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Abstract

This thesis is a study in the utilisation of anisotropic exploration in safe
[inforcement Learning (RL)| Safe is a domain where the goal is to develop
algorithms that may learn optimal policies while simultaneously ensuring that
certain safety constraints are respected during the training process. Safety con-
straints limit the possible exploration space of a policy, and it inevitable that any
isotropic exploration schemes must be morphed, giving anisotropic exploration.

The thesis considers the predictive controller algorithms |Linear Quadratic
[Regulator (LQR)|and [Nonlinear Model Predictive Controller (NMPC)|as function
approximators in the [actor-critic| policy gradient method. These approximators
form an estimate of the performance gradient as given by the deterministic policy
gradient under an anisotropic exploration scheme.

The estimated performance gradient under anisotropic exploration is the focus
of the research in the thesis. An analytical evaluation of the estimated perfor-
mance gradient yielded an estimate purely dependent on the state trajectory.
From this, a modified function approximator became apparent, and it is shown
that the resulting estimated performance gradient converges to the true perfor-
mance gradient, regardless of anisotropic exploration.

Further analysis of the estimated performance gradient yielded two bounds
on a potential error. The first bound on the error was established by means
of calculating the relative error between the estimated and true performance
gradient and concludes that the estimate is bounded within a relative factor of 2
from the true performance gradient. The second bound was found through the
means of a Taylor approximation and shows that any error from the estimate
is strictly proportional with the covariance of the state trajectory and to the
curvature of the estimate. Furthermore, under conditions and arguments from
the delta method, the error of the estimate is shown to be reduced to zero.

Experiments using a linear system and quadratic reward function were per-
formed, and they support the theoretical bounds provided by the theory, but also
suggest that the estimated performance gradient is an exact estimate.
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Sammendrag

Denne avhandlingen er en studie i Trygg Forsterkende Leering (eng: Reinforce-
ment Learning, RL) der det blir benyttet utforskningsagenter (eng: policy) som
bruker anisotropisk utforskning. Trygg RL er en ny kategori av RL hvor malet er
a utvikle algoritmer som kan leere seg en optimal handlemetode samtidig som at
tilstandene i systemet aldri bryter noen spesifikke begrensinger under treningspe-
rioden. Dette begrenser derimot utforskningsmulighetene til agenten, og det er,
under trygg RL, uunngaelig at utforskningen til agenten blir anisotropisk.

Avhandlingen tar ogsa for seg to kontrollerne som hvis formal er & approksimere
enten agenten eller verdifunksjonene. De to kontrollerne som blir brukt er den
Lineaere-Kvadratiske regulatoren (eng: Linear Quadratic Regulator , LQR), og
den Ulinezere Modell-Prediktive Regulatoren (eng: Nonlinear Model Predictive
Control, NMPC).

Hoveddelen av avhandlingen tar for seg en analytisk evaluasjon av konsekvensene
ved anisotropisk utforskning nar en NMPC brukes som en agent samt ved bruk
av aktgr-kritikk (eng: Actor-Critic) metoden for & approksimere prestasjonsgra-
dienten (eng: Performance gradient). Fra denne analysen, si kommer det klart
fram at det er mulig & garantere konvergens av den estimerte prestasjonsgradi-
enten, uavhengig av kovariansen til utforsknings algoritmen, ved a gjgre en liten
endring i den kompatible funksjons approksimatoren (eng: Compatible Function
Approximator).

Videre ble det funnet to begrensninger pa eventuelle feil ved bruk av den es-
timerte prestasjonsgradienten under anisotropisk utforskning; Ved & bruke relativ
feil, sa kommer det fram at den estimerte prestasjonsgradienten er gvre begrenset
i forhold til den faktiske prestasjonsgradienten med en faktor pa 2. Videre, ved
bruk av en Taylor ekspansjon, sa ble det funnet at en eventuell feil vil ga mot
null om kovariansen til tilstandsutviklingen gar mot null over tid. Det ble ogsa
vist at en eventuell feil vil veere maksimalt proporsjonal til kovariansen i tilstand-
sutviklingen.

Linezere kvadratiske eksperimenter ble gjennomfgrt, der alle samsvarer med
teorien som har blitt utviklet i avhandlingen. Videre sa indikerer eksperimentene
at, 1 et linezert kvadratisk system, sa er den estimerte prestasjonsgradienten ek-
sakt, men dette var det derimot ikke grunnlag for & teoretisk bekrefte.
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CHAPTER I. INTRODUCTION

Introduction

This thesis was written at the Institute of cybernetics at the Norwegian Univer-
sity of Science and Technology and covers primarily topics in [RL] and predictive
controllers. The thesis comprises four chapters in total, where this introductory
chapter is the leading chapter and seeks to introduce the reader to the thesis.
The second chapter aims to present the necessary background theory in the top-
ics that will be covered in the third chapter. The penultimate third chapter is
the main chapter of the thesis and covers the research performed by this study.
Finally, a brief review of the theory and results is presented in the final chapter.

This introductory chapter initiates by presenting the motivation for thesis and
the domain of which this thesis is a part of. The research objective of this study is
presented in the second section, together with two precise research questions that
will be investigated in the latter parts of the thesis. The introductory chapter
finalises with a complete outline of the thesis’ structure.

@ NTNU !



CHAPTER I. INTRODUCTION 1.1. MOTIVATION

1.1 Motivation

Safe [RT] is a new approach to [RT] that, when properly established, may expand
the possibilities of[RL] algorithms extensively. Garcia et al. defined in [I] safe
as

7 ...the process of learning policies that mazimize the expectation of the return
in problems in which it is important to ensure reasonable system performance
and/or respect safety constraints during the learning and/or deployment pro-
cesses”.

Looking purely at the first part of this definition, it is a simple description of
any [RL] algorithm. The goal of the [RL] algorithm is to always find a solution
that ensures the maximum amount of reward possible. Such a goal may be a
dangerous one in a real-life setting. There are many obstacles and hindrances
that must be obeyed and prioritized above the maximization of some reward.
One cannot design a car that drives the most efficient path, if that is at the cost
of the car never stopping for pedestrians.

[RT] algorithms are typically trained in simulated environments, where safety
concerns may be considered merely as a penalized act. In these simulated en-
vironments, it is possible for [RL] algorithms to experience the consequences of
breaking the safety constraints. However, it is difficult to enumerate and model
all safety critical hindrances, and [RT] algorithms that are trained in simulations
may encounter situations in real-life not considered in the simulations. Impor-
tantly, it is typically much simpler to define a safe set of behaviour than it is to
define all the unsafe behaviours.

This leads into the second part of the definition by Garcia et al. A safe [RT]
algorithm must always be able to obey certain safety constraints, regardless of
it being trained or deployed. Different methods for achieving this are still in
its research infancy. If it were possible to a priori state the outcome of a small
change of parameters in the [RT] algorithm, then implementing safe [RT] could
be simply the limiting of such parametric changes. Such an approach is similar
to the domain of adaptive control, where algorithms improve the performance
of controllers, while simultaneously guaranteeing that certain safety constraints
are never broken. These are algorithms that intertwine with state-of-the-art
controllers in order to improve or adapt their performance to its environment.
Adaptive control is mentioned here as an alternative to[RL]that may serve similar
approaches.

The primary challenge for a priori determining the outcome of certain para-
metric changes in [RT] algorithms boils down the most typical implementation of
the algorithms. The most common approach to [RL] and indeed other Artificial
Intelligence algorithms, is to utilise Neural Networks as its ”"main body”. A neu-
ral network, visualised in Figure[I.1] is a set of nodes that each have a parametric
weight associated with it. These nodes augment the input it receives in a man-
ner defined by its parametric weight. The complete network works by simply
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CHAPTER I. INTRODUCTION 1.1. MOTIVATION

propagating an input signal through many nodes, giving an output signal on the
other side. The parametric weights for each node is then altered iteratively to
improve the overall performance. With a small set of nodes, it may be possible
to completely define what any parametric changes may introduce to the system.
However, these networks are commonly too large for any such specific knowledge,
and the networks are typically just considered as a black box.

Hidden

\()utput

Input

Figure 1.1: Basic concept of a neural network with the hidden neurons in the
centre

As mentioned previously, adaptive controllers augment the parameters of a
controller in a way to improve its performance. One approach to safe [RT] may
be to utilize in a similar fashion as adaptive controllers. It is shown in [2]
that [RT] algorithms may work in synergy with predictive controller algorithms
as[CQR] and [NMPC]| The predictive controller algorithms ensure that the system
is always inside the environments safe set, while the [RT] algorithms improve the
controllers’ performance in said environment. If properly implemented, such a
safe [RT] algorithm may be trained on-line in real environments. However, some
challenges that must be overcome still persist, and one specific challenge is that
of exploration.

Any [RT] algorithm must be able to explore its environment, and the theory
for established [RT] suggest that it has to have unrestricted exploration, i.e. the
exploration behaviour must be isotropic. This is not possible in neither safe [RT]
nor with predictive controllers limiting the [RT] algorithms exploration. The ex-
ploration must be restricted, and the consequences are anisotropic exploration
behaviour. This thesis is primarily an investigation in the consequences of such
anisotropic exploration, and if the [RI] algorithm is able to improve the perfor-
mance under anisotropic circumstances.
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CHAPTER I. INTRODUCTION 1.2. RESEARCH OBJECTIVE

1.2 Research objective

This goal for this thesis is to further the research within the context of safe
reinforcement learning. It aims to investigate how predictive control algorithms
might be utilized in synergy with [RT] algorithms. Furthermore, it endeavours to
produce results that might be beneficial for the future of safe [RI] Formalized,
the research objective of this thesis is to:

Look into the combination of predictive control algorithms together with[RL,
and to research some of the challenges that face safe[RI]

The research objective is divided into two specific research questions in order
to structure both the research and the thesis itself:

1. How are integrated with [RLJ
e How to use NMPC]| as a value function approximator for Q-learning?

e How to use NMPC]| as a policy in the policy gradient method?

2. What are the consequences of using anisotropic exploration in the context

of NMPC and [RTF

e Does the approximate policy gradient depend on the shape of the
exploration?

Safe [RT] consists of state-of-the-art algorithms within both [Machine Learning]
and control engineering. It is important to get a proper grasp on presented
work, and as such, the first part of the research in this thesis is dedicated to a
literature study with the end goal given as the first research question. The first
research question is also in line with the first part of the research objective ” To
look into the combination of predictive control algorithms together with [RL].

The second research question tackles the second part of the research objective
and is looking at a key element of [RL] namely exploration policies. The purpose
of the second question is to analytically investigate the anisotropic exploration
policies and attempt to bound the consequences of such policies.
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CHAPTER I. INTRODUCTION 1.3. THESIS OUTLINE

1.3 Thesis outline

This thesis consists of 4 chapters divided into several sections. The first chapter
is the current introductory chapter that provides motivation and the goals for
the thesis. It also presents the research objective and goals. The second chapter
is the literature and background studies that present basic key concepts. In this
chapter, the basics of [RT] and [NMPC]| will be thoroughly presented, along with
other essential material that is necessary for the later chapters. The two leading
sections in chapter three will be directed at the investigation of the research goals,
where each of the two sections will pertain its own research question as a whole.
The third chapter concludes by presenting some experiments and discussions
about the results. The fourth and final chapter is a summary of the thesis,
together with concluding remarks and discussions about further work around the
research objective.
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CHAPTER II. BASIC CONCEPTS

Basic Concepts

This chapter entails three sections that each aims to present some fundamental
concepts in the three categories of [Reinforcement Learning (RL)| control theory,
and statistics. The chapter is presented as such to enable the reader to get a
rudimentary understanding of the primary concepts that is to be used in the
next chapter.

The first section discusses [RT] and starts by presenting some important nota-
tions that are fundamental in the domain of [RT] The section proceeds further by
introducing the most basic [RI] algorithm A brief discussing on some
subtle differences between stochastic and deterministic policies are mentioned
before the section continues by presenting the deterministic policy gradient. The
first section finalises by discussing the least squares solution for linear equations.

The second section presents the predictive controllers that will be utilised
later on in this thesis. This section starts by presenting the linear-quadratic
system before presenting an optimal solver in the form of the |[Linear Quadratic
[Regulator (LQR)l The second predictive method, a generalisation of the
the|Nonlinear Model Predictive Controller (NMPC)|is then introduced before the

section finalises by briefly discussing the [Karush Kuhn Tucker (KKT)| conditions
which are essential in order to calculate the sensitivities of the NMPCl scheme.

The final section is a mathematical section that describes some statistical
tools and results that will be used in the analytical evaluation performed in
chapter three. Primarily, it discusses the expected value and its generalisation
to moments. It also describes how to extend these moments of variables to
encompass vectors and matrices. Finally, the Taylor expansion of moments of
functions is detailed, in addition to its relationship to the delta method.
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CHAPTER II. BASIC CONCEPTS 2.1. REINFORCEMENT LEARNING

2.1 Reinforcement Learning

This thesis tackles theoretically complex problems, and proper fundamentals are
essential for further review. This section serves to introduce fundamental con-
cepts in [RT] that should familiarise the reader with the subject. It primarily
considers background material specialised towards the applications for this the-
sis. Therefore, there might be some definitions and assumptions given here that
may be of importance for later results (i.e., type of performance indicator).

This section starts by presenting the key concepts for the [RT]algorithms used
in this thesis. With the concepts laid out, the section then presents one of the
more basic [RT] algorithm which will be used later. It briefly touches
upon some small differences between stochastic and deterministic policies before
properly presenting policy gradient methods. It finalises by shortly discussing
some least-squares solutions that are essential for later results. The following
section is primarily based upon the book Reinforcement Learning: An introduc-
tion, [3]

2.1.1 Background

is a subcategory of [Machine Learning (ML)|that has a vast application space.
It is a class of algorithms that learn more analogous to human beings, in op-
position to its counterparts in the class of [MI] The working principles of [RT]
summarised in Figure 2.1} are as follows:

An agent is placed in an environment. The agent is aware of the current
state of the environment s;, and has a set of actions, called policies mx(s;), it
may deploy. It chooses some action a; and applies it to the environment. The
environment’s state s; is updated to the next state, and the agent receives some
reward r(s¢, a;) based on the performance of the action. From this reward, the
agent updates its internal parameters in order to tweak its policy to be better
than the previous policy w41 > 7.

The analogy to human learning behaviour becomes clear if one replaces the
agent with a human, and the rewards with sensory inputs. This analogy is
practical as it provides a reasonable method of understanding the principles of
how the algorithms learn.

2.1.2 Basics Concepts and Notation

[RT] algorithms may be described in two parts: Its environment and the agent
itself. The environment is usually described as a[Markov Decision Process (MDP )L
The [MDDP] is a discrete-time stochastic method for modelling decision processes
of partially random systems, and may, for a discrete system, be summarised in
the following four elements:
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CHAPTER II. BASIC CONCEPTS 2.1. REINFORCEMENT LEARNING

Agent/Algorithm
|
State: Reward: Action:
St R(1¢lse ar) m(als)

Physical enviroment
P(st+1lse, ar)

Figure 2.1: Classical feedback loop visualisation of RL

1. S: A set of all possible states

2. A: A set of all possible actions

3. P(s¢x1]st, at): The [transition probability|of reaching state s;y1, given state
s¢ and action a;

4. r(s¢,a;) : The immediate when taking action a; in state s;

An equivalent representation of the environment that is more common in control
engineering is that of the state space representation. The [MDP)] share a couple
of elements in common with the state space representation, namely the sets of
possible states and actions. In addition, state progression and immediate rewards
are commonly noted as

Ti4+1 = f(xvua §)7 L(th)ut)) (211)

where £ denotes the randomness in the system. In addition, both f and L may
be nonlinear. In this thesis, the state space representation will be preferred.
However, the [MDP] representation has its nuances, and it will be used where
appropriate.

Agent and Policy

The agent uses its as its method of asserting its presence in the environ-
ment. A is typically a stochastic function where m(s;) denotes the prob-
ability density of choosing any possible action in the action space .A. Whereas
7(s¢) and 7(ay|s;) represents the densities and probabilities, a; refers to a spe-
cific action in the state s;. The final part of the actor is its internal parameters
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CHAPTER II. BASIC CONCEPTS 2.1. REINFORCEMENT LEARNING

f. These are parameters that tweak and change the m and are the sole
method of improving the agent’s performance. The agents’ is described
by its internal parameters 6 and is denoted my. The may have many
different shapes and forms, but one common [policy]is that of the policy
This is derived from selecting an action in the [action-value Tunction|
that yields the best value.

T = argmainQ,re(st,at). (2.1.2)

Reward Function and Performance Objective

The function is a part that enables the actor to perceive
the difference between good and poor performance. The reward function also
defines the optimal solution, even though this solution is not apparent. The
design of the reward function is therefore a critical part when designing the [RT]
algorithm. The performance of the actor is also indicated through the reward
function as the [performance objective||/(mg)l The [performance objective| can
have some different shapes and designs [4], depending on the type of system. For
this thesis, the [performance objective| that is of interest is that of a discounted
episodic performance objective,

N
J(mg) = E[th_lr(at,st,stﬂ)]. (2.1.3)

t=1

The interpretation of this [performance objective]is that it is the sum of all accu-
mulated discounted reward in the future. The discount + is a value that enables
the prioritisation of long- or short-term rewards. It is essential in stochastic sys-
tems, as such a system will never reach a steady state. They will continue to
accumulate rewards in infinite time. Discounting ensures that the
will stabilise at some value. The discounting will affect the optimal so-
lution, so it is also a design variable. The [performance objective| defines the goal
of any algorithm, and if |r(ay, S¢, St11)| is defined as a reward, then the goal
would be to maximise the amount of reward and therefore also maximise the
[formance objectivel Similarly, in the case of [r(as, s¢, s¢+1)| indicating penalties,
the goal would be to minimise the [performance objectivel

Value Functions

With the environment, agents, and reward functions properly described, the next
concept to be presented is value functions. These represent the value of being
in some specific state in the environment. There are two basic value functions,
typically (and confusingly) named|Value functionfV' (s)| and|Action-value function|
|Q(s,a)l The [value function| (eq [2.1.4)) is the discounted value of being in the
current state s;, and only selecting actions based upon the current mg for
all future. Similarly, the faction-value function| (eq [2.1.5)) is the discounted value
of being in the current state s;, immediately applying some action a;, before
thereafter selecting actions based upon the current for all future. A formal
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definition of the value functions may be found in [3]. In this thesis, it is the
Bellman equations of the value functions that are of interests, which are defined
as:

Definition 2.1.1. Bellman value functions: The Bellman equations for the [valug
[function| and |action-value function|are given as [3]

Vieo (8t) = Banm, [1(st,a] + ’YESNp[V(St+1|7T9)] (2.1.4)
Qo (8¢, a1) = 1(5¢,a8) + VEsp [V (8¢41]m0)]- (2.1.5)

p is the distribution for the state trajectory S,,, p = [ > oo, v'p(s0)p(s¢|s0, t, mo)ds,
[B] . The state trajectory is simply the sequence of states s; encountered during
training. my is the distribution of the policy.

There exists at least one optimal policy, denoted 7 (s), such that it performs
better than all other policies. The value functions for this policy are typically
named optimal value functions.

Definition 2.1.2. Optimal Value functions: The optimal value functions and
the relationships with the optimal policy may be written through the Bellman
equations as [3]

Vi (se) = w3 [1(5t, @) + VEsmp [Vir, (Se4175)] (2.1.6)
(Sta t) = (Stvat) + ’YEs~p[V7r9(St+1|7T9)] (2.1.7)
™y = argmin Q7 (st ar). (2.1.8)

Another important value function is that of the difference between the [action]
value function| and [value function| the [Advantage function||A(s,a)| (2.1.9). The
advantage function| represents the advantage of choosing one action above an-
other. It is always either positive or negative, depending on if the
is that of a maximising or minimising goal.

Definition 2.1.3. Advantage functions: The advantage of utilising one specific
action instead of the policy may be quantified through the [advantage functionl

Arg(8t,0¢) = Qry (8¢, a¢) — Vi, (St)~ (2.1.9)

2.1.3 TD and Q-learning

With the basics concepts properly described, it is time to move on to the first
[RT] algorithm that will be of use in this thesis, [Q-learning] [Q-Tearning] is an
algorithm that utilises a function approximator Qn,(s,a) that attempts to ap-
proximate the optimal [action-value function|Qr, (s, a). From this approximation,
the agent utilises the [e-greedy] [policy] which consists of choosing an action as
T = argming Qﬂe (s,a). The function approximator may be anything from tab-
ular methods in discrete approximation schemes to linear and neural networks
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in continuous approximation schemes. It relies on estimating the optimal Jaction-

typically by using gradient descent in order to minimise the mean
squared error E[(Qr, — Qx,)?] [3]. The solution, as given by the gradient descent,
may be found as

o=r+ gtlJlrrll Qﬂe(st+1,at+1) — QM (8¢, at), (2.1.10)
Opr1 = Ok + By [0V Qr, (51, 1)), (2.1.11)

where ¢ is known as the [Temporal Difference (TD)| error and represents the
immediate error in the estimate. The [policy]in the classic |Q-learning| method is
typically chosen as the and the internal parameters  of the
are also the parameters that parametrise the function approximator. Therefore,
an improvement of the estimate Q also yields an improved policy 7g.

A note on subscripts; in this thesis, the subscript & indicates a batch update.
A batch is a collection of evaluations such that the expected value may be properly
evaluated. The subscript ¢ indicates immediate time changes and are typically
constrained within each episode. One batch may consist of several hundreds of
episodes.

It is also worth mentioning that there are other similar [RT] algorithms and
concepts that are based upon the error, like the on-policy algorithm SARSA
[6]. These algorithms and terms are not used here, so for the sake of brevity, they
are excluded.

2.1.4 Stochastic vs deterministic policies

Before proceeding to the next algorithm, it is necessary to discuss the differences
between a stochastic and deterministic This distinction becomes crucial
in the next subsection, as the policy gradient [7] is different in both cases. Pre-
viously, 7(s;) has been used to describe the probability density of choosing an
action in each state s;. When the agent is in some state s;, and it has a stochastic
policy, it will not always choose the same action a¢, even if the action is derived
from the policy. The probability that the agent selects a specific action a; is cho-
sen is given by m(a¢|s:). Such a policy is often not that beneficial in a controller
setting, as a predictable outcome of the controller is preferred. A deterministic
policy will typically be a much better choice in such a setting. Deterministic
policies ensure that some specific action a; is chosen deterministically when in
a specific state s;. The probability density 7(s;) is therefore reduced to a Dirac
Delta function centred at the optimal action ay.

One problem encountered when utilising deterministic[policies|is that of explo-
ration. As will be apparent in the next section, the deterministic policy gradient
is dependent on choosing actions that differ from the policy. Therefore, it is typ-

ical that any deterministic are followed by a stochastic behaviour
denoted here as B(s;). This behaviour has some constraints, which will be
discussed later.
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2.1.5 Policy gradient

While works well at tackling many problems, it has one disadvantage.
It does not directly attempt to solve the problem; its primary goal is that of
attempting to fit some function approximation to the optimal [action-value func
The resulting may be interpreted as more of a side effect of what it is
actually trying to do. A more hands down direct method would be to find a pol-
icy that either maximises or minimises, depending on the goal, the
directly. Such methods are typically referred to as and

have some advantages above the value-function based algorithms.

Definition 2.1.4. Policy gradient: The deterministic policy gradient, introduced
in [5], is a method of updating the policy parameters 6, and are given as

Ort1 = 0 + aEs,[VoJ (ma(s))], (2.1.12)

where p represents the probability density for the state trajectory S, [5], and J
is the [performance objectivel

The |policy gradient| utilises the gradient ascent/descent optimisation tech-

nique applied to the [performance objectivel giving the policy parameter update
law as (2.1.12)). These algorithms also typically utilise value function approxima-
tions in order to improve the policies. One common method to be
discussed soon is the method, visualised in Figure [2:2] This method
updates its (agent) based upon the policy gradient, while also utilising
value function approximation (critic) in order to improve these updates.

The performance gradient in (2.1.12)) may furthermore be written as [3],

Vo (mg) = IEas:ng (Voo (s:)VaQr, (e, a1)] (2.1.13)
=B s~o [Vomg(s1)VaAn, (51, a1)], (2.1.14)

a~mg

where the definition of the [advantage function| (2.1.9) has been used, and Vgymg
are the first order sensitivities of the policy mg. One issue when utilising a de-
terministic policy is that of inadequate exploration. This may be solved through
defining a separate exploration policy S that ensures sufficient exploration of the
state space S. This exploration policy is stochastic by nature and as such, the
performance gradient must be additionally sampled across the distribution f.

Definition 2.1.5. Exploration policy: The exploration policy is the behaviour
policy that is used in order to generate actions differing from the agent policy my.

B:e=a—m(s), a~N(mIX") = e~N(0,ZZ7), (2.1.15)

Assuming that e results from a Normal distribution via a polynomially bounded
function [5],[8], and that e constitutes an isotropic exploration scheme then the
true performance gradient, as used in this thesis, may finally be defined:

@ NTNU 12



CHAPTER II. BASIC CONCEPTS 2.1. REINFORCEMENT LEARNING

Definition 2.1.6. True Performance gradient: The true performance gradient
is the gradient of the [performance objective] and are given as

Vod(mg) = E;:Z [VomoVaAr,(s,a)] (2.1.16)

where p represents the probability density for the state trajectory S, [B] and g
represents the probability density of the exploration policy.

State s¢
Actor Action a; Enviroment
Policy Improvement Policy Application
Value 4
Function ¢
Reward 1
Critic

State s;

Policy Evaluation

Figure 2.2: Feedback loop visualisation of the Actor Critic method

Actor-Critic

The policy gradient requires the gradient of the [advantage function| V, A, to be
known; however, the [advantage function|is typically unknown, as it depends on
the true environment and system dynamics. Consequently, in order to have a
correct policy gradient, it must be estimated. This estimation is something that
the factor-critic] method introduces to the policy gradient. The critic in the [actor]
is an estimation of the [advantage function|in (2.1.16)). However, instead
of estimating the gradient V,A,, directly, the critic estimates the
A, function of which the gradient is subsequently calculated. Therefore,
the estimation of A,, must be such that it enables the direct calculation of the
gradient V,A,,. A function approximator that entails this property is known as
a compatible function approximator, and one such approximator is defined as:

Definition 2.1.7. Compatible Function Approximator: A compatible function
approximator is any function approximator that preserves the true

gradient[5]:
Qﬂe (s,a) = (a— W@(S))vamgw + f/,,(s), (2.1.17)
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where w are the weights that parametrise the function approximator Qwe, and
V., may be any baseline function that is not dependent on the action space A.

Whereas V,, may be any function not dependent on the action a, for reasons
specified later, it is advantageous that V, is an approximation of the
Vi, The parameters w of the critic Qy,, and v of the baseline function V,,
may be learned through utilising the algorithm discussed previously.
It is important to note that, as V,, is an approximation of V., v is the solution to
the minimisation problem E[(Vy, — V;,)?], and the error is therefore slightly
different. The parameter update laws for the critic and baseline functions are
given as:

Wet1 = Wi + aB[(r + VQM (8t415To(St41)) — Qg (51, at))vam (8¢, a4)],
(2.1.18)

Va1 = Uk + @ E[(r + vV (5151) — Vi (5¢)) Vo Vi (54)]. (2.1.19)

With the compatible function approximator, and the fact that V,Q = VA, the
estimated performance gradient for the method may be defined:

Definition 2.1.8. Estimated Performance Gradient: The estimated performance
gradient, as provided by the method, is an estimate of the true per-
formance gradient defined in [2.1.6] and is given as

V@j(ﬂ'e) = E;:g [V@?Tganm (s,a)] (2.1.20)
== E::Z [V@TFQVQTFJ]UJ. (2121)

It is shown in [5], that if the actions are chosen according to the exploratory
behaviour B, that is 8 : e ~ N(0,0l), then this estimated performance
gradient is an exact estimate of the true performance gradient,

E;:Z [V@j(ﬂg)] = Ez:g [Vod ()] (2.1.22)

2.1.6 Least squares

The concluding part for the [RI] introduction is that of the least squares solu-
tion. The classical and straightforward approach towards the method
is visualised in a feedback loop style in Figure [2.2] and of which equations are
presented in the previous subsection. This approach constitutes of initially get-
ting a proper estimate of the critic, through the iterative update laws
and , before doing another pass and updating the policy parameters 6
through the iterative policy gradient update law . However, the least
squares solution allows simultaneously updating the critic and actor parameters,
given that the function approximators are linear.

Inspection of the iterative equations (2.1.18) and (2.1.19) makes it clear that
these updates are linear in the parameters w and v, given that V, is a linear
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function approximator. Also, these equations search for a stationary solution
where wy1 = wg, which is equivalent to

0=E:~[(r+ VQro (St41, To(5111) — Qo (51, 01)) Ve Qo (50, a1)]. (2.1.23)

Inserting the compatible function approximator QM, using a linear function ap-
proximator V,, = v(s)"v, and denoting e = a — 7y yields

0=E: (7 + 7Y (s041) v — e Vorrg w — ¥(st) T v)Vomae], (2.1.24)

which has the shape 0 = E[Aw] + E[B]. The least squares solution for w may
then be written as:

w=E: [Vgﬂ'geeTVQﬂ-‘;r]*lEZ:g [Vompe(r +Vi(sip1) — Vi(s))].  (2.1.25)

A similar approach may be used in order to solve for v. With this, the estimated
performance gradient may be calculated as

Vaj(ﬂ'g) =E ;:7; [Vgﬂ'gv‘gﬂ';]Ei:g [Vgﬂ'geeTVQﬂ'gT]il (2.1.26)
‘B [Vempe(r + Vi (si11) — Vi (s0))],

which makes for a more direct update law for the policy parameters 6.
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2.2 Predictive Control Algorithms

Predictive control algorithms are algorithms that allow for the control of both
simple and advanced systems. They are powerful tools that, when combined with
proper model dynamics, may control the most complex and advanced systems.
The key working principle behind these controllers is the controller’s internal
model. With a sufficiently accurate model, these controllers may predict any
outcome of any input, and as such also choose an input that is in line with
achieving a desired goal. This advantage is typically also one of the more con-
siderable weaknesses of such controllers. An insufficient model results in a poor
outcome. There are many methods that may negate issues caused by poor mod-
elling and, as will be explored later, R[] may become an additional method for
this purpose.

This section will introduce some theory and concepts on the predictive con-
trollers that will be used in this thesis. It will not explain these concepts ex-
tensively, and it is assumed that the reader has previous experience with the
predictive control algorithms presented here. This section will present the two
controllers [LQR] and [NMPC] in consecutive order. The focus of the section will
be on the procedures and properties that will be used in chapter three.

Predicted Future $y¢, ¢y

Model meutsu, | ENvViroment fuwre ™
[t1.tN]

Estimate future Future

Future Inputs Opt|m|2at|0n Prediction error

Ulto,tn-1]

Predict enviroment

|

Goals Constraints
J g

Figure 2.3: Feedback loop visualization of a generic predictive controller

2.2.1 Linear Quadratic Regulator

The [9] is a simple controller that has a simple shape u = —K's, where K is
some feedback parameters. The has an advantage above more regular con-
trollers in the sense that it is possible to prioritise how fast the controller should
work (size of the input u) versus how much deviations the states may have (size
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of the error s). This prioritisation is performed by using a performance objec-
tive J, where J typically extends across a prediction horizon N. The may
be calculated merely from linear system dynamics and quadratic performance
objective, thereby the name linear quadratic regulator.

2441 = Azy + Buy, Lz, u) = mT L\% ﬁ m (2.2.1)

J:

t

N
L(le,ut). (222)

=0

For the above linear, quadratic system, the finite horizon [LQR]is simply the se-

quence of inputs uy that minimises the performance objective J = Zivz o L(@ig1,ur),
in more mathematical terms:

N
u* = arg min ZL(xtH,ut) (2.2.3)
x,u —o
s.t
Ty = Axg +bug, te[0,N—1],

where u* is the optimal sequence of input for the system described by the dynam-
ics, across the prediction horizon N. The performance objective is, as previously
mentioned, quadratic and may be represented as a sum across the prediction hori-
zon, J(x,u) = Zivzo 12l Q141 + Su Ryuy. The time-dependent feedback
parameters K; may be calculated from the following recursive algebraic Ricatti
equations [I0]:

u = — Ky (2.2.4)

K, =R;'B/ P 1(I+B:R;'B/ P, ;1) 4, (2.2.5)

Pi=Qi+ A Py(I+ B:R;'B/ Py1) ' Ay (2.2.6)

Py = Qn, (2.2.7)

where the sequence of inputs u* are retrieved from the feedback law u* = — Kyug.

It is interesting that if NV — oo, then the time-varying feedback gain K;, and
the time-varying Ricatti matrix P; stabilises to a constant value. An with
N — oo is typically called infinite horizon [LQR] and are one type of controller
that is of interest later on. The advantage of the infinite horizon controller is

that the sequence of equations ([2.2.4)) - (2.2.7) becomes time-independent, and
simplifies to [10]

uy = — Kz, (2.2.8)
K=R 'B"P(I+BR'B'"P)™'A (2.2.9)
P=Q+A"P(I+BR'B'"P)'A (2.2.10)
P=P">0 (2.2.11)

where, interestingly, the Ricatti matrix P denotes the total cost, such that
. N T
ming,u )y L(2es1, ut) = 29 Po
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2.2.2 Nonlinear Model Predictive Control

While the is excellent for some problems, they are generally not applicable
to systems which have significant constraints on states and dynamics. In addition,
if the linearised system dynamics become too inaccurate, then the [LQR] will also
struggle to provide consistent results. The [Nonlinear Model Predictive Controller|
(NMPC)| [I1][12] is one solution to such problems. It is a controller that serves
the same purpose, to find a sequence of inputs that minimise some performance
objective J, however, it may also incorporate inequalities and nonlinearities. The
sequence of inputs is derived based upon the performance objective and all of
the constraints. In typical operations as a controller, the will calculate a
sequence of outputs, where only the first input will be applied to the system. The
state trajectory estimated in the optimisation is then fed back to the controller,
and a new sequence of outputs are produced, visualised in Figure

In opposition to the [LQR] the [NMPC] is able to cope with both nonlinear
system dynamics and with system constraints. This flexibility makes them much
more useful in settings where violations of certain state and input constraints
are critical. [NMPCJs are a broad category of controllers and have many different
shapes and forms. The type of that are of interest in this thesis are those
on the following form,

u* =argmin J(x,u) (2.2.12)
s.t
Geg(z,u) =0

gIGQ(xvu) <0.

Where J may be a nonlinear performance objective, g, is a set of linear equalities,
and g;eq Us a set of nonlinear inequalities. This type of problem is fundamental
later in this thesis. In opposition to the LQR] this type of problem does not have
a trivial solution, and, depending on the shapes and forms of the costs and con-
straints functions, the problem might be particularly hard to solve. As a result,
there exists a multitude of different solvers, each specified towards differently
posed problems. The solvers that will be used in this thesis is part of a class
of solvers known as interior-point solvers [12]. These solvers search for solutions
along the null space of the [KKT]| conditions, given by

L= Ageq + X greq + J(2,u) ( )

Vaul(z,u, A, x) =0 ( )
Jeq =0 (2.2.15)

Jleq <0 ( )

x>0 ( )

[/\a X] © [geq’ gleq] =0. ( )
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The conditions may furthermore be collected in a KKT-vector,

Ve L£(,u, A)
R(x,u,A) = Jeq =0, (2.2.19)
X © Gleq

where A is a vector of the Lagrangian multipliers. The KKT-vector becomes
important later for the derivations of the sensitivities for the NMPC]| scheme.
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2.3 Statistics

This section will focus on providing the mathematical tools that will be used
when working with the research in this thesis. It is not an extensive list and
provides only the necessary tools required for the research provided in the next
chapter. The focus is upon variance and expected value operators. The concepts
are initially presented in just the scalar case before a short extension to the vector
case is provided. The section ends by briefly discussing Taylor expansion in the
domain of statistics.

2.3.1 Variance and expected Value

In statistics, there are two important properties that is used to describe random
variables. The first property is the mean, generally denoted u, whereas the
second property is the variance, denoted . These properties are special cases of
a more general concept that is known as moments. The n** moment of a random
variable is the expected value of that variable raised to the n*" power. From this,
it should be clear that the mean pu of a random variable y is also the first moment.
However, the variance is not the second moment of a random variable, but the
second centralised moment, centralised meaning that the expected value is taken
of a random variable centred at zero. In general, the respective n'™ moment and

n'? centralised moment is given by
p = E[X"], (23.1)
pn = E[(x — E[x])"]. (2.3.2)

The apostrophe indicates that the moment is not centred. The centralised and
regular moments are very much related, and a general conversion formula between
the two is given as:

n n n—j n—j
= %o () 1 (233)

For the research in this thesis, the first, second, and third regular moments of
random variables are of interest. The first moment has already been mentioned
and is simply the mean. For the second moment, the conversion gives rise to the
fairly known formula for the variance,

var(x) =E[x’] —E[x* & (2.3.4)
po = py — 117,
which may be solved for the second moment as

[y = i + ji°. (2.3.6)
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Finally, the third moment p4. Utilising the same conversion between central and
regular moments on the third moment, the third moment may be expressed as

pa = piy — 3ty + 2u°, (2.3.7)
ps = pig + 3u(pe + p*) — 24°, (2.3.8)
ps = s+ 3ppg + 1. (2:3.9)

The first three moments above are now expressed in terms of the random vari-
able’s mean, variance and skew (third centralised moment). The variance and
mean are often known as they are used as design variables when constructing
random variables of specific distributions. It is also important to note that the
third and first centralised moment of a centred normal distribution is equal to
zero. In fact, every odd centralised moment is zero for a centred normal distri-
bution, but for the calculations in the next chapter, only the three first moments
will be required.

2.3.2 Expansion to matrices and vectors

The equations above are only consistent with scalar random variables, and an
extension to vectors and matrices are required. Consider xy € R", a random
variable with mean p and standard deviation X, A € R™*™  a constant square
matrix, and B € R", a constant vector. The following results for the expected
value operator then hold true:

Elx] = p (2.3.10)
Exx']=pup" +227 (2.3.11)
E[x"Ax] = ,LLTA;L + Tr(ZAXT) (2.3.12)
ElxBTAx] = (uu" +2XT)ATB. (2.3.13)

The above is the extension of the first and second scalar moments of random
variables to matrices. Typically, the third moment of a random variable is not
known, but by utilising that the third centralised moment is zero and that a
stochastic variable y may be written as x = p + Y, where Y ~ N(0,2%7)
(The distribution for Y must the same as the distribution for x) then the third
moment may be expressed through the first and second moment. This gives the
third moment for matrices (in the form that will be used later) as

Elxx' Ax] = pu Ap+ ST (A+ AT) + pTr(ZAXT). (2.3.14)

2.3.3 Taylor expansion of moments of functions
The final tool that it is necessary to introduce is the Taylor expansion for the

moments of functions of random variables. This is essentially just a Taylor expan-
sion around the mean of a random variable. Consider a random scalar variable
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X with mean p and variance XX . In addition, consider some unknown function
f(x). With the function f being unknown, it is difficult to evaluate any moments
of the function E[f(x)]. Assume now that the first and second derivative of f
exists. The second order Taylor expansion of f around the mean p becomes

FO0 & F() + (= )7 () + 5 O~ )£ (2315)

Taking the expected value of the approximation yields

ELF(0) ~ B (0] + ElOc— 10 f () + Bl (= wP ] (2316)

~ B ()] + Bl - 102 () (2317)

where E[(x — p)f'(u)] constitutes the first central moment and is zero for all
random variables. Due to f in this case being unknown, the second order term
E[5(x — )2 f" ()] is not calculable. Therefore, the first order Taylor approxima-
tion becomes

E[f0)] = f(n) + %EETf”(u) (2.3.18)
E[f 0] = f(u) +e. (2.3.19)

with an error € oc X7 f”(11) proportional to the curvature of the function and
to the variance of the variable. Furthermore, if yx satisfies the [Central Limit
|Theorem (CLT)|and X7 — 0, then the delta method [13] may be applied to
show that the error terms € — 0 and that the expansion is an exact estimate.
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Research

This chapter encompasses four sections that investigate the research questions
that were proposed in the introduction of this thesis. The first section considers
the first research question and presents two different safe|Reinforcement Learning]
schemes that incorporate [Nonlinear Model Predictive Controller (NMPC)|
One of these schemes is later utilised for experiments. The second section is an
investigation of anisotropic exploration, as per the second research question. In
this section, brief arguments are initially presented that justifies how anisotropic
exploration is inevitable in safe [RT] schemes. The section then proceeds by an-
alytically evaluating the consequences of anisotropic exploration. The chapter
finalises with the second to last section providing some experiments and comple-
mentary results, whereas the final section provides a discussion of the theory and
experiments.
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3.1 Integration of NMPC in RL

In this thesis, [RT] will be integrated with [NMPC]in two different ways. Either
[NMPC| may serve as a function approximator for the [action-value function| in
(Q-learning] or it may serve as the [policy|in the [policy gradient| method.

This section begins by reasoning why an [NMPC| may serve as a function
approximator and to shortly comment on the similarities between the
and [RL] Only brief arguments that display the key connections between
and [RL)] are presented. For further proof and rationalisation the reader should
refer [2] and [§]. After that, the controller in the position as a function
approximator in Q-learning is presented, before ending on how to use the [NMPC|

scheme as a policy in the method.

Inputs u, Reward 1
Model Enviroment
Estimate future Future Future
Sitatn]

Fu;ure Inputs —‘ Predicted Future Sy, ¢y &

[to.tn-1] Model S

Improvement Prediction Error

Optimization Actor Critic

Predict enviroment Policy improvement Value fgnction Policy Evaluation

TConstramt Improvement I

Cost Improvement

Figure 3.1: Feedback loop visualisation of a generic predictive controller

3.1.1 NMPC as function approximator

Consider a basic linear system in its state-space representation, together with a
quadratic stage cost L(s,u),

vist = Az + Bup ,  L(s,u) = mTL\% ﬁ m (3.1.1)

Moreover, consider applying an [RI] algorithm that attempts to solve the posed
problem. The goal of the agent would be to minimise the discounted accumulated
cost gained from L(s,u), i.e. to find a policy 7 such that

N
To = argngnm[z AL (se, uy))- (3.1.2)
t=0
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A traditional [Q-Tearning] algorithm would attempt to fit a function approximator
Q to the true |act10n value functlonj @r,, s a means to improve the policy by
choosmg the input that provides the lowest instantaneous value return. This
technique for finding an optimal policy is named policy improvement, and even-
tually, this would possibly ensure that the policy becomes optimal. Traditionally,
the function approximator takes the form of some neural network with internal
weights @ that attempts indirectly to solve, or to find, the solution for the opti-
misation problem (3.1.2). However, for a simple linear quadratic system, as in
(3.1.1), the [value function| may be gained directly from the system dynamics as
the solution to the following problem:

N

Vi(s) = mln Z’yt V(g uy) (3.1.3)
t=0
s.t
Te41 = Axy + Bug,
Lo = St

where the optimal policy in any state s; would be the first input from the sequence
U = Uy, ..., un—1 that is generated from the solution of the above scheme, 7 (s) =
ug. Furthermore, the optimal [action-value function| @ ~for the same system
could be generated by solving the same scheme, but with the added constraint
of ug = ay, giving

Qr, (st,at) = mm Z’Yt "L, ur) (3.1.4)
t=0

S.t
Ty = Azy + Buy,
Ty = St,

Uy = Q.

Note that the bellman equations that are fundamental for the RL]algorithms are
still satisfied:

mo(s) = argrrtinQ(s,a), V(s) = main Q(s,a) (3.1.5)

There is a multitude of different solvers and methods that may solve such
optimisation problems, and the advantage of being able to express the problem
in such a form will soon become apparent. Consider now that some insight about
the aforementioned system is known a priori, e.g. that the system is linear or
perhaps the structure of some the matrices, to the degree that an estimate of the
environment may be given as

T4 = Az, + Buy ,  L(s,u) = {ﬂ L\AJ;T ]}{f} B] , (3.1.6)
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where fl, B, T, R, N are estimates of the parameters A, B, T, R, N. In traditional
this a priori insight would be difficult to utilise efficiently, as it would
not be clear how to properly initialise the parameters of the neural network in
order to fully exploit the a priori knowledge. However, one may construct a
similar optimisation problem, based upon the a priori insight:

N N
Qr, (5,a) = min thflﬁ(xt,ut) Viep (8) = min Z’y“lﬁ(mhut) (3.1.7)
sU =1 T, u pat
s.t s.t
Ti41 = Axt + But Tip1 = Axt + But,
o =S g =S
ug = a

If the estimated parameters are fairly accurate, then a slight adjustment in the
parameters may yield the optimal policy, and if it were possible to utilise these
modified problems as function approximator in [RT} then this would yield and
advantage above traditional methods. This is contrary to neural networks, where
any a priori insight typically must be derived from previously trained networks,
a technique known as transfer learning [14]. Therefore, if the sensitivities neces-
sitated by algorithms exist for the optimisation schemes , then there
should be no hindrance for the utilisation of such function approximators above
any other neural network. These sensitivities do exist and will be presented in
next sections.

Note that the example parametrisation and systems provided above would
make it possible to find the optimal policy exactly, due to the solution being
given as a whole by the scheme (3.1.3). This would not be easy to guarantee in
the case of neural networks, even in such a simple environment. However, in the
case where the true system dynamics are stochastic and nonlinear, in addition to
a complex reward function, then it becomes less trivial to fit an exact optimisation
scheme with a limited parametrisation. A final note of interest is that it should
be possible to find the parametrised optimal policy, regardless of the underlying
model implemented in the [NMPC]| scheme, by simply tuning the
B

3.1.2 NMPC and Q-learning

In Q-learning, a proper function approximator is vital for the approximation of
the true [action-value function| defined in and as established in the previ-
ous subsection, an optimization problem may work as a function approximator.
Therefore, consider a general environment and the following schemes as
function approximators for the corresponding |action-value function| and [value|
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[functiont
Qr,(s,0) =min  Jp(z,u) Vieo(s) =min  Jy(z, u) (3.1.8)
S.t S.t
go(z,u) =0 go(z,u) =0,
hg(z,u) <0 hg(z,u) <0
o =S Tro =S
ugp = a

¢ are the internal parameters of the policy that is tuned in order to improve the
function approximation. Note that the only difference between Qr, and Vg, is
the lack of the constraint ugp = a in V,,. The parameter update law, as given by

the algorithm, (2.1.10)) -(2.1.11)), is given as
O+1 = O + aE s~y [(r + min Qo (5151,0) — Qry(54,00))VoQry (51, 01)], (3.1.9)
=0k +aE o~ [(r + Vieo (5141) — Qo (51, 00))VoQry (51, a1)]. (3.1.10)

Consequently, the sensitivities Vg(f)ﬂe(st,at) of the scheme is required
when updating the parameters . The Lagrangian defined in turns the
above constrained scheme with the primal variables (z,u) into an unconstrained
optimisation scheme with the primal and dual variables (z,u, A) [12]. Hence, the
necessary sensitivities of the[NMPC|may simply be extracted from the Lagrangian

[2] as
VoQnr,(s,a) = VoL(x,u,A). (3.1.11)

The prime reason for the introduction of NMPC]| in [RT] is the NMPCJs abil-
ity to handle constraints, and as such, the consequences of constraints must be
discussed. A violation of a constraint in the [NMPC| may be compared to an
infinite penalty, and in fact, the is not solvable if the constraints are
violated. However, [RT] algorithms do not cope well with infinite penalties, impli-
cating that the scheme must be modified to an extent where infinite penalties are
avoided. This may be performed through either a robust [NMPC|scheme or with
the introduction of slack variables 0. A robust[NMPC]|has built-in parametric un-
certainties that enable it to guarantee that constraints are never violated, and an
is as such advantageous for real-life implementation. The slack variables
are a simpler method that heavily penalises constraint violations. Specifically,
the slack variables are optimisation variables that penalise a unit violation of a
constraint by the parameters w. The [RT]algorithm will then learn not to violate
the constraints. A general example of a parametrised with slack variables
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may be written as

N-1
Qro(s,0) = %1151 WN(VQ’C + w?a) + Z NV (Lo (e, ug) +w' o) (3.1.12)
; =
s.t
Tir1 = fo(we, ur)
ho(z,u,0) <0
o = S, Uug = a
o >0,

where Ly (¢, uq) is the estimated state w "oy is the penalty for violating
the constraints, and ng is a final cost that constitutes to the |Linear Quadratic|
[Regulator (LQR)|infinite horizon controller where N < oo and may be approxi-
mated by the infinite Ricatti matrix. The policy is given by the Bellman equa-
tion 7y(s) = argmin, Q(s, a), which is the first input generated from solving the

NMPC]|scheme in (3.1.12)) without the constraint ug = a.

3.1.3 NMPC and policy gradient
In the policy gradient scheme, the will act directly as a Its

parametrization is however similar to previous parametrizations, giving the policy
as

2

—1
mo(s) = arg I;lin 7N(V9f + w?a) + Y (Lo(ze,up) +w ' oy) (3.1.13)
;U t

I
=)

s.t
Ter1 = fo(@e, ur)
ho(z,u) <0
Ty =5
o >0,

where the action provided by the policy is the first input acquired from the
solution u = wq, ..., un—1, me(s) = up. The parameter update law for the policy

gradient, as given in definition and are
0k+1 =0+ aEz:g [V@’ﬂ'ganﬂ—e (St, at)|a:ﬂ9(st)]. (3.1.14)

Through using the method to establish an estimate of V,Q,, the
parameter update law for the policy may be written as

Opr1 =0+ Oé]E;:g [Vgﬂ'ngﬂ'@T}w. (3.1.15)

Subsequently, the sensitivities of the policy Vgmy are required. These may be
acquired from the KKT-vector (2.2.19]), where the first-order sensitivities for the
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primal-dual variables y = [:c U A} T stem from the linear equations provided

by [[mplicit Value Theorem (IV'T)|

0ROy OR
—+ — =0 3.1.16
900 00 (8.1.16)
Ay OR\-10R
— =—| = —. 1.1
00 ( oy ) 00 (3.1.17)
Only the sensitivities of the policy Vgmy = (%)—r are of interest, and they

may be extracted from the vector % consisting of the primal-dual sensitives by

utilising the partial derivative of the primal-dual variables, giving

oy ' /OR\-10R
T = —_—— — —_—
Vomg = Bug (ay) 20 (3.1.18)
Vomg = —VeR(VyR)_l%- (3.1.19)

The second part of the method is the critic, typically parametrised
by w. It is described through the compatible function approximator defined in
definition and is reiterated here:

Qu(s,a) = (a —m(s))  Vomy w + Vi, (s). (3.1.20)

The parameters w, together with the baseline parameters (discussed in section
, has the update laws as given in (2.1.18)) - (2.1.19). Utilising the least
squares method yields the complete parameter batch update laws for the

policy gradient method as:
vie =B 20 [V, Vi (50) (Vi Vi (56) =7V Vi(5641) 17 B e [PV, 1, (s4)] (3.1.21)
wi =E s~ [Vomgee Vorg | ' E[Vomoe(r + 7V, (se41) — Vi (50))] (3.1.22)
Or+1 =0 + OzE;:Z [V@W@V@ﬂg]wk. (3.1.23)

Note that v, and wy are estimations of parameters that are fitted to the dataset
k, and that in order to necessitate only one data sweep, they must be calculated
in order. If e.g. 041 were calculated before w and v, then the update would be
erroneous, and based upon a combination of the previous dataset and therefore
also a combination of the previous policy parameters 6 and 6 _;.

3.1.4 Brief summary of section

This section reasoned why an [NMPC]| scheme could be used as a function ap-
proximator in the domain of [RI] Furthermore, it presented two common [RI]
algorithms that utilised an [NMPC] as a function approximator. The Q-learning
algorithm was primarily presented here as a steppingstone to the policy gradient
with [NMPC|] making it more intuitive. For the experiments presented later in
this thesis, only the policy gradient with will be used. The experiments
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consider primarily an infinite horizon[LQR] policy, but the sensitivities of the LQR
are not apparent. The [NMPC] is a perfect tool that, with a proper prediction
horizon, may approximate the |[LQR]accurately, and of which the sensitivities are
simple to calculate.
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3.2 Anisotropic Exploration with NMPC and RL

This section concerns itself with the second research goal ” What are the conse-
quences of using anisotropic exploration in the context of [NMPC| and [RL]?”. Tt
starts by presenting why anisotropic exploration might be a problem and why it
might occur. Thereafter, the policy gradient with the method is eval-
uated analytically in a general system in order to observe the effects of anisotropic
exploration. The last part of this section establishes some convergence bounds
on the estimated performance gradient.

3.2.1 Why anisotropic exploration may occur

The deterministic policy gradient derived in [5] have the assumption that the
stochastic exploration policy [ is a centred normal distribution with isotropic
variance ¥X T = ol. It is not given that this assumption extends to an explo-
ration policy with an anisotropic variance; similarly, it also not given that the
results extend with § being not centred. Although mentioned in [§], the conse-
quences of breaking these assumptions have not been thoroughly investigated in
previous literature. With the introduction of safe [RTJ} exploration schemes that
isotropic and centred are no longer always possible, which warrants an investiga-
tion. Previously in this thesis, constraints on the states in the [NMPC| have been
tackled by utilising penalising slack variables. This enables the scheme to learn
not to violate these constraints, as it is allowed to break the constraints in order
to observe and learn the consequences. If one were to utilise [RT] in a real-time
setting, then suddenly unbreakable constraints become essential. Anisotropic
exploration arises with the introduction of unbreakable constraints.

Motivating example

Consider an example robot arm, Figure that is controlled by an [NMPC|
scheme. Consider also some obstacles that are in the reach of the robot arm. The
arm is required to operate around the obstacles and the arms safe state domain
Ssafe becomes a subset of the complete state domain S, Sgare < S. It is desirable
to improve the performance of the arm in real-time by applying an [RT] algorithm
to the scheme that controls the arm. However, the exploration policy
is not permitted to explore outside the safe state domain. The exploration is
therefore limited when approaching the edges of the safe state domain, and if the
state of the arm is at the edge on the safe state domain, an isotropic exploration
algorithm is no longer possible as it may not explore in certain directions.
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Free space

Obstacle

Obstacle

Figure 3.2: In this example, the arm has a theoretical reach of the entire green
area. However, a couple of obstacles are within the arms operating area, and the
arm may not approach these. The operating state space for the arm is limited to
a subset state-space Sgafe < S

Implementing safe exploration

A typical stochastic exploration policy 8 : e = a—mg(s) may be generated by sim-
ply choosing the exploratory move a as a normally distributed stochastic variable
centred at the policy, a ~ N (my(s),BX ). However, this method of generating
exploration does not take any considerations of constraints on neither the input
a nor the state s, and is not properly applicable in safe [RL]schemes. One method
that allows for the generation of safe exploratory moves is an implementation of
small perturbations to the policy variables ug in the NMPC| The addition of the
term d' ug, where d ~ N(0,£X7), to the [performance objective| is sufficient to
generate a safe exploratory move:

N-1
a; = arg min ’yNVQf +d " up + Z Y (Lo(24, 1)) (3.2.1)
“ t=0
s.t
Tt41 = fe(ﬂ%ut)
ho(x,u) <0
Xo =S

When d # 0, the scheme will generate a distribution of exploratory ac-
tions centred around the desired policy 7y, while simultaneously respecting any
constraints implemented in the scheme.

When utilising perturbations in the [performance objective| to generate ex-
ploratory moves, the covariance of the exploration may no longer be guaranteed
to be isotropic. A simple example is presented that visualises the problem. Con-
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Exploration with isotropic d, sy = [1 1]7 Exploration with isotropic d, s, = [0.05 0.05]

ik
06 X Ty X my
X fha X fa
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24t
08r 0.02

26

Figure 3.3: Visualisation of anisotropic exploration generated from an [NMPC
scheme with isotropic perturbation. The colour is the value of the predicted
state 31,1 that approaches the constraint s > 0

sider the following linear quadratic to generate safe exploratory moves:

N-1 T oo
a; = arg I;lin YNl Pr, +d ug + Z 7H( [ii] [0 R] [ij ) (3.2.2)
" t=0

s.t
i1 = Axy + Buy
x>0

Trog = S.

Choosing d as a centred isotropic normal distribution, d ~ N (0, 1), the goal would
be to generate isotropic exploration. In Figure|3.3] it is clear that this was not
possible, regardless of the constraints. On the left-hand side, with the state being
so =[1 1], neither of the states are close to any hard constraints. Still, the safe
exploration generated becomes anisotropic, with its covariance given as 31 in
(3.2.3). On the right-hand side, the initial states are given as so = [.05 .05],
close to the hard constraints s > 0. Here, the actions become limited due to the
activation of the constraint s; > 0, which in turn increases the anisotropy of the
exploration. The covariance of the second example is given as YoXo in .
Another consequence of the constraints is that the exploration mean deviates
away from zero. This is also slightly visible on the right-hand side of Figure [3.3]
However, this is not the primary focus of this thesis, and it will only be briefly
mentioned later.

@ NTNU 33



CHAPTER III. RESEARCH 3.2. ANISOTROPIC EXPLORATION

Wy =

0.0543 —0.0141] S5 = [0.0532 —0.0180 (3.2.3)

—0.0141  0.0319 —0.0180  0.0270

3.2.2 Expected value of the estimated policy gradient

A Dbrief recap of some definitions that will be of importance for the analysis to
come is necessitated before proceeding. In chapter two, the true performance
gradient VyJ(mg), as used in the policy gradient method, was defined as

VoJ(mg) = EZ:Z [Vg?TQVaAM (s,a)]. (3.2.4)

Moreover, the estimated performance gradient VgJ(mg), as derived from the

method, were also defined in chapter two as:
Vo (mg) = E s~ [VomoVaAnr, (s, a). (3.2.5)

Finally, the exploration, definition [2.1.5] was given as some stochastic policy 3:

B:e=a—mp, a~N(m,IX"), = e~N(0ZET). (3.2.6)

As previously established in , the estimated performance gradient has
been shown to equal the true performance gradient when the exploration policy
is isotropic and centred. The goal of this section will be to explore what happens
when the exploration covariance ¥¥ is not isotropic. This will be done by ana-
lytically evaluating the expected value of the estimated performance gradient for
a general system. Therefore, consider some general deterministic state dynamics

and freward| function

St+1 = f(St, at), r = L(St, (Lt), (327)

and assuming that true [advantage function| may be written on a quadratic form:

.
Ay, = [St] w [Sf] +FT m +C (3.2.8)
Q¢ a¢ Q¢
T T
¢ Wi1 Wizl |s: I 8¢
= ’ ’ C 329

(Note that an Jadvantage function|on this form will only be exact for f linear and
L quadratic. In any other cases, it will not be exact). The estimated performance
gradient, while utilizing the method, for such a system is given as

VgJ(Wg) = E;:Z [Vgﬂngﬂ;—]w (3.2.10)
Wy = E§:§ [V@ﬂgeeTVQﬂ'J]*lIEZ:g [Vomge(L + 'yf/,,(st“) — Vy(st))],
(3.2.11)
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where V), is a baseline function. The parameters v of the baseline function are
chosen such that they minimize the mean squared error between the baseline
function and the true v = argmin, E[(V,, — Vj,)?], of which its
solution is given by solving the least-squares problem in (3.1.21]). Given that v,
is sufficiently parametrized, then it may be assumed that its estimation becomes
exact, such that V, = Vi, With this assumption, the parameter update law for
w may be reduced to

Wi = E;:g [Vgﬂ'geeTng(;r]_lE;:g [Vomoe(L + YV, (st41) — Vo (8:))] (3.2.12)
Wi = E;:Z [V@W@@GTVQF;—]_lEj:g [V@W@@Am (St, at)}, (3.2.13)

where it has been used that

Aﬂ—e (st,at) = Qﬂ—e (st,at) — Vﬂ—e (St> (3214)
Ary(st,a1) =7+ 7Va, (St41) — Vi, (51). (3.2.15)

From this, the estimated performance gradient may be written as

VoJ (1) = Eﬁ:g [Vgﬂ'ng?Tér]]E;:g [V@ﬁgeeTV9wg]71E2:2 [VomoeAr, (s, at)].
(3.2.16)

The expected value is taken across the two stochastic variables a and s. The state
s relies on some unknown distribution p with an unknown mean p4 and covariance
YsX%]. The variable a stems from a distribution with a known variance and a
known mean a ~ N (u, XX 7). It is possible to evaluate the expected value of
the estimated performance gradient with respect to a, which is performed in
appendix [A] The following analysis is based upon the aforementioned evaluation

presented in (A.4) - (A.6]).

Centred and Isotropic exploration

In - , the only constraint on the exploration is that a is a normally
distributed variable, it is possible to extend these results in order to investigate
multiple cases. Initially, it is interesting to verify that, under the typical explo-
ration scheme, the estimated does indeed equal the true
Therefore, the first case to be investigated is a centred exploration
scheme with isotropic variance, a ~ N (mg, 02). Setting y = 79 and X7 = ol in
- gives the estimated performance gradient with isotropic exploration
as

Vo (mg) = ESNP[VQT(@V@T(@T]ESNP[VQT(@U2V97T9T]71E5~p[v97r90'2va14779 (s¢,79)]

(3.2.17)
= ]ESNP[VQWQVGAﬂ—O (St,ﬂ'.g)] (3.2.18)
= VygJ(mg). (3.2.19)

The estimated performance gradient equalling the true gradient under an explo-
ration scheme with isotropic exploration coincides with previous results presented
in literature [5]. This method of verification (albeit not efficient) is however new.
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Centred and Anisotropic exploration

An anisotropic exploration scheme, meaning that the covariance may not be
written in terms of a scalar and the identity matrix, presents some different
results. In this case, the exploration is given as a ~ A(mg, XX 1), which, when
inserted into - (A.6)), gives the estimated performance gradient as

V@j(ﬂg) ZESNP[V@TfaV@ﬂ';—]ESNP[V@W@ZETVNTJ]_I (3.2.20)
. ESNP[VQWQEETVQAT(Q (s¢,m9)]

Due to the expected value operators in , no immediate further factoriza-
tions could be established at this point. Yet some interesting observations may
still be attained; the dependency on the sensitivities for the [advantage functionl
in B, [VomaXE TV, Ar, (s1,m9)] ensures the estimated performance gradient is
zero when 6 is optimal, ]ESNP[VQ'ITQZZTVGAWQ (s¢,m5)] = 0. This entails that the
estimated performance gradient has at the very least a common local minima
with the true performance gradient.

Whereas it proved challenging to investigate the complete estimated perfor-
mance gradient further, there may still be some additional insights in the esti-
mated gradient granted through an investigation of the instantaneous estimated
gradient. Therefore, consider a stationary state s, such that the expected value
operators may be ignored. This yields the instantaneous estimated performance
gradient as

Vo (mg) = V@?TQVQWJ[V@?TQZZTVQTFJ]_1V97T922Tva14779 (s¢,mg).  (3.2.21)

Assuming the following

Vomg € R™ ™ rank(Vymg) = min(m, n,) (3.2.22)
Y e R™X"  rank(X) = ng, (3.2.23)

gives that
VomeE¥ Vo, € R™™ rank(.) = min(m, ng). (3.2.24)

Typically, the dimension of € is larger than the dimensions of the action a.
This implies that [VymgX X Vyn, ] is rank insufficient and that its true inverse
does not exist. However, its pseudo-inverse exists and may be found by utiliz-
ing the reduced [Singular Value Decomposition (SVD)[on Vgmg. This gives the
Moore—Penrose pseudo-inverse of Vymy as

(V@WQ)T = (VQWJV9W9)71V97T;. (3.2.25)
The inverse of matrices follows a reverse order distributive property, giving
[VomsSE Vomg |7 = Vorg S L7 'Ver, L. (3.2.26)

Inserting (3.2.26)) in the estimated performance gradient (3.2.21)), and utilizing
the pseudo inverse for Vymy, gives the instantaneous estimated performance gra-

@ NTNU 36



CHAPTER III. RESEARCH 3.2. ANISOTROPIC EXPLORATION

dient as

Vo (m8) =VemVom, [VemgLE | Vemy | "' VemeX S VaA(s, a) (3.2.27)
=Vymo [Vomg Vome(Vorg Vomg) 1] ST £~ (3.2.28)
=1
[(Vomg Vomg) ' Vomg Vomg] XX VaA(s,a)
=1
Vo (mg) =V J(mp). (3.2.29)

This does not imply that the expected value of the estimated performance gra-
dient equal the true gradient. However, it shows that the immediate structure
of the estimated gradient is similar to the true gradient, and indicates that any
dissimilarities arise from the stochastic state trajectory S,. This property will
be useful later in combination with a Taylor approximation.

Modified approximator, Centred and Anisotropic exploration
The primary hindrance in is the presence of the exploration covariance
Y¥ T, which prevents any cancellations in the expected value terms. By looking at
(3.2.20)), it may be clear that the addition of the inverse exploration covariance to
the compatible function approximator remove the problem. This addition gives
rise to the modified compatible function approximator.

Definition 3.2.1. Modified Compatible Function Approximator: A Modified
compatible function approximator is designed to cancel any distortions provided
from utilizing anisotropic exploration

Qu(s,a) = (a—m(s)) T (ZET) " 'Vomy w4+ Vi (s). (3.2.30)

The modified compatible function approximator yields the modified perfor-
mance gradient VyJ(7mp), shown in appendix (B.5)). The modified performance
gradient may be shown to equal the true performance gradient:

VoJ(19) =Esnp[Voma(E8 ) " Vorg |E[Vemg(ZXT) ' Vemg |7} (3.2.31)
. E[Vgﬂ'gvaAﬂ-a (8,57 7T9)]

=E[VymgV oAz, (st,m9)] (3.2.32)

=V J(mg). (3.2.33)

An important issue with the modified compatible function approximator is its
dependency on the inverse exploration covariance. As shown in Figure the
exploration covariance in safe [RT]is not necessarily predefined nor constant, and
if needed, must be estimated on the fly. In the case of a policy given by an[NMPC|
as above, the inverse of the covariance matrix may be calculated from the sec-
ond order sensitivities [§]. Thus, the modified compatible function approximator
introduces additional complexity in computation, and it would be advantageous
to have an algorithm that does not depend on the covariance.

@ NTNU 37



CHAPTER III. RESEARCH 3.2. ANISOTROPIC EXPLORATION

3.2.3 Convergence analysis

While the modified compatible function approximators yield guaranteed conver-
gence, it has not been shown that the estimated performance gradient is erro-
neous, nor has it been shown that it is correct. Should the estimated performance
gradient be shown to converge sufficiently, then there may be no need for a modi-
fied compatible function approximator. Therefore, the following section presents
further analysis into the convergence of the estimated performance gradient.

Two different methods will be utilised in order to limit the size of a possible
error from the estimated performance gradient. The first method will investigate
the error of the performance gradient by calculating the relative and absolute
error of the estimate. The second approach will be to utilise a Taylor expansion
for the estimation of the moments of functions [I5]. From this, the error of the
estimate may be bound do a degree n that is proportional with the nth moment.

For the following analysis, it is assumed that the expected value operator is
taken across the distribution p, E;., = E

Relative error

The relative error may be used to quantified the precision of an estimate. The
following will attempt to bound the estimated performance gradient by looking
at the relative error between it and the true performance gradient. The relative
error between the two gradients is given by

1V (m9) — Vo J ()|
Vo J (m0)]|

(3.2.34)

For simplicity, the absolute error will be initially calculated, and later transformed
to the relative error. Due to norm operations on matrices, for the following results
to be valid, the norm must be a submultiplicative induced p-norm. An upper
bound on the error of the two vectors may be given by the triangle inequality,
applying this and expanding gives

Vo] — V|| :] jE[vmvaA(s, a)] (3.2.35)
— E[VQWQVQWJ]E[VQWQMVQW;—]_1E[V97T0MVCLA<S, a)] ‘ ‘

Using the triangle inequality and the submultiplicative property of the norm gives
this as

<||E[VomgV,A(s,a)]|| (3.2.36)
+ [|E[VomgVomg ||| - [[E[Vome MVomg ||| - [[E[Vome MV, A(s, a)]|].

By looking at the norm a nonlinear function transformation that is applied to
the expected value operator, then Jensen’s inequality, f(E[X]) < E[f(X)], may
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be used to move the norm inside the expected value

O <E[[|VomaVaAls, a)l] (3.2.37)
+E[|[VomoVorg ||| - Ell[VomoMVorg ||| - E[|[Vomg MV o A(s, a)]].

Similarly, the transformation E[f(z)g(x)] < E[f(x)]E[g(x)] may be used to ex-
tract the covariance matrix.

NI <E[l[Vemol| - [[VaA(s,a)]] (3.2.38)
E[|[Vomol| - [[Vorg 17" - E[IMI) 7" - E[IME[[Vomoll - [IVaA(s, a)l]

which yields
Vo = Vo J|| <E[||Voms|| - ||VaA(s,a)l]] + E[[Vomol| - [|[VaA(s, a)[[]. (3.2.39)

Giving the relative error as

Vo = VoIl _2E[|[Vomoll - [[VaAls, )l
Vel — E[l[Vemgl| - [IVaA(s, a)l]]
=2. (3.2.41)

(3.2.40)

Which provides an upper bound on the error. The factor of 2 stems from utilising
the triangle inequality and are expected if the vectors are either identical or
opposite. A lower bound may be found in a similar fashion, where the reverse
triangle inequality is used instead, giving

V61l — 1Va.J1]] =0, (3.2.42)

which bounds the relative error between the estimated and modified vector be-
tween [0,2]. It is difficult to improve the upper bound any further as long as
the triangle inequality is being used, and without any methods that allow for the
calculation of the dot product < VgJ, VoJ >.

Taylor expansion

As seen in , the expected value of a function may be approximated by
a Taylor expansion around its mean. It may be possible to quantify the maxi-
mum size of an error in the estimated performance gradient through its Taylor
expansion. Consider yet again the estimated performance gradient,

VQj(ﬂg) :E[VQWQ (S)VQWQ(S)T]E[VQWQ (5)MV@7T@(S)]71 (3243)
-E[Vomo(s) MV A(s, )],

where s is a stochastic variable with an unknown density p(s). Furthermore,
Vome(s) is an unknown function with full rank. Applying the Taylor expansion
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to (3.2.43|) yields

V@j(ﬂ'a) zE[ngg(us)Vgﬂ'g(,us)T + 1] (3.2.44)
-E[(Vomo(1s) MVgmg(115)) " + 2]
-E[Vomo(ps) MV o Aps, mg) + €3]

=V9W9(MS)V9F9(MS)T(Veﬂe(ﬂs)MVeﬂe(Ms))_l (3.2.45)
- Vomg(ps) MV A(s, ) + €y, 7
=Vymy (MS)VGA(MS, 7'('9) + €v,.J> (3.2.46)

where €y,j s a second order error term proportional to both the combined cur-
vature of the three expected value terms, and to the covariance of the state
trajectory S,. In addition, the transition from ({3.2.45)) to ([3.2.46) is possible by

similarly utilising the as in(3.2.27).

The Taylor approximation of the true gradient is given by

Vg.](ﬂ@) = ]E[VQWQ(S)V(IA(S, 7T9)] (3247)
= Vomo(is)VaA(us, ) + €v,7, (3.2.48)

where ey, is proportional to the covariance of the state trajectory Sy, and to
the curvature of f(s) = Vgmg(s)V,A(s, 7). With the Taylor approximations of
both the estimated and true performance gradient, the error from the estimated
performance gradient may be written as:

V@J(?TQ) — V@j(ﬂ'@) =€g,j ~ €V, (3.2.49)

with the error being proportional to both the covariance of the state trajectory
and the curvature of the functions, €g,Js €VoJ X ZSE;'—. Should the state tra-
jectory and its distribution p satisfy lim, . v/7(Sn — ps) — N(0,XXT), that
is the [Central Limit Theorem (CLT)| where S, denotes state trajectory, and if
X" — 0, then, via arguments from the delta method, it may be shown that
the error terms are reduced to zero as the sample size n increases, as shown in

section [2.3.3] giving

s—1.1.dAV  A(ps)#0

ng(we) — VoJ(mp) —

0. (3.2.50)

More generally, from the Taylor expansion, it may be guaranteed that any possible
errors in the estimated performance gradient are small in systems with a small
state trajectory covariance and/or curvature in the ladvantage function|and [policy]
gradient,
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3.3 Experiments

Two different experiments will be performed in order to test the statements pre-
sented in sections[3.2:3] In this section, the setup of the experiment; environment,
system, controller, and [RT] algorithms, are initially presented. In addition, the
results from the experiments are also presented in the end.

3.3.1 System dynamics

In order to illustrate the results, a simple and completely known system must be
utilised. Consider the following true linear state dynamics,

0.7 0.3 0.1 0.2
Sky1 = Asg + Bay, A= [ 0 1'1} , B= [0.1 0'2} , (3.3.1)

with a stage penalty defined as

vonen =[] [ 5 M] r=P Y m=[ Y e

The policy may be written on the form
mo(s) = —Ks. (3.3.3)

In a linear quadratic system, the value functions become quadratic as well and
are given as:

Vﬂ—e (St) = StPSt, (334)

>
s T+~ATPA N +~ATPB] [s
Qo (50, 00) = M [NT +yBTPA R+~yBTPB| |a]’ (3:3.5)

giving an advantage function as

A‘ﬂ'e (s,a) = Qm; (saa) - V7T9 (3) (3.3.6)

[s]T[T—P+4ATPA N+~+ATPB][s (33.7)
“a NT +yBT"PA R+~B'PB]| |a|’ "~
where P is found by utilising that
Vi (8t) = L(st,m9) + YV, V(St41) (3.3.8)
T
T _ St T N St T
sy Psy = {—KSJ [NT R] [—Kst] + (As¢ + Bmg(st))  P(Asi + Bmg(st))
(3.3.9)
= P=T-2NK+K'RK + (A—- BK)" P(A - BK). (3.3.10)
The derivative of the advantage function becomes
VaA(s,a) =2(N +vATPB)s + (R+2yB"PB+ R")a, (3.3.11)

@ NTNU 1



CHAPTER III. RESEARCH 3.3. EXPERIMENTS

giving the true performance gradient as
VoJ(mg) = E;:g [Vg?TQVaAm (s, a)] (3.3.12)

The policy that will be used is given as the solution to the following MPC problem

N—-1
n(s) =min  zyPpxn + »_ @) Towk + urRoux (3.3.13)
T, u k:0
s.t
Tr41 = Az + Buy

o =S

where the matrices A and B are defined as above, the cross-matrix N is a zero
matrix, and the matrices Ty and Ry are defined as

Tp = B g] , Ry= B g} . (3.3.14)

Additionally, Py was initiated as the resulting Ricatti-matrix to the pairs {4, B, Ty, ]A%g}.
The horizon limit N is set to N = 10. The exploration is created through a normal
distribution centred at my with a standard-deviation given as a non-symmetric
non-diagonal matrix, such that the exploration is anisotropic.

0.3 0.05
¥ = [o 0'1} (3.3.15)
+_ [0.0925 0.005
Mxy = {0.005 0.01} ‘ (3.3.16)

The starting state s for each episode is selected as a normal distribution around
(0.3 04]"

50— [82] + N(0,0.04 5 1). (3.3.17)

From the actor critic method, the estimated performance gradient to be used in
the experiments may then be written as

Vo (m9) =E :~¢ [VomoVormg |E o~s [Vgmoee Vomg | ! (3.3.18)
. ]EEZZ [VomgeAr, (st, ar)].
The modified performance gradient is calculated as
Vo (mg) =E o~ [Vomo(EXT) ' Vgrg | (3.3.19)
"B [Vomp(E8T) lee (BE7) 7 Vomg | 7!
“Eog [Vompe(SE )™ Ay (51, ar)]-
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Finally, it is important to note that both E;:g [Vompee Vo, | and

B~ [Vomg(EX ) lee (82 7)7Vom, |71 are lacking rank, as mentioned in (3.2.24).
Some workarounds that enable the calculation of the inverse exists, such as the
Sherman-Morrison formula; however, this adds complexity in computation. The
method that was utilised in these experiments was a simple addition of a scaled
identity matrix cl,c << 1. This introduces some numerical inaccuracies that
may affect the results.

3.3.2 Modified and estimated performance gradient

With the above system, the performance gradients, (3.3.12]),(3.3.18)),(3.3.19)),
were calculated from a batch consisting of 1000 episodes. The results are pre-
sented in Figure 3.4 Some interesting observations: After 1000 episodes, the
absolute difference between the estimated and true performance gradient is given
as ||VgJ(mg) — VoJ(m9)|| = 0.0006. Furthermore, the modified and estimated
performance gradient are almost identical during the complete 1000 episodes.
An extended plot of the relative error between the modified and estimated per-
formance gradient is given in Figure [3.5] where the relative error stabilises at
around 0.001.

Mean squared error |[VgJ — VoJ|| = 0.0006

%1074 x10° x10° %10

0 0
0
= o) e L\/w\“ = L\M\“
(W
-40 -10 ‘ -10 ‘
0 500 1000 0 500 1000 0 500 1000 0 500 1000
t t t t
-3 -3 -3 -3
20><10 20><10 20><10 40><10
2 =S e B N e
e aaes ‘»
0 o ‘ o ‘ 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000
t t t t
-8 7 7 6
60 x10 x10 x10 x10
40 40 } 20 y»\/%__\___\
40 _ .
e e - Sl
3 3£, 3£, 2 w0
20 % +
e e o L
0 0 0 -60
0 500 1000 0 500 1000 0 500 1000 0 500 1000

Figure 3.4: The evolution of the performance gradients across 1000 episodes
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Relative error w
T T

10

WWMW%

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
t

102

Figure 3.5: Extended batch across 5000 episodes showing the convergence of the
relative error towards zero

3.3.3 Taylor approximation of the performance gradient

The Taylor approximation has an error proportional to both the covariance of
the state trajectory, and to the curvature of the functions in the expected value
terms. In order to verify that the error is proportional to the covariance of
the state trajectory, the previously mentioned curvature may not be zero. This
becomes an issue if the state trajectory has a mean pus = 0, where the policy 7y (0)
delivers the same actions as the optimal policy 7. In the region around s = 0,
the policy is therefore approximately optimal, which gives theadvantage functionl
and its derivatives as zero V,A(0,mg) = 0 or very small V,A(§, m9) << 1, where
delta is a small deviation from s =0 .

If the experiments should be able to test proportionality with the covariance,
the optimum point of the state must be shifted away from s = 0 in order to have
a non-zero curvature. Any area where s # 0 suffice, however, a ”large” shift
is justified in order to avoid excessively small numbers in the results. A shift
of optimum may be accomplished by introducing a reference in the policy and
reward functions, giving the shifted policy and reward functions as:

N-1
7(s) = r;lin (N — Seet) | Po(xn — Spef) + (21 — Sver)  To(zr — Sper) (3.3.20)
" t=0
+ ukRguk
s.t
Tpy1 = Awxy + Buy
o =S
s—s T N s—s
_ — Oref — Sref
L(sy,ar) = { a ] [NT R] [ a } (3.3.21)
The reference point for the system is set to Sy = [0.4 O.4]T. The covari-
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ance of the state trajectory is changed through increasing the covariance of the
starting positions so. In the first experiment, s = N([0.3 0.4] T ,0.0521),
of which results are presented in Figure 3.7] whereas in the second simulation
so =N( [0.3 0.4} T ,0.5%), of which the results are presented in Figure Key
metrics from the two experiments are given in Table[3.1] Finally, the exploration
policy 8 may be seen in Figure [3.6]

Table 3.1: Key numerical results from the experiments regarding Taylor expan-
sion.

metric Simulation 1 Simulation 2
I 0.0051 0.0301
leg, 411 0.0046 0.0334
llcov(s)]] 0.0051 0.0340
||€V6J - EngH 00017 00120
" (0.289 0.423]" | [0.291 0.424]

Exploration policy 8:e=a—m

05

€2
o
T

-0.5

L L L L L
-1 0.5 ] 05 1
e

Figure 3.6: The exploration utilised in all experiments. The covariance is
anisotropic and centred, with exploration prioritising the first action dimension
0.0925 0.0050}

: : T _
ay above as. Sampled covariance gives X3 = {0.0050 0.0100
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Absolute error of the first order taylor approximation: [|[VyJ — VgJ(1s)|| = 0.00471
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(a) The evolution of the performance gradients across 1000 episodes
Distribution of s;, with 1, = [0.289 , 0.423 |
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(b) The distribution of state s across the batch

Figure 3.7: The Taylor approximation and true performance gradient, with the
optimal position given as syef = [0.4 0.4]—r Initial conditions were chosen as

so = N([0.3 0.4]T ,0.05%). Showing (a) the true gradient vs the predicted
gradient from a first order Taylor expansion, and (b) the distribution of the state

trajectories, with them having a covariance cov(S,) = [88852 888;;}
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Absolute error of the first order taylor approximation: ||VyJ — VgJ ()| = 0.02725

x107! %102 %102 x102

Vol
Yoy VaAs, (s, 7 (1))

o1
96,
9J
a0,
.
9J
£
A
97
90,
o

1.2 V“”"W 5
4 10
1
0 500 1000 0 500 1000 0 500 1000 0 500 1000
t t t t
2 2 2 2
10 x10 410 1010
2
f 2 2 5
3o 3go 3F o 3E o
e T e e s vaMh_
2
-4 -4 -10
0 500 1000 0 500 1000 0 500 1000 0 500 1000
t t t t
5 -4 -4 o
82><|O 9><"J 9><"J 2A><H}

88 25 L; ;

3€7s I;Léas P ?8|§72.s
WA, 9
76 8.4 2.7
7.4 8.2 8.2 2.8
3 500 1000 0 500 1000 0 500 1000 o 500 1000
t t t t

(a) The evolution of the performance gradients across 1000 episodes
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Figure 3.8: The Taylor approximation and true performance gradient, with
optimal position spef = [0.4 O.4]T Initial conditions were chosen as sy =

N(]0.3 0.4]T ,0.5%). Showing (a) the true gradient vs the predicted gradi-
ent from a first order Taylor expansion, and (b) the distribution of the state

trajectories, with them having a covariance cov(S,) = _0003333 _000%2?53
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3.4 Discussion

This section presents a brief discussion about the experiments and their validity.
In general, the most likely source of errors in the experiments would be the
insufficient rank inverse. The experiments are also linear quadratic systems, and
the results do not necessarily extend to more complex systems.

3.4.1 Modified and estimated performance gradient

The experiments support the convergence analysis that is presented in section
In Figure the estimated and modified performance gradient are equal,
and both approach the true performance gradient. The convergence of the mod-
ified performance gradient coincides with the theoretical results from -
(13.2.33).

The relative error between the estimated and modified performance gradi-

ent was shown in (3.2.41) and (3.2.42)) to have an upper and lower bound of

[2,0]. In Figure it is clear that the estimated and modified performance
gradient is approximately equal. An extended plot in Figure [3.5] with an ad-
[IVeJ—VoJ]|

ditional simulation of 5000 episodes shows that the relative error ISRl
approaches 0, stabilizing at ~ 0.002. One substantial error source may be due to
Ee [Vompee Vo | =1 lacking rank, and may be a reason that the relative er-
ror is not smaller. A more proper method e.g. Sherman-Morrisons formula, may
have gotten improved results. With this in mind, it is interesting to note that
the estimated performance gradient was consistently a slightly better estimate
than the modified gradient, with the absolute error in the experiment presented
here being ||VyJ — Vg J|| = 0.00090, whereas ||VyJ — Vg J|| = 0.0011. This
discrepancy is however most likely due to numerical errors.

It is important to note that in these experiments, the estimated performance
gradient was an exact estimate, to the same degree as the modified performance
gradient, of the true performance gradient. These results were gained with a fairly
anisotropic exploration policy, as evident in Figure It is also interesting
that the estimated performance gradient had an almost identical convergence
trajectory as the modified performance gradient, which is an indication that
the addition of the inverse covariance has no apparent effect on the convergence.
Therefore, the experiments suggest, that in linear quadratic systems, the addition
of the inverse covariance to the compatible function approximator has little to
no effect on the convergence of the estimated performance gradient.

3.4.2 Taylor approximation of the performance gradient
In the Taylor analysis, the error of the expansion was shown to be proportional

to the covariance of the state trajectory. The experiments support this notion,
as from the metrics in Table it is clear that the error of the Taylor expansions
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are almost directly proportional to the covariance of the state trajectory. Fur-
thermore, the absolute error of the rest terms |lev,; — €y, ;|| is small, indicating
that the rest terms ey, ; and ey, are approximately equal. These results are
also visualized in Figure (a) and Figure (a), where the first order Tay-
lor approximation VgmgV oA, (s, mo(1s)) loses accuracy directly proportional
to the covariance of the state trajectory S,.

These experiments support the notion that the estimated performance gradi-
ent is accurate to a degree proportional to the covariance of the state trajectory.
The most probable error in these experiments may again be numerical inaccura-
cies due to the insufficient rank inverse of E;:Z [ng)ee—rvewg—]’l.
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1V

Summary

This chapter concludes the thesis. It starts with a review of the results and
findings that have been presented throughout this thesis. Thereafter, precise
conclusions for the research questions are made before the chapter finalises with
a short discussion about future work.
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4.1 Review

The research objective for this thesis was primarily to investigate the combination
of predictive control algorithms and [Reinforcement Learning (RL)| in addition
to furthering the research within this area. The focus for the research was based
upon the estimated policy gradient proposed method in [5], and the goal was to
provide some looser constraints on the possible methods for exploration such that
it becomes more applicable in safe [RI] settings. More specifically, the effects of
non-isotropic covariances in the exploration policy were investigated.

The research area combined two different disciplines and the second chapter
provided some key foundations for both the disciplines[RT]and predictive control.
These concepts served as the necessary basic level of theory that was required
in order to work on the research objective. In addition, the second chapter also
presented some statistical results that were necessary for some of the key results.

The first research question was to properly understand and investigate the
implementation of [Nonlinear Model Predictive Controller (NMPC)| into |RL{ of
which are based upon the work by [2] and was presented in section his
section started by reasoning briefly for why an scheme could be used,
before proceeding to the details of the two algorithms. The second algorithm

that was presented, [policy gradient] with [NMPC], were later used in the next
section for both experiments and results.

The second research question was to investigate how exploration affects the
[policy gradient]algorithm. It started by discussing why the traditional constraints
on the exploration policy are too restrictive in the sense of safe [RI] making it
clear that lesser restrictions are required. This discussion is aided by a brief
example that visualises that an anisotropic exploration scheme is inevitable in

safe [RI]

An analytical evaluation of the estimated performance gradient was performed
with the purpose of exploring the exact consequences of any normally distributed
exploration scheme. This yielded the equations - , only dependent on
the state trajectory.

Based upon (A.4]) - (A.6]), a general exploration scheme with isotropic explo-
ration was analysed. It was shown that with such an exploration, the estimated
performance gradient converges to the true performance gradient (3.2.19)).

Furthermore, an exploration policy with anisotropic covariance was consid-
ered. In this case, any immediate conclusions could not be drawn; however, a
possible modification of the compatible function approximator became apparent.
With this modification, the performance gradient was shown to converge to the
true performance gradient. These modifications have previously been discussed
in [§], where the same conclusions have been drawn.

Further analysis of the estimated performance gradient was warranted, as
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while the modified compatible function approximator was shown theoretically to
converge, it still introduced additional complexity to the algorithm. The first
approach was to explore the relative error between the estimated and true per-
formance gradient. Through utilising the triangular identity, among others, it
was shown that an upper and lower bound on the relative error of the estimated
performance gradient were [0,2]. This is not exact, and a gradient pointing in
the complete opposite direction do comply with these results. Further analysis
with a different method was justified.

With a Taylor expansion, it was shown, via arguments from the delta method,
that the estimate converges to the true gradient, provided that the state covari-
ance goes to zero . Furthermore, the Taylor expansion shows that the
error of the estimated policy gradient is at most proportional to the covariance
of the state trajectory. This was also confirmed via experiments.

Experiments with a linear quadratic system were performed in order to il-
lustrate the results. In Figure [3.4] it was shown that both the modified and
estimated performance gradient converges to the true performance gradient un-
der an anisotropic exploration scheme. In Figure [3.4] it is also clear that the
modified and estimated performance gradient are equal, further indicating the
convergence of the estimated performance gradient.

A second experiment was performed where it is illustrated that the estimated
performance gradient has an error at most proportional to the covariance of the
state trajectory.
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4.2 Conclusion

How are[NMP( integrated with [RL)?

[NMPC| may be integrated as a function approximator in both the traditional
algorithms |Q-learning| (3.1.7) and |policy gradient| (3.1.4). With the combi-
nation of slack variables in the NMPC] the [RL] algorithms may learn to respect
safety-critical constraints. Furthermore, with strict constraints, the may
generate safe exploration steps that guarantee the respect of the constraints. As
such, the NMPC]| has proper potential in the field of safe [RT}

Does the estimated policy gradient depend on the shape of the exploration?

The research provides theoretical ground that any error in the policy gradient
from utilising anisotropic covariance in the exploration is guaranteed to be at most
proportional with the covariance of the state trajectory and to the curvature of
the estimated performance gradient. Furthermore, it is guaranteed that the norm
of the estimated performance gradient is no larger than twice that of the norm of
the true gradient. Finally, experiments strongly suggest that the policy gradient
is independent of anisotropic exploration.
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4.3 Further work

The experiments in this thesis provide strong evidence that the estimated perfor-
mance gradient converges to the true performance gradient regardless of anisotropic
exploration. This proved however to be challenging to show theoretically, and
further analysis in possible errors from anisotropic exploration is of interest. An
expansion of the Taylor analysis appears most appropriate. It is proposed that
any further work may investigate the error from the first order Taylor expansion
through means provided by the Jensen’s gap: f(E[x]) — E(f(x))[I6][I7]. The
Jensen gap may provide further bounds on the error.

Furthermore, safe [RT] also introduces off-centred exploration, which has not
been discussed to a large degree in this thesis. However, analytical evaluation
of the estimated performance gradient does provide some preliminary results
that off-centred exploration does not converge to the true performance gradient.
These results are provided in Appendix [C] It is possible to counter off-centred
exploration by approximating the exploration mean, as shown in [8]. However,
this demands more computing power and a more complex algorithm. Therefore,
it might be beneficial to further analyse the results provided in Appendix [C]

The results in appendix [C] show that any bias will ensure that the estimated
policy gradient is not exact; however, it may be possible to show that the error
decreases as the parameters approach optimal values. Through line-search meth-
ods, it is shown that the gradient in the gradient descent method is reduced to
zero if the estimated gradient is not orthogonal to the gradient, if also the step
length is chosen as per line search methods. These results may be a starting
point for an investigation of the consequences of off-centred exploration.
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A. EXPECTED VALUE CALCULATION

A Expected value calculation

The estimated policy gradient is given as

VQJ('/TQ) = Es:g [Vg?TngﬂJ]Ez:g [Vgﬂ'geeTVMT;r]ilEs:g [VgﬂgeA.,re (St, at)]
(A1)

where the expected value is taken across the two random variables s and a. s is
sampled from the state trajectory with the complex distribution p. Due to the
distribution being difficult to evaluate in general, it is not possible to analytically
evaluate the expected value above in terms of the state trajectory S,,. However,
the actions a is a known distribution with expected value dependent on s. This
allows for the possibility to analytically evaluate the expected value in terms of a,
giving the end result as an expected value taken purely across the state trajectory.
Assuming that @ is normally distributed with some mean p and variance X7,
a~N(u,2ET), and with an advantage function| given as

.
A,,GM W[St]JrFT M+c (A.2)
Q¢ a¢ Q¢
T T
St Wii Wiz |5 I Sy
= ' : C A3
B o R P M R

then the expected values may be evaluated. With e = a — my, there are three
orders of moments that need to be evaluated, of which the procedure are shown
in sections and The expected values are therefore reduced to:

E =0 [VomgVomg | =Esny[VomoVorg | (A.4)
Es:g [VQﬂ'g@eTVQTFJ] :ESN/,[VQTI'QEETVQTFJ] (A5)
E o~y [VompeAnr, (st, ar)] =Eany [ve (MSTWL1S + (e + S5 ) Wais  (AL6)
+ (MMT + EZT)WI—;S + MMTWQ’Q/J
+ 28T (Wag + Wyo)pu+ pTr(SWa oS T) 4 ps' Fy
+ (EZT + ,LL,LLT)FQ + MC) — Vomemy (sTWMs
+ o Wais+s Wiap+p Woop+ Tr(SWa o5 T)
+ STF1 + 7T;—f2 + C)]
where the identities presented in sections and have been used to cal-
culate the higher order moments. In addition, it has been used that a normally
distributed variable x ~ N (, ¥X ) may be written as x = p+N(0, X 7). This
is useful due to the skew of a centred normal distribution are zero, and allows
for the expression to be derived purely in terms of the mean and variance. A

detailed calculation is not provided, as it is extensive. However, all the methods
and tools used to derive the results are presented in section and
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B. MODIFIED COMPATIBLE FUNCTION APPROXIMATOR

B Modified compatible function approximator

With the modified compatible function approximator given as
Qw(sva) = (a_WO(S))T(ZZT)_IVG"T;—W+VV(S)7 (Bl)

then the least squares solution for critics parameters w, with e = a — mp(s), is
given by

0= E;‘:g [(r+ “YQW(St-H, mo(St+1) — Qw(sta at))vaw(sta at)] (B.2)
0=E:~ [(r + 2V, (s041) — e (B2T) " 'Vong w + Vi (s)) VemgM ~te]  (B.3)

Using M = (¥X7)71, then the least squares solution for w becomes
w=E: [VomgMee MV gy | 'E[VomgM 'eA(s, a)] (B.4)

The addition of the constant matrix M does not affect the calculations provided
in appendix [A] This gives the modified performance gradient as
Vo (mg) = Ee [VomgMVon, |E[VomgMee" MV gy | 'E[VomgMeA(s, a)]
(B.5)
= IESNP[Vgﬂ'@MVgﬁeT]E[Vgﬂ'gMM_lMV@ﬁg]_lE[VgﬂgMM_lvaA(s, a))
(B.6)
=Esp[VomeMVomy |E[Vgmg MVem, | ' E[VemgV,A(s, a)] (B.7)
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C. OFF-CENTRED EXPLORATION

C Off-centred exploration

The analytical evaluation of the estimated performance gradient also makes it
possible to investigate what happens when utilizing an exploration policy that is
not centred at my. Therefore, consider now the following exploration policy

B:e=a—mp, a~N(mg+635"), = e~N(GZET), (C.1)

where § represents a small deviation from the policy my(s). From (A.6) - (A.6),
the estimated performance gradient with the off-centred exploration scheme may

be shown to be

E 0 [VomoVorg | =Esnp[Vomo Vo, | (C.2)
E s [Vomgee Vomg | =Egnp[Vomo(86 " +XET)Vomg | (C.3)
E ;:g [Veﬂ'eeAm, (St, at)] =Vymy (EZTVaAﬂ-e (8, 7'('9) (C4)

+ (EST (Was + Wyly) + Ar, (5,79 + 6) + Tr(zwg,QzT))a)

Which by simple inspection, does not converge to the true performance gradient
as long as d # 0.
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