which was generalized by extended DMD.
An appropriate choice of feature mappings extends the invariant subspace and improves
the approximation [29]. However, these methods suffer from the curse of dimensionality,
which is an enormous disadvantage in fields such as fluid mechanics. Therefore, kernel
DMD provides a framework formulated in dual space and spans the invariant subspace
through kernel functions [30,31]. The complexity of this function increases with the
number of given data and not with the dimensionality. The search for suitable kernel func-
tions and feature mappings is an essential part of the current research. Especially modern
computational capabilities combined with Deep Learning provide a variety of techniques

37



and possibilities to develop satisfying expansions and thus improve the approximations of
the Koopman operator [85, 86].

3.4. A Probabailistic Interpretation of DMD

In the previous sections, the discussed DMD frameworks are purely data-driven regression
techniques. They entirely rely on experimental and numerical data. However, there is
a risk that the data is affected by sensor noise and other stochastic disturbances. These
disturbances potentially lead to errors in the approximations of the Koopman operator
and thus result in incorrectly characterized spatio-temporal structures of the data. In
the literature, several approaches have been proposed to address noisy data [51,87-89].
However, the majority of these proposed frameworks are based on deterministic models.
A more appropriate way to incorporate uncertainty and stochastic processes is to adopt a
probabilistic view (See Chapter 2). A probabilistic model offers the advantage of treating
the data statistically and hence explicitly accounting for noisy observations [51].

Let the following snapshot matrices, defined by

be considered where, similar to Section 3.3, M selected measurement functions h : RY —
R induce an M-dimensional vector space through the coordinates, given by

hi(y)
ha(y)

har(y)
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Any snapshot, e.g., h(y,) and h(y,), defined by

h(y;) = Z Dk(Y¢) Vi
k=1

= Mok(Yi) Vs
k=1

is representable by the Koopman triple (\g, ¢x(y;), vi) written [24]. The eigenmodes
vi and eigenfunctions ¢, denote the coherent spatial structures. The eigenvalues )
characterize the evolution of a snapshot over time. A concatenation of the two snapshot
matrices

implies an extension of the vector space in R?M, Let K < oo define the dimensionality of
a finite-dimensional invariant subspace in which all snapshots of X are contained. In this
way, the following matrix product takes the form

~ Vv
X = oY), 3.1
VA
N——
B
where A = diag(\1,- -+ , Ak ) represents a diagonal matrix. V = [vy, -+, v] is a matrix

connecting all eigenmodes, and ®(Y), given by,

o1(yo) - d1(yr—1) | | |
o(Y) = : : = |o(yo) o(y1) - dyr-1)|>
¢x(yo) -+ Ox(yr—1) | | |
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consists of discrete-time snapshots of the eigenfunctions. Thus, the formulation of Equa-
tion (3.1) provides a way to represent the given snapshots of the extended snapshot matrix
by the Koopman eigenvalues, eigenmodes, and eigenfunctions [51].

Assuming that the reformulated Equation (3.1) is affected by independently and identically
distributed drawn additive noise €; ~ N(0, 0%I), the deterministic framework becomes a
probabilistic one. The assumption of i.i.d.-drawn noise for a single snapshot is expressible
by

it = B¢(yt) + €t.

In this way, a likelihood function is obtained

T-1
p(X) =[] eV (% | Bo(y,),0°T), (3.2)

t=0

which forms the basis for the Bayesian Dynamic Mode Decomposition (Bayesian DMD) [51].
This formulation provides a natural view of observational noise and thus explicitly accounts
for it. Since the Koopman eigenvalues and eigenfunctions can have complex values, a
complex normal distribution CN (-) is generally assumed. Based on the likelihood of
Equation (3.2) and an appropriate choice of prior distributions, Bayesian DMD formalizes
a Probability Density Model. This Probability Density model brings the advantages
of the Bayesian formulation to DMD [51]. In order to infer the best possible values,
Gibbs sampling is applied [51]. The Gibbs sampling results in satisfactory samples from
the true probability density model. For noisy data, the maximum likelihood solution
of the probabilistic model is equivalent to the solution from noise-aware deterministic
methods [51]. In the case of noiseless data and hence where o2 — 0, the MLE solution
is equal to the optimal solution from classical DMD [51]. The probabilistic formulation
results in satisfactory approximations of the Koopman eigenvalues, eigenfunctions, and
eigenmodes, and thus achieves a good decomposition into coherent spatio-temporal
characteristics.

Although this approach seems appealing, it also has its drawbacks similar to extended
DMD. On the one hand, an appropriate set of measurement functions has to be selected.
The performance of the approximation is related to the choice of this set of measurement
functions. Like extended DMD, the probabilistic framework also suffers from the curse
of dimensionality. On the other hand, the method’s optimal solutions include complex
eigenvalues that do not necessarily have a complex conjugate couple. In linear dynamical
systems, however, complex eigenvalues always appear as a pair and thus are always
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conjugate complex. This issue is why in this work, the Koopman operator is approximated
and subsequently a spectral decomposition is performed. In this way, the resulting complex
eigenvalues are guaranteed to appear as complex conjugate pairs.
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4. Gaussian Process Dynamic Mode
Decomposition

In the following sections, two central components of this thesis Gaussian Process Dynamic
Mode Decompositions (GP-DMDs) and Bayesian Gaussian Process Dynamic Mode Decomposi-
tion (Bayesian GP-DMD) are presented. Koopman Theory, explained in chapter 3, aims to
decompose arbitrary dynamical systems into spatio-temporal coherent structures [24].
Methods such as DMD, extended DMD and kernel DMD approximate these spatiotem-
poral characteristics based on selected measurement or kernel functions [28-31]. The
underlying principles of these techniques show strong similarities to continuous Latent
Variable Models, e.g., Principle Component Analysis and Factor Analysis [25,26]. The
contribution made in this chapter is the introduction of a probabilistic dual prespective to
the DMD family. The advantages of probabilistic methods are combined with those of
the kernelized methods. Similar to how Gaussian Process Latent Variable Models (see
Section 2.6) formalize a dual approach to various continuous LVMs, a dual perspective to
the DMD family is proposed.

Section 4.1 introduces State-Space Models (SSMs), which are continuous LVMs where a
Markov sequence is assumed in latent space [6]. These frameworks enable the modeling
of a variety of time series data and belong to Time Series Modeling, also known as
System Identification [6,52-54]. They enjoy great popularity and have been extensively
applied in many disciplines, from science and engineering to finance and economics and
beyond [53,54]. Special variants of this family are the Gaussian Process State-Space Models
(GP-SSMs). These models assume a Gaussian Process over the possible transition functions
and/or observation functions [54-60]. They provide the essential framework needed for
modeling the dual approach to the DMD family.

Based on the GP-SSM framework, the dual perspective on the DMD family is presented in
Section 4.2. Due to this combination of GP-SSM and DMD, the introduced algorithm is
referred to as Gaussian Process Dynamic Mode Decompositions (GP-DMDs). It aims at
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estimating a stationary linear Markov sequence in the latent space, while a GP describes
the relation to the given observations. On the one hand, it provides a probabilistic view
of the Koopman Theory while naturally accounting for uncertainties and noise. On the
other hand, the Gaussian Process formalization leads to a kernelized method and hence
to a nonparametric Bayesian method [4,6]. From the Koopman perspective, the approach
does not rely on mapping from the observations to the invariant subspace. Instead, the
GP describes the inverse mapping from the invariant subspace back to the observations.
Eventually, a Maximum A Posteriori probability estimate is proposed to estimate suitable
parameters for the Gaussian Process, the linear trajectories in the latent space, and the
corresponding linear operator. The estimated linear operator can be used to describe the
spatio-temporal properties in the latent space.

According to Koopman Theory, an invariant subspace, in which the system evolves linearly,
can have a higher dimensionality than the original space from which the observation
originates [24,25]. Unfortunately, as discussed in Section 2.2, continuous LVMs suffer
from the effect of overfitting [4, 6]. Section 4.3, therefore, extends the probabilistic
generative model using a fully Bayesian formalism introducing Bayesian Gaussian Process
Dynamic Mode Decomposition (Bayesian GP-DMD). The Bayesian GP-DMD formalization
aims at mitigating the effect of overfitting, thus tackling a central drawback of Gaussian
Process Dynamic Mode Decompositions (GP-DMDs). The formalization of an Evidence
Lower Bound allows the application of VI or VB. Therefore, using Probabilistic Inference
on the derived fully Bayesian model results in approximated posterior distributions over
the linear operator and the linear trajectories in the latent space.

4.1. Gaussian Process State Space Models

The family of State-Space Models (SSMs) from Time Series Modeling is an established
paradigm that provides model-based frameworks for analyzing and studying time series
data [4,6,52-54,56,57]. They are an extension of continuous LVMs (see Section 2.2),
assuming dynamic dependence in latent space. SSMs are closely related to the family of
Hidden Markov Models that assume a discrete latent space [4, 6]. The Markov property is
a central assumption in this context, where the latent variables form a Markov sequence
or Markov Chain [4, 6,53]. This property states that the prediction of a state z;;1 at
time ¢ solely depends on the current state x; [2,4,6]. Therefore, it induces conditional
independence which embodies a form of memorylessness. The entire past and thus the
history up to x is irrelevant for predicting the next state z;, if z; is given [4, 6, 53].

43



) é I Xj fo f XTg
_/

Figure 4.1.: The given graphical models shows a classical State-Space Models. SSMs
are primarily used to derive a recursive estimate of the underlying Markov
sequence. The blue shaded nodes represent the given time-series obser-
vations y,, - -,y from a stochastic process. The white nodes represent
the unknown latent states of interest x¢, - - - , x7. The functions f(-) and g(-)
are defined as transition and observation functions, respectively, and show
the dependencies between the states through the edges. The figure illus-
trates the well-known Markov property from which the Markov sequence in
the latent space is formed. This property indicates that each latent variable
depends solely on the previous state and not on the entire history. [6]

eba

The time sequence y,, --- ,y, € RV denotes some given observations, and xq, - - - , X7 €
RM are the corresponding latent states. The underlying generic model for SSMs formally
corresponds to

Xi41 = f (Xt,ut, €t>7

Y=g (Xt7 Uy, 615) )

where f(-) and g(-) are the predefined transition and observation models, respectively.
The observation model is occasionally referred to as the emission model [54,58-60]. To
achieve a probabilistic representation, the parameters € and § correspond to some system
and observation noise. Input values occurring during the process, e.g., representing control
signals, are accounted for by ug, - - - , ur € R™. However, the focus of this work does not
lie in controlling a system, but rather in learning an underlying stationary dynamical
system solely from observations, which makes these variables irrelevant for this work.
Therefore, they will be left out for convenience in the rest of this thesis.

Likewise, the generative Probabilistic Density Model of an SSM is formalized by

T

p(X,Y) = p(x0)p(yo | x0) [ [ ot | x-1)p(y, | %0), 4.1)
t=1
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where the latent states and observations are summarized in X € RM*T and YV*T,
respectively. A graphical model of the Probability Density Model (see Equation (4.1)) is
represented in Figure 4.1. Such graphical models provide a straightforward way to visualize
the underlying structures of probability models [2, 4, 6,69]. Hence, the Figure illustrates
the dependencies and relationships of the generative model in Equation (4.1). The blue
shaded nodes represent the given time series data Y, while the white ones represent
the latent states X. Edges represent the dependencies induced by the observation model
g(-) and the transition model f(-). A variety of techniques based on SSMs have been
proposed [2,4,6,52-54,56,90,91]. On the one hand, to primarily infer estimates of the
state sequence in the latent space. On the other hand, to also learn the observation and
the transition model.

The family of the Gaussian Process State-Space Models (GP-SSMs) is a subset of the SSMs
[54-60]. These models integrate the ideas of GPs (see Section 2.4) into the family of SSMs.
Instead of defining a parameterized transition or observation model, these techniques
utilize the concepts of GP and hence perform nonparametric modeling [54]. For this
reason, two Gaussian Process priors are adopted

f(X) ~ 977(0, kf(xv Xl))a
g(X) ~ QP(O, kg(X, X,>)7

either over the transition model or the observation model, or even both. For example, the
Gaussian Process Latent Variable Model discussed in Section 2.6 with a corresponding
Markov sequence in latent space belongs to the family of Gaussian Process State-Space
Models (GP-SSMs). The resulting probability density model considering GP priors over the
transition and observation models is

p(Y,G, X, F) =p(yo | 80)p(fo [ x0)p(x0)p(G | X)

T

HP(Xt | fo)p(fe | xe—1,0)P(ye | &),

t=1
where F = [fy,--- ,fr] € RM*T and G = [gg,---,g;] € RV*T denote the function
outputs. For clarity, the expression x;_;... o refers to the collection of x;_1,--- ,x¢. The

outputs of the observation model G depend on the entire latent state sequence due to
GP. In addition, the output of the transition model f, at time ¢ depends on the entire past
X¢—1,...,0. Thus, using GP with SSMs generally violates the Markov property [54].

Nevertheless, much research has been done addressing various types of GP-SSMs. On
one side, they have been focusing on the modeling of the observation models using GP.
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Here, the formulation of the transition function and thus the latent space differs. Markov
chains [55], linear Gaussian Processes [56,57,92], or time-dependent parametric models
are considered [47-49]. The latter methods simplify the modeling of the latent space
due to the dependence on time, however, with the consequence that stationary state
transitions cannot be modeled [54]. On the other hand, the interest of many methods is
the modeling of the transition function [54,58-60,90,91,93,94]. Those methods focus on
a GP prior over the transition function where the observation function is usually defined
as a parametric model.

4.2. Gaussian Process Dynamic Mode Decomposition

The Gaussian Process Dynamic Mode Decomposition (GP-DMD) is a mathematical framework
that adopts a dual perspective on Koopman Theory and the DMD family. It combines
the GP-SSM framework and the DMD. On the one hand, it enables an intuitive way to
incorporate noise and uncertainty due to the probabilistic formulation [4,6]. On the other
hand, it takes advantage of the kernelized formulation and the kernel trick, resulting
in a nonparametric Bayesian method [4, 6]. GP-DMD aims to estimate a stationary
linear dynamical system in a latent space represented by a Markov sequence. Instead of
considering a mapping from the given observations into a latent space as in Koopman
Theory, the inverse mapping from the latent space back to the observations is modeled.
Therefore, a Gaussian Process prior

g(X) ~ gP(O, k(X, X/)),

over the observation model of the system is assumed. The transition model is formulated
as a stationary linear operator f(-) = A. The generative Probability Density Model is
accordingly formalized as

T
p(Y,G,X) =p(Y | G)p(G | X) p(xo) [ [ (x| x1-1, A), (4.2)

P(Y.GIX) =
where G = [gg, -+ ,g7] € RY*T denotes the outputs of the GP. The observations are
collected in the matrix Y = [y,, - ,yr] € R¥*?. Accounting for some noise, the

dependence between given observations and the outputs of the observation model is
described by a Gaussian likelihood function p(G,Y). The matrix A corresponds to the
linear operator in the latent space. This operator approximates the Koopman operator
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and thus the spatio-temporal characteristics in the latent space [24]. Figure 4.2 visualizes
this generative Probability Density Model. The blue shaded and the white nodes represent
the given time series data y, - - - , y and all unknown latent variables, respectively. An
auto-regressive structure resulting from the Gaussian process is denoted as a thick black
line, implying that g, depends on g, -- ,g;_; and xq,--- ,x;. The small black nodes
correspond to the hyperparameters of the given Probability Density Model.

Learning from Demonstration

In order to infer estimates for the unknown random variables and compute optimal
hyperparameters, the inference problem of the Probability Density Model is transformed
into log-space and hence into an optimization problem. For this purpose, the observation
model represented by GP is marginalized

N
oY 1% = [ [[#(Yn Ga 1 X)dG,
n=1
N
~ I [ #(¥s 1 )0P(G, | 0. Kxx) dG,
n=1
N
- H //\/(Yn | G, Ay 'DN(Gy, | 0, Kxx) dGy,
n=1

N
= [[N(Yn 10, Kxx +A;'T),
n=1

and leads to a direct dependence between the given observations Y and the latent states
X [56,57,92]. Due to its Gaussian nature, this marginalization is done analytically
in closed form [2,4,6]. N independent Gaussian processes represent the dependence
between Y and X. Each dimension n is considered independently, where Y,, corresponds
to the nth row of the matrix Y. The marginalization achieves an optimization considering
the uncertainty and variability of the possible functions g(-) [6]. Hence, the probability
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Figure 4.2.: The graphical model visualizes the Probability Density Model of the derived

Gaussian Process Dynamic Mode Decomposition. The blue shaded nodes

represent the given observations y,, - - - , y,. White nodes correspond to the
unknown latent variables. The sequence of states of interest in the latent
space is given by x¢, -+ ,x7. g, -+ , g describe the outputs of the Gaus-

sian process function corresponding to the observation model. The linear
operator is given by A. The thick black line denotes an auto-regressive struc-
ture within the Gaussian process, implying that g, dependson g, --- ,g;_;
and xgq, - - - ,x;. The small black nodes correspond to the hyperparameters
of the given Probability Density Model. In this case, they represent the preci-
sion values of the Gaussian distributions.
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density model changes to

p(Y,X,A) = p(Y | X)p(X,A)p(A)

N M
= HN(Yn |0, Kxx + A, 'T) H N(ay, | 0,2;'T) (4.3)
m=1

n=1

T
N(xo | 0,250 [TV Gxe | ATx-1, AT,
t=1

where Ay, Ao, Ax, A\a € R correspond to the precision values. A prior distribution p(A)
over each column of A is introduced to incorporate prior knowledge of the linear operator
into the system naturally. For conciseness, the parameters of interest are written as
O = {X, A, )y, o, Ax, Aa}. The Probability Density Model is then transformed into the
log-space

£(©,0) =logp(Y, X, A | Ay, Ao, Ax, Aa, 0)
=1logp(Y | X, Ay, 0) +1ogp(X | A, Xo, Ak, 0) +1og p(A, Na, 0),

TV VT
=L£1(Y,X,)\y,0) =L2(X,A X0,2x,0) =L3(A,\a,0)

where the resulting loss function £(®, 6) breaks down into three separate parts. The first
part on the rh.s. £1(Y,X, Ay, 6) describes the observation model and thus depends on
the observations seen Y, the latent state X, the corresponding precision value )\, and
the hyperparameters for the kernel matrix 6. It formalizes

,Cl(Y,X7)\y,0) = IOgP(Y ’ Xa 0)

N
=log [J V(Y. | 0,Kxx(6) + A, 'T)
n=1

N ~ 1 ~
iy IOg’KXX(B)‘ — 5T (Kxx(a)_lYYT> ;

where all values that do not depend on the parameters of interest are represented by a
constant value c. The sum of the kernel matrix and the inverse of the precision value form
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Kxx(0) = Kxx(0) + Ay 1. Then the second part of the loss term resolves to

*CQ(XaAv )\07)‘X50) = lng(X | A,O)

M g (T-1)M 1Ao7
=c— ?log‘)\o ‘ — #log‘)\x ‘ — 5 X0Xo
_ %T&" (XlxlT _2ATXOX! 4 XOXOTAAT) ,

where again, ¢ corresponds to all constant terms. L2(X, A, \g, Ax, 0) represents the linear
dynamical system in latent space and depends on latent states X, the stationary linear
operator A, and the precision values \g, \x. Similar to Chapter 3, X" = [xq,--- ,x7_1] €
RM*T=1 and X! = [x1,--- ,x7] € RM*T~! denote the snapshot matrices. The last part
of the loss term corresponds to the

£3(A7 Aaa 9) = logp(A7 9)

M
= log H N(am ‘ 0’)\;11)

m=1

2
=c— M710g})\;1‘ - %Tr (AAT),

induced by the prior distribution p(A). Thus, it depends solely on A and the precision
value \,. Eventually, the logarithm of the Probability Density Model transforms into

‘C(Q’ 0) = ‘Cl(Yv Xa )\ya 0) + EQ(X7 Aa )\07 )\xa 9) + ‘CS(Av >\a7 0)
1
_ —2[—M10g\)\0| (T = 1)Mog M| — M2log |\ (4.4)
+N log‘KXX(H)‘ Ty (f{xx(e)—lYYT )
4 A Tr <X1X1T _9ATXOX!" 4 XOXOTAAT>
+ Aoxg X0 + AaTr (AAT)],

which corresponds to an optimization problem. The constant ¢ collects all terms not
depending on © and 6. Maximizing £(®, ) is equivalent to maximizing the Probability
Density Model, as discussed in Equation (4.3) [2,4, 6]. However, it is important to keep
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in mind that the GP-DMD framework only achieves point estimates of £(®, 8). The loss
function £(©, 0) enables the use of vanilla gradient descent methods to

O*, 0" = argmax L(©,0),

to achieve optimal estimates for ®* and 6" [4, 6]. This optimization problem can be
grouped into two parts based on gradient calculations. On the one hand, in gradient
calculations, which are analytically and in closed-form calculable. On the other hand, in
gradient calculations, which need numerical differentiation frameworks since no closed-
form generally exists. Similar to the linear operator A, prior distributions in the form of
Gamma distributions Gam(-) (see Appendix A) for the precision values Ay, Ao, Ax and A,
are assumed. With the use of Gamma distributions, additional regularization parameters
are introduced. For example, a Gamma distribution prevents division by O and thus
stabilizes the optimization. In the following, the closed-form solution for the optimal
linear operator A is derived first, followed by closed-form solutions for the precision values
Ao, Ax and A,. In the end, the final loss function is given depending on the parameters
for which there is no closed-form solution. These parameters include the latent state
sequence X, the observation precision value \y and the kernel parameters 6 provided.

Optimal Linear Operator A*

In order to estimate the optimal linear operator A* corresponding to the stationary linear
dynamics of the trajectories X in the latent state, the gradient w.r.t. A is taken as

gi — AXOXY A XOXOTA + A AAT

!
=0.

The gradient is then used as a basis for the estimation of the optimal linear operator A*.
By setting the gradient equal to zero and reformulating the given equation

~1
A* = (XOXOT + i‘") XOx (4.5)
the closed-form solution is obtained, which corresponds to a ridge regression with the ridge
parameter \,/\x [4,6]. The given solution in Equation (4.5) shows great similarities
to the classical DMD framework (see Section 3.2). However, the complementary prior
distribution p(A) leads to a MAP estimation and thus to an additional regularization
parameter expressed by the ridge parameter A,/ Ax.
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Optimal Precision Value \},

For optimizing the precision value \g associated with the noise of the initial latent state xg,
an additional Gam (Ao | «o, So) is applied with the hyperparameters ag > 0 and 3y > 0.
The gradient of the loss function is taken w.r.t. Ag to obtain the optimal precision value,
resulting in

oL _M+20éo—2

— LT
Do o X0t
|
=0.
Setting the gradient equal to zero leads to the optimal solution
M +2ap — 2
Ny = ot 2 (4.6)
Xy X0 + 250

The optimal solution, which depends on the number of samples M and the outer product
of the initial state xq. In addition, due to the prior distribution, it also depends on the
predefined hyperparameters o and fyp.

Optimal Precision Value \}

To optimize the precision value \x, which describes the noise of the sequence in the latent
space X, a Gamma distribution Gam (\x | ax, fx) with the hyperparameters o > 0 and
Bx > 0 is additionally used. Taking the gradient of the loss function w.r.t. Ax

P 2 i

1
+ 5T (XlxlT —2ATXOXY 4 XOXOTAAT )

!

=0,
provides the optimal precision value
v (T — )M + 2ax — 2
X

- . . . . (4.7)
Tr (Xlx1 —2ATXOX!T 4 XOXO AAT) + 28,

The parameter \; depends on the number of samples M, the linear operator A and
the two snapshot matrices X” and X'. Moreover, due to the prior distribution, \* also
depends on the given hyperparameters oy and fx.
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Optimal Precision Value \}

The optimal precision value A}, which represents the variability and uncertainty in the
estimation of A, is also optimized using a Gamma distribution Gam (Aa | aa, 5a) With the
hyperparameters o, > 0 and 5, > 0. Like A\j and A}, the gradient of the loss function is
taken w.r.t. \4

oL M? 4+ 20, —

O0Aa 2Xa

2 1
+5Tr (AAT) + B,

!
=0,
to obtain the optimal precision value

\F M? + 20, — 2
T (AAT) + 28,

(4.8)

depending on the number of samples N and the linear operator A. It also depends on the
given hyperparameters «, and f,.

Optimal Latent State X", Precision Value )\; And Kernel Hyperparameter 6"

For the optimal values of the sequence in the latent space X*, the precision value A},
and the kernel hyperparameters 8*, no closed-form solutions generally exists. Therefore,
the gradients are determined using numerical computational methods. The loss function
utilized, subject to all parameters of interest, is given by

L(X, )y, 0) = [N log‘ﬁxx(é’)‘ +Tr (RXX(O)—lYYT) (4.9)

1
2
AT (XX - 247XOX! 4+ XX AAT)

+ )\oxgxo — (ay —1)log Ay + ,By)\y] +c,

with all irrelevant terms collected in c¢. Similar to A\j, Ay and A} the loss function is
extended by an additional Gamma distribution Gam (\y | ay, 8y ) over the parameter )\,.
On the one hand, the loss function aims to provide the optimal parameters for the given
observations. On the other hand, nonlinear dynamical behavior in the latent space is
penalized. The precision value A% can be seen as a regularization that adjusts the priority
of the linear dynamical behavior.
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Reproducing Demonstration

In order to reconstruct demonstrations in the observation space based on the optimized
parameters ®* and 0, the trajectories in the latent space X* are considered first. The
estimation of the optimal linear operator A* is used to achieve a decomposition into
the spatio-temporal characteristics. Thus, the different trajectories in the latent space
can be analyzed and reproduced based on these characteristics. The decomposition is
similar to the classical DMD (see Section 3.2) using spectral decomposition and results in
corresponding eigenvectors, eigenvalues, and amplification factors. These characteristics
enable the modification and prediction of the resulting time-series data in the latent space
(see Section 3.2).

Eventually, to construct trajectories in the observation space based on the estimates in the
latent space, the predictive distribution is taken into account, as discussed in Section 2.4.
This distribution is given by

* * ~—1 ~ —1
p(G" [ X", X,Y) = N(KX*XKX,XYTvKX*X* - KX*XKx,xKXX*),

omitting the kernel hyperparameters 6. Thus, assuming some given observations Y at
certain time points and the corresponding states X in the latent space, trajectories G* in
the observation space are predictable for the given inputs states X*. The calculation of
the natural parameters of the predictive distribution is done in Equations (2.6) and (2.7)
in Section 2.4.

4.3. Bayesian Gaussian Process Dynamic Mode Decomposition

According to Koopman Theory, an invariant subspace, in which the system evolves linearly,
can have a higher dimensionality than the original space from which the observation
originates [24,25]. Unfortunately, continuous IVMs and hence the derived Gaussian Pro-
cess Dynamic Mode Decomposition suffers from the effect of overfitting [4,6]. Therefore,
Bayesian Gaussian Process Dynamic Mode Decomposition (Bayesian GP-DMD) is introduced
to extend the Probabilistic Density Model using a fully Bayesian formalism. On the one
hand, the Bayesian GP-DMD framework aims at mitigating the effect of overfitting, thus
tackling one central drawback of Gaussian Process Dynamic Mode Decompositions (GP-
DMDs). On the other hand, the formalization enables the application of VI or VB, leading
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to approximations of the posterior distribution over the linear operator A, the trajectories
in the latent space X, etc.

One central problem of the Probability Density Model used for GP-DMD in Equation (4.3)
is the auto-regressive structure induced by the Gaussian Process. Under marginalization,
this structure leads to a dependence of the observations Y on the latent states X and
poses a problem in deriving a fully Bayesian approach [50, 54,59]. Therefore, based on
the Bayesian formalism of GP-LVM discussed in Section 2.7, the literature has proposed
convenient ways to use sparse GP techniques to achieve an ELBO and hence approximate
a fully Bayesian formalism [43, 46, 50, 54,59, 77]. On the one hand, the use of inducing
pairs (U, Z) resolves the auto-regressive structure implied by the GP observation model.
On the other hand, it reduces the computational complexity, as discussed in Section
Section 2.7. The matrices U = [u,--- ,u] € RV*P and Z = [z, - - ,z] € RM*P are the
inducing variables and the corresponding inducing inputs, respectively. The Probability
Density Model introduced in Equation (4.2) leads to

p(Y7 6) - p(Y7 X7 G7 U7 A7 )\Xv AO; Ay7 /\a)
= p<Y7 G7 U7 )\y | X)p(Xa Av Ax, )‘07 )\a)
=p(Y, G, U, Ay | X)p(X, Ax, Ao | A)p(A, Aa), (4.10)

where the inducing pairs are considered. As discussed in Section 2.7, the inducing inputs
form variational parameters. These variational parameters and the hyperparameters, e.g.,
from the kernel function, are omitted below for conciseness. The Probability Density
Model in Equation (4.10) also considers the precision values A\«, Ao, Ay and A, as random
variables. The first term of the loss function corresponds to the observational model and
is therefore extended by the inducing inputs. It forms

T

p(Y, GvUv )\y | X) = Hp(yt’gt’U | Xv)‘Y)p()‘Y)
t=0

T
= TIp0e | 8 A )p(e: | U X)p(U)p(Ay)
t=0

T

HN(Yt | gt,)\;lI)N(gt | C/U,Dy)
t=0

N

HN(un ’ OaKZZ)Gam()‘y | ay»ﬁy)a

n=1
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where two operatores are given by C; = K;zK,, and D; = Ky — K;z7K,,Kz;. The
abbreviations for the kernels are Kzz = K(Z,Z), Ky = K(x¢, %), Kiz = K(x¢,Z), and
Kz: = KI,. Because of the inducing inputs and the associated conditional independence,
an output g, of the observational model depends on the inducing inputs U and solely on
the latent state x; at time ¢. The operator D, represent the covariance matrix describing
the posterior variance between the output g, of the observation model and the inducing
variables U. The remaining terms on the r.h.s of the probability density model correspond,
on the one hand, to the linear dynamical system in the latent space,

p(X>)‘xa A0 | A) = p(X | Aa )\X7)\0)p()‘xv)‘0)

T
= p(xo0 | Ao) HP(Xt | xt—1, A, Ax)p(Ax; Ao)
t=1

T
=N(xo | 0,2 D [N (xe | AT 1, 2.'T)
t=1
Gam(Ao | ao, fo)Gam(Ax | ax, Bx),

and, on the other hand, to the prior distribution over the linear operator

M
P(A, Na) = H p(am | Aa)p(Aa)

m=1

M
[1 V(am [ 0,3 T)Gam(Aa | ca, Ba).
1

m=

A graphical model visualizing the initial Probability Density Model of the derived Bayesian
Gaussian Process Dynamic Mode Decomposition without the inducing inputs is shown in
Figure 4.3. The blue shaded nodes corresponds to the given observations Y while the white
nodes represent the unknown latent variables of interest ®. The thick black line denotes
the problematic auto-regressive structure, implying that g, depends on g, --- ,g;_; and
X, - - , X¢. However, the use of the inducing pairs resolves this auto-regressive dependency,
as discussed previously. In the following, the learning procedure for the latent variables ®
and the variational parameters and hyperparameter collected in 6 is considered.
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Figure 4.3.: The graphical model visualizes the Probability Density Model of the de-
rived Bayesian Gaussian Process Dynamic Mode Decomposition. The blue
shaded nodes represent the given observationsy,, - - - , y,. White nodes cor-
respond to the unknown latent variables. The sequence of states of interest
in the latent space is given by x, - - - , x7. g, - - , g describe the outputs of
the Gaussian process function corresponding to the observation model. The
linear operator is given by A. The precision values of the assumed Gaussian
distributions are depicted by Ay, Ao, Ak, Aa. The thick black line denotes an
auto-regressive structure within the Gaussian process, implying that g, de-
pends on g,,--- ,g;_; and xg,--- ,x;. The small black nodes correspond
to the hyperparameters of the given Probability Density Model. In this case,
they represent shape and rate parameters for Gamma distribution Gam (-)
and the degrees of freedom and the scale matrix for a Wishart distribution

W ().
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Learning From Demonstration

The optimization of the fully Bayesian approach utilizes Variational Inference or Variational
Bayes techniques, and consequently, an Evidence Lower Bound is first formulated [50, 54,
59]. In analogy to Section 2.3, the ELBO is given by

logp(Y [ 6) = /q(G)logp(i’(g)'md@

- (o5

« EELBO(Q(Q)a 0)7

extending the marginal log-likelihood with a variational distribution ¢(®). The operator
(f(+)) corresponds to the expected value w.r.t. this variational distribution. For the
variational distribution concerning the outputs of the observational model, the specific form
of the original GP from the Probability Density Model (see Equation (4.10)) is assumed.
As a result, the following factorization is obtained under the mean field assumption

T

9©) =[] 9@)=]]rU0.x) [ a®©).

@iée t=0 @lee\{G}

Hence, no specific functional forms are chosen for the remaining latent variables. Those
functional forms will arise naturally based on the chosen structure of the likelihood
functions and the corresponding conjugate priors during this section [4, 6].

The ELBO leads to

Liso(9(0©),0) = — KL(g(Ay) [| p(Ay)) — KL(g(Mo) || p(A0)) — KL(g(Ax) [| p(Ax))
—KL(q(U) | p(U)) = KL(q(A)g(Aa) || (A | Aa)p(Xa))
H(q(X)g(Xo) || p(x0 | Ao)) + H(g(X) || ¢(X))

T
+ <10ng Yi | 86> A >
t=0 (G, U,X,\y)
T
+ <10ng(Xt ‘ Xt—17A7)\x)> 5
(X,A )

t=1
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where KL(- || -) and H(- || -) describe Kullback-Leibler divergence and cross-entropy, re-
spectively (see Appendix B). A closer look at the expectation value over the log-likelihood
of the seen data

T T
<10ng(Yt | gt7)\y)> = <Z (log p(y: | & )\y)>p(gtu,x)> )
q(G,UX,\y)

t=0 t=0

=G q(UX )\y)

w.r.t. the variational distribution ¢(G) results in an analytic closed-form solution due to
its Gaussian nature. This analytic calculation of

C1 = (logp(y, | 8 )\y)>p(gt|U,X)

= /P(gt | U, X) log p(y; | gta)‘y)dgt

= /N(gt | C/U,Dy) log N (y,; | &, Ay 'T) dg;

Ny

= log'/\/(yt ‘ CtU7 A;l]:) - Tr(Dt)a

leads to an additional penalty term —N ), /2Tr(D;) induced by the inducing pairs, similar
to Sections 2.5 and 2.7. This term corresponds to the posterior variance between the
inducing variables U and the given observations Y [54, 77, 80]. Eventually, the ELBO
results in

Lipo(q(©),0) = — KL(g(Ay) [| p(Ay)) — KL(g(Mo) | p(M0)) — KL(g(Ax) || p(Ax))
—KL(¢(U) || p(U)) — KL(g(A)g(Xa) [| p(A | Xa)p(Aa))
— H(g(X)q(Mo) || p(x0 | Xo)) + H(q(X) || ¢(X))

+ <logH/\/'(yt | CU, M\ 'T) >

t=0 (X,U,\y)
T
+ <long(xt | x¢—1, A, Ax) >
t=1 (X,A\x)
N
-(Sprmm))
2 4(X2y)
where D. = K.. — K.zKzzKz. generalizes the expression of D, for all time steps.

The KL divergences provide regularization parameters ensuring that the variational dis-
tributions stay close to the pre-assumed prior distributions. The cross-entropy term
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H(q(X)q(Xo) || p(x0 | Ao)) prioritizes initial states x; in the latent space, which are very
likely according to the selected prior. The subsequent entropy term H(¢(X) || ¢(X)) penal-
izes too narrow variational distributions ¢(X) [54]. The latter two terms, not discussed
earlier, represent expectation values over two likelihood functions. On the one hand, the
former guarantees that observations Y are taken into account during optimization. On
the other hand, the second one ensures linear dynamical behavior in the latent space.
Consequently, the ELBO results in an optimization procedure

¢ (®) = argmax Lgpo(q(0),0),
1(®)

0" = arg;ﬂaX»CELBO(q*(G)70)7

similar to Section 2.3. In the following, the optimal variational distributions are first
derived utilizing the Calculus of Variation and Euler Lagrange [3,4,6,54,59]. Then, the
optimization of the variational parameters and hyperparameters is discussed.

Optimal Variational Distribtuion ¢*()\,)

In order to obtain an optimal estimate for ¢()y ), the derivative of Ly ,(¢(@®), ), is taken
w.r.t. ¢(Ay) and set equal to zero, leading to

T
OLuso _ log py) <N/\yTr(D:)> + (log [N (y: | CUL A 'T)
9q(Ny) q(Ay) 2 a(X) =0 (X, U)

= log PLy) —-1- <N/\y (D:)>

q(Ay) 2 q(X)
- 1 N)\y T ~—1
+ (log N(Y | Gt Ay D)) — = <Tr (C: CAu )>q(X)
Lo,

where C. = K 7K, generalizes C; over all time steps. The mean matrix fiy; (see Equa-

tion (4.21)) and a precision matrix KU (see Equation (4.22)) are the natural parameters
of the optimal variational distribution ¢*(U). Considering the exponential space, the
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optimal variational distribution

X NA
q*(Ay) o exp <log Gam (\y | ay, By) — < Y (D:)>
a(X)
+ (g N(Y | Cirs Ay ') ) — 5> ( DT (c: C.Ay )
s=1 a(X)
206, — 2 2 N
X exp Llog|)\y| _ 2y _ )\yTr(D:)
2 2 2 4(X)

TN )\y - ~ \T
+ TN log|Ay| — o <(Y - C.py) (Y - C.uy) >q(X)

- n(erend)),, )

takes on the form of a Gamma distribution

7" (\y) o< Gam ()\y | &y,§y> ,

with natural parameters

&, — TV t2ay ;f 20y 4.11)
5 ~ ~ \T A loT
By =28y + Tr ((Y — C.iy) (Y = C.ig)T + N (D; +CAy C )) , (4.12)

corresponding to the shape and the rate parameter, respectively. This resulting form of a
Gamma distribution confirms the conjugacy property [4, 6].

Optimal Variational Distribution ¢*()\o)

Next, the optimal variational distribution ¢*(\o) results from the derivative of the ELBO
Le0(q(0©), 0) w.rt. to the distribution g(A\o) resulting in

0Lsixo p()\O)
=1 -1+ A
8(]()\0) 0og q()\O) < ng(XO ’ 0)>q(X)

|
=0,
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where the resulting gradient is set equal to zero. The exponential space leads to the
relation

q*(No) x exp <log Gam (Ao | ag, o) + <10gN(x0 | 0, )‘611)>q(x)>

209 — 2 2Boro | M A
x exp< 2 toglo| - 420 + T logl| - PTs <<X°X°T>Q(X)))’

where ¢*()\g) takes the form of a Gamma distribution

q"(Ao) o< Gam <)\0 | ao,go) ;

with the natural parameters

do = % (4.13)
Bo = 260 + Tr (<X0x0T>q(X)) , (4.14)

representing the shape and the rate parameter, respectively. Again, the resulting Gamma
distribution is a natural consequence of the conjugacy property [4, 6].

Optimal Variational Distribution ¢*(\«)

The gradient is taken w.r.t. ¢(\x) and set equal to zero to estimate the optimal distribution
7" (Ax)

T
O0Lyxip0 = log p(lo) -1+ long(Xt | X1, A, Ax)
dq(Ax) q(Mo) =1 a(X)q(A)

()\ ) T M
= log ol 1+ logH H p(Xm,t ’ Xt—15 ﬁama )\x)
1(%0) a(X)

t=1m=1

L A M ~—1
_ Z 7" <Tr (xtT_l <Z Aam> Xt1> > ,
t=1 m=1 q(X)

0,

!
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where p1, ~(see Equation (4.19)) and Kam for m = 1,--- , M (see Equation (4.20))
are natural parameters coming from the optimal variational distribution ¢*(A). The
transformation to exponential space, given by

T M
q*(Ax) x exp <logGam( x | Ox, Px) + < H H (Xt | X1 B, s )\1)>

Er(n(E)),)

N exp<2a —2 BZAX . M(T2— 1)
Ax _ \T
- <<(X1T XOTua) (XIT - XOTua) > )
a(X)

(e (E2)),)

leads to an optimal ¢*(\«) that takes the form of a Gamma distribution

q(X)

2
log|\x| — log| A\«

q*(Ax) x Gam ()\x | ame) .
The shape and rate are given by

ax_M(T—21)+2ax’ 4.15)

M
By = 2By + ﬁ<<X0T (Z Kai) X0> (4.16)
m=1 9(X)

T T T T T
+ <(X1 'L ua) (X1 'Y ua) >q(x)>,

corresponding to the natural parameters of ¢*(\x).
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Optimal Variational Distribution ¢*()\,)

The optimal variational distribution ¢*(\,) for the last precision value )\, is obtained
similarly. First, the derivative is performed

Ouso _ [ PA DO
aq(Aa>‘<lg O) >q(A> !

|
=0,
which should be equal to zero. In exponential space, it follows

M
¢"(\a) exp(<logN<H an | o,A;11>> + log Gam (A, | aa,ﬁa>>
q(A)

m=1

Aa 26& M2 2043 —2
o <_2Tr<<AAT>q<A>> < g+ e log'Aa|)’

where the resulting optimal distribution ¢*(\,) adopts the form of the Gamma distribution
¢*(Aa) ox Gam(a | @a, fa),
with natural parameters

Oa = 200a + M2, (4.17)

Ba = 2Ba + Tr (<AAT>q(A))

M

= 2B, +Tr (ﬁaﬁg +3 Kai) , (4.18)
m=1

corresponding to the shape and rate, respectively. The mean matrix p, (see Equa-

tion (4.19)) and the precision matricies Kam form =1,---, M (see Equation (4.20)) are

the natural parameters of the optimal variational distribution ¢*(A) corresponding to the

linear operator A.

64



Optimal Variational Distribution ¢*(A)

The estimation of the optimal variational distribution ¢*(A) associated with the linear
operator A is based on the gradient of the ELBO Lg50(¢(®), 0) w.r.t. ¢(A), resulting in

0Lerzo — {1og H%:l p(am | Aa)p(Xa) _1
9q(A) 9(A)g(Aa) )

T
+ <10g Hp(xm,t ’ Xt—1, Am, >\X)>
Q(X)Q(Ax)

t=1
!
=0,

which is then set equal to zero. The transformation to the exponential space leads to

M

7" (A) x H exp <<log./\f(am | 0,)\;11)>q(/\a)

m=1
T
<logH/\/’(xm7t | xf_lam,)\;ll)> )
2(X)q(Ax)

t=1
M T
_ 1 1
x Wll_Il exp( 1/2 <<AmeXm >q()\x)q(X)
_o,T O~ 17
2am <<A"X X >q<Ax>q<X>>

T 0~ 07T
+ a,, <<)\XX X >q()\x)q(X) + <)\a>q(>\a)> am>>,

where completing the squares produces the factorization into M independent Gaussian
distributions

M
(A x T] ()
m=1
M 1
= H N(am | ﬁam7Aa )7
m=1
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with natural parameters

~ -1
_ é"oia + \I/2> v, (4.19)
Ox Pa
Aa = (Na)gny) + Oxdgny P2
—%a %"‘\112. (4.20)

The two terms ¥, and ¥, correspond to sufficient statistics and are defined by

017 0~ 07

. <X X1 >q(x) Wy <X X >q(x) .
Similar to the Maximum A Posteriori probability estimate of the linear operator A* in
Equation (4.5), the mean p, , is an expression of a ridge regression. However, it now
depends on several expectations. On the one hand, the ridge coefficient is obtained from
the natural parameters of the optimal variational distributions ¢*(\x) (see Equations (4.15)
and (4.16)) and ¢*(\a) (see Equations (4.17) and (4.18)). On the other hand, the sufficient
statistics Wy, and W, correspond to estimates of expected values w.r.t. the variational
distribution ¢(X).

Optimal Variational Distribution ¢*(U)

To achieve an optimal estimate for the variational distribution ¢*(U) the derivative of the
ELBO Ly30(¢(®), 0) w.rt. ¢(U) is given

0Lspo p(U) o -1
=log =% —1+ logllNy C/U )\, 1
9q(U) q(U) t=0 el Y (X \y)

1Y

!
:07
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and subsequently set equal to zero. In the exponential space

N
. -1
7" (U) x 1:[1N(Un [0, Kzz) (log V(Yo | C:Un, Ay ')y

N
x H exp (-1/2<<)\y>q(>\y)Y£Yn
n=1
2UZKié <)\yKZ:>q(X)q(>\y) Ya

+U;, (KE% +Kzz A K=Ke2) x40 KE%) Un)) ;

completing the squares results in an optimal ¢*(U) which factorizes into N independent
Gaussian distributions

N
. -1
¢*(U) o HN(Un | by, Au ) :
n=1
The natural parameters of this distribution are formalized

—1
1 1 1 —1 1
By, = o) Kzz +KzzViKz; KzzVs,
M Q(/\y)

~ -1
By 1o _ - -
= (;"KZ; + Kz VK, | K Vs, (4.21)

Au = Kzz + (N0, K2z ViKzy

— Ky, + ?Kgéqué, (4.22)
y

corresponding to the mean vector fiy;, and precision matrix Avu, respectively. The sufficient
statistics W3 and ¥, are given

\11371 - <Kz:>q(X) Y’m \:[14 - <Ksz>q(X) 5

depending on the variational distribution ¢(X) of the latent states X. The shape ay,

(see Equation (4.11)) and the rate Ey (see Equation (4.12)) parameter are the natural
parameters of optimal variational distribution ¢*(\y).
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Optimal Variational Distribution ¢*(X)

In order to estimate the optimal variation distribution ¢*(X), the gradient w.r.t. ¢(X) is
considered and then set equal to zero

O0Lx1po0 .
Pa(X) = log ¢(X) — 1+ (log p(x0 | A0))g(re)

T
+ <log [IVG: 1 cu, )\le)>
Q(U7>\y)

t=0

(Mo
BO

= —logq(X) -1+ log/\/(xo | 0, gl)
0

T
+ <10g Hp(xt | Xt—1, Aa Ax)>
q(A)g(Ax)

Q()‘y)

T ~ -
~ Na ~—1

+ Z log N (y, | Cipry, &I) — —=YTr(D; + CiAy CT)

t Qy QBy

I
o

+

E

> ~ M
<log./\f(xt | x| [, &I) — ;BxTr(xtTl Z A, Xt_1)>

(6%
t=1 x X m=1

!
=0.

It depends on the natural parameters of the optimal variational distribution ¢*(U), ¢*(A),
7*(Ay), ¢*(Xo) and ¢* () derived in the previous sections (see Equations (4.11) to (4.16)
and (4.19) to (4.22)). In exponential space, the optimal variational distribution ¢*(X) is
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given by
(%) x Nixo |0, 221
B, Na ~—1
HN Y | Ctp'Ua IAB, )GXP ( Ny I (Dt + CtAU C?))
t=0 2By
5(yﬁxi>
e B
HN(Xt | Bl xi1, ZXT) exp = Tr(x Z A, xt 1)
t=1 Qx 25 m=1
p(xt|xt—1)
T
o p(x0)p (Yo | %o Hp Vel xe)p(xe [ xe-1), (4.23)
t=1

proportional to several Gaussian distributions and some exponential terms. Thus, the
resulting distribution represents a State-Space Model with additional penalty terms ex-
pressed by these exponential terms.

The optimal variational distribution ¢*(X) expresses a smoothing distribution, which is
discussed in Appendix D [53,54,59]. Therefore, sampling can be achieved by Probabilistic
Inference techniques from Bayesian smoothing or the Sequential Monte Carlo family. While
transitions in latent space evolve linearly, the observational model expresses a nonlinear
function. Therefore, Probabilistic Inference techniques should be applied which are capable
of dealing with nonlinear transitions [52-54]. However, the penalty terms expressed by
the exponential functions carry the risk of leading to non-Gaussian distributions. Therefore,
techniques from Bayesian Inference based on Gaussian approximations, such as those
in Appendix D, lead to inappropriate approximations [53]. For such cases of nonlinear
non-Gaussian distributions, techniques from the family of Sequential Monte Carlo are
applicable [4,52,53].

In this work, however, we assume that the penalty terms represent only zero-mean
additive Gaussian noise, and thus the underlying distribution corresponds to a nonlinear
Gaussian distribution. Therefore, this nonlinear Gaussian distribution is approximated by
a particular functional form of the variational distribution

Boy T By oy T B
¢"(X) =Nxo [0, 220 [TV | Coti, XD [N | oz, 5D, (4:24)
t=0 Y =1 Xx
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representing a nonlinear Gaussian State-Space Model. The sampling on this SSM is again
performed by techniques from the SMC family, e.g., Sequential Importance Resampling
(see Appendix D). In addition, however, Bayesian Inference techniques, such as Cubature
Kalman smoothing (see Appendix D), are now applicable.

Optimal Variational Parameters And Hyperparameters

The variational parameters corresponding to the inducing inputs and the hyperparameters
representing the kernel parameters are collected in 0. For optimization, both can be
jointly maximized using gradient descent techniques [50, 54, 59]. However, optimization
of these parameters results in an Empirical Bayesian learning framework, as discussed in
Section 2.3.

On the one hand, the ELBO, given by

Laso(a(©),6) = ¢ = KL(g(0) | o(0)) - { 5> Te(D))

Q(X)\y)

t=0

T
+ <10g HN(Yt ’ CtU7 )\;11)> )
Q(X7U7>\y)

can be optimized directly using numerical calculation techniques. The constant ¢ includes
all terms not depending on the parameters 8. On the other hand, it is possible to reverse the
applied Jensen inequality. Since in the VBE step (see Section 2.3), the optimal variational
distributions ¢*(®) were found, the distance between the true marginal log-likelihood
and the ELBO was minimized. Under the assumption of a satisfying minimization, the
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Jensen inequality can then be reversed [50]. The reversion results in

Ny

Lr0(q(©),0) =c— < Tr(D:)>

q*(xv)‘y)
N
" Zl (logp(Un) exp (108 N (Y | CUw A, ) >q*<Un>

Nay,
=c+ —(Tr(D.)) .
5 (TP

N
—|—nzllog/p(Un)exp ((0g N (Y0 | CULA'D) ) AU,

=G

where the logarithm function is drawn out of the integral. Hence, the optimal variational
distribution ¢*(U) has been eliminated. The inner part, represented by (2, corresponds to
a quadratic form and is thus analytically solvable

G = /p(Un) exp <<log/\/(Yn | C.Uy, A;11)>Q*(Xv>\y)) dUn
= / (27r)_% \Kzz!_% (27T)_€ <)\§>

. _ N
exp (—2 <U£ KzzU, + %‘YYZY” ~ DyTyK,LU,
y y

q*(/\y)

_ ;ﬁyuﬁ K, 0!y, + ?UZKE%\I/(;K%U”)) du,,,
y y

where U5 = (K.z) 7 (X) and ¥4 = (Kz.K.z) 7 (X) correspond to two sufficient statistics
[50]. Due to the quadratic nature and the corresponding Gaussian integral, (» equals

z 1
(),
C2 = Cy) 1 exp( 2

—YngYn> ,
2

(277)_%

L6+ Kzz
By

~ ~2 ~ -1
where A = %—yI — %—’2’\1/5 (%—y Wg + Kzz> \I/g [50]. Thus, an alternative loss function is
Y Yy Yy
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eventually derived, given by

. Na N
y
N o 1
— 5 log| W6 + Kygz| — STr (AYYT).
y

This loss function still represents an ELBO. However, it now depends directly on the
variational parameters and hence on the inducing inputs Z no longer on the induced
variables U. Similarly, as above, all terms not relevant for the optimization of the variational
parameters and the kernel hyperparameters are summarized in ¢. Numerical calculation
methods then obtain the gradients and gradient descent techniques are applied [50].

Reproducing Demonstration

For the reconstruction of the demonstration in the observation space, the latent space
is considered first. The linear state sequences X in the latent space are inferred based
on the assumed variational distribution ¢*(X). ¢*(X) represents a nonlinear Gaussian
SSM, which is defined by the natural parameters of the variational distribution ¢*(U),
7*(A), ¢*(Ay), ¢* (o), ¢*(Ax) and the variational parameters and hyperparameters 6. The
sequences X* ~ ¢*(X) are then sampled in latent space using Probabilistic Inference
techniques (see Appendix D). These samples and the remaining optimized parameters
are applied to reconstruct trajectories in the observation space. Similar to GP-DMD, the
predictive distribution (see Section 2.4) is considered

p(G" | X", X) = N<KX*ZK£}zﬁU7KX*X* - KX*ZKE}ZKZX*))

predicting new function values G* in the observation space for the corresponding inputs
X*. Unlike GP-DMD, however, the prediction of Bayesian GP-DMD shows a dependence
on the induced pairs (U, Z) and thus not on the given observation Y [54, 59]. This
independence on the observations Y follows from the conditional independence implied
by the induced pairs (U, Z) [50,77]. As a result, no labels Y need to be collected in order
to reproduce the trajectories. Instead, by optimizing the inducing inputs Z and inferring
the mean py; (see Equation (4.21)), these required labels are directly obtained for the
reconstruction.

72



5. Probabailistic Dynamic Mode Primitives

GP-DMD and Bayesian GP-DMD, two central concepts of this thesis, were introduced in
the previous Chapter 4. These concepts take a dual perspective on Koopman Theory and
thus on the DMD family, utilizing Gaussian Process State-Space Models. On the one hand,
using an underlying GP-SSM structure provides a probabilistic perspective that naturally
accounts for uncertainty and variability. On the other hand, the use of GPs results in
a nonparametric Bayesian framework. In both frameworks, the observation model is
assumed to be represented by a GP, while a linear stationary operator expresses the
transition model. However, both approaches fail to learn from multiple data. Especially in
the field of movement primitives, this is a fundamental drawback since multiple trajectories
are commonly given [7-10,20]. This chapter, therefore, extends the GP-DMD and Bayesian
GP-DMD frameworks with a hierarchical structure that takes multiple trajectories into
account. These considerations eventually give rise to the Probabilistic Dynamic Mode
Primitive (Pro-DMP) and the Bayesian Dynamic Mode Primitive (Bayesian-DMP), two novel
movement primitives.

In Section 5.1, the Probabilistic Dynamic Mode Primitive is introduced, an extension
of the GP-DMD framework. In the field of movement primitives, the variability in the
movements is usually provided by multiple trajectories [7-10]. In the context of GP-
DMD, this variability can be incorporated either in the GP-based observational model
or as a distribution in latent space. The Pro-DMP framework adopts the latter option
since it aims at expressing the given variability in the data in the inferred trajectories
in the latent space. Therefore, based on Probabilistic Movement Primitives, a popular
movement primitive framework [10, 14,15, 18], a hierarchical structure is utilized and
incorporated into the existing GP-DMD framework. This structure eventually results in an
EM-like framework capable of handling multiple trajectories and representing a new type
of movement primitive.

Like GP-DMD, however, the approach carries the risk of overfitting in cases where the latent
space has a higher dimensionality than the observation space (see Sections 2.2 and 4.2).
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In Koopman Theory, the invariant subspace can exhibit much higher dimensionality,
providing an essential drawback of Probabilistic Dynamic Mode Primitives. For this reason,
Section 5.2 presents a possible combination of Pro-DMP and the fully Bayesian approach
Bayesian GP-DMD, leading to the Bayesian Dynamic Mode Primitive (Bayesian-DMP)
framework. This framework considers the hierarchical structure in a fully Bayesian manner.
Thus, it theoretically combines the advantages of Pro-DMP and Bayesian GP-DMD. On
the one hand, the handling of multiple trajectories. On the other hand, the mitigation of
overfitting and the provision of approximated posterior distributions.

5.1. Probabailistic Dynamic Mode Primitives

In the field of movement primitives, where multiple trajectories generally provide the
variability of a movement of interest [7-10], the use of the GP-DMD framework is lim-
ited. Therefore, this section presents Probabilistic Dynamic Mode Primitive (Pro-DMP),
a hierarchical extension of the GP-DMD. The hierarchical structure of the Probabilistic
Movement Primitives (ProMPs) inspires the proposed framework [10, 14, 15, 18]. In
contrast to Section 4.2, S-independent trajectories Y = [Y?, ..., Y”] are given, with
each observation sequence taking the form Y* € RV*T, Thus, the following Probability
Density Model results in

S
p(Y, X, A) =[] p(Y*,X*, A?),

s=1

assuming that the trajectories are independently observed. This independence results in
S-independent representations in the latent space X = [X? ¢ RM*T ... X5 ¢ RMxT],
A distribution can be modeled over these resulting representations, hence, expressing
the variability of the linear dynamics in the latent space. Therefore, the distribution is
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transformed into a hierarchical structure

(Y, X) H/ (Y*, X A®)dA*®

1
||:]m Z

YS\XSH/ (X | ap)p(al,) da

S
H( (Y*] 0, Kxex: (0)N (i | 0,05'T) (5.1
"

T [N OKE X0 A DN @ | A e ).
m=1

Here, the prior distributions of the respective linear operators A°, - -- , A® are extended
by common mean vectors and precision matrices. These variables express the distribution
of the linear operator A and therefore the linear dynamics variability in the latent space.
The marginalization expresses the variability of all possible linear operator and hence
achieves a hierarchical structure. The graphical model in fig. 5.1 visualizes the probability
density model of Equation (5.1). The blue shaded nodes and the white nodes represent
the given trajectories Y and all unknown latent variables, respectively. In the larger box
outlined in blue, the independent consideration of the individual trajectories is shown,
where a hierarchical structure is provided due to the common natural parameters in the
smaller box outlined in blue.

Learning From Demonstration

Like GP-DMDs (see Section 4.1), estimating the optimal parameters of interest is considered
an optimization procedure in logarithmic space. Therefore, the Probability Density Model
formalizes from Equation (5.1) to

Zlog( (Y 0, Kxox (0)N (1  0,A5'T))

s T s _ _
+ Z Z log//\/ (XL | ad, XU DN (@S, | fa,, AL)) dad,,

s=1m=1

=£(X,0)
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Figure 5.1.: The graphical model visualizes the Probability Density Model of the derived
Probabilistic Dynamic Mode Primitive. The hierarchical structure for S given
trajectories is represented by the larger blue outlined box. The blue shaded

nodes represent the given observations yg, - - -,y for each trajectory. The
white nodes correspond to the unknown latent variables. By x§, - - - , x7, the
sequence of states of interest in the latent space is given. gj,--- , g} de-

scribe the outputs of the Gaussian process function. The linear operator cor-
responding to each trajectory is given by A°. The thick black line denotes an
auto-regressive structure within the Gaussian process, which means that g}
dependsongg,---,g; ; andx§,--- ,x;. The small black nodes correspond
to the hyperparameters of the given Probability Density Model. In this case,
they represent the precision values \g, \x and Ay, the mean vectors p,
and precision matrices A, form=1,--- , M.
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where © = [X, Ao, Ax; Ay, Ma,, " s Ma,,» Aays -+, Aay, |- The former part merely repre-
sents S-independent observation models in analogy to GP-DMD. However, the second part
results in a logarithm over an integral due to dependencies arising from the hierarchical
structure [2-4, 6]. Considering a variational distribution ¢(A) and applying Jensens’
inequality to £(X, 8) leads to

Z Z log / N(XE | a5l X0 AL DN (a5, | o, AZ)) das,

O 9
2.2 q(A) "

and an Evidence Lower Bound

S
£©.0) > Z(log (MY | 0. R (0)N (i 0.357D))
s=1
N(XL | ad, X MDA (@S, | p,, ALL) |
* 2/ )log 2(A) iz, )
™ Luso(a(A), ©,6). -2

As mentioned in Section 2.2, the distance between the ELBO and the marginal log-
likelihood becomes minimal or equal to zero when the KL divergence between the true
posterior p(A | X, 8) and the variational distribution ¢(A) becomes minimal. Subsequently,
the parameters of interest ® and 6 are optimized using gradient based methods. Hence,
the optimization procedure of the Pro-DMP framework takes the form of an EM algorithm
and is expressed as

¢ (A) = argmax Lgpo(q(A), ©,0),
q(A)

O®*, 0" = argmax L50(q"(A), 9, 0),
0.0

where the first and second steps correspond to an expectation step and maximization step,
respectively [36,37]. These two steps are performed alternately.

77



Expectation Step

The expectation step finds an estimate for the optimal variational distribution ¢*(A) in
analogy to Section 4.3. First, the derivative of the ELBO of Equation (5.2) is derived w.r.t.

q(A) and set equal to zero. Subsequently, the transformation into exponential space leads
to

S M
* s T s _ _
¢"(A) o [T [T NX a5, X0 A DN (@5, | pra,,, Agl)
s=1m=1
S M
1 o] | ~AamHa,
x H H exp<—2<2 {afnT X}ﬂ} anm Ha
s=1m=1 0
S ST S
. XX AL, XTI | ag,
+ [afn ,}ni| T T )
A IXO Ax I xD

where completing the squares leads to an optimal distribution in terms of S x M-
independent Gaussian distributions. It factorizes accordingly

S M S M .
a(A) =TT T a"(a) o< TT TT A (20 | e, - A, )

s=1m=1 s=1m=1

where the natural parameters are given by
~ S ST 71 S ST
fia: = (Aam XX ) <,\xx0 X4 Aamuam) , (5.3)

~ s T
Ags, = Aq,, + MXUXY (5.4)

The resulting form of the S N-independent Gaussian distribution arises naturally from the
conjugacy property [4,6]. The natural parameters for each Gaussian distribution also
depend on the current estimate of the mean vector p, ~and the precision matrix A,,,.
The expectation step hence provides an estimate of the current natural parameters most
likely responsible for the current sequences X in the latent space, based on the prior of
M, and A, .
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Maximization Step

Considering the optimal posterior distribution ¢*(A) resulting from the E step, the ELBO
of Equation (5.2) results in

S
1
Lrpo(q"(A),0,0) =c— 3 Z [—Mlog [Ao| — (T — 1) M log | \x| + /\()XSTX(S)

s=1

+ Nlog‘f{xsxs(a)‘ 4+ Tr (szxs(O)*leYsT)
+ f: (Tr (Aam <<afn)q*(afn) - Mam) (<afn>Q*(afn) B “am)T)
m=1

T <<X}” ~ @m)g(ay) XOS) (Xeln — (@) (a3 XOS)T>

- 1Og|Aam|)

where ¢ summarizes all terms not depending on ® and 6. This ELBO thus extends the
loss function of GP-DMD from Equation (4.4) regarding multiple trajectories. In the
following, the gradients with respect to ® and 0 are considered. In analogy to GP-DMD
(see Section 4.2), the optimal parameters are first determined, which provide a closed-
form analytical solution. Subsequently, the loss function for the remaining parameters of
interest is given, for which numerical gradient-based methods are needed.

)

Form =1,---, M, the optimal mean vector u; is given by
1 S
_— Z ~
/J‘am - S pot l‘l‘afHJ (5'5)

resulting from the derivative of Ly30(¢*(A), ®,0) w.r.t. to p, . It expresses the mean
value over all current mean estimates p,. for each movement X°. The corresponding
optimal precision matrix A} is

AL = <§: ((ﬁa% - uam) (ﬁa?n - uam)T + K%) +W;3>_1 <5 Yy — M — 1).

s=1
(5.6)
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The parameters 10, > M + 1 and W, are the degrees of freedom and the scale matrix,
respectively, resulting from an assumed Wishart distribution W (A,,, | W, Vi) (see
Appendix A). The optimal precision parameters A} and \j, are calculated in a similar way
as in Section 4.2. The gradient of the ELBO w.r.t. Ay and \g, respectively, leads to the
closed-form solutions

SM + 2000 — 2

Ao = , (5.7)
Yooy x5 x5 + 280

S(T = 1)M + 205 — 2
s sT ~ s sT s sT (o o ~—1 ’
S S T (XX - 2 XX 4 XX (g + A, )) 28
(5.8)

Ay =

X

assuming two additional Gamma distributions Gam (Ao | ag, fo) and Gam (A« | ax, Ox)
as prior distributions for the precision values.

In order to optimize the remaining parameters X, A, and 6, where no closed-form solution
generally exists, the corresponding loss function is given by

S

1 * S S
EELBO(X7 )\y7 9) == 5 Z [)‘OXOTXO + (O‘y - 1) IOg /\y + By/\y
s=1

M
+3 [XOSXO‘“T AL+ AT ((Xii — 1, X") (X, — ﬁaXOS)T)}

m=1
n Nlog‘f(xsxs(O)’ Ty (f{xsxs (0)_1Y5Y5T>] ,
(5.9
where Kxsxs(0) = Kxsx:(0) + Ay 1. The gradients are determined using numerical

computational methods. Hence, this loss function in Equation (5.9) extends the one of
GP-DMD from Equation (4.9) concerning multiple trajectories.

Reproducing Demonstration

The trajectories in the latent space are first considered to reconstruct demonstrations in
the observation space subsequently based on the optimized parameters ®* and 8. As
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in ProMPs [10, 14,15,18], an optimal demonstration X* € RM*T in the latent space is
sampled from

M T
—5) [ [ o8 1% X Dp(a |1, AL da,

M
* *T
=p(x) [T p(X0 | X7 g, AT+ X0 AL XO),

am

where x;, , corresponds to the mth element of x; vector. This distribution accounts for
learned variability in the linear operator A and hence in the resulting state sequences
X*. Like GP-DMD (see Section 4.2), the predictive distribution is utilized to reconstruct
demonstrations in the observation space based on drawn state sequences.

5.2. Bayesian Gaussian Process Dynamic Mode Decomposition

The introduced Pro-DMP framework, like GP-DMD, suffers from the problem of overfit-
ting. Therefore, this section proposes a combination of Pro-DMPs and the fully Bayesian
approach Bayesian GP-DMDs, resulting in Bayesian Dynamic Mode Primitives (Bayesian-
DMPs). Bayesian-DMPs combine the advantages of both frameworks. First, the handling
of multiple trajectories and hence the extension of Bayesian GP-DMDs to a framework
applicable in the domain of movement primitives. Second, the mitigation of overfitting
and the provision of approximated posterior distributions. Like GP-DMD, sparse-GP tech-
niques are applied to circumvent the auto-regressive structure induced by the Gaussian
Process observation model. As a result of the multiple given demonstrations, S-inducing
pairs are considered {(Ug,Z)}>_,, where all inducing variables have the same induc-
ing input Z. The corresponding outputs of the observational model are represented by
G = [G! e RV*T ... 'G® ¢ RV*T]. The Probability Density Model considered in the
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Bayesian-DMP factorizes accordingly

p(Y, 6) p(Y,X, Gan Asa Hays s Bay,s Aal’ U 7AaM7 Ax; >‘0a )‘y)

p(Y7G7U) )‘y | X)p(X7A7/'l'a17' . 7”a1\47A317'” ’AaM7)\X7)\0)

p(Y7G7U7 )‘y | X)p(X7 )‘X7)\0 ’ A)p(Avu’ap' s 7l'l’a1w7Aal7 e 7Aa]u)7
(5.10)

with © = (X, G, U, A,y Moy, Nay, -+ 5 Aay,s Ax, Ao, Ay) collecting all latent vari-
ables of interest. The variational parameters and hyperparameters are dropped in the
following for conciseness. A graphical model is shown in Figure 5.2 to visualize the
structure of the Probability Density Model and underlying dependencies. Here, the blue
shaded nodes describe the given observations, and the white ones describe the unknown
latent variables of interest.

Similar to Bayesian GP-DMDs, the Probability Density Model from Equation (5.10) breaks
down into three parts. The right part describes the observation model and is represented
by

S T

p(Y,G,U,)\y ’ X) = HHp(yfﬂgf7U8 ‘ XS7)‘Y)p(AY)
s=1t=0

S T
=1 11»0 | &5 Ay )p(e; | U, X5)p(U%)p(2y)
s=1t=0

S T
= [TTING: 88,2, ' DN (g] | U, D)

s=1t=0

N
[TV, [ 0.K..)Gam(Ay | oy, By),
n=1
where C; = K;;K, and D] = K}, — K;, K. K3, describe operators. K3, = K(Z,Z),
K} = K(x{,x7), Kiz = K(x{,Z), and K, = Kf; correspond to abbreviations for the
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required kernels. The middle part denotes the linear dynamics in the latent space

S
P(X, A, Ao | A) = [T p(X® | A%, A, 20)p(Asx; o)
s=1

S T
= [0 | 20) [T p(x? | x3_1, A%, AP, Ao)
t=1

= HN XO | 0 A lI HN Xt |ATxt 17)\x11)
s=1
Gam(o | ao,ﬁo)Gam( x | ax; Bx)-

In the remaining term, the hierarchical structure of the linear operator is modeled

p(A7 “alv Tt 7Han Aa17 T aM H H p ’ /J'am am)p(l'l’ama Aam)

s=1m=1

S M
=1 TI N @5, | . ASIN (1, | 0,0, )
s=1m=1
W(Aa,, | Wi, V).

It assumes M Wishart distributions W(A,,, | Wi, V) (see Appendix A) as conjugate
priors for the precision matrices A,,,. For the mean vectors p, , multivariate Gaussian
distributions NV(p,, | 0, )\;iI) are used analogously. As in Section 4.3 regarding the
Bayesian GP-DMDs, the learning procedure for Bayesian-DMPs is presented in the following.
For this purpose, first, an ELBO is derived, and then the optimal variational distributions
are given. Finally, similar to Section 4.3, the Jensen inequality is reversed, and a loss
function independent of the induced variables Uy, - - - , Ug is obtained. The development
of procedures for Bayesian-DMPs to reproduce demonstrations has not been addressed in
this thesis and thus represents an open topic for future research.

Learning from Demonstration

Probabilistic Inference on the Bayesian-DMP framework is performed using Variational
Inference or Variational Bayes techniques, similar to Bayesian GP-DMDs (see Section 4.3).

83



l (a0, Bo) l (e, Bx) l (s Am) l (Win,vm)

m=1,--- M

Figure 5.2.: The graphical model visualizes the Probability Density Model of the derived

Bayesian Dynamic Mode Primitive. The hierarchical structure for S given
trajectories is represented by the larger blue outlined box. The blue shaded

nodes represent the given observations yg, - - -,y for each trajectory. The
white nodes correspond to the unknown latent variables. By x§, - - - , x5, the
sequence of states of interest in the latent space is given. gg,--- , g5 de-

scribe the outputs of the Gaussian process function. The linear operator
corresponding to each trajectory is given by A°. The precision values of the
assumed Gaussian distributions are depicted by Ay, Ao, Ax. p,,, and A,
are the mean vectors and precision matrices representing the hierarchical
structure. The thick black line denotes an auto-regressive structure within
the Gaussian process, which means that gj depends on g, --- ,g;_; and
x5, -+ ,x;. The small black nodes correspond to the hyperparameters of
the given Probability Density Model.
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For this reason, the marginal log-likelihood is extended with a variational distribution
¢(®). Then, using Jensen’s inequality results in an ELBO of the following form

logp(Y 6) = [ q(@)longe

- (o257

def

= Lupo(4(0),0).

In this case, the operator (f(-)) corresponds again to the expected value w.r.t. ¢(®). Similar
to Bayesian GP-DMDs, a specific form is assumed exclusively for the variational distribution,
which describes the outputs of the observation model. Thus, ¢(®) is factorized as follows
under the mean field assumption

S T
~TI1Iee 10 xy) ] a©))

s=11t=0 ©,c0\{G}

The specific functional forms of the remaining variational distributions arise naturally based
on the assumed structures of the likelihood functions and the corresponding conjugate
prior distributions [3,4, 6]. The incorporation of the variational distribution ¢(®) and
several mathematical reformulations, analogous to Section 4.3, expresses the ELBO as
follows

Luso(4(@),0) = — KL(g(Ay) [ p(Ay)) — KL(g(A0) || p(R0)) — KL(g(Ax) [l P(Ax))

S
— KL (q(U) H p(x§ | Ao))

o M s
~ KL (q(A) 1T e(ta,)a(Aa,) || TT [T P25 | ta s A )p(Aam))
m=1 m=1s=1
<1ogHHN y; | C;U?, y11 >
s=11=0 (X,U\y)
<10gHHp (7 | x7_1, A%\ >
s=1t=1
s
+H(a(X) || a(X) =) < *Tr(D?) > !
s=1 (X, Ay)
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with D% = K — KK, ,Kj . This ELBO extends the Bayesian GP-DMD framework
regarding multiple trajectories and leads to the following optimization procedure

¢*(®) = argmax Ly0(¢(©),0),
q(®)

0" = argmax Lg0(¢"(0),0).
0
In the next sections, the optimal variational distributions ¢*(®) are first derived using
Calculus of Variations and Euler Lagrange [3,4,6,54,59]. Then an alternative ELBO is
defined, similar to Section 4.3, which results from the reversion of Jensen’s Inequality.

Optimal Variational Distribution ¢*()\,)

Taking the derivative w.r.t. ¢(\y) and then setting it equal to zero gives

OLgso p(Ay) N)\y

=lo — Tr(D
dq(Dy) & q(\y) Z q(X)

s
N ~
<logHN (Y* | Coligs, Ay )> —— <Z Tr (CfTCfAUi)>
s=1 a(X) s=1 9(X)
Lo,

where fiy;s and Avys correspond to the natural parameters from the variational distribution
¢*(U). In exponential space, the optimal distribution ¢*()\y ) is proportional to

" N)\
7" (A\y) x exp <log Gam (Ny | ay, By) — —~ Z (Tr(D?)) yx)
<logHN (Y® | Cépgs, Ay11)>
a(X)

N; <ZT1" (cs CSAUS)>q(X)>,

s=1
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leading to a Gamma distribution

7" (Ay) o< Gam ()\y | ay,5y> )

The natural parameters are given by

TN + 2
ay = M) (5.11)
2
_ S
By =2+ (0 - Ot (¥° - i) (5.12)
s=1

+N (Df” + CfKUinT)>,

where the former corresponds to the shape and the latter to the rate parameter. These
natural parameters have strong similarities to the former ones of Bayesian GP-DMD (see
Equations (4.11) and (4.12)) with the extension in terms of multiple trajectories.

Optimal Variational Distribution ¢*()\o)

Subsequently, the derivative w.r.t. ¢(\o) is considered
oL p(Mo) ¥

O — 1o +(lo x5 | A
Pa00) ~ %8 0r0) ggp( 51 o)

!
=0,

q(X)

and set equal to zero. The optimal distribution ¢*(\o) shows the following proportionality
in exponential space

s=1

S
q*(No) o exp <log Gam (Ao | ag, Bo) + <log HN(XS | 0, A011)> >,
q(X)

which corresponds to a Gamma distribution

q"(Mo) o< Gam (Ao ’ a0750) :
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The shape and rate parameters of the Gamma distribution are given by

Gip = M, (5.13)
2
=92 + T S8 , (5.14)

which also show strong similarities to the parameters of Bayesian GP-DMD in Equa-
tions (4.13) and (4.14) with the extension to multiple trajectories.

Optimal Variational Distribution ¢*(\x)

Next, setting the derivative w.r.t. ¢(A\x) equal to zero, given by

O0Lgio p(>\0) 5L
= log + ( log p(x; | x7_ 1, A% Ax
9q(Ax) 4(%) b ) 4(X)q(A)

s=1t=1

!
=0,

results in the following relation in exponential space

2B A SM(T —1
logly] - 20 SUEZD jog

s T T T T T
- % <Tr (Z (Xls - X" ﬁ;) <X15 — X" ﬁ;) )>
s=1 q(X)
A 5 0.T M 1
X s e 0s
s=1 m=1 q(X)

The optimal variational distribution ¢*(A\x) hence corresponds to a Gamma distribution

200 — 2

7" (M) x exp(

q*(A\x) x Gam ()\x | ax,Bx) ,
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with the natural parameters

5, = SM(T _21) 2% (5.15)

S

T M ~
B = 2B, + Tr (Z <<XOS 3 Aa;XOS> (5.16)
q(X)

s=1 m=1

ST 9T S‘T ST T
+<<X1‘ - XY ﬁg) (Xl‘ - XY ﬁ;) > ))
q(X)

These parameters are very similar to the shape and rate parameters of Bayesian GP-DMD
from eEquations (4.15) and (4.16) extended to multiple trajectories.

Optimal Variational Distribution ¢* (11, )

The optimal distribution ¢* (g, ) regarding the mth mean vector of the linear operator A
is derived in the following. First, similar to the previous derivations, the derivative w.r.t.
q(p,,,) is taken and set equal to zero

OLuso <10 H§:1p<afnmam,Aam>p<uam>> o
Oq(tra,,) 4(A) [Tt 2(Ha,)0(Aa) [ Ja)gian )

!
=0.

In exponential space, the following relationship is obtained

J

S
q"(Ma,,) X exp<<10gH/\/(afn | B Aan )N (a,, | 07)‘;;1\I)>

s=1

q(A)q(Aam)>

which corresponds to a Gaussian distribution

. . ~-1
0 (Ma,,) XN (ta,, | s, As,,)-

Thus, the natural parameters are defined by

S
—~ 1 —~
ﬁam = (SDme + )\HAI) mem E ﬁafnv (517)
s=1

Aay = ST W + A, 1, (5.18)
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where 1, and Kam are the mean vector and the precision matrix, respectively. When
the predefined precision value ), is set to zero, the resulting expectation value f,, = is
equal to the point estimate of Pro-DMP in Equation (5.5). Thus, the extension to a fully
Bayesian approach leads to a MAP estimate and hence to a ridge regression with the ridge
coefficient )\, , for the parameter p1,, = [4,6].

Optimal Variational Distribution ¢*(A,,,)

The optimal distribution ¢*(A,,,) for the corresponding precision matrix A, follows.
Setting the derivative w.r.t. ¢(A,,,) equal to zero results in

OLumo _ < H§:1p<a¢n\uam,Aam>p<Aam>> .
9q(Aa,,) M
q(Aa,,) 9(A) [Ln=1 4(Ba, )a(Aan) [ Jaygan, )

!
=0.

In the exponential space, the optimal distribution ¢*(A,,, ) has the following relation

s=1

S
q"(Aa,,) exp<<10g [TV@:, |k, Aai)> +logW (Aa,, | Wi, Vm)>,
q(A)q(Ba,,)

leading to a Wishart distribution
¢"(Aa,) < W(Aa,, | Win, 7).

The corresponding scale matrix and degrees of freedom parameter are
—~ 1 1 s . _ . - T ~_1
W, =Wt 3 (i, ~ a,) (fay, ~ Far) +Aa). (519
s=1

Um = S + Un,. (5.20)

The expectation value of this Wishart distribution 7 W exhibits similarities to the resulting
point (see Equation (5.6)) estimate of Pro-DMP.
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Optimal Variational Distribution ¢*(A)

Then, taking the derivative w.r.t. ¢(A) and setting it equal to zero gives

OLumo _ <10g [ T p(a | uam,Aam>p<Aam>> o
I

dq(A) a(A) [T a(Ba, )a(Aa,,)

M
m=1 q(""’am 7A‘c‘lm )

T
+ <log G x5 1, am, Ax)>
Q(X)qo\x)

t=1
!
=0,

where a transformation to exponential space returns the following relation

M S
¢(A) o« [] exp<<10gHN(a21 | ua,,uAai)>
m=1 s=1 q(uam)tI(Aam)

T
<logHN(an,t %), Ax11)> ) :
t=1 a(X)q(A)

Accordingly, the optimal variational distribution ¢*(A) factorizes into SM-independent
Gaussian distributions

S M S M

(&) o< [T T a" @) = [T TI V(@5 | Fra, - Ay ).

s=1m=1 s=1m=1

where the natural parameters of each distribution are given by

~ -1 ~
~ ~ = [0 (67 ~ T~
Tl = <ymwm + :‘\112> <§"\If§m + Vmeuam> , (5.21)
X

Ans = 0 W, + 23, (5.22)

The corresponding sufficient statistics ¥§ ~and W35 are defined by

S ST S ST
§m:<X0 X, > , \I/§:<XO b > :
a(X) a(X)
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depending on the variational distribution ¢(X). These estimates thus extend the point
estimates from the expectation step of Pro-DMPs (see Equations (5.3) and (5.4)). The nat-
ural parameters vy,, W, ax, Ox, and p, belong to the optimal variational distributions
q7*(Aa,,), 0" (Ax) and ¢*(X), respectively.

Optimal Variational Distribution ¢*(U)

Next, the derivative to ¢(U) is taken and set equal to zero

(}q U " 0 117 Y

!
=0.

The transformation into exponential space gives

S N
* 1 S S
¢ [T ]1 ( ()0 Y2 Y

—2U% K (A K..) Y$

a(X)a(ry) Ln
sT -1 -1 -1 s
+ U (K + K2 KK 3000 K)Un>>

The optimal variational distribution ¢*(U) thus factorizes into S N-independent Gaussian
distributions

S N .
(U)o« [T TV (U3 | fius A )

s=1n=1

with the natural parameters of each distribution

~ —1
ﬁUS = (LBJszzl + KzzllI/fle;) K;zllljs ) (523)
n ay n
Aus =K+ %yKZj\IlZKZZl. (5.24)
Yy
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In this case, the sufficient statistics V3 and ¥j are given by
?’,n = <Kz:>q(x) wa 451 = <KZ:K:z>q(X) )

depending on the variational distribution ¢(X). These natural parameters expand the
mean vector and precision matrix from Equations (4.21) and (4.22) of Bayesian GP-DMD.
The natural parameters &y and 3, correspond to the optimal variational distributions

q*(Ay)-

Optimal Variational Distribution ¢*(X)

The derivative w.r.t. ¢(X) results in

oL > Bo
ELBO
= —1 X)—1 1 o]0, =—1I
50(X) ogq(X) — 1+ ; og N (x5 | 0, = 1)
s T ~ ~
s s~ B Na s sk L ~sT
F 303 (ot g 20 - SET00 ¢ ciR
s=1 t=0 Y 2By
s T ~ ~ M
s sT ~ /BX Ax sT T s
+ ZZ <10g~/\/(xt | X{_1Has, &7,(1) - ﬁTr(Xt—l Z Aafnxt—l)>
s=1 t=1 X m=1

-
e
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With figs = [fas, * , Bas ] and fiys = [fy;, -+, fyy |- In exponential space, this deriva-
tive leads to the following relation

S ~
a(X)" o [N | 0, 201)
s=1 @0
d E Na ~—1__.T
HN( | Cipys, &—yl) exp <— L Tr <Df + C{Ay:Cy ))
t=0 y 25y
Byilxs)

T = ~ M
~ 5 (0% T ~—1
| |N(Xf | I'I’Z:Sxffla &,—XI) exp —ﬁTr(xf,l E Aafﬂxffl)
x x m=1

ﬁ(xﬂx;"_l)

T
CXHP( p(¥5 | %) Hp (v | x3) P (x} | xi_1),
t=1

taking the form of a Markovian nonlinear SSM that is potentially non-Gaussian, similar
to Equation (4.23) of Bayesian GP-DMD. The risk of a non-Gaussian distribution comes
from the additional exponential terms. Like Bayesian GP-DMD, the exponential terms
are assumed to correspond to additive Gaussian noise with zero-mean, and hence an
approximation is made by the following specific functional form

S 5 T 5 T
. Bo B
Q(X) & HN(X(S] ’ 07 gI)HN(yf | Ct“’USa ~ HN Xt | p‘asxt 1 aXI)

s=1 0 =0 t=1 x
This approximation corresponds to a Markovian nonlinear Gaussian State-Space Model.
Therefore, Probabilistic Inference techniques, as described in the Appendix D, are applica-

ble [4,52,53].
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Optimal Variational Parameters And Hyperparameters

In the following, similar to Bayesian GP-DMD in Section 4.3, an alternative formulation of
an ELBO is given

~ S
. Na s SN
Luno(q°(©),0) = ¢ — == "(Tr(D?)) . x) + — log|K:|
2By s=1
S ~ S
N Q 1 T
-y —log| XU+ K.,.| — =T ASYSYS |,
g - g (L)

~ ~2 ~ 1
where A® = 21— %—;wg (%—wg + Kzz) ¥s' . The variational parameters corresponding
Yy Yy

By
to the inducing inputs and the hyperparameters representing the kernel parameters are

collected in 6. The corresponding sufficient statistics are defined as
\IJ; = <KSz>q*(X) ’

This alternative ELBO follows from the reversion of Jensen’s inequality [50]. It depends
directly on the variational parameters and hence on the inducing inputs Z and no longer
on the induced variables U. All terms not relevant for the optimization of the variational
parameters and the kernel hyperparameters are summarized in c¢. Numerical calculation
methods then obtain the gradients and gradient descent techniques are applied [50].
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6. Experiments and Results

Chapter 4 introduced the GP-DMD and the Bayesian GP-DMD. The former framework
is a Maximum A Posteriori probability estimate that combines the GP-SSM family with
Koopman Theory and the DMD family. The latter framework formulates GP-DMD as a
fully Bayesian approach. This formulation leads to a mitigation of overfitting and learning
approximations of the posterior distributions. However, both frameworks, the GP-DMD and
the Bayesian GP-DMD are unable to address multiple given demonstrations. Therefore, the
Pro-DMP and the Bayesian-DMP were introduced in Chapter 5. The former extends the GP-
DMD utilizing a hierarchical structure to achieve valid movement primitives able to handle
multiple demonstrations. The second framework is inspired by Bayesian GP-DMD and
formulates a fully Bayesian formalism of Pro-DMP. However, the final development of this
framework is ongoing and forms an open research topic. Therefore, Bayesian-DMP is not
discussed throughout this chapter. The results obtained from testing and validating the GP-
DMD, the Bayesian GP-DMD, and the Pro-DMP on three different datasets are presented in
the following. The primary goal here is to determine whether the frameworks are capable
of learning and reproducing given demonstrations. In the case of GP-DMD and Bayesian
GP-DMD, only one demonstration is considered. For Pro-DMP, five demonstrations are
given.

All the given demonstrations considered throughout this chapter are preprocessed by the
application of PCA [4]. Subsequently, uncorrelated, Gaussian-distributed data with zero
mean and unit variance along with each dimension result [4,6]. The implementation of the
numerical differentiation algorithms relies on the JAX library, which provides automatic
differentiation and just-in-time compilation either on CPU or GPU [95]. As a result of the
work with Probabilistic Inference techniques, the NumPyro library is used, which provides
a probabilistic programming library [96]. Algorithms sketching the learning procedure of
the GP-DMD, the Bayesian GP-DMD, and the Pro-DMP are presented in the appendix. In the
case of the parameters which exhibit a closed-form solution, vanilla gradient descent with
learning rate 1.0 is applied. For the remaining parameters where a closed-form solution
does not exist, the automatic differentiation provided by JAX is applied in combination
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with Adam, a first-order gradient-based optimization method [97]. Adam has been chosen
due to its computational efficiency and low memory requirements [97]. Detailed lists of
the parameter settings are provided in Appendix F.

The Root Mean Square Error (RMSE) metric is taken to measure the performance of the
reconstructed movements [6]. A list summarizing the performance is shown in Table 6.1.
The RMSE is taken between the predicted mean of the trained model and the given
demonstration. In the case of Pro-DMPs, where multiple demonstrations are given, the
average is considered. In order to obtain a measure of variability in the results, the
standard deviation is used w.r.t. the estimated RMSE. For this purpose, one hundred
samples are taken from each framework. Then, the RMSE between those samples and the
corresponding given demonstration is calculated. Based on these RMSE results from the
samples, a standard deviation of the RMSE means is estimated. Thus, the former value in
each cell represents the RMSE mean, and the latter value represents the standard deviation.
The thick values indicate the best RMSE mean performance on the corresponding data
set.

6.1. The Circle-Shape Dataset

The Circle-Shape Dataset (CSD) provides rhythm-based trajectories that follow circular
motions in a three-dimensional space. The left side of Figure 6.1 displays three benchmarks
of the GP-DMD, the Bayesian GP-DMD, and the Pro-DMP on this dataset. The red dashed
lines show the respective demonstrations. In the top two left plots, the GP-DMD and
the Bayesian GP-DMD are represented, and consequently, only one demonstration is
considered. For the benchmark with the Pro-DMP, five demonstrations are given in
the remaining left plot. The thick blue line depicts the mean estimate of each trained
framework. Samples drawn from these trained frameworks are shown as thin blue lines.

The GP-DMD and the Bayesian GP-DMD both achieve satisfactory results in estimating
the mean for the respective demonstration. Both,Figure 6.1 and Table 6.1, show that the
Bayesian GP-DMD has a lower variance than the GP-DMD. However, one reason for this
issue is that the Bayesian GP-DMD takes 25 inducing variables while the GP-DMD only takes
four labels from the given demonstration. On the one hand, a major advantage of the GP-
DMD in comparison to the Bayesian GP-DMD is the computational efficiency. Even though
the inducing pairs used in the Bayesian GP-DMD reduce the computational complexity of
the kernel inversion compared to the GP-DMD, the Probabilistic Inference Techniques (see
Appendix D) required to infer the variational distribution over the latent states drastically
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slow down the Bayesian GP-DMD framework. On the other hand, a major disadvantage of
the GP-DMD is keeping several labels to reproduce the given demonstration. Based on
the choice of these labels, the performance of the resulting demonstration varies. The
Bayesian GP-DMD circumvents this problem by utilizing the inducing variables. These
variables directly infer knowledge about the given demonstrations to provide labels to
reproduce the given demonstration indirectly. However, the use of inducing pairs entails
the drawback of adjusting additional parameters for the optimization. The number and
initial values of inducing pairs affect the performance of the Bayesian GP-DMD significantly.
The Pro-DMP in the lower right plot in Figure 6.1 achieves satisfactory results based on
the given demonstrations. Like the GP-DMD, the Pro-DMP requires a fixed number of
labels in the observation space to reproduce the demonstrations. In the scope of this
experiment, only the mean estimates in the latent space were considered. Therefore,
it is interesting for future research to take samples in the latent space and reproduce
the corresponding demonstration in the observation space. In this way, analysis can be
performed whether Pro-DMP is able to learn variability in the circular movement from
the given demonstrations.

6.2. The Eight-Shape Dataset

The three benchmarks of the GP-DMD, the Bayesian GP-DMD, and the Pro-DMP on the
Eight-Shape Dataset (ESD) are displayed on the right side of Figure 6.1. The ESD gives
rhythm-based trajectories that follow eight-shape motions in a three-dimensional space.
The red dashed lines show the respective demonstrations. In the top two right plots,
the GP-DMD and the Bayesian GP-DMD are represented, and consequently, only one
demonstration is considered. For the benchmark with the Pro-DMP, five demonstrations
are given in the remaining right plot. The thick blue line depicts the mean estimate of
each trained framework. Samples drawn from these trained frameworks are shown as
thin blue lines.

The GP-DMD and the Bayesian GP-DMD both achieve satisfactory results in estimating the
mean for the respective demonstration. Unlike in Section 6.1, Figure 6.1 and Table 6.1
display that the GP-DMD has a lower variance than the Bayesian GP-DMD. This issue is
interesting since the Bayesian GP-DMD takes 25 inducing variables while the GP-DMD only
takes four labels from the given demonstration. In comparison to the CSD (see Section 6.1),
both frameworks exhibit higher variance in the samples. The major advantages and
disadvantage of both frameworks are previously mentioned in Section 6.1. The Pro-DMP
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Figure 6.1.
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This figure shows three benchmarks of the derived GP-DMDs, Bayesian GP-
DMDs and Pro-DMPs on the Circle-Shape Dataset (CSD) and Eight-Shape
Dataset (ESD). The plots on the left correspond to the CSD and those plots
on the right to the ESD. The red dashed lines represent the given demonstra-
tions. While only one demonstration is given in each of the top four plots, the
last two plots exhibit flve demonstrations each. The thick blue line presents
the predicted mean estimate, while the thin blue lines represent samples of
demonstrations. All frameworks achieve satisfactory results in reproducing
the demonstrations on all plots.
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in the lower right plot in Figure 6.1 achieves satisfactory results in reproducing an eight-
shape based on the given demonstrations. Like the GP-DMD, the Pro-DMP requires a fixed
number of labels in the observation space to reproduce the demonstrations. However,
unlike for the CSD (see Section 6.1), the Pro-DMP does not match the given demonstrations’
mean and hence exhibits a higher RMSE. As for CSD, this experiment considers only the
mean estimates in the latent space.

6.3. The Minimum-Jerk Dataset

Figures 6.2, 6.3 and 6.4 show the benchmarks of the GP-DMD, the Bayesian GP-DMD,
and the Pro-DMP on the Minimum-Jerk Dataset (MJD). The MJD provides six-dimensional
minimum jerk movements obtained from two joints. Indeed, it presents the most difficult
benchmark for the three frameworks. The red dashed lines show the respective demon-
strations. In the top plots, the temporal changes in the positions are shown. The change
in the velocity over time is given in the middle plots. The lower plots correspond to the
temporal change in the acceleration. Figures 6.2 and 6.3 only consider one demonstration,
while in the last Figure 6.4, five demonstrations are taken into account. The thick blue
lines represent the mean estimate of each trained framework. Samples drawn from these
trained frameworks are shown as thin blue lines.

Figure 6.2 shows the results of the the GP-DMD benchmark on the MJD. The mean
estimates achieve decent results in matching the given demonstrations. However, the
variance in the samples increases significantly in the positions and the velocities compared
to the accelerations. Results of the Bayesian GP-DMD are shown in Figure 6.3. For the
acceleration trajectories, decent results are obtained. However, the estimated velocity
trajectories deviate slightly from the given data at the edges. Regarding the temporal
changes of the positions in the upper two plots, a significant deviation between the
estimated mean trajectories and the given data is observed. Similarly to the GP-DMD,
the position and velocity trajectories exhibit a higher variance than the acceleration
trajectories. Although the Bayesian GP-DMD achieves a lower RMSE (see Table 6.1),
Figure 6.3 indicates that the Bayesian GP-DMD performs worse than the GP-DMD. Finally,
the performance of the the Pro-DMP is given in Figure 6.4. As for the GP-DMD and
the Bayesian GP-DMD, satisfactory mean estimates of the acceleration trajectories are
obtained. However, the position and velocity trajectories deviate severely from the given
data and show high variance. A major drawback of the GP-DMD, the Bayesian GP-DMD,
and Pro-DMP is that the resulting estimates do not exhibit consistent relationships between
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Figure 6.2.: This figure shows a benchmark of the derived GP-DMDs on the Minimum-
Jerk Dataset (MJD). The MJD corresponds to the movement of two joints
with their respective position, velocity, and acceleration. The movement of
the first and second joint are shown on the left and right side, respectively.
The red dashed lines represent the given demonstrations. The thick blue line
presents the predicted mean estimate, while the thin blue lines represent
samples of demonstrations. The predicted mean of the GP-DMDs achieves
satisfactory results in reproducing the demonstrations on all plots. However,
the GP-DMD does not guarantee that the drawn samples exhibit consistent
ratios between position, velocity, and acceleration.
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Figure 6.3.: This figure shows a benchmark of the derived Bayesian GP-DMDs on the

Minimum-Jerk Dataset (MJD). The MJD corresponds to the movement of
two joints with their respective position, velocity, and acceleration. The
movement of the first and second joint are shown on the left and right side,
respectively. The red dashed lines represent the given demonstrations. The
thick blue line presents the predicted mean estimate, while the thin blue
lines represent samples of demonstrations. The predicted mean value of
Bayesian GP-DMDs achieves satisfactory results only for the demonstra-
tions of the velocities and the accelerations shown in the lower four plots. In
the upper two plots, strong deviations from the given positions occur. Also,
the GP-DMD does not guarantee that the drawn samples exhibit consistent
ratios between position, velocity, and acceleration.
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Figure 6.4.: This figure shows a benchmark of the derived Pro-DMPs on the Minimum-
Jerk Dataset (MJD). The MJD corresponds to the movement of two joints
with their respective position, velocity, and acceleration. The movement
of the first and second joint are shown on the left and right side, respec-
tively. The red dashed lines represent the given demonstrations. During this
benchmark, five demonstrations are considered. The thick blue line presents
the predicted mean estimate, while the thin blue lines represent samples of
demonstrations. The predicted mean value of Bayesian GP-DMDs achieves
satisfactory results only for the demonstrations of the accelerations shown
in the lower two plots. In the upper four plots, strong deviations from the
given positions and velocities occur. Also, the GP-DMD does not guarantee
that the drawn samples exhibit consistent ratios between position, velocity,
and acceleration.
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Root Mean Square Error on Datasets

Name of Dataset

CSD

ESD

MJD

GP-DMD
Bayesian GP-DMD
Pro-DMP

1.98¢ 5 +4.16e 3
7.59¢75 + 1.38¢ 3
7.93¢ 3 +1.21e 2

3.16e 3 + 1.6 2
4.59e¢ % + 3.49¢ 2
3.69¢ 2+ 8.71e 3

9.13¢3 + 2.06¢ 2
4.35¢ 3+ 3.79¢ 2
3.95¢72 + 6.37¢ 2

Table 6.1.: This list summarizes the performance of Gaussian Process Dynamic Mode

Decomposition (GP-DMD), Bayesian Gaussian Process Dynamic Mode De-
composition (Bayesian GP-DMD) and Probabilistic Dynamic Mode Primitive
(Pro-DMP) benchmarked on the Circle-Shape Dataset (CSD), the Eight-Shape
Dataset (ESD), and the Minimum-Jerk Dataset (MJD). Performance is mea-
sured by the Root Mean Square Error (RMSE) between the predicted mean
and the given demonstration. In the latter case of Pro-DMPs, the predicted
mean is compared to the average of the five given demonstrations. In order
to obtain a measure of variability in the results, the standard deviation is used
w.r.t. the estimated RMSE error. For this purpose, one hundred samples are
taken from each framework. Then, the RMSE between those samples and the
corresponding given demonstration is calculated. Thus, the former value in
each cell represents the RMSE mean, and the latter value represents the stan-
dard deviation. The thick values indicate the best RMSE mean performance
on the corresponding data set.

the positions, the velocities, and the acceleration. For instance, the true first and second
derivatives of a sampled position trajectory differ from the corresponding sampled velocity
and acceleration trajectories.

104



7. Discussion and Outlook

Machine Learning techniques are attracting increasing attention to analyze and understand
the intrinsic nature of given data from highly complex systems as data deluge and the
technologies’ ever-increasing computational power continues to grow [2,4,6,25,26,69].
Movement primitives, a subdomain of imitation learning in robotics, leverage Machine
Learning to learn movement sequences from demonstrations. [7-21]. These concepts allow
the reconstruction of given demonstrations solely from data and enable the modification
of those movements afterwards. Unfortunately, many of the proposed frameworks lack the
extraction of comprehensible and interpretable physical information within the learned
latent space. In this thesis, we focus on the Koopman Theory, which addresses highly
complex dynamical systems [22-27]. This theory considers a linear evolution of selected
measurement functions of the data in an infinite-dimensional Hilbert space instead of
the nonlinear evolution of the collected data points themselves. The Koopman Theory
and hence the DMD family provide a decomposition into spatio-temporal characteristics
of the given dynamical system and consequently into interpretable physical information
[24-26,28-31].

Motivated by the strong similarity of the DMD family to continuous LVMs, such as PCA and
FA, this thesis firstly proposes the GP-DMD, providing a probabilistic dual perspective based
on the GP-SSM family. The GP-DMD framework embodies a MAP estimate aiming to infer
a stationary linear Markov sequence in latent space, while a Gaussian Process describes
the relationship to the given observations. The probabilistic formulation accounts for
uncertainties and noise naturally and leads to a nonparametric Bayesian formalism due to
the Gaussian Process. However, since the latent space can exhibit a higher dimensionality
than the observations space, the GP-DMD framework carries a risk of overfitting. Therefore,
the Bayesian GP-DMD, a fully Bayesian formalism of the GP-DMD, has been subsequently
introduced in this thesis. This formalization leads to a Variational Inference procedure,
which mitigates overfitting and approximates a posterior distribution over the linear
operator and the linear trajectories in the latent space.
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Movement primitives focus not solely on learning the underlying movement but also on
learning the variability within the given demonstrations [7-10]. Both GP-DMD and the
Bayesian GP-DMD fail to cope with multiple demonstrations. For this reason, the thesis
proposes the Pro-DMP as a third framework. The Pro-DMP targets to express the given
variability within the given demonstrations in the inferred trajectories in the latent space.
Based on Probabilistic Movement Primitives, a popular movement primitive framework
[10,14,15, 18], a hierarchical structure has been integrated into the existing GP-DMD
framework. As a result, the Pro-DMP is an EM-like procedure capable of handling multiple
trajectories and representing a new class of movement primitives. In order to mitigate the
risk of overfitting, the Bayesian-DMP framework was introduced, which is a fully Bayesian
formalization of the Pro-DMP. Similar to Bayesian GP-DMD, it expresses a Variational
Inference procedure and hence provides approximations of the posterior distributions
over the linear operator and the linear trajectories in the latent space. However, the
development of this framework is ongoing and forms an open research topic.

The GP-DMD, the Bayesian GP-DMD, and the Pro-DMP were benchmarked on the CSD, the
ESD, and the MJD. Here, the primary objective was to determine whether the frameworks
are capable of learning and reproducing the given demonstrations. The GP-DMD showed
the significant advantage of computational efficiency in comparison to the Bayesian
GP-DMD. Even though the inducing pairs utilized in the Bayesian GP-DMD reduce the com-
putational complexity of the kernel inversion compared to the GP-DMD, the Probabilistic
Inference techniques required to infer the variational distribution over the latent states
significantly slow down the Bayesian GP-DMD. However, a major drawback of the GP-DMD
is the necessity of multiple labels to reproduce the given demonstration. The performance
of the resulting demonstrations, however, is strongly dependent on the choice of these
labels. The Bayesian GP-DMD circumvents this issue by using the inducing variables.
These variables directly infer knowledge about the given demonstrations to provide labels
to reproduce them indirectly. Like the GP-DMD, the Pro-DMP also requires a fixed number
of labels in the observation space to reproduce the demonstrations. In this experiment,
only the mean estimates in the latent space were considered. Therefore, it is interest-
ing for future research to sample in the latent space and reproduce the corresponding
demonstration in the observation space. In this way, the ability of Pro-DMP to learn the
variability of the circular motion from the given demonstrations can be analyzed.

In the future development of these proposed frameworks, it is interesting to evaluate their
performance on more comprehensive robotic benchmarks. The variation in potential values,
e.g., the choice of kernel functions, plays a significant role in the resulting performance.
In the case of fully Bayesian methods, such as Bayesian GP-DMD and Bayesian-DMP, the
assumption of the specific functional form of the variational distribution over the latent
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states and the choice of the Probabilistic Inference technique employed for this purpose is
essential. When satisfactory performance in complex experiments is achieved, comparison
with other movement primitives is an important part of future research. Also, the analysis
of the underlying learned latent space constitutes an important part.

A significant challenge in the proposed frameworks arises from the bi-level optimization
procedure. On the one hand, the framework aims to learn a linear transition model in the
latent space. On the other hand, the linear operator is optimized based on these estimates.
Here, the corresponding optimization procedure relies on first-order coordinate gradient
descent methods. For parameters that have a closed-form solution, a learning rate of 1.0
is used. A vanilla gradient descent is performed on the remaining parameters for which
no closed-form solution exists. Based on the stochastic VI [70, 73], the future focus lies
on extending the proposed frameworks. Advantages of the natural gradient are to be
used, and as such, information of the resulting Hessian matrix is to be included [70, 98].
These extended frameworks result in more natural optimization procedures considering
second-order information.

The assumed prior distribution over the linear operator, expressed as a stationary matrix,is
considered separately for each column in the proposed frameworks. In other words, the
columns of the linear operator are independent of each other. From the perspective of Oc-
cam’s Razor, this assumption is reasonable since it simplifies the optimization problem and
provides decent approximations. However, it still has severe limitations since dependen-
cies between columns are neglected. An interesting extension is the utilization of matrix
priors [99]. These priors result in a richer expression that considers the entire matrix
without independence assumptions. However, this consideration induces correlations and
therefore entails the risk of leading to more complex optimization procedures. Similarly,
future research studies can consider extending the Gaussian processes to the Student-t
process [100,101]. This consideration has the potential to result in significantly better
performances of the derived frameworks. However, similar to the use of matrix priors, the
induced correlations lead to more complex optimization procedures due to marginalization
over precision values. Thus, from Occam’s Razor perspective, these considerations are not
the primary goals of future research, but they do provide interesting food for thought.

A major focus of future research is developing the Bayesian-DMP. However, the VI pro-
cedures are based on the optimization of a lower bound and, consequently, on applying
the mean field assumption. On the one hand, the assumed independence between the
random variables naturally results in specific functional forms of the variational distribu-
tion [4,6]. On the other hand, however, this independence potentially induces flawed
approximated posterior distribution [54]. These flawed approximations potentially lead
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to a bias between the true marginal log-likelihood and the ELBO, resulting in unsatis-
factory solutions. Therefore, an interesting way to circumvent the problem is to derive a
sampling-based Probabilistic Inference technique for the Bayesian-DMP framework based
on Particle MCMC [54, 58]. Such a technique suffers from the curse of dimensionality and
becomes less suitable as the dimensionality in the demonstrations increases. However, it
have the advantage that no mean field assumption has to be made.
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A. Probability Distributions

The following appendix provides the probability distributions relevant to this work. The
definitions and formalizations are taken from [4, 6].

A.1. Normal Distribution

The normal distribution, also known as Gaussian distribution, is the most commonly used
distribution in statistics and Machine Learning [6]. In the univariate case, where the
corresponding random variables are one-dimensional z € R, the probability density
function is defined by

Ao o) = ——oxp (~ 505 (o).

(2%02)% 202

The natural parameters ;. € R and o2 > 0 denote the mean and variance of the univariate
normal distribution, respectively. The variance o > 0 is the squared standard deviation.
In many cases, including this work, the precision value of the normal distribution A = 1/02
is used, which is simply the inverse of the variance. The first and second moments of the
univariate normal distribution are denoted by

Mean : E (z) = p,
Variance :  var (z) = o”.
The conjugate prior of the mean y is again a univariate normal distribution, while for o2

an inverse Gamma distribution is assumed. If the precision value A is used, the conjugate
prior is formalized by an Gamma distribution.
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In the multivariate case, where a normal distribution over a D-dimensional random
variable x € R” is considered, the probability density function equals

N %) = ) (e (< 02 - ).

The natural parameters of the distribution are the mean vector p € R” and the positive
semidefinite covariance matrix ¥ € RP*P. As in the univariate case, the precision matrix
A = X! is simply expressed as the inverse of the covariance matrix. Moreover, in the
multivariate case, the first and second moments correspond to

Mean : E (x) = p,
Variance : Cov (x) = X.
Like in the univariate case, the conjugate prior associated to the mean vector y is again a

multivariate normal distribution. For the covariance and precision matrices, the conjugate
prior is denoted as inverse Wishart distribution and Wishart distribution, respectively.

A.2. Gamma Distribution

The Gamma distribution is a flexible distribution over positive real-valued random variables
x € (0,00). The probability density function is given by
(03

7 ey (),

Gam (z | @, ) = 5~

where the natural parameters « > 0 and 3 > 0 denote the shape and rate of the given
distribution. It is normalized by a gamma function defined by

o0
I'(«) d:ef/ u® exp™ du,
0

which ensures that the probability integrates to one. The mean and variance, or the first
and second moments, are expressed by

«
var(x) = 7
The Gamma distribution represents the conjugate prior for the precision value \ of a
normal distribution.
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A.3. Wishart Distribution

In the multivariate case, the generalization of the Gamma distribution is represented by
the Wishart distribution. This distribution models the uncertainty of positive semidefinite
matrices A € RP*P by

v—D-1
2

W(A | W,) = BOW, v)|A|“ 5" exp (—;Tr (W—lA)> ,

where the natural parameters v and W correspond to the degrees of freedom and the scale
matrix, respectively. The normalization constant is computable by the function B(W,v)
given as

D D(D-1) D v+1—1 -
BW,v)=|W[2 2% 7 1 —_—
- i (#2550 e (211
d=1
Note that this normalization factor exists only when v > D — 1 holds. The expected value
and hence the first moment is formed by
E(A) =vW.

The Wishart distribution acts as a conjugate prior for the precision matrix A.
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B. Information Theory

This appendix presents significant concepts from the field of Information Theory that have
proven to be useful tools for Machine Learning and other related research areas. The
definitions and formalizations are based on [4, 6].

B.1. Shannon Entropy

The entropy or Shannon entropy represents a measure of the uncertainty of a probability
density function p(-) over a random variable x. In other words, it provides a value that
determines the information content of an event. This information content is also called
degree of surprise. The value indicates the information content of an event under the
assumption of a given distribution. Assuming the random variable has a high probability
value, the event is very likely to occur and therefore has a low informative content. On the
other hand, a very unlikely event has much informational content. The entropy is defined

by
H(p(x) || p() = ~ [ 90 o () dx.
For discrete random variables and the resulting probability mass function; a sum replaces

the integral. From an information-theoretic perspective, the Shannon entropy corresponds
to the expected number of bits needed to encode the data from the source distribution p.
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B.2. Cross Entropy

The cross entropy is determined by

H(p(x) || ¢(x)) = — /p(x) log q(x) dx.

In the case of a probability mass function, a sum replaces the integral. It quantifies the
information content necessary to represent data from a true distribution p(-) by a modeled
distribution ¢(-). For the case where the true and given distributions coincide, this becomes
the Shannon entropy.

B.3. Kullback-Leibler Divergence

A combination of the previously proposed concepts provides a measure of dissimilarity
between two probability distributions p(-) and ¢(-). This measure function is known as
Kullback-Leibler divergence (KL) or relative entropy. It is defined as follows

KL(p(x) || ¢(x)) = —H(p(x) || p(x)) + H(p(x) [| ¢(x)),

= xomx
—/p( )lgp(x)d,

where the integral is replaceable by the sum when probability mass functions are consid-
ered. It represents the difference between cross entropy and entropy. The KL-divergence
thus quantifies the additional information content needed to express the data coming
from p(-) with the distribution ¢(-). In this context, it should be noted that the Kull-
back-Leibler divergence is not a distance measure mathematically, since the symmetry

property KL(p(-) || ¢(-)) # KL(q() || p()) is violated.
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C. Kernel Functions

The kernel functions listed in this appendix closely follow the definitions of [6]. In general,
a kernel matrix, also known as Gram matrix, defined by

k(X07YO70) T k(X07YT70)
Kx y(0) = : : ;
k(XTay079) T k(XT7YT70)

describes the similarity between given objects without explicitly requiring the computation
of the feature vector format. In each element of the kernel matrix, a kernel function
k(-,-) > 0 is applied. Given two objects x;,y; € M of an abstract space M, the kernel
function k(x;,y;) provides a value associated with the similarity of the two objects.
Typically, the resulting kernel matrix K is a symmetric positive semidefinite matrix [6].

C.1. Linear Kernel

The linear kernel represents a straightforward choice of possible kernel functions where
each element of the gram matrix is expressed by an inner product

k(x,y) = 0x"y,

with @ denoting a scaling parameter. Consider the case of # = 1 and x,y € R?, the linear
kernel simply resolves into a linear combination

k(x,y) =x"y
= x1Y1 + x2Y2,

of the elements of the two objects x and y.
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C.2. Polynomial Kernel

The polynomial kernel is a generalization of the linear kernel, which represents the inner
product of two objects x,y € M preprocessed by polynomial feature mappings. It is
defined by

k(x,y) = (0x"y + )",

where » > 0 and M denote the bias and the degree of the corresponding polynomial,
respectively. For example, consider the following case of a polynomial kernel of the form

2
k(x,y) = (x"y+1)",
= (14 z1y1 + 2212)%,
=14 22191 + 222y2 + 2z122Y1Y2 + x%y% + x%y%,

where x,y € R?, M = 2,0 = 1, and » = 1. Hence, it expresses a polynomial of degree
M =2.

C.3. Family of RBF Kernels

The well-known radial basis function kernel is a special case of the generalized squared
exponential kernel or Gaussian kernel defined by

k(x,y) =0 exp <— (x—y) =7 (x - y)> ,
where 6 is the scaling parameter and the positive semidefinite matrix ¥ provides a

correlation parameter. In the case of a D-dimensional diagonal matrix ¥, the squared
exponential kernel resolves to

21
k(xi,xj):eexp< E — ( );
1Ud

which is known as Automatic Relevance Detection (ARD) kernel. The parameters o of
the diagonal of 3 characterize the length or width scales of the individual dimensions,

123



respectively. If 0> — oo, the corresponding dimension has no relevance and is thus
automatically ignored. Furthermore, if X is a spherical matrix, i.e. 0% = 0% = --- = 0%,
and a parameter v = 1/0? is defined, an isotropic kernel

k(xi,x;j) = f0exp (—% [|x; — xjHQ) , (C.1D)

is obtained, referring to a radial basis function kernel. The bandwidth is represented by ~.
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D. Inference

This appendix discusses Probabilistic Inference techniques applied to State-Space Mod-
els (SSMs) (see Section 4.1). These techniques infer the probability of latent states
Xo,- - ,x7 € RM from given observed data y,,--- ,y; € RY. The latent and observed
states are summarized in X € RM*T and Y € RV*7 | respectively. The posterior distribu-
tion is defined by

p(Y [ X)p(X)
p(Y)
The SSM frameworks assume a probabilistic Markov sequence in the latent space describing

the dynamics and a measurement function representing the dependence of the observation
y, on the current state x; [6,53]. Thus, the posterior reformulates to

PX1Y) =

_ p(x0)p(yo | x0) TT—y Py | Xe)p(xs | x4-1)

In the following, Cubature Smoothing and Sequential Monte Carlo present two established
paradigms performing inference on the posterior. The definitions and formulations are
based on [53].

D.1. Spherical Cubature Smoothing

The Cubature Smoothing, also known as Cubature Rauch-Tung-Striebel smoother, belongs
to the family of Bayesian smoothing techniques. It combines the spherical Cubature
approximation to classical additive Gaussian Rauch-Tung-Stribel smoother [53]. In general,
smoothing methods compute the marginal distributions of a state x; considering all
measurements Y. However, it is necessary to perform a forward procedure in advance. The
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forward procedure, also called filtering, infers over a filter distribution. Filter distributions
represent the marginal distributions of the current state x;, given by

p(xe [ Yo, Y6 Xos s Xim1) = p(xe | Yy, Xe—1), (D.1)
depending on the past states xg, - -+ ,X;_1 and the current and previous measurements
Yo, -,y One appealing filtering algorithm is the well-known additive Gaussian Cubature

Kalman filter, which is separable into a prediction step and an update step. The former
predicts an estimate of the current state x; based on the estimates of the mean m;_; € RM
and the covariance matrix Pj,_; € RV*¥ of the previous state x,_;. There are 2M sigma
points defined as follows

Xt(i)l =ny_1 + V Pk_lf(i), 1= 17 e 52M7
where the unit sigma points are given by

, {\/Mei, i=1,---, M,
g(l) _

— (D.2)
—VMei_y, i=M+1,---,2M,

The sigma points can be considered as deterministically selected samples representing a
large amount of information of the underlying normal distribution. Then, these sigma
points are propagated through the dynamical model

X0 =g (2D, =12,

where f(-) denotes the known linear or nonlinear dynamics of the underlying Markov
sequence. Based on the resulting outcomes, the predicted mean m; € R and the
predicted covariance matrix P; € RM™*M are estimated by

1 2M ()
M= oa

2M

P, = ﬁ £ (%(i) - m;) (/?t(i) - m;>T + Q1

where Q,_; € RM*M corresponds to the covariance matrix of the process noise.

After the prediction step, the natural parameters of the normal distribution of the current
state x; are estimated. To incorporate the knowledge of the seen observation y,, the
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update step is then performed. For this purpose, the sigma points based on the current
natural parameters are written as

X7 =my 4+ /Pre® i=1,-. 2M,

with the vectors £() corresponding to the unit sigma points (see Equation (D.2)). Similar
to the prediction step, they are propagated through the measurement model

YD = p (X;(“) . i=1,---,2M,

where h(-) describes the predefined measurement function of the SSM. Based on ft(i),
the mean p, and the covariance S; are used to estimate the natural parameters of the
likelihood p(y, | x¢) using

1 2M )
“t:W;yt )

LS (58— ) (57 )+

S, =
7 9
=1

where R; € RV*V represents the covariance matrix of the measurement noise. Moreover,
the cross covariance of the state x; and the observed state y, is determined by the following
equation

c - 1 (50 _ ) (50 g
o S () (5

Thus, the natural parameters of the filter distribution (see Equation (D.1)) are represented
by

my :mt_—'_Kt(Yt_p‘t)a
P; = P, - K;S;K/,

where K; = C;S; ! € RM*N corresponds to the well-known Kalman gain or filter gain.

Eventually, the combination of both steps over each state xg, - - - , xp provides the forward
procedure. However, to obtain an estimate of the true posterior, Bayesian smoothing
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techniques are utilized, resulting in a backward path. Similar to the Cubature Kalman
filter, a set of 2M sigma points is formed

XY =my+/Pre®, i=1,0 20,

where ¢() represent the unit sigma points (see Equation (D.2)). During the filtering
process, the natural parameters mean m; and covariance P, were estimated. Subsequently,
the sigma points are propagated through the dynamics of the SSM using K

X0 = f(/’\.’t(i))7 i=1,---,2M.

Based on the resulting points /'Et(fr)l, the predicted mean m,_ , the predicted covariance
P, ,, and the cross-covariance D, are calculated as follows

1 2M =)

m;+1 = 2M § :Xtil’
i=1
2M

- 1 . - .. CN\T
P,= M Z (Xt(jr)l - mt+1) (Xt(j-)l - mt+1> + Qy,
i=1

- L (40 () -\
Diis = gz 2 (47 —me) (B - mia )
i=1

where Q, € RM*M corresponds to the process noise of SSM. The estimation of the mean
and covariance of the resulting distribution is

s s —
m; = m; + Gy (mf; —m ),

P; =P -G ( f+1 - Pt_—i-l) GtT»

—1 . .
where G; = D, P, € RMXM refers to the Kalman gain. Thus, performing the
backward procedure of 7', --- ,0 gives mean and covariance estimates of the posterior
distribution.

Bayesian Inference techniques based on Gaussian approximations, like the Cubature
Kalman filter or the Cubature Rauch-Tung-Striebel smoother, achieve satisfactory results
for many SSMs [53]. However, in cases where the distributions of interest, e.g., the filtering
or smoothing distributions, are multimodal Gaussian or non-Gaussian, respectively, these
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techniques produce inappropriate approximations [53]. Also, applying these Bayesian
Inference techniques is not possible if some random variables are discontinuous [53].
Therefore, in the next section, Monte Carlo sampling-based approximations are considered,
found in the family of sequential Monte Carlo techniques.

D.2. Sequential Monte Carlo Techniques

For State-Space Models in which the distributions of interest correspond to a multimodal
Gaussian distribution or a non-Gaussian distribution, or discrete random variables are
encountered, Sequential Monte Carlo (SMC) techniques are applied. In general, these
techniques directly approximate the distribution of interest using Monte Carlo (particle)-
based techniques combined with Importance Sampling. In the case of SSMs, the interest

is to track the evolution of a set of S particles {(wf%x@) ci=1,---,8 } over time

t=0,---,7T and derive the associated probabilities. Given the Markov property assumed
in the SSMs, the posterior decomposes into the following form

p(X YY) o< p(yy | xe)p(xe | xe—1)p(X0, -+ Xe—1 [ Yo, 0, ¥e1)-
Subsequently, an importance distribution is introduced

xP o xD e r& e x vy,
enabling sampling for the current state. Indeed, this distribution is necessary since
sampling from the true underlying distribution is either complicated or not possible at all.
The corresponding importance weights are calculable by
i o X [ 0peed’ - x| Yor e yin)

Wy 5 i
7T(X(())f" 7X§) ‘y()a"' 7yt)

Commonly, as well as throughout this thesis, the importance distribution is defined as
Markovian. The calculation of the importance weights hence reformulates to

o) p(yi | x| xP ) peeds ) [y yilt)
t i i i i )
W(Xg) ‘ Xz(t—)lvy()’"' 2 Yt) w(x(()),--- ,Xﬁ_)l | Yo, > ¥e-1)
()
Wiy
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This reformulation leads to a recursive expression under the assumption that the samples

x) ... x!Y from the previous steps are known.

The well-known Sequential Importance Sampling (SIS) framework is derived from the
assumptions mentioned above. A set of S samples is first drawn from the initial prior
distribution by

Xés) ~p(xo), ¢ =1,---,8

w =1/S, i =1,---.,8

with equal initialized importance weights. Normalization of the importance weights
ensures a correct probability distribution. Then, the recursive procedure of SIS is applied
by drawing S new samples from the importance distribution

Xgi) N 7T(ng') | X@p}’o’”' y,), i=1,-- 8
Subsequently, the associated new importance weights are given by
o o 2o X" [ x)

wy o< w2y A A
r(xf” 15 yo 1)

In the case of a bootstrap procedure, where the importance distribution corresponds to the

dynamic model w(x,ﬁi) | xf_)l, Yo, Vi) = p(xii) \ xii_)l), the calculation simplifies to

w o w ply, | xP).

The resulting importance weights are normalized again to ensure a correct probability
distribution.

However, the SIS framework suffers from the degeneracy problem [53]. The degeneracy
problem describes the situation where almost all particles have importance weights that
are very low or equal to zero. One way to mitigate this problem is the use of resampling
techniques [4,53]. These techniques are performed after the normalization of the recalcu-
lated importance weights. The principle is to remove unlikely particles whose importance
weights are consequently very small. Instead, the more likely particles with larger impor-
tance weights are duplicated. The resulting Sequential Importance Resampling (SIR), also
called particle filter, is a popular algorithm from the Sequential Monte Carlo (SMC) family.
However, like all sampling-based techniques, the proposed frameworks suffer from the
curse of dimensionality [4,6,53]. For high-dimensional state spaces, the application of
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the proposed frameworks is intractable. Moreover, although SIR mitigates the effect of the
degeneracy problem, it does not resolve it at all [53]. As a result, many extensions have
been proposed to improve the sampling-based SMC family available in [52,53]. However,
in the context of this work, the SIR framework provided decent results.
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E. Algorithms

This appendix lists the pseudocodes of the training procedures for the three implemented
algorithms Gaussian Process Dynamic Mode Decomposition (GP-DMD), Bayesian Gaussian
Process Dynamic Mode Decomposition (Bayesian GP-DMD), and Probabilistic Dynamic
Mode Primitive (Pro-DMP).

Algorithm E.1: Training Procedure of Gaussian Process Dynamic Mode Decomposition

Input: Observations Y = [y, ..., yr|, initial latent variables X = [xq, ..., X7],
kernel parameters 6, linear operator A, hyperparameter values
ay, By, ..., aa, (a, learning rates dg, . .., 6a and number of iterations I.
begin
Ay < E(Gam(ay, By)) = ay /By
Ao < E(Gam(ao, o)) = ao/Bo
M  E(Gam(ax, x)) = ax/Px
Aa ¢ E(Gam(a, fa)) = da/Ba
repeat
A* G, Ak, Aax < Get Calculated Closed-Form Solutions (see Equations (4.5)

to (4.8))
VoL, VxL,Vy, L «+ Get Calculated Gradients (see Equation (4.9))

0, X, )\y +— 0+ 6gVeLl, X+ xVxL, Ay + (5)\yv,\y[,
A+~ A+6a(A"—A)
Ao < Ao + 0y, ()\8 — )\0)
Ax ¢ Ax + 0x, (AE — Ax)
Aa < Aa + 0y, (Aa*x — Aa)
until I iterations are done;
end
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Algorithm E.2: Training Procedure of Bayesian Gaussian Process Dynamic Mode
Decomposition

Input:

begin

Observations Y = [y, ..., yr|, initial latent variables X = [xq, ..., x7],
kernel parameters 6, linear operator A, hyperparameter values

Qy; By, -+, Qa, [a, learning rates dy, ..., 05, number of iterations /,
inducing inputs zg, ..., zp and the index for the corresponding inducing
variables idx,.

ay, By < ay, By
ao, Po < ao, Bo
&xa éx — ax, Bx
Qa, @Va < Qa, Ba

ﬁav j}/a < 07 I

by, Au < Y[, idz,), 1

repeat
X Sample Opt1ma1 Latent Trajectories (see Equation (4.24))
ay, By, oy, AU + Get Calculated Closed-Form Solutions (see

Equations (4.11) to (4.22))
VoL,VzL + Get Calculated Gradients (see Equation (4.25))
N/ — 0+ 6gVeLl,Z + 5sz,C
Ay, éy < ay + day (0 — ay), By + 5/8y(6 By)
Qo, éo —ap + 5ao(~* ) Bo + 6ﬁ0 (ﬁo @9)
x, éx = Qx + 0oy (O — Ox), Bx + 5,30 (6 Bx)
&aa @va — Qa + 5aa (Oé; - ) 5a + 5Ba(ﬁ - /Ba)
Hay Aa < pg + 05 (N — Ha), a+5 ( _Aa)

fiy, Au  fiy + 6, (B0 — Bu), Au + 53U(AU — Av)

until [ iterations are done or the ELBO converges;

end
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Algorithm E.3: Training Procedure of Probabilistic Dynamic Mode Primitive
Input: S Observations Batches Y* = [y{, ..., y7], initial S batches of latent
variables X* = [xq, ..., x7|®, kernel parameters 8, hyperparameter values
ay, By, ..., aa, (a, learning rates dg, . .., 6a and number of iterations I.
begin
Ay ¢ E(Gam(ay, By)) = ay /By
Ao + E(Gam(ao, Bo)) = @o/fo
Mx — E(Gam(ax, x)) = ax/Px
Vo, Wy < Qa, Bal
My, > Aa, < 0,0
for all sin S do
fras ; Aaz, < 0,0

end
repeat
AD> Ao -+ M s Ay, Get Calculated Closed-Form Solutions (see

Equations (5.3) to (5.8))
VoL, VxL, V), L «+ Get Calculated Gradients (see Equation (5.9))

0+ 0+ 6gVoL

X+ X+6xVxL

Ay & Ay + 5)\yV)\y£

Ka,,» Na, < By, + 5uam (uém - “’am) ; A, + 5Aam (AZm - Aam)
for all sin S do

ﬁafna Aafn «— ﬁafn + 5;7&%1 (ﬁZgn - ﬁafn) ) Aafn + 5]&8%1 <A:$n - Aa%)
end
)\0 <— )\0 + 5,\0 (X(k) — )\0)
Ax ¢ Ax +0x, (AE — Ax)
Aa < Aa + 0y, (Aa* — Aa)
until 7 iterations are done;
end
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F. Parameter Settings

In this appendix we list the parameter settings fot the three implemented algorithms
Gaussian Process Dynamic Mode Decomposition (GP-DMD), Bayesian Gaussian Process
Dynamic Mode Decomposition (Bayesian GP-DMD), and Probabilistic Dynamic Mode
Primitive (Pro-DMP) tested on Circle-Shape Dataset (CSD), Eight-Shape Dataset (ESD)
and Minimum-Jerk Dataset (MJD).

Parameter Settings of GP-DMD on Datasets
Name of Dataset Circle-Shape Eight-Shape Minimum-Jerk
Seed 11 11 11
Iterations 50000 50000 50000
Learning Rate le™? le™3 le™3
Latent Dim. 3 5 5
Number Of Labels || 4 4 4
RBF Kernel: 6, ~ 1/32, 1 1/32, 1 1/32, 1
Prior: ay, By 1, le73 1, le73 1, le73
Prior: oo, Bo 1, 1le73 1, 1le3 1, 1le73
Prior: oy, Ox 1, le™3 1, 1le™3 1, 1le™3
Prior: aa, f3a 1, le73 1, le73 1, le73

Table F.1.: This list summarizes the parameter setting used to train Gaussian Process
Dynamic Mode Decomposition (GP-DMD) on the Circle-Shape Dataset (CSD),
the Eight-Shape Dataset (ESD), and Minimum-Jerk Dataset (MJD).
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Parameter Settings of Bayesian GP-DMD on Datasets
Name of Dataset Circle-Shape Eight-Shape Minimum-Jerk
Seed 11 11 11
Iterations 5000 5000 5000
Learning Rate le™3 le™3 le™3
Latent Dim. 3 5 5
Number Of Induc- || 25 25 25
ing Variables
RBF Kernel: 6, ~ 1/32, 1 1/32, 1 1/32, 1
Prior: ay, By le3,1 1, le™® 1, le=6
Prior: ag, Bo 1%, 1 1e?, 1 1e?, 1
Prior: oy, Ox 1e?, 1 1e?, 1 1e®, 1
Prior: aa, f3a le 3,1 le7 3,1 le73,1

Table F.2.: This list summarizes the parameter setting used to train Bayesian Gaussian
Process Dynamic Mode Decomposition (Bayesian GP-DMD) on the Circle-
Shape Dataset (CSD), the Eight-Shape Dataset (ESD), and Minimum-Jerk
Dataset (MJD).
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Parameter Settings of Pro-DMP on Datasets
Name of Dataset Circle-Shape Eight-Shape Minimum-Jerk
Seed 11 11 11
Iterations 50000 50000 50000
Batch Size S 5 5 5
Learning Rate le™3 le 3 le 3
Latent Dim. 3 5 5
Number Of Labels 4 4 4
RBF Kernel: 0, v 1/16, 1 1/16, 1 1/16, 1
Prior: ay, By 1, 1le™3 1, 1le™3 1, le™3
Prior: g, fPo le?, 1 le?, 1 1e3, 1
Prior: ay, Bx 1e3, 1 le3, 1 e, 1
Prior: aa, fa 6e 6, 1eb 6e 6, 1eb 6e 6, 1eb

Table F.3.: This list summarizes the parameter setting used to train Probabilistic Dy-
namic Mode Primitive (Pro-DMP) on the Circle-Shape Dataset (CSD), the
Eight-Shape Dataset (ESD), and Minimum-Jerk Dataset (MJD).
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G. Learning Curves

In this appendix, the learning curves of GP-DMD, Bayesian GP-DMD, and Pro-DMP on the
data sets CSD, ESD and MJD are given.

Bayesian GP-DMP Circle-Shape Dataset Bayesian GP-DMP Eight-Shape Datasct Bayesian GP-DMP Eight-Shape Datasct
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Figure G.1.: This figure shows the learning curves from the training procedures of the
Bayesian GP-DMDs on the Circle-Shape Dataset (CSD), the Eight-Shape
Dataset (ESD), and the Minimum-Jerk Dataset (MJD). The learning phase
covers 5000 iterations. The learning curve starts at decent values due to a
PCA initialization. As a result of numerical issues, these curves show strong
fluctuations. However, all three plots exhibit convergence of the learning
curves to the end.
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GP-DMD Circle-Shape Dataset
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Figure G.2.: This figure shows the learning curves from the training procedures of the GP-
DMDs on the Circle-Shape Dataset (CSD), the Eight-Shape Dataset (ESD),
and the Minimum-Jerk Dataset (MJD). The learning phase covers 50000
iterations. On the left side, the entire learning curves are given, while on the
right side, central parts are shown enlarged. All plots exhibit convergence
of the learning curves to the end.
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Pro-DMP Circle-Shape Dataset
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Figure G.3.: This figure shows the learning curves from the training procedures of
the Pro-DMPs on the Circle-Shape Dataset (CSD), the Eight-Shape Dataset
(ESD), and the Minimum-Jerk Dataset (MJD). The learning phase covers
50000 iterations. On the left side, the entire learning curves are given, while
on the right side, central parts are shown enlarged. All plots exhibit conver-
gence of the learning curves to the end.
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