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Introduction

UTOMATIC flight control system (AFCS) design commonly relies on the availability of accurate model de-
A scriptions of the system dynamics, enabling common engineering practice such as computer-aided de-
sign (for a good reference in aircraft control design, see e.g. [94]). This process calls for an iterative de-
sign cycle that typically consists of system identification based on first-order principles, simulation model-
ing, control law design, ground tests, and eventually flight tests. Consequently, control law design is largely
model-based, which calls for extensive verification and validation activities to ensure that the design is co-
herent with the real, physical system. For newly developed aerial vehicles, the need for high quality models
calls for extensive aerodynamic analysis over a wide range of flow conditions based on Computational Fluid
Dynamics (CFD) computations, scaled wind tunnel measurements, and flight tests. This shows that flight
control system design is a complex process that may consume a considerable part of the total development
time and costs of an aerial vehicle.

The increasing interest in advanced vehicle concepts and recent widespread adoption of unmanned aerial
vehicles (UAVs) for a wide range of applications puts considerable strain on this model-based development
cycle. For systems with complex dynamics, control performance and robustness properties may be unsatis-
factory or simply unacceptable if an adequate model cannot be obtained, which may be further amplified in
demanding flight conditions. Examples that fall under this category are highly advanced supersonic aircraft
such as the Innovative Control Effectors concept [77] and re-entry vehicles, but also micro air vehicles (MAVs)
such as Delfly [19]. For UAVs, a large demand for different concepts and applications in combination with a
conflicting desire for low costs may lead to infeasible requirements in terms of development time and costs.
This may very well forfeit some promising opportunities.

Modern control engineering has developed various techniques that allow for reduced model fidelity re-
quirements. Robust control methods such as Hy,-synthesis provide reliability guarantees in terms of closed-
loop stability and performance in the face of model uncertainties and disturbances [31, 39, 109]. However,
although these methods are generally very effective, they can also lead to conservatism in the control system
design [90]. Other methods aim at reducing the need for a global model altogether, by adopting a sensor-
based approach. These include the incremental counterparts of Nonlinear Dynamic Inversion (NDI) [92]
and Backstepping (BS) [93], known as Incremental Nonlinear Dynamic Inversion (INDI) [90] and Incremen-
tal Backstepping (IBS) [3], respectively. These methods reduce the impact of model mismatch by directly
feeding back acceleration measurements. As a result, the only model terms required for the control law are
those related to the control effectiveness. However, this leads to new problems related to synchronization of
sensor measurements, especially when extensive filtering is required.

From this, a case can be postulated for fully autonomous flight control laws that shape itself online on
the real system. Reinforcement learning (RL) is a very promising paradigm for generating optimal, adaptive
control laws for systems with uncertain dynamics [95]. Having its roots in behavioral learning and optimal
control, this framework has the potential to addresses various challenges that come with flight control de-
sign for complex aerospace systems such as those mentioned before. In case of inexpensive, small UAVs for
example, RL could be adopted to learn optimal control of the system online from scratch. Alternatively, RL
methods could be used to train a flight control system off-line based on a crude model description of the
system dynamics, to be followed by an online fine-tuning phase. This may considerably reduce development
time and costs, as knowledge about the real system is generated autonomously by the controller itself.
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1.1. Contribution

Despite its appealing benefits, reinforcement learning comes with its own challenges that currently severely
limit its suitability for deployment on real safety-critical systems. First, very large amounts of data are typi-
cally required during the learning phase. This is especially true for high-dimensional state and action spaces,
which are typical for aerospace systems. Curriculum learning (CurL) [10] is a recently proposed paradigm
that specifically deals with the question of how this data dependency can be reduced by making the learning
process more tractable. This can for example be done by breaking down the complexity of a learning task
and training the agent first on a range of related tasks that are significantly easier to learn. This concept ex-
hibits strong analogies with human education, where students are presented with easier material first before
moving on to more complex subjects. This principle could be leveraged in autonomous shaping of a flight
control law, by subjecting the agent to an appropriate learning curriculum that allows it to gradually expand
its capabilities.

A second major challenge in RL is how to perform online training in a safe manner, i.e. how to let the agent
learn autonomously without damaging itself or its surroundings. This idea has given rise to another major
branch of RL research known as Safe Learning (SL). A large number of methods has been proposed in this
field, including safety filters [70], imposing initial domain knowledge [79], and action limiting [34]. However,
little work has been performed that unite the concepts of curriculum learning and safe learning, whereas
this may be of large benefit to the applicability of RL on safety-critical systems such as UAVs. Therefore, the
contribution of this research project is to demonstrate how effective learning curricula can be constructed
for a reinforcement learning agent to learn optimal control of an aerial vehicle in a safe manner.

1.2. Related work

Although safe curriculum learning for flight control is still a largely unexplored research area, other paradigms
have been investigated that aim to address the said safety and efficiency issues that undermine online rein-
forcement learning applications. Recently, the idea of decomposing a target task into a pair of tasks of lower
complexity has been studied in the context of flight control, using a flexible heuristic dynamic programming
(HDP) approach [35]. This work focused on a quadrotor hover task, for which a reinforcement learning agent
is trained to optimize the UAV’s vertical trajectory by applying both collective and pitch inputs. A sequen-
tial learning approach is adopted where the main hover task is preceded by an MDP for which the internal
state and input space have both been limited to only a subset of their original equivalents. In this first stage,
the agent only needs to learn how to use the collective optimally to fly the quadrotor to a target altitude and
maintain it there. Since the system remains free from any disturbances in the non-controllable and non-
observable states, the resulting MDP is fully observable. Once learning has completed for this stage, the pitch
state and input dimensions are added to the agent’s internal representation, allowing it to further optimize its
performance. This second stage is in fact the original hover task. It was demonstrated that thanks to this se-
quential learning approach, the learning process becomes more efficient, whereas the learned behavior also
becomes more robust. The key contribution of this work was to show the effectiveness of flexible function
approximators (FFAs), which form the key element in modifying the agent’s internal representation.

The idea of flexible function approximation can essentially be seen as an equivalent form of transfer learn-
ing (TL), which is a branch of RL research that specifically deals with the question how the large data depen-
dency of reinforcement learning paradigm can be reduced by transferring knowledge obtained from training
on one task to another task in which learning has not yet taken place. Transfer learning takes a key position in
curriculum learning for RL. Consequently, the study by [35] can be considered work in curriculum learning,
although it was not explicitly referred to. Note that [35] does not consider safety during learning, which is also
related to the fact that learning is done in a fully off-line (episodic) manner.

Beyond the area of curriculum learning, [68] presents another recent study which does incorporate safety
in the context of sample-efficient online reinforcement learning in UAV applications. Here, the focus is on
navigating through an environment cluttered by obstacles with the goal of locating an unknown target. The
presented approach makes use of hierarchical reinforcement learning (HRL) techniques based on a man-
agerial control structure to abstract away the uncertainty related to the goal-finding task. Specifically, the
reinforcement learning controller is structured by two hierarchical agents, referred to as the supermanager
and the submanager, respectively. To some extent, these can be viewed as outer and inner control loops,
according to classical control terminology. The submanager is responsible for avoiding collisions with the
obstacles, whereas the supermanager has a global view of the task and navigates the UAV across the room.
Based on its representation of the room, the supermanager sends target directions to the submanager, which
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only duty is then to guide the UAV safely in towards these targets. Safety is accomplished by training the
submanager off-line in a virtual environment based on an approximate model of the UAV dynamics. This
training environment is a much smaller, but sufficiently representative equivalent of the real environment. It
is demonstrated that the safe HRL controller is able to considerable reduce the risk of collision compared to
a flat RL agent for an equivalent number of training episodes.

Although the safe HRL and safe CurL paradigms are widely different approaches, their motivation can be
considered somewhat similar in that they aim to provide meaningful structure to the learning task. Whereas
safe CurL addresses the problem by modifying the complexity of the task, safe HRL employs the idea of state
abstraction to constrain the available policy space. However, whereas for the latter prior knowledge is limited
to the controller design, safe CurL also incorporates this knowledge in the task structure itself.

1.3. Research formulation

A research framework has been established to demarcate the scope of this project and steer the research
activities such that the effectiveness of safe curriculum learning for online intelligent primary flight control
can be demonstrated. The main research objective has been formulated as follows:

Research objective

The research objective is to further advance reinforcement learning techniques for primary flight con-
trol applications in terms of safety and learning efficiency by demonstrating how effective machine
learning curricula can be constructed that promote safe control behavior during the learning process.

Here, the process of learning is considered safe if the controlled process stays clear of the fatal state space
(EFSS) throughout the lifetime of the decision-making agent. In the case of UAVs, this essentially forms their
operational envelope intersected with the available learning space (e.g., a control room). Section 1.3.2 pro-
vides a set of definitions to further clarify the terminology. The main research question that has been posed
to achieve the research objective reads as:

( Main research question W

How can a learning curriculum be implemented for a reinforcement learning agent to autonomously
learn optimal primary flight control laws for an Unmanned Aerial Vehicle (UAV) with uncertain dynam-
ics, such that learning efficiency is enhanced and the risk of violating safety constraints is reduced?

Further substantiation of the required research activities is necessary here. Four central themes have been
identified, relating to (1) the fundamental notion of task complexity and safety of learning, (2) essential re-
quirements for safe and effective machine learning curricula, (3) transfer of knowledge across tasks, and (4)
representation of the learning agent and auxiliary safeguard mechanisms. These concepts form the founda-
tion of the research sub-questions, which are listed on the following page.

1.3.1. Approach

The research framework forms the basis for finding relevant literature in the fields of reinforcement learning,
safe learning, transfer learning, curriculum learning, and intelligent control techniques. Existing theories
and views from these related, but still largely isolated fields are synthesized in order to establish a unified,
coherent framework for safe curriculum learning. This is primarily based on a theoretical perspective, sup-
ported by a range of empirical experiments that serve to gain insight into the various aspects that underlie
the problem of safe curriculum learning in the context of adaptive optimal control. In this view, the following
approach is adopted:

1. Establish theoretical framework for curriculum learning in the context of adaptive optimal control; As
curriculum learning takes a central role in this research, an adequate theoretical basis is established be-
fore proceeding with the main objective of safety assessment and advancement. This is done by taking
key definitions, interpretations, and implementations reported in relevant literature and integrating
these in a comprehensive framework that translates well to the case of adaptive optimal control.

2. Identify key variables that determine learning efficiency and safety of a generic learning curriculum;
Based on the derived framework and resulting taxonomy, empirical analysis is performed to gain in-
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Research sub-questions

1. How can safe learning be supported by reducing the complexity of a given task?

(a) What defines task complexity?
(b) What are the key concepts behind safe learning?
(c) Which relationships can be identified across these concepts?

2. What are the requirements for a sequence of intermediate flight control learning stages with re-
spect to the task domain and the agent domain, such that fast learning can be achieved in a safe
way?

(a) Whatis needed in terms of task complexity, ordering, and timing?

(b) What are the capabilities that the agent should possess at each stage of the learning process?
(c) How does the objective function need to be set up across the learning curriculum?

(d) How to represent safety constraints?

3. How can knowledge gained in a previous learning stage (the source) be adopted to bias learning
in a later stage (the target) in a safe way?

(a) What knowledge needs to be extracted from the source?
(b) How can this knowledge be represented?
(c) What needs to be known about the target?

(d) How to handle those parts of the target state and input space for which no knowledge is
available?

(e) What technique can be used to facilitate safe and effective transfer of knowledge across these
stages?

4. What reinforcement learning architecture must be adopted to learn increasingly advanced flight
control capabilities in a safe manner?

(a) What elements does the learning architecture need to consist of?
(b) What learning technique needs to be used for solving the optimal control problem?

(c) What function approximation technique is suitable in terms of approximation power, sam-
ple efficiency, and transfer flexibility?

(d) What exploration strategy needs to be adopted?

5. What metrics are required to quantify learning efficiency and safety?

sight into the various aspects involved in the implementation of a given learning curriculum and how
these affect learning efficiency and safety.

3. Integrate safe learning mechanisms to further support safety during learning; Existing theories from

safe learning are integrated with the newly developed framework for curriculum learning for adaptive
optimal control. By taking a tentative view of the theoretical concepts involved, the safe curriculum
learning paradigm is established.

4. Identify key variables and correlations in safe curriculum learning that determine learning efficiency

and safety; Here, a empirical study is again performed to obtain further insight into the safe curriculum
learning paradigm and establish how algorithms perform in practice.

5. Apply safe curriculum learning to the case of intelligent primary flight control; Here, the resulting frame-

work is used in a case study where a reinforcement learning agent must learn a set of primary flight
control laws autonomously using limited initial knowledge. In this step, the relationship between safe
curriculum learning and intelligent flight control is further investigated in particular.



1.3. Research formulation 5

The knowledge gained from literature and the preliminary experiments is used to formulate generic an-
swers to the research questions. This allows for an informed postulation of hypotheses for safe curriculum
learning in primary flight control, and the design of an experiment to test these hypotheses.

1.3.2. Definitions

The central concepts in the research formulation must be unambiguously defined in order to clearly delineate
the research scope. These definitions stipulate the respective domains in qualitative terms. This subsection
introduces the key terminology used in this work, and can be used as future reference as well.

( Definition 1.1: Learning task W

A learning task is a sequential decision-making problem described as a Markov Decision Process (MDP)
that needs to be solved by a decision-making agent starting from limited initial knowledge.

This definition of a learning task specifies the formal framework that will be adopted, the Markov Decision
Process (MDP). In general, MDPs can be stochastic, nonlinear and time-varying. Note that partially observ-
able MDPs (POMDPs) are excluded from this definition, meaning that the process must be fully observable.

( Definition 1.2: Safe learning ]

The process of learning is considered safe if the controlled process stays clear of the fatal state space
(FSS) throughout the lifetime of the decision-making agent.

The definition of safety during learning as specified here is consistent with the framework developed by [65].
The FSS concept refers to those states that prevent the agent from further meaningful learning, such as critical
damage. This will be treated more formally in later chapters.

( Definition 1.3: Curriculum learning ]

In curriculum learning, the learning process for a given learning task is based on a sequence of auxiliary
learning tasks of reduced complexity.

This interpretation of curriculum learning gives rise to a very broad range of solutions. For example, a learn-
ing sequence can be formed by a chain of different but sufficiently related MDPs, or by learning selectively
within the target MDP itself. A learning curriculum is then referred to as the complete task sequence. Note
that the above definition allows for multiple levels of authority, ranging from a fixed learning curriculum
specified by an external designer, to fully autonomous self-shaping by the agent.

( Definition 1.4: Transfer learning w

In transfer learning, knowledge obtained from learning one task, known as the source task, is used to
bias learning in a different task, known as the target task.

Transfer learning takes a central position in machine learning curricula for reinforcement learning. For a
large class of curricula (not always), knowledge may need to be transferred between different learning stages.
Transfer learning often provides the necessary ingredients for doing so.

( Definition 1.5: Task domain w

The task domain includes those aspects within the boundaries of the learning problem that lie outside
the authority of the decision-making agent.

Curriculum learning for reinforcement learning often calls for a simplification of a learning task, a clear de-
composition of the learning problem is necessary. With this definition is the task domain, it is clear what can
be done regarding the task itself to make the learning process more tractable.
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( Definition 1.6: Actor domain ]

The actor domain consists of those elements that constitute a decision-making agent and its supporting
actors.

This definition of the actor domain effectively complements the previous demarcation of the task domain.
It does not only refer to the learning agent itself, of which the constituents are also referred to as the agent
domain, but also of supporting (i.e., external) entities such as other (more proficient) agents, controllers, and
even humans. Note that this definition transcends the concept of an actor in the actor-critic framework.

( Definition 1.7: Task ordering ]

L Task ordering refers to the order in which a range of learning tasks is presented to a learning agent. J

Although its definition rather trivial, task ordering is key for the majority of a-priori designed machine learn-
ing curricula.

( Definition 1.8: Task timing ]

Timing of a given task refers to the moment in time where a learning agent is presented with a new
learning task.

Whereas task ordering only refers to the order in which a range of tasks is presented, task timing explicitly
refers to the point in the time where the curriculum proceeds to the next learning stage. Note that other terms,
such as learning complexity, require more background from literature and will therefore not be discussed in
this introductory overview.

1.4. Report structure

The thesis has been split into four parts. The main contribution is presented in Part I, which consists of a
scientific article that describes the application of the proposed safe curriculum learning framework in the
context of neural-network based optimal control of a generic mass-springer-damper system and a nonlinear
quadrotor UAV. The article summarizes the main findings from Part II, which contains an elaborate literature
study on the canonical fields of reinforcement learning, adaptive optimal control, curriculum learning, and
safety learning. Moreover, it builds further on the content from Part III, which presents the empirical find-
ings from a preliminary study where flat reinforcement learning, curriculum learning, safe learning, and safe
curriculum learning are applied in the context of linear optimal control. The thesis is concluded by Part IV,
where answers to the research questions are formulated and recommendations are made for future research,
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Safe Curriculum Learning for Optimal Flight Control of
Unmanned Aerial Vehicles with Uncertain System Dynamics

T.S.C. Pollack *
Delft University of Technology, 2629HS Delft, The Netherlands

Reinforcement learning (RL) enables the autonomous formation of optimal, adaptive con-
trol laws for systems with complex, uncertain dynamics. This process generally requires a
learning agent to directly interact with the system in an online fashion. However, if the system
is safety-critical, such as an Unmanned Aerial Vehicle (UAV), learning may result in unsafe
behavior. Moreover, irrespective of the safety aspect, learning optimal control policies from
scratch can be inefficient and therefore time-consuming. In this research, the safe curricu-
lum learning paradigm is proposed to address the problems of learning safety and efficiency
simultaneously. Curriculum learning makes the process of learning more tractable, thereby
allowing the intelligent agent to learn desired behavior more effectively. This is achieved by
presenting the agent with a series of intermediate learning tasks, where the knowledge gained
from earlier tasks is used to expedite learning in succeeding tasks of higher complexity. This
framework is united with views from safe learning to ensure that safety constraints are adhered
to during the learning curriculum. This principle is first investigated in the context of optimal
regulation of a generic mass-spring-damper system using neural networks, and is subsequently
applied in the context of optimal attitude control of a quadrotor UAV with uncertain dynamics.

Nomenclature
Cp,CL = Aerodynamic force coefficients c = Damping coefficient, N/m s~
Cr = Thrust constant f(x) = Internal state dynamics
Cs.Cp,, = Blade flapping constants k = Spring coefficient, N/m
C; = Rotor torque constants l = Rotor arm length, m
Cp = Rotational drag coefficient m = Input state dimension; mass, kg
G(x) = Control effectiveness matrix n = State space dimension
H = Risk perception region D.q,r = Roll, pitch and yaw rate, rad
J,J = Inertia, kg m?2 r = Observed utility
K = Number of policy evaluation iterations  u; = Input vector at time ¢
M = Markov decision process u,v,w = Body speed components, m/s
N¢, N, = Number of hidden nodes v(x) = Control Lyapunov function
(0] = State weighting matrix X = State vector at time ¢
R = Input weighting matrix o' = Angle of attack, rad
T1,75,7T3,T4 = Rotor thrust, N B = Sideslip angle, rad
Vi(x) = Optimal state value function y = Discount rate
Vz(x) = State value function Alx,u) = Bounding model
W(x) = Risk perception function € = Closeness reaching interval
Amap = Knowledge mapping A = Step in curriculum sequence
F = State transition function (x) = Control policy
T;j = Transformation matrix from frame jtoi p = Performance index
Uu = Input space .0,y = Euler attitude angles, rad
X = State space w1, wy,w3,ws = Rotor rotational velocity, rad/s

*Graduate student, Control and Simulation Division, Faculty of Aerospace Engineering, Kluyverweg 1, 2629HS Delft, the Netherlands



I. Introduction

AUTOMATIC flight control system (AFCS) design commonly relies on the availability of accurate model descriptions

of the system dynamics, enabling common engineering practice such as computer-aided design [1]. This process
calls for an iterative design cycle that typically consists of system identification based on first-order principles, simulation
modeling, control law design, ground tests, and eventually flight tests. Consequently, control law design is largely
model-based, which calls for extensive verification and validation activities to ensure that the design is coherent with
the real, physical system. For newly developed aerial vehicles, the need for high quality models calls for extensive
engineering analysis and judgment that involves computer simulations, wind tunnel measurements, ground tests, and
flight tests. This indicates that flight control system design is a complex process that may consume a considerable part
of the total development time and costs of an aerial vehicle.

Modern control engineering has developed various techniques that allow for reduced model fidelity requirements.
Robust control methods such as Hy,-control provide certain reliability guarantees in terms of closed-loop stability and
performance in the face of model uncertainties and disturbances [2—4]. However, although these methods are generally
very effective, they can also lead to conservatism in the control system design [5]. Other methods aim at reducing the
need for a global model altogether, by adopting a sensor-based approach. These include the incremental counterparts
of Nonlinear Dynamic Inversion (NDI) [6] and Backstepping (BS) [7], known as Incremental Nonlinear Dynamic
Inversion (INDI) [5] and Incremental Backstepping (IBS) [8], respectively. These methods reduce the impact of model
mismatch by directly feeding back acceleration measurements. As a result, the only model terms required for the control
law are those related to the control effectiveness. However, this leads to new problems related to synchronization of
sensor measurements, especially when extensive filtering is required.

From this, a case can be postulated for fully autonomous flight control laws that shape themselves online on the real
system. Reinforcement Learning (RL) [9-12] is a very promising paradigm for generating optimal, adaptive control
laws for systems with uncertain dynamics [13]. In case of inexpensive, small UAV's for example, RL could be adopted to
learn optimal control of the system on-line from scratch. Alternatively, RL methods could be used to train a flight control
system off-line based on a crude model description of the system dynamics, to be followed by an on-line fine-tuning
phase. This may considerably reduce development time and costs, as knowledge about the real system is generated
autonomously by the controller itself.

Motivation

Despite its appealing benefits, reinforcement learning comes with its own challenges that currently severely limit its
suitability for deployment on real safety-critical systems. First, large amounts of data are typically required during the
learning phase. This is especially true for high-dimensional state and input spaces, which are typical for aerospace
systems. Curriculum learning [14, 15] is a machine learning paradigm that specifically deals with the data dependency
issue by making the learning process more tractable. This can for example be done by breaking down the complexity of
a learning task and training the agent first on a range of related tasks that are significantly easier to learn. This concept
exhibits strong analogies with human education, where students are presented with easier material first before moving on
to more complex subjects. This principle can be leveraged for autonomous shaping of flight control laws, by subjecting
a learning agent to an appropriate task curriculum that allows it to gradually expand its capabilities.

A second major challenge in RL is how to perform online training in a safe manner, i.e. how to let the agent learn
autonomously without damaging itself or its surroundings. This idea has given rise to another major branch of RL
research known as Safe Learning (SL) [16]. A large number of methods has been proposed in this field, including
safety filters [17, 18], imposing initial domain knowledge [19], and action limiting [20]. However, little work has
been performed that unite the concepts of curriculum learning and safe learning, whereas this may be of large benefit
to the applicability of RL on safety-critical systems such as UAVs. Therefore, the contribution of this research is to
demonstrate how effective learning curricula can be constructed for a reinforcement learning agent to learn optimal
control of an aerial vehicle in a safe manner.

Related work

Although safe curriculum learning for flight control is still a largely unexplored research area, other (related)
paradigms have been investigated that aim to address the said safety and efficiency issues that undermine online
reinforcement learning applications. Recently, Helmer et al. [21] proposed the framework of flexible heuristic dynamic
programming (HDP), and showed how decomposing a target task into a pair of successive tasks of lower complexity can
expedite learning in the context of flight control. The concept of flexible function approximation can be regarded as a
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Fig. 1 The sequential decision-making problem. Adapted from [10].

form of transfer learning (TL), which is a branch of RL research that specifically deals with the question of how the
large data dependency of the reinforcement learning paradigm can be reduced by transferring knowledge obtained from
training on one task to another task in which learning has not yet taken place [22]. Transfer learning takes a key position
in curriculum learning for RL [15]. Consequently, the study by Helmer et al. [21] can be considered work in curriculum
learning, although the authors did not explicitly recognize it as such. Safety during learning was not considered in their
study, which is also related to the fact that learning was performed in a fully off-line (episodic) manner.

Outline

This article is structured as follows. In Section II, the safe curriculum learning paradigm is substantiated by briefly
covering the necessary background on reinforcement learning, safe learning, and curriculum learning. This is followed
by a description of a safe curriculum approach to optimal control of discrete-time systems in Section III. The resulting
framework is tested in a simple experiment based on a linear, unstable, cascaded mass-spring-damper (MSD) system in
Section IV, where its performance is compared to other non-curriculum approaches. Subsequently, a flight control
application focusing on optimal attitude control of a Parrot quadrotor Unmanned Aerial Vehicle (UAV) is described in
Section V. Finally, conclusions and recommendations for further research are drawn in Section VI.

I1. Fundamentals

Demonstrating how safe and effective machine learning curricula can be constructed requires an adequate
substantiation of the safe curriculum learning paradigm. In this section, a general theoretical framework is formulated
that describes in high-level terms the fundamental concepts and requirements for safe curriculum learning. To this end,
Section II.A provides a very brief introduction to the fundamentals of reinforcement learning and adaptive/approximate
dynamic programming. This is followed by a short description of curriculum learning in Section II.B, based on existing
views reported in literature and the authors’ interpretations. In Section II.C, key concepts in the area of safe learning
are discussed. In Section II.D, these views are projected on the curriculum learning paradigm to establish the safe
curriculum learning framework.

A. Reinforcement Learning and Adaptive/Approximate Dynamic Programming

Generally, RL can be applied to solve sequential decision-making problems (SDMP) formulated as Markov Decision
Processes (MDPs) in the absence of an explicit model description of the system [10]. SDMPs are often regarded
as discrete-time formulations of the optimal control problem, and can be visualized as shown in Figure 1. In this
framework, a decision-making entity repeatedly interacts with a certain process or environment described by a state
distribution function (dynamics) F 1 X xUx X — [0,1], where it receives a scalar reward or utility R,41 = r after
each transition based on a certain objective captured by a (possibly stochastic) reward function or performance index
p: X XUXxX - R[10, 12]. Here, X c R" and U c R™ represent the state and input spaces associated with the
MDP. In brief, an MDP can be concisely referred to as a tuple M : <X JU,F, P> 7). In the field of artificial intelligence,
the decision-making entity is referred to as the agent, whereas in control theory actions are generated by a controller



consisting of a set of control laws. RL methods can directly operate on data obtained from the system to learn the
(near-)optimal decision sequence for the problem at hand [12]. Ultimately, the goal of the agent is to maximize the
reward sequence from every state X; € X, denoted as the return. In discrete-time, the return can be formulated as the
algebraic sum of total collected utility, discounted at every time step by a discountrate 0 < y < 1 [10]:

G, = Z?’kRHkH (D
k=0

The goal of maximizing (or minimizing) the discounted return G, can be attained by the agent through an appropriate
sequence of control actions that together constitute an optimal trajectory. Such a decision sequence is captured by a
policy (control law) 7 : X +— U. The expected return by following a control policy 7(u|x) from a given state X; = x
gives rise to the concept of value functions, defined as [10]:

Va(x) = Bz [GiX, = x] =Bz | D YRkt X, = x )

k=0

This expression is often rewritten in recursive form, in order to make the process of evaluating states and policies
more tractable. This leads to the Bellman expectation equation [10]:

Vi(x) = Bz [Res1 + ¥Va(Xer)IX; = x] 3)

The value function of a given policy & can be used to find new, better policies. The concept of value functions
can also be applied to state-action pairs, which enables direct evaluation of any action U; = u given the current state
X; = x and following the policy 7(u|x) thereafter [10, 12]. The iterative process of value function prediction and policy
improvement eventually converges to the optimal policy, which maximizes the expected return for every state X; € X
[10]:

m(ulx) =1 & u=agmax E[Ru +yVi(Xp)|X, = x] @
u

Once the optimal policy has been found, the MDP has been solved. In general, there are many different approaches
to solving Equation 4. If the system dynamics ¥ and reward function p are fully known, Dynamic Programming (DP)
techniques such as Value Iteration (VI) and Policy Iteration (PI) can be used [10, 12]. In case a-priori knowledge about
the dynamics is not available, these methods are no longer applicable and one has to use data-driven RL techniques such
as Monte Carlo (MC) learning or temporal-difference (TD) methods [10]. A central topic underlying these data-driven
approaches is the careful trade-off between exploitation of intermediate policies to further improve learned behavior,
and exploration to ensure that all parts of the state space are visited sufficiently often. Within the context of optimal
adaptive control, Adaptive/Approximate Dynamic Programming (ADP) [23, 24] techniques are often adopted, due to
the general need to approximate the value function and policy. In this view, Adaptive Critic Designs (ACDs) [25, 26]
are frequently used to enable data-driven identification of the optimal control policy.

B. Curriculum Learning

The ability of an RL algorithm to converge towards an optimal control policy for a given MDP is naturally related to
the complexity of the task at hand [15]. Task complexity covers multiple aspects of a task, such as dimensionality of the
state space X C R” and input space U C R™, the nature of the dynamics F, or richness of the reward signal. However,
a key insight is that task complexity does not exclusively define learning performance, but that there is a strong link with
the learning abilities of the agent itself. This understanding gives rise to the idea of adjusting the complexity of a given
learning task to the agent’s competencies, in order for it to learn the desired behavior more effectively [15, 22]. In this
way, a sequence of intermediate training distributions can be constructed with the goal of increasing the tractability
of the learning process. This concept is used frequently in studies on animal training, where it is known as ’shaping’
[14, 27]. In machine learning, the shaping sequence is referred to as a learning curriculum [15].

The concept of curriculum learning appears in various forms in a range of different fields. A key contribution was
made by Bengio et al. [14] in the area of supervised learning with deep neural networks. Here, the authors successfully
demonstrated effective learning curricula for shape recognition and language modeling. The proposed framework is
based on the idea that for non-convex optimization tasks, the order in which training samples are presented can be used
to avoid local minima [14, 28]. It is argued that by presenting the learner with an appropriate sequence of samples, the
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solution is drawn towards a region of the parameter space that is in the vicinity of the global optimum. This effectively
results in a ’smoothing’ of the non-convex optimization criterion. Additionally, the curriculum learning framework was
also conceived in the field of transfer learning (TL) [15], which advocates that knowledge learned in one MDP can
be applied in a different, but related MDP [22]. This concept can be extended to a learning sequence, where in each
stage knowledge is transferred between a pair of tasks. This extends the motivation for curriculum learning beyond
non-convex optimization problems. Moreover, it implies that the shaping aspect of a learning curriculum is not limited
to the training distribution only, but also resides in the agent representation. This interpretation of curriculum learning
can be recognized in the work by Helmer et al. [21] on flexible heuristic dynamic programming.

Although the motivations for applying curriculum learning for supervised learning or transfer learning may be
different, they share a clear common philosophy. In the authors’ view, the curriculum learning paradigm can be
decomposed along three dimensions, as shown in Figure 2. The first element is referred to as the shaping dynamics.
In general, a learning curriculum can be fully determined a-priori [14], or may arise from online feedback of the
capabilities of the agent during the learning process [28, 29]. Curriculum learning of the first form is based on a fixed
sequence of training distributions selected heuristically by a domain expert. This is an intuitive way of curriculum design
and allows a domain expert to embed prior knowledge in the learning process. However, such a ranking of training
distributions can be difficult to provide a-priori if it is not clear what determines the learning complexity. Moreover,
feedback about the learning progress is not used. This gives rise to the philosophy of letting a learning curriculum be
generated dynamically by the learner itself [28] or some agent-specific teacher [30]. This concept is known as self-paced
learning (SPL) [28, 29]. However, SPL suffers from other problems that need to be adequately addressed.

The second dimension will be called the nature of staging. The main categories considered here will be designated
as inter-task and intra-task learning, referring to the notion of learning within or across a (set of) MDP(s). In intra-task
learning, the system state transition function (dynamics) of the target MDP M : (X U, F, ﬁ,y) is shared by any of
the intermediate MDPs M, : (X W ULE, Py, y,1> that comprise the learning curriculum. This implies that complexity
management is limited to strict subsets of the target state and input space and designating alternative forms of the
performance index. In case the dimensionality of the state space is used as a shaping factor, an intra-task learning
curriculum requires the dynamic modes associated with these states to be fully decoupled. This contrasts with inter-task
learning, where the state transition function is allowed to change across the shaping sequence. Effective inter-task
learning requires a high degree of correlation across tasks to ensure a positive learning effect.

The third aspect curriculum learning mentioned here relates to the flexibility of the agent domain, and will be
referred to as the agent flexibility. In broad terms, one can make a distinction between static and dynamic agent
representations. With dynamic agent representations, one can opt to apply a mapping or to switch altogether between
different representations. This can relate to different types of information, such as the value function, the policy, or an
internal model. Depending on the type of function approximator, dedicated techniques are required to achieve effective
knowledge transfer. This is again a major topic in the field of transfer learning [22, 31].



C. Safe Learning

The application of RL in its basic form is troublesome if the process or system that is to be interacted with is
safety-critical in nature. As argued by Garcia and Fernandez [16], the problem of safety may appear in both the
exploitation and exploration phases of learning. The objective of maximizing or minimizing the expected discounted
return may not be separable from occasional unsafe or risky transitions for some environments, whereas the random
element that underlies the exploration phase may inadvertently lead the system to a dangerous state (i.e., one for which
the probability of recovery equals zero). Therefore, dedicated measures are required [16, 18, 19, 32-36].

Independent of the nature of control policy, online autonomous interaction with safety-critical systems requires
measures to keep the system state x; bounded to a safe subset of the complete state space Xsqre C XV € [f9,00). In
systems theory, a topic that captures this objective very effectively is known as Lyapunov stability [6, 37]. In Lyapunov
stable systems, any trajectory starting from a state x; remains bounded to the safe set Xy, if there exists a scalar
continuous function known as a (control) Lyapunov function v(x;) over the domain spanned by X, .. For systems
that are stabilizable but do not possess Lyapunov stable internal dynamics, a stabilizing policy can be derived directly
from a known control Lyapunov function (CLF) by rendering its derivative negative semi-definite. This is a very useful
property that enables the design safe control policies for both linear and nonlinear systems [6, 37].

Lyapunov stability in its basic form does not consider state- or input-constrained systems or systems with bounded
uncertainties or disturbances. Nevertheless, the concept can also be extended to this class of systems. Dedicated CLFs
can be found that prevent constraint violation or ensure robust stabilizability. For example, one can adopt Barrier
Lyapunov functions [38, 39] or Robust CLFs [37] to design control policies that meet these objectives. This shows that,
in theory, the issue of safety during learning can be completely resolved once an appropriate CLF has been obtained.

However, despite their appealing properties, Lyapunov functions may not be straightforward to find for general
nonlinear systems [6]. If not available, there are no guarantees that the system state remains bounded to the safe
subspace X4r.. In the absence of Lyapunov functions, alternative techniques are required that provide guarantees on
the existence of a control strategy that ensures boundedness of state- and input-constrained systems. A central topic here
is known as ergodicity [34]. If the condition of ergodicity applies, it is with certainty that some trajectory exists between
any arbitrary pair of states in the safe subspace Xs,r.. Ensuring ergodicity requires an internal belief, or model, of
the system dynamics, as well as limited sensing capabilities for detecting surrounding states [17, 34]. This makes the
process inherently model-based. Consequently, instead of starting out with an initial admissible policy or initial value
function in the form of a CLF, safety can be guaranteed by virtue of a prior model only. This model can feature bounded
uncertainties, as long as the actual system dynamics are within these bounds [17, 18]. Moreover, the prior model may
be updated online to enable more effective verification of the ergodicity condition.

Although the availability of an internal model is key to the ergodicity argument, the question remains how verification
of ergodicity can be achieved. One approach is to find a global backup policy that maximizes the safe subspace X,
under the belief [34]. From a control-theoretic perspective, it can be argued that the key principles underlying this
concept show correspondences to robust stabilizability. Another method is to find local backup policies that render a
given state to the vicinity of another state that has been visited before. This requires online generation of trajectories
based on the internal model. A heuristic approach to this technique is presented by Mannucci et al. as the Safety
Handling Exploration with Risk Perception Algorithm (SHERPA) [17, 18].

D. Safe Curriculum Learning

Considering the curriculum learning paradigm, the fundamental concepts of (robust) Lyapunov stability and
ergodicity retain a central position. Under minimum robustness requirements, a learning curriculum can be exploited
to enhance learning safety in a similar manner as it improves learning efficiency. That is, for any intermediate
MDP M, : <X/1,(L[J,F'/l, ﬁ,l,w) in the shaping sequence, boundedness of the system state x, to a safe subset

XU ocx AVt € [ty,o0) can be guaranteed if a safe control policy ' (x,) can be safely re-used from a predecessor

safe sa f e

MDP M, : (X et Un—t, Fact, Pa-1, ¥a-1 ) Of central importance are the risk profile and system dynamics across the

shaping sequence. For true safety, the complete risk profile should always be available at any stage in the curriculum.
C

a fe} {X fa fle} , safety cannot be guaranteed when solving M.

The central concept can best be described from a control theoretic perspective. For example, an agent policy 71 (x;)

that stabilizes the system x,.; = fi—1(x;, u;) in X :lu fl can be safely re-used if the successor system x;.; = fy(x;, u;)

is also Lyapunov stable in X7 " . under autonomy of (a transformed form of) 74-1(x;). The question of whether a
transformation of my_j(x,) is requlred depends on the relative topology and dimensionality of the state and input

That is, if it is not specified a-priori that {X



I r,x
; Critic i
Ama ) /// \\\f
[ ~
uy A
uS
i SHERPA [ | ¢ ot 2

¥ uf

Fig. 3 Block diagram of the safe curriculum optimal control framework

spaces: in case Xy # Xy-1 or Uy # U,_y, safe re-use of 7y (x;) requires an appropriate mapping Aqp of
-1 Xpop > Uy to my - Xy — U, [22, 31, 40]. This directly relates to the agent flexibility aspect of safe
curriculum learning. In general, construction of a safe Ay, requires an additional source of domain knowledge.
The same elemental considerations apply to the verification of ergodicity. However, the internal model that is
used for verification should be representative for every stage in the MDP. Theoretically, the availability of this model
implies that safe learning in MDP M, can be fully achieved without a prior safe control policy ni’;}le)(x,). However,
this prior policy can still be exploited to expedite the search for ergodicity-preserving policies. This is particularly
beneficial for online identification of control sequences between a given state and a state visited earlier if the subspace
of ergodicity-preserving policies is relatively small compared to the total policy space. It can be argued that the latter
serves as a measure of learning complexity in the context of safety. In this case, (a mapped variant of) ni’;}le)(xt) can
serve as a means to bias the search for backup policies. This again stems from the insight that for autonomous dynamic

systems, ergodicity is very much in line with the concept of robust Lyapunov stability.

II1. Methodology

In order to demonstrate the safe curriculum paradigm in the context of optimal control, several instruments are
required. The schematic illustrated in Figure 3 shows a generic picture of the safe curriculum control framework
considered in this study. A fixed learning curriculum consisting of a sequence of MDPs M, : (X, Uy, fa,71,¥2)
describing a collection of dynamic (sub)-systems and utility functions is considered. An intelligent flexible learning
agent represented by a collection of feedforward neural network control policies takes a central role in the learning
architecture. A collection of critic networks are used to approximate the value function. Because of the flexible nature of
the agent and the changing dimensionality of X, and U, across the curriculum, an a-priori designed mapping strategy
Amap is adopted to transfer the information encoded in the actor and critic networks across successive learning stages.
The learning architecture is completed by the SHERPA ergodicity-preserving safety filter [17, 18], which overrides any
inputs under which the ergodicity condition cannot be maintained.

The approximate dynamic programming approach used to train the agent is presented in Section III.A, which is
followed by a description of the neural-network based actor-critic setup in Section III.B. The subject of task network
mapping strategies is considered in Section III.C. Finally, a basic overview of the SHERPA safety filter is provided in
Section III.D, together with a description of how the learning curriculum is exploited to improve its performance.

A. Learning Framework

In general, ADP schemes can be applied to find optimal control policies for a wide class of dynamical systems,
including those that are time-varying, nonlinear, or stochastic in nature [23]. Here the scope will be limited to
time-invariant, deterministic, control-affine, nonlinear systems of the following form:

X1 = f(x) + G(xp)u, )

The discrete-time formulation of the system dynamics makes the optimal control problem consistent with the digital
control framework. Under the assumption that the system is Lipschitz continuous and that is it stabilizable, an optimal
feedback policy 7.(x) can be found that minimizes the expected (discounted) utility accumulated over time [23, 41]. In



this research, the scope will be limited to optimal regulation, which implies that the goal is to bring all states of the
system to zero such that the performance index is optimized. However, the problem formulation can be readily extended
to tracking control as well. In general, the performance index can take any shape, but it is often defined as a utility that
is quadratic in the state and input variables [23, 42]:

r(x,u,) = xtTQx, + utTRu, (6)

A similar utility can be specified based on observed outputs. Since lim;—,o 7(x;, #;) = 0 under an admissible control
policy, the following (undiscounted) definition of the value function applies [41, 42]:

(o]

Va(x) = ) r(xru) 0

=0
In this case, no discounting of the expected future return is required, i.e. y = 1. Consequently, the optimal value
function can be written as follows:

V(i) = min (e, ) + Vi (xre) ®)

In optimal control theory and ADP, this equation is also known as the discrete-time Hamilton-Jacobi-Bellman
(HJB) equation [41, 42]. Subsequently, the optimal control policy 7.(x) can be derived directly from the discrete-time

formulation of the system dynamics. Setting aVa*T(’:’) = 0 and expanding the partial derivative using the chain rule, the
following is obtained [42, 43]:
. 1 oV
w(x) = —2R1G7 (e LEret) ©)
2 0x:41

The discrete-time HJB equation is solved online through Heuristic Dynamic Programming (HDP) based on
Generalized Policy Iteration (GPI). In GPI, the policy evaluation step only consists of a finite number of K iterations
towards the true value function V;(x) [42]. This makes it a compromise between Value Iteration (VI) and Policy
Iteration (PI), for which K = 1 and K — oo, respectively. Whereas GPI is less sample-efficient compared to PI, this
comes at the benefit of not needing an initial admissible control policy. Consequently, for k = 0,1,...,K — 1, the policy
evaluation step takes the following form:

VD) = r(e ) + V0 (x01) (10)

Here, V,g;)(x,) represents a compact approximation of the true intermediate value function in the form of a critic
network. The policy update step follows directly from Equation 9:

aV;&f)(xm-l)

0x;41

u*(x,) = —%R‘IGT(x,) (11)

In principle, explicit evaluation of this equation yields the optimal control directly without the need for a separate
actor network. However, this requires a prediction of the future state x,,; based on a full model of the system dynamics.
A separate representation of the control policy omits this requirement, as proposed by [43—45], but the policy update
step is still dependent on complete knowledge of the input dynamics G(x;). Although this term could be learned from
online interaction as well [46, 47], in this work it is assumed that this term is available a-priori.

B. Actor-Critic Design and Training

The actor and critic have both been modeled as two-layer feedforward artificial neural networks (ANNs) with a
single hidden layer and additional bias nodes. As illustrated in Figure 4a, the critic takes the system state x, € X c R™
and returns an approximate estimate of the value function \A/,Ek)(x,) based on a forward pass through the network:

N{l ny
V@) = > wl g, (Z wip (k)xi + b&?(k)) + b2 (k) (12)
j=1 i=1

Similarly, the actor network maps the system state x, € X c R" towards the greedy control input 7(x,) € U c R™1:

Ng na
i (e = > wi) (K)a, (Z Wi ()x; + bS}(k)) + b (k) (13)
j=1 i=1
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Fig. 4 Generic neural network architectures at learning stage 1

The generic architecture of the actor network is also visualized in Figure 4b. For both the actor and critic networks,
hyperbolic tangent functions ¢.;(e) = ¢4;(e) = tanh(e) have been selected as the activation functions in the hidden
layer. This type of functions is very suitable for approximating the value function and policy, thanks to their global
character and the fact that they are continuously differentiable. The critic is trained through bootstrapping by minimizing
the Bellmann or temporal-difference (TD) error [42, 45]:

B ) = VD) + r(eu) = V() (14)

Adjustment of the critic weights is achieved through backpropagation based on the Levenberg-Marquadt gradient
descent algorithm, which generally results in much faster convergence compared to first-order optimization methods
[23]. The loss function is taken as the quadratic TD-error:

ES(x)) = Sl (x,)? (15)
The gradient for each weight can be computed analytically as follows:

n

= ¢®(x,) tanh (Z wi (k)x; + bg}g(k)) (16)
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The same derivation applies to the bias terms. The actor network is trained to approximate the greedy input from
Equation 11, as proposed by [23, 45]

ed Vx) = w0 (x) - U (x,) (18)

where:

» I
u*0(x,) = =3 RGT (e)WE (K) diag (1 = tanh? (WS (K)x o + 0 (K)) ) W (k) (19)

with WE”(K ), Wﬁz) (K), and bﬁl) (K) representing the network weights and bias from policy evaluation step K in
matrix and vector form, respectively. The loss function defined as the square of this difference:

j+1 1 j+1 2
EdV(x) = Sl (x) (20)
The gradients can be derived analogously as for the critic. Training is performed in batch format for every
intermediate policy m;(x;) based on a collection of visited states X V’lisi . CX fa fe © XA, This is done after online
interaction with the system. This implies that training is not performed online, but in-between online exploitation cycles.
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Fig.5 Greedy network mapping strategy for the actor network; bias nodes not shown for clarity

C. Task Network Mappings

The actor and critic networks represent valuable knowledge that is to be built upon as the learning curriculum
progresses. Depending on the relatively topology, dimensionality, and semantics of the related MDPs, appropriate
mappings A4, need to be applied to transfer this knowledge across successive learning stages. This concept takes a
central position in the field of transfer learning, and was introduced by Taylor et al. [31] in the domain of reinforcement
learning. Inspired by this work, task network mappings are adopted in the proposed safe curriculum control setup to
map the ANN weights and biases between successive representations of the actor and the critic.

As explained in Section II.D, a primary objective for these mappings is that the dynamic system is stable under
autonomy of the mapped policy ﬁé’u (x¢). This implies that from the perspective of safety, any mapping can be applied
that ensures the absence of unstable modes. In case of systems that are naturally stable, this means that the zero mapping
is sufficient to satisfy this condition. A secondary objective is that learning efficiency should be enhanced, which opens
many possibilities for designing A4, [21, 31]. An intuitive approach is to directly copy weights to network links
that are semantically similar, which is designated as greedy mapping. For example, in the case of the actor, this is in
line with the idea that similar policies should be adopted for any new states x; = Proj xa+1 xa (x;) that are governed by

similar dynamics as any states counteracted before. For the hidden-layer weight matrix W((ll)(O), this implies that the
following operation is applied:
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This process is also visualized by Figure 5 for further illustration. The same approach is also used for the output
layer weights WL(IZ)(O) and the bias terms. For the critic network, the process is identical. The greedy mapping
strategy works well for the experiments discussed in Sections IV and V. However, adequate design of A, is highly
problem-dependent, which implies that other strategies are generally required for other types of curricula. This requires
some minimum domain knowledge, but this is commonly available when facing an optimal control problem.

10



D. Safety Mechanism

The quadratic design of the utility function specified by Equation 6 implies that safety is not encoded in the bare
learning framework. To this end, an external local ergodicity-preserving safety filter is adopted, which omits the need
for global safe backup policies to be available a-priori. Under authority of this filter, not only remains the system
state bounded under unstable agent policies, but the use of safe online exploration/exploitation cycles also becomes a
possibility. To keep learning going throughout the safe subset X s’la . CX 4, random exogenous exploration inputs u¢
are applied on an occasional basis to excite the dynamics of the system. By virtue of the safety filter, it is ensured that
these exploration inputs do not drive the system state outside of the safe set. As explained in Section II.C, this requires
some form of (approximate) predictive model to be available. Also, any transitions generated under authority of the
safety filter are off-policy, and can therefore not be used for training in the on-policy HDP learning scheme.

The safe curriculum control architecture proposed in this study adopts the Safety Handling Exploration with Risk
Perception Algorithm (SHERPA), which was developed by Mannucci et al. [17, 18] in the context of UAV exploration.
SHERPA is essentially a heuristic search algorithm, which reduces the knowledge required for safe exploration to an
overestimate of the system dynamics and experience gained online by the agent. It is based on the assumption that fatal
events are related to fatal states instead of actions, giving rise to the concept of Fatal State Space (FSS) [18]:

Xrarar = {x'|Vx € X,Yu € U,7 = (x,u,x") € Trarar} (22)

with 7f4;q the set of transitions that lead to fatal occurrences. The risk modes are assumed to be known a-priori and
collectively form the Restricted State Space (RSS). The intersection of the RSS with the FSS gives rise to the Restricted
Fatal State Space (RFSS):

RFSS = RSS N Xtaral (23)

The RFSS is unknown a-priori. However, it is assumed that the algorithm can perceive how close the current system
state is with respect to the nearest fatal state. This is referred to as the risk perception capability of the algorithm. Risk
perception is defined as a function W(x) that returns 1 if risk is detected in a limited perception region H. If no risk is
detected, all states in the region H are added to a belief of the safe state space X'mfe C Xsafe- In this way, the safe
exploration area is gradually expanded. The framework is complemented by the concept of Lead-to-Fatal (LTF) states,
which are not part of the FSS, but will evolve into the FSS with certainty [18]. The set of LTF states is defined as [18]:

L = {x|Yu(x(ty),t), 3t : o(x(to),u(t),t) € FSS} (24)

With o (x (1), u(t), t) representing a state-trajectory between time ¢ and #y. The key idea is that from any state x,, the
agent must be able to return to a state x, visited before that lies within X safe S Xsafe, i.€. it must avoid both fatal
states as well as lead-to-fatal states. The predictive capabilities of the SHERPA algorithm are based on an overestimate
of the system dynamics, referred to as an internal bounding model. Given the total set of transitions 7~ governed by the
dynamics of the system described by Equation 5, the bounding model A(x;, #,) ensures the following [18]:

vVt = {x,u,x’} €T :x' e Alx,u) (25)

With this approach, if all trajectories 7 predicted by the bounding model lie within Xy, fe € Xsafe and do not include
any LTF states, safety of the system can be guaranteed with probability one. The SHERPA algorithm integrates all
of these aspects in its search for control backups, which enables the agent to explore indefinitely. If the predicted
distribution of states following a proposed input [x;+1] = A(x;, u,) is completely in the known safe state space, safe
return to the neighborhood of a state x,, visited earlier is guaranteed if a control backup sequence Uy () can be found for
[xx+1] [18]. A strictly feasible control sequence Uy, = {uy,. .., U4} is a control backup if [18],

Vl € {1,27' .. 7m}7[xt+i] C Xvafe, (26)

and [xx+:]NL =@, ie.,

vxt+m € [xt+m], 317 <t (xH—m - xp) € [6] (27)

meaning that the bounded uncertainty cannot exceed a reaching interval [€]. This reaching interval forms the closeness
condition that must be satisfied by the backup sequence, and must be chosen heuristically.

Following the insights from Section II.D, the search for Uy (f) can be expedited by operating on the the bounding
model A(x,,u,) in a closed-loop form, i.e. under the authority of the agent policy. Using the task network mapping
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Fig. 6 Inter-task curriculum setup for the cascaded mass-spring-damper optimal regulation experiment

presented in the Section III.C , the learning curriculum serves to reinforce this aspect of the SHERPA algorithm. The
bounding model is then adapted with every policy update and learning stage, and can therefore be denoted as A;l,j (xs,uy).

SHERPA has been developed based on Interval Analysis (IA) techniques [17, 18]. However, the rapid growth of
inclusion intervals under even moderate uncertainties generally leads to conservative trajectory predictions. Therefore,
the proposed safe curriculum control framework takes a different approach based on model sampling. This implies
the condition expressed by Equation 25 can only be met probabilistically, where the probability of adequate bounding
model prediction is directly related to the parametric extremity of the actual system with respect to the total model
space. This aspect is taken into account in the experiments discussed in Sections IV and V.

IV. Fundamental Experiments

This section presents the findings from a study based on a cascaded linear mass-spring-damper (MSD) system that
has been performed to investigate the proposed safe curriculum control framework. The advantage of this setup is
that validation of the results is possible using LQR theory, and that its complexity can be altered in a straightforward
manner. For example, one can adjust the dimensionality of the the (observable) state-space, and modify the number of
actuators to be controlled by the learning agent. By focusing on this simple system first, valuable experience with the
framework can be obtained before proceeding to quadrotor implementation in Section V. The experimental setup is
briefly described in Section IV.A, and is followed by a presentation of the results in Section IV.B.

A. Experimental Setup

The experimental setup is illustrated in Figure 6. The target system consists of three masses m; that are connected
along a single dimension via springs with constants k; and dampers with coefficients ¢;. A fixed inter-task learning
curriculum has been designed to make the target learning task more tractable, with the dimensionality of the state
and action spaces serving as the primary shaping factors. At any stage in the learning curriculum, the actor and critic
networks™ are scaled accordingly using the greedy task network mapping strategy from Section IIL.C.

An overview of the parameters defining the MSD sequence is given in Table 1. As a result of the negative value
of k3, the system is inherently unstable. Each mass features a unique actuator, which implies that the system is fully
controllable. For the utility function, the following structure applies:

T T
r(xi’l),ug’l)) =25 (xf’l)) xg/l) + (ug/l)) uE’l) (28)

where xﬁﬂ) - xg/l) represents the position vector. Safety resides in the fact that the outer mass m3 must remain within

a given region around its equilibrium point, which is indicated as Xz(e/gs s =RSSN (\’E’al)fe. The SHERPA safety filter is
equipped with a bounding model of the system that features a +25% parametric uncertainty range for {k, k>, k3} and
{c1,¢2,c3}. The available input authority for backups and exogenous exploration inputs is limited to £10 N.

Proper configuration of the safe curriculum control setup involves tuning a relatively large number of hyperparameters.
These relate primarily to exploration, the ANN training scheme, and the SHERPA safety filter. Online interaction

times have been set to {120, 180,240} seconds for every policy exploitation cycle, during which random exogenous

*For this kind of LQR problems, less complex learning strategies based on least-squares regression are generally better suited compared to
techniques that adopt gradient descent [42, 44, 48]. This follows from the fact that the optimal value function is quadratic.
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Table 1 Cascaded mass-spring-damper system characteristics

Element# m[kg] & [N/m] ¢[N/ms™']

1 0.6 5 4
2 1.2 7 2
3 0.8 -3

exploration inputs u; are applied intermittently. Due to the fact that data may be scarce in some regions of the state
space, especially for learning stages 2 and 3, the number of training epochs is kept at a relatively low value of 10 for
every update step in the GPI HDP loop. This prevents the ANN training algorithm from overfitting and destroying the
greedy actor-critic relationship. For the policy evaluation step, the number of iterations has been set to K = 3. For the
actor and critic networks, the number of hidden nodes is set to {32,64,96}. This results in considerable approximation
power, although the learning task could also be solved using a much smaller number of nodes. These settings were
seen to work sufficiently in practice. Initialization of the network weights and biases is performed on a range between
[-0.01,0.01], which ensures that the actor network approximates the zero policy if learning has not taken place.

For SHERPA, the risk perception limits have been set to +0.2 m. This implies that the algorithm will only detect the
boundary of X 1(23; g once the position of the outer mass element comes within a 0.2 m distance. The reaching intervals
€, and €; for position and velocity have been set at 0.1 m and 0.2 m/s, respectively. For the probabilistic bounding
model, the number of model samples has been set to 10. The maximum number of iterations for selecting a control
action and finding a control backup sequence have been set to 5 and 10, respectively. These settings were selected
primarily to keep the algorithm’s computational complexity at a minimum?.

For tuning of the backup search itself, some domain knowledge is required. For this experiment, the minimum and
maximum lengths of the backup sequence have been set to 0.2 and 0.6 seconds, respectively. The backup consists of a
sequence of input bands that keep the control input constant over a multiple number of time steps, which in this case
amounts to 0.2 seconds. In this way, the likelihood that an effective control sequence is identified is increased. Finally, a
state will only be added to the internal memory of visited steps every 0.3 seconds in order to prevent excessive memory
requirements.

B. Results and Discussion

In order to draw sound conclusions on the effectiveness of the safe curriculum learning paradigm, the results of
three learning strategies are examined. First, a benchmark case is considered without the use of a learning curriculum or
safety filter. In this case, learning takes place directly in the stage 3 target task, and there is nothing that prevents the
system from violating the imposed safety constraint. Exploration is achieved by means of random initialization of the
system in X iz)fe, which makes the learning problem episodic in nature. Figure 7 visualizes typical cross-sections of the
actor and critic networks at the end of learning. These show that the optimal value function and policy that follow from
the solution of the discrete-time Algebraic Ricatti Equation (ARE) are approximated quite well, except in the regions
where x3 is in the vicinity of the fatal state space and the velocity vector points towards its direction. This is an intuitive
result, as this situation will only rarely (if ever) be encountered under a stable policy.

Figure 8 shows a few learning statistics in terms of the normalized Root Mean Square Error (RMSE) with respect to
the optimal control policy and the number of constraint violations. The normalized RMSE is obtained using the Root
Mean Square (RMS) control input from the optimal control policy:

N
RMSE = % ; (u*(x;) — @(x;))?

1 N
/ § 2, )’ (29)
i=1

At the start of learning, the normalized RMSE is always equal to 1 as a result of the zero policy. This value reduces
with every policy iteration, as shown in Figure 8a. As the actor policy converges towards the optimal control, it is able
to stabilize the system. This is reflected in the low number of constraint violations in Figure 8b at the end of learning.
However, prior to this point, a significant number of violations is incurred.

Note that the proposed algorithm does not run in real-time.
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Fig. 7 Example actor and critic outputs at the end of learning; non-curriculum approach, no safety filter
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Fig. 8 Learning statistics for 25 independent learning trials; non-curriculum approach, no safety filter
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Fig. 9 Example actor and critic outputs at the end of learning; non-curriculum approach, SHERPA enabled

In order to examine the impact of the SHERPA safety filter on the learning performance, a second experiment is
performed where SHERPA is enabled in the control loop without the use of a learning curriculum. Typical outputs of
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Fig. 10 Learning statistics for 25 independent learning trials; non-curriculum approach, SHERPA enabled
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Fig. 11 Example actor and critic outputs at the end of learning; safe curriculum learning using SHERPA
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Fig. 12 Learning statistics for 25 independent learning trials; safe curriculum learning using SHERPA

the actor and critic networks are visualized in Figure 9. The learning statistics are shown in Figure 10. These results
indicate that the learning pace is reduced compared to the non-safe approach. Although the number of constraint
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violations is smaller, especially in the early learning phase, SHERPA is often not capable of identifying feasible control
backups within the limited number of iterations available. This is a direct consequence of the fact that the subspace of
ergodicity-preserving policies is relatively small compared to the total policy space.

The final experiment aims to investigate the extent to which the learning curriculum can expedite the search for
ergodicity-preserving policies, and to quantify the effect on learning efficiency. Figure 11 illustrates the actor and critic
network outputs at the end of learning, together with the optimal and mapped value functions and policies. This shows
that the mapped control policy is already a good approximation of the optimal policy. As a result, both the system itself
as well as the bounding model A%) (x;,u,) are stable under the transformed predecessor policy. The impact on learning
efficiency and safety is illustrated in Figure 12. These results show that the number of constraint violations is reduced
considerably with respect to the prior two experiments. In terms of learning efficiency, similar normalized RMSE levels
are reached as for the non-safe, non-curriculum approach in the first experiment, although the spread is larger. Note that
the particular selection of online interaction times, combined with the total number of policy updates, results in exactly
the same number of collected samples for all experiments.

V. Flight Control Application

The results obtained from the cascaded linear mass-spring-damper experiments illustrate the potential of safe
curriculum learning in expediting learning efficiency and safety in the context of optimal control. This yields an
adequate basis for demonstrating the paradigm for autonomous learning of optimal control laws in the context of flight
control. In this section, an experiment is described for optimal attitude regulation of a nonlinear quadrotor model in
both pitch and roll axes. This experiment serves primarily as a proof-of-concept. A description of the system dynamics
including additional simplifications made is given first in Subsection V.A, which is followed by an overview of the
learning framework in V.B. The results are presented in Section V.C.

A. Quadrotor Simulation Model

The system used for this experiment is modeled after a Parrot AR 2.0 drone, and has been of use in earlier RL
research as well [21, 49]. Rotational and translational control of the UAV is achieved by changing the rotational velocity
of the individual motors. For the translational dynamics, the Earth frame serves as an inertial reference frame with the
gravity vector acting perpendicular to the surface. Following Newton’s second law and focusing on the body-fixed
frame of reference, this implies that the governing equations of motion take the following form:

1
vi= (Fg +Fp) + g - wf o x VE (30)

T
bIE = [p q r] the angular velocity vector, g” the

gravitational acceleration vector, and F ,{Z and F ,li the forces associated with the vehicle frame and rotors, respectively.
The exogenous forces generated by the rotors largely dominate state-dependent aerodynamic forces. The steady-state
rotor thrust in hover scales quadratically with rotational velocity according to momentum theory [49, 50]:

TP ZiTl :iCT(U,'Z (31)
i=1 i=1

where Cr is a lumped positive scalar. In this experiment, the simplification is made that thrust levels follow this
static relationship in any condition, and are therefore independent of effective rotor speed. Moreover, the assumption of
perfect motors is made, which implies that the rotors reach a desired rotational velocity instantaneously. Blade flapping
is incorporated for both the longitudinal and lateral directions, and also follows from a static relationship:

T
where Vé’ = [u v w] represents the velocity vector, w?

4 4
Xpf == ) Tisin(Cgve,) Yop = ) Tisin(~Cpup,) 32)
i=1 i=1

with Cg serving as the tilt constant, and up, and vp, representing the u- and v-components of the local rotor speed.
This yields the following expression for F f,:

b T
Fb=|Xyr Yo —Tp] 33)
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The airframe itself generates lift and drag forces in the aerodynamic frame of reference:

T
F =T (@ p)Ff =T (@.p)3s [-Cp 0 -Ci (34)

The rotational equations of motion are governed by the Euler equations:
WY =7 (ME+ MY - f < T (35)

where M 2 and M f,’, are the moments associated with the vehicle frame and rotors, respectively, and J represents the
diagonal inertia matrix. The moments generated by the rotors are again dominant, and are given as follows [49]:

T,
0 -1 0 I Lyy
b I
Mp=| 1 0 - 0|+ My (36)
3
-C; C -C; C; 0
T

where C; is the rotor torque constant and / represents the rotor arm length. The terms related to blade flapping take
the following form:

4 4
Lo ==Cp,, ), Cave, My = Cp,, )" Cptr, @37
i=1 i=1
where Cg,, is a fixed scalar. The moment contribution by the vehicle airframe is very minor, and only appears as a
rotational drag term:
Mp=o 0 ic,pr] (38)
Finally, the vehicle attitude and position are governed by the following equations:
é 1 singtand cosgtand| |p
6

=10  cos¢ —sing] | |q XE =T 1(¢,0)VE (39)
W 0 singsecld cos¢secl| |r

d=

In the model, the attitude dynamics are simulated using quaternions to prevent the occurrence of singularities [49].
It is assumed that perfect sensors are available, with zero bias and noise, and that there are no external disturbances
acting on the system. The equations of motion are transformed to discrete time by applying the forward Euler method
and a small simulation time step of 0.005 seconds.

B. Learning Framework

A fixed two-stage intra-task learning curriculum is established, in which learning is limited to the longitudinal
dynamics only in the first stage, and is extended to the lateral axis in the subsequent stage. The observed outputs and the
inputs available to the agent during these phases are as follows:

T T
wWelu w g o uf™ = | mp | (40)
T T
yz(z)z[u v w op g ¢ 9] "?(Z)Z[LP MP] “h)

The greedy task network mapping described in Section III.C is used to bias learning in the lateral axis. The inputs
are taken as the moments generated through differential rotor thrust, and are allocated to rotor speed using the relations:

AT, 0o 4
AT -L o llL [
2| _ |7 : P wi = |C;1(T;, + AT;) (42)
AT; 0 -5 |Mp
ATy L 0
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Table 2 Quadrotor UAYV safe curriculum learning hyperparameters

Parameter Value Parameter Value
Policy evaluation iteration size K 51(-] Attitude, speed risk perception range 10 [deg], 1.0 [m/s]
. Lo o 0.5 [m/s], 10 [deg/s],
Exploration/backup authority limits ~ +0.2 [Nm] Reaching intervals €., €, 4, €g,6 5 [deg]
Actor/critic number of hidden nodes  {32,64} [-] Model uncertainty ACg, ACg,, +0.25 [-]
Number of training epochs 20 [-] Backup horizon range [0.15, 0.90] [sec]
Network weight initialization range [-0.01, 0.01] Number of control input iterations 31[-]
Number of bounding model samples 2 [-] Number of backup iterations 51-]

where T;, represents the trim thrust in hovering flight. By allocating the agent inputs in this way, the continuous-time
moment effectiveness matrix simply equals the inverted inertia matrix.

Although the inactive state dimensions are to a large extent decoupled from the agent-controlled dynamics at any
stage in the learning curriculum, their inherently unstable nature requires separate measures to keep the total system
state bounded. To this end, a proportional multi-variable feedback control law is used as an external supervisor:

. T
=k p g r 0y (43)

Although the supervisor is designed to stabilize the UAV in hover condition, its performance is far from optimal. In
the first stage, the supervisor has both the roll and yaw axes under its authority, whereas it only controls yaw in the
second stage. Although it never takes control of the pitch channel, it can be used to initialize the actor network such that
the initial policy is stable around the hover condition. This implies that a large degree of safety is incorporated already
at the onset of learning. For the target task utility function, the following structure is adopted:

50 0 O0)]|u
a 05 0 O0f]v I 0||L
r(yfz)’"tm):[” vo¢ 9] 0 0 25 0 +[LP Np]lgx I . @9
¢ yy NP
0 0 0 25|16

Although optimal control of attitude is the primary goal, it has been observed that the learning process becomes
more tractable by incorporating additional penalty terms for velocity. For the first curriculum stage, the utility function
is reduced to the longitudinal terms only.

Regarding the safety aspect of the learning task, two risk modes are established that define the safe subset
Xs(i}e c XW. The first mode limits the attitude angle to + 30 degrees, whereas the second mode specifies that the
body speeds u and v should not exceed 3 m/s. Accordingly, the risk perception limits of the SHERPA safety filter have
been set to 10 degrees and 1 m/s, respectively. For the internal bounding model, a reduced description of the nonlinear
quadrotor dynamics is adopted which only includes the dominant dynamics related to exogenous rotor thrust and blade
flapping. For the blade flapping contribution, parametric uncertainties of +25% are used for the Cg and Cg,, terms. As
these parameters can be lumped into a single term CgCg,, for the rotational dynamics, as illustrated by equations 37,
only two model samples corresponding to the lumped infimum and supremum are adopted. Since the internal bounding
model A;lrj (x¢,u;) operates on the full state and input space, it also contains an internal representation of the supervisor.

Finally, appropriate values need to be selected for the various hyperparameters associated with learning and the
SHERPA safety filter. These are summarized in Table 2. These hyperparameters generally have a significant impact on
the learning performance, and obtaining adequate settings can be a tedious task.

C. Results and Discussion

Figure 13 visualizes the cross-sections of the critic and actor outputs as a function of attitude for the nonlinear
target task after completion of the learning curriculum. To be able to evaluate learning performance, the optimal
control policy and corresponding value function obtained by solving the discrete-time ARE for the quadrotor dynamics
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Fig. 13 Example actor and critic outputs as a function of pitch and roll Euler angles at the end of learning,
quadrotor safe learning curriculum under SHERPA authority; the optimal outputs are based on the system
linearized around the hover condition

linearized around the hover condition are shown as well. This shows that the optimal solution is approximated reasonably
well by both the mapped and final actor-critic networks. The learning statistics corresponding to the safe curriculum
demonstration run are shown in Figure 14. To give an indication of the favorable properties of the safe curriculum
learning paradigm, Figure 15 shows the same information when learning takes place directly in the target task.

The observation is made that the curriculum approach results in lower normalized RMSE levels with less constraint
violations. Despite the fact that any of the intermediate control policies are stable and therefore in principle safe for
both experiments, the bounding model uncertainty complicates the identification of safe backup sequences. This is
especially problematic for the target task, where uncertainties propagate in both the pitch and roll dimensions. Under
the low-gain supervisor control law, these uncertainties result in a relatively large variation in the closed-loop bounding
model response, which further reduces the likelihood of finding a backup control sequence that satisfies the closeness
condition. By adopting a curriculum approach, the model uncertainty impact is better controlled, as variations in the
first learning stage remain confined to the pitch dimension only. Moreover, the control policy obtained from the first
stage is of relatively high-gain, which limits the impact of model variations.
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Fig. 14 Nonlinear quadrotor demonstration learning statistics, safe learning curriculum under SHERPA
authority; normalized policy RMSE is determined using the optimal policy for the system linearized around the
hover condition
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Fig. 15 Nonlinear quadrotor demonstration run learning statistics, non-curriculum approach under SHERPA
authority; normalized policy RMSE is determined using the optimal policy for the system linearized around the
hover condition

VI. Conclusions and Recommendations
This paper has demonstrated the safe curriculum learning paradigm to autonomously learn optimal control laws for
systems with parametric uncertainties in a safe and efficient online manner. Under minimum robustness requirements,
curriculum learning can be exploited to simultaneously enhance safety and efficiency during learning by transferring safe
agent policies across successive stages in an MDP sequence. A neural-network based actor-critic curriculum learning
scheme supported by the SHERPA ergodicity-preserving safety filter has been proposed to investigate the framework in
the context of general nonlinear, time-invariant systems with known input dynamics and partially uncertain internal
dynamics. Using the concept of a-priori designed task network mappings, the transfer of neural networks weights across
successive representations of the actor and the critic in the learning sequence is adopted to enhance learning efficiency
and expedite the search for ergodicity-preserving backup control sequences. The latter is achieved by having SHERPA
operate on internal closed-loop bounding models under authority of the actor policy.

The safe curriculum framework has been demonstrated in a simple inter-task learning experiment based on a linear,
unstable, cascaded mass-spring-damper system. The results show simultaneous improvement of learning efficiency and
safety compared to non-curriculum approaches, which is a direct consequence of the fact that the SHERPA safety filter
is able to exploit the stabilizing and uncertainty-limiting properties of the actor policy in the most demanding stages of
the learning curriculum under the proposed network mapping strategy. Subsequent proof-of-concept of the framework
in the context of optimal pitch and roll attitude control of a quadrotor UAV has resulted in similar observations, with the
search for backup policies being more effective under the curriculum approach as a result of reduced model uncertainty
propagation.

The results from this paper show that informed application of the safe curriculum paradigm has the potential to
advance the applicability of online reinforcement learning techniques for safety-critical systems such as UAVs. However,
there are many challenges and directions for improvement that need to be addressed in future research. First, the
level of a-priori knowledge required should be further reduced to have a true advantage over the traditional flight
control design cycle in terms of model-dependency. This could for example be achieved by applying self-paced and
model-learning techniques. The former incorporates feedback from the agent learning progress, and may therefore result
in more effective learning sequences. Online model-learning could be investigated to achieve reliable bounding model
contractions, which may allow for higher initial model uncertainties and eventually reduced uncertainty propagation as
the model is adapted using online system information. A curriculum approach could be considered here as well.

Second, safety and learning could be further integrated by introducing feedback from the SHERPA safety filter to the
learning agent. Third, the curriculum framework could be further explored by quantifying the effects of non-observable
dynamics and developing minimum conditions for positive knowledge transfer for improving learning efficiency.
Finally, further research is needed to reduce the computational complexity of the algorithm and minimize the effects of
hyperparameters. Since considerable effort must be spent to obtain adequate settings for neural network training and the
safety filter, informed guidelines should be developed before the framework can be used in real applications.
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Literature Review

This part is structured as follows. Chapter 2 serves as a basic introduction to the fundamentals of rein-
forcement learning, including Markov Decision Processes, Dynamic Programming, and sample-based learn-
ing. This introductory presentation is supported by a range of theories and algorithms that are elemental
to general reinforcement learning applications. Chapter 3 presents a more focused view of reinforcement
learning in the context of adaptive optimal control, by giving a very basic introduction to general optimal
control, linear quadratic regulation and tracking, and adaptive critic designs. This is followed by an introduc-
tion to curriculum learning in Chapter 4, which presents a coherent taxonomy for this field. Moreover, some
examples from literature in the context of supervised learning and reinforcement learning are discussed, to-
gether with a brief overview of transfer learning techniques. Subsequently, Chapter 5 presents the area of Safe
Learning by discussing a range of different approaches and views as reported in literature.

This part is based on previously graded work.
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Reinforcement Learning Fundamentals

EINFORCEMENT Learning (RL) in its canonical form originates from the artificial intelligence community;,
where it is formulated as a data-driven learning technique for attaining sequences of control actions or
decisions that optimize a given long-term objective [38, 98, 99]. In this context, RL can be applied to address
sequential decision making problems formulated as Markov Decision Processes (MDPs) in the absence of an
explicit model description of the system and its surroundings. Formulated this way, RL methods can directly
operate on data obtained from the system to learn the (near-)optimal decision sequence for the problem at
hand [18]. This can be done either off-line based on a-priori collected data from the process that needs to be
interacted with, or completely online through direct interaction and autonomous collection of data.

The RL paradigm closely resembles other techniques that optimize a control or decision sequence across
time [80, 110]. Dynamic Programming (DP) [8, 12] stems from the field of operations research, where it used
for finding temporary solutions that minimize a certain cost or objective function. DP methods require com-
plete knowledge about the dynamics of the system and its surroundings, making it distinct from the canonical
RL framework. However, this knowledge does not need to be captured by a strict analytic formulation, but can
be directly exploited based on simulations [18]. From the perspective of control theory, it is strongly related to
the problem of optimal control, which is concerned with optimizing a certain measure of a controlled process
or system over time that often transcends stability constraints [98, 110]. DP methods are commonly applied
off-line by iterating and converging towards the (near-)optimal solution, which can be subsequently imple-
mented on-line if desired. Alternatively, model-predictive control (MPC) can be seen as a form of on-line
DP in the case of receding-horizon procedures (RHPs) [18]. Note that DP is strictly speaking not a learning
approach per se, which is another clear distinction from RL.

The abundance of methods to optimize temporary control actions or decisions given a certain process
illustrates the widespread need for such techniques. Applications can be found in artificial intelligence, au-
tomatic control, economics, and operations research [18]. This has lead to independent developments and
discoveries in each of these fields. Multiple attempts have been made to unite these different branches of
research [13, 89, 95]. Hybrid methods have also emerged, such as model-learning RL. In this framework, RL
methods are used to identify a model of the system and its surroundings, which is subsequently used to exer-
cise planning future actions [98]. This shows that RL is a very wide framework that cannot be seen in isolation
from any of the other paradigms mentioned here.

This chapter focuses on the fundamentals of RL/DP. It starts with a formulation of the sequential decision
making problem in Section 2.1, which introduces the framework and terminology adopted throughout the
rest of this study. The corresponding MDP formulation is introduced in Section 2.2. Subsequently, canonical
DP methods are discussed in Section 2.3 to provide the necessary background before proceeding to RL. Meth-
ods for value prediction, which forms a central element in RL algorithms, are discussed in Section 2.4. Finally,
the concept of learning optimal behavior or control is treated in Section 2.5, together with an in-depth discus-
sion of canonical RL methods. The majority of the material presented in this chapter, including derivations,
equations, theories, and algorithms, has been based on [18, 98], as well as the lecture series! on the basics of
reinforcement learning by David Silver at University College London (UCL). Therefore, specific referencing to
these sources is often omitted.

1 Advanced Topics in Machine Learning (COMPM050/ COMPGI13) at University College London, London, United Kingdom, by D. Silver
(2015); retrieved from http://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html.
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2.1. The Sequential Decision-Making Problem

A sequential decision making problem is often regarded as a discrete-time formulation of the optimal control
problem. In this framework, a decision-making entity repeatedly interacts with a certain process or environ-
ment, where it receives a scalar reward or utility after each transition based on a certain objective. In the field
of artificial intelligence, the decision-making entity is referred to as the agent, whereas in control theory ac-
tions are generated by a controller consisting of a set of control laws. Although the present study is performed
from a control theoretical perspective, the former terminology will be adopted for consistency with RL/DP
literature. Figure 2.1 illustrates the sequential decision making problem.

e \}:/ h \
/ ’ . . A —_ — \
. Objective T~ N \
A ./ Reward | |
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| |
l\ > Agent :
\
N - 4
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Figure 2.1: The sequential decision-making problem. Adapted from [98].

In general, the dynamics exhibited by the controlled process can be (highly) nonlinear, time-varying, and
stochastic. In order to optimize the long-term objective, it commonly occurs that the agent needs to make
decisions that are sub-optimal in the short term. An agent that not does take future considerations into
account is generally known as myopic [98]. In this work, far-sighted agents will be considered.

A central topic within RL that makes it distinct from the classical optimal control framework is the need
to explore. Starting with zero or limited knowledge about the controlled process or environment, exploration
allows the agent to identify the optimal control strategy. The concept of exploration is in conflict with the
need to exploit the knowledge already acquired by the agent, in order to improve its current behavior. The
exploration/exploitation dilemma is unique to RL, and balancing these aspects appropriately generally poses
avery difficult problem to solve.

The discrete-time formulation of the sequential decision process is consistent with digital computation
frameworks [110]. However, continuous-time equivalents also exist, as discussed in [14, 20, 56]. The key prin-
ciples of the sequential decision making process formulated here can be largely carried over to the continuous-
time case. However, in this work, the discrete-time formulation will be adopted.

2.2. Markov Decision Processes

A Markov Decision Process (MDP) formalizes the sequential decision-making framework. In a stochastic set-
ting, the process or environment is described by a random variable denoted as X; € & < R" with realizations
x, known as the state. The evolution of the state is conditioned on the control action u, which is generated
by the random variable U; € % < R™. For continuous, multi-dimensional state spaces, the process dynamics
are described by a transition joint probability function f: % x % x 2 — R"**, resulting in a state distribution
function F: & x % x Z — [0,1] [18]:

F(x,u,i’)iIP(XHlegIXt:x,Ut:u):f f fx,u,x)...x))dx) ...dx), 2.1)
x', X'y

indicating the probability that the next state x’ is within a region of the state space &’ = [x/,,..., %, | Tca. 1t
the state space is countable, the above probability can be written as Fx,u,x") =P (XHI =x'|X;=x,U; = u),
which is more commonly seen in literature on MDPs. Note that it is very difficult in general to derive an ana-
lytical formulation for f (x,u,x") [18]. The above expression demonstrates the Markov property, which states
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that the current state vector is a sufficient description for the entire state history, i.e. P[X;+; = x'|X;, U] =
P[Xs+1 = X'| X0, Ug, ..., Xz, Uyl [97]. This implies that knowledge about the realizations x and u is sufficient
to predict the future state x’. Note that Equation 2.1 forms the stochastic equivalent of the deterministic
discrete-time transition function, which is formulated as x' = f(x, u).

The agent perceives the state x of the process through an observation y generated by the random variable
Y; € % c R!, where [ can generally be dissimilar from 7. In an MDP however, it is assumed that % = 2 and
that y = x V¢. From a control theoretical perspective, this implies that the process is fully observable, and
every observation is not corrupted by noise. An MDP that does not limit itself to this assumption is known as
a partially observable MDP (POMDP). The reward obtained by the agent can be formulated as the expectation
of the random variable R;, which is described by the reward function p: Z x % x & — R:

px,u,x) =E[R1+11X; = x, U = 1, Xp11 = %] (2.2)

However, it is common to assign deterministic rewards for every transition. This implies that the expectation
operator can be discarded, which can be reflected in the reward function by dropping the tilde notation.

The goal of the agent is to maximize the reward sequence from every state x, denoted as the return. In
discrete-time, the return can be formulated as the algebraic sum of total collected reward, discounted at every
time step by a discount rate 0 <y < 1. This leads to the following statistic:

(e 0]
Ge= ) Y Reskn (2.3)
k=0
This definition of the return refers to the total discounted reward over the complete lifetime of the agent. The
function of the discount rate y is twofold: (1) it provides a way to specify the value of future rewards, making
the agent more or less sensitive to future events; and (2) it keeps the return bounded in case the lifetime of the
agent approaches infinity. In case y = 0, the agent adopts myopic behavior. On the other hand, if termination
of the agent-process of the agent is guaranteed, it is possible to use undiscounted returns by setting y = 1.
This only applies to processes that are episodic in nature. Note that other discounting functions can be used,
such as exponential discounting (e.g., as done in [20]), or the infinite-horizon average reward. In the MDP
framework however, it is common to use the multiplicative factor y instead.
The goal of maximizing the discounted return G, can be attained by the agent by selecting an appropriate
sequence of control actions that lead to an optimal trajectory. Such a decision sequence is captured by a
policy (control law) 7 : & x % — [0, 1], which can in general be stochastic:

Ai(ulx) =P (U € ulX; = x) (2.4a)

where u=[u,,...,u,,| Tcau reprents a finite range of control inputs in this case. Note that if the action space
9 is discrete, the above expression simplifies to the more common definition 7 (u|x) = P (U; = u|X; = x).
Depending on the application, deterministic policies are also frequently adopted. Dropping again the tilde
notation to indicate non-stochasticity,

u=rm(x) (2.4b)

hence, 7 : & — % in the deterministic case. The concepts of return G; and policy 7 (adopting the stochastic
notation to ensure generality) can be combined by estimating the value of being in a certain state x and
following policy 7 afterwards. This leads to the concept of value functions, formulated as:

Vi (%) ZE7 (G| X, =% =Ez | Y Y Respsr| X, = x (2.52)
k=0

This is the definition of the state value function, which specifies the value as the expected return when starting
from state x and following the policy 7 thereafter. This equation can be rewritten in recursive form:

Vz(x) =Ez [Ris1 +YGr11 X = x| (2.5b)
For discrete state and action spaces, the Bellman equation can be obtained by expanding the expectation:

Vex) =) 7(ulx)) Flx,u,x") (px, u,x") +yEz [Ge1| X141 = X'])
U x

- 2.5
=) A(ulx) ) Fx,u,x") (px,u,x)+yVz ) (259
4 x
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u — Qx(x’,u’)

(a) State-value function V3 (x) (b) Action-value function Qz (x, u)

Figure 2.2: Example back-up diagrams. Adapted from [98].

Writing this expression in expectation form again, the Bellman expectation equation is obtained:
Vi (%) =Ez [Res1 +YVa(Xer)I X, = %] (2.5d)

This result equally applies to MDPs with continuous state and action spaces as well. The value function
concept can also be applied to state-action pairs, leading to the definition of the state-action value function
Q5 (x, u) (also known as the Q-function). The state-action value function is defined as the expected return
when starting from state x, taking action u, and following policy 7 afterwards. This results in an equivalent
formulation as for the state value function:

o0
Y YRl X =x,Ur=u 2.6a)

k=0

Qz(x,u) =E5 (G| X; =x,U; = u] =E;

A similar expansion for discrete state and action spaces can be performed as done in equations 2.5b and 2.5c,
resulting in the Bellman equation for action values:

Qr(x,u) =) F(x,u,x") (ﬁ(x, u,x)+y) 7(ulx)Qs(x, u’)) (2.6b)
xX 4

Subsequently, the equivalent Bellman expectation equation can be obtained:
Qz(x,w) =Ez [Ri+1 +YQz (Xps1, Urs1)1Xe = x,Ur = u] (2.6¢)

Based on these definitions, the state-value and state-action value functions are related as:
Vi (x) = ) 7 (u|%) Qz (x, w) 2.7
u

As suggested by [98], equations 2.5¢ and 2.6b can be portrayed by means of back-up diagrams in the case of
discrete state and action spaces. Back-up diagrams for V3 (x) and Q3 (x, u) are visualized in Figure 2.2. These
diagrams illustrate a one-step decision process, where the stochastic nature of the process is reflected by the
range of possible transitions for a given state and commanded control action. The latter aspect underscores
the limited authority of the agent in the general case.

The value function is inherently connected to a given policy 7. Therefore, it can be maximized (or mini-
mized) by adopting the optimal policy. This formalizes the sequential decision-making problem. The optimal
state value and state-action value functions are defined as:

Ve(x) = mnax Vi (x) (2.8a)

Q«(x,u) = max Qz(x, u) (2.8b)

with IT the total space of attainable policies. Using these definitions and referring to equations 2.6b and 2.7,
the optimal state-value and state-action value functions are related as:

Vilx) = m%axQ* (x, u) (2.8¢)

Qi(x,w) =) F(x,u,x")(p(x,u,x") +yVi(x) (2.8d)
x
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From these expressions, the Bellman optimality equations can be obtained:
Vi(x) = mq?xz Fx,u,x) (p(x, u,x") +yVi(x) (2.8¢)
Z
Q«(x,u) =) F(x,u,x" (ﬁ(x, u,x')+ ymaxQ ', u’)) (2.8f)
E3
Which can again be written in expectation form:

Vi) = max E[Resy +y Vi (Xe1)1X; = x] (2.8g)

Q«(x,u)=E

Ry +Ym%aXQ* X1, W)X =x,U; = u] (2.8h)

Asbefore, these results also generalize to the case of continuous state and action spaces. Note that the optimal
state value an state-action value functions of an MDP are independent of any policy, which is reflected in the
expectation operator. The optimal policy 7. is then given by:

T.(ulx)=1 <<= u= argm%axQ* (x,u) (2.9a)

This is known as a greedy policy. Note that in the continuous case, u represents a near-optimal control action.
This result shows that the optimal control action can be obtained directly by optimizing over the optimal
state-action value function given a state x. Conversly, using the state-value function for deriving the optimal
policy requires a one-step lookahead over all possible state transitions (see also Figure 2.2a):

fe(ulx) =1 < u=argmax E [Res1 +y Vi (X)X = x] (2.9b)

This completes the description of MDPs. It is common to refer to an MDP as a tuple M : (%, %, F,5,y)
describing the agent, the process, the objective, and the discount rate. This notation will also be adopted
throughout the rest of this study.

2.3. Dynamic Programming

In case complete knowledge about a given MDP is available, the problem of finding the optimal policy 7. can
be addressed by adopting a class of methods collectively referred to as Dynamic Programming (DP) meth-
ods. DP algorithms explicitly exploit the knowledge base captured by the (Z,%,F, ,y) tuple and use this
to solve the Bellman optimality equation 2.8g (or 2.8h for state-action values). DP methods are applied in an
off-line setting: upon convergence, the optimal control law is stored and passed on to the online agent, which
will be restricted from further learning. In this view, finding the optimal control policy reduces to an off-line
optimization problem. However, this problem is generally nonlinear due to the presence of the maximum
operator in the Bellman optimality equation. This implies that a closed form solution is commonly not avail-
able, and that iterative approaches are required. Two methods that have received widespread attention are
Value Iteration (V1) and Policy Iteration (PI). These approaches are discussed in Subsections 2.3.1 and 2.3.2,
respectively.

2.3.1. Value Iteration

With Value Iteration (VI), the Bellman optimality equation is rewritten in iterative form (i.e. an update rule)
and applied successively upon convergence to the optimal value function. VI can be performed based on
either state-values or state- action values, where the distinction is made clear by referring to these methods
as V-iteration or Q-iteration, respectively [18]. For the former, the following update rule is defined:

VU () = max E| Resy +y VY (X)X, = (2.10a)
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( Algorithm 2.1: V-iteration for general discrete-time stochastic MDPs [18, 98] b
input : State space %, action space %, transition dynamics F, reward function g, discount rate
v, threshold n
output: Near-optimal state value function V, (x) — VU*D(x)
1 initialize Vj(x);
2 repeat
3 for Vxe % do
o || VU@ —maxy E[Re +yVY (X)X, = x]
5 end
6 j—Jj+1;
7 until VU x) - VO (@)||  <m;
. J
4 : : : ‘ : c )
Algorithm 2.2: Q-iteration for general discrete-time stochastic MDPs [18, 98]
input : State space &, action space %, transition dynamics F, reward function g, discount rate
7, threshold n
output: Near-optimal state-action value function Q. (x, u) — Q(f +D(x, u)
1 initialize Q(x, u);
2 repeat
3 forVxe X ,Yue do
4 | QU*V(x,u) — E[Ryy1 +ymaxy QY (X1, u)|X; = x,U; = ul
5 end
6 j—Jj+1;
7 until || QU (x,u) - QY (x, w) || <;
. J

To complete one iteration, the V-iteration method sweeps through the entire state space & . As the right-
hand side of the Bellman optimality equation 2.8g is a contraction mapping with factor y < 1, Banach’s fixed-
point theorem states that the above update rule converges asymptotically to Vi (x) as j — oo [18, 99]. Upon
convergence, the optimal policy can be derived by applying equation 2.9b. However, since convergence to
the optimal value function only takes place in the limit, a stopping condition needs to be set that ensures
termination of the iteration cycle in finite time. For example, a fixed threshold 1 > 0 can be defined that
implies convergence to the suboptimal value function if the condition || VU *V (x) - VW (x) || <nis met, such
that VUV (x) — V, (x) as § — 0 [18]. For Q-iteration, an update rule similar to equation 2.10a is defined as:

QP (e, 2E | Ret +ymax QY (Xeen, w)lXe = 5, Up = u (2.10b)

The V-iteration and Q-iteration algorithms are summarized in pseudo-code by algorithms 2.1 and 2.2, re-
spectively. Note that by virtue of the Bellman optimality equations, there is no need for an explicit represen-
tation of the policy during the iteration sequence. Similarly, the initial value function used for initialization
of the algorithm can be set arbitrarily. This implies that, in general, the iterative sequence of value functions
may not correspond to any existing policies 7;(x), j = 0,1,2... before convergence of the algorithm, as the
method merely operates in value space. Nevertheless, a real policy can always be selected by acting greedily
on the intermediate estimate of the optimal value function.

2.3.2. Policy Iteration

The main concept behind Policy Iteration (PI) is formed by evaluating the value function of individual poli-
cies, which is subsequently used to find new, better policies. This allows the use of the Bellman expectation
equations 2.5d for state-value functions and 2.6c¢ for state-action value functions, which are more tractable
computationally compared to the Bellman optimality equations. However, this advantage comes at the cost
of additional iteration cycles, as the search towards the optimal policy now consists of evaluating multiple
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non-optimal intermediate policies. PI therefore involves two computation cycles, consisting of multiple pol-
icy evaluation and policy improvement steps. For policy evaluation, the following update rule applies for
state-values:

Vzgﬂ—l) (x) = [Enj

R + YV (X)X, = x (2.11a)
And for state-action values:

QJ(IIj+1) (x,u) = [Enj

Rist + QP (Xear, Upe) X, = %,U; = (2.11b)

Similarly to V-iteration and Q-iteration, the above update rules represent a contraction mapping and are
therefore guaranteed to converge to the true value function for the policy that is being evaluated, i.e. to Vy, (x)
respectively Qy i (x,u) as k — oco. Note that in the case of discrete state and action spaces, the expectation
in the above update rules can be expanded as in the Bellman equations 2.5c and 2.6b, reducing the policy
evaluation step to a set of |Z| respectively |Z'||%| linear equations. In case the cardinality of the state and
action spaces is reasonably low, policy evaluation can be performed by a single computation involving matrix
algebra. This illustrates the advantage of the Bellman equation over the Bellman optimality equation.

Upon convergence of the policy evaluation step, a new policy can be found by acting greedily on the
values found for the previous policy. For state values:

Tj1(x) = argmax Ex; [Res1 +Y Vi (Xer DI Xe =% (2.12a)
And for state-action values:

Tj1(x) = argmﬁ}?xan (x, u) (2.12b)

Algorithms 2.3 and 2.4 summarize the computational strategy behind GPI using state values and state-
action values, respectively. This alternating process of finding new, improved policies by acting greedily on
the value functions on intermediate policies is guaranteed to converge to the optimal policy. Similar to the
case of VI, the policy evaluation step requires a stopping criterion such as a fixed threshold to prevent the
time to converge from going to infinity. What is different however, is that convergence towards the true in-
termediate value functions is actually not necessary for overall convergence of the algorithm. Instead, it is
sufficient to establish the trend towards the true value function of the policy that is being evaluated and than
acting greedily upon the incomplete estimate. This concept is known as Generalized Policy Iteration (GPI),
which states that the interactive process of loose value recursion and greedy policy selection is guaranteed to
converge as long as the entire state or state-action space is updated throughout the process [98]. In this view,
VI forms an extreme example of GPI, as it consistently updates the policy after only a single policy evaluation
iteration.

( Algorithm 2.3: Policy iteration for general discrete-time stochastic MDPs using state values [18, 98]

input : State space &, action space %, transition dynamics F, reward function g, discount rate
v, thresholds n; and ny

output: Near-optimal policy 7. (x) < 7 +1(x) and state value function V. (x) — Véffll) (x)

1 initialize 7o (x);

2 repeat

3 initialize V,é?) (x);

1 | repeat

5 forVxe % do

6 | VD) = By [Ret +y VAP )X = ]

7 end

s | il [V @ - v | <ny;

9 | 7j1(x) —argmaxy Ey, [Rm +Y VA (X)X, = x];
10 j—Jj+1;

11 until ||7[j+1(X) —mj(x) ”oo <MNn;
L J
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4 . Sr - - - q - - )
Algorithm 2.4: Policy iteration for general discrete-time stochastic MDPs using state-action values
[18, 98]

input : State space &, action space %, transition dynamics F, reward function g, discount rate
Y, thresholds n; and n¢g
output: Near-optimal policy 7. (x) < 7,1 (x) and state-action value function

Qux,w) — QN (x,w

1 initialize 7 (x);

2 repeat

3 initialize Q,(Toj) (x, u);

4 repeat

5 forVxe Z,Vuec do

6 \ QN (x, ) — By, [Rt+1 +YQY X, Ul Xe =, Uy = u
7 end

8 until H Q,(letll) (x,u) — Qf,’;ll (x, u) Hoo <ng;

9 7 j+1(%) < argmaxy Q;,’;H) (x, u);
10 j—Jj+1;

11 until ||7rj+1(x) —mj(x) “oo <M
L J

2.4. Model-free Value Prediction

DP methods are well-suited for solving MDPs if complete knowledge about the {(%,%, F, p,y) tuple is avail-
able and can be conveniently represented. If one of these prerequisites is not met, it is generally not pos-
sible to perform a full-width backup during each GPI iteration. Therefore, sample-based methods form an
appealing alternative. This class of methods uses transition samples of (a subset of) the random variables
(X¢, Uy, Re41, X¢41, Urs1) obtained from real (or simulated) experience with the controlled process to make an
estimate of the true value function. Under the assumption of ergodicity, the expected return represented by
the value function can be approximated if all elements of the state and action & and % spaces are visited
sufficiently often. This implies that the full-width backup used in DP is replaced by a sample-based backup.

In this section, two methods for sample-based estimation of the value function are discussed. The first
class is formed by Monte Carlo (MC) methods, which take advantage of the simple idea of taking the average
of the returns observed after visiting a certain state or state-action pair. The second category is formed by
Temporal Difference (TD) methods, which use single transition pairs to estimate the value function by means
of bootstrapping. These methods are discussed in Subsections 2.4.1 and 2.4.2, respectively. A combination
of these methods is also possible, resulting from the idea that a sequence of multiple transition pairs is likely
to be more data-efficient than using only a single sample for each update. A well-known method that takes
advantage of this idea is known as TD(A), which is also related to the concept of eligibility traces. This material
discussed in Subsection 2.4.3. A discussion of how these methods are used in finding the optimal control
sequence for a given MDP is subject of the next subsection.

2.4.1. Monte Carlo Learning

Monte Carlo (MC) learning is based on the assumption that the expected return captured by the concept of
the value function (Equation 2.5a) can be replaced by the empirical return following the assumption of ergod-
icity of the random process. In order for the empirical return to be well-defined, MC methods are commonly
applied to episodic MDPs only, i.e. MDPs that are guaranteed to terminate in finite time. Given a sequence of
transition pairs (X;, Uy, Ri+1), £=0,1,2..., T over the length of a single episode n, the return for a given state
is determined in accordance to equation 2.3

T-t

G;n) = Z Yth+k+1 (2.13)
k=0

Subsequently, the value function after encountering the state x N times can be approximated as follows:



40 2. Reinforcement Learning Fundamentals

N
ViV @) =LY 6" (2.14)
n=0
where G(x) represents the return observed after encountering state x. By virtue of the law of large numbers,
this episodic update sequence is guaranteed to converge to V;(x) as N — oco. The above update rule is known
as every-visit MC, as each state x is included in the observation history every time it is encountered. A method
that is very closely related is first-visit MC, which only takes into account the first encounter with state x in
each episode. Both approaches can be translated one-to-one to the concept of state-action value functions
as well. Note that in contrast to DP methods such as VI and PI, MC learning employs deep backup updates at
each iteration to adjust the value function estimate.

MC policy evaluation results in an unbiased estimate of the true value function V;(x). This is because
the return from each episode is viewed as an independent, identically distributed estimate of the true value
function [98]. However, each update can only take place after an episode terminates. This is a significant
downside of MC methods compared to TD methods, which will be discussed next. Another downside is that
the estimated value function typically has considerable variance during the initial phases of learning, due to
the large variance associated with the return.

2.4.2. Temporal-difference Learning

For non-episodic MDPs, an alternative learning scheme is required that is able to improve the value function
estimate continuously. This calls for an recursive update law that adjusts the current estimate based on recent
observations of the reward signal. Temporal-difference (TD) learning takes this idea and combines it with the
notion of empirical return to update the value function estimate after a given small number of transitions. Itis
a bootstrapping method that uses the sum of observed reward and the current estimate of the total return as
the target of the update rule. The simplest form is known as TD(0)-learning, which only includes the one-step
reward R4 in the TD target. The update rule after j iterations is given as [98]:

v x) = v X+ aj (R +y Vi (X)) - Vi () (2.15a)

Here, a; represents the step-size parameter or learning rate. The term in brackets is known as the TD-error,
and forms an indication of how the estimate at iteration j compares to the target estimate [98]:

8 = Rt +yv (Xe) - Vi (X)) (2.15b)

Note that the TD target R;+1 + )/ngj )(Xt+l) is biased due to the presence of the estimate [98]. TD learning
essentially employs sample-based equivalents of the shallow backup updates that are central to VI and PI
methods, making it the least comprehensive type of learning compared to DP and MC methods. However, in
case the value function is stored in the form of a table or is represented by a linear function approximator, TD
learning is guaranteed to converge to the true value function V; (X,) if all states are visited infinitely often and
the following conditions are met by a ; [98]:

o0 oo 2
Y aj=00 Zaj<oo (2.15¢)
j=0 j=0

In practice however, the step-size is often taken as a fixed constant. Although this violates the above condi-
tion, this is often necessary if the process is non-stationary or if there is only a limited training set available
[99]. Note that an update law similar to Equation 2.15a can be given for state-action values as well.

2.4.3. Eligibility Traces

The elemental concepts behind temporal-difference learning can be extended to enable bootstrapping over
multiple time steps, resulting in the notion of n-step TD methods [98]. This has the primary advantage that
information from the reward signal is propagated across larger time scales, resulting in more effective learn-
ing. This is useful especially in case the reward signal is sparse, or if the process dynamics are slow compared
to the sample time [98]. Using the definition of the return from Equation 2.3 and the one-step TD update law
from Equation 2.15a, the learning scheme for n-step TD comes down to the following:

. , n-1 , ,
Vi) =i X+ @ | Yy Rk + YV (X - Vi (X)) (2.16)
k=0
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The estimate of V,gj '(x r+n) is only required for relatively distant states. By virtue of the discount rate vy,
this means that errors in the current estimate of the value function will have a smaller impact on the updated
estimate compared to one-step TD learning. As a result, n-step TD methods are less biased for larger 7 [98].

Although the concept of using n-step returns greatly improves learning efficiency, the algorithm suffers
from a few shortcomings: first, it turns out that every MDP has its own optimal setting for n, which means
that the method is not very robust in terms of performance across different tasks; and second, learning is
delayed over 7 transitions as a result of the algorithm’s forward view in time [98]. TD(A) learning addresses
both of these issues by taking the average over all n-step TD targets and transforming the learning rule to a
backward-view update mechanism. A central concept here is the A-return, which takes the weighted average
of the TD targets over all n to form a new forward-view update target:

o0
Gl=a-nY At (2.17a)
n=0
Here, A € [0,1]. Moreover:
n-1
ng) =2 Y Rivke1 +7" Vi (Xiin) (2.17b)
k=0

In case A = 0, the A-return reduces to the one-step TD target. Similarly, in the case of episodic MDPs,
setting A = 1 results in the conventional MC update. Therefore, these are special cases that have also become
known as TD(0) and TD(1) learning, respectively.

Using the A-return directly in the value update law suffers from the same issues as conventional MC-
learning, for the reason that one can only calculate the average over all n — T once the episode has termi-
nated. Eligibility traces provide a way to implement TD(A) learning mechanistically, i.e. in a fully online
fashion. For every state X;, an eligibility signal Z;(x) € R" is stored based on the frequency at which that
state has been encountered, as well as how recent these encounters have been. This results in the following
eligibility update at every time step:

Zi(xX)=yAZi1(x)+ L(X; =x) (2.18a)
Consequently, the eligibility trace is used directly in the update law for the value function for all x € &":

VI () = VP () + @ ;6V)

P Z,(x) (2.18b)

It can be shown that for episodic MDPs, forward- and backward-view TD(A) generate fully equivalent
value function updates [97]. In the online case, the definition of the eligibility trace as presented here only
results in an approximation of the forward-view implementation. Exact equivalence for online TD(A) is pos-
sible by using an extended form of the eligibility trace, as presented in [86]. However, this material will not be
further discussed here.

2.5. Learning Control

Following the concept of GPI introduced in Subsection 2.3.2, the model-free value prediction algorithms in-
troduced in the previous section can be used to find the optimal control policy for a given MDP in a com-
pletely model-free fashion. By acting greedily on (an approximation of) the predicted value function repeat-
edly, new, better policies can be found. This process ultimately leads to the optimal solution of the MDP.
However, since policy evaluation is now based on samples instead of full model-based state sweeps as in DB,
always acting greedily in a deterministic sense will generally not lead to the best possible control law. This is a
profound difference between DP and RL. Since greedy sample-based GPI will only lead to a very small num-
ber of states and actions that are actually visited in the case of non-uniform initialization, the value function
will be completely unknown for the majority of the state-action space. Consequently, convergence to the
policy that is truly optimal in a global sense can be achieved only if the agent goes through a wide range of
different initializations, or if it occasionally takes an action that brings it to little or unexplored parts of the
state-action space. Exploration is a key ingredient to finding the optimal policy in RL. However, exploration
is also in conflict with the general goal of RL, that is, to find the optimal policy quickly and efficiently: in
case exploration is taken too far or too long, learning takes longer than strictly necessary. This is known as
the exploration/exploitation dilemma, as already introduced before in Section 2.1. In this section, a standard
exploration technique known as e-greedy will be used to fulfill the basic requirement of exploration in RL.
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This section is devoted to various techniques that employ the basic idea of sample-based GPI to find
optimal control policies for MDPs. The most basic form, known as tabular learning, will be discussed first.
Here, simple tables are used to store information about every single state and/or action. This is followed
by an introduction to approximate learning techniques, which use compact representations in the form of
function approximators for the value function and/or policy. Finally, more advanced techniques such as
memory-based and model-based learning will be discussed. These aim to decrease the sample complexity
(i.e. number of samples needed) to find the optimal control policy.

2.5.1. Tabular Learning

RL solution methods can generally be categorized along two lines. First, different types of value prediction
methods can be used, such as MC learning, TD(0) learning, and TD(A) methods. Second, there is a distinc-
tion between on-policy and off-policy learning methods, where the latter makes use of a behavior policy to
evaluate an unrelated target policy. For tabular methods, it is often customary to act upon the state-action
values due to the simplicity of the policy update step. It was seen before that the one-step lookahead search
for policy updates can be mitigated by adopting the Q-function, as e.g. illustrated by the case of PI methods
in Equations 2.11a 2.11b. This is the key to some very powerful and well-known RL algorithms.

On-policy methods will be discussed first, starting with learning based on MC value prediction. One of
the most fundamental learning algorithms here is known as MC exploratory starts (ES), where the agent is
initialized differently in every episode. In this way, exploration is not encoded in the policy, but can be as-
sured thanks to the episodic nature of MC methods. Policy improvement is done on an episode-by-episode
basis. This implies that for intermediate policies, only the general shape of the true value function is revealed;
nevertheless, in accordance with the convergence guarantees provided by GPI, the process will converge to
the optimal value function and policy as the number of episodes goes to infinity. However, a practical algo-
rithm requires a premature stopping condition, such as a maximum number of iterations or a fixed threshold
for changes in the value function. This implies that in general, only a near-optimal solution can be obtained.
Note that this limitation applies equally well to Dynamic Programming methods, as discussed in Section 2.3.
Algorithm 2.5 summarizes the full algorithm based on MC every-visit value prediction.

It has become clear that for non-episodic MDPs, MC techniques fail to be of any use, meaning that one has
to employ TD techniques to achieve convergence to the optimal value function and policy. Using state-action
values in the TD(0) update law and acting greedily on intermediate estimates of the value function results in
a well-known learning algorithm that has a particular simple form. This algorithm is known as SARSA, which
thanks its name to the five-tuple (X;, Uy, Rs+1, Xr+1, Us+1) that defines the learning rule:

( Algorithm 2.5: Monte-Carlo Exploratory Starts (MC-ES) [98]

input :Discount rate y, max no. episodes 7,
output: Near-optimal state-action value function Q. (x, #) — Qy, (x, u) and policy
Ty (X) — Ty (x), VXEX ,YUEU

initialize Qy, (x, u), mo(x), RETURNS(x, u) arbitrarily;
n—0;
repeat
sample xo € &, ug € % from strictly positive PDF;
run episode n following 7, (x);
for all x, u seen in episode do
compute G(x) ;
RETURNS(x, #) — append (RETURNS(x, u), G(x)) ;
Qg, (x,u) — mean (RETURNS(x, u)) ;
end
for allx € & do
| 7pe1(x) — argmaxy Qy, (x,u) ;
end
14 n—n+1l;

© o N s W N -

e e =
W N = O

15 until 7 — n;,4y;
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( Algorithm 2.6: SARSA [18, 98]

input : Discountrate y, learning schedule {a}32 ), exploration schedule {€,}2
output: Near-optimal state-action value function Q. (x, u) — QY (x, u) and policy
Ts(X) — M1 (X), VXEX ,YUuecu
1 initialize Q(O) (x, u) arbitrarily;
2 measure Xo;
o { argmaxqy Q) (xo,u)  with probability 1-¢
0 random u € % with probability ¢’
4 fort=0,1,2,... do
5 apply u;, observe x;41, r1+1;
argmaxy QV(x;11,u)  with probability 1—¢
et = { random u € % with probability ¢’
7| QU TNy, u) — QP (xp wp) + r [r1 +YQY (a1, urs1) - QU (xp, mp) |5
s end

(j+1)
2T (x,w) =

P w+aj|re +yQY o, u) - QY (x,w) (2.19)

Updating the policy is done continuously (i.e., j = ) by acting greedily on the estimate state-action value
function. However, the need for exploration implies that greedy policy improvements will not be sufficient
for convergence to the value function and policy. Since different initializations are not applicable in the non-
episodic case, one has to adopt exploration strategies such as e-greedy policy updates to ensure coverage of
the full state-action space. With e-greedy, actions are selected according to the current estimate of the value
function with probability 1 — €, whereas random actions are generated with probability e. With this strategy,
SARSA leads to the optimal solution of the MDP with probability one, given that all state-actions pairs are
encountered infinitely often and that the policy is fully greedy in the limit (i.e., as t — co) [98]. Algorithm 2.6
illustrates the algorithm for the non-episodic case.

Consequently, the basic SARSA algorithm can be extended with the advantages offered by the n-step re-
turn and eligibility traces that define the TD(A) value prediction technique. This leads to an alternative algo-

~
( Algorithm 2.7: SARSA(A) [98]

input :Discount rate y, learning schedule {a t}‘;‘;o, exploration schedule {et}‘t’io, return weight A
output: Near-optimal state-action value function Q. (x, u) — QU (x, u) and policy
Ty (X) — M 1(X), VXEX ,YUue

1 initialize Q¥ (x, u) arbitrarily;
2 initialize Zy(x,u) =0Vxe X, Yue i ;
3 measure Xxo;

. wo— { argmaxy, Q9 (x, u) with probability 1—¢
0 random u € % with probability ¢’
5 fort=0,1,2,... do
6 apply u;, observe x;41, rr+1;
, . { argmaxy, Q' (x,41,u)  with probability 1—¢
t+1 random u € % with probability ¢~ ’
8 841 — Ter1 +YQW (x i1, 1) — QY (x4, my);
9 Zi1 (X, uy) — Zy (X, uy) + 1

10 forallxe X, ue% do

QU D (x,u) — QW (%, w) + 8 141 Zp1 (%, 1)
Zi1 (0, ) —yAZpa (%, u) ;

13 end

14 end

11

12
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rithm known as SARSA(A), presented as Algorithm 2.7. Note that this algorithm is much more expensive com-
putationally as a result of the need to sweep through the entire state-action space at every time step. However,
the sample complexity is considerably lower thanks to the enhanced information propagation properties of
the A-return.

The attention will now be drawn to off-policy learning methods. With this kind of techniques, it is possible
to learn about a target policy 7 (u|x) while following some other policy 7’ (u|x), known as the behavior policy.
The target policy can be deterministic, such as the optimal policy 7. (x). Off-policy learning enables some
appealing opportunities, such as learning the optimal policy from a-priori (i.e. fixed) data generated using
some other, sub-optimal policy. This requires a technique for estimating the value function for 7 (u|x) from
the returns generated by the behavior policy 7’ (#|x). In the case of MC control, this can be achieved by taking
the weighted average of the observed returns, based on the relative probability that these returns occur under
the target and the behavior policy [98]. Consequently, each return must be scaled with the probability that the
full trajectory after the first encounter with state X, occurs under the target and behavior policies. Denoting
T; as the random variable that describes the trajectory Uy, X;+1, Us+1,..., X7 and 7 as the observed instance,
the following scaling factor applies in the general case of a stochastic target policy [98]:

Pu(Tr=7) Tli_; Al F(x,u,x") T 7(ulx)
Pu(Te=1)  [IIZ) 7' wlx)Fx,u,x) oy 7' ()

(2.20)

with 7 referring to the n-th episode of the learning procedure. Note that this ratio exists only if P, (T; = 1) # 0,
which implies that 7' (u|x) > 0 Vx € &. This requirement is met if the behavior policy is e.g. an e-greedy
policy. Silver explains that this procedure is also known as importance sampling.

Consequently, the full off-policy MC learning algorithm for estimating the optimal policy 7 (x) can be
given as Algorithm 2.8. Note that estimating the value function of a given target policy is only possible if the
probability of a given action selected under that policy is nonzero?. For the deterministic target (optimal)

2If it would be zero, the numerator in equation 2.20 would be driven to zero as well, resulting in that pair to be excluded from the
weighted average.

( Algorithm 2.8: Off-policy Monte-Carlo [98] h
input :Discount rate y, max no. episodes 1,,,x, behavior policy exploration schedule
e, : €e>0Vre(0,T]
output: Near-optimal state-action value function Q. (x, #) — Qy, (x, u) and policy
Ty (X) —mp(x), VXEeX Yuecu
1 initialize Qg (x, u), wo(x) arbitrarily, p(x,u) — 0, g(x,u) —0;
2 n<0;
3 repeat
4 run episode n following 7' (u|x);
5 set ty as last time for which u; # 7 (x);
6 for all x, u seen in episode do
7 if time of first encounter t > 1y then
8 Wi — H,{;tl m;
9 px,u) — p(x,u) + W;Gy;
10 qx,u) — q(x,u) + Wy
11 Qr, (x,u) — ZSZ;,
12 end
13 end
14 forallx e % do
15 | 7,(%) = argmaxy, Qr, (x, u) ;
16 end
17 n—n+1l;
18 until 7 — n,,4y;
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( Algorithm 2.9: Q-learning [18, 98] A
input : Discountrate y, learning schedule {a}32 ), exploration schedule {€,}2
output: Near-optimal state-action value function Q. (x, u) — QY (x, u) and policy
Ts(X) — M1 (X), VXEX ,YUuecu
1 initialize Q(O) (x, u) arbitrarily;
2 measure Xo;
3 fort=0,1,2,... do
\ _ { argmaxy, Q' (x,;,u)  with probability 1—¢
'] random ue % with probability e’
5 apply u;, observe x;41, 1+1;
6 | QUV(xyu) — QW (xpup)+ar|re1 +ymaxgy QP (x4, 1) — QW (xs, up)];
7 end
. J

policy considered here, this condition is violated for any actions that are selected are than those that are
greedy under the current target. Therefore, the algorithm is restricted to learning only about trajectories that
occur after the last non-greedy action has been selected. Another consequence is that the numerator in the
weighting scale is equal to one.

Off-policy learning can be translated equally well to TD methods. For TD(0)-learning, this results in the
very well-known Q-learning algorithm, invented by Watkins [111]. If the optimal policy 7 (x) is again selected
as the target policy, the update law for Q-learning reduces to a form that is very similar to that of the basic
SARSA algorithm (Equation 2.19):

Ut ) = QY (v, w) + aj|rea +ym%axQ,(,”(x’, w) - QY (x,w) (2.21)
Similarly to SARSA, the policy is updated continuously by acting greedily on the current estimate of the op-

timal state-action value function. Alternatively, Q-learning can also be viewed as a stochastic sample-based

~
( Algorithm 2.10: Watkins’ Q(A) [97]

input : Discountrate y, learning schedule {a}32, exploration schedule {¢,}72 ), return weight A
output: Near-optimal state-action value function Q. (x, u) — QU*V (x,u) Vx € X ,VYueu
1 initialize Q(O) (x, u) arbitrarily;
2 measure Xo;
" { argmaxyy, Qg (xo, ) with probability 1-¢
0 ;

random u € % with probability ¢’
4 fort=0,1,2,... do
5 apply u;, observe x;41, r1+1;
] sy — { argmaxy, Q¥ (x,41, u) with probabil?ty l1-¢ ;
random u € % with probability €
7 | u*—argmaxy QW (xp1,u);
8 81— Tee1 +YQW Xy, ") — QP (xy, my);

Zi1 (X, uy) — Z(xp,up) + 15
10 forallxe X, ue% do

11 QU (x,u) — QW (¥, w) + 18141 Zr1 (%, 1)
12 if u;.1 = u* then

13 | Zia (e w) —yAZ (%, 1) ;

14 else

15 | Zin(x,u) —0

16 end

17 end

18 end




46 2. Reinforcement Learning Fundamentals

form of VI (see Algorithm 2.2) [18]. Algorithm 2.9 presents the full algorithm for the case of non-episodic
MDPs. Note that the learning rate and exploration must comply with the same requirements as for SARSA.

The last case that will be considered here is off-policy learning using TD(A) value prediction. This method
is known as Watkins’ Q(A) learning, and makes use of advantages offered by the A-return to obtain a faster
estimate of the optimal state-action value function. However, it can only do so to a certain extent as a result
of the off-policy estimation strategy that is central to Q-learning. Since the trajectory that follows after an
exploratory action cannot be traced back to the target policy, the A-return is valid only for those state-action
sequences that are generated up to an exploratory action. Nevertheless, e-greedy behavior policies with small
values for € will exhibit a considerable increase in learning efficiency, although not as large as for SARSA(A).
Algorithm 2.10 presents the backward implementation of Watkins’ Q(A) using eligibility traces. Note that the
issue of broken eligibility traces is dealt with by setting Z;; (x, #) equal to zero V x € &, u € % if the selected
input for the next time step is off-policy.

It must be mentioned that there exists an alternative to Watkins’ Q(A) in in the form of Peng’s Q(A) [97].
This method aims to make full use of the advantages offered by eligibility traces and in the case of off-policy
TD-learning, but is less intuitive. However, further discussion of this material is outside of the scope of this
thesis.

2.5.2. Approximate Learning

The tabular learning methods presented in the previous section are suitable for MDPs where the state-action
space is discrete and the cardinality || |%/| remains within manageable proportions. However, as the car-
dinality of a given learning problem increases, the memory requirements for storing the value function for
every distinct state-action pair (x, u) start to grow exponentially. This is true for any of the DP and RL methods
presented so far in this chapter, and is known as the curse of dimensionality [18]. In case the MDP involves
continuous state and/or action spaces, tabular methods are no longer able to represent the value function
exactly, but can only render some gridded approximation to it. The curse of dimensionality then dictates that
there is a limit to the tabular resolution that can be achieved.

Yet, the unfitness of tabular methods for this class of MDPs is not limited to severe memory requirements
only [98]. It generally has a large impact on the total amount of data that is required for learning as well
(i.e., sample complexity). A state-action pair that is encountered once will only be visited again with very low
probability®. This also implies that there are large regions of the state-action space for which little or no data
is available, even though good estimates could be found based on experience from similar state-action pairs.
This calls for methods that generalize limited experience to larger subsets of the state-action space. [18, 98].

Based on this discussion, there is a strong need for compact representations of the value function that
significantly reduce the requirements for storage memory and sample complexity. Function approximation
(FA) provides the necessary tools here. Broadly speaking, a distinction can be made between parametric
approximation and non-parametric approximation methods [18]. For now, the focus will be on parametric
implementations. Parametric approximation essentially approximates some (unknown) target set by an a-
priori specified functional form F(w), where w € R? represents the weight vector [18, 98]. This functional
form can take any shape, such as a linear combination of basis functions, or an artificial neural network
(ANN). For now, the functional F(w) is considered as any mapping F : R? — 7 or F: R% — 2, where 7 and 2
represent the space of attainable state- and state-action value functions, respectively [18]. Consequently, the
following notation applies [18]:

V(%) = [F(w)] (%) (2.22a)
Qn(x,u) = [F(w)] (x, ) (2.22b)

These approximation mappings change the nature of the backup actions that are central to the value predic-
tion step. The value updates now take place on the scale of a complete subset associated with a given weight
w € w, as opposed to single values only*. Each backup target now serves as a training sample that follows
from an unknown distribution, which calls for supervised learning methods [98]. Consequently, the objective
of learning can then be formulated as minimizing the squared error between the true value function and the
approximated estimate, which can be achieved through e.g. gradient descent [98]:

3In the continuous case, this probability equals zero.
4Silver explains that a table is in fact a special case of function "approximation’, where each distinct element in the universal set is
described by a single weight.
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~ 2
Wi =w;— 30,V [Va(x) - V0 ()]

N . (2.23a)
=w+a;[Ve(x) - VO x)] vV (x)

N (1)
where VV]?) (x) = w. In the case of linearly parametrized functionals, i.e. when F(w) = w”¢(x), the

above expression reduces to a particular simple form:
W =w;+a; [Va(x) - w! ¢p(x)] dx) (2.23b)

However, since the true value function is unknown, this formulation as is has little use. Other update targets
need to be used instead, such as the observed return G(x) in MC learning, the one-step TD error in TD(0)
learning, or the A-return for n-step TD methods. In the case of TD(0) learning for example, value prediction
with function approximation comes down to the following:

Wi = we+a; [rea + YV Ge) - V(x| VU () (2.230)

This update law is in fact a biased approximation to stochastic gradient descent (SGD), due to the neglected
contribution of the bootstrapped target in the computation of the gradient and the fact that the target itself
is biased. As a result, convergence tends to be less robust compared to tabular value prediction [98]. Never-
theless, Equation 2.23c has a strikingly similar form as Equation 2.15a. Note that global convergence of the
SGD update law to the optimal weight vector w, can only be assured for convex value functions approxi-
mated by convex functionals. Otherwise, the value update step may end up in a local optimum for w. For the
non-convex case, this can be resolved by meaningful initializations for the weight vector close to the global
optimum. Curriculum learning forms a considerably more efficient alternative, as explained in Chapter 4.
For convex learning tasks, one can do significantly better in terms of sample complexity by using least-
squares regression to find the weight vector instead of SGD. Recall from Subsection 2.3.2 that the Bellman
expectation equation in the policy evaluation step of PI is completely linear, and that it may be solved di-
rectly from the set of |%'| linear equations if the MDP has a discrete state space. A key insight here is that
linear function approximation allows for a stochastic, sample-based approximation to this approach for
high-cardinality and continuous MDPs. This can be illustrated as follows. Given a training distribution

. t0+T
D : {<x [, V,y“) (x4) > } :): 0’ Silver explains that the expected weight update at convergence is zero, i.e. Eg [Aw] =

0. If the update step is written in matrix form, an explicit expression for w can be obtained. By writing
D =[p(x), P(Xpy41),-. 0, PXpe7-1)] and @' = [P(x15+1), P(Xgy42), ..., P(X 1+ 7)], the following can be derived:

0=0[r+yw’® - w'e] - 0=0r" +y00 w- 00 w— or’ = [00T -y | w
-1
—w=[o@-y0)"| or’ (2.24)

where it should be T = d for the existence of the matrix inversion. This is known as least-squares TD (LSTD)
learning [16, 53], a one-shot algorithm that returns the true value function related to a given policy from a
single computation step. Although the sample complexity is reduced to a minimum with LSTD, the com-
putational complexity that is involved is higher than for SGD methods. Incremental forms known as RLSTD
[16] and LSPE [18, 75] also exist, which are not bound to batch operations and have lower computational
complexities as a result. Note that these methods can also be directly applied for the evaluation of state-
action value functions. Extended versions involving eligibility traces have been developed as well, which has
become known as the LSTD(A) and LSPE(A) class of algorithms.

The compact approximation methods for value function prediction can be applied in a relatively straight-
forward manner to the on-policy control methods presented for the tabular case. Algorithm 2.11 presents
SARSA in the case of approximate learning based on SGD. Similar algorithms can be given for approximate
MC learning and SARSA(A) as well. In this case, every update will adjust the value function over a com-
plete subset of the state-action space, and the effect may even be global if a global functional is used. A
greedy policy update is performed on every intermediate estimation of the approximate value function as
part of the general process of GPI. In the case of sufficiently small action spaces, the policy improvement step
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N
( Algorithm 2.11: SARSA with parametric value function approximation [18, 98]

input : Discountrate y, learning schedule {a}?2,, exploration schedule {€;}?? ,, functional F(w)
output: Near-optimal state-action value function Q. (x, u) — QU*V (x,u) Vx € X ,VYueu

1 initialize weight vector wy ;
2 QO (x,u) — [F(wy)] (x,u) ;
3 measure Xx;
argmaxy, Q) (xo,u)  with probability 1-¢
0 { random u € % with probability ¢’
5 fort=0,1,2,... do
6 apply u;, observe x;41, 1+1;
argmaxy, Q'Y (x;41,u)  with probability 1—¢
random u € % with probability e’
8 | w1 —witar[re+yQV xm, ue) — QW (xy, u) | VO (xy, uy);
9 end

7 Ut ‘—{

can be straightforwardly implemented through enumeration of the available inputs. However, in the case of
high-cardinality or continuous action spaces, enumeration suffers from the same curse of dimensionality as
discussed earlier, which makes the policy improvement step nontrivial. In these cases, a separate, explicit
representation for the policy is required.

Policy approximation can be done along similar lines as value function approximation, i.e. through a
given approximation mapping such as a linear combination of basis function or an ANN. Approximately
greedy policy improvement can then be performed by updating the parametrized policy towards actions that
maximize the value function [18]. Note that if the policy is updated incrementally towards the greedy one
(e.g., via SGD), this has the advantage that the policy is not driven too far off in case of inadequate intermedi-
ate estimate of the value function [99]. This combination of separate memory structures for the value func-
tion and policy is also known as actor-critic schemes [99] or adaptive-critic designs (ACDs) [81, 112]. Here, the
policy is often referred to as the actor, whereas the value function is known as the critic. Chapter 3 presents a
more elaborate treatment of ACDs and its various forms. For now, it is assumed that the policy improvement
step results in a policy that is (to a large extent) greedy in the latest estimate of the value function.

Likewise, approximate on-policy control can be easily combined with least-squares policy evaluation
methods as well. In the model-free control case, this calls for variants of LSTD (or LSPE) that evaluate state-
action value functions, known as LSTD-Q or LSQ [18, 53]. The resulting algorithm is known as least-squares
policy iteration (LSPI), which can be implemented in different forms. For example, one can apply LSPI in an
off-line batch setting, but also in episodic and non-episodic processes that are interacted with online. Al-
gorithm 2.12 shows an online LSPI algorithm with fixed policy improvement intervals. As opposed to SGD
methods, the computational complexity of the policy evaluation step may prevent the algorithm from run-
ning in real-time in case d is high. Incremental methods such as RLSTD and LSPE may therefore be better
candidates in this respect. However, in case learning does not result in unstable behavior®, real-time policy
updates are not strictly necessary, which reduces the computational requirements in this respect.

From here, it is a relatively small step to approximate learning for off-policy control methods. However,
despite their widespread popularity, these methods can suffer from considerable convergence issues as a re-
sult of the "deadly triad" of function approximation, bootstrapping, and off-policy target distributions [98].
These problems are in fact not unique to the control case, but already appear in the policy prediction step.
Nevertheless, two off-policy algorithms will be illustrated here for completeness. Algorithm 2.13 presents
Q-learning in the case of approximate learning based on SGD. In principle, a follow-up algorithm based on
eligibility traces can be derived as well. Similarly, a least-squares implementation for linearly parametrized
functionals is presented as Algorithm 2.14. This algorithm is known as least-squares Q-learning (LSQL). Con-
trary to LSPI, LSQL makes use of bootstrapping again to evaluate the policy. This introduces a bias in the pol-
icy evaluation step, the reason being that the previous estimate of the value function is used to approximate
the estimated return for the updated policy [53]. Note that LSQL can be regarded as an online implementation
of least-squares fitted Q-iteration [18].

5This comes down to the assumption that the learning process is safe, as is discussed in Chapter 5
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( Algorithm 2.12: Online LSPI with fixed policy improvement intervals [18, 53]

input : Discount rate y, exploration schedule {€,}32 ), basis function vector ¢ (x, u), policy
update interval T}

output: Near-optimal state-action value function Q. (¥, #) < Qx,,, (x, u) and policy
Tx(X) —Wj11(X), VXEX ,VUue¥

initialize ¢ (x) arbitrarily;
initialize empty arrays for @, dD’l, ri;
J=0
measure x;
7 j(x0) with probability 1-¢
0 { random u €%  with probability ¢ "’
forr=0,1,2,... do
apply u;, observe x;41, 1+1;
;.1 —append (.1, Pp(x;, u));
Fjy1 < append(rj+1» Tt+1);
7j(Xee1) with probability 1-¢
random u €%  with probability e’

3] _-Ww N -

© & N @

10 Uptl ‘—{

11 <I>’j+1 — append (<I>’j+1,¢(xt+1,ut+1));
12 if t=(j+1) T, then

T
13 Wiyl = [(Dj+1 (q)j+1 _Y(D;'H)
14 7j41(X) — argmaxy ijH(p(x, uvxex;

-1
(Dj+1r

T .
j+1

15 J—Jj+L
16 end
17 end

So far, the discussion on DP and RL methods has been limited to the case where the nature of the policy is
deterministic. Stochastic behavior to ensure exploration was encoded separately. In general however, policies
can as well be stochastic, as was seen in Section 2.2. Silver demonstrates that there are cases where it is ben-
eficial to explicitly parametrize a stochastic policy through a parameter vector 8, denoted as 7g (ul|x) € (0,1)
[98]. For example, in some MDPs, the optimal policy is a stochastic one, which means that acting greedily
on an estimated value function will not lead to an adequate solution (as the resulting policy will always be
deterministic). Similarly, for some MDDPs, learning a parametrized policy directly and thereby bypassing a
value function may considerably reduce sample complexity [98]. This has resulted in direct policy-gradient
learning methods, which directly optimizes the policy according to some performance measure J (0) [98]. An
example of such an algorithm is REINFORCE [113], which directly performs stochastic gradient descent (or

N
( Algorithm 2.13: Q-learning with parametric value function approximation [18]

input : Discountrate y, learning schedule {a}?2,, exploration schedule {€;}?? ;, functional F(w)
output: Near-optimal state-action value function Q. (x, u) — QU*V (x,u) Vx e X ,VYueu

—

initialize weight vector wy ;
QO (x, w) — [F(wy)] (x, 1) ;

2
3 measure Xx;
4 fort=0,1,2,... do
s | ow o { argmaxy, Q'”(x,;,u)  with probability 1—¢
random u € % with probability e’
6 apply u;, observe x;41, 1+1;
7 | wp=wi+ap[ra +ymaxgy Q0 (x, ) — QW (xy, u) | VO (x4, uy);
8 end
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~
( Algorithm 2.14: Online LSQL with fixed policy improvement intervals [52, 53]

input : Discount rate y, exploration schedule {€,}32 ), basis function vector ¢ (x, u), policy
update interval T}

output: Near-optimal state-action value function Q. (¥, #) — Qx,,, (x, u) and policy
Tx(X) —Wj11(X), VXEX ,YUue¥

initialize ¢ (x) arbitrarily;

initialize empty arrays for @1, q,;

measure x;

J=0;

fort=0,1,2,... do

rj+1 < append(r i1, 1);

. { 7j(x), with probability 1-¢
t random u €%  with probability € ’

8 @1 —append (.1, Pp(x;, uy));

9 apply u;, observe x;41, 1+1;

10 qj+1 <—append(qj+1,
11 if t=(j+ 1) T, then

, T
@J+1(Dj+1

S G e W N =

It+1 +Y Maxey ij¢(xt+1, u’)]);

12 wj+1 =

T .
cDj+1qj+1,
13 7 j+1(X) < argmaxqy, ijH(/)(x, uvVxex;
14 j—Jj+1L
15 end

16 end
. J

ascent, for that matter) based on the return observed during a single episode:

0,11=0:+0a;yG/VIinsg(ulx) (2.25)

Where the latter term follows from the well-known policy-gradient theorem [29]. As this type of learning does
not involve a critic, it has become known under the class of actor-only methods [29]. However, actor-only
algorithms are notorious for their high variance during learning, which is reflected by the use of the total
return in the gradient update. This variance can be considerably reduced by subtracting a baseline from
the observed return in the form of the value function. Similarly, the total return can be replaced again by a
bootstrapping estimate. This results in the well-known class of policy-gradient actor-critic methods [29]. This
is not to be confused with actor-critics in the context of adaptive critic schemes, which can in fact be regarded
as a form of critic-only methods for the reason that they are fully deterministic by nature.

So far, the discussion on approximate learning has focused entirely on parametric forms of function ap-
proximation. Selecting some functional a-priori for the value function and policy is a strong form of encoding
domain knowledge in the learning process. By exploiting prior knowledge of the problem, the learning pro-
cess can be made considerably more efficient. However, this knowledge can be difficult to obtain in general,
which calls for function approximations with high approximation capabilities such as ANNs. Alternatively,
one can adopt non-parametric approximations, which derive good representations directly from data stored
in memory. These are highly flexible methods, as they return an estimate directly for a given query point
based on similar data points. As a result, they are not constrained to some specified global functional. How-
ever, their complexity tends to grow considerably if the number of data points stored in memory increases
[18]. All the ideas presented in this section can essentially be combined with non-parametric FAs as well.

2.5.3. Model-based Learning

The fundamental idea of applying sample-based GPI or policy gradient methods proves to be a very powerful
approach for finding optimal control policies for MDPs in a completely model-free fashion. However, the
biggest disadvantage of the class of reinforcement learning algorithms considered so far, especially those
that cannot take advantage of the opportunities that arise in convex learning tasks, is that they are notoriously
sample-inefficient [2, 30, 98]. The primary reason for this is that samples are discarded immediately after they
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have been used to update the value function and/or policy. In situations where these algorithms are applied
directly on existing data sets, this does not lead to real practical issues other than considerable learning times.
In online applications however, using purely model-free RL implies that valuable experience gets lost, which
results in much longer interaction times with the system before a minimum level of performance is reached.
This is a classical problem in the reinforcement learning domain, as also mentioned in Chapter 1.

A powerful strategy to considerably enhance the sample efficiency of canonical reinforcement learning
methods is to use a model of the dynamics F(x,u,x') (and possibly the reward signal p(x, u,x')) of the pro-
cess or system the agent is interacting with [2, 30, 98]. This is also known as model-based reinforcement learn-
ing. Generally, there are different motivations for using models in direct combination with the traditionally
model-free view of RL methods, although they all have in common that they aim to reduce the amount of
datarequired for learning. This has spurred the development of a large variety of different approaches, which,
consequently, has also resulted in an overloading of the terminology. First, models can be adopted to gener-
ate simulated experience [96, 98]. There are multiple ways as to how the model and simulated samples can be
used. Let F(x, u, x') be a (generally stochastic) model of the true dynamics F(x, u, x). A basic approach would
be to identify F(x,u,x) fully a-priori, and use this model to learn the optimal control policy in a simulation
setting. With this strategy, the learning process would become largely analogous to the concept of dynamic
programming, although the model is not used to perform full-width backups. However, this technique be-
comes particularly troublesome if the a-priori model turns out to be an insufficient representation of reality.
This is also related to the problem of distributional shift [6, 65]. A more advanced approach would be to learn

lf" (x,u,x') using online experience, and use intermediate model estimates to find new, better policies. This
can be regarded as an indirect approach to reinforcement learning, as real experience is not used directly for
updating the value function and/or policy [98]. Although the fact that the model is generated online implies
that the problem of distribution mismatch is largely resolved, this method may still suffer from large per-
formance issues if the model representation is not able to capture vital real-world phenomena. Therefore, a
hybrid approach where both simulated and real experience are used for finding new policies would be pre-
ferred. Dyna [96] is a famous method that does so exactly. Here, real experience is used to update the model,
value function, and policy at the same time, whereas the learned model is used to generate simulated experi-
ence in addition. A similar idea is adopted in [2], where an a-priori, inaccurate model is updated (augmented)
based on real experience, and this updated model is used to identify approximate directions for improvement
of the policy.

Note that the idea of identifying a process model fully online (i.e., without any a-priori knowledge) and
using this to expedite learning is still considered a form of model-based reinforcement learning. Nevertheless,
some occurrences in literature (e.g., as in [117]) argue that these approaches can be classified under the family
of model-free methods. This is one example of how the terminology has become overloaded over time.

A second motivation for adopting models is to enhance the update accuracy of policy search methods. For
this class of methods, the model is not used to simulated virtual experience, but to generate a better estimate
of the policy gradient. One example here is the model-learning actor-critic (MLAC) [30] framework, which
learns a model to get a better estimate of how the policy can be updated to ascend on the performance mea-
sure J (@). Subsection 3.3.3 provides an explanation of how this idea can be taken advantage of in the context
of adaptive critic designs. A key idea here is to not learn a global model, which can be highly demanding in
terms of training complexity, but use a locally linear model instead. Another example of how policy search
methods can be advanced by means of learned process models is presented in [57]. Here, time-varying, lo-
cally linear models are fitted on sampled trajectories of a highly nonlinear process that is controlled by a
stabilizing, time-varying linear Gaussian controller. An iterative sequence of local model identification and
local policy design results stable exploration of the system dynamics, while each intermediate local policy
serves as an intermediate 'example policy’ for training a global nonlinear policy. This process is also known
as guided policy search. By virtue of online identification of local models, the process of optimizing a global
policy becomes considerably more efficient and effective.

Finally, a third motivation for using model-based reinforcement learning is to explicitly reason about fu-
ture steps by rolling out imagined trajectories based on F(x, u, x') and use these to plan a sequence of inputs.
This integrates the idea of planning in the reinforcement learning framework [98]. Note that for this class of
methods, simulation is not (exclusively) used as an additional source of training data, but serves primarily to
plan future actions given the current state of the process. The use of model-based predictions is also often
seen in the context of safe learning, as described in Section 5.2.



Adaptive Optimal Control

In the previous chapter, the fundamental concepts and theories in reinforcement learning were introduced.
In this chapter, a more focused view is adopted where the goal is to find optimal control laws for systems that
can be described in terms of a system of (non)-linear difference equations. Reinforcement learning in this
context is often referred to as Approximate/Adaptive Dynamic Programming (ADP), due to the general need
to approximate the value function and policy (see Subsection 2.5.2). In the context of control engineering, the
ideas put forth by RL/ADP can be used to unite optimal control theory with adaptive control [43]. Tradition-
ally, these two fields have different theoretical notions when it comes to designing feedback controllers [59]:
traditional optimal controllers are often not adaptive, whereas adaptive controllers are often not optimal.
Whereas indirect methods based on online identification of the system dynamics can be used to reconfigure
the control law by performing model-based optimization of some performance index, RL/ADP methods offer
a direct alternative. From this perspective, RL/ADP can also be viewed as direct adaptive optimal control [95].
Consequently, the concepts from the previous chapter can be translated to the control of linear and nonlinear
systems, such as a UAV.

This chapter is structured as follows. First, the problem of optimal regulation and tracking control for
affine discrete-time systems is formulated in Section 3.1. This forms a bridge to Section 3.2, where methods
for solving the linear quadratic tracking (LQT) problem are presented. Note that LQT essentially arises as a
special case. Subsequently, methods for solving the more general problem of optimal tracking for nonlinear
systems will be presented in Section 3.3. The chapter ends with a brief discussion on practical issues and
implementation guidelines.

3.1. Optimal Control for Affine Discrete-Time Systems

In general, any (deterministic) dynamical system that is affine in the input can be described mathematically
as a system of first-order ODEs in the following way:

x=fx)+gx)u (3.1a)

with f(x) representing the internal dynamics, and g(x) the input dynamics. With the majority of the work
done in RL/ADP based on discrete-time formulations, the continuous-time dynamics need to be sampled
or discretized to arrive at an expression that fits with the discrete-time sequential decision-making problem
introduced in Section 2.1 [58]. This results in the following standard form for control-affine discrete-time
dynamical systems:

Xep1 = f(xg) +g(x)u, (3.1b)

Under the assumption that this system is locally Lipschitz continuous and that is it stabilizable [43, 61],
a policy 7. (x) can be designed that is optimal according to some performance objective, represented as the
value function V; (x) or Q. (x, u). As will be shown, the DP/RL mechanisms presented in the previous chapter
offer the tools to establish such an optimal policy. In optimal control, the two major objectives are formed
by optimal regulation and optimal tracking control [43]. These require different formulations of the optimal
control problem, as discussed in the following subsections.

52
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3.1.1. The Regulation Problem

In optimal regulation, the goal is to bring all states or outputs of a dynamical system to zero such that some
performance index in optimized. In general, this performance index can take any shape, but it is often defined
as a utility that is quadratic in the state and input variables [58]:

r(xe u) = xtTQx[ + utTRut (3.2a)

Note that a similar utility can be given based on observed outputs. Since lim;_., 7 (x;, #;) = 0 under a stabi-
lizing policy, following (undiscounted) definition of the value function applies [43, 58]:

(o)

V(%) =) r(xg,uy) (3.2b)
=0

Consequently, the optimal value function can be written according to the Bellman optimality equation spec-
ified as Equation 2.8g:

Vi(xy) = muin[r(xt, up) + Vi(xz41)] (3.2¢)

In optimal control theory and ADP, this equation is also known as the Hamilton-Jacobi-Bellman (HJB) equa-
tion [43, 58]. Subsequently, the optimal control policy 7. (x) can be derived directly from the discrete-time
formulation of the system dynamics [5]. Setting ava*—li’[‘t) = 0 and expanding the partial derivative using the

chain rule, the following is obtained [5, 58]:

1 _ av* (x[+1)
u=—-R1gl(x)——"= 3.2d
p SR8 (x¢) 9%y (3.2d)
As discussed in Section 2.3, the nonlinear nature of the HJB equation calls for an iterative approach to

find V. (x,). Note that in this case, the optimal policy is essentially an adaptive feedback control law.

3.1.2. The Tracking Problem

In optimal tracking control, the objective is to let the system state x, follow a reference trajectory x € R”
in a way that optimizes a performance index. In the standard formulation, the optimal control consists of
a feedforward and a feedback term, that together regulate the tracking error e; = x; — x; to zero [43]. The
feedforward term can be determined through dynamic inversion (NDI) of the system dynamics:

uf = g(x))* [x} - f(x])] (3.32)

where g(x} * represents the generalized inverse of gx}), ie. g(x;)Jr = [gT(x;)g(x;)]_1 gT(x;) [45]. Conse-
quently, the feedback term can be obtained by minimizing the accumulated utility, with the utility given as
[43]:

rie,ul) = el Qoe; + (uf)" Rous (3.3b)

Consequently, the HJB equation can be specified as in Equation 3.2c. The optimal feedback control can then
be derived along the same lines as before, resulting in [43]:

* 1 — av*(etJrl)
N =__Rlg” T e— 3.3
(u?) 5 fte 8 (x1) dery (3.3¢)

The optimal tracking control is then formed by the sum of the feedforward and feedback terms [43]:
u; =u?+(uf)” (3.3d)

However, this standard formulation of the optimal tracking control requires complete knowledge of the
system’s internal and input dynamics. An alternative formulation is presented in [41, 43-45], which does not
require knowledge about the system’s internal dynamics. It is based on the concept of augmented system
dynamics, where the reference trajectory x} € R” is assumed to be generated by some form of command
generator:

xp, =YD (3.4a)
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Based on this equation and Equation 3.1b, an augmented formulation of the error dynamics can be estab-
lished [43]:

et fler+ x§+}) - ‘I’(xi)] L |8ler+ x§+1)] ", (3.4b)
. P (x]) 0
Which can also be written as:
X1 =F(Xp)+GX)u, (3.4¢0)
T
with X; = [etT (x7) T] . Subsequently, the utility can be redefined as [43]:
r(X,u)=X'QrX,+ul Ru, (3.4d)
.[Q o] .. . . . . . .
where Q1 = o ol Since lim;_.o, 7 (X, #;) # 0 for an optimal tracking policy, the (discounted) HJB equation

comes down to the following [43]:
Ve(Xp) =min [r(X, u) + YV (X141)] (3.4e)

which results in the following expression for the optimal tracking control [43]:

u; = —%yR_lGT(Xt) %’i‘:l) (3.40)

This alternative formulation of the optimal tracking problem only requires knowledge about the aug-

mented input dynamics G” (X,), as well as the dimensionality of the state space and reference trajectory dy-

namics. As explained in [41], the latter assumption is generally not too restrictive, as most types of reference

dynamics can be generated according to some command generator model. Note that the resulting optimal
control does not involve any feedforward terms, in contrast to the standard formulation.

3.2. Linear Quadratic Tracking
If the system dynamics are completely linear, a special case arises for solving the optimal control policy. As-
sume that the system dynamics can be formulated as:

Xt+1 = Ax;+ Bu, (3.5a)
Y. =Cx; (3.5b)

For this special case, it is known that for optimal regulation, the shape of the value function is quadratic in
the state for any fixed policy 7(x;), i.e. [41, 43, 58]:

Vi(x,) = x! Px, (3.50)

With P known as the kernel matrix. This is known as the Linear Quadratic Regulation (LQR) case. This rep-
resentation of the value function forms a good example of how prior knowledge can be used in establishing
powerful forms of function approximation (see Subsection 2.5.2). By substituting this equation in the HJB
equation 3.2c together with the system dynamics, one obtains the discrete-time Algebraic Ricatti Equation
(ARE; without discounting), as demonstrated in e.g. [43, 58]:

Q-P+ATPA-ATPB(R+BTPB)'BTPA=0 (3.5d)

Solving this equation for P results in the optimal value function V. (x;) Vx € & . This results in the following
optimal control, which is linear in the state [43, 58]:

u; =—(R+B"PB)"'B" PAx, (3.5€)

This is a well-known result, that requires complete knowledge of the internal dynamics and input dynam-
ics, and can only be solved off-line. A similar result can be found for the case of Linear Quadratic Tracking
(LQT), as demonstrated in [44] and repeated in Subsection 3.2.1. The remainder of this section will discuss
how the LQT ARE equation can be solved on-line with decreasing knowledge of the system dynamics.
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3.2.1. The Discrete-time Algebraic Riccati Equation

Following the general formulation of the tracking problem in 3.1.2, the LQT problem can be written in aug-
mented state form. In [44], it is assumed that the command generator dynamics are fully linear, i.e. that
V¥ (x") = Fx!. Consequently, the following augmented system description is proposed:

Xi+1 A 0 Xt B
= + u; (3.6a)
X, 0 F||x} 0
Which can be concisely written as [44]:
X1 =TX:+Biu; (3.6b)

Given that the dimensionality of the state space is generally different from the dimensionality of the reference
dynamics, the utility can be written as [44]:

r(X;,u) = (Cx;—x0)" Q(Cx,— %))+ u! Ruy, (3.60)

which can be written more concisely as:
r(Xpu)=X'QiX,+ulRu, (3.6d)
CrQC -C'Q

-QC Cc
quadratic in the augmented state:

where Q; = . It is demonstrated in [44] that in this case, the shape of the value function is

V(X)=X'PX, (3.6e)

This makes the problem largely analogous to the LQR case. Consequently, the equivalent ARE for the LQT
problem can be derived to be [44]:

Qi —-P+yTTPT-y*T"PBy(R+ B PB)'Bl PT=0 (3.6f)
With the optimal tracking control following as:
u; =—(R+B{ PB) 'yB{ PTX, (3.69)

It is explained in [44] that the presence of the discount rate y prevents the tracking error from becoming
truly zero in the limit. However, it can be driven to arbitrarily small values if y is set to small values and large
values for Q are selected.

3.2.2. Off-line Lyapunov Iteration

Due to its implicit form, the ARE is generally difficult to solve. An iterative approach can be used instead, as
proposed in [42, 44]. Here, the control policy from Equation 3.6g is rewritten in compact form as u = —Kj x;.
The optimal control can be then found by computing the kernel matrix P for intermediate policies, which is
subsequently used to update the policy in the policy improvement step. This is a process known as off-line
Lyapunov iteration [46], which is essentially a form of dynamic programming for optimal control (see Section
2.3). For policy evaluation, the ARE is rewritten as [44]:

Q1 —-P+K!RKy +y(T - ByKy) " P(T - B1K;) =0 3.7)

As explained in [46], solving the LQT ARE through DP may be done via either policy iteration (PI) or value
iteration (VI). For PI, the Lyapunov Equation 3.7 is solved in full, as shown in Algorithm 3.1. For this algorithm,
itis generally required that the initial control policy is stabilizing [42, 58]. Under the principles of GPI however,
it is generally not required to find the true value function for each of the intermediate policies. As explained
in Subsection 2.3.2, establishing the general trend towards the true value function and acting greedily on this
intermediate estimate is sufficient for convergence to the optimal policy. The extreme case is formed by VI.
The VI iteration process for the LQT ARE is illustrated in Algorithm 3.2. Contrary to PI, this approach does not
require the initial feedback matrix Kl0 to be stabilizing [42, 58]. Note that this solution method is also known
as Lyapunov recursion [58].
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~
( Algorithm 3.1: Off-line Lyapunov policy iteration (PI) for LQT ARE [42, 44]

input :Internal dynamics A, input dynamics B, command generator dynamics F, augmented
state weight matrix Q;, input weight matrix R, discount rate y, threshold n
output: Near-optimal kernel matrix P, near-optimal control feedback matrix K;

1 initialize K? as arbitrary stabilizing control feedback matrix;
J =0
repeat
X T . . . .
s | solve P/ = Qi+ (K{) RK{ +y(T = BiK)TPI*{(T - BiK));
K/™' — (R+BI PI*'By)~lyBI PI*IT;
6 j—j+1
until [P/ -PJ|_ <n;

[Z I )

IN]

( Algorithm 3.2: Off-line Lyapunov value iteration (VI) for LQT ARE [42]

input :Internal dynamics A, input dynamics B, command generator dynamics F, augmented
state weight matrix Q;, input weight matrix R, discount rate y, threshold n
output: Near-optimal kernel matrix P, near-optimal control feedback matrix K;

1 initialize K? as arbitrary control feedback matrix;
j=0;
repeat
. NT . . . .
s | solve PI*1= Qi+ (K{) RK] +y(T - BiK)TPI(T - BiK));
K/*' — (R+ BT PI*1B))"'yBI PI*IT;
6 j—Jj+1
until | P/ - PI|_ <n;
N Y,

w N

o

IN]

3.2.3. On-line Generalized Policy Iteration
In the previous section, DP was used to find the solution to the LQT ARE. An on-line alternative can be spec-
ified that taps into the data-driven nature of RL solution methods by directly solving the Bellman equation
using samples. This calls for sample-based GPI methods that are similar in nature as the RL methods intro-
duced in Subsection 2.5.1. In [44, 46], sample-based GPI is used in the policy evaluation step to find the kernel
matrix P. The resulting on-line PI and VI algorithms are given as Algorithms 3.3 and 3.4, respectively. Note
that both algorithms still require full knowledge about the system dynamics in the policy improvement step.
There are multiple ways to find the kernel matrix in the policy evaluation step. As explained in [58], it is
convenient to write the value function in a form that is affine in the augmented state:

x'px,=vecP’ (X, ®X,)=P"X, (3.8)

with P e R™™° | X e R+ and representing the Kronecker product. However, the redundant (symmet-
ric) terms can be removed, which reduces the dimensionality to (n+ m)(n+ m+1)/2 [58]. Subsequently, the
kernel matrix can be found through either batch LS or RLS, which makes the policy evaluation step essentially
equivalent to LSTD and RLSTD, respectively (see Subsection 2.5.2). Alternatively, one can employ stochastic
gradient descent. However, this can significantly slow down learning due to the increased sample complexity.

3.2.4. On-line Q-learning

Due to their dependency on the state value function, the online RL algorithms presented in the previous
section still require a full model description to perform the one-step look-ahead in the policy update step.
It was seen in Section 2.2 that this model dependency can be eliminated by adopting the state-action value
function (see Equations 2.9a and 2.9b). In [44], the state-action value function is exploited in the LQT problem
definition, which gives rise to an iterative solution method that finds the optimal control policy without any
knowledge of the system dynamics or command generator dynamics. Their findings are briefly summarized
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( Algorithm 3.3: On-line (data-driven) policy iteration (PI) for LQT ARE [44, 46]

input :Internal dynamics A, input dynamics B, command generator dynamics F, augmented
state weight matrix Q;, input weight matrix R, discount rate y, threshold n
output: Near-optimal kernel matrix P, near-optimal control feedback matrix K;

—

initialize K{) as arbitrary stabilizing control feedback matrix;
J =0
repeat

. AT :
solve XTPi*1x, = XT (Q1 + (k) R

[Z- )

'S

T j+1 .
XTI PP X s

K/*' — (R+ BT PI*1B))"'yBI PI*IT;
j—j+1
until ||PjJrl -pi ||oo <n;

N oo oa

( Algorithm 3.4: On-line (data-driven) value iteration (VI) for LQT ARE; based on [42, 44, 46]

input :Internal dynamics A, input dynamics B, command generator dynamics F, augmented
state weight matrix Q;, input weight matrix R, discount rate vy, threshold n
output: Near-optimal kernel matrix P, near-optimal control feedback matrix K;

initialize K? as arbitrary control feedback matrix;
J=0
repeat

. T P .
4 solveXtTPf+1Xt:XtT(Q1+(Klj) RK{)+yXT PiX;i;

@ N =

t+1
K" — (R+BI'PI*1By) "y BT PI*IT;
j—Jj+1
until ||PjJrl -pJ ||oO <mn;
. J

N oo oo

here. Based on the definition of the utility in Equation 3.6d, the Bellman equation for state-action values can
be written as follows:

QX u) =X Q1 X, +ul Ru, +yXI'PX, (3.9a)

It can be shown that an equivalent form of this expression can be written as follows:

T T T

(X [Qu+yTTPT  yTTPB, |[X,

QUXr,ur) = ut] yBIPT  R+yBTPB||u, (3.9b)
This results in a new definition of the kernel matrix, denoted as H:
T
Xy |Hxx Hxul [X:

X up) = 3.9c
QX m) ut] Hyx Hyy||u: ( )

Consequently, the optimal tracking control is again defined as the one that maximizes the optimal kernel
matrix. By setting aQ*éLut”ut) =0, the following expression is obtained:
* —1
u, = _HuuHuXXt (39d)

which does not involve any model terms. Writing Z, = [X!  u!] ", two completely model-free algorithms
for solving the LQT problem are given in Algorithms 3.5 and 3.6. If the policy evaluation step is done via btach
least-squares, these algorithms are equivalent to the LSPI-Q and LSQL algorithms presented in Algorithms
2.12 and 2.14, respectively. Note that the intermediate feedback matrix Klj is not directly used in the Bellman
equation, as opposed to the algorithms presented earlier in this section. This is to accommodate for an ad-
ditional exploration input, which is required to ensure persistence of excitation (PE) of the system dynamics
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N
( Algorithm 3.5: On-line (data-driven) policy iteration (PI) for LQT based on Q-functions [44]

input :Dimension n+ m + p of the augmented state-action space, augmented state weight
matrix Qy, input weight matrix R, discount rate vy, threshold n
output: Near-optimal kernel matrix H, near-optimal control feedback matrix K;

initialize K? as arbitrary stabilizing control feedback matrix;
=0
repeat
solve ZI HIP Z, = XTQ1 X+ ul Ru,+yZ!, \[HM Z,.4;
KljJrl — Hy Hux ;
6 j—Jj+1
until | H/* - HI | <n;

5] W -

N

~
( Algorithm 3.6: On-line (data-driven) value iteration (VI) for LQT based on Q-functions; based on
[42, 44]

input :Dimension n + m + p of the augmented state-action space, augmented state weight
matrix Q, input weight matrix R, discount rate y, threshold n
output: Near-optimal kernel matrix H, near-optimal control feedback matrix K;

1 initialize K ? as arbitrary stabilizing control feedback matrix;
2 j—0;
3 repeat
4 | solve ZIH/MZ, =XTQiX;+ul Ru,+yZ!, \HI Z,1;
j+1 _
s | K{" — HplHyux;
6 j—Jj+1
until || Hi* - Hi ||oo <n;
. J

IN]

[43, 44]. Without PE, these algorithms will not converge to the optimal kernel matrix. The exploration signal
can be implemented as any input that disturbs the system, such as a sum of sinusoids. For aerospace systems,
doublets or 3211s are more common for system identification purposes [47].

3.3. Optimal Tracking for Nonlinear Systems

Unfortunately, for general nonlinear systems, the useful simplifications that appear in the linear case do not
apply. For this type of systems, the value function is not necessarily quadratic, and the optimal policy is
commonly not a simple feedback control law that is linear in the (augmented) states. Therefore, one has to
resort to more general, complex function approximations for the value function and policy. However, the
main ideas of solving the HJB equation via iterative ADP methods still apply in this case. As illustrated in this
section, these concepts can be implemented in a variety of ways.

Many approaches for solving the case of optimal nonlinear tracking control have been reported in litera-
ture (see e.g.,[41, 60, 81, 115, 116]). There are a few essential distinctions between the different lines of work.
Broadly speaking, these are mostly related to the use of discounting and the dependency of the utility on the
control input. In most of the optimal control literature, the standard formulation of the tracking problem as
presented in Subsection 3.1.2 is adopted, as in e.g. [60, 115]. However, this calls for a control feedforward term
that is obtained from dynamic inversion of the system dynamics. The alternative, discounted formulation of
the tracking problem does not require this feedforward term, but does not lead to the 'true’ optimal control
as explained in Subsection 3.2.1. Nevertheless, this approach cannot do without discounting, as otherwise
the value function would grow to infinity in the infinite-horizon tracking problem (recall Section 2.2). Alter-
natively, the input could be left out of the utility altogether, but this eliminates the possibility to penalize the
controls. The latter is especially relevant in case the available control authority is bounded, as reported in e.g.
[41].

Based on these insights, this section presents a family of parametric adaptive critic designs (ACDs, see
also Subsection 2.5.2) for the case of optimal nonlinear tracking control. Both the alternative discounted
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formulation as well as the case of input-independent utilities will be considered. Most of these ACD de-
signs were initially proposed by Werbos [112], and can be categorized as Heuristic Dynamic Programming
(HDP), Dual Heuristic Dynamic Programming (DHP), Globalized DHP (GDHP), and their so-called action-
dependent versions ADHDP, ADDHP, and ADGDHP [81]. Of these, HDP will be presented first, to be followed
by its action-dependent equivalent ADHDP. For the remaining variants, one can refer to e.g. [81, 89, 112]
Additionally, recently proposed incremental alternatives will be briefly discussed, as presented in [116].

3.3.1. Heuristic Dynamic Programming

The first class of methods that will be discussed is formed by those that fall under the category of Heuristic
Dynamic Programming (HDP). As these are based on the use of state value functions, they require a model
for performing the policy improvement step. In [41], a method that is essentially HDP is presented for the
nonlinear tracking problem based on the augmented state space formulation. Here, the nonlinear HJB equa-
tion for the augmented state value function is solved via iterative ADP, which has been illustrated multiple
times before for the LQT problem. The algorithmic templates for solving the augmented tracking problem
with HDP PI and VI are given in Algorithms 3.7 and 3.8, respectively. Note that the linear methods presented
in sections 3.2.2 and 3.2.3 are in fact also examples of HDP.

In general, convergence of the iterative ADP method depends strongly on the functionals used for the
actor and the critic. Selecting these functionals a-priori is often a non-trivial task. For this reason, multi-layer
ANNSs are often used as function approximators: these functionals are known for their high approximation
capabilities, whereas they require only little memory because of their compact form. Feedforward ANNs are
particularly popular in this context, but there is nothing that prevents one from using other forms such as
recurrent neural networks (RNNs) [85]. In HDP, ANNs are used to model the critic, the actor, and the plant

4 q e c - c - h - )
Algorithm 3.7: Heuristic Dynamic Programming (HDP) Policy Iteration (PI) for discounted nonlinear
optimal tracking control [41]

input :Input dynamics g(x), dimension p of the command generator dynamics, augmented
state weight matrix Q;, input weight matrix R, discount rate y, threshold n

output: Near-optimal value function V; (X) = V. (X) — VU*D(X), near-optimal policy
Te(X) = (X) =71 (X) VX X'

1 initialize 7o (X) as arbitrary stabilizing control policy VX € &”;
2 j<—0;
3 repeat
4 | solve VUD(X ) =r (X, ue) +y VU (X p11);
5| A (X0 — - JyRTGT (X W e
6 j—j+1
7 until [VUHYX) - VX)) <m
. J

Algorithm 3.8: Heuristic Dynamic Programming (HDP) Value Iteration (VI) for discounted nonlinear
optimal tracking control; based on [41]

input :Input dynamics g(x), dimension p of the command generator dynamics, augmented
state weight matrix Q;, input weight matrix R, discount rate y, threshold n

output: Near-optimal value function V, (X) = V. (X) — vUth(xy, near-optimal policy
Te(X) = (X) =71 (X) VX X'

1 initialize 7o (X) as arbitrary control policy VX € &”;
2 j—0;

3 repeat

a | solve VUD(X)) = r(X,,u) + YV (Xp41);

. 1. p— VIV (X,y) |
j1(Xy) ——5YR IGT(Xt)# ;

o

=2

j—j+1
until | VU (X) - VI X) || <m;

N
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model [112]. For the critic network, the quadratic TD-error is often taken as the loss function, i.e. in the case
of HDP PI:

Ec(t) = 3ec(1)* (3.10a)
with the TD error similar as before, i.e. for PI:
ec®=rXpu) +yVV (X, ) - VU (X)) (3.10b)

However, the backward-view TD-error may also be used in this context, as in [41, 88]. This loss is used to
update the weights for every neuron via SGD, a process also known as backpropagation [85, 98]. Writing
V()= V*(X,), the following weight update rule applies [41, 88, 108]:

we(t+1)=w () —ac(d) OF (1) (3.10¢)
c = We c awc(t) .
7(j+1)
OEc(f) OEc(t) dec(t) oVUtD(p .

dw (1) dec(t) aVUD () Ow.(1)

In principle, it is possible to derive the optimal control directly from the critic network by acting greedily
on its output (see Algorithms 3.7 and 3.8). However, due the dependency of HDP on the state value function,
this requires full knowledge of the system dynamics. This was already seen in Subsection 3.2.3 for LQT [89].
However, knowledge about the internal and command generator dynamics can be circumvented by using
a separate actor network that approximates the optimal control law [58]. An example of this is reported in
[41] for optimal tracking with input-dependent utilities. They define the following loss function for the actor
update law:

Eq(t) = Leqa()? (3.11a)

ea(d) = a* M (X,1) - 2"V (X 1) (3.11b)

where the superscript ¢ — 1 for the actor input # is used to indicate that the current prediction of the optimal
control is based on the weights calculated in the previous time step, and &'+ (X,_;) represents the greedy

optimal control input obtained from 7 ;1 (X 1) as in Algorithms 3.7 and 3.8. Consequently, the actor weight
update rule is defined as [41, 45]:

wi,t+1)=w,(t) -« (t)M (3.11¢)
a — Wa a awa(t) .
~(1-1)
0E,(1) B OE,(t) Oey(t) Ou (1) 3.11d)

0w, (1)  0eq(t) du' =V () Ow,(t)

where the notation #°(f) = &1° (X ) is used again. Note that knowledge of the input dynamics is still required
to calculate &+ (X,_1). The policy improvement and evaluation steps can be performed sequentially, syn-
chronously or something in-between, according to the governing principles of GPI [41, 89, 108]. In the fully
synchronous case, it can be seen that j + 1 = ¢, which makes HDP similar to the RL methods presented in
Section 2.5 such as approximate SARSA and Q-learning (i.e. on-policy and off-policy synchronous HDP, re-
spectively). Additionally, it must be mentioned here that the HDP training method will only converge in case
persistence of excitation (PE) is ensured [81].

Alternatively, HDP is often used to solve the optimal tracking problem where the utility is not dependent
on the input. This has a considerable impact on the formulation of the problem, which does not require
augmentation of the system state space anymore to ensure admissibility of the optimal control policy. In this
case, the TD error is simply defined in terms of the system state:

ec() =1x) +yVU ™ (x) - VU (x)) (3.12a)

With the loss function for the critic network defined similarly as in Equation 3.10a, the critic weight update
law is again equivalent to Equations 3.10c and 3.10d. The update law for the actor network is defined quite
differently, as there is not an explicit expression for the optimal control input in this case. However, what is
known for this case is the output of the optimal value function, which equals 0 in case of perfect tracking.
Therefore, the loss function can be defined as [88, 108]:
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Eq(0) = Jea()? (3.13a)
ea(t) =V (x) - Vi (x) (3.13b)

with V. (x;) =0 Vx € & . However, the fact that HDP is based on state value functions implies that the back-
propagation path for the actor update law goes through the model network (recall Subsection 2.5.3). This
model network can be learned a-piori, i.e. fully off-line, or it can be identified online. For the latter, a distinc-
tion can be made between learning a global model, as in [108], or an incremental model, as discussed in Sub-
section 3.3.3. For now, a fixed model network is assumed. Then, for optimal tracking with input-dependent
utilities, the following update law applies [108]:

OE, (t+1)
wa(t+1) = we(h) - ag()——-— (3.13¢)
0w, (1)
OEq(t+1) _0Ea(t+1) deg(t+1) VUV +1) ox(r+1) oa' D (1)

Owy(t)  Oey(t+1) gVU+D(r+1) Ox(t+1) da*"V(r) Ow,(D)

(3.13d)

Note that similar as in the case of input-dependent utilities, one can delay the actor update by a single time
step to eliminate the need for predicting the next state through the model (i.e., as in [88]). This implies that
only the input dynamics need to be modeled.

3.3.2. Action-Dependent Heuristic Dynamic Programming

The basic ACDs presented in the previous section are all based on the state value function. It was seen multi-
ple times before that using state-action values instead reduces or even eliminates the dependency of RL/ADP
methods on the availability of a model. This idea is exploited in so-called action-dependent ACD techniques,
which assume a direct connection between the actor and the critic networks [81]. For action-dependent
HDP (ADHDP), this implies that the update law for the actor network is not dependent on backpropagation
through a model network anymore. ADHDP is in fact equivalent to Q-learning with function approximation
of the critic and the actor [81]. Training of the critic is similar for ADHDP as explained earlier for HDP, and
consists of minimizing the squared TD error (Equation 3.12a) through stochastic gradient descent:

ec() =rx) +yQU ™ (x4, u01) — QU (x, uy) (3.14a)
_ OE.(1)
w(t+1)= wc(t)—ac(t)awc(t) (3.14b)

0E.(1) _ O0E (1) 0de.(t) 0Q(j+1)(t)
w.(1)  dec(1) 3QUD (1) Owc(r)

(3.14c¢)

The update law for the actor, which still consists of Equations 3.13a-3.13c, is much simpler compared to
HDP however, as a result of the shortened backpropagation path [81, 88, 108]:

0Eq(t+1)  0E.(t+1) deq(t+1) 0QUV(z+1)0a"V(r)
Ow,(t)  deq(t+1) 00UV (r+1) o™ V(r) Owa(t)

Similarly as for HDBP in case the utility is not independent of the input signal, AHDHP needs to be adopted
in combination with an augmented description of the state space. This implies that a different actor update
law is needed again, since V. (x;) = ming, Q. (x;, u) # 0 Vx € & in this case. Thanks to the definition of the
Q-function however, calculation of the optimal tracking control law can again be done in a completely model-
free fashion. This in contrast to HDP, for which full knowledge of the augmented input dynamics was required
in the policy improvement step. A critic-only approach to model-free optimal tracking control is proposed

in [63, 64], where the optimal control input is directly derived from the converged critic network by requiring
0Q (X 41,8t,)
that — oh;

(3.15)

=0 and applying SGD:

0Q.(t+1
e+ 1) = () - ag(n 2L (3.16)
ou(t)
Here, no superscript has been used for the input vector to reflect the fact that no separate actor network
is used. Note that the ADHDP formulation requires a more involved training procedure, due to the fact the

Q-function needs to approximate both the value function and the input dynamics model at the same time
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[108]. Moreover, it has to do this with less information compared to HDP, as the backpropagation path is less
‘precise’ in the gradients. Additionally, it must be mentioned that ADHDP suffers in particular from problems
with persistence of excitation (PE) [112]. Note that the LQT Q-learning approach described in Subsection
3.2.4isin fact an example of ADHDP.

3.3.3. Incremental Approaches

The HDP and ADHDP frameworks discussed in the preceding subsections each have distinct advantages
and disadvantages: whereas HDP generally enjoys better convergence properties over its action-dependent
equivalent, the latter requires considerably less a-priori knowledge since the policy evaluation and improve-
ment steps can be done in a completely model-free fashion. It appears that a balance between these charac-
teristics can be found if an external model network is learned in parallel to the actor and the critic [30, 108]. In
this way, an a-priori model of the dynamics will not be required, whereas the complexity of the critic network
is considerably reduced and a better estimate of the gradient used in the actor update step will be available
by virtue of ag,f‘*tl . This taps into the fundamental advantages of model-based reinforcement learning, as dis-
cussed in Subsection 2.5.3. However, learning a global model of the system dynamics is often a non-trivial
task, especially when the dynamics are highly nonlinear. In [116, 117, 119], a new framework known as Incre-
mental model-based Heuristic Dynamic Programming (IHDP) is proposed that circumvents this problem by
learning an incremental model instead. Here, it is assumed that for sufficiently high sample rates, the global
model can replaced by a local approximation that is linear around a given state xy. These locally linear repre-
sentations are not stored for every operating point; instead, a single time-varying linear model is used, which
is updated in parallel with the actor and the critic in a completely online fashion.

An incremental form of the system dynamics can be readily obtained by applying the first-order Taylor
expansion. In [116, 117, 119], it is demonstrated how this can be done for discrete-time dynamic systems.
Their findings will be briefly repeated here. In general, a non-affine discrete-time dynamical system can be
described as follows:

X1 =[x, uy) (3.17a)

Note that this formulation transcends the more limited class of input-affine dynamics considered earlier in
Equation 3.1b. Consequently, the system can be linearized around a given state x:

of(x,u)

(xt_x0)+ m
0x

(u;—ug) (3.17b)
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Consequently, if At is sufficiently small, the linearization point xy can be directly replaced by the state at time
t—1; recognizing that x, = f(x,—1, u;—1), the following is obtained:

of (x,u) of(x,u)
Xip1 =X = yxuw (Xr=x7-1) + yxu (=) (3.17¢)
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Which can be rewritten in the following concise form:
Ale = F(xt,l, ut,l)Axt + G(xt,l, ut,l)Aut (317d)

Here, F(x;_1,u;—1) and G(x;_1, u;—_1) are known as the state transition and control effectiveness matrix, re-
spectively. These matrices can be identified online from collected sensor measurements using least-squares
parameter estimation methods. Consequently, the control effectiveness matrix can be directly adopted for
the actor update step, since G(x;_1, #;—1) = ag—lfl’;‘. In [117], the IHDP approach is demonstrated in an on-
line optimal tracking task for a representative air vehicle model, which illustrates its applicability for online
learning tasks. However, care must be taken to ensure persistent excitation of the system.

Finally, this section started with the statement that for general nonlinear systems, the simplifications that
appeared to be very useful for the linear case do not apply. Although this is true indeed, it turns out that
there is an exception for nonlinear systems for which the value function is approximately quadratic in the
tracking error. By adopting an incremental model-based approach, the possibility to use the kernel matrix P
is restored, which makes solving the HJB equation particularly simple even for nonlinear systems. This idea is
adopted in the incremental Approximate Dynamic Programming (iADP) framework, which was developed by
[116, 118]. In their work, the iADP approach is applied to a spacecraft with liquid sloshing, a highly nonlinear
dynamic phenomenon which is generally very hard to model. This demonstrates the potential of this method.



Curriculum Learning

Reinforcement learning algorithms tend to consume considerable amounts of data before reaching near-
optimality of the policy. This becomes problematic when this data is expensive to obtain, e.g. because of long
running times, delicate hardware, or high operational (monetary) costs. The ability of the RL algorithm to
find the optimal policy for a given MDP is inherently dependent on the complexity of the task at hand. Task
complexity covers multiple aspects of a task such as dimensionality of the state and action space or richness
of the reward signal. However, a key insight is that this dependency does not exclusively define learning
performance, but that there is a strong link with the abilities of the agent itself. This understanding gives rise
to the idea of adjusting the complexity of a given learning task to the agent’s competencies, in order for it to
learn the desired behavior more effectively. To a certain extent, this can be seen as the reverse counterpart of
finding a good agent representation for a certain MDP, as discussed in Subsection 2.5.2. This notion of solving
a given task by breaking down its complexity in a sequence of auxiliary learning tasks is known as curriculum
learning (CurL).

The idea of presenting a learning entity with a meaningful learning curriculum has been frequently ex-
ploited in animal training studies, where it also known as shaping [10, 91]. It also forms the basis of virtually
every human education system, where students learn to master ’simpler’ concepts first before they get pre-
sented with more complex material. This allows them to exploit the knowledge they already have to grasp
new concepts more effectively. The idea to use this strategy in supervised learning' with deep neural net-
works was first formally introduced in [10]. Here, the authors successfully demonstrated effective learning
curricula for shape recognition and language modeling. Curriculum learning in reinforcement learning was
conceived independently in a completely different branch of research, known as transfer learning (TL), and
was first introduced in [100]. Here, the idea is that knowledge learned in one MDP (the source) can be re-
used in a different, but related MDP (the target). This concept can be extended to a well-designed learning
sequence, where at each stage knowledge is transferred between at least one pair of tasks.

In this chapter, curriculum learning is introduced as a new dimension to RL as direct adaptive optimal
control. First, the fundamentals and taxonomy as derived from literature are presented in Section 4.1. Based
on the concepts introduced here, Section 4.2 presents a few approaches reported in literature that are illus-
trative for how intermediate training distributions can be managed in terms of learning complexity. Finally,
Section 4.3 gives a brief introduction to the field of transfer learning.

4.1. Fundamentals

The concept of curriculum learning is based on the idea that for non-convex optimization tasks, the order in
which training samples are presented is of vital importance to avoid bad local minima [10, 51]. In practice,
finding the global optimum in such a problem is often facilitated by randomly initializing a learning algo-
rithm over multiple runs, after which the best performing solution is selected based on its performance on a
validation set [51]. However, such an approach requires a vast number of seeds if the function image contains
multiple local minima over its domain, which is computationally expensive. Curriculum learning provides an
efficient alternative to this practice, by virtue of its commonality with continuation methods [10]. Within this

1However, the principle idea of presenting the agent with a sequence of auxiliary control tasks before solving a required end task was
already coined much earlier in the field of reinforcement learning in [87].
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class of methods, the non-convex optimization criterion is smoothened by a series of lower-order criteria,
where in each stage of the resulting training sequence the solution is drawn towards a region that is in the
vicinity of the global optimum. In a way, curriculum learning is based on a similar conception, but relies on
an appropriate sequence of training samples rather than the optimization objective. Or, as Bengio et al. put
it, on a "reweighing of the training distribution" [10]. In this regard, a curriculum can be formed by multiple
stages where in each stage samples of a certain complexity level are presented to the learner according to
some probability.

The ideas behind curriculum learning for supervised learning are formalized in [10]. This framework is
repeated here, but has been adapted in accordance with the reinforcement learning notation. Consider a
certain transition tuple z;41 : (xX;, #s, Xr41,71+1) corresponding to a given MDP M : (%,%,F,ﬁ,y); then, let
9 (zs+1) be the target distribution determining the collection of samples that the agent will be presented with
ultimately. Similarly, a weight 0 < W) (z;4+1) < 1 can be defined that adjusts the target distribution 2(z;+1),
with A representing the step in the training sequence. Then, at each step A, an intermediate training distri-
bution is formed as:

D) (21+1) < Wi (2041)D(2141) Vzes1: €0, T] 4.1)

with T the total number of transitions in the target distribution. Bengio et al. then summarize the definition
of curriculum learning based on an increasing entropy of distributions, as repeated in Definition 4.1.

~
( Definition 4.1: Curriculum Learning with Fixed Internal Representation; adapted from [10]
A learning curriculum is formed by a series of intermediate training distributions 2 (z;+1), where at
each stage the entropy of this distribution increases according to
H@,,,) > H(@}) Ye>0 4.2)
and where the weighting function W) (z;+1) is monotonically increasing, i.e.
Wiate(ze11) = Wy (2p41) Vzp41:2€10,T],Ve>0 4.3)
. J

In the context of RL, the entropy of the training distribution can be increased by adding new (unseen) tran-
sition samples to the training set, or by substituting "easy’ transitions by others of higher complexity. Then,
by increasing the weighting function accordingly, the probability that this sample is used for training is in-
creased. Considering the continuation analogy, the knowledge gained in each stage 1 draws the parameter
set describing the agent’s internal representation towards the productive region for the next stage A +e¢. In this
view, the intermediate training distributions can be derived from a single MDP M only, or can be modeled as
intermediate MDPs themselves. This adds another perspective to the definitions of the distribution entropy
H (@%) and weighting function W) (z;+1), as they effectively project the target MDP M to an auxiliary MDP M A
of lower complexity.

As mentioned before, curriculum learning has also been conceived in the field of transfer learning where
it is defined as a sequence of training tasks that allow an agent to learn a different, but related task M more
effectively by leveraging knowledge gained from another task M’. Here, the aim is to improve learning speed
or performance on a single complex task [74, 100] by making use of TL techniques®. This conception ex-
tends the motivation for curriculum learning, as it does not merely consider the case of finding the global
minimum in a non-convex optimization task, but adds the dimension of finding the optimum more quickly.
This has two implications. First, curriculum learning can also be beneficial for convex learning tasks in case
fast learning is desired; and second, it allows the agent’s internal representation to change at each stage A.
Hence, the continuation aspect of a learning curriculum is not limited to the training distribution only, but
also resides in its representation by the agent. For example, whereas performing optimally in a complex task
requires a representation with considerable approximation power, it can be beneficial to draw it towards the
productive parts of the parameter space based on earlier knowledge captured by a lower-level representation.
This means that a distinction can be made between the actor or agent domain and the task or training do-
main®. As a result, Definition 4.1 can be extended by relaxing the condition on strictly increasing entropy at

2A discussion of transfer learning is postponed until Section 4.3
3Definitions for these terms were presented in Subsection 1.3.2.
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4 .e - - - - - )
Definition 4.2: Curriculum Learning with Variable Internal Representation; based on [10]
A learning curriculum is formed by a series of intermediate training distributions @i(Zt_'.l) and inter-
nal representations. At each stage of the curriculum, the entropy of the training distribution does not
decrease, i.e.
H(2).,.)=H@)) VYe>0 (4.4)
while the weighting function W) (z;+1) is monotonically increasing, i.e.
Wiie(2e41) 2 W)yzei1) Vzpy1:£€[0,T],Ve>0 (4.5)
and the internal representation can be adjusted to reduce the approximation residual, according to
M1+e(D) = A1 (D)) (4.6)
. J

every stage and adding the option to adopt a new representation resulting in a lower approximation residual
A (e.g., network loss). This results in Definition 4.2, which now also incorporates a related paradigm known
as representation learning4 [101].

4.1.1. Learning Complexity in Reinforcement Learning
A complete formulation of the curriculum learning paradigm requires an accurate account of learning com-
plexity. Although the term is frequently coined in literature, an adequate description is often not given. Ad-
vanced classifications of complex systems exist (e.g., as in [107]), but these are outside the scope of the current
discussion. Therefore, an attempt is made here to summarize those aspects of an MDP that make finding the
optimal solution difficult. First, the same distinction between the task domain and the agent domain is made
again. This makes learning complexity the combination of task complexity and agent complexity. It is im-
portant to recognize that the complexity of the agent domain is often related to the complexity of the task
domain, but not always. This depends on the aspects of the task that are seen to be complex. Assuming
that the learning task is an MDP M : (3{ J,F, 0, y) that is well-observable, task complexity can arise in three
main areas: (1) the dimensionality of the state space & < R" and/or action space % < R™; (2) the nature of
the dynamics F; and (3) the richness of the reward function p. Considering the dimensionality of the task, a
high-dimensional state space and and/or action space requires a large number of samples and therefore sig-
nificant exploration. This dimensionality must also be captured by the internal representation of the agent,
often resulting in a high-dimensional function approximation for the value function and/or policy. This is
related to the curse of dimensionality (see Subsection 2.5.2). Second, the nature of the dynamics plays a less
trivial role. Complexity often arises in terms of strongly coupled dynamics, nonlinear dependencies, discon-
tinuities, instabilities, badly or non-controllable dynamics, and/or strong stochastic effects. The first three
aspects call for complex function approximators such as ANNs which have sufficient approximation power
to enable adequate representation of the optimal value function and/or policy. Nonlinearities make the op-
timization problem non-convex. The combined problem of learning complexity is enlarged if the internal
representation is inadequate. For example, a smooth representation is not capable of capturing the optimal
value function if the dynamics contain significant discontinuities spread over the domain. By contrast, the
impact of stochastic effects is unrelated to complexity of the agent domain, but requires more interactions
with the system according to the law of larger numbers. The effect of instabilities is also not related to repre-
sentation complexity, but has a strong impact on the time available to learn a stable policy in an online setting
before reaching a fatal region of the state space®. Finally, a sparse reward function can lead to considerable
difficulties in discovering the desired behavior (see e.g. [76] for an elaborate treatment of this topic). A well-
designed reward signal may speed up the learning process considerably, effectively reducing the complexity
of learning the task. However, this is generally unrelated to the agent domain.

Based on this account of learning complexity, increasing the entropy of the distribution set during every
stage A of the learning curriculum then refers to a complexification or diversification of learning samples
based on heuristics that capture any of the three main areas responsible for task complexity. However, it is

40One may also recognize elements from active learning in this framework (see e.g. [106]). However, active learning does generally not
account for learning based on multiple levels of complexity, and will therefore not be considered here.
5A more elaborate discussion of fatal transitions and the fatal state space is provided in Subsection 5.2.1.
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Figure 4.1: Visual representation of the curriculum learning taxonomy

often unclear how such a heuristic can be obtained in the first place. This is related to the general taxonomy
seen in curriculum learning, which will be subject of the next section.

4.1.2. Taxonomy

The framework introduced in the previous subsection provides for a structured taxonomy of techniques that
have emerged in the loosely organized field of curriculum learning for RL. In broad terms, the curriculum
learning paradigm can be decomposed along three dimensions. The first element is referred to as the shap-
ing dynamics. In general, a learning curriculum can be fully determined a-priori, or may arise from online
feedback of the capabilities of the agent during the learning process. A combination of these is also possible
in some hybrid form. Curriculum learning of the first form is based on a fixed sequence of training distribu-
tions selected heuristically by some oracle, commonly a domain expert. An illustrative example is presented
in [10], where a nonlinear classifier is trained on a sequence of images of shapes such as triangles, ellipses
and rectangles. A learning curriculum is established that presents the classifier first with images of shapes
that have high contrast and little variability, i.e. with straight orientations, before commencing with more
complex examples. This ought to be a very intuitive way of curriculum design and allows a domain expert
to embed prior knowledge in the learning process. However, such a ranking of training distributions can be
very difficult to provide a-priori if it is not clear what determines the complexity in learning. Moreover, it does
not take into account any feedback about the learning progress, meaning that the curriculum is static. The
philosophy of generating a learning curriculum dynamically by the learner itself [51] or some agent-specific
teacher [74] is known as self-paced learning (SPL). Here, the learner selects training samples autonomously
based on a heuristic that indicates the complexity of learning a sample, e.g. the prediction loss [51] or tem-
poral difference error [82]. However, like static curriculum learning, SPL suffers from some problems that
need to be adequately addressed. In its basic form, SPL does not provide for any possibility to embed prior
knowledge in the learning process. A hybrid method that allows for prior knowledge from static curriculum
learning while also taking account of the advantages of SPL is known as self-paced curriculum learning [37].
Moreover, SPL does not take into account the diversity of the training samples, whereas this can be of vital
importance to develop a comprehensive solution. This has given rise to the concept of self-paced learning
with diversity (SPLD) [36]. The concept of SPL is discussed in more detail in Subsection 4.2.2.

The second dimension that defines the curriculum learning framework is the nature of staging. The main
categories considered here will be denominated as inter-task and intra-task learning, referring to the notion
of learning within or across (a set of) MDP(s). In intra-task learning, the environment or world associated
with the target task are fully comprised within the boundaries of the MDP. That is, the boundaries and the
inherent nature of the MDP will not change, meaning that the task domain is static. In the context of dy-
namical systems, this can be considered as an MDP that captures the complete system dynamics. It must be
mentioned that varying levels of augmentation by some external controller, such as an autopilot or human
collaborator, do not affect this definition®. This contrasts with inter-task staging, where either the boundary
of the world or its inherent nature can be altered. This results in a new, distinct MDP, known as a source task.

6 Although this controller does in fact affect the dynamic nature of the task and therefore the MDP that needs to be solved, the definition
only refers to the boundary and the inherent (i.e. open-loop) nature of the dynamics.



4.2. Training Distribution Entropy Management 67

In this case, one must adopt transfer learning techniques to carry knowledge from the source to the target
MDP. Here, some heuristic is again required to regulate the timing of transfer. For example, this heuristic
is based on some performance measure on the source task. The nature of staging directly follows from the
nature of the intermediate training distributions, as formalized by Definitions 4.1 and 4.2.

The final dimension in curriculum learning is formed by the flexibility of the agent domain, in accordance
with Definition 4.2. In broad terms, one can make a distinction between static and dynamic (or flexible) agent
representations. With dynamic agent representations, one can opt to 1) switch between different represen-
tations altogether or 2) apply a mapping between function approximations. With option 1), one essentially
performs representation learning [101]. In this context, functions approximators can be replaced during the
learning curriculum by counterparts with higher representational power (complexificiation). An even more
radical approach is also possible, by completely changing the learning algorithm (i.e. from learning based
on value functions to policy search). Option 2) counts on the availability of a mapping across functions, i.e.
those related to the value function, the policy, or an internal model. Subsection 4.3.3 gives a small introduc-
tion to transferring knowledge using mappings. Note that this is largely equivalent to the concept of flexible
function approximation developed by [35].

The proposed taxonomy is visualized in Figure 4.1. Note that in general, a learning curriculum can be em-
ployed for different purposes. Here, the case of learning a single complex target MDP is considered. However,
it can also serve in the context of better generalization capabilities, also known as multi-task learning [105].

4.2, Training Distribution Entropy Management

In this section, various techniques for ranking the entropy of intermediate training distributions as reported
in literature will be discussed. Based on the taxonomy presented in the previous section, this relates primarily
to the shaping dynamics. Hand-engineered learning curricula will be considered first, to be followed by a
more extensive examination of self-paced learning (SPL).

4.2.1. Ordering through Domain Knowledge

As mentioned before, the dependency of the curriculum learning paradigm on a properly defined measure
of learning complexity gives the impression that the efficacy of the method is quite problem-specific. Never-
theless, in cases where the complexity of training samples can be established in a clear-cut manner, such an
ad hoc approach to curriculum learning can leave impressive results. In supervised learning, there are many
successful examples of this. In [17] for instance, a deep neural network for automatic speech recognition is
trained by using a curriculum learning strategy where the signal-to-noise ratio (SNR) is the leading complex-
ity factor. At the onset of training, the training distribution consists almost solely of samples with (very) low
SNR values. As learning proceeds, samples with higher SNRs are added progressively, thereby increasing the
entropy of the training distribution. The result is that the so-called word error rate (WER) decreases consid-
erably compared to conventional training methods. Here, it is very clear how the SNR can be use as a guide
to constructing effective learning curricula.

In reinforcement learning, similar results have been presented in a recent publication on learning com-
plex locomotion behaviors in challenging environments through simple reward signals [33]. Here, agents
with various embodiments are trained with deep reinforcement learning methods to traverse as long as pos-
sible distances on various terrains types. Each terrain has its own distinct characteristics that require the
agent to adopt certain behaviors. For example, the terrain may be filled with slalom walls, hurdles, and plat-
forms, which means that the only way the agent can make progress is to adopt specific gaits such as jumping
and crouching. Accordingly, the entropy of the training distribution resides in the complexity (and diversity)
of the terrain type, which can be specified heuristically in terms of distance between obstacles, steepness,
and homogeneity. By increasing the complexity of the terrain gradually over the course of learning, a curricu-
lum is formed that results in considerably better learning performance. Not only is the agent able to adopt
the necessary gaits more quickly, the learned behavior also appears to be more robust to changing dynamics
of the environment. For this problem, it can be easily seen how the training distribution can be adjusted
appropriately to match the intermediate capabilities of the learning agent.

4.2.2. Autonomous Complexity Indexing

In learning tasks where it is not clear how an appropriate learning curriculum can be designed a-priori, one
will have to adopt self-paced learning (SPL) techniques that rank training samples directly from the data
collected by the agent. In SPL, curriculum design is tied directly to the learning objective by adding a con-
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vex regularization term to the loss function’ L [36, 37, 51]. That is, for a given supervised learning method,
the learning objective is augmented by a separate term that controls the importance of each sample in the
training set. Most commonly, the regularization term is taken as the #;-norm, which leads to the following
optimization objective for SPL [36, 37, 51]:

n

n
min | Y viL(y;, [Fw)] (x)) -k Y_ v; (4.7a)

weRd,ve(0,1]" | ;21 i=1

with [F(w)] (x) defined as some functional that estimates the true output y; over the complete training distri-
bution? = {(x;, y)}_, v=[v1 v2 ... vy " abinary weight vector that is similar in nature as the weight-
ing function introduced in Definition 4.1, and x a parameter that quantifies learning complexity. Optimizing
according to this objective in one go is not possible. A feasible alternative is to make the optimization of w
and v disjoint; then, for fixed w, one can optimize v straightforwardly by applying the following condition
[36, 37, 51]:

(4.7b)

)t = 1, Ly, [F(w)](x;) <x
710, otherwise.

The general principles of curriculum learning specified in Definition 4.1 can be recognized in the SPL op-
timization problem. At any moment during the learning process, only those samples for which the prediction
loss is smaller than an a-priori set threshold x will be included in the intermediate training distribution @%.
SPL assumes that the prediction loss is a sufficiently representative heuristic for quantifying the complexity
of learning a sample. The binary weight vector v is then used to fill 2, with those samples that are consid-
ered ’easy’ under the current capabilities of the learner [36, 37, 51]. Upon convergence of of the learner, all
samples are included in the training set, which completes the learning curriculum.

Note that SPL is not the only method for autonomous curriculum design: in [28] for example, a learning
curriculum is generated by a multi-armed bandit algorithm that shapes the so-termed ’task syllabus’ based
on rewards that indicate learning progress. Here, learning progress can be measured through loss-driven
progress, as in SPL, or complexity-based progress, where it is assumed that prediction capability of a neural
network can be quantified based on the network complexity. Further discussion of the details is outside of
the scope of this section, but it is important to recognize here that using prediction loss is not necessarily the
only measure of learning progress.

SPLin the form presented above can lead to data overfitting quite rapidly, as the learning curriculum tends
to re-select 'easy’ samples over the entire learning process [37]. Moreover, as argued in [37], the entropy of
intermediate training distributions does not only reside in the complexity of the samples considered, but
also in their diversity. This leads to the concept of self-paced learning with diversity (SPLD), which employs a
slightly adjusted formulation of the SPL performance objective (Equation 4.7a). Here, it is assumed that the
complete training set can be divided in distinct groups, which often appears natural for supervised machine
learning tasks. The diversity of training then resides in the fact that samples need to be selected from each of
these groups. In this case, the sample weight vector v appears as a matrix, where each column corresponds to
a distinct group. However, this makes the training process more complex as compared to SPL, as optimizing
v becomes non-convex. Further details are out of the scope of this section, but the basic idea of ensuring
diversity of the intermediate training set is important to consider.

The basic ideas of SPLD have recently been explored in reinforcement learning in [82], where an agent
is trained to play Atari 2600 games. Here, a complexity index (CI) function is defined in terms of transition
complexity as well as sample diversity. This approach, dominated Deep Curriculum Reinforcement Learning
(DCRL), makes use of the same augmented learning objective of SPL, assuming the same disjoint optimiza-
tion approach to optimize the agent and the curriculum design at the same time. Sample batches in the form
of transitions stored in replay memory serve as intermediate training distributions:

)} (4.8a)
il)i=1

Here, the bootstrapping nature of RL is emphasized again. Subsequently, it may become clear that the TD-
error (6;+1); is the leading factor for autonomous curriculum design in reinforcement learning. In [82], three
reasons are given as to why it is important to put an upper limit on the TD errors of the intermediate train-
ing distributions: (1) high TD errors may very well be the result of noise in the reward signal or utility; (2)

2, ={(1Qw o),
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7Example loss functions were given in Section 3.3 for the case of nonlinear optimal tracking control.
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bootstrapping itself may lead to erratic learning; and (3) large TD errors violate the assumptions of first-order
SGD. On the other hand, the TD error is the single factor that drives learning in approximate RL, which means
that some balance between the two should be found. For this reason, ranking transition complexity requires
something more than the binary evaluation proposed in SPL (Equation 4.7b). Therefore, the authors propose
the ’self-paced prioritized function’ SP(d++1,x) — [0, 1], a piecewise continuous function that describes how
the TD error relates to transition complexity.

Similarly, sample diversity can be accounted for through another function, denominated the coverage
penalty (CP) function, which reduces the probability that a sample is selected based on the number of times
it was selected before. Then, the complexity index function consists of the sum of SP and CP, where the latter
can be multiplied by some weighting factor to indicate the importance of transition complexity and diversity.
By managing the entropy of the sample batches from experience replay in this way, the authors demonstrate
that an agent trained by DCRL performs considerably betters compared to others trained by other state-of-
the-art deep RL techniques. Moreover, both learning efficiency and robustness are shown to be improved.

4.3. Transfer Learning

By incorporating the principles of transfer learning (TL), the scope of the curriculum learning paradigm can
be considerably extended. Like the methods presented earlier, transfer learning has its roots in area of su-
pervised learning [62]. In this section, the fundamentals of TL in the reinforcement learning domain will
be broadly introduced. Being a separate research area in itself, the presentation will be limited to a general
framework and taxonomy, which is followed by a brief discussion on so-called knowledge mappings. The lat-
ter is especially relevant when knowledge needs to be transferred between two related MDPs with dissimilar
state-action spaces. For a more detailed overview of TL techniques, the reader is referred to e.g. [105]. Refer-
ring to the curriculum learning taxonomy presented in Section 4.1.2, the concepts presented here are mostly
related to inter-task staging and the consequences thereof, as well as the flexibility of the agent domain.

4.3.1. Framework
The many views and approaches that together constitute the field of transfer learning limit the extent to
which a comprehensive framework can be established. A broad definition is presented in [55], where the
learner and the transfer learning algorithm are considered as mappings between the knowledge space £ and
the hypothesis space . This concept is illustrated in Figure 4.2. In a conventional learning process - i.e.,
where the target task is learned completely from scratch -, £ typically consists of collected transition samples
zr41 t (X, us, X011, 7r41) and the agent representation specified a-priori by the designer (see also Subsection
2.5.2). In the transfer learning setting however, the proposition is that one can reduce the dependency on
the knowledge space of the target £; by providing a knowledge basis based on experience from different,
but related source tasks. The knowledge space of each source task £ may again consist of samples, but also
low-level information such as value functions and even high-level information like learning rules or options
[105]. Then, a transfer learning algorithm is used to map this knowledge base to a coherent representation
Htransfer that enables the learner to exploit this knowledge.

In general, the TL paradigm can be exploited for a range of different objectives. This relates to the many
evaluation metrics that can be used to measure the performance of a given transfer strategy, as discussed
in [55, 105]. Broadly speaking, there are two leading aspects here: time-to-learn (TTL), and learning per-
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(a) Conventional learning process (b) Transfer learning setting

Figure 4.2: Transfer learning framework as presented in [55]. In a conventional learning process (a), task-specific
knowledge % is the only input provided to the learning algorithm to form a hypothesis H € #; (b) in the
transfer learning setting, knowledge from one or more source tasks is used (potentially) together with
knowledge specific for the target task, which is processed by a transfer learning algorithm to form a
combined knowledge space A4y fer- Adapted from [55].
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formance. In terms of learning time, one can express transfer performance as either the total training time,
which also takes into account the time spent in learning the source tasks, or the target training time, where
only training in the target task is considered. In [105], the total training time is used as the preferred met-
ric. For learning performance, there is a wider range of possibilities that can be considered. In [105], five
categories are established. These are briefly repeated below:

1. Jumpstart: here, transfer performance is solely measured in terms of the performance gain achieved at
the onset of learning. Progress during learning of the target task is of no relevance here.

2. Asymptotic performance: with this metric, the transfer algorithm is evaluated in terms of how it in-
creases the performance of the learner in terms of asymptotic reward or cost incurred once the learning
process has converged.

3. Total reward: here, the total area under the learning curve (integral) with transfer is compared to the
total area without transfer. This essentially combines the concepts of target training time and learning
performance in a single metric.

4. Transfer ratio: essentially the same as total reward, but expressed in terms of a ratio between the areas.

5. Time-to-threshold: with this metric, one assumes that there is some threshold that can be assigned
to quantify adequate learning performance. The time to reach this threshold is then used to evaluate
transfer performance.

It may be clear that any of these metrics may yield a different picture of transfer performance. For example,
a transfer strategy may show no immediate improvement over random policies at the onset of learning but
make steady progress thereafter, as reported in [102]. In this case, using the jumpstart metric to evaluate
performance would not be appropriate. Therefore, one should carefully select an adequate metric for the
problem at hand.

4.3.2. Taxonomy

With the surveys reported in [55, 105], a clear taxonomy has become available that structures the TL paradigm
along a range of key dimensions. These focus on the variations in (1) allowed task differences, (2) source task
selection, (3) transferred knowledge, (4) knowledge mappings, and (5) allowed learners. Each of these aspects
will be briefly discussed in this Section. Here, it must be emphasized that transfer learning can be adopted in
different settings. That is, one can consider single pairs of source and task MDPs only, but the same principles
generally apply to the multi-task setting as well.

In general, the target MDP M, : <3t’t,02[t, F,, ﬁt,y) can differ (1) in multiple ways from a source MDP M :
(Zs,%s, Fs, ps,v) that is used for transfer. This may have a strong impact on the transfer strategy that is to be
adopted, as well as the extend to which transfer can be successful. It is emphasized here that any pair of tasks
considered for transfer requires them to be related in some sense, or transfer will be to no avail. Even worse,
generating an inappropriate knowledge base may even hurt learning, an effect known as negative transfer
[105]. This also relates to the source task selection process (2), which can be done by a domain expert or
autonomously by the learning agent itself. This is the part where the learning curriculum is designed. The
main ideas here are essentially equivalent to those discussed in Section 4.2. Most of the work in TL assumes
that such a curriculum is specified a-priori, but recent publications also present autonomous curriculum
generation [73, 74]. It may be clear that a well-designed learning curriculum ties the source and target tasks
in such a way that the target knowledge base £ 4,g¢; results in beneficial transfer performance.

Assuming that the selected task sequence allows for positive transfer, the key distinctive factor in TL is
(3) the transferred knowledge, i.e. how the source task knowledge space .£; materializes. Some options were
mentioned already in the TL framework, including transition samples, low-level knowledge such as value
functions, or other types of high-level knowledge. In general, one can distinguish between instance transfer,
which directly re-uses observed experience from the source task, representation transfer, which derive repre-
sentations for the target task through some abstract process, and parameter transfer, which directly initializes
a target learning with knowledge gained from the source task [55]. The question of how this knowledge is to
be mapped from the source to the target task is then addressed by (4) the knowledge mapping. These may
again be determined a-priori by the domain expert, but can also be generated autonomously by the learner
itself by identifying how the source task is related to the target task [105]. On the other hand, there are also
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methods that circumvent any type of mapping by exploiting so-called task-invariant knowledge. More details
on knowledge mappings are presented in the next section.

Lastly, there is the question of what learning paradigms (5) are compatible with the selected transfer strat-
egy. For example, an approach that maps individual state-action values will not be compatible with policy
search methods. This shows that the transfer algorithm is often inherently tied to the learning algorithm itself.

4.3.3. Knowledge Mappings

Having established the type of knowledge used that is to be transferred between a pair of tasks, the key to-
wards ensuring positive transfer is to apply an adequate mapping <, ap : K, X -+ X Hsy X Ky — Krarger. This
is especially relevant in situations where the state-action spaces of the task pair under consideration differ in
terms of dimensionality and semantic meaning, which often calls for a manual design of /4y [105]. By
specifying these mappings a-priori, one adds another source of domain knowledge that enables the learner
to increase its learning performance. This is also known as the concept of inter-task mappings [105]. In this
subsection, this class of methods is further scrutinized.

The concept of inter-task mappings was introduced in [102], where low-level knowledge in the form of
Q-values is used to initialize learning in a larger MDP based on a similar, but smaller source MDP. Based on
how the learning domains of these MDPs semantically compare to each other, an action variable mapping
is combined with a state variable mapping to form a so-called transfer functional. This transfer functional
is essentially a dedicated algorithm that assigns Q-values to those state-action pairs of the target task that
show a direct connection to the source. The specific way this functional is implemented depends on the type
of function approximator considered, but the general idea is evident. In [102], this method is investigated
for three approximators, including CMACs, RBFs, and a feedforward ANN. For the CMACs and RBFs, the
transfer functional loops over the complete range of basis functions, whereas for an ANN, it loops over each
of the links that connect a given pair of neurons. This approach is in fact equivalent to the concept of flexible
function approximation [35], where a given approximator can be expanded (or reduced) to accommodate
learning in related, but different MDP. However, here one does not explicitly make use of a transfer functional
to seed the target approximator with the parameters from a source, but modifies the same approximator
while keeping the existing parametrization largely intact. Note that inter-task mappings can also be used for
instance transfer, which makes the procedure also compatible with model-based reinforcement learning. An
example of this is the TIMBREL algorithm, presented in [103].

Although strongly dependent on how two MDPs relate to each other, a one-to-one assignment or expan-
sion procedure is generally relatively straightforward. However, the question that arises immediately is how
to initialize those parts of the Q-function that are outside of the scope of this transfer functional, i.e. for re-
gions that go beyond the scope of the source task. In [102], it is opted to initialize the weights of those basis
functions or neurons that fall under this category with the average of all other weights, or to copy the weights
of a related region that shows high correspondence. In [35] however, it is suggested to either keep the infor-
mation from the source MDP on the zero subspace of the newly added state or action variable, or to clone
existing knowledge and project this randomly on the unknown dimension. Independent of what strategy is
chosen, it may be clear that the way these unknown subsets are initialize can have a strong influence on the
performance of the TL algorithm. In [102], this effect is briefly investigated.

Although hand-engineered mappings represent a major category, there are also other approaches re-
ported in literature that depend less on explicit knowledge of the target task. One class of methods takes
advantage of task-invariant knowledge, which often use some form of high-level information that generalizes
over a large distribution of tasks that share common features [102]. An example of this approach is presented
in [49], where a framework for learning shaping functions is investigated that allows an agent to carry over
internal knowledge in the form of sensations between goal-directed tasks that have dissimilar state space rep-
resentations. The assumption here is that both the reward signal p as well as the input space % are invariant
across the task distribution. However, this also illustrates that this class of methods can be quite limiting.

Another way to reduce the need for a-priori information on how a pair of tasks is related is to have the
transfer learning algorithm generate </,,,4, autonomously. One example of this is presented in [104], where
instances from both the source and the target task are used to identify adequate knowledge mappings. In or-
der to reduce the total amount of data required from the target task, a transition model is generated that en-
ables prediction over a large distribution of state-input pairs observed from the source. Then, an exhaustive
evaluation algorithm is run to identify the most appropriate action and state variable mappings. However,
this kind of approaches normally suffers from large computational complexity.



Safe Learning

One of the main open problems with reinforcement learning methods and artificial intelligence in general
is their potential for catastrophe on safety-critical systems [6]. With this kind of systems, there is a nonzero
probability that the agent takes an action that will cause it to damage itself or its environment. In general,
the safety concept can take many forms [23]. For example, the agent can exhibit negative behaviors during
deployment that were not anticipated for during design and training [6]. This means that, in case of an inad-
equate or inappropriate objective function, even an optimal policy can lead to dangerous decisions [23]. Or,
the agent may find itself in a situation that it has not encountered before, leading to the concept of robustness
to distributional shift [6, 65]. An agent that cannot sufficiently generalize across different conditions cannot
be expected to perform well in this kind of situations. Safety during on-line exploration forms another major
item [6, 65]. When learning online, states and actions that have not been encountered or considered before
cannot be adequately evaluated in terms of their safety properties. Methods that address these issues in the
concept of learning-based control systems are generally collectively referred to as Safe Learning (SL) methods
[23, 78].

The dependency of safety and its companion, risk, on the context of the learning problem has resulted in
many research directions and taxonomies for safe learning algorithms. For example, one may augment the
definition of the reward signal with a specification for risk aversion [25], an approach that is coherent with the
idea of reward shaping [76]. However, such an approach does not take account of potentially fatal transitions,
but uses the definition of forbidden states to guide the agent through the learning process, resulting in more
effective training runs. Other approaches alter the optimization objective altogether, thereby restricting the
space of available policies to those that are guaranteed to be safe [72]. Garcia [23] has categorized these
methods under the optimization criterion of safety.

Another major class is formed by algorithms that explicitly modify the exploration process [23]. Com-
mon approaches here include directed exploration based on some heuristic related to risk [24], and methods
that exploit a certain form of external knowledge. Examples of this last category include (1) learning from
demonstration (also known as apprenticeship learning) [1], (2) productive initializations!, and (3) learning in
a supervisory framework. In this last category, learning typically takes place under supervision of a knowl-
edgeable sub-optimal controller or teacher. The teacher can have various levels of autonomy: Garcia [23]
makes the distinction between ask-for-help and overriding approaches. It is important to recognize that vir-
tually any control theoretic approach can be adopted in such a supervisory framework. An example that has
seen successful integration with machine learning and learning-based control is Reachability Analysis [4, 27].
Another class of methods that will be listed here is formed by approaches that exploit tools from control the-
ory to limit the attainable policy space, for example by switching between selected safe baseline controllers
[79] or by guiding exploration under Lyapunov stability verification [11]. This last category enables direct
integration of control-theoretic tools in the framework of learning-based control, which is still considered a
relatively open area in RL research [6].

In this work, the main concern is to ensure adherence to strict safety constraints during online learning
of the optimal control law, i.e. during exploration. This calls for methods that can guarantee the bounded-
ness of the system state during learning under mild assumptions of initial knowledge, i.e. that can stabilize

ITransfer learning methods are also listed under this category
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the learning process [6]. This excludes methods that adopt a weak notion of risk (i.e. in a manner that can
be considered open-loop), as e.g. the PI-SRL algorithm proposed in [22] which depends on the addition
of Gaussian noise around an existing policy. In general, some prior knowledge is necessary to ensure safe
exploration [65, 78]. In the literature, methods for ensuring boundedness of the system during exploration
have taken multiple forms: variations have been proposed that employ safe (a-priori) backup policies, propa-
gate a(n) (approximate) model of the system forward in time, assume locally stable initial policies, and many
more. This shows that research in safe learning is quite fragmented [78]. As a result, a general framework
or taxonomy is hard to identify. For this reason, this chapter scrutinizes methods and approaches that have
been influential in the field of safe learning, or that have been proposed recently. Three main areas have been
identified. In Subsection 5.1, safe learning methods are surveyed that employ a certain global reference that
is available throughout the lifetime of the agent, most importantly at the start of exploration. This refers to
approaches that have direct access to a-priori information that allows them to correct inputs generated by the
learning agent, i.e. without the need for predicting trajectories on-line. Predictive methods are discussed in
Subsection 5.2. This class of methods guarantee safety by propagating a(n) approximate model of the system
on-line, thereby restricting the agent from entering certain regions of the state space. A third category directly
constraints the attainable policy space, which is surveyed in Subsection 5.3. Here, the safe policy space can
be given a-priori, or expanded on-line. Note that this is not a fully clear-cut division, as there generally is
some overlap between the different categories.

5.1. A-priori Global Reference

The methods surveyed in this section have in common that they support the learning process with informa-
tion that is instantly available, i.e. without the need for table look-up or input search. Typical for this kind of
approaches is the presence of real backup capabilities, assisted by some form of risk detection. Subsection
5.1.1 discusses global safety functions as derived from observed minimum rewards. A less strict methodology
based on supervised reinforcement learning is presented in Subsection 5.1.2. Another technique, based on
artificial potential fields, is discussed in Subsection 5.1.3.

5.1.1. Safety Functions

By having access to global safety functions that are specified a-priori, an agent can be prevented from taking
actions that may lead to fatal transitions. Hans et al. [32] argue that the existence of such a global safety
function, in combination with the availability of a safe backup policy, is sufficient to solve the challenge of
safe exploration. In their study, a transition is considered fatal if the observed reward r is below a given
threshold 7. This quantification of safety gives rise to the concept of min-reward function, which returns an
estimate of the minimum reward that would be observed given the current state-action pair and following
the fixed backup policy 7(x) thereafter. In this way, the agent is restricted from providing inputs that can
lead it to so-called super-critical states, which are defined as those states for which fatal transitions cannot
be prevented with certainty. Such a min-reward safety function can be specified by a designer, or it may
be learned from a-priori collected min-reward samples of the system. In addition to forming the primary
reference for the min-reward function, the back-up policy can also be activated online in case an unknown
state is visited by the agent.

Hans et al. [32] describe that obtaining an adequate global safety function is not a trivial task. In the
presented case study, the min-reward function is determined by means of least-squares regression of the
observed min-rewards using quadratic state features as the regression terms. In the case of state-action pairs
that fall outside the regression domain, it is assumed that extrapolation is sufficient to calculate the risk level
associated with a certain state. Additionally, the presented method does not take into account uncertainty of
the min-reward estimate, as denoted in [72]. These points indicate that finding a good global safety function
for (stochastic) MDPs with high-dimensional state-action spaces can be very challenging.

5.1.2. Supervision by a Stable Controller

As an alternative to formulating safety in terms of fatal transitions, it is often seen that a looser definition
is adopted in terms of constraints. Then, safety is ensured if the system remains within the limits set a-
priori by the designer. However, violation of these constraints does not strictly lead to a fatal region of the
state space, if timely correction is assured. This can be achieved in the framework of supervision by a stable
controller, as first proposed by [9] and later adopted by [83, 84]. In this framework, reinforcement learning
is essentially combined with supervised learning (SL) of a sub-optimal, but stable policy. This gives rise to
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Figure 5.1: Illustration of the supervised actor-critic architecture as presented in [84]. Taken from [84].

the concept of a supervised actor-critic structure, as illustrated in Figure 5.1. Here, a supervisor policy is
responsible for guiding the learning process in three areas: 1) it can augment the utility signal generated
by an additional shaping term, making the learning process more tractable; 2) it may support the actor in
selecting good actions during the exploration process; and 3) it can override the actor completely and take
direct control of the system if considered necessary. In this way, the learning process is sped up considerably,
while minimum safety and performance levels are ensured [84].

In the work reported in [83, 84], the supervised actor-critic framework is established by means of a com-
posite actor consisting of the supervisor, the RL actor, and a "gain scheduling" element. The gain sched-
uler essentially returns an input calculated as the weighted average between the exploratory actor input
ur ~ 7 (u|x) and the baseline input ug = mg(x), using an interpolation parameter k € [0, 1]:

u=kug+(1-kug (5.1a)

At the start of exploration, the interpolation parameter is intialized as zero, representing zero autonomy for
the learning controller. During this phase, learning is essentially equivalent to learning by demonstration [1].
The interpolation parameter can be updated incrementally using a state-visitation histogram, which can be
implemented in a tabular setting or using a function approximator. The learning agent reaches full autonomy
if k = 1. The actor update makes use of the same weighted average:

wa(t+1) = wa(t) + kAwRL () + (1 - ) AwSE (1) (5.1b)

Here, AwEL(1) is calculated as in e.g. Equation 3.11c, whereas Aw5E(#) results from minimizing the supervi-
sory error (i.e., the difference between the supervisor and agent input). This algorithm is successfully demon-
strated by the authors in a ship steering task [83] and goal tracking using an acrobot system, as well as on a
real seven degree-of-freedom robot arm manipulator [84]. However, safety constraints are not taken explic-
itly into account in these experiments. In fact, with this approach the assumption is made that starting from
a stable policy and transferring control gradually to the learning agent is sufficient to prevent risky behaviors.

The implementation reported in [9] is slightly different, as the weighted input is activated only if one of
the system constraints is violated. This is achieved by means of guardians or peripheral controllers. Based on
the relative importance of these guardians and the central controller, superimposition of inputs can steer the
system state away from its limits. This essentially represents a scaled backup input. Moreover, an additional
punishment is added to the reward signal to shape the critic. In this way, the supervised learning framework
significantly adds to safety during exploration.

5.1.3. Potential Field Techniques

As aless demanding alternative to a-priori designed backup controllers, potential field techniques using Ar-
tificial Force Fields (AFFs) can be considered. Artificially designed potential fields have seen applications in
obstacle avoidance for robots and real-time manipulator control [40], and have also gained interest by the
haptic control community [54]. In the field of reinforcement learning, AFFs have been used in solving path
planning problems [114], as well as in the context of potential-based reward shaping (25, 76]. Artificial poten-
tial fields in their basic form as suggested by [40] consist of a collection of attractive and repulsive poles that
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generate a potential field, in analogy with e.g. gravitational or electrical potential energy. Taking the gradient
of the potential function ®(x), which is scalar, results in a conservative force field F(x) = -V®(x) [25]. In a
control-theoretical context, this implies that a kinodynamic entity can repelled from or attracted to certain
regions of its environment by selecting u proportional to —V®(x).

Multiple forms of AFFs have been suggested in literature [54]. The basic form proposed by [40] defines
potential as a function of distance between a robot manipulator and an object. The attractive potential field
is then defined as the square of this distance:

D (x) = $k(x—x,)° (5.2a)
with k representing a tuning gain. The repulsive field potential is defined as:
2
1.(1_ 1 :
o-m=] 3(5-m) o= (5.2b)
0 else,

with p =[x — x0lI?, po representing a measure of minimum distance, and 1 again a tuning gain. These fields
can e.g. be superimposed on a grid using ®(x) = ®*(x) + ®~ (x). With this definition, the resultant force
is nonzero most of the time, aside from regions where a (local) minimum or maximum is formed. A more
sophisticated alternative by taking account of the relative velocity, giving rise to the concept of generalized
potential field (GPF) proposed by [50]. In the work by [15], GPFs were further extended to make them bet-
ter compatible with UAV applications, resulting in the concept of a risk field. The risk field returns a value
between 0 and 1, indicating the risk of hitting an obstacle. This concept was further developed into parame-
terized risk fields [15], giving the designer more freedom in selecting the shape of the risk field.

As a side note, potential functions play a remarkable role in the context of reward shaping as they do
not change the optimal policy when solving an MDP [76]. Here, the reward function can be augmented by a
shaping term in the following way:

(%, u,x") = p(x,u,x') +o(x,u,x") (5.3a)
Then, if the shaping reward is selected as:
ox,u,x") =0(x) - yd(x") (5.3b)

it can be shown that the optimal value function and policy will remain unaffected [76]. Note that y represents
the usual discount rate in infinite-horizon MDPs. However, the definition of the potential function ®(x) is not
fully equivalent to what has been described before. It is better described as a descent function, as clarified by
[25]. Note that a mere alteration of the reward signal is not sufficient to guarantee safety during exploration,
as argued before.

Although AFFs have been primarily applied in obstacle avoidance tasks, their use is in not limited to this
kind of applications. When it comes to safe exploration, they might as well be implemented as some form of
global risk function, as introduced in Subsection 5.1.1. Essentially, the risk 'force’ can then be interpreted as
an integrated combination of safety function and backup policy. However, it is not trivial to map this force
to real low-level inputs for every risk mode, especially when the system dynamics are uncertain. This will be
further discussed in Section 6.2.

5.2. Model-Predictive Methods

This section will focus on methods that propagate an approximate or bounding model to keep the system
state space within a given subset of the state space & < R” given a feasible control sequence with inputs
taking values in ¢ < R™. These differ from the methods discussed in the previous section in that safety is en-
sured by means of online predictions. This class of methods fall in the range of model-based reinforcement
learning approaches, which where discussed earlier in Subsection 2.5.3. First, heuristic backup identification
methods will be discussed in Subsection 5.2.1, where the aim is to let the agent explore infinitely based on
risk detection and already explored states. A strongly related framework based on ranking control options is
introduced next in Subsection 5.2.2, which introduces a more practical implementation for backup identi-
fication. Another approach is discussed in Subsection 5.2.3, where the computational downsides of online
model propagation are further reduced by means of a table look-up. Subsequently, a related but different
framework based on forward propagation of statistical models that are updated online is described in Sub-
section 5.2.4. Finally, again another paradigm based on the approximation of safe sets using reachability
analysis is introduced in Subsection 5.2.5.
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5.2.1. Heuristic Backup Identification
In applications where knowledge about the system and its environment is very limited, there is typically in-
sufficient a-priori information available to guide the exploration process adequately. Mannucci et al. [66]
present an approach that reduces the knowledge required for safe exploration to an overestimate of the sys-
tem dynamics and experience gained on-line by the agent. This method is denominated as the Safety Han-
dling Exploration with Risk Perception Algorithm (SHERPA), and has been developed in the context of UAV
exploration. The fundamental concepts behind the algorithm will be briefly recited here.

SHERPA is essentially a heuristic search algorithm, and is the result of a formal approach to safe learning.
It is based on the assumption that fatal occurrences are related to fatal states instead of actions, giving rise to
the concept of Fatal State Space (FSS) [70]:

FSS={x'\Vxe X Vue%,v=(x,u,x') € Tfq} (5.4a)

with T, the set of transitions that lead to fatal occurrences. Then, the Safe State Space (SSS) is defined as
the complement of the FSS, i.e.

SSS=F\FSS (5.4b)

The risk modes, also referred to as "modes of fatal occurrence"”, are assumed to be known a-priori and col-
lectively form the Restricted State Space (RSS). Then, the intersection of the RSS with the FSS gives rise to the
Restricted Fatal State Space (RESS):

RFESS=RSSNFSS (5.4¢)

The RFSS is unknown a-priori. However, it is assumed that the algorithm can perceive how close the current
system state is with respect to the nearest fatal state. This is essentially a sensor-based approach and is de-
nominated as the Risk Perception capability of the algorithm. Risk perception is defined as a mapping W (x)
that returns 1 if risk is detected in a limited perception region H and 0 otherwise. If no risk is detected, all
states in the region H are added to the belief SSS. In this way, the agent gradually expands its safe exploration
area. The framework is complemented by the concept of Lead-to-Fatal (LTF) states, which are not part of the
ESS, but "evolve in the FSS with probability one" [70]. The set of LTF states is represented as L, and is defined
as:

L={x|Vu(x(tp),1), 3t:0(x(t), u(t),t) € FSS} (5.4d)

With o (x(ty), u(t), t) representing a continuous-time state-trajectory between time ¢ and #y. LTF states are
essentially equivalent to what Hans et al. [32] refer to as supercritical states (see Subsection 5.1.1). The key
idea is that from any state x, the agent must be able to return to a state visited before that lies within the SSS,
i.e. it must avoid both fatal states as well as lead-to-fatal states. The predictive capabilities of the SHERPA
algorithm are based on an overestimate of the system dynamics, referred to as a bounding model. Given the

( Definition 5.1: Control backup in interval form. Taken from [66, 70]. A
A strictly feasible control sequence Uy, = {uy, ..., Ui} is a control backup in interval form if,
Viell,2,...,m},[xXpsi] € SSSk (5.5)
and [xp.n,]NL=03,ie,
VXkim € [Xkrml, APk (X — xp) € [€] (5.6)

meaning that the bounded uncertainty cannot exceed a reaching interval [€], or, alternatively, if it leads
to an equilibrium state xg,

VXktm € [Xk+m)y (Xk+m — XE) € [6] (5.7)

with reaching interval [6].
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Figure 5.2: Flowchart of the procedure followed by the Safety Handling Exploration with Risk Perception Algorithm
(SHERPA) developed by [65, 66, 70]. Taken from [66].

state distribution function F : & x % x & — [0,1] (see Section 2.2) giving rise to the total set of transitions 7,
the bounding model A(x, u) is defined as [70]:

vr={xux't €T :x e Alx,u) (5.8)

With this approach, if all trajectories 7 predicted by the bounding model lie within the SSS and do not include
any LTF states, safety of the system can be guaranteed with probability one. Forward-in-time propagation of
the uncertain dynamics is facilitated by Interval Analysis (IA).

The SHERPA algorithm integrates all of these aspects in its search for control backups, which enables
the agent to explore indefinitely. Mannucci et al. [66] explain that this is in fact equivalent to the condi-
tion of ergodicity [72] for continuous systems (see Subsection 5.3.1). If the predicted distribution of states
[Xx+1] = A(xg, ug) - that is, given the proposed input - is completely in the known SSS, safe return to the
neighborhood of a state visited earlier is guaranteed if a control backup sequence U () can be found for
[Xi+1]. The definition of a control backup sequence is given as Definition 5.1. The reaching intervals [€]
and [6] form the closeness condition that must be satisfied by the backup sequence, and must be chosen
heuristically. Additionally, they can be made dependent of the magnitude of the backup control inputs. The
algorithmic logic defining SHERPA is summarized by the flowchart in Figure 5.2.

Although similar to the interpretation of control backup discussed in Subsections 5.1.1 and 5.1.2, this
procedure mitigates the need for an a-priori safe policy by an on-line heuristic backup search. However, it
can take a considerable number of iterations before a control backup sequence is found, especially for high-
dimensional state-action spaces or systems with slow dynamics in the RSS. As a result, the computational
complexity of SHERPA can be quite demanding.

5.2.2. Ranking Control Options

Although the online heuristic backup search framework taken advantage of by SHERPA guarantees the pos-
sibility for infinite exploration under limited assumptions, the probability that a feasible backup cannot
be found in the available of time reduces the practical applicability of the algorithm, especially for high-
dimensional systems involving multiple levels of integration. If the algorithm depletes it backup search over
multiple time steps, safety of the system cannot be guaranteed in the absence of a correct control backup. A
key insight here is that the best available, or "least bad’, control backup will at least perform better than no
backup. Also, if the bounding model is very uncertain or prediction horizons are relatively long (as in the
case of slow dynamics), it is unlikely that the conditions shown in Definition 5.1 can be met. These intu-
itions form the basis for SHERPA successor algorithm, denominated optiSHERPA [70]. OptiSHERPA adopts
the same framework of state space labeling and bounding models as discussed in the previous section, but
replaces the heuristic backup search of Definition 5.1 by a set of metrics to evaluate a finite collection of in-
put sequences, including that proposed by the agent policy. The key features of optiSHERPA will be briefly
summarized below. More extensive background can be found in [70].
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First, in order to promote control inputs that keep the system close to the belief SSS, a distance metric is
proposed that quantifies the 'distance’ between a given state interval [x;] and some known state x ,:

(5.9)
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with v, € R"* a weighting term representing the level of risk associated with each state (basically a heuristic
indication of the RSS), p < 1 a tuning parameter indicating the relative importance of interval width over cen-
ter closeness, and © the Schur product (entrywise product). By doing this evaluation for every state interval
in the bounding trajectory 7 and integrating the result over time (summation in discrete time), a single score
can be assigned for every input sequence U generated by optiSHERPA and the agent. Note that the agent
requires some form of prediction capability, which can be achieved by giving e.g. it a model realization from
the bounding model A (x, u). Then, the first input u from the sequence U associated with the minimum accu-
mulated distance is applied to the system. Similar as for the reaching distance used for backup identification
in SHERPA, the distance metric can be corrected for the magnitude of the control input.

The distance metric is applied if the risk returned by the risk mapping W (x) equals zero. If risk is per-
ceived, another metric coined the evasion metric is invoked. This metric makes use of an a-priori partitioning
of the state space into regions R;, each associated with increasing levels of risk. This can simply be the SSS
and the FSS, but any hierarchy of regions can be considered. Each of these regions is assigned a given weight
w;, with higher weights representing higher risk levels. Then, the intersection volume p;; of a given trajectory
7 € T is computed for each region R;. The optimal evasive control sequence U}, is then determined using:

T :argg}ér%;pij w; (5.10)
)

Again, the first input u is applied to the system. This is essentially a heuristic alternative to the closeness
condition, although the fact that the resulting evasive control is not necessarily a true control backup means
that infinite exploration cannot be assured. Therefore, optiSHERPA achieves computational tractability at
the expense of losing some strong safety guarantees provided by SHERPA.

5.2.3. Graph Pruning
Instead of reducing the computational complexity of online backup identification by following a heuristic
rating scheme, one can also choose to limit the state-action space by enforcing the condition of ergodicity a-
priori. In Mannucci et al. [67, 69], the same overestimate of the system dynamics in the form of the bounding
model (Equation 5.8) is used to form a collection of a-priori? look-up tables for predicting future trajectory
intervals [x,;] given a control sequence U. These look-up tables are generated by partitioning the particular
subset of the state space & that follows from the operational envelope of a dynamic system, which in general
does not intersect with the FSS but may contain LTF states. This partitioning is known as a tiling < R",
where each 7 € 9 forms an interval [x;, x; + A;] for all x; € x within the operational envelope. Here, A; rep-
resents the tiling width [65]. Based on this tiling and the bounding model A(x, ), one is able to generate a
matrix for a given action u € % that - given the current bounding model - indicates all transitions to neigh-
bouring tiles for all 7 ¢ . Essentially, this matrix very efficiently summarizes transition intervals over state
intervals based on zeroes and ones only. By generating such a matrix for a representative subset of inputs
Usup <%, a collection of look-up matrices is obtained that is referred to as a hypergraph ¢. This forms the
central concept for an alternative approach to preserving ergodicity, a process known as graph pruning [67].
When the graph is being generated, only those transition intervals that will map the subsequent tile col-
lection within the operational envelope are labelled as feasible. By definition of the operational envelope, this
implies that the resulting set of policies will be limited to those actions that will not directly lead to the FSS.
However, without any further action, ¢ will still include lead-to-fatal states in the predicted transition inter-
vals. That is, there are still nodes contained in the hypergraph from which there is no return, as illustrated
in Figure 5.3. As explained in [65], these are also known as sinks in graph theory. Consequently, the idea of
graph pruning is to remove all sinks from ¥, as well as the links that lead towards it. This is an iterative pro-
cess, as the removal of these links may potentially lead to new sinks. Once pruning has finished, %, essentially
represents the policy space for which ergodicity of the system is preserved. Safe learning then comes down
to verifying that a given state-action pair (x, #) is contained in the pruned hypergraph by means of a table

2Note that this subsection could have been included under Section 5.1 as well, but it was decided to position it here due to the large
commonality with previous subsections.



5.2. Model-Predictive Methods 79

b}
'T6l
’,

~ -

Figure 5.3: Schematic illustrating the key principles behind graph pruning, as proposed by Mannucci et al. [65, 67].
Here, the hypergraph contains a sink in the form of 74, which is removed in the pruning process; however,
this yields 75 as a new sink, which shows the need for additional pruning. Taken from [65].

look-up. Note that this shows strong commonalities with the idea of global safety functions, as discussed in
Subsection 5.1.1. However, in this case, uncertainty is explicitly accounted for through the bounding model.

5.2.4. Uncertainty Propagation using Statistical Models

Although the outer approximation properties of bounding models is very appealing, they generally lead to a
very conservative estimate of the allowable policy space when the agent is deployed on-line (i.e., the space of
policies for which ergodicity is preserved with certainty under the bounding model). The reason for this is that
the bounding model is not updated during learning, but remains fixed under the a-priori determined interval
bounds. If these bounds would be updated online - that is, narrowed - based on observations made from the
system that the agent is interacting with, predicted future trajectory intervals would be much more accurate,
given that updated bounding model still contains the true dynamics F. A model-learning implementation for
bounding models has not been studied yet. However, the central idea of updating predictive models online
is investigated in [48] for safe reinforcement learning based on statistical model-predictive control (MPC).
Here, an outer approximation model f (x¢, u;) consisting of a prior model h(x;, #;) and an upper bounded
estimate of the unknown model error g(x;, ;) is used to make predictions over a finite time horizon, where
a control sequence U must be found given an a-priori determined optimization objective and safety con-
straints. A Gaussian Process (GP) function approximator is used to model g(x;, #;), which is updated online
based on collected samples of the system. In this way, the predictions made by the MPC algorithm become
less uncertain with every update of the GP model. This technique is known as the SAFEMPC algorithm [48],
and is based on the key principles of learning-based MPC (LBMPC) that was originally conceived in [7].

The MPC-based approach to achieve safe exploration is conceptually quite similar to the ideas that un-
derlie the SHERPA and optiSHERPA algorithms discussed in Subsections 5.2.1 and 5.2.2. However, instead
of performing multi-step predictions using bounding models, SAFEMPC uses ellipsoids to bound the model
uncertainty for the reason that transformations can be performed in affine form [48]. Forward predictions are
performed based on (1) a contribution fp (x¢, u;) consisting of a linearization of the prior model h(x;, u;) and
the estimated mean p, (x;, #;) from the GP model uncertainty estimate, and (2) an upper confidence bound
of the prediction mismatch d(x;, u;). The latter is formed by a combination of the Langrangian remainder
due to linearizing h(x;, u;), as well as the standard deviation of the GP estimate of g(x;, u;) and Lipschitz
contuinity bounds. By over-approximating both contributions with ellipsoids, they can be straightforwardly
combined by means of an affine transformation. This process is illustrated in Figure 5.4.

Consequently, safe learning is enforced through a similar - but not equivalent - approach as given in Defi-
nition 5.1. First, given the prediction window of width T, the trajectory bounds described by the collection of
ellipsoids {R,/}tT,;(l), with ¢’ = t — f,,4;, must satisfy the safety constraints at all times. These constraints follow
from the definition of the SSS (Equation 5.4b), which may given a-piori or identified on-line ([48] does not
provide any restrictions in this regard). Second, ergodicity is ensured by a terminal set constraint Ry © X, e,
where s, re © X is that part of the state space where the system can be safely controlled by an a-priori safe
policy 754 e (x). Now the difference with Definition 5.1 is that &5, f is assumed to be invariant, whereas ear-
lier it was seen that the SSS can be expanded as the state space is further explored. This can significantly
limit the extent to which the agent can explore {Z \ Z, fe} N SSS, i.e. the rate at which the agent can learn
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Figure 5.4: lllustration of the key principles behind forward predictions based on ellipsoidal over-approximations of the
true dynamics based on an uncertain model as conceived by [48]. By virtue of the affine transformation
properties of ellipsoids, a linear model contribution can be straightforwardly combined with an upper
estimate of the model mismatch through the Minkowski sum . Taken from [48].

about the environment. In [48], this deficiency is accounted for by planning a so-called performance trajec-
tory in addition. Nevertheless, as learning proceeds, SAFEMPC is progressively able to make better model
predictions by virtue of online GP updates.

5.2.5. Approximation of Safe Sets using Reachability Analysis

The approaches discussed so far in this section have a couple of aspects in common. First, they do not alter
the reward signal g in any way. In case of on-policy solution methods, this becomes problematic in case a
control backup is performed by an external supervisor, such as SHERPA or optiSHERPA described in Sub-
sections 5.2.1 and 5.2.2. By contrast, this is perfectly acceptable for off-policy learning, as also described in
Subsection 2.5.1. Since the control backup maps the system state x back to the known SSS, there is no way for
the agent to distinguish between the open-loop system dynamics and the closed-loop dynamics under the
backup policy 7 (x) if this difference is not reflected in the reward signal. For all the agent knows, the system
will transition back into the SSS as soon as it approaches the FSS. This is in contrast to e.g. the supervised
actor-critic architecture as described in Subsection 5.1.2, where the reward signal is augmented by an addi-
tional shaping term. A second commonality is the dependency on an over-approximation of the uncertain
dynamics to be able to make predictions. Even in the case of the SAFEMPC algorithm described in the pre-
vious subsection, which accounts for overly conservative uncertainty bounds by updating the model online,
predictions are still based on an ellipsoidal over-approximation of the true dynamics. These insights show
that there is considerable room for improvement here.

In [4], a model-based safe-learning framework is proposed based on reachability analysis (see also [26,
27]) that addresses these problems simultaneously. Here, system dynamics of the form f(x,u) = h(x) +
g(x)u + d(x) are considered, where the (deterministic) state-dependent disturbance function d(x) is un-
known, but bounded by a compact set Z(x). This term must be learned to account for model deficiencies
of the system’s internal dynamics, and is approximated by means of a Gaussian Process. Note that the input-
affine term g(x) is assumed to be completely known. Then, the SSS is described as a set .# < R”, where
the system must remain during some time horizon 7 given all possible realizations of d(x) in 2(x). That is,
there must exist an input sequence U that ensures x € £ V¢ € [0,7]. The idea of reachability analysis is then
to compute the set of states at time ¢ = 0 by solving a form of the so-called Hamilton-Jacobi-Isaacs (HJI)
partial differential equation (see also [71]). The solution is found as that set of states for which the function
v:R" x [0,7] — R is positive everywhere on the domain, except on the boundary, where it evaluates to zero.
This problem is essentially formulated as a differential game, where the disturbance d(x) drives the system
towards the FSS # ¢ = R\ £ and the control input u(x) tries to maintain x € # Vt € [0,7]. Then, there is
an optimal (i.e., safe) control strategy 7, (x) that maximizes the set of initial states for which this differen-
tial game can be won. For reinforcement learning applications, a key insight is that 77} (x) only needs to be
applied once the agent reaches the boundaries of this set, meaning that this strategy essentially serves as a
control backup policy.

Now, there are essentially two main contributions in [4] that aim to resolve the aforementioned issues.
First, the utility signal is augmented by a safety metric based on v(x), which returns a penalty that goes to
infinity as the system state reaches the boundary of the initial safe set. An experiment is presented that
shows that by incorporating this metric, the agent learns faster and requires less assistance by the backup
policy ﬂZ(x). Second, the disturbance set 2 (x) is estimated and validated online based on a so-called model-
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reliability margin. This metric allows for a sample-based evaluation of the correctness of the current estimate
of 2(x). Thatis, instead of putting a over-approximating bound on 2 (x) that will lead to pessimistic prospects
for the controller to win the differential game, an intermediate (under-)estimate of 2(x) will be considered
sufficient unless proven otherwise based on data of the real system. This approach is shown to be very suc-
cessful in a quadrotor tracking experiment in a constrained environment (control room). As a result, the
available learning space is much less constrained while safety is still guaranteed.

Note that for this framework, safety of the system is only ensured over the time window [0, 7] through
reachability analysis. Contrary to the other approaches described so far, this does not imply global ergodicity
in case this time window is finite. However, one can select T — oo to get global guarantees. Nevertheless, this
comes at the expense of very high (if not infeasible) computational complexity.

5.3. Restricted Policy Search Space

In this last section, the focus will be on a range of methods that directly constrain the available policy space
that can be used for finding the optimal control policy. The resulting policy space may be dynamic, meaning
that it can be adjusted online, or can be determined fully a-priori. In Subsection 5.3.1, the concept of safety
through ergodicity is discussed in the context of model-free safe exploration, where the search for an optimal
exploration policy is constrained by the condition that the agent must be able to return to a given initial state.
Another view of safety in terms of system stability is introduced in Subsection 5.3.2, where a-priori Lyapunov
domain knowledge is used to restrict the available action space. Finally, the concept of Lyapunov functions is
also used by the approach discussed in the Subsection 5.3.3, which restricts the policy space to those policies
that keep the system within a safe region of attraction.

5.3.1. Safety through Ergodicity

The concept of preserving ergodicity during learning has been mentioned already multiple times in this sur-
vey on safe learning. The account presented in [72] has been leading in emphasizing its importance. Here, the
authors explain that it forms the main enabler for safe exploration. Ergodicity implies that it is with certainty
that some trajectory exists between any arbitrary pair of states in a given subset of the state space, which is
often not the case for the complete state space in safety-critical systems such as those often considered in
practice. In [72], this principle is used to find an exploration strategy that safely traverses the complete SSS
associated with an unknown environment. During this process, the agent builds up a belief g of the dynamics
F and the reward structure resulting from g. It does not do so based on some form of prediction model, but
ensures safe exploration only through its belief based on what it has experienced before and limited sensing
abilities. Given that the probability of preserving ergodicity during exploration must at least be equal to some
threshold 9, safety is ensured by means of a safe backup (or return) policy that can bring the system back to
its starting state xo from another state xr:

EpEs, 7 |Eny. e [BelXr = 21X = x| =6 (5.11)

where By = 1(X; = x) for f € [T,00). Note that contrary to the notation in Section 2.2, the expectation operator
E,;. 7 has been made explicitly dependent on F, to reflect that the unknown dynamics appear as a random
variable under the belief. Also note that in Definition 5.1, this probabilistic measure of the existence of a
backup is replaced by means of reaching intervals. Equation 5.11 now effectively serves as a safety constraint
that restricts the available space of exploration policies 7. It is shown in [72] that this can be done by solving
two separate MDPs at every step during the exploration process: one for finding the optimal backup policy
7y, and one for finding the optimal exploration policy 7, based on exploration bonuses under the current
belief. In this way, the entire SSS can be explored in a safe, but potentially sub-optimal manner without any
prior knowledge of the system dynamics or the reward signal.

5.3.2. Controller Switching using Lyapunov Domain Knowledge

In control theory, control Lyapunov functions (CLF) form a fundamental tool in the analysis of stability or
tracking performance for dynamic systems [92]. Lyapunov design techniques can be used to design con-
trollers that cause the system state to descend on an adequately chosen CLE resulting in guaranteed conver-
gence towards a target state or reference. As an example, backstepping (BS) control takes advantage of the
fundamental concept of CLFs by designing a recursive control law that stabilizes the complete state space
of a system [93]. Perkins and Barto [79] have studied the idea of using Lyapunov design knowledge in rein-
forcement learning to achieve safety and reliability during online learning. In this work, the authors propose
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to restrict the action set available to the agent to a collection of a-priori designed control laws that cause the
system state to descend on an appropriate Lyapunov function. In this way, any input selected by the agent is
guaranteed to meet basic levels of successful behavior, thereby keeping the system state bounded. The most
important findings from this study will be briefly summarized below.

The notion of using CLFs in the RL framework follows from a set of characteristics that must hold to
provide basic safety and performance guarantees for a regulated system. Let T € & represent a set of target
states, corresponding to e.g. the goal state or a set of safe states. Then, any trajectory 7 = {x,u,x'} € 7, with
g the total set of transitions, that starts in 7, must remain in T with probability one. This is referred to as
the Remain property of a closed-loop system. A second property is that from any initial state xy € T with
T¢ =2 \T,itis with certainty that 3t = 0: x; € T, denominated the Reach property. When combined, these
properties ensure that the system will reach the set of target state and keep it there. Under some conditions
however, such a guarantee cannot be given; for these systems, it is sufficient that the system state will always
return to the region 7. Lastly, the framework is completed by a convergence condition that ensures that the
system state does in fact reach T in the limit, i.e. as t — oco.

These basic properties form the basis in extending the concept of CLFs to the framework of reinforce-
ment learning. The authors propose two fundamental theorems, one for deterministic systems and other for
stochastic systems, that allow an RL agent to satisfy essential safety and reliability conditions. These assume
the existence of a Lyapunov function v : & — R* that is positive on T°. For deterministic systems, it is that
Vx e T¢, it is that x’ € T or v(x) — v(x') = ¢, meaning that x € T in a finite number of time steps. A similar
theorem can be given for stochastic systems, under the provision that the Lyapunov function v(x) has an up-
per bound. If the agent is restricted to switching between a set of control laws that satisfy these theorems, a
notion of safety can be guaranteed.

The authors describe the effectiveness of their approach using multiple levels of Lyapunov domain knowl-
edge across a range of different experiments. First, they show in a pendulum swing-up task how constraining
the action set exclusively to control laws derived from CLFs results in much less variance during learning.
Note that the target set T in this experiment has been extended with respect to the original goal of keeping
the pendulum upright, based on the insight that any state that results in the same energy level as the target
state results in asymptotic convergence to the goal. In a follow-up experiment, a wider range of control laws
is available to the agent, but descending on a Lyapunov function is not guaranteed. However, the extended
target set is still in place. Here, the learning process exhibits "intermediate performance". In a third exper-
iment, the agent cannot invoke any CLF-derived control laws, but Luyapunov domain knowledge in terms
of the extended target set is still available. This results again in a worsening of performance and safety. Fi-
nally, the extended target state is replaced by the original goal state, resulting in learning performance that is
again significantly worse. These results shows that any form of Lyapunov domain knowledge adds to learning
performance and safety.

A more advanced experiment is also reported. Here, an agent is required to stabilize a 3-link robot arm.
Using feedback linearization (also known as nonlinear dynamic inversion - NDI) in combination with an LQR
approach, a CLF v, (x) is constructed based on the observation that the objective function used for LQR is
in fact similar to a Lyapunov function. The conclusion from this experiment is again that adequate perfor-
mance and safety levels can be ensured only if all inputs applied to the system descend on an appropriate
CLE

Making RL compatible with the guarantees provided by CLFs extends the relevance of these methods to
on-line adaptive or approximate optimal control problems where safety must be guaranteed. However, as
also discussed by the authors, the framework in its current form relies heavily on the availability of a high-
fidelity description of the system dynamics and the ability to construct adequate CLFs. However, the authors
expect that partially unknown dynamics can be accommodated for by using Robust CLFs (RCLFs) based on
similar propositions.

5.3.3. Exploration in Safe Regions of Attraction

When the system dynamics are uncertain and must be identified through exploration, a stabilizing control
law must be sufficiently robust to ensure stability in face of this uncertainty. As stated in the previous section,
Robust CLFs (RCLFs) can be used to design fixed control laws that accommodate for bounded uncertain-
ties (or disturbances), thereby yielding the system asymptotically stable in a given region of the state-action
space [21]. However, using these control laws to restrict the available state-action space a-priori can result in
premature convergence of the policy, resulting in a performance level that is not optimal. Instead, it is de-
sirable to let the agent explore ’at will’ in a region of the state-action space that is guaranteed safe and apply
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a safe backup policy when the boundaries of this region are reached, as was seen multiple times before. An
approach that enables this in the face of uncertain system dynamics is presented by Berkenkamp et al. [11]
This framework considers robustness in the context of statistical models of the dynamics, and shows some
similarities with robust nonlinear control techniques using RCLFs. With this approach, an agent can safely
explore a region of the state space that is asymptotically stable with high probability under a safe backup pol-
icy mp(x). This region is referred to as the safe region of attraction (ROA). A key advantage of this framework
is that exploration also results in guaranteed safe expansion of the ROA itself, resulting in a notion of full ex-
ploration under a backup policy that is always available. In particular, full exploration is achieved based on
an iterative cycle where each stage n consists of three steps, in which 1) the ROA is identified for the current
policy using the latest update of the statistical model; 2) the backup policy 7 (x) is updated such that the
ROA is expanded; and (3) new measurements are collected to further reduce model uncertainty. The most
important concepts of this framework will be briefly recited below.

Learning through safe regions of attraction is based on two fundamental assumptions regarding con-
tinuity and uncertainty bounds. Specifically, it is assumed that the discrete-time dynamics x’' = f(x,u) =
h(x,u) + g(x, u), with h(x, u) representing a prior model and g(x, #) indicating the uncertainty with respect
to the true dynamics, and the available policy space are Lipschitz continuous. Moreover, it is assumed
that the posterior model has bounded confidence intervals. That is, with u,(-) and Z,(-) representing the
posterior mean and covariance matrix conditioned on n data points, there exists some £, > 0 such that
|| fx,uw) — p,(x,u) || < Bnon(x, u) with high probability. The latter assumption hints at the need for statis-
tical models such as Gaussian Processes (GPs), although it is emphasized by the authors that any model class
can be used.

The definition of the ROA is based on an a-priori known CLF v(x) that allows a given policy to render the
system stable. That is, if v(f(x,7p(x))) < v(x) Vx € ¥ (c), with ¢ > 0, the level set ¥ (c) = {x € Z \ {0} |v(x) < ¢}
is a region of attraction. This set is in fact equivalent to the definition of a safe set introduced in the previous
section, and therefore features the same range of properties that were discussed there. As mentioned by
the authors, the CLF v(x) can be constructed using first principles based on the prior model i(x, ), or by
virtue of the value function itself in case of a strictly positive reward function. However, as a consequence
of the uncertainty in the estimate of the true dynamics f(x, u), the one-step decrease condition that defines
the level set must be modified. This is done by leveraging the earlier assumption on bounded confidence
intervals, resulting in the following definition of a robust CLF:

(%, u) = [V(Up-1(x, 1) £ Lyfr0n_1(x, 0] (5.12a)

with L, representing the Lipschitz constant for v(:). Then, to enforce that any safe state-action pair that has
been identified before must remain safe, the resulting Lyapunov confidence intervals are intersected after
each stage n:

Cn(x,u) = Cy_1(x, ) N 2, (x, ) (5.12b)

Consequently, robustness can be captured in the Lyapunov descend condition by taking the supremum of
the Lyapunov confidence intervals:

Up(x, u) =sup Cy(x, u) (5.12¢)

To make identification of the ROA a tractable procedure, the state space & is discretized under a tiling I~
with tiles 7. This results in a discretized state space &7, with ||[x —x;[| < 7 Vx € &. Then, the Lipschitz con-
tinuity assumption is leveraged to generalize over all continuous states in &. Using the Lipschitz constant
La, to bound the Lyapunov decrease over the interval 7, the authors show that it is sufficient to check that
Up(x,mp(x)) < v(x)—La,T VX €V (c)NX . However, this procedure is known to suffer from the curse of dimen-
sionality. The set of all state-action pairs (i.e. not related to any policy) that satisfy this condition is denoted
as:

Dp={(x,u) e X xU\u,(x,u) < v(x) — La,T} (5.12d)

Consequently, the backup policy is updated as the policy that has the largest coverage over this parent set, i.e.
that maximizes the ROA as the level set 7 (¢;,):

Tp, (X),Cn= arg”EII%]al)ém c:(x,7mp, (X)) ED, VXEV (O)NX, (5.12e)
L
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With IT;, representing the set of Lipschitz continuous policies. As aresult, exploration can take place in alarger
ROA. To collect further measurements, any exploration policy 7.(x) can be applied, under the condition that
the maximum increase on the supremum of the Lyapunov confidence interval u,(x, u) does not cause the
system to leave 7 (c,). This verification step is necessary due to the fact that 7 (c,) is only a subset of 2,,.
The upper bound is again based on the assumption of Lipschitz continuity on the Lyapunuv function and the
dynamics. This results in the set . < & that can be safely explored under the existence of the backup policy.
Denoting z = (x, u):

Fn={2 €V () N Z; xUNun @)+ LyL¢ |z 2’| < cn} (5.12f)

Essentially, this formulation extends the Lyapunov decrease condition towards states that can possibly tran-
scend 7 (c;,). Note that this step is similar to the model-based forward looking approaches discussed in Sec-
tion 5.2.

As a practical extension to this safe exploration framework, the authors combine the dynamic program-
ming step for the agent policy 7 (x) with the (generally intractable) backup policy identification step in Equa-
tion 5.12e with the Lyapunov descend constraint from Equation 5.12d, which results in a reformulated opti-
mization problem. This effectively augments the policy update step with a regularization term, resulting in a
policy that maximizes performance under robust Lyapunov stability constraints.

In summary, this way of using Lyapunov domain knowledge is very flexible and allows one to safely learn
an optimal control law on-line under high probability safety guarantees. It requires relatively limited initial
knowledge, including 1) a locally stabilizing initial backup policy 7, (x), and 2) information about the Lip-
schitz constants for the dynamics, the policy, and the Lyapunov function. Moreover, safety is not affected if
backup policy updates cannot be identified in a sufficiently short time interval (e.g. real-time), as the system
remains guaranteed stable under the known backup policy. Using Lipschitz constants to bound exploration
can however pose a serious caveat in this approach. In case of global Lipschitz constants, exploration can be
very conservative due to very broad bounds in parts of the state space that do not feature large gradients. On
the other hand, local Lipschitz constants can be very hard to identify.



Synthesis

In the preceding chapters, the key principles and approaches in the fields of adaptive optimal control, cur-
riculum learning, and safe learning were largely discussed in isolation. It is the aim of this chapter to present
a coherent view on how these fields relate to each other, and how an integrated approach leads to new op-
portunities in the problem of safe and efficient on-line learning of primary flight control laws. First, the case
of curriculum learning in adaptive optimal flight control will be discussed. This is to be followed by a general
discussion on safety in this context, and how safe learning mechanisms can be used to achieve safety in on-
line learning applications. Lastly, these views will again be united to establish a framework for safe curriculum
learning.

6.1. On Curriculum Learning for Adaptive Optimal Flight Control

An adequate learning curriculum is expected to speed up the process of learning adaptive optimal rate con-
trol considerably, whereas it might also lead to better asymptotic performance. The taxonomy presented in
Chapter 4 shows multiple directions as to how such a curriculum can be generated. In case the domain ex-
pert has a good feel for the dynamics, constructing a learning curriculum a-priori may be a very effective
approach. For example, in case the longitudinal and lateral dynamics are decoupled over a large region of the
state space, a curriculum could be designed that devises separate MDPs for learning lateral and longitudinal
control. This idea can be taken a step further by dividing learning for each individual axis also over multiple
MDPs, where in each stage the allowed state space is extended, thereby letting the agent perform more ex-
treme maneuvers. In each of these stages, the agent representation may be altered to facilitate more effective
learning. However, it is expected that care is required to ensure all dynamics are observable on the selected
representation, as also discussed in [35]. Moreover, such an inter-task learning strategy requires adequate
knowledge mappings, as discussed in Section 4.3.

In case of very exotic vehicle configurations, adequate domain knowledge may not be available, which
severely limits the opportunities of the designer to construct an adequate learning curriculum. This implies
that the agent will have to generate its own learning curriculum autonomously, by adopting self-paced learn-
ing techniques. In this case, the airborne vehicle will be able to explore the full state-action space at will, but
training of the agent will be limited to those samples that meet certain standards in terms learning complex-
ity. As explained in Subsection 4.2, this requires some form of complexity index. In practice, this would mean
that the vehicle can perform whatever extreme maneuver it likes, but that learning from this maneuver will
be postponed to a later time where the agent has become sufficiently capable to incorporate it. This means
that the SPL curriculum is likely to be less efficient compared to hand-engineered curricula, as it will waste a
considerable amount of time performing maneuvers it has nothing to learn from yet.

However, nothing prevents one from using the principles of SPL in combination with an a-priori designed
curriculum. In this case, the aircraft will be limited in its inputs and the parts of the state space it is able to
explore and process, but on top of that it will further manage learning entropy on the sample-level. It can be
hypothesized that this prevents the agent from incorporating samples of badly observable dynamics when
solving intermediate MDPs, which can occur e.g. if the curriculum is not fully adequate. In this way, the
strengths of SPL and a-priori learning curricula are reinforced to form a hybrid, better learning curriculum.
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6.2. On Safe Learning for Adaptive Optimal Flight Control

In order not to damage the learning agent or its surrounding environment, appropriate safety measures are
required in situations where on-line reinforcement learning is applied to safety-critical systems. This requires
an adequate specification of the safety constraints, as discussed at length in Chapter 5. In the context of
autonomous learning of adaptive optimal flight control laws for an aerial vehicle with uncertain dynamics,
these constraints follow from the vehicle’s operational envelope, intersected with the available learning space
(e.g., a control room). The vehicle’s risk profile - that is, the restricted state space (RSS) - forms the governing
factor here, and must therefore be fully known a-priori. By specifying the learning environment a-priori, the
learning process essentially becomes a closed system since its boundaries are controlled (i.e., remain free
from any external factors). Safe learning is then assured if ergodicity is preserved throughout the learning
process, meaning that exploration must be restricted to those regions in the state space where the system can
be recovered through a feasible control strategy. Note that ergodicity cannot be enforced if there is no clear
view on the risk modes of the system. These conclusions were already made in [65].

In general, ergodicity can only be guaranteed if a feasible control strategy is known to exist - that is given
the current belief of the system dynamics' - that brings the system state x back to a safe region %, fe ©
& and keeps it there with probability one as ¢ — co. This implies that for systems with continuous state
and input spaces, the existence of such a control sequence cannot be proven without an internal model.
Guaranteed safe autonomous learning of adaptive optimal flight control laws is therefore inherently model-
based, although this model may be learned online. In fact, as discussed in Subsections 5.2.4 and 5.2.5, online
adaptation of the dynamics model is necessary to prevent overly conservative forward predictions. In case the
prediction model is static and suffers from (very) large uncertainties, there may even be no control strategy
at all under the belief that provably brings the system state back to &, ., meaning that all safety guarantees
are lost. The latter is reflected by the optiSHERPA algorithm discussed in Subsection 5.2.2, which effectively
ranks backup sequences based on their likelihood of not succeeding in recovering the system. Reducing
these uncertainty bounds by adapting the model online based on observations from the real system may
prevent one from having to forfeit ergodicity guarantees. This becomes even more relevant in case the system
dynamics contain slow dynamics and intense couplings across states.

6.3. On Safe Curriculum Learning for Adaptive Optimal Flight Control
From the account on safe learning given in the previous section, it can be deduced that curriculum learning
alone cannot achieve ergodicity in general. That is, without any form of safeguard that prevents the agent
from driving the system into the fatal state space, safety during learning cannot be guaranteed. However, a
key hypothesis is that an adequate learning curriculum can have a highly positive impact on dynamic stability
during learning, which is insufficient for preserving ergodicity, but may considerably expedite the search for
backup control strategies. That is, given an intermediate policy 7 (x) that stabilizes the system in some region
‘%sjiable’ a safe backup control sequence Uj, c % x [0, T] that drives the system back to a safe region Lsafe
from a given state x € {2\ X, fe} N .1 May be found with larger probability. The hypothesis here is that
the available space of safe backup policies may be larger if the system remains within a local stable region,
given that a the safe backup trajectory could be very complicated in the opposite case. In the case of inter-
task curriculum learning, safety simply resides in meaningful initialization of the learning process, which is
classified by Garcia et al. [23] as a form of incorporating external knowledge.

Moreover, by leveraging domain knowledge to design an a-priori sequence of intermediate learning tasks,
the problems that arise in guaranteeing ergodicity during learning can be further relaxed (see also Subsection
4.2.1). In Section 6.1, it was already proposed that learning complexity can be significantly reduced by devis-
ing multiple intermediate MDPs with different state and input spaces ZXjeqrn € Z and %jeqrn S %. First,
consider the case where dimg (Zjeqrr) = 1 and dimg (%}eqr1) = M, meaning that the dimensionality of inter-
mediate learning problems covers the full state-action space of the system under consideration. Then, the
first phase of a learning curriculum may constrain &, artificially to reduce learning complexity. A key
insight is that this has a positive impact on learning safety as well, since constraining %4, will prevent the
agent from driving the system towards the edges of the operational envelope. That is, the system can be recov-
ered more easily by a feasible control strategy when the system approaches the boundaries of Zj¢4r. In the
second case where dimg (Zjeqrn) < 1 and dimg (%eqrn) < m - that is, when learning is restricted to particular
dimensions of the system only - another favorable ergodicity characteristic arises. By isolating the system dy-
namics from coupling effects, it is hypothesized that a backup control sequence can be identified more easily

1A more formal account of characteristics necessary to ensure safety was given in Subsection 5.3.2
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Figure 6.1: Illustration of the safe curriculum learning framework. Curriculum learning may promote safe behavior in
multiple ways, but will not be sufficient to achieve ergodicity in general. An external safe learning
mechanism for ensuring ergodicity is therefore necessary.

in case the system dynamics are uncertain. That is, uncertainties that are related to coupled dynamics will
not propagate trough in the backup computation for the constrained MDP. As a result, the likelihood that a
feasible and provably safe backup can be found is increased.

However, this case requires an adequate addressing of controllability and observability, starting with the
former. Here it is that dimg (%}¢4,1) < m, which means that the agent has no authority over a given subset of
the available control effectors and will therefore not be able to stabilize the system in a given dimension. This
calls for a robust supervisor that regulates those parts of the system that are inaccessible to the learner. This
supervisor must be designed a-priori based on the uncertain model. In principle, this requires no additional
knowledge about the system dynamics, as the uncertain model is already required for ensuring ergodicity
during the online learning phase in the first place. However, this may lead to issues with observability during
learning, as non-optimal regulation may introduce dynamics that are not observable under the intermediate
MDP. This was already addressed in Section 6.1.

Finally, another safety aspect arises when a learning curriculum is considered where the agent repre-
sentation may change (flexible agent). In this case, a crucial question is how to initialize the value function
and/or policy for those parts of the state space for which no knowledge is available from the previous learning
stage. Assuming that equivalent knowledge can be transferred perfectly between two representations (which
is already doubtful in general), assigning wrong information to unknown regions may result in the negative
transfer phenomenon (see Subsection 4.3.2). This shows again that curriculum learning alone is not suffi-
cient for achieving safe learning in general. However, on the other hand, if the domain expert has a very
good feeling for the dynamics, the required learning time using the new representation can be reduced to a
minimum, thereby also maximizing learning safety.

A graphic overview of safe curriculum learning for adaptive optimal control is given in Figure 6.1. This
diagram can be viewed as an extension to the curriculum learning taxonomy presented in Section 4.1.2.
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Preliminary Experimental Study

This part describes a preliminary study that served to investigate several curriculum approaches and safe
learning techniques on an empirical basis. The results from these experiments were used to identify the
main opportunities and challenges related to these fields, and determine how these could be combined into
a single, integrated framework. This has lead to the development of the safe curriculum learning paradigm
described in Part I.

This part is based on previously graded work.
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Optimal Tracking of a Linear Cascaded
Mass-Spring-Damper System using online
Q-learning

This presents chapter the findings from a preliminary experiment based on a cascaded mass-spring-damper
(MSD) system that has been performed to investigate the proposed safe curriculum learning framework for
adaptive optimal control. The advantage of the MSD system is that its dynamics are fully linear, which means
that the true value function is quadratic in the state. Since the preliminary experiment focuses on optimal
tracking, this implies that the theory on Linear Quadratic Tracking (LQT) presented in Section 3.2 can be
applied. The consequence is that the learning problem becomes particularly simple, which enables us to
focus on the safety and efficiency aspects of safe curriculum learning. Another benefit of the cascaded MSD
system is that task complexity (see Subsection 4.1.1) can be altered in a straightforward manner: this can e.g.
be done by modifying the dimensionality of the (observable) state-space, adjusting the number of actuators
to be controlled by the learning agent, or regulating the effect of dynamic couplings.

The experimental setup is illustrated in Figure 7.1. The cascaded MSD system consists of three masses m;
that are connected along a single dimension via springs k; and dampers c;. The parameters associated with
these springs and dampers can take negative values, which leads to dynamic instability. Each mass features a
unique actuator, which implies that the system is fully controllable and there are no hidden dynamics. Safety
resides in the fact that the outer mass m3 must remain within a given region around its equilibrium point,
which is indicated as SSS3 in the figure. Once mg3, which is modeled as a point mass, hits the boundaries of
this safe region, the system is said to have crashed and learning terminates.

Since it is desired to learn the optimal policy with as little knowledge about the system dynamics as possi-
ble, online Q-learning will serve as the preferred LQT algorithm. With this technique, the value function takes
the following form:

T
_ [ X¢| [Hxx Hxul||X:
Q(Xt;ut)—[ut] Hox HW] u[] (3.90)
5SS

k1 ks ks
S L e 1 -
—1 H —
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T T2 L3

Figure 7.1: Experimental setup of the cascaded mass-spring-damper (MSD-3) tracking experiment
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( Algorithm 3.6: Online (data-driven) value iteration (VI) for LQT based on Q-functions; based on [42, )
44]

input :Dimension n+ m + p of the augmented state-action space, augmented state weight
matrix Q, input weight matrix R, discount rate vy, threshold n
output: Near-optimal kernel matrix H, near-optimal control feedback matrix K;

1 initialize K ? as arbitrary stabilizing control feedback matrix;
2 j—0;

3 repeat

4 | solve ZIH/MZ, =XTQiX;+ul Ru,+yZ!l, \H/ Z,y;

K" Hh Hox
j—Jj+1
until | Hi+ —[gi o <m

(=2 )]

IN]

with H referred to as the state-action kernel matrix, or simply the kernel. The theory behind LQT Q-learning
was explained in detail in Subsection 3.2.4. The Hamilton-Jacobi-Bellman (HJB) equation - which in this case
amounts to solving the discrete-time Algebraic Ricatti Equation (ARE) - will be solved via Value Iteration (VI),
since this option does not require an initial stabilizing control policy (recall Subsection 3.2.2) and there is no
need for an additional risk term in the utility signal (recall Section 6.2). This implies that Algorithm 3.6 will
be adopted, which has been repeated above for clarity. Policy evaluation will be performed via batch least-
squares, which extracts as much information as possible from only a limited number of samples. Curriculum
learning will be investigated primarily from the perspective of nature of staging and agent flexibility, which
implies that the effect of different shaping dynamics will not be investigated. The reason is that for a linear
problem with quadratic representation of the value function, all samples are of equal value to the learning
process, which implies that self-paced selection techniques will be of little! benefit. Consequently, the en-
tropy of the training distribution will only be managed through a sequence of a-priori designed stages with
increasing learning complexity.

The chapter is structured as follows. First, the performance of the LQT Q-learning agent when learning
fully from scratch will be presented in Section 7.1. This is to be followed by an investigation of inter-task cur-
riculum learning in Section 7.2, where both learning efficiency and stability will be concerned. An analogous
study will be performed for intra-task curriculum learning in Section 7.3. Next, safety through ergodicity will
be investigated in Section 7.4, where the SHERPA and optiSHERPA algorithms will be studied. Finally, this is
to be followed by a safe curriculum implementation, where safety through ergodicity will be enforced in the
learning curriculum to achieve provably safe learning.

7.1. Flat Learning

In this section, it will be examined how the LQT Q-learning agent performs when learning the MSD-3 tracking
task fully from scratch. This plain learning variant will serve as the benchmark case, which allows us to better
quantify the effectiveness of the (safe) curriculum learning framework. The dynamic characteristics of the
system are summarized in Table 7.1, together with a specification of the utility signal and the discount rate
that define the MDP. The negative stiffness parameter and damping coefficient for respectively the first and
second element indicate that this system is inherently unstable, which means that the system can only be
maintained within the SSS3 region by means of a stabilizing or ergodicity-preserving policy. The utility signal
is of the form given in Equation 3.6c, i.e. corresponding to:

r(X,u)=X'Qi X, +u! Ru, (3.6¢)

and only penalizes the position error and the actuator input for each mass element. Note that all states and
inputs are assumed to be fully observable and free of noise and disturbances. Each actuator has symmetric
saturation limits at +£5 N, which results in the existence of lead-to-fatal (LTF) states which must be prevented
at all times. In order to comply with the discrete-time MDP framework, the continuous-time dynamics are

1n Section 6.1, it was hypothesized that SPL techniques could be used to address observability issues. However, this hypothesis will not
be further considered here.
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Table 7.1: Benchmark parameters for the MSD-3 MDP
Table 7.2: Exploration inputs

milkgl kIN/m] c¢[N/ms]
Elem. 1 0.3 1 6 Excitation signal [N]
Elem.2 | 0.8 3 -1 Elem. 1 | g7 (sin 5t +sin¢+sin101)
Elem.3 | 04 4 3 Elem. 2 | 571 (sin 5 +sin2¢ +sin20¢)
%iIN) | =551 | QL] lesls Elem. 3 | 57357 (sin 557 +sin37 +sin301)
Y [ 0.8 | R[] le0I;

discretized by means of a Taylor series expansion that is truncated after the 10th order term. The sampling
time is taken as Af = 0.01.

Since policy evaluation will be performed using batch least-squares, the minimum number of indepen-
dent samples required equals (n+m+ p) - (n+m+ p+1)/2 [44]. However, to ensure that the regression matrix
is always properly conditioned, a multiple of this minimum will be used for the pseudo-inverse (see also
Equation 3.8). Taking this multiple equal to 5 resulted in good numerical robustness properties in practice.
The command generator ¥ (x}) generates sinusoidal reference signals, which means that its dynamics are of
second-order (i.e., p = 2). With n = 6 and m = 3, this implies that the policy will be updated every 330 time
steps. The system dynamics have been tailored such that, despite its inherent instability, the system state will
remain within §§S3 before the first policy update has taken place. In this way, a fair comparison can be made.
Throughout the experiment, the position of the outer mass m3 must follow a reference sinusoid of amplitude
0.1 m and frequency % rad/s, whereas the position of the inner masses must be regulated towards zero. Per-
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Figure 7.2: Example learning trial for the MSD-3 tracking task when learning from scratch (value iteration using
Q-functions; batch LS policy evaluation; global agent representation; no safety mechanism; random
initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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Figure 7.3: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task when learning
from scratch (value iteration using Q-functions; batch LS policy evaluation; global agent representation; no
safety mechanism; random init. with x; € [-0.2,0.2], x; € [-0.25,0.25])

sistence of excitation (PE) is ensured by means of external inputs consisting of sums of sinusoids that decay
over time. The excitation signals used for each element are summarized in Table 7.2.

Figure 7.2 illustrates typical learning performance when learning from scratch and each element is ini-
tialized with random positions and velocities x; € [-0.2,0.2] and %; € [-0.25,0.25], respectively. The results
show that the first policy update does not lead to closed-loop stability and that the system is driven out of
the available learning space almost immediately, which is indicated by the red marker as a crash. Normally,
this would imply that the learning trial terminates, but here the simulation continues to find out whether a
stabilizing policy can be found that may even succeed in bringing the tracking error below a 5% threshold.
Figure 7.2d shows how the real eigenvalue components of the closed-loop system evolve over time. It can be
observed that the first policy update in fact destabilizes the system even more than it already is, which qual-
ifies as unsafe learning behavior. However, a stabilizing control law is found after two more policy updates,
meaning that the system would in principle be recoverable. Nonetheless, Figure 7.2b shows that the agent
has too little control authority, which means that is no longer possible to dissipate sufficient momentum at
this stage. Therefore, a full system reset would be necessary to make the learning process continue.

In order to have a benchmark for learning time (i.e., apart from safety), it is assumed here that the system
is reset after 15 seconds of learning. This implies that learning takes place over two stages, which can also be
considered as episodes (which is the terminology often used for off-line optimization, as may also be recalled
from Chapter 2). However, it must be born in mind that this is not very realistic, as the system was seen to
have crashed already during the first phase. Figure 7.3 presents the results for this two-stage learning process
over 25 independent trial runs with random initialization of the system. Evaluation of learning performance
is based on the following metrics:

1. Time-to-learn: time passed by before learning performance reaches a certain threshold. Here, the
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threshold is set at 5% tracking or regulation root-mean-square-error (RMSE) relative to the maximum
value of the reference signal. Learning is only considered successful if all elements meet this condition;

2. Performance at the end of learning: measured as the tracking or regulation RMSE during the last 100
time steps of the last learning stage;

3. Maximum absolute position; max. absolute position attained by an element during a learning stage.

First, it can be seen from Figures 7.3a and 7.3c that the policy does ultimately lead to tracking errors of 5%
RMSE or less for all learning trials. On average, this point is reached after about 6-8 seconds of learning
in the second stage, indicating that the stabilizing control law that was found from the first stage gives the
agent the possibility to perform meaningful learning. This can also be observed from Figure 7.3d, in which
a typical evolution of the RMSE during each learning stage is visualized. Second, Figure 7.3b shows that the
system crashes almost consistently during the first stage for the majority of the learning trials, apart from
a few exceptions. This shows that learning optimal control for the MSD-3 system from scratch without any
safety mechanism is inherently unsafe.

7.2. Inter-task Curriculum Learning

With the flat learning benchmark in place, it can now be investigated to what extent curriculum learning can
advance the learning process in terms of safety and learning speed. In particular, the ability of curriculum
learning to stabilize the system dynamics will be scrutinized. The absence of any safeguard implies that
preservation of ergodicity cannot be guaranteed, which means that all one can hope for in terms of safety is
that learning stabilizes sufficiently quickly. However, it must be noted that the MSD-3 learning task presents
a special case in terms of safety through stability: if the agent manages to keep the energy in the system
bounded to a certain safe limit, the system state will always remain in the safe region SSS3. In this case,
ergodicity will be preserved implicitly.

Figure 7.4 illustrates the inter-task curriculum design. The learning process has been split in three stages,
where at each stage the system complexity increases. In stage 1, the system will only consist of the outer
element m3, meaning that 2 c R? and %; c R. This is followed by stage 2, where the inner mass m, and
corresponding actuator are added, and finally stage 3, which corresponds to the original MSD-3 learning task
with %3 < R® and %3 < R3. At each stage, the system parameters listed Table 7.1 will be maintained. Conse-
quently, the learning curriculum consists of three related, but different MDPs, with the agent representation
expanding with every subsequent MDP. Recall from Section 4.1 that for such a curriculum design, knowledge
mappings are required to transfer experience across every MDP. In this case, a low-level transfer approach is
used based on kernel mappings in order to bias learning in every stage (recall Subsection 4.3.3). This means
that the target kernel H;4,ger will be mapped explicitly based on the source kernel Hyoyrce, where Hyoyrce
corresponds to the converged kernel from the previous stage. Each mapping corresponds semantically to the
curriculum design shown in Figure 7.4. However, since there are multiple options regarding the initialization
of the unknown parts of the state-action space, a range of different strategies is conceivable. In this Section,
the effect of two mapping strategies will be scrutinized.

Stage 1 Stage 2 Stage 3
5SS SSS; SS5Ss
ky Map  y ky ks P Map gk ky ks
kernel kernel
— H : 1 H 1 H
C3 ! Co l C3 ! C1 ! C2 ! C3 !
—> U3 —> U —> U3 > —> U —> U3

Figure 7.4: Inter-task curriculum setup for the cascaded mass-spring-damper (MSD-3) tracking experiment

7.2.1. Basic kernel mapping strategy
Figure 7.5 visualizes learning performance during the first stage of the learning curriculum. Since the MSD-1
system is inherently stable and learning remains free from destabilizing policy updates, the system always
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Figure 7.5: Example learning trial for the MSD-3 stage 1 tracking task as part of the inter-task learning curriculum (value
iteration using Q-functions; batch LS policy evaluation; global agent representation; no safety mechanism;
random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])

stays within the safe learning space. The low complexity and dimensionality of the problem leads to short
learning times, as can also be observed from Figure 7.10d. Consequently, the learned policy is of sufficient

quality to seed the kernel for stage 2.

A basic kernel mapping strategy will be investigated first. This mapping is visualized in Figure 7.6 for
transfer between stage 1 (the source) and stage 2 (the target). Figure 7.6a shows the converged kernel matrix

o

(a) Source kernel Hgpyrce

(b) Mapped kernel Hiarger

(¢) Converged kernel Hyarger

Figure 7.6: Basic kernel mapping for the MSD-3 stage 2 tracking task as part of the inter-task learning curriculum;
grayscale depth is based on logarithmic scale, equivalent levels of intensity implies same order of magnitude.
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Figure 7.7: Example learning trial for the MSD-3 stage 2 tracking task as part of the inter-task learning curriculum, with
basic initial kernel derived from stage 1 (value iteration using Q-functions; batch LS policy evaluation; global
agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])

from stage 1, which is to be mapped to the target kernel directly based on symantic correspondences. The
target kernel is first initialized as the identity matrix, to ensure that the matrix is invertible. Subsequently,
the basic kernel mapping is applied. The result is shown in Figure 7.6b. Note that apart from the ones on
the diagonal, there is no effort made to seed the value function for the unknown state-action space, which

(a) Source kernel Hgpyrce (b) Mapped kernel Higrget (¢) Converged kernel Hygrger

Figure 7.8: Basic kernel mapping for the MSD-3 stage 3 tracking task as part of the inter-task learning curriculum;
grayscale depth is based on logarithmic scale, equivalent levels of intensity implies same order of magnitude.
Note that Figure (a) is equivalent to Figure 7.6c.
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Figure 7.9: Example learning trial for the MSD-3 stage 3 (i.e., original) tracking task as part of the inter-task learning
curriculum, with basic initial kernel derived from stage 2 (value iteration using Q-functions; batch LS policy
evaluation; global agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2],

x; €[-0.25,0.25])

is reflected by the white regions in the figure. This basic strategy is sufficient for establishing a high-quality
initial policy, as can be observed from Figure 7.7. Despite the fact that the MSD-2 system is inherently unsta-
ble, the closed-loop dynamics are stable even at the onset of learning. The tracking error for m3 very quickly
diminishes due to the fact that little learning is necessary to adjust the associated kernel elements to their
optimal values. This is also reflected by Figure 7.6c, which shows that the majority of the kernel values for the
known state-action space keeps the same order of magnitude. For regulation of m, however, more learning is
required due to the bad initial estimate of the value function. Nevertheless, Figure 7.10d shows that all errors
drop below the 5% RMSE threshold after about 10-15 seconds.

Subsequently, the same mapping strategy will be used to bias learning in the original MSD-3 tracking
task. The relevant kernel transformations are presented in Figure 7.8, which shows a similar picture as for
the previous transfer step. Figure 7.9 illustrates how learning progresses in this final stage. Very good control
performance already at the onset of learning is again observed for the mapped elements, despite the unstable
dynamics of the inner element. The initial policy is again of sufficient quality to stabilize the entire system,
which implies that most time is spend in learning optimal regulation of the added mass. This is also reflected
again by the converged kernel matrix shown in Figure 7.8c.

Figure 7.10 summarizes learning statistics over 25 learning trials using the basic inter-task curriculum
strategy. The results in Figure 7.10b show that learning is consistently safe, as no crashes are recorded for any
learning stage in any of the learning trials. This is in strong contrast with the flat learning case, which caused
the system to crash almost consistently. On first sight however, little has been gained in terms of learning
efficiency, as the cumulative total time to reach the 5 % RMSE limit in each stage is still in the range of 20-25
seconds. This is primarily due to the fact that no effort has been made to initialize the unknown parts of the
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Figure 7.10: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using inter-task
curriculum learning with basic kernel mappings (value iteration using Q-functions; batch LS policy
evaluation; global agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2],

Xx; € [-0.25,0.25])

state-action space. Still, this time could be significantly reduced if the timing of transfer would be managed
more strictly - that is, if transfer would take place before learning has converged in the intermediate stages.
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Figure 7.11: Greedy kernel mapping for the MSD-3 stage 2 tracking task as part of the inter-task learning curriculum;
grayscale depth is based on logarithmic scale, equivalent intensity levels implies same order of magnitude.
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Figure 7.12: Example learning trial for the MSD-3 stage 2 tracking task as part of the inter-task learning curriculum, with
greedy initial kernel derived from stage 1 (value iteration using Q-functions; batch LS policy evaluation;
global agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2],
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7.2.2. Greedy kernel mapping strategy

Based on these findings, it can now be investigated how the learning process would change if there is a form
of nonzero kernel initialization for the unknown state-action space. One apparent approach would be to take
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Figure 7.13: Greedy kernel mapping for the MSD-3 stage 3 tracking task as part of the inter-task learning curriculum;
grayscale depth is based on logarithmic scale, equivalent levels of intensity implies same order of
magnitude. Note that Figure (a) is equivalent to Figure 7.11c.
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Figure 7.14: Example learning trial for the MSD-3 stage 3 tracking task as part of the inter-task learning curriculum, with
greedy initial kernel derived from stage 2 (value iteration using Q-functions; batch LS policy evaluation;
global agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2],

x; € [-0.25,0.25])

the kernel values corresponding to an element for which the dynamics are similar, and assign these to the
new element. This will be referred to as the greedy strategy. The greedy mapping between stage 1 and 2 is
visualized in Figure 7.11. Compared to the basic mapping strategy, the kernel values for m, are now initialized
in the same way as ms, including their couplings. Similarly, the 'local policy’ terms between the added states
and input have been duplicated from their stage 1 equivalents. This leads to a better initial local policy for the
new element, which was still quite unsatisfactory in terms of performance with the basic mapping strategy.
The resulting learning behavior is presented in Figure 7.12. Figures 7.13 and 7.14 show the same information
for the final MSD-3 learning stage.

Compared to the basic mapping approach, these results illustrate that the learning process converges to
the optimal control policy considerably faster under the greedy strategy. This is also reflected by Figure 7.15
where the statistics over 25 independent learning trials are summarized again. On average, the total time to
learn is considerably shorter for the final stage, and the system remains stable throughout the curriculum.
There is one notable exception however. In run 24, the first policy update in the final learning stage destabi-
lizes the learning process and causes a system crash. Despite the fact that the initial mapped policy is stable in
this case, the kernel values derived for the new state dimension appear to be invalid, which leads to an unsafe
policy update. This shows that mapping greedily may be less reliable. Therefore, inappropriate initialization
of the unknown state-action space may undo the stabilizing properties of curriculum learning.

The findings from this section show that an adequate inter-task learning curriculum is able to consistently
stabilize the learning process. Generalizing knowledge to unknown parts of the state-action space generally
has a positive impact on learning efficiency, but this comes at the expense of reliable stabilization properties.
This result emphasizes again that curriculum learning alone cannot guarantee safety in general, and that
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another safeguard mechanism is required to preserve ergodicity.

7.3. Intra-task Curriculum Learning

The inter-task curriculum strategy considered in the previous section demonstrated how a gradual buildup of
learning complexity and transferring knowledge between subsequent stages can expedite learning in terms
of safety and efficiency. However, since the system changes with every phase, it is not a very realistic example
in the sense that in the physical world, the system cannot be taken apart. This section will therefore inves-
tigate intra-task staging, which does not allow the target system to change within the boundaries of every
intermediate MDP. A visual overview of the intra-task learning curriculum is presented in Figure 7.16. Learn-
ing complexity can be managed in two ways in this curriculum. In the task domain, the possibilities are more
limited compared to the inter-task example, as the dimensionality of the state space cannot be changed.
However, the action space that is accessible to the agent can still be reduced in size, by putting a subset of the
available actuators under the authority of an external supervisor. In the case study considered here, the actu-
ators not available to the agent will be controlled by separate PD controllers. If the PD supervisors are able to
regulate the non-controllable dynamics reasonably well, the closed-loop dynamics of the system essentially
simulate the inter-task setting considered before. The other aspect of learning complexity then relates to the
agent domain, where it can be chosen to either learn all dynamics from the start of learning, or observe only
a given subset of the state-action space. However, this raises the question to what extent learning may be
harmed by dynamics that are non-observable under the agent representation. Note that another discussion
on mapping strategies will be avoided here.
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Figure 7.16: Intra-task curriculum setup for the cascaded mass-spring-damper (MSD-3) tracking experiment. Learning
complexity can be adjusted in two ways: (1) by putting some actuators under authority of an external
supervisor (indicated in brown); and (2) by limiting the internal agent representation to local dynamics only.

7.3.1. Global agent representation and effective assistance

First, the situation where the agent observes the full state space and the PD supervisors perform reasonably
well in regulating the supervised nodes is considered. Learning performance during the first learning stage
is presented in Figure 7.17. For this particular example, the proportional (P) and derivative (D) gains were
set to 30 for node no. 1, and 60 for node no. 2, respectively. Figure 7.17b signifies the distinction between
supervised and agent inputs by presenting the former as dash-dotted time traces. The results indicate that,
although learning remains stable over the full length of the available learning time, the policy converges less
quickly compared to stage 1 of the inter-task curriculum (Figure 7.5). The reason is that the batch size for the
policy evaluation step is larger, since the full state space & c R® is observed. Another observation is that the
kernel does not converge to the same values as seen before in Figures 7.9 and 7.14, which is a direct result of
the fact that the agent learns to control the augmented system dynamics instead of the open-loop dynamics.

Since the policy still converges to the stage 1 optimal control, it is considered of sufficient quality to pro-
ceed with the next stage. Since the agent representation still changes across the curriculum (although less
drastically than before), use shall be made again of kernel mappings. Figure 7.18 presents the mapping that
is used to bias learning in stage 2. Since the dimensionality of every subsequent MDP only increases due to
the added input channel, a particular simple mapping strategy can be adopted. Specifically, only one row
and column need to be added, which implies that the majority of the kernel can remain intact. The principal
mapping operation is then to directly clone the local policy terms for the new input channel from the known
actuator, which is similar to the greedy inter-task mapping strategy presented before.

However, since the majority of the kernel remains unchanged, most state-related terms are slightly incor-
rect. The reason is that they refer to the augmented system dynamics from the previous stage, and not to the
true system dynamics. Nevertheless, the learning process in stage 2 is stable and efficient, as can be observed
from 7.19. The former cannot be said for the last learning stage, as shown in Figure 7.21. The kernel mapping
for this last state, which is visualized in Figure 7.20, is again based on the closed-loop system dynamics from
stage 2, in which the unstable stiffness of the inner-most node was actively compensated for by the PD su-
pervisor. As a result, the initial policy is locally unstable, as is also reflected by the eigenvalue history shown
in Figure 7.21d. However, it turns out that a single policy update is sufficient to correct for this. Finally, the
kernel converges to the expected values at the end of learning.

Figure 7.22 again illustrates an overview of learning performance over 25 independent learning trials with
random system initialization. In terms of safety, the same observation is made as for inter-task learning with
greedy mapping: no crashes are observed for the majority of the trial runs, except for a single instance where
the mapped kernel is insufficient to prevent the system from diverging. Learning efficiency is somewhat
worse when considering the total training time over the curriculum, which can be largely attributed the larger
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batch sizes in the first learning stages. Overall however, a significant improvement has been made again
compared to learning from scratch.

7.3.2. Static agent representation and weak external assistance

The second case that will be considered in this discussion on intra-task learning curricula serves to investi-
gate the effect of supervisor performance. The previous experiment assumed that the PD supervisors were
tuned adequately to ensure strong regulation of the inner nodes. Here, a follow-up experiment will be per-
formed where the supervisor performance is deliberately weakened. The proportional and derivative gains
for element no. 1 and 2 will be considerably reduced by factors of 10 and 20, respectively. Consequently, the
supervised nodes will suffer from larger deviations from their equilibrium points, which implies that uncon-
trollable dynamics are not as well hidden as before. However, the augmented system will still be stable. It
is expected that weak PD regulation will have negative consequences for both learning safety as well as ef-
ficiency, since the control law will need to actively compensate for uncontrollable dynamics induced by the
inner elements. This can also be considered a form of complex system dynamics.

The dynamic responses and corresponding inputs for each stage of this 'corrupted’ version of the intra-
task learning curriculum are shown in Figure 7.23. Surprisingly, learning is not very negatively affected in
this example. Performance in the last learning stage has even improved, as the local instability of the initial
policy is not visible here. A possible explanation is that the augmented dynamics in this case are closer to the
system’s natural dynamics, meaning that the mapped initial kernels are more relevant. When looking again at
alarger distribution of learning runs however, the expected setbacks in terms of safety and learning efficiency
are visible. The results over 25 independent learning trials have been summarized in 7.24.

However, these statistics may appear somewhat counterintuitive at first sight. All recorded system crashes
occur in the last learning stage of the curriculum, despite the fact that the system is fully controllable in this
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Figure 7.17: Example learning trial for the MSD-3 stage 1 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors (value iteration using Q-functions; batch LS policy evaluation; global
agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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Figure 7.18: Basic kernel mapping for the MSD-3 stage 2 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors ; grayscale depth is based on logarithmic scale, equivalent intensity
levels implies same order of magnitude.

phase. It would be expected that learning is less reliable in the earlier phases, and that this would cause the
system to crash prematurely. The opposite appears to be the case however, which is a direct effect of the
kernel mapping strategy. Recall that for this intra-task curriculum, the kernel mapping is largely analogous
to the greedy strategy presented in the previous Section. It appears that, since the agent has learned a con-
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Figure 7.19: Example learning trial for the MSD-3 stage 2 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors (value iteration using Q-functions; batch LS policy evaluation; global
agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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Figure 7.20: Basic kernel mapping for the MSD-3 stage 3 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors ; grayscale depth is based on logarithmic scale, equivalent intensity
levels implies same order of magnitude. Note that Figure (a) is equivalent to Figure 7.18c.

trol law that largely accommodates for the (uncontrollable) disturbing dynamics, the mapped policy is even
more inappropriate than it maybe already is. This essentially amplifies the inherent unreliability of greedy
mappings, which was the main conclusion from Subsection 7.2.2. Therefore, a weakly performing supervisor
does have a detrimental effect, but its impact is strongly related to the mapping strategy.
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Figure 7.21: Example learning trial for the MSD-3 stage 3 tracking task as part of the intra-task learning curriculum with

strongly regulating PD supervisors (value iteration using Q-functions; batch LS policy evaluation; global
agent representation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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Figure 7.22: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using intra-task
curriculum learning with strongly regulating PD supervisors (VI using Q-functions; batch LS policy
evaluation; global agent representation; no safety mechanism; random init. with x; € [-0.2,0.2],

Xx; € [-0.25,0.25])

7.3.3. Flexible agent representation and effective assistance

With this small investigation on the role of the task domain, the focus in our third experiment will be on
the agent domain. In the previous case studies, the complete state space was observed from the very start
of the learning curriculum. However, the taxonomy of curriculum learning says that learning complexity
can be reduced by means of an appropriate agent representation, which can be of good value for intra-task
curriculum learning for the MSD-3 tracking task. In this experiment, only those states that are associated with
the elements controlled by the agent will be included in the intermediate kernel matrices. For the first stage,
this means that x3 and x3 are the only system states that are included in the agent’s internal representation.
Consequently, a major part of the system dynamics will be non-observable in the early stages of the learning
curriculum. Note that no self-paced learning techniques will be considered here. Note that by structuring the
intra-task learning curriculum in this way, the learning process becomes in fact quite similar to the inter-task
curricula discussed in the previous Section.

Figure 7.25 shows learning during the first stage under this flexible agent representation, using the well-
tuned PD supervisor architecture used before. Due to the good performance of the PD controllers, the non-
observable dynamic effects are kept to a minimum here. Consequently, the agent is well capable of learning
the optimal control policy, despite its limited ability to build a good internal model of the dynamics. Note
that the learning evolution is remarkably similar to the inter-task setting with the same initial condition (see
Figure 7.9). Compared to the previous inter-task experiments, learning time is considerably reduced due to
the smaller batch sizes required for the policy evaluation step.

For the next learning stages, the basic mapping strategy introduced for inter-task learning will be used
again. The resulting kernel mappings and learning profiles are visualized in Figures 7.26-7.29 for the remain-
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ing curriculum stages. The similarities with basic mapping inter-task learning are again evident, which is
further emphasized by the equivalent kernel evolution patterns.

Figure 7.30 provides again a summary over 25 independent learning trials. Each curriculum results in
crash-free learning, which is consistent with the findings that were made for inter-task curriculum learning
with the same basic mapping strategy. Note that because of the mapping strategy, the sporadic crashing
behavior that was seen in Subsection 7.3.1 is not observed here. One slightly negative difference however
is the larger variability in the time-to-learn metric, which is likely to be a direct result of non-observable
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Figure 7.23: Example learning trial for the MSD-3 tracking task as part of the intra-task learning curriculum with weakly
regulating PD supervisors (value iteration using Q-functions; batch LS policy evaluation; global agent
representation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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dynamics.

7.3.4. Flexible agent representation and weak assistance
Finally, the performance of the PD supervisors will again be considered in view of local agent representa-
tion. It is expected that bad regulation performance of the non-controlled and non-observable dynamics will
pose a particularly large problem for learning in this setting. Therefore, it is interesting to investigate how the
agent will behave during the learning curriculum when the same badly tuned PD settings considered before
are used. The system response and actuator inputs for every stage of this 'corrupted’ curriculum are shown
in Figure 7.31. The first learning stage confirms our expectation, as the first policy update immediately desta-
bilizes the system. Hence, this quantifies as unsafe learning behavior. Surprisingly however, a stabilizing
control law is found in the next update - that is, even before the system crashes -, and the agent converges
to an optimal tracking control law for the element no. 3. This is a remarkable result, as learning suffers from
large observability and controllability issues, meaning that the task is essentially non-Markovian.

Subsequently, the learning curriculum proceeds with stage 2, for which the same basic kernel mapping
strategy is used as before. Since learning cannot be harmed by a bad initialization of the added state-action
dimensions with this strategy, the system remains stable during the entire process, and the agent converges
again to the optimal tracking policy. Finally, the original MSD-3 learning task is considered again in stage
3. Note that the learning profile is again largely equivalent as the inter-task curriculum example from the
previous section.

Finally, Figure 7.32 summarizes learning performance again over 25 independent learning trials. Simi-
larly as for the case where there the agent was equipped with a global representation, an increased crashing
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Figure 7.24: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using intra-task
curriculum learning with weakly regulating PD supervisors (value iteration using Q-functions; batch LS
policy evaluation; global agent representation; no safety mechanism; random initialization with
x; €[-0.2,0.2], X; € [-0.25,0.25])
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frequency is observed as a consequence of the weak PD assistance. An important difference however is that
the system crashes consistently in the first learning trial, whereas before this was the last learning trial. The
expected setback in performance is now a direct result of poor observability and controllability properties at
the onset of the learning curriculum, and not an indirect effect of an inadequate kernel mapping. Therefore,
it can be concluded that limited agent representation and weak supervisor performance have a reinforcing
negative effect on learning safety.

Overall, this section has shown that intra-task curriculum learning is an effective option to make online
adaptive optimal control considerably safer and more efficient. It has been investigated how such a curricu-
lum behaves under different task and agent domain characteristics. It appears that for this particular LQT
problem, these aspects are quite forgiving, in the sense that the learning process will still be stable and con-
verging towards the optimal control policy for a wide range of seemingly sub-optimal learning conditions.

7.4. Safe Learning

So far, it has been demonstrated that well-designed learning curricula can lead to safety through stability,
which in the context of the MSD system implies that ergodicity is preserved implicitly. However, there have
also been multiple instances where learning leads to unstable policy updates, which almost certainly causes
the system to crash. As argued in Chapter 6, truly safe learning requires a safety mechanism that guaran-
tees ergodicity at every step. For this reason, two examples of safe learning techniques from literature are
investigated for the MSD-3 tracking task in this section. The first case study focuses on the SHERPA algo-
rithm [65, 66, 70], which is based on a heuristic online backup identification approach and was discussed in
Section 5.2.1. In theory, this algorithm will ensure that exploration can continue indefinitely if a backup con-
trol sequence can be found for every time step. As will be seen however, finding backups becomes a highly
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Figure 7.25: Example learning trial for the MSD-3 stage 1 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors and local agent representation (value iteration using Q-functions; batch
LS policy evaluation; no safety mechanism; random initialization with x; € [-0.2,0.2], Xx; € [-0.25,0.25])
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Figure 7.26: Basic kernel mapping for the MSD-3 stage 2 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors and local agent representation; grayscale depth is based on logarithmic
scale, equivalent intensity levels implies same order of magnitude.

tedious process in situations where the state-action space is high-dimensional and the system dynamics in-
clude multiple levels of integration. The successor algorithm, optiSHERPA [65, 70], aims to mitigate these
problems, and will therefore be studied in a second experiment. The key concepts behind optiSHERPA were
discussed in Subsection 5.2.2. Note that optiSHERPA does not provide any theoretical guarantees in terms of
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Figure 7.27: Example learning trial for the MSD-3 stage 2 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors and local agent representation (value iteration using Q-functions; batch
LS policy evaluation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])
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(a) Source kernel Hgpyrce (b) Mapped kernel Higrget (¢) Converged kernel Hygrger

Figure 7.28: Basic kernel mapping for the MSD-3 stage 3 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors and local agent representation; grayscale depth is based on logarithmic
scale, equivalent intensity levels implies same order of magnitude. Note that Figure (a) is equivalent to
Figure 7.26c.

preserving ergodicity. However, it forms an interesting benchmark as a practical safe learning mechanism.
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Figure 7.29: Example learning trial for the MSD-3 stage 3 tracking task as part of the intra-task learning curriculum with
strongly regulating PD supervisors and local agent representation (value iteration using Q-functions; batch
LS policy evaluation; no safety mechanism; random initialization with x; € [-0.2,0.2], Xx; € [-0.25,0.25])
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Figure 7.30: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using intra-task
curriculum learning with strongly regulating PD supervisors and local agent representation (value iteration
using Q-functions; batch LS policy evaluation; no safety mechanism; random initialization with
x; €[-0.2,0.2], x; € [-0.25,0.25])

7.4.1. Heuristic Backup Identification using SHERPA

SHERPA uses an over-approximation of the true system dynamics in the form of a bounding model to ensure
the existence of safe return trajectories. Although the dynamics of the MSD-3 system are fully known by
virtue of Table 7.1, such a bounding model will also be generated for this experiment to mimic the common
situation where the dynamics are uncertain. Since the dynamics are fully linear, the following model applies:

A(xp, ug) = [Alx; + [Blu; (7.1)

where [A];; = [(1-%)A;j, 1 +K)A;j], [Bl;j = [(1-x)B;j,(1+x)B;;|, and k is sampled from a uniform distri-
bution [0,k ;;4x]. In this way, the true linear dynamics are always captured by a random bounding model.
This model can be efficiently propagated forward in time by means of interval arithmetic.

Next, a set of heuristics needs to be defined to enable practical operation of the algorithm. First, it is as-
sumed that the outer element ms is equipped with distance sensors, which enables SHERPA to detect when
the restricted fatal state space RFSS = RSSN {Z \ SSS3} is in reach. This sensing capability forms SHERPA's
key feature for perceiving risks and estimating the true SSS online, which is assumed to be unknown a-priori.
The distance sensor is assumed to have a range of 0.2 m. Second, adequate values for the backup closeness
conditions need to be determined. In this experiment, only the reaching interval [€] will be of relevance, since
the system only has a single equilibrium state that can be straightforwardly added to the set of already vis-
ited states. Selecting adequate values for [e]; = [—€"%*,e!"“*] involves a trade-off between backup reach and
backup quality: selecting the reaching interval too narrow results in very low chances that a backup can be
found within a limited number of iterations, whereas selecting it too wide will result in backups that drive the
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Figure 7.31: Example learning trial for the MSD-3 tracking task as part of the intra-task learning curriculum with weakly
regulating PD supervisors and local agent representation (value iteration using Q-functions; batch LS policy
evaluation; no safety mechanism; random initialization with x; € [-0.2,0.2], X; € [-0.25,0.25])

system too far from already explored states. In this experiment, values of €}'** = 0.1 m and em“x 0.1 m/swill
be used. Third, decisions must be made on the maximum number of alternatlve inputs SHERPA may propose
before the iteration loop terminates, as well as on the total amount of backup iterations available within ev-
ery input iteration (recall SHERPA’s algorithmic logic, visualized in Figure 5.2). Since backup calculations are
essentially nothing more than a random search, a sufficient number of iterations must be available to ensure
effective operation of the algorithm. On the other hand however, if a too large number of iterations is allowed
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Figure 7.32: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using intra-task
curriculum learning with weakly regulating PD supervisors and local agent representation (value iteration
using Q-functions; batch LS policy evaluation; no safety mechanism; random initialization with
x; €[-0.2,0.2], x; € [-0.25,0.25])

for, the computation complexity will become unacceptably high, especially for real-time? operations. Here,
the total number of input and backup iterations have been limited to 10 and 30, respectively. These values
still result in high computational complexity, but have only been selected for the sake of demonstration. In
addition, the maximum length of the backup sequence will be limited to 60 time steps.

Finally, some additional settings will be introduced to increase SHERPA's effectiveness. First, instead of
generating a random input for every time step, the backup sequence will consist of a set of input 'bands’
that will keep the backup control constant over a multiple number of time steps. In this way, the backup
will consist of a meaningful control sequence, rather than some discrete noise signal. In the current example,
these bands will have a width of 20 time steps, resulting in a control backup sequence that is three blocks wide
at most. Second, there is the dimensionality of the action space. It is expected that the search for backups
is most tedious in those situations where the system state evolves towards the RFSS, which often requires a
large control input to get away from. If the cardinality of the input space is large, however, each input has
an extremely small probability of being selected. Therefore, only a discretized form of the total input space
will be made available to SHERPA, which in this case is defined as 92,- ={-5,-2.5,0,2.5,5} N. Moreover, the
observed state will only be stored once every 10 time steps, to further expedite the backup search process.

This is all that is required to add SHERPA to the original LQT Q-learning framework. The only modifica-
tion to the existing learning architecture is an input validation step by SHERPA that ensures whether ergod-
icity will be preserved under the input proposed by the agent.

Figure 7.33 shows a typical learning trial for the MSD-3 system under supervision by SHERPA. For this par-

2In this experiment, computations will not be constrained to real-time.
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ticular example, it was assumed that the bounding model is in fact a crisp model, meaning that e"“* = 0 for
all states. This provides for an upper benchmark in terms of performance, since the space of feasible backups
is large when the uncertainty is small. However, in the case of the MSD-3 system, even with full prediction
capabilities SHERPA is not able to always identify a feasible backup. Figure 7.33a reflects this in two ways.
First, a red region indicates that SHERPA is performing a backup. Considering the time history shown here,
it becomes clear that SHERPA is taking backups throughout the entire learning trial. However, these are not
triggered by perceived risk, but simply by the fact that SHERPA depletes all its available iterations for finding
a backup at a given state. If this situation occurs, the algorithm has no better option than taking a backup,
which approximately restores the system to a state that has been visited before. Hence, in this example, the
discovery of a backup is more exception than rule, despite the relatively large number of iterations available.
A second example of failed backup computation is the last phase before the system crashes. Normally, once
SHERPA initiates a backup, it already starts computing a new backup for the expected arrival interval. Given
that a backup lasts 60 time steps in this case, this implies that the total number of backups that can be com-
puted equals 60 x 30 x 10 = 18,000. Often, the algorithm is able to find at least one backup within this window.
For the last phase however, this is not the case, meaning that ergodicity is no longer preserved. Consequently,
SHERPA has no option other than just taking some control input, which in this case implies that the last input
is repeated. However, this brings the system inadvertently in an LTF state, and ultimately in the RFSS. Hence,
unfortunately, the promising theoretical guarantees provided by SHERPA are difficult to retain in practice,
even when there is no uncertainty in the bounding model.

It turns out that these observations are not unusual. In Figure 7.34, performance over 10 learning trials un-
der supervision by SHERPA is summarized. Note that a smaller number of independent runs was performed
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Figure 7.33: Example learning trial for the MSD-3 tracking task using SHERPA as safety mechanism with 0% bounding
model uncertainty (6;"‘” = 0); red regions indicate that SHERPA is performing a control backup (value
iteration using Q-functions; batch LS policy evaluation; global agent representation; random initialization
with x; € [-0.2,0.2], %; € [-0.25,0.25])
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Figure 7.34: Learning performance statistics over 10 independent trial runs for the MSD-3 tracking task using SHERPA
as safety mechanism with 0% bounding model uncertainty (elf"“x =0) (value iteration using Q-functions;
batch LS policy evaluation; global agent representation; random initialization with x; € [-0.2,0.2],

Xx; € [-0.25,0.25])

than before, due to the long running times involved with the simulations. Two conclusions can be drawn
here. First, despite its theoretical guarantees, this implementation of SHERPA cannot provide for safety in
the MSD-3 tracking task. It can be seen that the full learning time of 20 seconds is achieved in only 2 out of
10 trials, with varying number of maximum system deviations (see Figure 7.34b). Second, the fact that the
algorithm is very often not able to identify adequate backups implies that the learning agent almost never
has authority over the controls, whereas it has already learned the optimal control law. Ironically, although
the agent is already able to preserve ergodicity by itself, SHERPA's attempts to verify this prevents the agent
from taking over the controls and in fact often leads to unsafe behavior. The former is also reflected by Figure
7.34d, which shows the tracking RMSE for a rare successful learning trial.

In order to further compare SHERPA's performance with what is reported in e.g. [70], the same experiment
will be repeated for the MSD-1 system. Since this system has a smaller state-action space and is inherently
stable, it is expected that both learning performance and safety will be considerably enhanced. It is again
assumed that the bounding model is in fact crisp, for reason of comparison. Figure 7.35 illustrates a typical
learning trial for this example. Because of the speedy random initialization, SHERPA immediately decides
that a backup is necessary in the form of a doublet. However, once the backup has ended, control authority is
returned to the learned agent, since ergodicity under its input has been verified. In fact, this continues for the
remainder of the learning process, which is provably safe over its full length as indicated by the green area. At
the same time, the agent is able to quickly converge to the optimal control law. Hence, this is in fact the first
example of provably safe adaptive optimal control. Figure 7.36 gives a statistical overview of the effectiveness
of SHERPA in the MSD-1 tracking task.
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7.4.2. Ranking Control Options using optiSHERPA

The tedious backup search process for the MSD-3 system forms SHERPA's key limiting factor. This section
therefore investigates an equivalent experiment with optiSHERPA, which takes a different approach to safety
by evaluating a finite set of control input sequences and ranking these according to safety of the system. In
this way, a less strict distinction can be made between acceptable and unacceptable behaviors. As explained
in Subsection 5.2.2, optiSHERPA constraints the system evolution by means of a distance and an evasion
metric. The former serves to keep the system close to already visited regions, and is repeated here:

d(xp, [x¢]) = I

(5.9)

(xp _ Sup([xk]); inf([x]) ) ov, (SUP([xk])z—inf([xk])) ov,

Essentially, this distance metric is applied in two ways. First, it serves to evaluate the future input se-
quence generated by the agent, which is now supplied with a predictive model that is sampled randomly
from the bounding model. The reason that a model instance is being used is that the LQT Q-learning agent
acts as a feedback controller, which implies that inputs can only be generated by crisp states. However, re-
call that our formulation of the LQT problem is based on the augmented system dynamics, which implies
that the true future feedback control signal can only be retrieved if we also propagate the reference signal.
This would make the problem non-causal, since normally the future reference cannot be predicted. There
are two ways that one may account for this: one can either make some predictions based on past behavior,
or one can assume that the reference signal stays constant over the prediction window. For this study, the
latter option has been chosen. The second way the distance metric is implemented is to evaluate randomly
generated future control signals, which are proposed by optiSHERPA as alternatives to the controls proposed
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Figure 7.35: Example learning trial for the MSD-1 tracking task using SHERPA as safety mechanism with 0% bounding
model uncertainty (6;.”‘”‘ = 0); red regions indicate that SHERPA is performing a control backup, whereas
green regions imply that ergodicity can be preserved for the control input proposed by the agent (value
iteration using Q-functions; batch LS policy evaluation; global agent representation; random initialization

with x; € [-0.2,0.2], X; € [-0.25,0.25])
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by the learning agent. These inputs are essentially open-loop, which implies that the bounding model will be
used to propagate the future state.

The distance metric makes use of two parameters, being the weighting terms v, € R"* and p < 1. The
former needs to reflect the level of risk associated with each state x € &', which for this case implies that the
highest weight should be assigned to x3. However, since the distance metric essentially forms an alternative to
SHERPA's closeness condition, it can be argued that %3 should be assigned similar values to ensure bounded
excitation of the system. In this implementation, it was chosen to assign each position and velocity state
a weight of 20 m and 20 m/s, respectively. By assigning the same values to all states, rather than higher
values for element 3 only, one embeds some form of a-priori information about the fact that all elements are
coupled. For p, a value of 0.5 was selected in analogy to [70].

Subsequently, the evasion metric needs to be implemented in case the distance sensor detects a distance
between the outer element and the RFSS smaller than 0.2 m. The result produced by this second metric is
nothing more than the sum of a range of intersections with a collection of hierarchically ordered regions R;.
The evasive input sequence for which this sum is the smallest is than considered the optimal control, as given
by Equation 5.10 and repeated here:

T :arg%léITl;pijwi (5.10)
J

In this example, three regions Rsqfe, Runknown, and Ryrqq will be considered, ordered in increasing level
of risk. The former is equal to the internal SSS, whereas the latter corresponds to the true FSS. The remaining
region Ry, ,known then forms the complement, i.e. &'\ {Rmfe URfaml}- The weights selected for each of
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Figure 7.36: Learning performance statistics over 10 independent trial runs for the MSD-1 tracking task using SHERPA
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batch LS policy evaluation; global agent representation; random initialization with x; € [-0.2,0.2],
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these regions are taken as 10, 10! and 10°, respectively, which well reflects the inherent risk levels. Before
Equation 5.10 can be applied however, it must be verified for each trajectory 7; that 7; N {Rmfe U Runknown} #
&, and that [xy] < Ry, fe with N the length of 7}, as described in [70]. Assuming that 7; passes this test,
one can proceed with calculating its intersection p;; with each region R;. For general regions with complex
geometries, this is not necessarily very straightforward. However, the heuristic nature of the computations
allows for a significant margin of error, at least when p;; is over-approximated. Therefore, each intersection
will simply be the sum of the one-dimensional intersections for each dimension i = 1,2,...,nin X"

Finally, some settings are required for practical operation of optiSHERPA, similarly to SHERPA. The sens-
ing capability, the input sequence structure and length, and the discretized action space are all taken directly
from the SHERPA implementation, as described in the previous section. The total number of uniquely gener-
ated input sequences that are evaluated under the distance and evasion metrics is set to 20. Similarly, optiSH-
ERPA is only invoked every 10 time steps to save on computational complexity, except when risk is detected.
Additionally, trajectory evaluation under either the distance or evasion metric is discretized in steps of 20. For
the distance metric, another setting is introduced in the form of an agent priority level, which assigns a min-
imum level of control authority to the learning agent. In this case, an initial value of 25% is selected, which
indicates that optiSHERPA has to accept the proposed agent input sequence if it is among 25% of the best
performing candidates. Moreover, to enable gradual transfer from exploration to exploitation of the control
policy, the agent priority level is increased by 0.05% with every time step.

The first case study will again assume that optiSHERPA is equipped with a crisp model of the system
dynamics, in order to have an upper benchmark in terms of performance. Figure 7.37 shows a successful
learning trial for the MSD-3 task under supervision of optiSHERPA. For the majority of the time, the control
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Figure 7.37: Example learning trial for the MSD-3 tracking task using optiSHERPA as safety mechanism with 1%
bounding model uncertainty (¢}"“* = 0.01); red regions indicate that optiSHERPA performs an evasion,
whereas green regions imply that the agent input has been considered safe (value iteration using
Q-functions; batch LS policy evaluation; global agent representation; random initialization with
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inputs are quite messy, which is mostly due to the random nature of the output returned by optiSHERPA if it
considers the agent input inadequate. In the figure, green regions indicate that the optiSHERPA has accepted
the agent input, whereas red regions correspond to evasive maneuvers. Uncolored regions imply that a ran-
dom control sequence has been favored over the agent input under the distance metric. It is interesting to
see that during the first half of the learning trial, optiSHERPA takes over for the majority of the time, which is
a direct result of the fact that the closed-loop dynamics under the intermediate control law are unstable. In
the second half however, where the policy has stabilized, optiSHERPA starts to accept the agent input more
and more, which is also the result of the increased agent priority level. This is very neat example of safe
reinforcement learning®.

In Figure 7.38, performance over 25 independent learning trials under supervision of optiSHERPA with
€% = 0.01 has been summarized. Although safety has been improved compared to learning from scratch,
system crashes are still observed in 60% of the runs. Intuitively, the statistics become even worse as model
uncertainty is increased. Figure 7.39 shows the same information when €!"“* = 0.25, i.e. when the bound-
ing model uncertainty equals +25%. In this case, the percentage of trials for which learning is safe drops
even below 10%. There are two main factors that contribute to these low numbers. First, there is again the
dimensionality of the state-action space that also played a detrimental role for learning under supervision
by SHERPA. A second aspect is that the evasive maneuvers enforced by optiSHERPA are not necessarily safe
in itself. The reason is that the optimal evasive input sequence U, that maximizes Equation 5.10 is only
guaranteed to minimize the intersection with R¢;4;, but this intersection will very often not be empty. By
adopting the first input of every U}, successively, the system may inadvertently brought into a lead-to-fatal

3However, it must be kept in mind here that optiSHERPA does not provide strong theoretical guarantees.
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Figure 7.38: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using

optiSHERPA as safety mechanism with 1% bounding model uncertainty (el'.”“x =0.01) (value iteration using
Q-functions; batch LS policy evaluation; global agent representation; random initialization with
x; €[-0.2,0.2], X; € [-0.25,0.25])
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state. Therefore, these results underscore that optiSHERPA often cannot preserve ergodicity.

7.5. Safe Curriculum Learning

Thus far, it has been established that both inter-task and intra-task curriculum learning can lead to safety
through stability for a wide range of configurations. The ability to stabilize the dynamics of the MSD-3 system
implies that the condition of ergodicity is often satisfied implicitly, although this cannot be guaranteed. The
latter can be achieved by ergodicity-preserving mechanisms such as SHERPA, but this algorithm often fails
to identify control backups in case of high-dimensional systems with considerable uncertainties. This can
lead to the highly undesirable situation where an attempt to explicitly verify the safety of the system can lead
to unsafe behavior, whereas the agent policy has already matured sufficiently to prevent unsafe transitions
by itself. The approach used by optiSHERPA works better in practice, which trades the strong theoretical
guarantees by SHERPA for enhanced computational complexity properties. However, even when optiSHERPA
is equipped with a crisp model of the dynamics, the MSD-3 system is often driven into a crash state when
learning from scratch.

In this section, the integrated safe curriculum learning approach is investigated for its ability to ensure
safe and efficient online learning of the optimal control policy for the MSD-3 system. Specifically, it is in-
vestigated whether the existence of intermediate stabilizing policies can enhance SHERPA’ ability to iden-
tify control backups for a given state x € {% \ Xsafe} N X, v able- Note that for the MSD-3 system, it is that
X7 pie = R for the complete space of stabilizing policies; therefore, it is assumed that the effects of stabiliz-
ing behavior can be observed through the fact that the stabilizing policy will keep the system state sufficiently

far away from the FSS. The existence of this region will be denoted as 2" cx safe- This is analogous to the
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Figure 7.39: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using

OptiSHERPA as safety mechanism with 25% bounding model uncertainty (¢]"%* = 0.25) (value iteration
using Q-functions; batch LS policy evaluation; global agent representation; random initialization with
x; €[-0.2,0.2], X; € [0.25,0.25])
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Figure 7.40: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using SHERPA
as safety mechanism with 0% bounding model uncertainty (e;"“x = 0) as part of the inter-task learning
curriculum from Figure 7.4 with basic kernel mappings (value iteration using Q-functions; batch LS policy
evaluation; global agent representation; random initialization with x; € [-0.2,0.2], x; € [-0.25,0.25])

situation where a locally stabilizing policy maintains the system state close to a given operating point (e.g.,
the origin). Secondly, a learning curriculum assisted by optiSHERPA will be investigated. This approach re-
sults in a weaker form of safe curriculum learning, since ergodicity during learning is not fully guaranteed.
This implies that the framework from Figure 6.1 does not fully apply. However, this is still a very important
practical approach to safe curriculum learning. For benchmarking purposes, the simple inter-task learning
curriculum from Figure 7.4 will be used, in combination with the basic kernel mapping strategy.

7.5.1. Inter-task staging assisted by SHERPA

Figure 7.40 summarizes recorded performance over 10 independent learning trials for the inter-task learning
curriculum with SHERPA as safety mechanism. Unfortunately, the expected benefits of curriculum learning
on SHERPA’s backup identification ability are not visible here, as the system is seen to crash consistently over
the trial distribution. Even worse, the small rate of success seen earlier in Subsection 7.4.1 has completely
vanished. However, due to the relatively small distribution size, it cannot be concluded that this performance
deterioration can be attributed to the influence of the learning curriculum. Still, despite the intuition that
the space of available backup sequences is larger when the system state remains bounded to the region z",
the current setting does not reflect this hypothesis. It is believed that the reason for this is the availability of
too little data to consistently meet the closeness condition (Equation 5.5) for the control backup. Whereas
it may be that x € Z" Yre[0,00) by virtue of the initially stabilizing policy, this only means that the backup
trajectory will fall within the SSS with high probability (Equations 5.6 and 5.7). The fact that a too limited
number of states is sampled in memory means that the space of backup policies is still heavily constrained.
Therefore, although the hypothesis that stability can add to ensuring ergodicity still stands, this experiment



7.5. Safe Curriculum Learning 123

shows that this property can be heavily undermined if the closeness condition cannot be met.

An appealing strategy to resolve the issues with insufficient experience in a new learning stage is to
perform instance transfer of states observed in a previous stage, and use these transformed states to seed
SHERPA's memory in the new stage. In this way, the space of backup sequences that satisfy the closeness
condition can be considerably enlarged, although such a strategy is in strong tension with the theoretical
guarantees on ergodicity. The reason is that infinite exploration can only be guaranteed if it is known that
a safe return strategy exists to an already visited state. A mapped observation from a different, but related
MDP will theoretically speaking not satisfy this condition. However, the fact that SHERPA already adopts fi-
nite reaching intervals [€] and [§] by itself implies that the quality of the backup will be limited by definition.
Therefore, in case a good mapping between the successive stages can be found, a similar backup quality could
hypothetically be achieved. Moreover, it could be opted to let SHERPA query transferred observations only if
has an insufficient number of real observations at its disposal. This is comparable to the strategy adopted by
the TIMBREL algorithm, as reported in [103]. In this way, curriculum learning could be tied more closely to
the practical operation of safety-preserving algorithms such as SHERPA. Still, even if there would be a dense
seeding of SHERPA's memory, the fact that backup identification is performed based on random search can
still result in issues with iteration depletion. This is also visible in Figure 7.40d, where the RMSE changes
drastically even upon convergence of the agent policy.

Another approach to further integrate curriculum learning and safe learning is to alter the definition of
the bounding model such that the beneficial effect of dynamic stability under the agent policy can be used to
expedite the search for ergodicity-preserving backup sequences. This strategy is adopted in the safe curricu-
lum learning framework described in Part I.
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Figure 7.41: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using
optiSHERPA as safety mechanism with 1% bounding model uncertainty (¢/"** = 0.01) as part of the
inter-task learning curriculum from Figure 7.4 with basic kernel mappings (value iteration using
Q-functions; batch LS policy evaluation; global agent representation; random initialization with

x; €[-0.2,0.2], %; € [~0.25,0.25])
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Figure 7.42: Learning performance statistics over 25 independent trial runs for the MSD-3 tracking task using
optiSHERPA as safety mechanism with 25% bounding model uncertainty (¢]*** = 0.25) as part of the
inter-task learning curriculum from Figure 7.4 with basic kernel mappings (value iteration using
Q-functions; batch LS policy evaluation; global agent representation; random initialization with

x; €[-0.2,0.2], x; € [-0.25,0.25])

7.5.2. Inter-task staging assisted by optiSHERPA

The fact that optiSHERPA uses a different strategy for enforcing safety that is not dependent on strict close-
ness conditions implies that the advantages of curriculum learning may become more evident. The way that
the distance metric has been defined suggests that optiSHERPA may be more compatible as a safety algo-
rithm (that is, without further adaption), as the stabilizing properties of curriculum learning already keep the
system close to a known region. Figure 7.41 visualizes observed performance over 25 independent learning
trials for the inter-task learning curriculum with optiSHERPA as safety mechanism. In this experiment, use
was made of a close-to-crisp prediction model (¢;"** = 0.01). Evidently, safety has considerably increased
compared to optiSHERPA-assisted flat learning. Whereas for the latter the algorithm could only prevent the
system from crashing in 40% of the trial runs, here the system remains consistently safe. This demonstrates
the powerful capabilities of the safe curriculum learning paradigm. Compared to standard curriculum learn-
ing however, learning efficiency is somewhat reduced, which is a direct result of the at times inefficient appli-
cation of alternative control sequences.

Finally, the same experiment has been performed again with an uncertain bounding model, with ¢/"** =
0.25. The results are presented in Figure 7.42. Whereas previously optiSHERPA was only able to ensure safety
in less than 10% of the learning trials for this case, thanks to the curriculum learning approach this number
has risen to over 70%. The ability of mapped intermediate policies to keep the system state bounded to
a region X" Vi€ (0,00 is largely reflected by optiSHERPA's increased approval rate, even in face of large
prediction uncertainties. Still, the latter is responsible for the fact that about 30% of the trials does not end
successfully, which shows that there is considerable room for improvement. In this view, online adaption of
the bounding model would be worth further investigation, as argued in Section 6.2.
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7.6. Summary

With the empirical results obtained with the unstable MSD system, practical insight has been obtained into
how the safe curriculum learning paradigm may expedite online learning of adaptive optimal control laws in
terms of safety and efficiency. Although the system dynamics, the reinforcement learning approach, and the
curriculum setups considered are all particularly simple, tangible conclusions can be drawn on curriculum
effectiveness, the influence of the nature of staging and agent flexibility, and how a learning curriculum can
enable provably safe learning through ergodicity even for high-dimensional systems. The main outcomes are
briefly recited here.

It was found that an a-priori designed inter-task curriculum greatly increases safety through stability
during the learning process, and that efficiency can be enhanced by adopting greedy mapping strategies.
However, mapping greedily may reduce the reliability of intermediate kernel updates, leading to closed-loop
instability during the early phases of learning. This also illustrates that provably safe learning can only be
achieved by means of a separate safeguard mechanism. However, for real-life applications where a rein-
forcement learning agent needs to interact with a physical process or system, inter-task curriculum learning
is often not a feasible option. Therefore, several experiments where performed with intra-task curriculum
learning, which represents the other extreme of the nature of staging in the curriculum learning taxonomy.
The variables that were of primary interest in these experiments where 1) the internal representation of the
agent and 2) the effectiveness of the external supervisor, which was implemented as a pair of suboptimal PD
controllers. It appears that intra-task curriculum learning is a viable option, even when the agent only has a
limited (local) representation of the system dynamics, and the assistance provided by the supervisor is weak.
This shows that the learning framework considered here is highly robust to situations where observability
and controllability are very limited. This is a remarkable result, especially since the optimal control problem
becomes non-Markovian with the former. Still, the safety-enhancing properties of curriculum learning are
considerably deteriorated if the learning curriculum is further corrupted.

To make learning provably safe, the practical capabilities of two ergodicity-preserving safe learning mech-
anisms were investigated for learning from scratch and in a curriculum learning setting. The results obtained
with the SHERPA algorithm for flat learning revealed that online backup identification suffers heavily from
the curse of dimensionality, even in case the algorithm is equipped with a crisp model of the system dy-
namics. Here, the undesirable situation arises where the inability of the safe learning mechanism to verify
whether the input proposed by the agent is ergodicity-preserving leads to unsafe behavior in itself. An equiv-
alent experiment with the optiSHERPA algorithm showed less issues in this regard, as a result of its different
strategy with respect to safety. Although the system was seen to crash less often compared to completely flat
learning, the results obtained with optiSHERPA were not as desirable as what can be achieved with a learning
curriculum.

Finally, the results obtained with the integrated safe curriculum learning approach provide important
insight and further suggestions into how curriculum learning can be made provably safe. The inter-task cur-
riculum setting with SHERPA as safety mechanism revealed little improvements compared to learning from
scratch or SHERPA-assisted flat learning, despite the expected enhanced backup identification capabilities. It
is hypothesized here that the backup policy space is still too severely constrained by a lack of stored samples,
which means that the closeness condition is rarely met. This implies that additional measures are required to
improve this aspect. By contrast, with optiSHERPA acting as the external safeguard, the stabilizing properties
of curriculum learning were shown to be beneficial, even for large uncertainties in the predictive bounding
model. This is a key result, as it demonstrates that safe learning of optimal adaptive control laws can be
achieved for uncertain, unstable and high-dimensional systems with continuous state and input spaces in
a fully online manner. However, due to the fact that optiSHERPA does not provide any theoretical guaran-
tees on the preservation of ergodicity, it may be worthwhile to further explore possibilities that enable the
integration of the curriculum learning framework with the SHERPA approach.
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Conclusions and future research

In this final part, the thesis is concluded by drawing answers to the research questions and discuss recom-
mendations for future work. However, a brief synopsis of the contributions and findings is provided first.

8.1. Synopsis

The main contribution of this thesis is an integrated framework known as safe curriculum learning to si-
multaneously improve the sample efficiency and safety of reinforcement learning techniques in the context
of adaptive optimal control for online safety-critical applications. To this end, existing views on curriculum
learning, transfer learning, and safe learning have been combined into a coherent paradigm that can be used
for optimal control applications. This framework exploits the concept of transferring safe policies across suc-
cessive tasks in a learning sequence, resulting in curriculum strategies that can be used to enhance safety
in a similar way as traditional curriculum learning aims to improve learning efficiency. Implementation of
the learning scheme has been demonstrated in the context of optimal control of a generic cascaded unsta-
ble mass-spring damper system, as well as optimal attitude control of a nonlinear quadrotor UAV. The latter
serves primarily as a proof-of-concept that shows how safe curriculum learning can be adopted in primary
flight control applications.

A broad taxonomy has been established to further substantiate the curriculum learning paradigm. The
key motivation for curriculum learning is that the ability of an RL algorithm to converge towards the optimal
control policy is inherently related to the complexity of the task at hand. This complexity covers multiple as-
pects, such as the dimensionality of the state and input spaces, the nature of the dynamics, and the richness
of the reward signal. By reducing the learning complexity in a sequence of auxiliary source tasks, a learning
agent may be better able to converge towards a desired control strategy. The proposed taxonomy suggests
that there are three main areas that define a generic reinforcement learning curriculum: the shaping dynam-
ics, the nature of staging, and the flexibility of the agent representation. These dimensions describe the extent
to which the training distribution is organized by an external domain agent or autonomously by the agent it-
self, how the sequence of tasks is related to each other, and whether the agent representation (i.e., policy,
value function, etc. ) will undergo any transformations during the curriculum. This taxonomy shows that a
learning curriculum can take many forms and that a wide range of techniques may be involved, such as those
related to self-paced learning and transfer learning.

Similarly, an extensive review of the field of safe reinforcement learning has been conducted to identify
the key concepts behind safe learning. Whereas the problem of safety can appear in both the exploitation
and exploration phases of learning and can be highly problem-dependent, online interaction with safety-
critical systems generally requires the system state to remain bounded to a safe subset of the complete state
space. This condition can only be guaranteed if some form of a-priori knowledge is available. In systems
theory, a central topic that captures this objective is known as Lyapunov stability. Although the existence of
a (control) Lyapunov function can be used to guarantee boundedness of the system state in a wide range
of applications, including those involving state- and input-constrained systems with bounded uncertainties,
finding this function can be challenging for general nonlinear systems. Therefore, using other forms of a-
priori knowledge, such as a-priori global reference information or prediction models, may result in a more
practical approach to safe learning. Here, a key topic reported in literature is known as ergodicity, which
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ensures that there exists a feasible control sequence between any arbitrary pair of states in the safe subspace.
Ensuring ergodicity requires a belief or (uncertain) model of the system dynamics, which makes the process
inherently model-based. Ergodicity-preserving policies can be obtained by adopting a global approach, but
can also be identified online on a local level. In this thesis, a local approach has been adopted in the form
of an external safety filter that overrides unsafe agent inputs by alternative control sequences that maintain
ergodicity.

Despite its appealing properties, it has been demonstrated that online verification of ergodicity during
learning can be difficult to achieve for uncertain, unstable, high-dimensional systems with continuous state
and input spaces. A central aspect of the proposed safe curriculum learning paradigm is that an appropri-
ately designed learning curriculum can increase the likelihood of ergodicity preservation in tasks of higher
complexity. This is a direct benefit of the scaling of control policies obtained in one or more low-complexity
source tasks towards succeeding tasks of higher complexity. For safety-critical optimal control tasks of rel-
atively low complexity, such as those involving open-loop unstable systems with low-dimensional state and
input spaces, online identification of ergodicity-preserving policies has a relatively high rate of success, which
implies that control inputs generated by the learning agent or those related to persistent system excitation
(exploration) can be effectively contained by the ergodicity-preserving mechanism. As a result, the agent can
learn safely in the low-complexity source task. As the agent gets closer towards the optimal control policy in
the source task, this information is used to initialize learning in a succeeding task of higher complexity, such
that the more complex system is closed-loop stable as well. Under the safe curriculum learning framework,
this dynamic stability property forms one of the key aspects that is used to expedite the search for ergodicity-
preserving control sequences to ensure that no safety constraints are violated when learning in the more
complex target task. Another aspect is formed by reduced uncertainty propagation in the associated internal
model predictions.

Depending on the design of the learning curriculum, which follows from the curriculum learning tax-
onomy, various approaches to information scaling can be conceived. In the work presented in this thesis,
the scope has been limited to a-priori designed learning curricula with flexible agent representations. For
this particular class of learning curricula, the use of knowledge mappings is required to transfer informa-
tion across successive representations of the value function and/or policy. The exact form depends primarily
on the type of function approximation used for the agent representation. In the Linear Quadratic Tracking
(LQT) experiment, the linear matrix representation of the state-action value function warrants the use of
kernel mappings to transfer Q-values across successive learning stages. For the nonlinear neural-network
based actor-critic learning scheme, network mapping strategies have been proposed that map neural net-
work weights and biases between successive representations of the actor and the critic. Because of their
central role in the fixed type of learning curricula considered in this thesis, the qualtiy of these knowledge
mappings fully determines the safety and efficiency properties of the framework. In terms of safety, a pri-
mary objective for these mappings is that the dynamic system is stable under the autonomy of the mapped
policy. Regarding learning efficiency, a primary objective would be to have the mapped representation ap-
proximate the optimal representation as much as possible. However, this generally requires an external form
of domain knowledge. Moreover, knowledge mappings can be quite task-specific.

8.2. Answers to the research questions

The research sub-questions are considered first, by addressing them on an individual basis. This yields the
necessary information to formulate an answer to the main research question. The answers to these sub-
questions are formulated below.

(" Research sub-question 1

1. How can safe learning be supported by reducing the complexity of a given task?

(a) What defines task complexity? In the task domain, learning complexity arises in three main
areas: (1) the dimensionality of the state space and/or action space; (2) the nature of the
dynamics; and (3) the richness of the reward signal. Regarding the nature of the dynamics,
complexity arises in terms of e.g. strongly coupled dynamics, nonlinear dependencies, dis-
continuities, instabilities, badly or non-controllable dynamics, and strong stochastic effects.
A key insight is that the task domain is not solely responsible for the problem of learning




130 8. Conclusions and future research

complexity, but that there is a strong connection with the abilities of the agent itself.

(b) What are the key concepts behind safe learning? The system’s risk profile, which must be fully
known a-priori, is the driving factor in the need for safety measures in the learning process.
This risk profile culminates in a necessity to keep the system state bounded to a safe sub-
space of the complete state space. This can be ensured if ergodicity is preserved throughout
the learning process, which implies that at any moment in time a sequence of control inputs
is known to exist for which it is guaranteed that the system state can be driven back to any
other arbitrary state in the safe subspace. In this view, model-based search techniques form
a practical approach to safe learning.

(c) Whichrelationships can be identified across these concepts? The relative subspace of ergodicity-
preserving policies forms the primary factor that relates task complexity to learning safety
and vice versa. In case this subspace is relatively small, which is often case for high-complexity
tasks that involve e.g. high-dimensional state and input spaces, verification of ergodicity can
be difficult to achieve. The opposite is also true.

(" Research sub-question 2 A

2. What are the requirements for a sequence of intermediate flight control learning stages with respect
to the task domain and the agent domain, such that fast learning can be achieved in a safe way?

(a) What is needed in terms of task complexity, ordering, and timing? An adequate learning cur-
riculum implies that the complexity and diversity of learning samples should be monotoni-
cally increasing with every learning stage. This should be reflected in the complexity of each
intermediate task itself, together with the ordering of the sequence. Learning efficiency can
be optimized through a strict curriculum pace, which implies that the timing of complexi-
fication and diversification should be such that the agent has gained sufficient proficiency
from a preceding stage. However, safety enforces a minimum constraint on timing.

(b) What are the capabilities that the agent should possess at each stage of the learning process? A
minimum requirement for intermediate agent abilities is that the policy should at least lead
to closed-loop stability for semantically similar operating conditions in the early phases of
learning in a new stage. This expedites the verification of ergodicity by an external safety
mechanism.

(c) How does the objective function need to be set up across the learning curriculum? From a
safety perspective, any objective function that results in stable optimal policies suffices. In
the context of low-level optimal control, quadratic utility functions prove to be an effective
solution in this regard.

(d) How to represent safety constraints? Safety constraints must be conform the system’s risk
profile, and must be directly perceivable by the actor. A sensor-based approach is the most
evident solution here, which enables the actor to determine whether fatal parts of the state
space are in close reach. Hence, the designer must explicitly prescribe the boundaries of the
various risk modes.

(" Research sub-question 3

3. How can knowledge gained in a previous learning stage (the source) be adopted to bias learning in
a later stage (the target) in a safe way?

(a) What knowledge needs to be extracted from the source? A wide range of different types of
knowledge can be considered, including direct experience in the form of observed transition
samples, low-level knowledge such as value functions or policies, or high-level information
such as learning rules or options. For low-level optimal control tasks, value functions and/or
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policies form the primary candidates in this regard, and can be used either in tabular or
parametrized form.

(b) How can this knowledge be represented? The most appropriate way of representing value
functions and/or policies depends on the nature of the optimal control task. The only re-
quirement from the perspective of knowledge transfer is that existing knowledge must retain
its semantic significance if it is to be re-used in successive learning tasks.

(c) What needs to be known about the target? To achieve positive transfer, it must be known
how the target is related semantically to the source task under consideration. In the case of
knowledge mappings, this implies that it must be known which regions of the state-input
space correspond best to their source equivalents.

(d) How to handle those parts of the target state and input space for which no knowledge is avail-
able? Different strategies can be adopted here, depending on the nature of the learning task.
From the perspective of safety, a primary requirement is that safe control policies can be
safely re-used in successive learning tasks. For example, an agent policy that stabilizes the
system in the source task can be safely re-used if the successor system is also Lyapunov sta-
ble under the autonomy of the transformed policy. In this view, it may be sufficient to leave
stable unknown regions unbiased and stabilize the dynamics by virtue of the mapped lo-
cal policy for the known areas. However, learning can be further expedited by duplicating
knowledge from semantically similar regions.

(e) What technique can be used to facilitate safe and effective transfer of knowledge across these
stages? For fixed learning curricula with flexible agent representations, knowledge mappings
are required to transfer information across successive learning stages. Depending on the
type of function approximation selected, simple strategies that involves duplication of func-
tion parameters can be adopted. In case of linear matrix representations, it is sufficient to
simply duplicate (map) kernel values from the source kernel to the target kernel. For neural-
network based actor-critic implementations, a strategy that involves the mapping of network
weights and biases can be adopted.

(" Research sub-question 4

4. What reinforcement learning architecture must be adopted to learn increasingly advanced flight
control capabilities in a safe manner?

(a) What elements does the learning architecture need to consist of? In general, for low-level, con-
tinuous, intelligent control laws, the learning architecture must consist of at least a value
function, a(n) (uncertain) predictive model, and an external ergodicity-preserving entity.
The predictive model takes two separate roles at the same time: it serves as the primary
tool for verifying ergodicity, while it is also used to learn the optimal control law in case a
state value function is used. For nonlinear system implementations, the policy can be repre-
sented using a separate actor network to reduce the level of knowledge required in the policy
update step about the internal state transition dynamics of the system.

(b) What learning technique needs to be used for solving the optimal control problem? This is
dependent on the learning problem at hand. In case of (approximately) linear dynamics,
it is generally advantageous to use a quadratic representation of the value function and use
least-squares techniques to solve the HJB equation. For highly nonlinear dynamics, however,
stochastic gradient descent (SGD) techniques must be adopted.

(c) What function approximation technique is suitable in terms of approximation power, sam-
ple efficiency, and transfer flexibility? For parametric function approximators, it can be said
that functionals that are linear-in-the-parameters are most sample-efficient since use can
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be made of least-squares techniques as opposed to SGD. However, for general nonlinear ap-
plications, nonlinear function approximators such as multi-layer artificial neural networks
(ANNSs) need to be adopted. The latter class of functions typically enjoy considerably higher
approximation power, which is especially useful in case of unknown and possibly complex
function images such as those typically associated with value functions. It has been demon-
strated that both function classes are suitable for knowledge transfer purposes.

(d) What exploration strategy needs to be adopted? For learning adaptive optimal control, persis-
tent excitation of the system is of vital importance to identification of the system dynamics
and convergence to the (global) optimal control policy. It has been demonstrated that using

L random exogenous exploration inputs is generally sufficient. )

(" Research sub-question 5

5. What metrics are required to quantify learning efficiency and safety? It appears that the time-to-
learn, performance at the end of learning, and the number of constraint violations provide good
indications of learning efficiency and safety during a particular learning trial.

J

Based on these accounts, the answer to the main research question is formulated blow.

(" Main research question

How can a learning curriculum be implemented for a reinforcement learning agent to autonomously
learn optimal primary flight control laws for an Unmanned Aerial Vehicle (UAV) with uncertain dynam-
ics, such that learning efficiency is enhanced and the risk of violating safety constraints is reduced?

Alearning curriculum can enhance safety and efficiency during learning if the principles of the safe cur-

riculum learning paradigm are adhered to in its design. With this framework, safe policies are exploited

across increasingly complex successor tasks in a learning sequence to bias the behavior of an intelli-

gent learning agent more closely to the optimal control strategy, and expedite the search for ergodicity-
L preserving safe policies by an external safety filter.

8.3. Recommendations

The work presented in this thesis can be considered as an initial contribution to the safe curriculum learn-
ing framework for optimal control. As such, there are many challenges and directions for improvement that
need to be addressed in future research. A primary challenge is the further reduction of the level of a-priori
knowledge required about the system dynamics to have a true advantage in terms of model-dependency over
the traditional flight control design cycle. In the first place, this relates to the ergodicity-preserving safety
mechanism. Although it has been demonstrated that re-using safe agent policies can expedite the search for
ergodicity-preserving control sequences, the level of uncertainty embedded in the internal bounding model
quickly limits the performance of the safety algorithm. Therefore, model-learning techniques can be consid-
ered to reduce these uncertainties based on online data gathered from the system, resulting in the concept
of contracting bounding models. As a result, it is hypothesized that the level of uncertainty can be relatively
high at the start of learning, whereas verification of ergodicity may be more accurate over time as a better
model of the system dynamics becomes available. In the second place, the level of knowledge required for
task complexity management, i.e. curriculum design, could be further reduced as well by adopting self-paced
learning techniques. This also the primary dimension of the curriculum learning taxonomy that has not been
explored in this thesis.

Other directions for future research relate more to the practical operation of the safe curriculum optimal
control framework. In particular, other approaches to verification of ergodicity can be considered. In this
work, the selected mechanism is based on a random search of local ergodicity-preserving control sequences,
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for which it has been demonstrated that performance can be limited in high-complexity learning tasks. Al-
though it has been shown that its performance can be improved by re-using safe policies in a curriculum
approach, there may be other ways to further improve safety during learning. For example, model-predictive
control methods could be considered that solve the problem of local ergodicity by adopting an optimization-
based approach based on the internal bounding model. A learning curriculum could still be beneficial in
this situation, as a result of its property to constrain uncertainty propagation to reduced subsets of the state
space. Moreover, re-use of safe agent policies could reduce the time required for optimization.

Another aspect that relates to the practical operation of the framework is the role of function approx-
imation and the impact of hyperparameters. In this thesis, linear matrix and neural-network based agent
representations have been used in the optimal control learning scheme. For highly nonlinear systems for
which generalization may be problematic, it may be beneficial to use other types of function approximation
that update the policy and value function only locally. Regarding the impact of hyperparameters, it has been
experienced that these can be very limiting in the design, performance, and analysis of both the learning and
safety schemes. Considerable effort must be spent to obtain adequate settings for neural network training
and the safety filter. This is seen as a potential weakness of reinforcement learning based strategies compared
to the more traditional approaches to flight control design, and therefore requires further investigation.

Finally, the safe curriculum optimal control framework can be further explored by implementing it on
more demanding control tasks. In this thesis, most of the design and analysis has been based on simple cas-
caded mass-spring-damper systems. Although a proof-of-concept has been demonstrated in the context of
optimal attitude control of a quadrotor UAV, more elaborate analyses need to be performed to further demon-
strate the framework on this platform. Moreover, as a result of the selected safe state space, the dynamics of
the quadrotor remained very close to linear. Further research can focus on increased nonlinearities of both
the internal dynamics and control effectiveness. Another aspect worthwhile investigating is the effect of rotor
saturation. Finally, the safe curriculum paradigm can be explored in more high-level tasks such as navigation.
It is expected that its properties can be beneficial for this class of applications as well.
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