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Abstract

In control theory, we try to control a system to reach a specific goal, for example for a pendulum to stand
upright. For linear dynamical systems, highly evolved control methods like the linear quadratic regulator
exist. In the case of nonlinear systems, however, we do not have such control methods. This is the reason
why linearization of a nonlinear system is quite appealing as it offers a way for us to apply methods of linear
control theory to nonlinear systems. Typical linearization approaches like small angle approximation have
the disadvantage of only being valid locally. Koopman theory offers a way to linearize a system globally by
mapping the nonlinear behavior to an infinite-dimensional embedding using nonlinear observation functions.
In this embedding, the dynamics behave linearly with an infinite-dimensional operator called the Koopman
operator, advancing the observations forward in time.

Prior work has studied the Koopman operator and how to approximate it using a finite-dimensional linear
embedding and to find the Koopman eigenfunctions. These functions only scale when applying the Koopman
operator to it, spanning an invariant subspace of the embedding. Most of the prior work employed a
deterministic view on the Koopman operator which makes gauging the uncertainty of the system impossible.

In this thesis we present an algorithm based on the theory of Linear Gaussian Dynamical Systems by replacing
the linear with nonlinear observations. This algorithm, the Koopman inference algorithm, is an Expectation-
Maximization algorithm that alternates between estimating the linear latent state, and optimizing the latent
state dynamics and the observation function. With this approach the algorithm will be able to approximate
the dynamics of nonlinear systems using a finite-dimensional linear embedding.

We can show that our algorithm performs decently on common nonlinear environments like a pendulum,
successfully finding an embedding where the dynamics behave linearly.
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1. Introduction

A dynamical system often describes some kind of physical process, e.g. a pendulum swinging around a fixed
point or two pendulums swinging together. However, these systems often exhibit complicated and in some
cases even chaotic movement. In (optimal) control theory, we try to control these systems to accomplish a
desired state, e.g. to stand upright. As we do not necessarily have the equations of motion for complex systems
(e.g. with friction models), we have to learn the model in a process called model learning.

Motivation Learning nonlinear models is a tedious task. For optimal control, there are highly evolved
methods like Linear Quadratic Regulator (LQR) to get an optimal trajectory. Unfortunately, such solution
theories do not exist for nonlinear models, even if we had models that perfectly describe the reality. Most
methods used for controlling dynamics systems, e.g. Model-Predictive Control (MPC) and iterative Linear
Quadratic Regulator (iLQR), use approximations and locally linear dynamics models.

This motivates globally linear embeddings that we can project the nonlinear dynamics to. This enables doing
control in the linear embedding rather than the complex nonlinear state space, yielding better overall results.

Approach Finding such a linear embedding to perform control in is theoretically backed by the Koopman
theory [Koo31], stating that every dynamical system can be lifted into a linear embedding. Such methods
have proven to be useful in the past [KKB20, HHV20, MWK19], however, most of the approaches do not
tackle the problem from a probabilistic view or have very complex models.

Contribution Our contribution is an extension of the well-known model learning algorithm for Linear
Gaussian Dynamical Systems (LGDSs) [GH96, Min99] by using nonlinear measurements. Backed by Koopman
theory [Koo31] and results from prior work [LKB18], we assume the existence of an observation function
that maps from a linear Koopman embedding to the nonlinear state space, allowing model predictions of the
complex underlying dynamics using linear transformations.

We evaluate our model on well-known environments like the (damped) pendulum, cartpole and a double
pendulum. Finally, we examine the model performance on an error-basis and explore the influence of
hyperparameters on the performance. Also, we set our results in relation to results from related work and
evaluate them.

Goals Our goal is to provide a compact and easy-to-train model for learning nonlinear dynamical systems
in a linear embedding with decent forecasting abilities. This lays the groundwork for future modification in
control and Bayesian treatment of the model.




Outline In the chapter “Preliminaries” we give an overview over the basic techniques we use throughout
this thesis, namely dynamical systems, the Koopman operator and the expectation-maximization algorithm.
Afterwards, we give an introduction to inference in dynamical systems in the chapter “Inference in Dynamical
Systems”, laying the groundwork for the following chapters that include our contribution. In chapter “The
Koopman Inference Algorithm”, we state the problem to solve formally and propose a method to solve the
upcoming inference problem using an approximate nonlinear expectation-maximization algorithm utilizing
cubature rules. We will also cover implementation details and assess the numerical stability of our algorithm.
We will cover experiments and experimental results in the chapter “Experiments” and discuss the results in
the chapter “Discussion”, giving also some propositions for future work. Finally, we summarize all results in
the chapter “Conclusion”.




2. Related Work

In this chapter we put our work into the context of other papers, most of which use the Koopman operator or
a similar approach for learning a linear embedding of nonlinear dynamical systems.

Starting with work from 2018 [LKB18], Lusch et al. utilize a classic autoencoder for finding a linear embedding.
They use the Mean Squared Error (MSE) of the output of the decoder with the input to the encoder to force
the embedding to be decodeable. In addition to this simple loss function, they add a matrix to approximate
the Koopman operator between the two neural networks and put a loss function on the outcome compared
with the next time step, forcing the embedding to advance linearly. A similar loss function is put on the
embedding directly to enforce that not the autoencoder but the Koopman matrix forwards the states in time.
They also add another loss function for regularization. All these loss functions are then put together with
hand-tuned weights to a single loss function the two neural networks are trained on via gradient descent.
Compared to our work, however, they do not impose a probabilistic view on the embedding or the decoded
values, making uncertainty-aware control impossible. Another common approach of identifying the Koopman
eigenfunctions is using Dynamic Mode Decomposition (DMD) or extended Dynamic Mode Decomposition
(eDMD) [BBPK16, KKB20, WKR15]. These approaches seek for a parsimonious representation in the linear
embedding rather than reaching for high forecasting and state estimation precision.

An approach closer to ours is from 2019 [MWK19] and also treats the Koopman embedding probabilistically
by not modeling the Koopman observations directly but treating the linear embedding as a series of states to
be inferred. Additionally, they assume control inputs to be present in the linear embedding in the form of an
additive control with a control matrix. Their model uses six neural networks for encoding the dynamics:

* the decoder network to model the decoding of the embedding states back to the nonlinear manifold,

* the temporal encoder network using a bidirectional Long Short-Term Memory (LSTM) summarizing the
time evolution,

* the initial observation inference network to infer the initial observation,

* the observation encoder network that is a Recurrent Neural Network (RNN) taking the observations and
outputting an encoding of the time evolution,

* an observation inference network encoding a distribution over the observations given the output of the
temporal and observation encoder networks and the conditional prior network which outputs the next
observation distribution conditioned on the previous one.

Compared to our work, their model is far more complex with more neural networks and way more parameters,
possibly leading to higher overfitting. On the other hand, it is possible using (uncertainty-aware) MPC on
their model which is (currently) not possible using the Koopman Inference algorithm.

Non-Koopman-related work includes the recurrent Kalman filter [BPG'19] which introduces a new type
of RNNs, the recurrent Kalman network. This network learns high-dimensional linear embeddings with
factorized covariances, leading to simple Kalman update rules with scalar operations.




3. Preliminaries

In this chapter we will introduce the basics of this work both to clarify notation and to introduce the reader to
potentially unknown concepts and methodologies. We will start by having a look at dynamical systems that
form the basis of this thesis.

3.1. Dynamical Systems

A dynamical system [Bir27] is a (physical) system that evolves over time ¢ and is completely defined by the
values of m real variables

T1,T2, ***y Tm — X = |:flf1 T2 (Em]T
called the state and often written in vector form. Given the differentiability of these values, we can also study
their rate of change (often referred to as the “velocity”) and the rate of change of the velocity (often referred

to as the “acceleration”):

. dx . d%x

*“a T ae
Describing these systems is possible using differential equations, both ordinary and partial ones. A general
k-th order Ordinary Differential Equation (ODE) is given by an implicit equation

1) (2 k—1) (k). . d'x
OfF(x,x(),x(),--~,x( ) x! ),t), x().fﬂ 3.1

which establishes a connection between the state itself and its time derivatives. We call a function x(¢) a
solution of an ODE if its derivatives fulfill the given ODE (3.1). In all of the following, we assume to have
explicit, autonomous, first order ODEs. This is valid because we can transform every explicit higher order
ODE into a system of first order ODEs. Also we can introduce another “clock state” which makes our ODE

autonomous (i.e. not explicitly time-dependent).

The solution theory for linear ODEs is highly evolved and solutions exist for nearly every possible ODE. But
for nonlinear ODEs, we do not have such solution theories. With the exception of some rare cases, nonlinear
ODEs are not tractable. Hence, we often need approximations for the nonlinear case. Some well-known
approaches for these approximations are e.g. small angle approximation for Sines and Cosines. In small angle
approximations, we Taylor-expand sin/cos at ¢, = 0 and cut all higher order terms:

3 5
. ¥ P
Sm(@):%@—g‘f‘g‘f"”%@
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Figure 3.1.: Illustration of a simple harmonic oscillator with mass m, spring stiffness & and position x that is
not affected by any external force like gravity. The mass is in equilibrium if x = 0.

Figure 3.2.: Illustration of an inverse pendulum with mass m and displacement ¢ that is only affected by
gravity and no other external force. The mass is in equilibrium for both ¢ = 0 and ¢ = 7, where
the former is an unstable equilibrium.

We now look at two examples of dynamical systems, the first of which is linear and second which is nonlinear.

Harmonic Oscillator The simple harmonic oscillator is a linear system that describes the dynamical system
of a mass m that is attached to a spring that is following Hooke’s Law with stiffness k (see Figure 3.1). This
harmonic oscillator is described by the ODE

mi=—kxr <—— I=-——=x (3.2)

where z and # are the position and acceleration of the mass, respectively. Note that if x = 0, the mass is in
equilibrium and no force is acting on it.

By using basic results in the solution theory of linear ODEs, we see that the general solution is given as

x(t) = Acos (t\/k:/im—i— cp)

with the amplitude A and the phase ¢ (see Appendix C for the derivation of the solution). As neither gravity
nor damping or other external forces are involved in the dynamical system, the motion continues forever with
a non-changing amplitude.

Inverse Pendulum The inverse pendulum describes the dynamical system of a mass m that is attached to
a rigid pole of length L which can freely swing around a suspension point (see Figure 3.2). The pendulum
stands upright if ¢ = 0 and its equation of motion is described by the ODE

o = L sinp)
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(a) Trajectories of two solution strategies to the inverse pen- (b) Differences between the small angle approximation and
dulum, where the blue is a numerical solution of the the numerical solution of the ODE. The dashed gray
actual motion of equation (solved using the Radau ITA vertical line shows when the distance tolerance of ¢ =
method [GHO1, p. 72]) and the orange one is the ana- 1073 is exceeded.
lytically computed solution linearized ODE. The latter is
linearized using small angle approximation. The dashed
gray vertical line shows when the distance tolerance of
e = 1073 is exceeded.

Figure 3.3.: Comparison of a numerical solution to the ODE of the inverse pendulum given in (3.3) and the
analytical solution of the linearized ODE given in (3.4). A tolerance value of ¢ = 1073 is used to
show when both solutions diverge from each other.

where g, L, p and ¢ describe the gravity acceleration, pole length, displacement and acceleration of the mass,
respectively. Note that if ¢ = 0, the mass is in an unstable equilibrium and no force is acting on it.

In comparison to the harmonic oscillator (section 3.1), this differential equation is nonlinear. And, even for
the case with unit gravity acceleration g = 1 and unit pole length L. = 1, where the ODE looks really simple

¢ = sin(yp) (3.3)
it is not tractable analytically (i.e. there exists no solution in closed form).

Still, we can apply the small angle approximation introduced before (in this case, sin(yp) ~ ¢) which yields
the simple ODE

o (3.4)

solved by

1

o(t) = ge_t(QOO + ey — @g + €2t¢0)

where ¢y and ¢, are the initial displacement and velocity, respectively.
However, this small angle approximation can only forecast small displacements ¢ < 7 /2. And, as the

equilibrium at ¢ = 0 is unstable, the approximation becomes worse as time goes by because the pendulum
falls down. This behavior is shown in Figure 3.3.




3.1.1. Discrete-Time Dynamical Systems

In comparison to continuous-time dynamical systems described by ODEs, discrete-time systems are described
by a dynamics function F : R™ — R™ advancing all states forward in time:
xXi41 = F(x¢)

But we should note that, while seeming more restrictive, discrete-time dynamical systems are more gen-
eral [BBPK16] than continuous-time systems as we can discretize every continuous-time system

x = f(x)
as a discrete-time dynamical system
xt+1 = F(x¢)
using the state dynamics function
to+Ay
F(X(to)) =x(tg + Ay) = x(to) + /t f(x(T)) dr
0

where A, is called the discretization interval and x; = x(kA).

3.2. Koopman Theory of Dynamical Systems

Our first contribution is based on the need of a linearization technique that generalizes globally. We have seen
this need in the previous chapter when looking at simple nonlinear systems and small angle approximations.
This brings us directly to Koopman theory, original introduced by B. Koopman [Koo31] in the context of
Hamiltonian systems and transformations in Hilbert spaces. Considering a nonlinear discrete-time dynamical
system

xi41 = F(x;), F:RF 5 RF

and observations h : R? — RP of this system, i.e. y, := h(x;), the infinite-dimensional Koopman operator K
advances all of the measurements forward in time. This relation can also be expressed as the composition

Kh:=hoF = Kh(x¢) = h(F(x¢)) = h(x¢41)

and can be visualized as a transition diagram between the states (see Figure 3.4). This time evolution works for
every possible measurement function h at any point of the system space R* [BBPK16]. All possible measurement
functions h span an infinite-dimensional Hilbert space #. A finite set of measurements hy, hy, - -- ,h, that
span an invariant subspace H C A can be considered as a basis of that subspace. That is, applying the
Koopman operator to a linear combination of these functions keeps them in the subspace:

h = ajhy + aghy + - + ;8
Kh = 1hy + fohy +--- + B,h,

If that is possible, we can restrict the Koopman operator onto #. Functions that both span the subspace
7 and do only scale when applying the Koopman operator, i.e. K ¢ = A\ are called eigenfunctions of the
Koopman operator. Finding these eigenfunctions is extremely desirable as it allows us to get a finite Koopman
operator matrix K globally linearizing the dynamical system F. However, for this thesis, we do not seek the
eigenfunctions directly but an approximation of the inverse observation function to forecast the dynamical
system.




Figure 3.4.: Illustration of the transition diagram imposed by applying the Koopman operator K to system
dynamics F. The observation function h is forwarded in time linearly by the Koopman operator,
while the states x are forwarded nonlinearly. The dashed lines and h™! indicate that we want to
recover the original state from the linear system.

Adopted from [BBPK16].

3.3. The Expectation-Maximization Algorithm

The Expectation-Maximization (EM) algorithm, first introduced by Ceppellini et al. [CSS55] and popularized
by Dempster et al. [DLR77] can be used for tackling the following problem: Assuming some model with latent
(hidden) states x, observations y and model parameters 8, we want to maximize the likelihood p(y | 6) w.r.t.
the latent states x and the parameters 8. However, the marginal distribution

p<y0>=/p<x,yro>dx

is generally intractable. As usual on maximum likelihood approaches, it is useful not to maximize the likelihood
directly, but to maximize the log-likelihood

£(6) = logp(y |8) = log / p(x,y |0) dx

instead. This yields the same maximum as the logarithm is a monotonically increasing function. By introducing
an auxiliary probability distribution ¢(x | y) over the latent variables, we can rewrite the marginal and find a
lower bound on £ by using Jensen’s inequality [Jen06]:

£(6) =log [ plx.y]6) dx
—1oe (x| PY1O)
—lg/q( 'y) &ly) d
Z/q(X\Y)log

q
p(x,y]0)
q(x|y)

= /q(X\y) log p(x,y|0)dx — /(J(XIY) log q(x | y) dx =: Lrwm]q, 6] (3.5)

This draws a lower bound Lg[g, €] on the log-likelihood £(6) we can maximize instead. Doing this simul-
taneously increases the log-likelihood. Note that this lower bound is in fact a functional of the distribution

q(x[y).

The EM algorithm now iteratively maximizes the lower bound and thus indirectly maximizes the original
objective, the likelihood p(y | @). The E and M step are as follows:




E-Step Infers the auxiliary distribution ¢(x | y) using the current estimations of the parameters
0 by maximizing the lower bound with respect to (w.r.t.) the auxiliary distribution.

M-Step Infers the parameters 0 using the current auxiliary distribution by maximizing the
lower bound w.r.t. the parameters.

Expressed in equations with the index -(") to denote the values of the n-th iteration, we get the procedure
which will be repeated until convergence:

E-Step (1) = argmax Liw [g, 0]
q
M-Step 9(n+1) = arg mélx LEM [q(n+1)’ 0]

Additionally, the E-step has the constraint that ¢(x | y) really is a probability distribution, so it must integrate
to one:

Jatxlyyax=1

We can incorporate this into the maximization, e.g. by using Lagrange multipliers. Using a bit of variational
calculus, it can be shown [Bea03] that the maximization is gained by choosing the auxiliary distribution
q(x|y) to be the same as the distribution p(x |y, 8). That is, we set ¢+ (x | y) = p(x |y, 0(")) while holding
the parameters 6 fixed. This maximization turns the inequality (3.5) into an equality.

For the M-step, we keep the auxiliary distribution fixed and maximize the lower bound w.r.t. the parameters 6.
As this involves taking the derivative of Lgy; w.r.t. €, we can safely omit the right hand side of the lower bound
as it does not depend on 6. Hence, we get the M-step as:

0t = arg max LEM [q(”), 0]
= arg max / ¢ (x|y)logp(x,y | 0) dx

= argmax /p(x ’ Y, 9(")) logp(x,y |0) dx

= arg meax Ep(x | y’g(n))[logp(xa y ‘ 0)]

The quantity to optimize, Q(0) := E[log p(x,y | 0)], is also called the expected complete log-likelihood as it
involves both the observables and the latent variables.

As shown in [Bea03], the lower bound turns into an equality after the E-step. Hence, we are guaranteed
to always rise the log-likelihood after each EM iteration if we do not already have the optimal auxiliary
distribution and parameters. If this would be the case, both the E- and the M-step would not change anything,
so our log-likelihood is monotonically increasing. Also, we might not want to calculate the whole distribution
in the E-step, but we might want to restrict our computations to sufficient statistics that cover our whole
distribution. For the rest of this thesis, we know our distribution p(x |y, #) is Gaussian, so we can assume the
auxiliary distribution to be Gaussian too, given that we set them equal. Hence, we only need to calculate the
mean and correlation or covariance of each variable to cover the whole distribution and to be able to proceed.




3.4. Variational Autoencoders and the Evidence Lower Bound

Variational autoencoders have been first introduced in the context of the Auto-Encoding Variational Bayes
(AEVB) algorithm by Kingma and Welling [KW14]. They tackle inference and learning in probabilistic models
with latent variables, similar to the EM algorithm. To keep the notation analogous to the derivation of the EM
algorithm, we deviate from the notation used in [KW14] in terms that we keep x as our latent variables and
y as the observables.

To perform inference, we want to maximize the (log-)likelihood

£(6) = log pa(y) = log / po(x, y) dx

by maximizing the Evidence Lower Bound (ELBO) L1350 which we can derive by using Jensen’s inequal-
ity [Jen06]:

L£(6) =log /pg(x,y) dx

=10g/q(><\y,¢)pG(x’Y)dx

G (x]y)
= /%(XY)IOgde
:/q(x|y,¢)1ogwdx
- /%("y)m dx+/q¢<x|y>pe<y\x> dx
= —Dxw(g¢(x|y) | po(X)) + Eqy (x| y) [Po(y [ X)] = LELBO(O, ) (3.6)

Note that we have introduced an auxiliary parametric distribution ¢4 (x | y) which originally leads to the first
integral to be an expectation and makes the application of Jensen’s inequality possible. We now maximize the
ELBO (3.6) w.r.t. the variational and generative parameters ¢ and 6 respectively using the reparametrization
trick [KW14].

Shifting to Variational Auto-Encoders (VAEs), we now represent the auxiliary distribution ¢4(x | y) using a
neural network with some prior pg(x), e.g. a standard Gaussian pg(x) = N (0,I) to keep the latents “close to
the center”, enforced by the Kullback-Leibler (KL) divergences in the ELBO. For a Gaussian latent distribution,
the neural network, called the amortization network, produces the mean and the diagonal covariance of q.
A second neural network is used for decoding the latent dimension, representing the decoding distribution
pe(y | x). If we assume a Gaussian decoding distribution with constant variance, the right side of the ELBO (3.6)
just becomes the squared error between the decoding mean and the input y. Such a network architecture is
illustrated in Figure 3.5.

10



Y qpx|y) > x > pe(y|x) >y

p(x)

Figure 3.5.: Illustration of a Variational Auto-Encoder with the amortization network on the left and the
decoder network on the right. The dotted line represents the influence of the prior to the latent
representation and the solid lines represent where the data flow, where y is the input and y is
the (reconstructed) output.

3.4.1. Connection between EM and VAEs

As we have seen, the log-likelihood £(8) gives rise to a lower bound Lz (3.5) and the ELBO Lo (3.6):

Lrwmlg, 0] = /Q(X |y)logp(x,y|0)dx — /q(x |y)logg(x|y)dx
Lerpo(0,%) = =Dk (4p(x|y) | pe(x)) + Eq,x|y) [Pe(y | x)]

We saw that the two concepts are similar to each other, but the maximization procedure differs in the following
way:
* In the EM algorithm, we separately maximize the components of the lower bound, firstly finding the

next auxiliary distribution ¢ and then maximizing the lower bound w.r.t. the parameters.

* In VAEs, we use an amortization network to model the auxiliary distribution ¢ in a parameterized way.
Then we maximize the lower bound w.r.t. to both the variational and the generative parameters at once.

An obvious advantage of the EM algorithm is that we are guaranteed to always rise our lower bound and we
will never get worse. Also the EM algorithm requires less computation and has less parameters, depending on
the model choices.

1



4. Inference in Dynamical Systems

Our second contribution is a probabilistic perspective on “classical” Koopman theory as presented in various
publications [BBPK16, HHV20, KKB20, LKB18, WKR15]. In this chapter we will build the groundwork for
variational inference to combine them to the single Koopman Inference algorithm presented in chapter 5.

4.1. Hidden Markov Models and LGDS

Hidden Markov Models (HMMs) are simple Bayesian networks described by a non-observable (hidden) Markov
chain. This non-observable discrete chain can be indirectly observed with observations that are emitted by
every state. One of the key features of a Markov chain is that a state does only depend on the previous state,
but not states before that. That is, knowing only the previous state is sufficient and no more information can
be gathered by knowing every other state coming before. This is described by the state transition distribution

Sk41 ~ P(Sk+1 | Sk)
being only dependent on the previous state s;. Analogous, a observation y,, of a state s, is only dependent on
that specific state:
Vi ~ P(Yi | sk)

These assumptions are called the Markov property and a system fulfilling this property is called Markovian.
These conditional distributions can be written in a graphical model as shown in Figure 4.1. Note that, in
general, no assumption has to be made on the “type” of state/observation (i.e. whether it is a scalar, a vector
or something completely different). Also, no assumption is made on the specific transition distributions, HMMs
can also be used to model deterministic transitions using a Dirac delta distribution.

A set of closely related dynamics models are LGDSs which are described by a noisy state transition
se41 = Asy+wy,  wy ~N(0,Q)

with covariance matrix Q. Similarly, the observations y, = Cs; + v; underlie a Gaussian noise v; ~ N (0,R)
too. Together they form the probabilistic model

si+1 = p(Ast, Q)
Yt =D (Cst’ R)
which fulfills the Markov property, hence the system is Markovian:

T T

p(sir,yur) = ps) [ [ plse[se) [ [ p(ve [s0)
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Figure 4.1.: Illustration of a Hidden Markov Model with states s, and emissions/observations y,.

b3 4

Figure 4.2.: Illustration of a Linear Gaussian Dynamical System with states x; and observations y,. Solid
arrows represent probabilistic dependency, where the matrix A is the dynamics matrix indicating
that the mean transitions linearly, as do the observations with the observation matrix C.

Note that we write s+, for the sequence (sto, Stot+1s " St1) and analogous for the observation sequence
Yio:t,- The probabilistic model of a LGDS is shown in Figure 4.2.

This system is similar to a HMM and in fact a LGDS really is an HMM, just with continuous states s; € R* and
observations y, € RP.

4.2. Inference: Filtering and Smoothing

When looking at an LGDS, one of the first problems that one might consider is how to get the latent states
back? This procedure is called inference. In this section we will give an overview on how to perform inference
on an LGDS, meaning on a linear system that is Markovian.

For time-series data, the inference procedure is widely know as filtering and smoothing, where the following
distributions on the latent states s; are calculated:

* Filtering: p(se|y1.)
* Smoothing:  p(s;|yy.7)

That is, the filtered distribution only depends on the observations until that time, where in contrast the
smoothed distribution has used all data to the last time step T to estimate the latent states. An intermediate
step in the filtering algorithm is called prediction where the distribution p(s; | y,.,_;) is being calculated, using
only the data to the previous time step. The differences between what data is used in the three steps is shown
in Figure 4.3.

We will now take a look on the most used filter, the well-known Kalman Filter and the Rauch-Tung-Striebel
Smoother, which is also sometimes called the Kalman Smoother as it requires a run of the Kalman filter first.

13
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1 t—1t T

Figure 4.3.: This diagram shows the main differences between prediction, filtering and smoothing. The
shaded region describes the observations that have been used to estimate the state at time step t,
indicated by a solid line. The dotted line represents time step ¢t — 1, to which all observations are
used in all three procedures.

Adopted from [Sol10].

4.2.1. Kalman Filter

The Kalman filter was originally introduced by R. Kalman in 1960 [Kal60] in the context of signal processing
to predict random signals, separate them from noise and detect signals of known form in the presence of
noise [Kal60]. For the normal Kalman filter we assume an underlying model of the form of an LGDS where
the observations are detected and the state has to be estimated from the data. The process of state estimation
is done in a two-step fashion:

1. Prediction:  Estimate the distribution p(s; |y.,_1)
2. Correction:  Estimate the distribution p(s; | y.;)

For a simple linear system with Gaussian noise, i.e. an LGDS, the equations for both the prediction and the
correction can be given in closed form and are fairly straightforward. For the prediction step, the equations
are given as

Stjt—1 = A8y 111 4.1)
Vi1 = AV, AT+ Q (4.2)
where 8;,_; and vV, |t—1 are the mean and covariance of the prediction distribution p(s; | y;._;), respectively.

The correction step, which integrates new knowledge gained from the observation y, into the estimate, is
given as

Syt = See—1 + Kuyy (4.3)
Vt|t = vt|t71 - KSiK; (4.4
with the auxiliary variables
Ye=Y:— C§t|t—1 (4.5)
St = Cvt“_lCT + R (4‘-6)
K; =V, ,CTs;* (4.7)

known as the innovation y, residual covariance S; and Kalman gain K;. The resulting estimates s,; and
Vt|t then form the mean and covariance of the filtered distribution p(s; | y,.;) respectively. These equations

14



form a recursive algorithm starting off with initial state estimates $;o = mg and V0|0 = V| that have to be
determined in externally.

But these equations only work for linear systems. Lots of extensions of the regular Kalman filter have been
proposed to extend the filter to nonlinear systems. One of them is the Extended Kalman Filter (EKF) which
assumes locally linear dynamics and uses first-order Taylor expansions to linearize them. Throughout this
thesis we will use the cubature Kalman filter, which we will introduce later in subsection 4.3.2. We have
decided against using the EKF as it is slightly less accurate as the cubature Kalman filter and as we need
the Cholesky decompositions of the covariance matrices, which we can estimate directly using a square-root
cubature Kalman filter (see subsection 4.3.2).

4.2.2. Rauch-Tung-Striebel / Kalman Smoother

The Rauch-Tung-Striebel (RTS) was been introduced after the original Kalman filter by H. E. Rauch, F. Tung
and C. T. Striebel [RTS65] for optimal smoothing of linear systems with Gaussian noise, i.e. LGDS. With the
smoother, we want to estimate the smoothed distribution, also called the posterior

p(St | Y1;T)

)

which uses all observations (see again Figure 4.3 for an illustration). By letting the Kalman filter “run’
beforehand, we get the filtered distribution p(s; | y;.;). The smoothing equations are given as

Sy = Sy + It (84417 — Seq1t) (4.8)
Vir = Vi + 3:(Visyr — Vi) J7 (4.9)

. o1s . ~ ~—1 . . A ~
with the auxiliary variable J; = Vt‘tATVt +1|¢- The resulting estimates 8,7 and V7 then form the mean and
covariance of the smoothed/posterior distribution p(s; | y;.r). These equations form a recursive algorithm
starting off with the final state and covariance estimates of the filter.

Hence, we need the Kalman filter before using the RTS smoother. Due to this hard wiring between the two
algorithms, the RTS smoother is also often referred to as the Kalman smoother.

Note that these equations only depend on the state dynamics matrix A, so a system that is linear in the state
and nonlinear in the observations can still use the standard RTS smoother and no further modification is
required.

4.3. Cubature Rules and Filtering

As we have already discussed, the plain Kalman filter not applicable to nonlinear systems without modifications.
In this section we want to motivate the need for cubature rules and outline their derivation and how to apply
them.

Often when deriving probabilistic algorithms like EM or the Kalman filter, we have to evaluate expectations
Exp(x) [f(x)] and hence integrals of the form:

Exp(x) [f(x)] = /f(x)p(x) dx

15



In this thesis and lots of other literature, we have Gaussian distributions p(x) = N (x | i, X) with mean p and
covariance 3, leading to Gaussian integrals of the form

Ep() [£(x)] = /f(x) N(x|p,X)dx

which do not have closed form solutions for arbitrary, nonlinear, functions f(x). Two common approaches for
approximating the expectations/integrals are Monte Carlo Estimation, leading to Markov Chain Monte Carlo
(MCMC), particle filters, and numerical integration methods, known as cubature! rules.

To approximate Gaussian integrals, we need a set of m sigma points x; to evaluate f(x) at and a set weights
w; to form a sum over the sigma points:

/f(x) Nx|p,X2)dx ~ Zwif(xi)
i=1

In this thesis we utilize the spherical-radial cubature rule [Sol10] which is a third-degree approximation for
Gaussian integrals. A third-degree approximation means that “this rule is exact for all monomials up to degree
three” [Sol10, p. 18]. In this cubature rule, the approximation is a finite sum over 2n points, where n is the
dimensionality of x, i.e. x € R™. With X!/2 being the Cholesky decomposition of X, so & = X1/2%1/27T the
approximation is given as

2n
[N By e oSO HEE - )
=1

with the cubature points §; = \/n[1];. Here the points [1]; are “from the intersections between the Cartesian
axes and the n-dimensional unit hypersphere” [Sol10]. That is, the point [1); is the i-th row vector of the
block matrix [I —I] , where I is the n-dimensional identity matrix. In the rest of this thesis we will write

SRC[f; p, ] = > wif (x;)
=1

for evaluations of the spherical-radial cubature rule as it is much shorter. Also, it highlights that the usage of
the cubature rule and not the formula on how to compute it.

Figure 4.4 shows the spherical-radial cubature rule working on a transition from polar coordinates to Cartesian
coordinates where the transformation is given by:

xr =rcost y =rsinf
The polar coordinate particles have been sampled from a multivariate Gaussian with diagonal covariance:

r ~ N(80, 40) 6 ~ N(0, 0.4)

! “Classical” numerical integration methods are called “quadrature” as they form a rectangle under the curve to approximate the
area, while in higher dimensions this is more or less a “cube” or “hypercube”, hence it is called “cubature”.

16



Criginal
Samples
Mean
z + Cubature Points.
1
-
@
o *
+
=1
-2
T T T T T T T T T
60 65 70 75 80 85 a0 95 100
r

100 4

75

50

25

=25

—-50

~75 4

Transformed
+
Samples
Approx. Mean ‘
¥ Monte Carlo Mean X+ *
+ Cubature Points
"
T T T T v T T T T
-60 —40 -20 o 20 40 60 80 100

(@) The original samples in polar coordinates with the real (b) The approximate mean calculated via the spherical-
radial cubature rule is shown as an orange star, posi-
tioned at the mean of the transformed cubature points.
This plot also shows the Monte Carlo estimate as a black
cross right above the cubature estimate, showing that
the cubature estimate is really accurate with significantly
less computational effort.

mean shown as an orange star in the middle.

Figure 4.4.: These plots show how the spherical-radial cubature rule is used to estimate the mean of the
Gaussian on the left after it has been transformed with a polar transformation to the right. To
illustrate the shape of the Gaussian after it has been transformed, we added the blue dots as
sample values of the Gaussian. These are 1000 sample points also used to calculate the Monte
Carlo estimate of the mean. The sigma points are shown as green pluses.

Adopted from [Sol10].
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4.3.1. The Unscented Transform

The unscented transform, originally introduced by S. J. Julier and J. K. Uhlmann [JUD95] is another method
for approximating nonlinear Gaussian integrals with a parameterized transformation, the Unscented Transfor-
mation (UT). As shown by [Sol10], the spherical-radial cubature rule is just a special case of the more general
UT. We will follow Solins derivation of connection here. For UT, 2n + 1 sigma points are formed as a matrix

X = [u pl? 442 a7 721/2] (4.10)

where v := v/n + X and )\ := o?(n + k) — n are scaling parameters defined using the parameters of the UT «
and . The approximation for the transformed mean and covariance is then given as

2n+1
= B [F0)] & D w™ (X)) (4.11)
=1
. 2n+1 T
3 = Covanus) [Fx)] & D wi?) (F(X) — i) (X — ) (4.12)

=1

(m)

where X; is the i-th column of the sigma points matrix X’. The weights w, ~ for the mean and wgc) for the

covariance are defined as

(m) A (c) A

— . 2
wy = wy ._n+/\+(1 a®+ )
my_ 1 ©._ 1
BTy Ty

where 3 is another parameter of the UT. To get back the spherical radial cubature rule, where all weights
w; = 1/( 2n) are the same for each sigma point and the sigma point X’ has a weight of 0, i.e. the mean
is ignored, we have to set A = 0. Hence, the spherical-radial cubature rule is a special case of the UT with
the parameters set as « = +1, § = k = 0. That means we can apply all theory developed for the UT to the
cubature rule by setting the parameters accordingly.

4.3.2. Cubature Kalman Filtering and Smoothing

Following [DO11, Sol10], we can use the spherical-radial cubature rule to extend the Kalman filter and RTS
smoother to nonlinear systems with Gaussian noise, i.e.

St+1 ™~ N(f(st), Q)
Y~ N(g(st)v R)

In algorithm 4.1 we show the cubature Kalman filter, where the code line/equation correspondence to the
linear Kalman filter is shown in Table 4.1. Analogous, the cubature RTS smoother is shown in algorithm 4.2
and the correspondence table is shown in Table 4.2.
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Algorithm 4.1: Spherical-Radial Cubature Kalman Filter

Data: Initial state my € R¥, covariance V, and observations y,.; € RP*7,
§0|0 <— Iy
V0|0 +~—Vy
fort=1,2, ---,T do
& < vn[1];
// Prediction:
Xit-1lt—1 FVt 1|t 18 +8t1)t-1
St\t 1< gn ZZ 1 (Xi,t—1|t—1)
Vi1 < o S f(xig ) E (Xigo1io1) — §t|t—1§t7[t71 +Q
// Correction:
Xiglt—1 < Vi1 + Seje—1
Yije—1 < ﬁ 21221 g(Xi 111
St % 21221 g(xi,ﬂt—l)gT(Xi,t\t—l) - yt\tflyz‘ﬂt_l +R
o 4= 5 20 B (s m1j-1)8T (Xige—1) = Seje—13 41
Kt — Jtsil
Stj < Sejp—1 + Ke(yy — 5’t|t—1)
Vt\t — Vt|t 1+ KiSiK

Name Code Line | Linear Equation
Predicted State 6 “4.1)
Predicted Covariance 7 4.2)
Filtered State 13 4.3)
Filtered Covariance 14 4.4)
Innovation 9 (4.5)
Residual Covariance 10 (4.6)
Kalman Gain 12 4.7)

Table 4.1.: This table shows how the code lines of the cubature Kalman filer relate to the corresponding linear
Kalman filter equations.

Algorithm 4.2: Spherical-Radial Cubature Rauch-Tung-Striebel Smoother
Data: All values from the Kalman filter.
fort=T7T-1,T—-2,---,1do
& < vn[1];
Xi V:|{:2£z + Sy
Di < 5, Zz L (x5 = 8y0) (F(xi) — §t+1|t)T
Ji DtVt+1|t
StlT — stlt + Jt(st+1\T — 844 1))
| Vir Vi + 3(Viar — Vi) CF
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Name | Code Line | Linear Equation
Smoothed State 6 (4.8)
Smoothed Covariance 7 (4.8)

Table 4.2.: This table shows how the code lines of the cubature RTS smoother relate to the corresponding
linear RTS smoother equations.

4.3.3. Square-Root Filtering / Smoothing

While cubature rules are extremely handy for approximating Gaussian integrals, they require the Cholesky
decomposition of the covariance 3. The Cholesky decomposition might lead to numerical instabilities if the
matrix is ill-conditioned or even not positive definite, in which case no Cholesky decomposition exists. As we
will see in chapter 5, we need the Cholesky decomposition of every smoothed covariance Vt|T, t=1,2,---,T,
leading to numerical instabilities if the cubature approximation in the filtering does not “create” valid covariance
matrices, i.e. positive definite and symmetric matrices. One approach for solving this problem is estimating
the Cholesky decomposition directly, without explicitly decomposing the matrix. Such filtering/smoothing is
known as square-root filtering/smoothing [VWO01, Rut13].

We will mostly follow the derivation in [Rut13] and only outline the key results shortly. With the sigma points
X from the UT equation (4.10) and the corresponding weights, we can define the transformed sigma points

X =f(x))

and utilize the UT mean fi (4.11) and covariance 3 (4.12) estimates. By applying another transformation to
the transformed sigma points,

Yi= w§c)(2\f’ — Q)

which are the “scaled residuals” of the sigma points, we can choose an orthogonal matrix ® such that
YO =B Opypi1)] (4.13)
Squaring both sides of this equation yields the covariance estimate

BT

Yy Yy y=]| o (k1) O 1)xn

}:BBT

so B is the Cholesky decomposition of 3. But the equation (4.13), where we neither now the orthogonal
matrix © nor the right side of the equation, is exactly the type of matrix decomposition known as the QR
decomposition that is numerically more stable than the Cholesky decomposition as it does not require any
special structure like positive definiteness of the matrix. By applying this argumentation in an analogous
way to every covariance computation in the cubature Kalman filter and RTS smoother, we find a complete
square-root filtering and smoothing algorithm propagating the Cholesky decomposition of the covariance
matrices \Aft‘t_l, \Aft‘t and Vt|T.

The square-root cubature Kalman filter is summarized in algorithm 4.3 and the square-root cubature RTS

smoother is summarized in algorithm 4.4.

The square-root filtering now allows us to pass the Cholesky decomposition of the covariances directly through
the smoothing and filtering process, allowing higher numerical stability because we guarantee the covariances
to be positive definite even with approximations.

20



w N

N O g b

o @

10
11

12

13
14

1
2

Algorithm 4.3: Square-Root Cubature Kalman Filter

Data: Initial state my € R¥, covariance sqrt Vé/ ? and observations yi.p € RPXT,

Sojo ¢ myo
o1/2 1/2
fort=1,2,---,T do

. 1/2
A~ \/ﬁ‘Vt—1|t—1

Xt*l‘tfl — [ét—l\t—llT +A ét_‘1|t_11T — A]
Xy B X)) + (1) Q, 1=1,2,--,2k
Xﬁlt—l,i N g(Xatfl,i) +(-1)"-R, i=1,2,---2k

Stlt—1 < o Z?il fl—1

Yije—1 < ﬁ Zfil X?\tﬂ,i
yfltfl,i N (Xatfl,i - §t|t71)/\/ﬁ
ygtllt—l,i < (XZt—u - yt\t—l)/m

b1 s/ 0 o
s O = ~1/2
Vi1 Jo Vo O

K, « J,8;'/?
Stje < Seje—1 + Ke(yr — Vye-1)

// Find Si /23, and Vi‘/f using the QR decomposition:

Algorithm 4.4: Square-Root Cubature Rauch-Tung-Striebel Smoother

Data: All values from the Kalman filter.
fort=T-1,T-2,---,1do
Vi < (Xjei — Sepe)
// Find D; and Z; using the QR decomposition:
s ~1/2
yt—:l\t o — Vige 0 O
yt|t D, Z; O
~ —1/2
Ji DtVt+1/|t
Soyr = St + Je(Sep1)r — Se1pt)
// Find Vi‘/TQ using the QR decomposition:

|z aviis]e= il o
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5. The Koopman Inference Algorithm

In this chapter we will introduce the theoretical background of our contribution, the Koopman inference
algorithm, that we will implement as a proof of concept in chapter 6. We will start by introducing the thoughts
that led to the idea of using variational autoencoder and EM for Koopman dynamical systems, then formulate
and solve the arising (approximate) inference problem.

By looking at the graphical model of an LGDS and the state transition model for a Koopman dynamical
system in Figure 5.1, we can see that there are lots of similarities. The first similarity is that both systems
assume a latent state that transitions linearly, either with a state dynamics matrix A for the LGDS or with the
Koopman operator! K. The greatest difference is that measurements in classic LGDS are taken linearly with
an observation matrix C and nonlinear in the Koopman system with the measurement function h(-).

Our idea is to “flip” the Koopman dynamical system and replace the observation matrix C with a nonlinear
observation function g(-), that takes the linear states s; and maps them into a nonlinear observation space y;.
In other words, we seek to find the inverse function of h(-) to map out of the linear embedding that Koopman
theory guarantees us to exist. Our assumption that such an inverse function exists is backed by previous
accomplishments in data-driven Koopman analysis [LKB18] which also seek and find such an inverse mapping
(see chapter 2 for more information).

Additionally, we contribute a probabilistic view on the Koopman operator, being able to gauge our uncertainty
about the embedding and the inverse mapping to the observation space.

At this point we want to clear up some inconsistencies in notation and naming that builds when working with
two systems where “observation” means opposing concepts. From now on, we will work on the graphical
system shown in Figure 5.2 characterized by the dynamics

sty1 = As; +wy, w; ~N(0,Q)
y: =g(st) +vi, vi~N(O,R)

that can equivalently be formulated as:

st11 ~ N(Asy, Q)
Y~ N(g(st)v R)

We call s; the latent variables or latents in the latent space with dimensionality k, y, the observation variables
or observations in the observation space with dimensionality p, g : R¥ — RP the observation function mapping
latents to observations, A the (state) dynamics matrix, Q the state covariance matrix and R the observation
covariance matrix. Note that we also assume the Gaussian additive noise to be uncorrelated, i.e. we assume
diagonal covariance matrices Q and R.

! From now on, we suppose a finite-dimensional matrix approximation K of the Koopman operator K.
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C C C C h( 'h™* h|{ 'h' h| ;b

(@) Graphical model of a linear Gaussian dynamical system (b) State transition model of a Koopman dynamical system
with the latent state s; and the (linear) observations with the Koopman operator K that can be approximated
y,;. In contrast to the Koopman system, this system is with a matrix K. In contrast to the LGDS the state is rep-

not deterministic and the arrows represent probabilistic resented via nonlinear transitions and the observations
dependency rather than hard transitions. are the linear dynamics.

Adopted from [BBPK16].

Figure 5.1.: Side-by-side comparison of the a LGDS on the left and a Koopman dynamical system on the right.

This side-by-side view highlights our idea of interpreting an Koopman system as a semi-linear
dynamical system (i.e. an LGDS with nonlinear observations).

OROaORE
e 0] 80 g()

Figure 5.2.: The graphical model of the Koopman inference model. Given an observation sequence y,.;, we

seek the latent dynamics and the corresponding nonlinear mapping g(-) from the latent space to
the observations.
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5.1. Formulating and Solving the Inference Problem using an EM Algorithm

We seek to find the matrices A, Q and R and the observation function ggy(-), parameterized by 6 and the
initial state distribution s; ~ AN (my, V) that maximize the likelihood

T T

p(sir,yur) = ps1) [ [ plse[se0) [ [ pve [s0)

t=2 t=1

which factors over the conditional distributions due to the Markovian assumption. Subsequently, we can
proceed by not maximizing the likelihood but the log-likelihood which is easier to maximize as the Gaussian
lies in the exponential family, exhibiting a convex optimization problem?:

T T
log p(sir, yi.r) = logp(si) + > logp(si |si1) + Y logp(yy | s1)
t=2 t=1
Inserting the Gaussian distributions
p(s1) = N(s1|mg, Vo) p(st|si-1) = N(s¢| Asi-1,Q) p(yilse) = N(y:|go(si), R)

yields the log-likelihood

T(k + p)
2

1 T-1 T
log(27) — ; log[Vo| — log|Q| — 7 log|R}|

logp(sl:TaylzT) == 9

1 _
- 5(51 —mg)" V' (sy — mg)

T
1 _
) E (st — ASt—l)TQ 1(St —As;1)
t=2

1 T

) Z(}’t - gt)TR_l(Yt —8)
t=1

with the abbreviation g, := gy (s¢).

But maximizing this quantity is impossible as we do not have the latent states s;.. Hence, as usual in EM
(see section 3.3), we instead maximize the expected log-likelihood and estimate the latent states based on out
previous guess for the state dynamics. These two steps form our E- and M-step of the Koopman inference
algorithm:

* E-Step: Estimate the latent states s;.p.

* M-Step: Maximize the expected log-likelihood w.r.t. the state dynamics and observation function
parameters.

We will proceed with deriving the M-step and finish this section off by deriving the E-step. Be aware that
we only briefly touch the derivation here and focus on the primary steps. See section A.1 for the complete
derivation with explanations throughout every step.

2 Strictly speaking, the optimization problem is only convex w.r.t. A and Q. For R and 6, the problem is still non-convex, but
numerically more stable as sums are easier to differentiate and to compute than products.
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For the M-step, we first need the expected log-likelihood Q := Es, . [p(s1.7, y1.7)] as stated previously. This
quantity depends on three expectations that are estimated in the E-step:

(n) [ (n) 1 on)
étﬁo =E _Stn : } Stlte = N étﬁo (5.1)
n=1
) ) (n) 1 o= 5
n n) (n),T . n
Pg\to =L sg S; ’}’1;150} Pt\to = N Pt|t0 (5.2)
n=1
n [ (n) _(n),T
Pz(f,t)fl\to = E_Swg )Sg—)l ‘YI:to} P = N Z tt 1lto (5.3)

These expectations are called the expected state (5.1), the self-correlation (5.2) and the cross-correlation (5.3),
respectively. We also introduced an upper index, -("), which indicates which observation sequence our current
observation is from, because the algorithm can simultaneously learn on N observation sequences. For brevity,
we may write §; instead of 8,1 (analogous for all other values). Additionally, we have to define two quantities
for the expectations of the nonlinear observation function g, that we cannot evaluate in closed form:

ggn) = E{g(n) ‘YI~T:| (5.4)
G@:EV“ ‘mﬂ (5.5)

We can now evaluate the expected log-likelihood depending on the above quantities using the trace-trick?,
giving the following (enormous) quantity:

Q =Es,.; [p(st:1, y1.7)]

NT(k+ p)

N N(T NT
=—M%%2mww—()

Q| - - IR

N N N N
— 5tr(P1Val) + 5 tr(slmOV ) 5tr<mosl Vo ) — Etr(momngl)

- g ZT: tr<PtQ71> B tr(Ptvt_lATQﬂ) - tr<APt,t—1Q71) —tr (APt_lATQfl)

t=2

- ;iztr(ﬁ")yg")’TR_l) —tr (yt(")f;ﬁ")’TR—l) —tr (gﬁn)yﬁn)’TR—l) +tr(G§”)R—1)

% The trace of a product of matrices/vectors is invariant under even permutations of the matrices/vectors within the trace.

25



By maximizing this quantity w.r.t. the dynamics matrix A, the covariance matrices Q and R, the initial state
mean myg and the initial state covariance V), i.e. setting the derivative w.r.t. these parameters to zero and
rearranging the equations, we get the closed-form solutions

T T -
A = <Z Pt,H) (Z Pt_l)
t=2 t=2
1 T T
Qnew — - (Z P, — A"V Z Pt,t—l)
t=2 1=2

1

VieY = Py — §87

N T
new 1 n)_(n),T ~(n)_(n),T n) ~(n),T n),T
R :7NTZZyt)y1(f) —gg)yg) —yg)gg) +G§)
n=1 t=1

where we assume an optimal gy(-) in the last equation (to compute R). To maximize the expected log-
likelihood w.r.t. the observation function g,, we choose a learnable function approximator, e.g. a neural
network and maximize () using simple gradient descent or a more advanced variant like Adam [KB17]. We
should note that we do not need to fully maximize () in every M-step but that it is enough to just get better in
every M-step for the convergence properties to still hold [DLR77].

We now look into the problem of evaluating gt”) and ng). Instead of using Monte Carlo methods that are
both very computationally demanding (especially as the gradient has to flow through the evaluation), we
are employing the spherical-radial cubature rule that we have introduced in section 4.3. That way, we can
approximate the integrals both efficiently and deterministically (as compared to Monte Carlo methods):

g = / gi"p (SE”) ) YI:T> ds{’). ~ SRC {ge; s, Vﬁ")} (5.6)
G = / g p (Sﬁ") )h;:r) ds\"). ~ SRC [gegg; éﬁ"),Vﬁn)} (5.7)

This concludes the derivation of the M-step, where we do not have explicit formulas for the observation
parameters 0 as we do learn these using a numerical optimizer like Adam [KB17].

Deriving the E-step is quite straightforward given the groundwork we developed in section 4.2 and subsec-
tion 4.3.2. As we heavily employ cubature rules in the M-step (in fact, in every Gradient Descent (GD) iteration
in the M-step), we chose to use a square-root Kalman filter and a square-root RTS smoother (see subsec-
tion 4.3.3) to directly get the Cholesky decomposition of the used covariance matrices. We apply algorithm 4.3
after algorithm 4.4 with the state dynamics function f : R¥ — R* : s - As and the observations function gg.
Additionally to the covariances, we have to compute the self- and cross-correlation. Following [Min99], they
are given by

P, =31V, —ss"

The whole Koopman inference algorithm is outlined in algorithm 5.1.
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Algorithm 5.1: Koopman Inference

Data: N observation sequences ygn% € RPXT,
1 Initialize A, Q, R, mg, V( and 8 somehow (e.g. identity matrices).

2 while not converged do

// E-Step:

3 Sgc:pN), Vi1 + RTS-Smoother

4 PE”) %VE”) Sgn) sT for ¢ — Tandn=1.2 N

5 Pl(t,?—u—jtht—égn)() fort—23 - wTandn=1,2,---,N
// M-Step:

6 0+ GD(Q(O))

Pl R S T T T G

n=1 t=1

I
9 Q<—<ZPt AHGWZP” 1)

N

1 .
0 | mo 5 > s\

n=1

11 V() +— Py - §1§{




5.2. Implementation

We implemented the Koopman inference algorithm in Python using the popular array processing library
NumPy [HMv'20] throughout the whole implementation, the deep learning library PyTorch [PGM™19] for the
numerical optimization of @ and Sacred [GKC'17] for experiment management. The whole implementation
can be found on GitHub*.

During the implementation we made sure on designing the algorithm as reusable as possible by separating all
data generation and investigation code from the actual implementation. Separating the data generation also
has the advantage that we can run benchmarks on the exact same data to compare model performance. We
separated the optimization of 8 as much as possible (as outlined in algorithm 5.1) and made it possible for the
user of the algorithm to easily change the optimization algorithm to use in conjunction with the parameters of
the algorithm like the learning rate (defaulting to Adam [KB17] with a learning rate of 0.01). We also made
all of the following configurable:

* Whether to perform whitening of the observation data or not. That is, if we perform whitening, we
normalize and standardize the training observations beforehand using y,.r; = (y1.r; — ¥:)/0y, where
¥, is the mean and o, is the standard deviation of the i-th component of all measurements. Doing the
whitening first sometimes improves the performance as we will see in chapter 6.

* The convergence precision, i.e. how much the log-likelihood has to change in order to continue the EM
iterations. We will see that, due to numerical instabilities and approximation errors in the cubature
rules, the algorithm rarely really converges before becoming numerically unstable.

That is why we also made the maximum number of iterations configurable to support early stopping.
Once the algorithm performed these number of EM iterations, it will abort and report the results.

 Similarly it is possible to configure the convergence precision and maximum number of iterations for the
subsequent optimization of 6.

These are only the parameters that can be configured directly on the EM algorithm but the user is also
able to specify how to initialize everything, i.e. the matrices A, Q, R, V, my and the parameters 6 of the
observation function gy. We used a neural network with tanh activation function and a single hidden layer
for all experiments (see chapter 6 for more information about the experiment setup). We also made it possible
to pass arbitrary PyTorch modules as the function approximator that can be learned via a GD-like algorithm
(of course they must be differentiable and expose parameters).

For learning multiple observation sequences, as outlined in the derivation of the Koopman inference algorithm
in chapter 5, it turns out to be useful to add noise to the training data which has the effect of regularizing the
algorithm a bit.

5.2.1. Insights, Problems and Solutions

In this section we will focus on interesting insights and problems we found during the implementation and
how to possibly solve them.

4 See https://github.com/fdamken/bachelors-thesis_code on the tag submission.
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Diagonal Covariance

As we assume the noise to be independent, we can safely omit the non-diagonal entries of the covariance Q,
R and V. That way we further reduce the computational overhead that would otherwise be generated as we
still (even with square-root filtering) have to compute the Cholesky decomposition of Q and R. We can now
just take the square-root of the diagonal entries and get the Cholesky decomposition around ten times faster®.

Regularization and Learning Cholesky Decompositions

There are also a few points where our code is extensible to make it faster, improve numerical stability and so
on (see also section 7.3). The main points are regularization and/or learning the Cholesky decomposition
directly.

As we will see in chapter 6, having singular and non-positive definite matrices is a big problem that should be
assessed. We already implemented the square-root smoothing that increased the numerical stability through
the smoothing by not allowing non-positive definite matrices to be produced by the smoothing at all (as we
directly learn the Cholesky decomposition). Additional regularization might make sense at the computation
of the covariance matrices Q, R and V. Another approach would be to learn the Cholesky decomposition of
the covariance matrices Q, R and V| directly by replacing the explicit formulas with a GD algorithm that
directly learn the Cholesky or the square-root diagonal. As the optimization problem may still be convex or
close to convex, finding the global optimum should be easily possible.

We also address this in section 7.3 (Future Work).

5.2.2. Hyperparameters

One of the largest hyperparameter with high influence is obviously the architectural choice for gy. As it turns
out, even simple models like a single hidden layer produce good results as we will see in chapter 6 and 7. A
tanh activation function turns out to be really suitable as it produces smooth results compared to e.g. a step
function or Rectified Linear Unit (ReLU). The other high-influence hyperparameter is the dimensionality &
of the latent space, i.e. how many dimensions the Koopman operator has to build up a linear system that,
taking the observations, behaves the same as the original nonlinear system. We will further investigate into
the dependence on this hyperparameter in section 6.1.3.

On the same page is the maximum number of iterations in the numerical optimization of #. High maximum
iterations seem to lead to overfitting on the neural network, causing the whole algorithm to not generalize
well. On the other hand, too few iterations do not raise the likelihood enough to get reasonable results.

> We ran a experiment on 1000 random 1000 x 1000 matrices on NumPy’s [HMv"20] Cholesky decomposition and square-root
implementation. Decomposing all matrices took approx. 5.1s, taking the square-root took approx. 0.5s.
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6. Experiments

In this chapter we will present all environments we experimented with as well as hyper-experiments, i.e.
experiments with the hyperparameters and their influence on the algorithm performance (in terms of the
prediction error and similar metrics, not the computing time).

We split this chapter into two parts: Firstly, we will present the experiment setup we used and the different
environments we tested on. Secondly, we present our results and put them in context of other results. All
critical discussion and comparison with related work will take place in chapter 7.

6.1. Setup

In this section we will introduce the experiment setup and all the different environments we used for evaluation.

6.1.1. Environments

This section covers the different environments we used and changes we have applied to them. Note that we
separated the data generation process from running the experiment. For each of the following experiments
we include the experiment ID at the beginning that can be used to locate the experiment in the code.

Proof-of-Concept: Classic LGDS

* Experiment ID: 1gds

As a proof-of-concept and to empirically verify our proof on the exactness of the cubature rule and hence the
similar expected performance for plain linear systems, we benchmark our algorithm against a simple linear

. . . T . .
system. The linear system has a two-dimensional state y := [z; 3]  with the dynamics

.i'l = X9

Q'UQ = —1
The initial state s; is sampled from a Gaussian distribution with mean [0.1 0.2] " and covariance diag (107,107%).
The system is integrated using the implicit Runge-Kutta Radau ITA [GHO1] method with an evaluation interval
of h = 0.1 for T' = 240 time steps where only the first Ti,,;, = 120 steps are used for training and the remaining
120 are used for validation.

As the system’s eigenvalues —i, ¢ are purely imaginary, the integrated system rings around the equilibrium
[0 0] T indefinitely.
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(Damped) Pendulum

* Experiment ID: pendulum and pendulum_damped

The first nonlinear system we look at is the (inverted) pendulum in both an undamped and a damped setting.
For this experiment, we use the angular state y = [9 9] where 6 is the displacement angle (see Figure 3.2).
The dynamics are specified by the ODE

0 = sind — do

that is solved using the Radau IIA [GHO1] Initial Value Problem (IVP) integrator (after transforming the ODE
to a first-order ODE system). The initial velocity is set to 0 and the initial position is sampled from a Gaussian
distribution with mean 7 /36 and variance 7 /8. This puts the pendulum in motion as it falls down from its
initial position. For the undamped pendulum, we set d = 0. For both environments, we use an evaluation
interval of h = 0.1 for T' = 1000 time steps where only the first T;,.i;, = 500 steps are used for training and
the remaining 500 are used for validation.

The damped pendulum is especially interesting as the system loses energy (i.e. the sum of the kinetic and
potential energy decreases over time) and the embedding has to encode this behavior.

Gym Pendulum

* Experiment ID: pendulum_gym

This is a sine/cosine version of the pendulum introduced before, but without damping. We use the environment
of OpenAl Gym [BCP'16] for generating the data used for training. The motion equations are still the same
as for the non-Gym pendulum

) =sind

with d = 0 as the Gym pendulum does not include damping, but the state is defined as the sine and cosine of
the angle:
cos
y = |sinf
0

The Gym environment uses the Euler method for integrating the ODE with a step size of h = 0.05. We generate
T = 100 time steps of which T},.;, = 50 are used for training and the other 50 for validation.

Gym Cartpole

* Experiment ID: cartpole_gym

The second to last environment we run experiment on is the cartpole environment. In the cartpole environment,
an inverted pendulum is build on a (typically controlled, but otherwise freely movable) cart. If the pendulum
falls down, the torque on the joint is translated into a force moving the cart around. This creates nonlinear
coupling and therefore, highly nonlinear dynamics. A sketch of the cartpole environment is given in Figure 6.1.
As for the previous pendulum, we rely on the cartpole implementation of Gym. We slightly modified the
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Figure 6.1.: Illustration of the cartpole environment. The cart has mass m., the pole m,, with length L. The
cart can move freely on the = axis, while the pendulum can swing freely around the center of the
cart, causing the cart to move.

environment to be uncontrolled, as the environment usually has discrete actions for pushing the cart left or
right. The state of the environment is given as

<
I
D KRR

where z is the cart position, & is the cart velocity, 6 is the pole angle and @ is the angular velocity. The
implemented equations of movement, taken from [Flo05], are given as:

-2
. —F—mpl0” sin 6
- 981n9+ COSH(W)

0=
(4 e cos? 6
3 me+myp

. F+ mpf(QZ sin@ — 6 cos 0)
xr =

Me + My

Here g = 9.8 ms ™2 is the gravitational acceleration, m, = 0.1kg and m. = 1kg are the masses of the pole
and cart, respectively, 2¢ = 1 m is the pole length and [F] = N is the external (control) force acting on the cart
that we set to 0 N. The Gym environment uses an implicit Euler method for integrating the ODE with a step
size of h = 0.02. We generate T" = 300 time steps of which we use T,y = 150 for training and the remaining
150 steps for validation.

Gym Double Pendulum

* Experiment ID: acrobot_gym

The last environment we test on is the double pendulum, implemented in Gym as the acrobot (as for the
cartpole, we removed all control inputs and modified the initial state to start on top rather than hanging
straight down). The double pendulum consists of a pendulum on a fixed joint and a second pendulum attached
to the end of the first pendulum. This creates highly nonlinear coupling and is the most common example of a

32



Figure 6.2.: Illustration of the double pendulum environment. The pendulums have lengths ¢; and /> with the
masses m1 and my attached to the respective ends. The inner pendulum can swing freely around
the center while the other pendulum can swing freely around the end of the inner pendulum.
Hence, fixing one of the pendulums would transform the system back to a simple pendulum. If
both pendulums can swing, the system is chaotic.

chaotic system [SGWY92]. We observe the state vector

[cos 1
sin (1
COS P2
sin 9

P1
L $2

where 1 and 5 are the displacement of the first and second joint, respectively. See Figure 6.2 for a sketch of
the double pendulum. The governing equations of motion are given as:

g(sin 2 cospa — psingr) — (o3 + L1¢] cos pa) sin pa
b (p — cos® a)
gu(sin g cos pa — psingy) + (ul1pF + Lagh cos pa) sin pa
Co(p — cos? pa)

o =

Yy =

with oA == @1 — @, g1 :== 1 + m1/my where g = 9.8 ms~? is the gravitational acceleration, m; = 1kg and
mo = 1 kg are the masses of the two links and ¢/; = 1m and ¢, = 1 m are the lengths of the two links. The
Gym environment uses a 4-th Order Runge-Kutta Method (RK4) for integrating the ODE with an evaluation
interval of h = 0.2. We modified the initial position to be drawn from a Gaussian distribution with mean =
and standard deviation 7/8 and the initial velocity to be drawn from a uniform distribution in the interval
[—0.1,0.1]. We generate T' = 75 time steps of which we use T},,;, = 56 (75%) for training and the remaining
19 for validation.

6.1.2. Experiment Setup

We now introduce the experiment setup and initialization we used for each environment. For all experiments,
we initialized the latent state dynamics matrix A with an identity matrix, the initial state m, with a one-vector
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and all covariance matrices R, Q and V with a small diagonal covariance of 10~°. We set the maximum
number of g-optimization iterations to 1000 for all environments. As described in section 5.2, we used a
neural network for the observation function with tanh activation functions (except for the output layer of
course) and a single hidden layer with 50 neurons. We used 100 maximum iterations for the pendulum, 200
for the damped pendulum, 500 for the Gym pendulum, 500 for the Gym cartpole and 250 for the Gym double
pendulum.

For the proof-of-concept environment (the linear system), we used a slightly different setup as the environment
is a lot simpler. We used a zero-layer neural network with no activation function, i.e. a learnable matrix/linear
transformation. We also fixed the latent dimensionality to be 2 for the linear system as we only have two
states.

6.1.3. Hyper-Experiments

Besides the performance on specific environments, we were interested in how hyperparameters like the latent
dimensionality affect the performance of the system. In this section we will discuss and present our experiment
setup for the “hyper-experiments”. All hyperparameters that are not part of the experiment where set as in
in subsection 6.1.2.

If not stated differently, we always ran the experiment with five different seeds to average out initialization
noise.

Influence of the Latent Dimensionality

As the latent dimensionality directly influences how well the Koopman matrix can approximate the infinite-
dimensional operator, it is one of the most interesting hyperparameters we evaluate. Hence, we evaluate
multiple different latent dimensionalities from k£ = 1 to k = 50.

6.2. Results

In this section we will look at the results of the experiments described above. We organized the section into
the different environments and will take a look at both the hyper-experiments first and then the individual
results for optimized hyperparameters.

For evaluating the performance of the model, we use different measures and metrics, both qualitative and
quantitative. For a qualitative evaluation, we simply plot the produced data. These plots can get quite noisy
as we will see, but they comprise all things we need for a qualitative assessment:

* The ground truth, generated as described above with the adequate numerical integration of the equations
of motion.

* The smoothed states as they are produced from the E-step of the Koopman Inference algorithm, i.e. §1.7.

* The rollout, starting both from the learned initial value as well as from the last smoothed state. While
the former visualizes the ability of the model to work completely “on its own”, the latter shows how
well the linear dynamics generalize beyond the training data.
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* And of course the confidence (i.e. the learned variance) around each trajectory.

For quantitative comparison, we focus on the Normalized Root Mean Squared Error (NRMSE) across all
dimensions and time steps, computed as

k T

1 1 1
NRMSE = — I i PR

where y; ; is the true data and g, ; is the corresponding data to evaluate at the ¢-th time step of the i-th dimension.
We can compute four different error values: The error over the rollout from start to finish (t = 1,2, -- -, 7),
over the training data only (t = 1,2, - - -, Tiain), Oover the prediction only (t = Tirain, Ttrain + 1, - -+, T') or over
the smoothed trajectory (i.e. the results from the E-step, $1.7). The latter primarily checks that our algorithm
performs correct and that it is even capable of learning the dynamics and it should be near zero or at least
below one for a decent parameter choice and model performance. On the other hand, the NRMSE over the
complete rollout describes the generalization abilities. In conjunction with the rollout error over the training
and prediction set, we can see which rollout primarily caused the complete error. We expected a low error on
the training set for every environment.

Using the NRMSE instead of the plain Root Mean Squared Error (RMSE) allows us to compare model
performance across the difference dimensions as we are scaling the error to a reasonable interval. For error
values below 0.01, we say that the error is close to zero as it only deviates at most 1% from the true data. For
< 0.1 we say it is a good fit, and for < 0.2 we say the approximation is decent. However, we have to take these
numbers with care as they summarize a lot of data into a single scalar.

All subsections (of non-proof-of-concept environments) are separated into two main parts: Looking at the
hyper-experiment of the latent dimensionality and inspect how well the model performs with different latent
dimensionalities. Then we will pick two or three of those latent dimensionalities and look at the qualitative
plots of the runs (exemplary evaluation).

Each exemplary evaluation also contains the ID of the run containing the data we used and the raw data of
the runs is added to the GitHub repository along with the code.

6.2.1. Proof-of-Concept: LGDS

For the LGDS environment, we did not run multiple latent dimensionalities as we already know how many
states we have. Figure 6.3 shows the rollout plot for £ = 3 latent dimensions. As expected, both the rollout
and the smoothed states perfectly match the true data, even in the prediction time span.

6.2.2. Pendulum
Influence of the Latent Dimensionality

For the pendulum experiment, we tested 50 latent dimensionalities from k£ = 1 to k& = 50.

We start by having a first look at the NRMSE of the smoothed trajectory in Figure 6.4 to see how many latent
dimensions we need at least to get a model that is even slightly capable of learning the pendulum dynamics.
We see that the NRMSE shrinks to near zero (less than 0.01). Even for k£ = 1, the error is only approximately
0.18.
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Figure 6.3.: The rollout plot in the observation space of the LGDS environment for £ = 3. The left plot shows
the first dimension, the right plot the second dimension. The black dots represent the true data
of which the model used everything till the red prediction boundary to train on. The blue line
is the rollout, starting from the learned initial value (marked with a green star). The orange
dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting from
the last smoothed state, forming the “smoothed prediction”. The orange lines are directly behind
the blue ones, hence they are not visible. The shaded regions show the confidence, i.e. two times
the standard deviation.
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Figure 6.4.: The NRMSE of the smoothed trajectory on the training data of the pendulum environment.
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Looking at the NRMSE of the complete rollout in Figure 6.5a, we see that the error is quite noisy due to initial-
ization. Nevertheless, the error shrinks until £ > 10 and then stabilizes around an error of approximately 0.15.
Comparing the complete rollout error with the training and prediction NRMSE in Figure 6.5b and Figure 6.5c,
respectively, we see that the training error falls until £ > 10 and then stabilizes around 0.08. For the prediction
error, we see a similar connection to k£ > 10, but the error does not shrink as much and always is around 0.20.

Exemplary Evaluation: 2-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 2 (run 100). Looking at the errors,
the rollout trajectory should be off the real data, but the smoothed trajectory should nearly match the true
data. Figure B.5 shows that the rollout and also the rollout of the smoothed trajectory are far off with low

confidence, but the true data is in the confidence region. However, the smoothed trajectory follows the true
data really good.

Exemplary Evaluation: 10-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 10 (run 10) as we postulated from the
NRMSE data that this is the boundary, after which we expected diminishing returns. Figure 6.6 shows the
rollout of the model, where the dynamics of the system are captured quite well with high confidence. Also the
prediction is good, so that the differences between true data, smoothed prediction and rollout are small.

Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) -+ Prediction Boundary Rollout Confidence
—— Rollout « Truth

« Learned Initial Value

/\ iq f

=
(]
e

i o
-

M-“:”

3 !
. o o i
YiNiR o
Sl - #l i z i
_§3 lll i Il! s éo \
] RIRIRVEE RIRIAR!
: viUvuyl| - P
0. ¥ ¥ ¥ &
2 V V i
6 2I0 4|0 GIO SIO 160 lI) 2|0 4-ID GIO BIO 160
t

Figure 6.6.: The rollout plot in the observation space of the pendulum environment for k£ = 10. The left plot
shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything till the red prediction boundary to train on. The
blue line is the rollout, starting from the learned initial value (marked with a green star). The
orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting

from the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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(a) Error of the complete rollout on the pendulum environment.
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(b) Error of the rollout on the training data only on the (¢) Error of the rollout on the prediction only on the pendu-
pendulum environment. lum environment.

Figure 6.5.: Plot of the errors of the pendulum environment for different latent dimensions. The black
dots show the measured data, the blue line the average of the data points for a specific latent
dimensionality. The blue shaded region shows two times the standard deviation.
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Figure 6.7.: The NRMSE of the smoothed trajectory on the training data of the damped pendulum environ-
ment.

Exemplary Evaluation: 14-Dimensional Latent

We now look at an exemplary run for the latent dimensionality & = 14 (run 210) for which we got the
smallest overall NRMSE. Figure B.6 shows the rollout of the model. In comparison to the 10-dimensional
latent, nothing has changed, fulfilling the expectation of diminishing returns with high latent dimensionality.

6.2.3. Damped Pendulum
Influence of the Latent Dimensionality

For the damped pendulum experiment, we tested 50 latent dimensionalities from k& = 1 to k = 50.

We start by having a first look at the NRMSE of the smoothed trajectory in Figure 6.7 to see how many latent
dimensions we need at least to get a model that is even slightly capable of learning the damped pendulum
dynamics. We see that the NRMSE shrinks to near zero (less than 0.01) for latent dimensionalities of k£ > 2.
Even for k& = 1, the error is only approximately 0.09.

Looking at the NRMSE of the complete rollout in Figure 6.8a, we see that there is a point of diminishing
returns in terms of the latent dimensionality for £ > 10, where we get decent errors (around 0.05) for all
latent dimensionalities. Looking at the parts the complete NRMSE is composed of, the training and prediction
error in Figure 6.8b and Figure 6.8c, respectively, we see that the latent dimensionality affects both parts, the
training and prediction error. However, the prediction error is generally smaller, which is mostly caused by the
value of the state and hence the rollout being smaller.

39



NRMSE (Rollout, Complete)

—— Average
0.30 4 Standard Deviation (2x)

= - Data Points

0.25 1

NRMSE

0.15 A

0.10 -

0.05 ~

0 10 20 30 40 50
Latent Dimensionality

(a) Error of the complete rollout on the damped pendulum environment.
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damped pendulum environment. pendulum environment.

Figure 6.8.: Plot of the errors of the damped pendulum environment for different latent dimensions. The
black dots show the measured data, the blue line the average of the data points at a specific
latent dimensionality. The blue shaded region shows two times the standard deviation.
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Figure 6.9.: The rollout plot in the observation space of the damped pendulum environment for & = 10. The
left plot shows the displacement and the right plot the angular velocity. The black dots represent
the true data of which the model used everything till the red prediction boundary to train on.
The blue line is the rollout, starting from the learned initial value (marked with a green star).
The orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout
starting from the last smoothed state, forming the “smoothed prediction”. The shaded regions
show the confidence, i.e. two times the standard deviation.

Exemplary Evaluation: 2-Dimensional Latent

We now look at an exemplary run for the latent dimensionality & = 2 (run 2). According to the errors, the
rollout error should be quite high, but the smoothed trajectory should follow the true data really good. Fig-
ure B.7 shows that most trajectories are far off the true trajectory with low confidence, while the smoothed
trajectory almost perfectly matches the true data.

Exemplary Evaluation: 10-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 10 (run 110). We chose this latent
dimensionality as it is the boundary of diminishing returns in terms of the NRMSE. Figure 6.9 shows the
rollout of the model. In comparison to the four-dimensional latent, the behavior of the system is captured
pretty good, with a decent confidence. Also, the prediction is at nearly the same amplitude as the real data.
But the rollout gets phase-shifted in comparison to the true data further in the rollout horizon.

Exemplary Evaluation: 24-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 30 (run 130) for which we got the smallest
overall NRMSE. Figure B.8 shows the rollout of the model. In comparison to the ten-dimensional latent, the
model is less confident but the rollout is nearly the same as the rollout of the ten-dimensional latent.
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Figure 6.10.: The NRMSE of the smoothed trajectory on the training data of the Gym pendulum environment.

6.2.4. Gym Pendulum
Influence of the Latent Dimensionality

For the Gym pendulum experiment, we tested 50 latent dimensionalities from &£ = 1 to & = 50. The difference
of the Gym pendulum in comparison to the pendulum from before is that we do not measure the angle directly
but use the sine/cosine of the angle, directly encoding the symmetry of a swing-around into the features. This
environment is extremely numerically brittle, thus we have less data points for higher latent dimensionalities
(to the right of the plots).

We start by having a first look at the NRMSE of the smoothed trajectory in Figure 6.10 to see how many latent
dimensions we need at least to get a model that is even slightly capable of learning dynamics. We see that the
NRMSE shrinks to near zero (less than 0.01) for latent dimensionalities of k£ > 2. Even for k = 1, the error is
only approximately 0.09.

Looking at the NRMSE of the complete rollout in Figure 6.11a, we see a slight improvement at the beginning,
which is, looking at the training and prediction error in Figure 6.11b and Figure 6.11c, respectively, fully
caused by the training error. Looking at the prediction error, we see that the error does not change much with
different latent dimensionalities'. In comparison, the training error shrinks to near zero (less than 0.01) for
latent dimensionalities & > 7. Hence, we expect the model not to predict well behind the prediction boundary.

! The spike on the right is possibly due to bad initialization and is only chosen as the mean as all other seeds crashed due to
negative definite matrices.
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(a) Error of the complete rollout on the Gym pendulum environment.
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(b) Error of the rollout on the training data only on the Gym (c) Error of the rollout on the prediction only on the Gym
pendulum environment. pendulum environment.

Figure 6.11.: Plot of the errors of the Gym pendulum environment for different latent dimensions. The black
dots show the measured data, the blue line the average of the data points at a specific latent
dimensionality. The blue shaded region shows two times the standard deviation.
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Figure 6.12.: The rollout plot in the observation space of the Gym pendulum environment for k£ = 4. The left
plot shows the displacement and the right plot the angular velocity. The black dots represent
the true data of which the model used everything till the red prediction boundary to train on.
The blue line is the rollout, starting from the learned initial value (marked with a green star).
The orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout
starting from the last smoothed state, forming the “smoothed prediction”. The shaded regions
show the confidence, i.e. two times the standard deviation.

Exemplary Evaluation: 2-Dimensional Latent

We now look at an exemplary run for the latent dimensionality ¥ = 2 (run 2). According to the errors,
the rollout trajectory should be off the true data, but the smoothed trajectory should be mostly on the true
data. Figure B.9 shows exactly this behavior: all trajectories are far sway from the true trajectory with the
exception of the smoothed trajectory that almost matches the true data.

Exemplary Evaluation: 4-Dimensional Latent

We now look at an exemplary run for the latent dimensionality ¥ = 4 (run 104). This run is especially
interesting for comparison with [MWK19] which we will do in chapter 7. Figure 6.12 shows the rollout of the
model with four latent dimensions. We see that the smoothed trajectory equals the true data as expected and
so does the training rollout. However, on the prediction the rollout only roughly follows the true data, not
capturing the dynamics of the system well.

44



NRMSE (Smoothed)

0.20 - —— Average
Standard Deviation (2x)
Data Points
0.15 4
0.10 4
w
n
=
o«
z
0.05 4
0.00 4
—0.05 -~
0 10 20 30 40 50

Latent Dimensionality

Figure 6.13.: The NRMSE of the smoothed trajectory on the training data of the cartpole environment.

Exemplary Evaluation: 7-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 7 (run 157) as we postulated from the
NRMSE data that this is the boundary of diminishing returns. Figure B.10 shows the rollout of the model. We
see that the training rollout and the smoothed trajectory fits the true data well, as expected, but the prediction
does not capture the dynamics of the system.

6.2.5. Gym Cartpole
Influence of the Latent Dimensionality

For the cartpole experiment, we tested 50 latent dimensionalities from k£ = 1 to k£ = 50.

We start by having a first look at the NRMSE of the smoothed trajectory in Figure 6.13 to see how many latent
dimensions we need at least to get a model that is even slightly capable of learning the cartpole dynamics. We
see that the NRMSE shrinks to near zero (approximately 0.001) for latent dimensionalities of k£ > 2. Hence,
we need at least 2 latent dimensions to learn the dynamics.

Looking at the NRMSE of the complete rollout in Figure 6.14a, we see that the error does not shrink much
any more for latent dimensionalities of k£ > 10, where the error stabilizes around 0.23. Looking at the training
and prediction plots in Figure 6.14b and Figure 6.14c, respectively, we see that the training error falls by a
large margin until £ > 10 latent dimensions where the error stabilized near zero, while the prediction error
does not fall much after the first few latent dimensionalities. Hence, we can predict that our model learns the
training rollout well, but does not generalize beyond the prediction boundary.
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(b) Error of the rollout on the training data only on the (c) Error of the rollout on the prediction only on the cartpole
cartpole environment. environment.

Figure 6.14.: Plot of the errors of the cartpole environment for different latent dimensions. The black dots
show the measured data, the blue line the average of the data points at a specific latent
dimensionality. The blue shaded region shows two times the standard deviation. The data
points on the right side of the plot get increasingly sparse as the algorithm gets increasingly
numerically brittle for higher latent dimensionalities.
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Exemplary Evaluation: 2-Dimensional Latent

We now look at an exemplary run for the latent dimensionality k¥ = 2 (run 2). As we have already seen,
the rollout should not perform too god, but the smoothed trajectory should be really accurate. Looking
at Figure B.11, we see that nearly all trajectories are off the true trajectory. Only the smoothed trajectory fits
the data perfectly (until the prediction boundary). We can also see that the rollout starts to go near the true
data, learning roughly how the true data looks.

Exemplary Evaluation: 10-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 10 (run 10). According to the NRMSE of
the training data, this should perform decently on the training data and, according to the NRMSE, bad on the
prediction. Figure 6.15 shows that the rollout and the smoothed trajectory actually follow the true data, while
the rollout does not match the true data after the prediction boundary, but roughly forecasts the qualitative
behavior. Interestingly, the confidence in the rollout of the pendulum displacement and velocity is a lot higher
than the confidence in the rollout of the cart position and velocity.

Exemplary Evaluation: 16-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 16 (run 166), the run which had the
lowest NRMSE over the complete rollout data. Still, according to the NRMSE of the prediction, we do not
expect a good prediction. Figure B.14 confirms this, as the rollout on the training data follows the true data
closely while the prediction is off the true trajectory. Compared to the 14-dimensional latent, we do not see
much improvement in the prediction.

6.2.6. Gym Double Pendulum
Influence of the Latent Dimensionality

For the double pendulum experiment, we tested 50 latent dimensionalities from &£ = 1 to k& = 50.

We start by having a first look at the NRMSE of the smoothed trajectory in Figure 6.16 to see how many latent
dimensions we need at least to get a model that is even slightly capable of learning the double pendulum
dynamics. We see that the NRMSE shrinks below 0.05 for latent dimensionalities of k£ > 3, so we need at least
3 latent dimensions to get a decent model.

Looking at the NRMSE of the complete rollout in Figure 6.17a, we see that the error shrinks until £ > 6
latent dimensions and than stabilizes to an error around 0.27. Looking at the training and prediction error
in Figure 6.17b and Figure 6.17c, we see that mostly only the training error shrinks while the prediction
errors seems to be random noise. For the training error, however, we see that the error shrinks until £ > 18
and then stabilized around 0.17. Hence, we can assume that our model does not generalize well (we will
assess this in chapter 7). On the other hand, our rollout on the training data should be a good fit.
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Figure 6.15.: The rollout plot in the observation space of the cartpole environment for £ = 10. The top plot

is the cart position (left) and velocity (right), the row the pole displacement (left) and angular
velocity (right). The black dots represent the true data of which the model used everything until
the red prediction boundary to train on. The blue line is the rollout, starting from the learned
initial value (marked with a green star). The orange dash-dotted line is the smoothed data.
The dotted orange line then is the rollout starting from the last smoothed state, forming the
“smoothed prediction”. The shaded regions show the confidence, i.e. two times the standard
deviation. As the variances in the top plots are very high, see Figure B.13 in section B.3 for the
plot without the confidence.
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Figure 6.16.: The NRMSE of the smoothed trajectory on the training data of the double pendulum environ-
ment.

Exemplary Evaluation: 3-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 3 (run 153). As we have already seen, the
rollout should not perform well, but the smoothed trajectory should be really accurate. Looking at Figure B.16,
we see that nearly all trajectories do not match the true trajectory. Only the smoothed trajectory follows the
data decently (until the prediction boundary, of course).

Exemplary Evaluation: 18-Dimensional Latent

We now look at an exemplary run for the latent dimensionality £ = 18 (run 168). We chose this latent
dimensionality as it is at the boundary before the training error does not get much batter in terms of the
NRMSE. Figure 6.18 shows the rollout of the model. We see that the rollout on the training trajectory nearly
perfectly follows the true data, while the prediction is quite off the true trajectory, not even capturing some of
the motion. This is especially bad as the model is quite confident about the state.

Exemplary Evaluation: 30-Dimensional Latent

We now look at an exemplary run for the latent dimensionality & = 30 (run 88) for which we got the smallest
overall NRMSE. Figure B.17 shows the rollout of the model. In comparison to the 18-dimensional latent, the
rollout is not nearly as good. However, the low confidence in the prediction produces is better than for the
18-dimensional latent as more parts of the true trajectory lie within the region of confidence.
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(b) Error of the rollout on the training data only on the (c) Error of the rollout on the prediction only on the double
double pendulum environment. pendulum environment.

Figure 6.17.: Plot of the errors of the double pendulum environment for different latent dimensions. The
black dots show the measured data, the blue line the average of the data points at a specific
latent dimensionality. The blue shaded region shows two times the standard deviation. The
data points on the right side of the plot get increasingly sparse as the algorithm gets increasingly
numerically brittle for higher latent dimensionalities.
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Figure 6.18.: The rollout plot in the observation space of the double pendulum environment for & = 18. The
top row shows the cosine/sine of the displacement of the inner pendulum, the middle row
shows the cosine/sine of the displacement of the outer pendulum and the bottom row shows
the angular velocity of the inner and outer pendulum. The black dots represent the true data
of which the model used everything till the red prediction boundary to train on. The blue line
is the rollout, starting from the learned initial value (marked with a green star). The orange
dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting from
the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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7. Discussion

In this chapter we will analyze the results from chapter 6 and set them into context with results from related
work. We will discuss the performance on the different environments first and then compare our results with
the results of some related work.

7.1. Model Performance

7.1.1. Proof-of-Concept: LGDS

As we have seen in Figure 6.3, the LGDS proof-of-concept environment works pretty well and the prediction
perfectly matches the true data. The model has an NRMSE of approximately 0.0001 for every metric. This
shows that we are still able to learn linear dynamical systems. We expected this result as we have proven that
our algorithm is equivalent to the LGDS inference algorithm for linear systems in section A.2. Hence, our
algorithm does not reduce the “power” of the linear algorithm on linear systems and only extends its usability
to nonlinear systems.

7.1.2. Pendulum

The pendulum is the first nonlinear environment we assess.

As we have seen in the experiment for different latent dimensionalities, we need at least ten latent dimensions
to model the pendulum with a decent prediction error, where we expected some downsides on the prediction
and expected a really good rollout in the training area. As we have seen in the results for a ten-dimensional
latent in section 6.2.2, we see a good rollout in the training area and also a good prediction for the pendulum
position, but a slightly smaller amplitude in the velocity plot. This corresponds to an energy loss of the
pendulum that should not happen as it is undamped. Figure 7.1 highlights this by showing the total, kinetic
and potential energy of the system, where the rollout energy changes with time which should not happen.
However, the potential energy almost matches the true potential energy, supporting our inspection that the
angular displacement is well fit. The kinetic energy generated by the velocity is, on the other hand, a bit off.
We can further inspect this behavior by looking at the rollout in the latent space in Figure 7.2. We see that the
energy loss is primarily happening in the tenth dimension. Looking at the real parts of the eigenvalues of the
latent state dynamics matrix,

o = {1.00,1.00, 1.00, 0.96, 0.65, 0.67, 0.86, 0.80, 0.73,0.75}

we see that not all are close to one, i.e. they vanish after some time. This directly corresponds to the energy loss
in the system (the eigenvalues of a system capture the time evolution). We also see that the tenth dimension

52



—— Truth Rollout  ----- Prediction Boundary

[
o
1

Total Energy
e o o o o o
£ w (=) ] -~ o] (1=
L L L 1 L L

o
L
L

&
L]
L

—— Truth Rollout  «eeee Prediction Boundary —— Truth Rollout <o Prediction Boundary
1.00

| =N ” N

IE ||||‘|||

g
o
=

[
o
o w
——
s
—
—_—

Kinetic Energy

[ =

o M

o w
Potential Energy

=]
B
wn

St

in

=
| | |
e o o 9 o
T R - T ]
oo W S
L s L | i

o
5]
v

vV 1004 OV | ! | | |

=,

o

=}
<

Figure 7.1.: Total energy of the undamped pendulum composed of the kinetic energy on the bottom left and
the potential energy on the bottom right. The blue line represents the true energy, calculated
from the training and validation data. The orange line is the energy calculated from the rollout.
As usual, the red line is the prediction boundary up until all training data was used; afterwards,
the model predicted the rest of the data.

has a really high variance in its states, indicating that the model already has enough latent dimensions to
explain the dynamics. Looking at the rollout of a nine-dimensional latent (run 58) in Figure 7.3, however, we
see that the energy loss is still there. It does not make sense to inspect higher-dimensional latent spaces as we
have seen in the latent dimensionalities experiment that the error does not shrink much. Additionally, the
14-dimensional latent that we inspected in section 6.2.2 also loses energy. We do not expect this to get better
with higher latent dimensionalities. Also, higher dimensionalities impose numerical instability, a phenomenon
we will address in subsection 7.1.9.

For this environment, we get really small confidences with the true trajectory still being in the region of
confidence. We also see that the variance is higher on the turns of the pendulum which makes sense as that is
the most critical part of the movement.

While these first results cast a shadow on our model performance, the energy loss builds hope for the damped
pendulum to work out well.
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Figure 7.2.: Rollout of the latent dimensions of the pendulum environment for & = 10 latents.
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Figure 7.3.: The rollout plot in the observation space of the pendulum environment for k£ = 9. The left plot

shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything till the red prediction boundary to train on. The
blue line is the rollout, starting from the learned initial value (marked with a green star). The
orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting
from the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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7.1.3. Damped Pendulum

As for the undamped pendulum, we have seen in the experiment with different latent dimensionalities that
we need at least ten latent dimensions. For ten dimensions, we get a decent NRMSE on both training and
prediction. We have seen this behavior in section 6.2.3 and in the rollout plot in Figure 6.9. In contrast to the
undamped pendulum, the amplitudes of the oscillations are now on the correct heights, so we definitely learn
the energy loss of the system. We can also see this behavior in the plot of the total, kinetic and potential energy
in Figure 7.4. We see in the total and the kinetic and potential energy that the damped pendulum model is
really close to the real energy levels, in all energy types. This supports the first interpretation of the rollout
that we really learn the energy loss. On the other hand, the rollout is phase-shifted to the real trajectory,
sometimes even predicting the pendulum to be on the opposite side of a swing. Looking at the rollout in the
latent space in Figure 7.5, we see a similar behavior in the latent space, so our learned observation function
seems to be correct, but the latent dynamics are a bit off.

Improving this might be possible by fixing the observation function and optimizing just the state dynamics
matrix on its own. This reduces the parameters the algorithm has to learn by a lot, possibly yielding a more
accurate rollout. But overall we are satisfied with this result as we learn the energy loss and get a confidence
that is not too high such that the real position is still in the region of variance. As for the undamped pendulum,
we get higher variances in regions where the pendulum turns over.

As the rollout is generated from a linear system in the background, it makes sense that energy-loosing systems
can are easier to model: Taming a linear system to keep its energy for a long time is a lot harder than “letting
it converge to zero”. A stable non-zero system corresponds to eigenvalues that are approximately one (as
limy 00 1¥ = 1 and limy_,o 2% = 0 for |z| < 1, but limj_,o, 2¥ — oo for z > 0). Small disturbances to a
system with eigenvalues close can cause the system to diverge quickly.

7.1.4. Gym Pendulum

As we have seen in the experiment with different latent dimensionalities in section 6.2.4, we need at least
seven latent dimensions to get a decent NRMSE on the training rollout. However, we noticed that we get
better results in one run for four latent dimensions (see section 6.2.4) which we looked at for a comparison
with [MWK19]. This shows that our algorithm is extremely sensitive to the initialization as the neural network
is initialized randomly. Looking at the rollout of the seven-dimensional latent run in section 6.2.4, we see
that the latent “stops to change” after the prediction boundary in comparison to the four-dimensional latent
where the rollout still moves (and roughly captures the dynamics). By taking a look at the rollout in the latent
space in Figure 7.6 and Figure 7.7 for the four- and seven-dimensional run, we see completely different time
behaviors.

As we have already outlined in subsection 7.1.3, it is hard for a linear system to be stable when not converging
to zero. We see such a behavior in the latent rollout: While the latents of the four-dimensional run all rise
exponentially after the prediction horizon, causing movement in the observation space, approximately half
of the latents in the seven-dimensional exponentially increase while the other half decreases exponentially.
This seems to lead to vanishing within the neural network, explaining the non-movement in the observation
space. This behavior might be improved by regularizing the latent dynamics to a system with eigenvalues
really close to one, leading to more stable dynamics. Another idea would be to make the latent dynamics
time-dependent so compensate for the exploding states by adding an extra latent state just representing the
time step. However, this would impose other difficulties and would make the system non-autonomous.
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Figure 7.4.: Total energy of the damped pendulum composed of the kinetic energy on the bottom left and
the potential energy on the bottom right. The blue line represents the true energy, calculated
from the training and validation data. The orange line is the energy calculated from the rollout.
As usual, the red line is the prediction boundary up until all training data was used; afterwards,
the model predicted the rest of the data.
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Figure 7.5.: Rollout of the latent dimensions of the damped pendulum environment for k£ = 10 latents.

Another interesting result of the Gym pendulum experiment is that it performs a lot worse than the simple
angular pendulum in subsection 7.1.2. This might be caused by the sine/cosine terms as these add more
nonlinearity to the system (with small angle approximations it is possible to model the pendulum for small
displacements, this is not possible using the sine/cosine of the angle). But as taking the sine/cosine of the
angle is actually a nonlinear feature transformation typically used to implicitly encode the symmetries in a
polar coordinate environment like the pendulum (swinging the pendulum around one time does not increase
the angle by 27, instead the pendulum works like a congruence class generalized to R), we could use the
inverse feature transformation to recover the angle from the sine/cosine data and get a similar performance
as for the angular pendulum.

7.1.5. Gym Cartpole

As we have seen in the experiments with different latent dimensionalities in section 6.2.5, we need at least
ten latent dimensions to get a decent NRMSE on the (training) rollout. We have also seen that more latent
dimensions (e.g. 16 dimensions in section 6.2.5) do not yield better results than ten latent dimensions
(see section 6.2.5). However, in both cases we get a near-to-perfect rollout before the prediction boundary
but fail at the prediction. For the ten dimensional latent, the model captures the dynamics of the pole
displacement/velocity and also the cart velocity after the prediction boundary roughly, but for the cart position
the trajectory is quite off. Another interesting result is that the model is a lot more confident in the pole
displacement and velocity than the cart position. This makes sense as the movement of the car is more complex
as it accelerates nonlinearly only through the movement of the pendulum. This does not impose a linear
movement on the cart, but rather it is centered around zero with a light shifting occurring when the pendulum
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falls down or swings up!. Also, as we have seen in subsection 7.1.2 and subsection 7.1.3, we are able to learn
the movement of an undamped and a damped pendulum, where the motion of the pole on a cart can be seen
as a slightly damped pendulum as the system is transferring energy from the pendulum to the cart.

7.1.6. Gym Double Pendulum

As we have seen in the experiment with different latent dimensionalities, we need at least 18 latent dimensions
to model the double pendulum adequately in the training rollout. As expected from the NRMSE, we get
a decent fit on the rollout for 18 latent dimensions (see Figure 6.18), but the prediction is far off the true
trajectory. The prediction does not even capture the dynamics roughly and also it is pretty certain on its wrong
trajectory. This matches our expectations as the double pendulum is a chaotic environment with nonlinear
coupling that is really hard to learn.

Improving the performance on the double pendulum might be possible by using a shorter integration interval
h to provide the algorithm more information between the states such that it can better extrapolate from the
data. Another idea, similar to the one outlined in subsection 7.1.4, would be to apply an inverse feature
transform on the sine/cosine of the angles to reduce the dimensionality of the observation space and let “the
model discover the symmetries”. We will discuss this again in Future Work. But overall we are satisfied that
we managed to learn at least the rollout on the training data even in a chaotic system.

7.1.7. Running on the CPU or GPU Makes a Difference

We noticed that running our code on the Central Processing Unit (CPU) or on the Graphics Processing
Unit (GPU) makes a huge difference in the quality of the results, where running on the GPU is better. The
environment we noticed the greatest difference is the double pendulum, of which we added two plots
in section B.1. Figure B.1 shows the double pendulum experiment result running on the CPU and Figure B.2
shows the double pendulum experiment result running on the GPU. We expect both plots to be the same,
but in fact the plot of the experiment running on the CPU looks better. These runs are the runs 1564 and
1565, respectively. In both cases we set the seed for both NumPy and PyTorch to the same value. As the data
was generated beforehand, the Gym seed does not matter in this case. We expect this to be an issue with a
gradient flowing too far through the computation graph or an issue with floating point operations working
differently on the CPU/GPU.

7.1.8. Learning Multiple Sequences at Once

We derived the Koopman inference algorithm in a way such that it should be possible to learn on multiple
observation sequences at once (see section 5.1). However, we noticed that the results of learning from multiple
sequences at once yields worse results than learning one observation sequence. We have multiple explanations
for this issue, the most probable being an error in the implementation we did not find. Another explanation is
that in the single-sequence case the neural network of the observation function overfits to the training data
and does not have enough “memory” to also overfit to another observation sequence and therefore breaks.
This is a serious problem to address and we might be able to overcome this problem by adding noise to the
input to improve generalization.

! See GitHub (Link) for a GIF of the cartpole movement.
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Figure B.3 and Figure B.4 show two rollouts on the damped pendulum environment, the former only learning
on a single observation sequence and the latter learning on multiple sequences at once. We see that while the
result of a single sequence captures the dynamics decently (see subsection 7.1.3 for an in-depth discussion),
the model that learned on two sequences does not capture the dynamics correctly.

7.1.9. Discussion on Numerical Stability

The primary thing we noticed in terms of numerical stability is the definiteness of the covariance matrices Q,
R and V. While this can be fixed by learning the Cholesky decomposition directly, better regularization or
putting priors on the matrices (see section 7.3 for more information on these topics), we also faced singular
matrices. This primarily happened for high latent dimensionalities, a phenomenon that can also be seen in the
latent dimensionalities comparison plots in section 6.2. This is caused by the algorithm “not knowing what
to do” with a latent dimension, i.e. when it already has “enough” dimensions to explain the data. We could
use this behavior to automatically detect which latents are important and which are not, called automatic
relevance determination (see subsection 7.3.3) for more proposals on this topic.

With implementing the square-root filtering/smoothing in the E-step we gained a lot of numerical stability
(also speed) by not having to compute the Cholesky decomposition of every smoothed covariance.

With all that combined, we are satisfied with the numerical stability of the Koopman inference algorithm,
especially given that one of the great instabilities, singular matrices, lead to future work on automatic relevance
determination.

7.2. Comparison with Related Work

In this section we will discuss the performance of the Koopman inference algorithm in the context of the
results from related work, the Deep Variational Koopman (DVK) model proposed in [MWK19]. We used
the code Morton et al. originally published along with their paper and modified it to work with the latest
TensorFlow [AAB'16] and applied the changes mentioned in [MWK19] (i.e. made the actions of the acrobot
and cartpole environment continuous). Additionally, we removed the actuation abilities of the environments
along with the control inputs to mimic the behavior of our work which currently does not work with control
inputs. Our modified version can be found on GitHub?.

We ran four different environments:

* The acrobot environment that is the same as our double pendulum environment presented in sec-
tion 6.1.1.

* Two cartpole environments, one equal to our cartpole environment presented in section 6.1.1 and
one with sine and cosine of the pole angle displacement as it was done initially in the DVK reference
implementation.

* The pendulum environment that that is the same as our Gym pendulum environment presented in sec-
tion 6.1.1 with sine/cosine features.

2 See https://github.com/fdamken/variational-koopman on the branch without-control.
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If possible, we used the same amount of time steps during training for both our and the other model. However,
due to numerical instabilities in their implementation, we had to deviate in terms of the number of time steps
for some environments>:

* We could only use 32 steps on the cartpole as opposed to our model which used 150.
* We used 64 steps on the double pendulum as opposed to our model which used only 56.

Also, our algorithm currently only learns on one observation sequence, i.e. if we learn on a sequence that
covers Tirain time steps, we only use Ti.in data points, while the DVK model uses 3968 equally sized sequences.
This sums up to 253,952 data points for the acrobot environment, 126,976 for the cartpole environment and
198,400 for the pendulum environment.

We assess the performance of both models by looking at the rollout plots and evaluating the performance
qualitatively, and by comparing the Normalized Root Mean Squared Error. We compute the NRMSE along the
whole trajectory, although we would like to point out that the “rollout” of DVK is not a complete rollout as the
observations on the training data are reconstructions of the learning data. That is, the rollout starts from the
prediction boundary, possibly yielding better results before the boundary as if the data would be computed
from the beginning. But this most probably does not affect our assessment in meaningful ways.

We will now discuss the qualitative performance on each environment separately and afterwards assess the
quantitative results for all environments at once.

7.2.1. Pendulum

The rollout on the pendulum environment of the DVK model is shown in Figure 7.8. We compare these
results with both our results for the Gym pendulum (with sine/cosine) features and our results on the angular
pendulum. As discussed in subsection 7.1.4, we can assume an inverse feature transformation back to the
polar coordinate space.

We see that the reconstruction before the prediction boundary works quite well, however, the sine feature of
the angle has a dent around ¢ ~ 25. In comparison to our rollout in Figure 6.12 (on the Gym pendulum), our
rollout in the training error before the prediction boundary matches the data better. However, the prediction
of the DVK model captures the behavior of the system better than our prediction. Looking at the angular
pendulum in Figure 6.6 (on ten latent dimensions), our model captures both the dynamics before and after
the prediction boundary better than the DVK model.

% The exact parameters we ran their code with can be found in the GitHub repository.
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Figure 7.8.: Rollout of the pendulum environment of the DVK model, generated by us. The top row shows

the sine/cosine of the displacement of the pendulum, the bottom plot shows the angular velocity.
The black dots show the ground truth of the trajectory, the solid blue line the reconstructed states
from the latents, the dashed blue line the prediction of the model and the shaded region shows
the min-to-max distance. This is generated by sampling multiple sequences from the model and
taking the maximal and minimal values at each time step. This can be roughly interpreted as the
model confidence. The blue line is the mean of the sampled predictions. As usual, the red line is
the prediction boundary, until which the blue line represents the reconstruction; afterwards, the
model predicted the rest of the data.
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7.2.2. Cartpole

For the cartpole environment, we now have two versions of the environment for the DVK model: One that
uses the angle of the pole displacement directly with the rollout in Figure 7.9 and one that uses sine/cosine
features of the angle in Figure 7.10.

We see that both the reconstruction and the prediction for both cases diverge greatly from the true data.
Interestingly, in case of the sine/cosine features, the prediction diverges more from the true data compared
to the angular features, even though the former was a modification originally done in the DVK model. But
we have to point out that we were not able to fully reproduce the original results, so the original version
might have yielded better results. Compared to our result in Figure 6.15 (on ten latent dimensions), our
model captures the dynamics more accurately in the training section, but worse after the boundary (i.e. for
prediction), especially in the cart position and velocity. Overall, we can say from this qualitative comparisons,
that our model performs better on the cartpole*.

7.2.3. Double Pendulum

The final environment we benchmarked on the DVK model is the double pendulum, for which both we and the
DVK model used cosine/sine feature transformations. The rollout of the DVK model is shown in Figure 7.11.

We see that the reconstruction and prediction of the angular velocity is quite accurate as well as the re-
construction and prediction of the sine of both angles. However, the cosine only matches some of the data
points. Compared to our rollout in Figure 6.18 (on 18 latent dimensions), the reconstruction is worse but the
prediction is a lot more accurate than ours on every dimension.

7.2.4. Quantitative Comparison and Summary

We now look at a quantitative comparison of both models, the DVK model and the Koopman inference
algorithm (ours). We use the NRMSE on the complete rollout, the rollout on the training data (or, in case
of DVK, the reconstruction) and the prediction. We summarized the different errors in Table 7.1, where our
algorithm is almost consistently better at environments that use the angle directly instead of the cosine/sine.
Also, we are almost always better in terms of the training rollout, while we perform worse in the prediction.
However, these numbers should be taken with care as the NRMSE is not scale-independent (even though it
is better than the RMSE due to the normalization), but as the errors reflect our results from the qualitative
comparison, we are confident that our algorithm performs better.

Overall the performance of out algorithm matched our expectations compared to the DVK Koopman model
for multiple reasons: Firstly, we gauge the uncertainty directly instead of sampling multiple trajectories and
treating the min-max distance as uncertainty. Secondly, our algorithm is much more sample-efficient (see
the numbers at the beginning of this section). Thirdly, as already mentioned in related work, our method
has a lot simpler model in terms of number of parameters and size of neural networks. Nevertheless, the
DVK has multiple of advantages over our method: It generalizes to more environments than our approach, is
numerically more stable in some senses (e.g. it does not have covariance matrices that can become negative
definite or singular in some cases) and it already has the ability to learn the inputs of an actuated system, as
shown in [MWK19].

4 Note that we used more time steps for training our model, but overall less data points. Also we were not able to train the DVK
model on more time steps as it became numerically unstable.
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Figure 7.9.: Rollout of the cartpole environment of the DVK model with angular features, generated by us.
The top row shows the position/velocity of the cart, the bottom row shows the angle and angular
velocity of the pole one the cart. The black dots show the ground truth of the trajectory, the solid
blue line the reconstructed states from the latents, the dashed blue line the prediction of the
model and the shaded region shows the min-to-max distance. This is generated by sampling
multiple sequences from the model and taking the maximal and minimal values at each time
step. It can be roughly interpreted as the model confidence. The blue line is the mean of the
sampled predictions. As usual, the red line is the prediction boundary, until which the blue line
represents the reconstruction; afterwards, the model predicted the rest of the data.
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Figure 7.10.: Rollout of the cartpole environment of the DVK model with angular features, generated by us.
The top row shows the position/velocity of the cart, the middle row shows the cosine/sine of
displacement and the bottom row shows the angular velocity of the pole on the cart. The black
dots show the ground truth of the trajectory, the solid blue line the reconstructed states from
the latents, the dashed blue line the prediction of the model and the shaded region shows the
min-to-max distance. This is generated by sampling multiple sequences from the model and
taking the maximal and minimal values at each time step. It can be roughly interpreted as the
model confidence. The blue line is the mean of the sampled predictions. As usual, the red line
is the prediction boundary, until which the blue line represents the reconstruction; afterwards,
the model predicted the rest of the data.
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angular velocities of the inner and outer pendulum, from left to right. The black dots show

row shows the cosine/sine of the displacement of the inner pendulum, the middle row shows
the cosine/sine of the displacement of the outer pendulum and the bottom row shows the
the ground truth of the trajectory, the solid blue line the reconstructed states from the latents,
the dashed blue line the prediction of the model and the shaded region shows the min-to-max
distance. This is generated by sampling multiple sequences from the model and taking the
maximal and minimal values at each time step. It can be roughly interpreted as the model

confidence. The blue line is the mean of the sampled predictions. As usual

Figure 7.11.: Rollout of the double pendulum environment of the DVK model, generated by us. The top
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Environment Error on... | Deep Variational Koopman | Koopman Inference
Sine/Cosine Pendulum | Complete 0.198 0.023
VS. Training 0.168 0.014
Angular Pendulum Prediction 0.222 0.029
Sine/Cosine Pendulum | Complete 0.198 0.200
VS. Training 0.168 0.003
Sine/Cosine Pendulum | Prediction 0.222 0.282
Angular Cartpole Complete 0.265 0.200
VS. Training 0.466 0.009
Angular Cartpole Prediction 0.420 0.377
Sine/Cosine Cartpole Complete 0.470 0.200
VS. Training 17.222 0.009
Angular Cartpole Prediction 0.817 0.377
Complete 0.102 0.228
Double Pendulum Training 0.103 0.002
Prediction 0.104 0.562

Table 7.1.: Comparison of the errors of all environments we benchmarked DVK and Koopman inference on.
The environment in the first column describes which environment the data of the DVK is collected
from (before “vs.”) and from which environment the data of the Koopman inference algorithm is
collected from (after “vs.”). The complete error is over the rollout/reconstruction over the whole
sequence, the training error is over the rollout/reconstruction on the training data and prediction
is over rollout on the validation data. The numbers represent the NRMSE. The respective lowest
error is marked in bold font.
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7.3. Future Work

We will now discuss and propose future work and ideas that can be tried based on the results of this thesis.

7.3.1. Control

In this thesis we presented a method for learning a dynamical system with no control inputs. The most
obvious extension would be to add control inputs to the latent space in an additive fashion s; 1 = As; + Buy
with a learnable control matrix B. With this approach it might be possible to actually perform MPC and
uncertainty-aware control like in [MWK19], but with a simpler model. Our first approach to this would be to
test this method on a simple environment like the pendulum and first learn the control rollout and afterwards
perform a stabilization task and try the swing-up of the pendulum.

7.3.2. Bayesian Treatment

Another extension would be to employ a Bayesian view on the parameters and treat e.g. the state dynamics
matrix, covariance matrices and so on as random variables. This would allow to gauge the uncertainty on
the dynamics itself and would allow to restrict the matrices to small ones by placing a prior on them. The
approach would be to remove the Maximum Likelihood (ML) estimator and marginalize over the parameters
to get a predictive distribution. Another semi-Bayesian approach would be to use point-estimates using a
Maximum A-Posteriori (MAP) estimator rather than a predictive distribution.

7.3.3. Automatic Relevance Determination (ARD)

In combination with going full Bayesian on the model goes the implementation of automatic relevance
determination of latent dimensions as proposed in [BGOO] for linear systems. Choosing a zero-mean prior
might lead to a determination of non-relevant latent states, driving the state dynamics matrix to zero.
Implementing this could solve the problems described in subsection 7.1.9 that the algorithm does already
have “enough” latent dimensions and drives the variance to a high level on some dimensions.

7.3.4. Better Regularization and Learning the Cholesky Decomposition

As already outlined in section 5.2.1, it might be beneficial for numerical stability to directly learn the Cholesky
decomposition of the covariance matrices by using numerical optimization instead of closed-form optimization.
Another approach could be to impose better regularization on the matrices if they become negative (semi-)
definite. However, while giving this a short first try during our implementation, we found out that just adding
some values to the diagonal does not lead to better model performance but rather drives the likelihood to
negative infinity.
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7.3.5. Speed Improvements by Full PyTorch or Enhanced QR Decomposition

As the square-root smoothing heavily uses QR decompositions which are faster on the CPU but the M-step
uses backpropagation which is faster on the GPU, we had to copy the data over in every EM iteration. It might
be beneficial to implement a more advanced QR decomposition (e.g. [ABDK11]) and run the whole algorithm
in the GPU.

7.3.6. (Inverse) Feature Transformations

As we have seen in 7.1.2 and subsection 7.1.4, using the angle directly instead of the sine/cosine improves
prediction capabilities a lot. It might be beneficial to try out the proposed inverse feature transformation to get
the angular displacement back from the sine and cosine and to apply this technique to other environments as
well (e.g. the double pendulum).
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8. Conclusion

Linearization is very important in control to handle nonlinear systems that exhibit complicated dynamics.
We have looked at Koopman theory, a technique to find globally linear embedding for a nonlinear system.
Unfortunately, the Koopman operator, the core of Koopman theory, is generally infinite-dimensional. Prior
work [BBPK16, KKB20, LKB18] has shown that we can find a finite-dimensional representation of the operator.
These representations seek Koopman eigenfunctions that span an invariant subspace of the embedding, and
do not transform under the influence of the Koopman operator other than being scaled. Nevertheless, most of
the existing approaches work on deterministic models, seeking the Koopman eigenfunctions. While methods
have been proposed which take a probabilistic perspective on the Koopman operator, they use complicated
model setups with multiple neural networks and do not directly gauge the uncertainty of model predictions.

In this thesis we present a combination of existing theory for Linear Gaussian Dynamical Systems with
cubature rules to approximate arising nonlinear Gaussian integrals in a deterministic way to build up an
Expectation-Maximization algorithm. We called the resulting algorithm the Koopman inference algorithm. It
alternates between estimating the states in the E-step and optimizing the linear latent state dynamics and a
nonlinear observation function that maps the linear latent states back to the nonlinear dynamics in the M-step.
This way, we are able to predict the nonlinear dynamics and learned the Koopman observation functions
without hand-tuned loss functions like in [LKB18].

We evaluated the model performance on multiple different environments: A simple pendulum, a damped
pendulum, the cartpole environment and a double pendulum. We also proved, and showed empirically, that our
algorithm extends the common algorithm for learning LGDS by showing that the used integral approximations
are exact for linear functions and by validating the result on a regular LGDS. We discovered out that systems
that lose energy (e.g. the damped pendulum) are generally easier to learn than systems that conserve energy
(e.g. the undamped pendulum), as the latent dynamics have to be stable but should not approach zero to
keep moving. Additionally, we discovered that the pendulum with sine/cosine features is a lot harder to learn,
presumably because of the additional nonlinearity added by the feature transformation. Also, the algorithm
was able to provide a rough approximation for the dynamics of the double pendulum environment, even
though this is a chaotic system and it was not able to predict further movements beyond the training data.

Finally, we compared our Koopman inference algorithm against the Deep Variational Koopman model proposed
by [MWK19]. We saw that our algorithm performs similar, however, the DVK model is better at predicting the
dynamics beyond the training data, while our model is primarily able to predict until the end of the training
data. We should note that the DVK performs reconstruction from the latents that were learned during the
training while our model performs the rollout from the beginning.

Overall we are satisfied with the performance of the Koopman inference algorithm. It allows further improve-
ments to learning the influence of control inputs on actuated systems or employing a Bayesian view on the
latent dimensions and further gauge the uncertainty on the state dynamics.
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A. Notes on the Koopman Inference Algorithm

A.1. Full Derivation

In this appendix we cover the full derivation of the Koopman inference algorithm, starting with the formulation
of the expected log-likelihood, going over the M-step and finally to the E-step with the regular, non-square-root,
filter/smoother equations.

Our model is given as

p(st|si—1) ~ N(Astfla Q)
p(yelst) ~ N(g(st), R)

with diagonal noise covariances Q and R.

M-Step For a single observation sequence, the log-likelihood log p( () yg %) is given as,

log ({77, ¥{) = log (p (") ﬁp<5§n) ELy ﬁp<y§") | Stn)))
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as the system behaves Markovian and my and V are the initial state mean and covariance. We assume the
observation sequences to be independently and identically distributed (i.i.d.), we can formulate the joint
complete log-likelihood log p(si1.7,y,.7-) as the sum of all subsequent log-likelihoods:

N
log p(s1., Y1.7) = long( s\ T) Zlogp( sV %)
n=1

NT(k N N(T -1
= NP 0y~ N togyv| - T

(sgn) — mO)TVal (sgn) — mo)
( (n) Asin)1) Q! ( (n) Asgn) )
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To derive the M-step formulas, we need to maximize the expected log-likelihood. Therefore, we will now derive
the expected log-likelihood:

Q=E[p(str,yi7) | y11]

This quantity depends on five expectations sg‘ t) , Pgﬁi, Pg?_ll 1o &™) and G\ as defined in equations (5.1)

through (5.5) in section 5.1. For brevity, let

q1 = —NT('I; +p) log(27) — glog\v(ﬂ — N(TQ_ D log|Q| — ¥10g|R|
i T

q2 = —3 Z (sgn) — mo) Vgl (sgn) — m())
1 n;l . .
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n

such thatlog p(s1.7,y1.7) = ¢1+92+4¢3+q4 and, with Q1, Q2, Q3 and Q4 being the corresponding expectations,
Q=01+ Q2+ Q3+ Q4.

We will now evaluate the respective expectations.

* Compute Q;:

NT(k +p) N(T —1) NT

Q| - - |R|

N
Q1 =Elq1|y.r] =~ In(27) — 5 In|Vy| —
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* Compute Qs:

Q2 = Elg2 | y1.7]
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* Compute Q3:
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* Compute Qq4:

Qs = E[Q4 | Y1:T]
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Putting it all together, the expected complete log-likelihood across all observation sequences is given as

Q=0Q1+Q2+Q3+ Q4
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N N(T NT
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where @1, Q2, Q3 and Q4 are functions of the parameters A, Q, 6, R, mg and V:

=Q1(Vo,Q,R)
= Q2(my, Vo)
(A
C2

—Qs Q)
Q1= Q4 )

We can now derive the M-step equations by maximizing ). To maximize () w.r.t. all parameters, that is
* state dynamics matrix A,
* state noise covariance Q,
* measurement function parameters 6,
* measurement noise covariance R,
* initial state mean mg and
e initial state covariance Vy,

we have to take the derivatives w.r.t. to all the above parameters and set them to zero.

* State dynamics matrix A:

3@_3Q1+3Q2+5’Q3+3Q4_3Q3
OA  OA DA O0A  OA  9A

T
N - — —
- _5 Z _Q 1Pt’t_1 B Q Pt t—1 + Q TAP?_l + Q 1APt_1

T
1
Y NY QP+ QAP L0
t=2

T T -1
e AN = (Z Pt,H) (Z Pt_l) A1)
t=2 t=2

! Covariance and correlation matrices (Q, R, Py, P, 1) are symmetric by definition.
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* State noise covariance Q:
Instead of maximizing w.r.t. Q, we can also minimize w.r.t. Q! which has the same effect.
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e Initial state mean mg:

9Q _ 9@ n 0Q2  0Q3 n Qs _ 0Qy
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N . N . N, _
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1 n
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e Initial state covariance Vy:
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This concludes the full derivation of the M-step equations. See section 5.1 for the final equations and how to
apply the cubature rules to them.
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E-Step We will now derive the E-step equations if we where not doing square-root filtering/smoothing.
See subsection 4.3.3 and section 5.1 for the equations for that version.

To get the expectations &, P{"™ and sz)_l, we need to calculate the distribution p(si") ‘ y1:T> for each

time step ¢ (and, consequently, for each observation sequence n). This is exactly the posterior distribution
calculated by a smoother. Thus we divide the E-step into two parts [Min99]:

1. Filtering: To calculate the posterior distribution p(sﬁn) ‘ Y1;t) , we employ a Gaussian filter similar to the
standard Kalman filter.

2. Smoothing: To calculate the smoothed posterior distribution p(s,ﬁ’” ‘ YI:T) , we employ a Gaussian RTS
smoother.

Forward Pass

To derive the forward pass equations, we utilize the groundwork done in [DO11] which concludes that the
filter is given as

(n) _ s(n) (n) (n) _ o(n)
i = S T Ky (yt - yt|t71>

S¢

(n) _ (0 (n) q(n) (n),T
Vt|t - Vt|t71 o Kt|tflst\t71Kt|t71

ith K =P® (s ) andth ions and covari
wit tli—1 = t|t_1< t\t—l) and the expectations and covariances

éftﬁ)—l = Esgn) {Sgn) ’ Y1:t—1:| (A.6)
VEE)—l = Covsgn) [Sgn) ) Y1:t71} A.7)
S’Eﬁ)fl = Eyﬁn) [ygn) ‘ Y1:t—1] (A.8)
Sgﬁ)_l = Covygn) [yﬁ”) ‘ }’1:t71} (A.9)
Pgﬁ),l = COngn)’ygn) [Sgn)7 an) ‘ YI:t—l} (A.10)

which are priors for the state, state covariance, measurement, measurement covariance and cross-covariance,
respectively. As in our case only the measurements are nonlinear, we can easily evaluate the prior state (A.6)
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and the prior covariance (A.7) by exploiting the linearity of the expectation operator:

A,f"? 1 =B |s { " ‘)ﬁ:tq}
= By i [ A+
= AEsi’i)l [57@1 ‘ Y1;t71}
= Aégi)utfl

VE‘Z) 1= COVSE") [Sgn) )Y1:t71}
= Covs(n) [Asy_l)l ‘Y1~t—1} + Cov wi® [w,@ ‘}’1:15—1}
—Em)[Sg s ‘y” 1] E(n)[sg )}E(n)[st }‘FQ

= E {Asgn)ls,g 1 TAT ‘ Y —1} - §§|t)—lsg|t—71 +Q

8

A T
:AES@ [Sg 1St 1 ‘YIt 1}AT ASEn)”t 1S En)”t 1AT+Q

T A(n),T
= A(IE (n) [s§n1stn) ‘YU 1] En)1|t 15 z(tn)1|t 1>AT +Q
= A COVSECL)l |:St711 ‘ ylzt_1i| + Q

_ (n) T
= AVt—l\t—lA +Q

But we are using a nonlinear measurement function g(-). Hence, it is not possible to compute the integrals
produced by the expectations/covariances (A.8), (A.9) and (A.10). As in the derivation of the M-step, we
apply cubature methods to approximate the integrals:

AEIT? 1 Eyim |:y§n) ‘Y1;t71]

(n)

=Em [gt + vy ‘ Y1;t_1}

= Esgm [ggn) ‘ Y1:t71}
- / g p(s!" | yiam ) asf”
[ (s V) s

~ gy
~ SRC|g; 8§y 1, Vi (A.11)
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SE\? 1= COVygn) [yin) ‘Y1:t—1}
= COVSEH) [ggn) ‘ th,l] + Covvgm [Vgn) ‘ Y1:t—1]

= Esm) [g,ﬁ”) gl
/g( gt p ( "
iy

~ SRC [ggT;

n ~(n) ~(n),T
IY1:t—1> ds§ ) y§|t)—1y1(t|t)—1 +R

()T (n)  y7(n) (n) _ o(n) ()T
" N<St|t—1’ tt— 1) ds;" “Ye-1Y t|72 TR
~(n),T

a(n) (n) - (1)
St\zfl’vtﬁfl} V1Y TR

(n

(n)
P COVS("),ygn) St

t‘t 1 )7 y)En) ‘ yl:t—li|
n),T n n
= }Esin ¥ {Sg )yzg/ » )ygt)fl} —-E g(™ [SE ) ‘ylzt—l}Ezin) [Yt
(n) $ (n)vT

’y 1it— 1} _St\t 1Ytt—1

g &) T
Stit—1Ytt—1

() ()T
Stjt—1Yt)t—1

() () s ()T
N<St|t71’vt|t 1) ds; —s,, 21 ¥y

an) o (n),T
} T Sye-1Y -1

—Ew y () [Sg yt
‘YIt 1} -

St ‘Y1:t71) dsgn) -

=E s{™ [Sg gt

/ Sgn)ggn
/ Stggn)

~ SRC [ggT; éiﬁll,VEEll
This completes the derivation of the forward pass equations.

For completeness, we summarize all of them here:

Aiﬁ) 1 Aégi)utfl
Vz(eﬁ) 1= Avl(t?z)l\t—1AT +Q
Aiﬁ) 1= SRC’[g; égﬁ)fl’vgﬁ)fl}
SEE) 1= SRC’[gg 3 E\t) 17V$)—1} yiﬁ) 1y£|t) 1 TR
Piﬁ) 1= SRC[gg ; E\t) 17V$)—1} - SE\?—lygﬁ)—f
K, = PG (s)

S§|t) = S§|t)71 + Kyjp—1 (yﬁn) - 5’321)

Viﬁ) = Vgﬁ) 17 Kgﬁ) 1S§\t) 1 Eﬁ)f

The forward pass is initialized with sé‘g = my and Vélﬂ)

Voforalln=1,2 -

T n n
) ‘YI:t—l} - Esgn) [gi ) ‘ylzt—l}Ein) [gg ) ’YI:t—l} +R

(A.12)

e ‘Yl:t—l}

(A.13)

N.
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Backward Pass

To derive the backward pass equations, we utilize the groundwork done in [DO11] which concludes that the
smoother is given as

am)  _ an) (n) (an) _ s(n)
Si_1r = Siipe—1 T Jia ( Stir — Stje— 1)

n) _ () (n) (n) (n) (n), T
thl\T_thl\tfl+Jt—1<Vt|T V- 1)Jt 1

with:
) — v (n) !
Ji Vt 1,t[t— l(Vt|t—1)
t1gft—1 T Covsyl)l’sgn) [Sg 1,5 )‘YIt 1} (A.14)

Like for the filter, we can easily evaluate the cross-covariance matrix V,_; ;,_; by exploiting the linearity of
the expectation:

(n) _ (n) _(n)
thl,t\tfl = Covsg’?l,sin) [St—last ‘Y1-t—1]

T
:Esin) (n) {Sg 1S§n) ’}’u 1} E 5(™) |:St 1‘}’11& 1}E (n)[ ‘ylt 1}

(3) n),T n ~(n
= Esiﬁ) {Sg )1S§ )1 AT’Yl:t—l} - 1(5 )1\t 1Sz(e\t) 1

n),T ~(n ~(n
=E s(™) [Sg 1S£ )1 ’YIt 1}AT E )1\t 15 E )1|t 1AT

(n 3 a(n),T T
(E (n) {St 18 ‘ylt 1} St 10t—15¢ 1)t 1>A

= Cov o) [Stﬁl ’3’1:t—1:|AT

— V(”)

T
t—1t— A

This completes the derivation of the backward pass equations.

For completeness, we summarize all of them here:

Vgn)l =1 = Vgﬁ)lh‘flAT
Jgﬁ)l = vaqi)l,t\tfl (VEE)A) B
En)1|T éii)l\t—l +Je (éif}) - éil?—l) (A.15)
V= Vi 30 (Vi - Vi )3T (a.16)

% Due to the independence and zero mean of the noise, it disappears in the expectation: E s s(™) [st )1( (") ’ v t—1:| =
ESS") (n> [Si—)l ((Sin)1) AT+ (Wgn)) ) Y1;t—1] = Esin) (n) [Sg )1 (Sgn)l) AT+ Sgn)l( gn))

Ejm wim [Sg (s AT

YI:t—1:| =

Yi— 1]

86



According to [Min99], the self- and cross-correlations are given as

(n) _ () | g(n)an),T
Py = Vi + 8781

(n) (n) (n) WAL
P =3 Vyr T8yrSir

This wraps up the derivation of the E-step when not using square-root filtering. See section 5.1 for that version.

A.2. Exactness for Linear Observations

If we restrict the previous generalization of the nonlinear observation function g, : R¥ — RP to a linear

function g(s) = Cs where = {C}, we can show that the approximations for ", G\", Agﬁ) i Si‘? , and
K'EI t) , are exact, i.e. they match the real expectation/covariance value.

Theorem A.1. The spherical-radial cubature approximations for g§"’, ng), yg;)_l, Sy¢—1 and Ky, are exact
(i.e. they equal the analytical result) if the observation function is linear.

Proof. Let C € RP*¥ be a matrix such that g(-) is linear and given as g(s) = Cs. Firstly, we will evaluate the
analytical values of the given quantities.

* Expected observation gg") =FE [g,gn) ’ yLT} :

) [ 1) = [4o

* Observation correlation G\ = E [ggn) gm T ‘ Y1:T] :

G = / Cs{"s(" CTp(s{"

* Expected prior observation yi?_l =E [gi") ‘ ylzt,l} :
t

Y. T) ds{” = C (/Sgn)sgn)jp (Sgn) ‘ YI:T> dsgm) c” =cp{”cT

}A’i\?q = /Cs(n) ( gn) ’}’1:75—1) dsﬁn) = C/Sgn)p< ‘y 1:t— 1) dsg " = CStlt 1

* Prior observation covariance SE‘ t) 1= Covyﬁn) [y,ﬁ") ‘ Y1:t—1} :
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n n) (n), T n
S§|t)_1 = /ng )sg ) CTp(sg )

=C </s§")s£n)’Tp< (n)

n An AnT
0 (o (e ) <8 57 €

/

n),T
Y1;t71) dsl(f " y§|t) 1y£|t) 1 +R

(n) (n) &(n),T'~T
Vit 1>dSt )C Cst|t 181 C0 TR

= Cov (n)[ ‘YIt 1]

(n) ~T
_CV“t C"+R

* Prior observation-state covariance P; t) 1 Covsgn) ) [si"), yﬁ") ‘ Y1:t71] :

(n) (n) (n),T (n) _ sn) ~(n),T
Pl = /St s, CT (St ‘Ylt 1) ds,” — Sy 1yt|t 1
) Q ’T
= </ngn)5§ mT (St ‘Y1t 1) dsgn)> c’ - S§|t) 1S§|7;) 1CT

n) (n),T n n),T
= </s§ )sg ) p(St ‘YIt 1) dsg )_S£|t) 18 7E|t) 1> ct

= Cov (n)[ ‘Y1t 1]

(n)
Vt|t 1C

These match exactly the well-known Kalman filter equations.
We now plug the observation function g(s) = Cs into the various cubature rules:

* Expected observation gﬁ”):

gl 2kZ (\/ Mg+ A(”)) Qch viWe, + csl™ = cal

* Observation correlation Gg"):
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2k
G/ = %Z <\/V(" s )gT(\/V§")£i+§§n)>

k

1 (n A n) T
— 2 o(WPe ) (Ve )
1 g T ) o S e s L M) T ) () a(m)T (T
:%ZC \/Vt 313 \/Vt +V/ V&S, +8 &V Ve 878 C
(n) T Ta (n) (n)
ZC Ve e\ v c % C c’

2k 2k (
%W %W

é(”)égn):TCT

= CV,CT + T T T
— cp"c”

(n)

* Expected prior observation y o1’

A(n (n) A(’Vl) ~(n) (n)
Yijt—1 ka < Vt\t 1 St|t— 1) % ZC Vt|t 1€z+cst\t 1 _Cst|t 1

* Prior observation covariance S;;_i:

2%
m 1 (n) ORI AN () ) o) LT
Stii—1 ~ % Zg( Vt|t71€i + st|t1>g ( Vt|t71€i + St|t1> ~ Y1y TR
i=1

2% T
1 T _ o) )T
= ok ZC< t|t 1€z t|t 1> ( t|t 152 t|t 1> C' =¥y ¥yeo TR
i=1

2%k
1 T AnT T
_%ZC\/Vﬂt 18i&i \/Vt|t 1 kZC v t 1515t~ 5 C
i=1
Lo em) NOE) S(n) ()T
2(n) 4T T T n) ~(n
-}-%ZCS i tt—1 C +7ZCSt|t 1Byi-1C" — Vi 1Ytt—1 +R

o(n)  o(n),T
*yt|t 1Y¢jt—1

2%
1 T TG ST o) ()T
- %ZC\/Vﬂt 16 \/Vt|t 1 C Yij—1Yepo1 — Yepm1 Y1 TR
i=1

= CVt|t,1C + R

(n)

* Prior observation-state covariance Pt\t 1

89



2%
m 1 n) (n) () ()T
Pt\t—l”ﬁ ( t|t 1£Z+St|t 1) < Vi—1§i + t|t 1> Sy 1Yee-1
i=1
L ¢ (n) o(m).T
T a\n ~n),
~ ok Z < t|t 151 + St|t 1> < t|t 151 + Stlt 1) C =8, 1Yy
i=1

| 2k - T
T n
:ﬂz tlt 1€E \/Vt\t 1
i=1

() (T T () ()T
1e—15te-1C TSV
=<9
2k T
1 T v T s (o) NI s (o) T
:ﬁz Vi &k \V Vi € F S (i) — sl (i)
_ (n) T
Vt|t 1€

All these equations match exactly the analytic equations we derived before. Thus, the cubature rule is exact if
g(+) is a linear function. O
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B. Experiments and Discussion

In this chapter we collect the plots of the Experiments and Discussion chapters that would have cluttered the
chapters to much while not adding much information.

B.1. Plots for Running on the CPU or GPU

Plot overview:
* Double pendulum experiment on CPU: Figure B.1

* Double pendulum experiment on GPU: Figure B.1

B.2. Plots for Single- and Multi-Sequence Learning

Plot overview:
* Damped pendulum experiment on a single observation sequence: Figure B.3

* Damped pendulum experiment on a multiple (two) observation sequence: Figure B.4

B.3. Remaining Plots

B.3.1. Pendulum

Plot overview:
* Pendulum, 2-dimensional latent: Figure B.5

* Pendulum, 14-dimensional latent: Figure B.6

B.3.2. Damped Pendulum

Plot overview:
* Damped pendulum, 2-dimensional latent: Figure B.7

* Damped pendulum, 30-dimensional latent: Figure B.8
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Figure B.1.: Rollout of the double pendulum experiment that ran on the CPU.
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= Smoothed === Rollout (Prediction) Smocthed Confidence
Smoothed (Prediction) -~ Prediction Boundary Rollout Confidence
—— Rollout - Truth * Learned Initial Value
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Figure B.2.: Rollout of the double pendulum experiment that ran on the GPU.

- Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) — «-=eo Prediction Boundary Rollout Confidence
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Figure B.3.: Rollout of the damped pendulum experiment learning on a single observation sequence.
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- Smoothed —== Rollout (Prediction) Smoothed Confidence
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Figure B.4.: Rollout of the damped pendulum experiment learning on multiple (two) observation sequences.
The top row is the first observation sequence, the bottom row is the second observation sequence.

94



Position

Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) -+ Prediction Boundary Rollout Confidence
—— Rollout » Truth « Learned Initial Value
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Figure B.5.: The rollout plot in the observation space of the pendulum environment for & = 2. The left plot

Position

shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything until the red prediction boundary to train on. The
blue line is the rollout, starting from the learned initial value (marked with a green star). The
orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting
from the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.

Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) -+ Prediction Boundary Rollout Confidence
—— Rollout » Truth « Learned Initial Value
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Figure B.6.: The rollout plot in the observation space of the pendulum environment for & = 14. The left plot

shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything until the red prediction boundary to train on. The
blue line is the rollout, starting from the learned initial value (marked with a green star). The
orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting
from the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) -+ Prediction Boundary Rollout Confidence
—— Rollout » Truth « Learned Initial Value

[} 20 40 60 80 100 0 20 40 60 80 100

Figure B.7.: The rollout plot in the observation space of the damped pendulum environment for & = 2. The
left plot shows the displacement and the right plot the angular velocity. The black dots represent
the true data of which the model used everything until the red prediction boundary to train on.
The blue line is the rollout, starting from the learned initial value (marked with a green star).
The orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout
starting from the last smoothed state, forming the “smoothed prediction”. The shaded regions
show the confidence, i.e. two times the standard deviation.

Smoothed —== Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) -+ Prediction Boundary Rollout Confidence
—— Rollout » Truth « Learned Initial Value
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Figure B.8.: The rollout plot in the observation space of the damped pendulum environment for k¥ = 30. The
left plot shows the displacement and the right plot the angular velocity. The black dots represent
the true data of which the model used everything until the red prediction boundary to train on.
The blue line is the rollout, starting from the learned initial value (marked with a green star).
The orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout
starting from the last smoothed state, forming the “smoothed prediction”. The shaded regions
show the confidence, i.e. two times the standard deviation.
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Smoothed === Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction}  +-+ Prediction Boundary Rollout Confidence
—— Rollout +  Truth # Learned Initial Value

cos(8)
sin(@)
o

15
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Figure B.9.: The rollout plot in the observation space of the Gym pendulum environment for k¥ = 2. The left
plot shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything until the red prediction boundary to train on. The
blue line is the rollout, starting from the learned initial value (marked with a green star). The
orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting
from the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.

B.3.3. Gym Pendulum

Plot overview:
* Gym pendulum, 2-dimensional latent: Figure B.9

* Gym pendulum, 7-dimensional latent: Figure B.10

B.3.4. Gym Cartpole

Plot overview:
* Cartpole, 2-dimensional latent rollout without confidence: Figure B.11, with confidence: Figure B.12
* Cartpole, 10-dimensional latent, rollout without confidence: Figure B.13

* Cartpole, 14-dimensional latent rollout with confidence: Figure B.14, without confidence: Figure B.15
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Figure B.10.: The rollout plot in the observation space of the pendulum environment for & = 7. The left plot

shows the displacement and the right plot the angular velocity. The black dots represent the
true data of which the model used everything until the red prediction boundary to train on.
The blue line is the rollout, starting from the learned initial value (marked with a green star).
The orange dash-dotted line is the smoothed data. The dotted orange line then is the rollout
starting from the last smoothed state, forming the “smoothed prediction”. The shaded regions
show the confidence, i.e. two times the standard deviation.
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- Smoothed - —- Rollout (Prediction) «  Truth
Smoothed (Prediction)  «=r Prediction Boundary + Learned Initial Value
—— Rollout
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Figure B.11.: The rollout plot in the observation space of the cartpole environment for k¥ = 2. The top plot is
the cart position (left) and velocity (right), the row the pole displacement (left) and angular
velocity (right). The black dots represent the true data of which the model used everything
until the red prediction boundary to train on. The blue line is the rollout, starting from the
learned initial value (marked with a green star). The orange dash-dotted line is the smoothed
data. The dotted orange line then is the rollout starting from the last smoothed state, forming
the “smoothed prediction”. Note that we have removed the confidence on this plot as it is really
low, resulting in high variances. See Figure B.12 in section B.3 for the plot with confidence.
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Smoothed ——~ Rollout (Prediction) Smoothed Confidence
Smoothed (Prediction) e Prediction Boundary Rollout Confidence
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Figure B.12.: This plot shows the same data as in Figure B.11, but with the confidence shown. As the
confidence is quite low, this plot is hard to interpret which is the reason why we removed the
confidence plot in the first place.

- Smoothed - —- Rollout (Prediction) «  Truth
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Figure B.13.: This plot shows the same data as in Figure 6.15, but without the confidence shown.
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Figure B.14.: The rollout plot in the observation space of the cartpole environment for k£ = 14. The top plot
is the cart position (left) and velocity (right), the row the pole displacement (left) and angular
velocity (right). The black dots represent the true data of which the model used everything until
the red prediction boundary to train on. The blue line is the rollout, starting from the learned
initial value (marked with a green star). The orange dash-dotted line is the smoothed data.
The dotted orange line then is the rollout starting from the last smoothed state, forming the
“smoothed prediction”. The shaded regions show the confidence, i.e. two times the standard
deviation. As the variances in the top plots are still very high, see Figure B.15 in section B.3 for

the plot without the confidence.
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Figure B.15.: This plot shows the same data as in Figure B.14, but without the confidence shown.

B.3.5. Gym Double Pendulum

Plot overview:
* Double pendulum, 3-dimensional latent: Figure B.16

* Double pendulum, 30-dimensional latent: Figure B.17
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Figure B.16.: The rollout plot in the observation space of the double pendulum environment for £ = 3. The
top row shows the cosine/sine of the displacement of the inner pendulum, the middle row
shows the cosine/sine of the displacement of the outer pendulum and the bottom row shows
the angular velocity of the inner and outer pendulum. The black dots represent the true data of
which the model used everything until the red prediction boundary to train on. The blue line
is the rollout, starting from the learned initial value (marked with a green star). The orange
dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting from
the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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Figure B.17.: The rollout plot in the observation space of the double pendulum environment for k£ = 18. The

top row shows the cosine/sine of the displacement of the inner pendulum, the middle row
shows the cosine/sine of the displacement of the outer pendulum and the bottom row shows
the angular velocity of the inner and outer pendulum. The black dots represent the true data of
which the model used everything until the red prediction boundary to train on. The blue line
is the rollout, starting from the learned initial value (marked with a green star). The orange
dash-dotted line is the smoothed data. The dotted orange line then is the rollout starting from
the last smoothed state, forming the “smoothed prediction”. The shaded regions show the
confidence, i.e. two times the standard deviation.
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C. Miscellaneous

Solution of the Harmonic Oscillator

To solve the differential motion equation
mi = —kx
of the harmonic oscillator given in section 3.1, we use the solution approach
z(t) = ceM i(t) = AeeM i(t) = N2ceM
and insert it into the differential equation:

mi = —kx — mAce = —keeMt <— m\ = —k <— A==+ —%

As both k£ and m are defined to be positive, we get the complex solutions:
ZCl(t) _ eit k/m $2(t) _ e—it k/m

Due to the superposition principle, also x; + z and x; — x5 are solutions. Hence, we get two real solutions by
using Euler’s identity e?* = cos(p) + i sin(y):

T+ T = etVEIm o g=it\/k[m
= cos (t k/?ﬂ) + isin (t k/’fﬂ) + cos (t k/m) — ¢sin (t k/m>
= 2cos (t k:/m)

ik/mt _ _—it\/k/m

1 — T2 =¢€ (&

— cos (t k/m)isin (t l{:/m) _ cos (t k/m) +isin (t k/m)
— 2isin (t k/m>
This yields the following general solution:
2(t) = ¢1 cos (t k/m) + eosin (t k/m), c1,c0 € C

As both Sine and Cosine are Sinusoidal, different ¢; # c» only lead to a phase shift. Thus we can also write
the solution as

x(t) = Acos (h/%-i— cp)

with the amplitude A and the phase .
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Overview over Notations for Linear Gaussian Dynamical Systems

Table C.1.: Notations used for linear Gaussian dynamical systems in different papers.

Element / Definition

Ghahramani [GH96]

Minka [Min99]

This Thesis

Time

Last Timestep

State

Observations

State Dynamics Matrix

State Noise Covariance
Observation Matrix

Observation Noise Covariance
Full Sequence (x1,x2,- -+ ,X7)
Subsequence (x4, Xtg+1," "+ X, )
Expected Log Likelihood
Predicted State

Predicted Covariance

Filtered State

Filtered Covariance

Smoothed State

Smoothed Covariance
Self-Correlation E [x;x{ | {y}]
Cross-Correlation E[xix;_ | {y}]

t
T

Xt

t
T
St
Xt

t
T

St
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