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Preface

We are at the dawn of a new era where the rapid evolution of Artificial Intelligence is revolutionizing the world.
In the coming decades, the machine learning techniques like Reinforcement Learning (RL) are anticipated
to tackle increasingly complex challenges in engineering, economics, medicine, climate sciences, and other
fields. This development, coupled with my curiosity for bio-inspired algorithms and genuine love for anything
that flies, fueled my inspiration throughout this thesis. The result? RUN-DSAC — an uncertainty-driven RL
algorithm designed to enhance the data sample efficiency and safety of autonomous flight systems, bringing
them yet another step closer to practical real-world application. In the spirit of scientific advancement, the
code repository is made publicly available'.

Completing this thesis also symbolizes a graceful touchdown, concluding my five-year flight through the
skies of Aerospace Engineering at TU Delft. This unforgettable experience shaped me into the engineer
and the individual | stand as today, and | am deeply grateful to the many inspiring people who journeyed
with me through this remarkable chapter of my life.

First and foremost, Erik-Jan van Kampen deserves my deepest gratitude for his unwavering support, sage
guidance, and being an inexhaustible source of inspiration. He patiently reviewed and discussed my often
ridiculously extensive progress reports and even went above and beyond by offering invaluable advice
on my future career paths, showcasing his extraordinary commitment to this research and his exceptional
role as a supervisor. Special thanks also go to Yifei Li, whose participation in my progress meetings and
insightful remarks consistently added value to my work. Additionally, | extend my sincere appreciation to the
numerous professors at TU Delft who have provided consultations on specific details of my research. While
| cannot name each individually, their collective expertise and guidance have been essential in shaping my
work. Finally, | would like to specially acknowledge Marc G. Bellemare, Mark Rowland, and Will Dabney
at Google, the pioneers of Distributional Reinforcement Learning. Their readiness to engage with my
endless inquiries, despite their demanding schedules, has been a highlight of this journey. The opportunity
to discuss my work with such leading figures in the RL research field was an incredibly stimulating and
enriching experience.

This chapter of my life would not have been the same without the steadfast support of my friends from Delft
and Slovakia. A special thanks to Doru and Alex — your humor has been a source of endless laughter, and
memories we have created are ones | will cherish forever. | eagerly anticipate the times we have yet to
share. Additionally, my gratitude extends to Lucas and Michaela, Aerospace Engineering graduates and
wonderful friends of mine, whose guidance and tips on my thesis were invaluable. Your support was crucial
in maintaining my sanity and confidence throughout this period. Last but definitely not least, a heartfelt
thanks to my family, with a special mention to my parents. Their sacrifices and relentless support have
been instrumental in my achievements. Equally, my gratitude goes to Patrik, my brother, whose well-timed
jokes were the perfect remedy for stress.

Turning the final page at TU Delft, | carry forward a treasure trove of knowledge, profound gratitude, and
lasting bonds. All of this is thanks to you! Dakujem!

Marek Homola,
Delft, January 2024

"https://github.com/mhomola/RUN-DSAC
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Introduction

In the ever-evolving world of aviation, ensuring the safety and efficiency of flight operations remains a
paramount concern. For decades, traditional automatic flight control systems (AFCS) have been the
cornerstone of aviation, employing established control algorithms and techniques. These AFCS have
undoubtedly played a vital role in enabling safe and reliable flight operations. However, as aerospace
systems become increasingly sophisticated and diverse, conventional AFCS are struggling to keep up with
the demands of modern aviation, thereby exposing their inherent limitations.

Current AFCS heavily depend on accurate model descriptions of system dynamics [1], leading to a time-
consuming and iterative design process. This costly approach involves careful system identification through
processes such as Computational Fluid Dynamics (CFD) computations, scaled wind tunnel measurements,
and eventually flight tests [2]. The reliance on detailed models not only extends the development timeline
but also necessitates extensive verification and validation activities. Moreover, developing, validating and
verifying high-fidelity models is becoming even more difficult and expensive with increased complexity in the
design and control of novel aerospace system configurations, such as V-shaped flying wings [3, 4], vertical
take-off and landing (VTOL) systems [5, 6, 7], aircraft with morphing wings [8, 9], ornithopters [10, 11], and
others. To overcome this limitation of current AFCS, there is a growing need for model-free controller design
approaches that streamline the development process and reduce reliance on extensive model identification
and validation.

Furthermore, as the traditional AFCS controllers are designed based on predetermined assumptions, they
lack the flexibility and adaptability to effectively handle situations outside their original design parameters.
Unforeseen scenarios encompass a wide range of challenging situations, including adverse weather
conditions, system failures, unexpected obstacles, and others. The inability of AFCS to adapt and respond
appropriately to these scenarios can lead to compromised flight control, jeopardizing the safety of the
aircraft. This is examplified by the crash of Air France Flight 447 in 2009, caused by the loss of accurate
airspeed readings and inadequate pilot training to handle such scenarios [12]. Consequently, this highlights
the demand for highly intelligent and adaptable autonomous aerospace systems that can safely operate in
partially observable and uncertain environments, without strict reliance on accurate models.

Substantial research effort was devoted to address the need for reduced model fidelity requirements and
more autonomous systems. Robust control techniques, such as H,-synthesis [13, 14], offer assurances
of closed-loop stability and performance even in the presence of model uncertainties and disturbances,
but often at the expense of very conservative control performance [15]. Another popular approach is
the Nonlinear Dynamic Inversion (NDI), which involves inverting the dynamics of a nonlinear system to
design a control law [16]. However, its limitations include sensitivity to modeling errors and uncertainties,
as well as the challenge of accurately estimating the system’s states. Sensor-based approaches, such
as Incremental NDI (INDI) [17] and Incremental Backstepping (IBS) [18], offer a promising alternative by
reducing the dependence on global models and instead utilizing incremental control effectiveness models
based on sensor measurements. INDI and IBS have demonstrated adaptability and fault-tolerance, leading
to enhanced robustness against modeling errors and uncertainties [19, 20, 21]. However, challenges related
to sensor synchronization and filtering arise with these methods. This research proposes an alternative
solution based on bio-inspired Artificial Intelligence (Al) - Reinforcement Learning.
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1.1. Reinforcement Learning for Flight Control

Reinforcement Learning (RL) is a subfield of Machine Learning that focuses on decision-making in dynamic
and uncertain environments. It offers a promising avenue for designing autonomous flight control systems
that can learn to operate effectively without explicit a-priori knowledge of the underlying system dynamics.
RL provides a unique framework for training control systems by enabling them to learn through interactions
with their environment [22]. Unlike traditional control algorithms that require explicit models and predefined
control strategies, RL algorithms learn to make decisions by optimizing a cumulative reward signal.

In the context of flight control, RL agents can learn to control an aircraft by continuously exploring and
adapting their actions based on the feedback received from the environment in order to achieve a certain
goal, such as following a desired trajectory or minimizing fuel consumption. This would not be feasible with
traditional RL algorithms, including SARSA and Q-learning since they were designed for problems with
finite and discrete state-action spaces [22]. To address this, recent advancements in RL, particularly Deep
Reinforcement Learning, have harnessed deep neural networks (DNN) as function approximators. This
enables the application of RL to complex flight control scenarios.

Despite the potential benefits of RL in flight control, there are specific challenges that need to be addressed.
First, RL algorithms necessitate a substantial number of data samples to converge, which becomes more
challenging due to the complexity and high dimensionality of flight control tasks. Secondly, flight control is
safety-critical, raising concerns about the safety of RL agents during the training phase, where exploration
may lead to unexplored and potentially hazardous states. Furthermore, the performance and safety of
algorithms trained under specific conditions may degrade under varying conditions, highlighting robustness
as a significant concern.

Several methods have been proposed to approach these challenges. For instance, online incremental
Approximate Dynamic Programming (ADP) methods, such as Incremental Dual-Heuristic Programming
(IDHP), have demonstrated sample-efficient online learning and adaptive control [23, 24, 25]. However,
these algorithms have limited generalization power and are only suitable for low-dimensional control tasks.
Alternatively, Hierarchical RL (HRL) flight controllers were proposed to address dimensionality. This
improved the sample efficiency but also led to difficulties in policy learning, inconsistent outcomes, and
increased number of hyperparameters. To address the safety concern, a Shielded RL controller was applied
to control the flight path angle, which integrates a shield controller to monitor the safety of actions [26].
However, the shield relies on predefined safety rules instead of learning them, which limits its ability to
adapt to new environments or dynamic scenarios. Another study showed that the Soft Actor-Critic (SAC)
algorithm can achieve robust flight control and adaptation to unforeseen failures but had inconsistent results
and a subpar success rate during training [27]. To improve SAC'’s learning characteristics, Distributional
SAC (DSAC) was proposed, which learns the entire probability distribution of rewards instead of a point
value [28]. Despite its limitations, such as ill-defined distribution estimates in the early stages of learning,
the improved sample efficiency and robustness of DSAC motivated this research.

DSAC has highlighted the potential benefits of learning entire distributions instead of point values, addressing
both sample efficiency and safety challenges. By explicitly capturing the uncertainty in the form of probability
distributions, RL algorithms can make more effective use of limited samples, significantly enhancing data
efficiency. For example, uncertainty estimates might allow agents to focus exploration in regions of the
state-action space that are uncertain or have higher potential for learning. This not only accelerates the
learning process but also enables RL systems to handle complex and uncertain environments more robustly.
Furthermore, probabilistic distributions enable safety-aware decision-making, empowering agents to assess
risk and avoid hazardous or unknown states. Consequently, this research is committed to exploring the
potential of uncertainty-aware RL methods applied in flight control.



1.2. Research Formulation 3

1.2. Research Formulation

As stated earlier, the goal of this research is to investigate the possibilities and benefits of utilizing uncertainty-
aware RL techniques in the domain of flight control. More specifically, this work investigates how comple-
menting a RL algorithm with uncertainty information can enhance its sample efficiency, while evaluating its
robustness to various unforeseen phenomena.

Before formulating a precise research objective and delineating the research scope through research
questions, it is essential to establish several fundamental concepts. Firstly, in this context, uncertainty-
aware methods pertain to approaches that acquire supplementary statistical insights about unknown
variables beyond their mean value, including aspects like variance, probability distribution, or other relevant
measures of uncertainty. Additionally, sample efficiency denotes the quantity of samples required by an
algorithm to attain a given performance level, such as a specific tracking error in relation to a reference
trajectory. Subsequently, the research objective can be precisely outlined.

Research Objective |

This research aims to improve the sample efficiency of state-of-the-art RL flight controllers in
reference-tracking tasks by integrating uncertainty information into the learning process. Addi-
tionally, it seeks to assess the robustness of such a method to unforeseen in-flight faults, sensor
noise, and atmospheric disturbances, in comparison to uncertainty-agnostic approaches.

In order to achieve the research objective and define the research scope, a comprehensive set of re-
search questions and subquestions was formulated and categorized into three phases: Methodology,
Implementation, and Evaluation.

Research Questions - Methodology

RQ-M-1 What is the state-of-the-art for RL in flight control?
RQ-M-2 What are the sources of uncertainty in RL and how can they be leveraged?
RQ-M-3 What is the state-of-the-art in uncertainty-aware RL methods?

RQ-M-3a How do these methods model the uncertainty information?
RQ-M-3b Which of these methods is the most suitable for flight control in terms of

implementation feasibility, uncertainty prediction accuracy, and sample efficiency?

A wide array of RL algorithms is available, each tailored to specific applications. Therefore, RQ-M-1 is
essential because it shall provide a comprehensive understanding of the current RL advancements and
approaches that are suitable for flight control in terms of their ability to handle high-dimensional continuous
action spaces and safety-sensitive problems. Subsequently, RQ-M-2 guides the research towards its core.
It leads to an examination of how incorporating uncertainty can improve the sample-efficiency and other
performance metrics of RL algorithms in the context of flight control. However, there are different sources of
uncertainty and they can affect different variables in an RL algorithm, which is addressed by RQ-M-3. Last
but not least, there are numerous RL methods that incorporate the uncertainty information in learning, which
is why RQ-M-3 was added. It was split into two subquestions - RQ-M-3a, which encourages to investigate
the underlying principles of these uncertainty-aware RL methods, and RQ-M-3b, which navigates towards
evaluating the most promising method for the flight control application among all the studied approaches.

Research Questions - Implementation |

RQ-I-1 How can the proposed uncertainty-aware RL controller be implemented in a Cessna
Citation Il simulation model?

RQ-I-1a At which control level should the proposed RL controller be implemented?
RQ-I-1b Which simplifications can be implemented in the simulation model, while

maintaining its relevant characteristics?
RQ-I-2 How can in-flight faults, sensor noise, and atmospheric disturbances be appropriately

implemented in the simplified model?




Once the method is specified, the research can proceed with the implementation part, which is captured by
the Implementation set of research questions. First, RQ-I-1 was included to investigate how the uncertainty-
aware RL method selected in the methodology part can be implemented in the controller of Cessna Citation
Il simulation model, which will serve as a test environment. To answer this question comprehensively,
it was divided into two subquestions. Subquestion RQ-I-1a aims to determine the control level used
for evaluating the proposed methods, encompassing the selection of Degrees-of-Freedom (DOF) to be
controlled, the inputs provided to the controller, and the outputs generated by the controller. On the other
hand, subquestion RQ-I-1b aims to address the inherent complexity of full flight control by exploring a
simplified aircraft model and trim conditions to strike a balance between model complexity and computational
efficiency, while delivering meaningful research outcomes. Furthermore, the inclusion of RQ-I-2 aims to
ensure the algorithm’s readiness for robustness evaluation.

Research Questions - Evaluation |

RQ-E-1 How can the performance of the proposed uncertainty-aware RL controller be evaluated
with a Cessna Citation Il simulation model?
RQ-E-1a Which metrics can be used to compare the reference-tracking accuracy of flight
controllers?

RQ-E-1b Which reference-tracking signals should be selected to evaluate the controller?
RQ-E-1c¢ Which specific fault conditions should be considered during the testing phase?
RQ-E-2 How does the proposed uncertainty-aware RL architecture perform in reference-tracking

flight tasks in terms of sample efficiency and accuracy?
RQ-E-3 How robust is the selected uncertainty-aware RL flight controller to unforeseen system

faults, sensor noise and atmospheric disturbances?

The final phase of the research involves evaluating the effectiveness of the proposed uncertainty-aware
RL method in flight control. First of all, the evaluation process needs to be set up, which is addressed
by RQ-E-1. Specifically, RQ-E-1a focuses on identifying appropriate metrics to effectively evaluate the
tracking performance of the proposed controller, while RQ-E-1b aims to determine the optimal selection of
trajectories for reference-tracking to ensure accurate assessment. Furthermore, RQ-E-1¢ aims to explore
various fault scenarios that should be included in the robustness analysis. Finally, the performance of the
proposed uncertainty-aware algorithm can be assessed based on sample efficiency and reference-tracking
accuracy, as indicated by RQ-E-2, and its robustness, as addressed by RQ-E-3.

1.3. Structure of the Report

The purpose of this report is to describe the methodology applied in this research project, present the
findings, and answer the research questions specified earlier. Itis structured into four parts, each addressing
distinct aspects of the research:

Part | presents the research paper derived from this study, which encapsulates the research motivation,
background, applied methodology, and primary findings.

Part Il summarizes the literature study that lays the foundation for this research. An overview of the
fundamental concepts of (Deep) RL is presented in Chapter 2, followed by a discussion in Chapter 3
on the current state-of-the-art Deep RL methods and their applicability to flight control. Next, Chapter 4
explores various sources of uncertainty in reinforcement learning and examines several Uncertainty-Aware
RL methods. This is followed by a preliminary analysis in Chapter 5.

Part Il encompasses both supplementary findings and detailed expansions of results presented in the
paper, offering a deeper scientific exploration and analysis. First, the aircraft's simulated time traces
under in-flight faults and unseen flight conditions are analyzed in Chapter 6, followed by the discussion on
hyperparameter optimization strategies in Chapter 7. Sensitivity analysis of the RL-based control systems
to the environment design is then explored in Chapter 8, while Chapter 9 provides an evaluation of the
architectural and computational complexity of the algorithms used in this research. Lastly, verification and
validation procedures are presented in Chapter 10.

Part IV concludes the research project by reflecting on the research questions and offering a comprehensive
conclusion in Chapter 11, and suggesting avenues for future research in Chapter 12.
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UNCERTAINTY-DRIVEN DISTRIBUTIONAL REINFORCEMENT
LEARNING FOR FLIGHT CONTROL

Marek Homola*
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ABSTRACT

In the rapidly evolving aviation sector, the quest for safer and more efficient flight operations has historically
relied on traditional Automatic Flight Control Systems (AFCS) based on high-fidelity models. However, such
models not only incur high development costs but also struggle to adapt to new, complex aircraft designs
and unexpected operational conditions. As an alternative, deep Reinforcement Learning (RL) has emerged
as a promising solution for model-free, adaptive flight control. Yet, RL-based approaches pose significant
challenges in terms of sample efficiency and safety assurance. Addressing these gaps, this paper introduces
Returns Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC). Designed to enhance the
learning efficiency, adaptability, and safety of flight control systems, RUN-DSAC leverages the rich uncertainty
information inherent in the returns distribution to refine the decision-making process. When applied to the
attitude tracking task on a high-fidelity non-linear fixed-wing aircraft model, RUN-DSAC demonstrates superior
performance in learning efficiency, adaptability to varied and unforeseen flight scenarios, and robustness in
fault tolerance that outperforms the current state-of-the-art SAC and DSAC algorithms.

Keywords Autonomous Flight Control - Deep Distributional Reinforcement Learning - Uncertainty-Driven Control -
Safety-Critical Systems - Sample Efficient Machine Learning

1 Introduction

In the dynamically advancing world of aviation, ensuring the safety and efficiency of flight operations remains paramount.
Traditional automatic flight control systems (AFCS) have been the cornerstone of aviation for decades, leveraging established
control algorithms and techniques. Yet, these systems are increasingly limited by their dependence on intricate, high-fidelity
models of system dynamics [62]. Developing, validating and verifying these models is resource-intensive, involving careful
system identification through computational simulations, scaled wind tunnel measurements, and flight tests [51]. Moreover,
this challenge escalates with growing complexity in the design and control of novel aerospace configurations, such as V-shaped
flying wings [7, 21], vertical take-off and landing (VTOL) systems [71, 4], aircraft with morphing wings [70, 47], ornithopters
[14, 18], and designs with high-aspect-ratio wings introducing significant dynamics nonlinearity due to increased structural
flexibility [68, 69]. Hence, there is an intensifying urgency for model-free control techniques that streamline the development
cycle and minimize the reliance on extensive model identification and validation. Furthermore, traditional AFCS, constrained by
predetermined design assumptions, are susceptible to failure in unforeseen situations like adverse weather or system malfunctions
[28, 38]. Incidents, such as the 2009 Air France Flight 447 crash [23], emphasize the critical need for more intelligent and
adaptable autonomous aerospace systems that can ensure safe operation under uncertain circumstances.

Extensive research has focused on reducing model fidelity requirements to enable more autonomous systems. Robust control
techniques like H.-synthesis [39, 12] ensure closed-loop stability even in the presence of model uncertainties and disturbances,
but at the expense of very conservative control performance [57, 59]. Nonlinear Dynamic Inversion (NDI) offers a popular
alternative by inverting system dynamics to formulate control laws [10]. However, its limitations lie in sensitivity to modeling
errors, uncertainties, and the accuracy of the system’s state estimates. Sensor-based approaches, such as Incremental NDI (INDI)
[42] and Incremental Backstepping (IBS) [2], mitigate the dependence on global models and instead rely on incremental control
models based on sensor measurements. This approach improves robustness to model imperfections, increasing adaptability and
fault tolerance [60, 63, 13]. Nevertheless, INDI and IBS methods face challenges related to sensor synchronization and filtering.
This research proposes an alternative solution based on bio-inspired Artificial Intelligence - Reinforcement Learning (RL).

*MSc Student in the Control and Simulation Division
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Deep RL, leveraging deep neural networks (DNN) to approximate complex functions [27], offers a promising avenue for
designing autonomous flight control systems capable of learning without explicit a-priori system dynamics knowledge. These
Deep RL agents adaptively refine their actions through continuous interaction with the environment in order to achieve objectives
such as trajectory tracking or fuel economy [64]. Yet, implementing RL in flight control presents notable challenges. First, RL
algorithms necessitate extensive data samples to converge, which becomes even more challenging due to the complexity and
high dimensionality of flight control tasks [35]. Secondly, the safety-critical nature of flight control raises concerns regarding the
reliability and safety of the converged RL control policies [30].

Several methods have been proposed to approach these challenges. Online incremental Approximate Dynamic Programming
(ADP) methods like Incremental Dual-Heuristic Programming (IDHP) demonstrate sample-efficient online learning and adaptive
control but face generalization and dimensionality limits [33, 22]. Hierarchical RL flight controllers offer a solution to
dimensionality but at the cost of complicating policy learning and added hyperparameter complexity [35, 37]. In the domain of
safety, Shielded RL introduces a specialized ’shield’ controller to regulate flight path angles, yet its reliance on predefined safety
rules restricts adaptability [26]. Alternatively, the Soft Actor-Critic (SAC) algorithm has shown potential for robust flight control
and adaptability to unforeseen failures but suffers from training inconsistencies and low convergence success rates [17]. Building
upon SAC, Distributional SAC (DSAC) was introduced, learning the full returns distribution instead of solely the expected value.
DSAC’s improved sample efficiency and robustness in flight control [56, 66] serve as the impetus for this research.

In conventional DSAC algorithms, action selection is governed by the mean of the learned return distribution [5, 15, 16].
However, this underutilizes the rich information embedded in the distribution. To fill this void, previous studies have explored
using these distributions to distort the expectations and synthesize risk-sensitive policies, improving the safety of RL-based flight
controllers [43, 56]. Building on these foundations, we introduce Returns Uncertainty-Navigated DSAC (RUN-DSAC), a novel
variant designed to exploit the returns uncertainty for more informed decision-making. Our methodology offers an alternative to
other uncertainty-aware approaches, such as Bayesian methods, which suffer from scalability issues [11] and rely on an accurate
selection of a prior distribution [24, 9, 53].

This research advances intelligent flight control systems with four key contributions: Firstly, it extends previous research [56]
by validating DSAC’s superior learning efficiency and stability over SAC in flight control, while exploring its robustness in
previously untested generalization scenarios and fault conditions. More importantly, we introduce the novel uncertainty-driven
RUN-DSAC algorithm, enabling the synthesis of sample-efficient and safe flight control policies. Thirdly, the study reveals that
prioritizing low-uncertainty state-action pairs during learning markedly improves both learning performance and exploration
safety, resulting in superior tracking performance with improved fault tolerance and robustness to unseen flight conditions.
Lastly, we show that while favoring high-uncertainty may hinder learning performance, the resulting policies exhibit heightened
resilience to perturbations in unexpected flight conditions.

2 Background

First, the core principles of RL need to be defined, including the notions of Maximum Entropy RL and Distributional RL.
Additionally, the flight control task is formulized within the context of RL.

2.1 Fundamentals of Deep Reinforcement Learning

RL represents a bio-inspired machine learning methodology that relies on an iterative trial-and-error mechanism for deriving
optimal control policies. In this framework, an autonomous agent incrementally refines its decision-making proficiency in
a specific task domain through continuous agent-environment interactions [64]. This sequential decision-making process is
conceptualized as a Markov Decision Process (MDP), defined by the set M ~ (S, A,R,P,v). Here S C R"™ defines the
state-space, A C R™ the action-space, R : S X A — R the reward mapping, P : S x A x & — [0, 1] the stochastic state
transition dynamics, and v € (0, 1) the discount factor. At each discrete time-step ¢, the agent selects an action a; € A according
to the policy a ~ 7(+|s) depending on the current state s;. It then observes the state-transition tuple T; = (s, a, r, s’), with the
instantaneous reward r = R(s, a) and subsequent state s’.

The agent’s objective is to identify the optimal policy 7* that maximizes the expected return, defined as the expected sum of
discounted rewards across a decision sequence. This objective is facilitated by employing Q™ : S x A — R, which estimates the
expected return from the given state s upon selecting action a and thereafter following policy 7 € II, as given by Equation 1.

Qw(sv CL) = Eﬂ"

Z'th(st,at)] \ Qg ~ 7T('|St)7 St+1 ™~ P('|5t;at)7 S0 =S, ap = a (D
t=0

To enable systematic convergence through iterative algorithms, Q™ can be expressed using the contractive Bellman equation [8],

as given by Equation 2.
T"Q(s,a) = E[R(s,a)] + 7Ep,x [Q(s', a)] )
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Deep RL integrates DNNs for function approximation in both value-based and policy-based RL frameworks, as well as in hybrid
actor-critic architectures. Value-based methods like DQN use DNNs to estimate the action-value function Qg (s, a) ~ Q(s, a),
thus implicitly defining the policy, predominantly in discrete action spaces [49, 48]. Conversely, policy-based approaches
directly approximate the optimal policy 7, (s) &~ 7*(s) and are suited for continuous action spaces, albeit at the cost of higher
variance and slower convergence [58]. Nonetheless, recent advancements such as TRPO and PPO have partly mitigated these
limitations [55, 54]. Actor-critic methods synergize the strengths of both approaches - the critic evaluates the action-value
function, providing an estimate of the expected return that aids in reducing the variance of the policy optimized by the actor [46].
This enables efficient handling of complex, high-dimensional, continuous control tasks. State-of-the-art actor-critics, such as
SAC, have demonstrate robust performance and fast convergence in intricate control environments [32].

2.2 Soft Actor-Critic (SAC)

In contrast to traditional RL that solely focuses on maximizing cumulative reward, Maximum Entropy RL methods like SAC aim
to optimize a modified objective function that balances both reward accumulation and policy entropy maximization, as given by
Equation 3. Maximizing the entropy term H (7, (+|s¢)) promotes more effective exploration of the state space and increases
policy robustness.

J(x) = Ex |34 [Rlse, ar) + arM(mu(fse)l | with H(mu(-1s)) = Eqnn, [~ log(mu(als))] 3

This leads to the formulation of a soft Bellman equation, as given by Equation 4. Here, o is a temperature parameter that
controls the trade-off between maximizing the expected return and maximizing the entropy, thereby influencing the degree of
stochasticity and exploration in the policy 7.

T3Q(s,a) =E[R(s,a)] + VEp . [Q(s',a") — arlogm(a'|s")] 4)

Haarnoja et al. [31] introduce dynamic adaptation of cvr to attain a specified target entropy H, thereby improving exploration
efficiency and reducing hyperparameter sensitivity. The target entropy H is typically set in correspondence with the action
space dimension, H = —m. The loss function for optimizing this adaptive cp is detailed in Equation 5. In this formulation, 3
represents a mini-batch of transitions 7 drawn from the experience replay buffer D = {7, 71, ...}, which is characteristic for
off-policy RL methods.

L8 (ar) =Eg [aTH — arlog ww(a|s)] 5)
To mitigate action-value function overestimation, SAC employs a double-critic architecture [25]. This entails training two parallel
Q-functions, Qy, , (s, a), and computing the temporal-difference (TD) error § using their minimum (Equation 6). Alongside
these behavioral Q-networks, SAC also maintains target Q-networks, parameterized by 6. These networks undergo slower
updates, achieved through incremental adjustments via Polyak averaging with a step size (, thereby enhancing learning stability.

£8(6:) = Esl?] with 6 =r+~(1 - d) (gng,.,<s’,a'> —alogmaws’)) ~Qu(s.a), @ ~mu(ls)  ©)

In SAC, the actor employs a stochastic policy represented by an m-dimensional multivariate Gaussian distribution with diagonal
covariance, where the mean vector y,, € R™ and covariance diagonal o,, € R™ are modeled by a DNN with parameters w.
Furthermore, the reparameterization trick is employed to facilitate backpropagation through the stochastic policy [31], where the
action a is reparametrized as a deterministic function of policy parameters and an independent Gaussian noise variable €. To
bound action domain, a fanh squashing function is applied post-sampling, as in Equation 7. While the actor is stochastic during
training, it opts for deterministic actions in the evaluation phase by selecting the mean vector fi,,.

ay(8) = tanh (A (s)) with Gw(s) ~ N (tw(s), 0w (s)) @

Finally, the policy loss function used to update the actor’s parameters is detailed in Equation 8.

Ef(w) =Eg |alog my(aw(s)|s) — 1;;1}112Q9i (s,au(9)) )

2.3 Distributional Reinforcement Learning

Unlike classical RL’s focus on optimizing the expected sum of rewards, Distributional RL aims to learn the full probability
distribution over returns. This is formalized as Z : S x A — Z, where Z denotes the action-value distribution space with finite
moments for each state-action pair, as defined by Equation 9 [6].

Z = {z :Sx A— P(R)| E[||Z(s,a)||p} <00 Y(s,a), p> 1} )
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Figure 1: Comparison of traditional (left) and distributional (right) approaches in representing the returns for a particular state s
and selected action a at discrete time-step ¢, inspired by Dabney et al. [16]

This leads to the formulation of the distributional Bellman operator Tj5 : Z — Z [5], as articulated in Equation 10. Here, the
notation X 2 Y signifies that random variables X and Y follow identical distributions.

T52(s,a) 2 R(s,a) + 72(s',a') (10)
The T}5 operator is established to be contractive under a p-Wasserstein metric [5], given in Equation 11. This metric quantifies
optimal displacement costs between probability distributions within a specified metric space [45]. Here, the quantile functions
F3*(r) and Fy ' (7) are formulated as ;' (1) = inf{z € R : 7 < F(2)}, where F(z) represents the cumulative distribution
function and 7 the quantile fraction.

1 1/p
WP(FX7FY): (/ ||F);1(T)_F)71(T)||pd7-) (]1)
0

Various techniques for parameterizing return distributions have been proposed, such as categorical distributions [5] and quantile
regression [15]. The present study employs Implicit Quantile Networks (IQN), selected for their capacity to flexibly model
complex, multi-modal return distributions while maintaining parametric and computational efficiency [16]. IQN implicitly
approximate the continuous quantile function F'; (1) by propagating quantile fractions, stochastically sampled from a uniform
distribution (7 ~ U(([0, 1])), through a DNN to derive corresponding quantile values. The comparison between the traditional
return expectation estimation and the IQN’s approximation of F'; (7) for randomly sampled 7 is depicted in Figure 1.

2.4 Distributional Soft Actor-Critic (DSAC)

DSAC extends SAC through the incorporation of an IQN critic Z, (s, a; ) to approximate the return distribution function [44,
20]. This fusion of maximum entropy learning with distributional critics has been demonstrated to be effective in learning
high-dimensional continuous control tasks [44]. Modelling the returns distribution also facilitates the generation of risk-sensitive
policies, which was shown to enhance the safety of RL-based flight control in a quadcopter [43] and a business jet [56].

In accordance with the 75 operator (Equation 10), the TD-error 6{3 for a given pair of quantile fractions 7; and 7; is specified
by Equation 12. Here, k € {1, 2} represents the index of each Z,-network within the double-critic framework, with 7; ; =
(7ij + Ti+1,5+1)/2, and ), and @ denoting parameter vectors for the target quantile and policy networks, respectively.

(s,a; 91@) with a' ~ 71-w(’ls/)a Tiy Tj ~ U([OJ 1]) (12)

J

5;3- =r+7 k@iln2Z-f-i(S/, a’;0r) — alogm(a|s; w)} - Z;

)

Parameter vector 6 is optimized via quantile regression, employing the weighted pairwise Quantile Huber Loss as given by
Equation 13 [36], where 1 represents the indicator function. This loss function transitions from a quadratic to a linear form at a
specified threshold «, conferring robustness to outliers compared to conventional mean squared error.

. 152 if|6] < K 1 if§<0
K _ _ 2 =
pr(0) = ‘T ]1{6<0}| L4(0) with  L4(5) {/@(6| - %fi) otherwise and 150y 0 otherwise (13)
Consequently, for a set N of independent quantile fractions, the critic loss function is formalized as in Equation 14.
N—1N-1
L50) = > (rix1 — 7)ok, (6F) (14)
i=0 j=0

The policy 7, in DSAC adheres to the parametrization structure inherent to SAC. However, DSAC’s critics output a distribution
of returns, hence a transformation function ¥ : Z — R is employed to convert this distribution into a scalar action-value function
Q. While this risk measure function ¥ can be implemented as a risk-neutral expectation E[-], it may also be realized through
alternative functions such as a Wang transform [67], enabling the modulation of risk sensitivity by skewing the critic’s estimated
returns distribution towards either more risk-averse or risk-seeking behaviors [16]. The resultant distorted action-value Q" is
incorporated into the distributional policy loss function, as specified by Equation 15.

Ln(w) = Eg [alogmu(au(s)]s) — Qp(s, aw(s))]  with Qy(s, auw(s)) =¥ | minZo, (s, aw(s)) (15)
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2.5 Reinforcement Learning for Flight Control

The fixed-wing aircraft flight control poses a highly complex problem with non-linear and highly-coupled transition dynamics
with 6 degrees of freedom (DOF). In general terms, the flight control problem can be defined by Equation 16.

&= f(z,ut) +w~ f(o,u)+w (16)

Here, f symbolizes the non-linear transition dynamics governed by aircraft’s equations of motion, with the state vector x € R™
and control input vector v € R™ as its arguments. To concentrate on the system’s inherent dynamics, quasi-stationarity is
assumed, thus excluding explicit time dependence from f. The additive term w € R™ accounts for stochastic disturbances,
modeling the system’s inherent noise and aerodynamic perturbations. For analytical tractability, the dynamics are often decoupled
into longitudinal and lateral components, each with its subset of DOF.

To formulate a flight trajectory tracking control task as an MDP, the dynamic state vector z must be augmented with tracking
errors with respect to desired flight trajectories 7.¢. Furthermore, some flight states may be unobservable, uncertain or distorted
by measurement noise, leading to a Partially Observable MDP (POMDP). Hence, it is imperative to distinguish between the
RL state vector s, which reflects the agent’s observations, and the true dynamic state vector . Actions a may either directly
correspond to control inputs w or represent incremental control commands to refine input smoothness, with the actual control
inputs u incorporated into the state vector [17]. The reward function is usually designed to penalize deviations from the reference
trajectory Tief proportionally to the absolute R(s,a) o |(Tf — )| or the squared tracking error R(s, a) o< (Trer — ).

Applying RL to partially observable flight control systems introduces significant challenges. The Markov property assumption,
where the future state transition P(s’|a, s) is fully predictable from the observation vector s, is invalidated by incomplete state
observability, which impedes the formulation of predictive and reliable control policies. Additionally, the high dimensionality of
the state-action space requires highly sample-efficient algorithms that can generalize across diverse flight conditions. Flight
control’s safety-critical nature further constrains the use of exploratory methods, as suboptimal actions during online in-flight
learning or in response to unobserved states encountered post-training risk catastrophic outcomes. All these factors culminate
in a pronounced simulation-to-reality gap, where RL agents trained in simulations may falter in real-world flight scenarios,
emphasizing the necessity for safety-prioritizing agents that are both sample efficient and robust to environmental uncertainties.
The proposed RUN-DSAC algorithm addresses these challenges by integrating uncertainty quantification into the decision-making
framework of the RL agent, enhancing sample efficiency and safety.

3 Methodology

This section details the RUN-DSAC framework and the implementation of the aircraft control task addressed in this study.
3.1 Returns Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC)

RUN-DSAC extends DSAC by embedding uncertainty quantification into policy decisions, enhancing control strategies in
complex and uncertain environments.

3.1.1 The Principle of RUN-DSAC

Building upon DSAC, the RUN-DSAC algorithm presents an innovative approach to adaptive control in uncertain environments.
While DSAC distorts the value distribution to encode risk preferences implicitly, RUN-DSAC refines this method by explicitly
adjusting policy decisions based on quantified uncertainty. This approach draws inspiration from Liu et al. [43], who estimated
right truncated variance (RTV) using DSAC’s quantile functions to modulate the distortion function for risk-adaptive flight control
of a quadrocopter. In contrast, RUN-DSAC computes the variance from the full distribution of returns for a comprehensive
understanding of returns variability, while it explicitly channels this information into the actor’s policy derivation.

Research in risk-sensitive RL recognizes variance V[-] as an intuitive and comprehensive metric for uncertainty, fluctuation, and
decision robustness [61, 19, 1]. Additionally, Bellemare et al. [5] show that the distributional Bellman operator 7,5 contracts
in the second moment of the discounted returns, asserting that convergence in value distribution space concomitantly yields
accurate variance estimations. To incorporate variance into the learning objective, RUN-DSAC shifts the focus from solely
optimizing the expected return, ¥(Z) = E[Z], to balancing the mean against the standard deviation, ¥(Z) = E[Z] + u+/V[Z].
The Q-function is thus modified as in Equation 17, where Q) is the expectation. This value then guides the policy update.

Qy (s,a) = Qo(s,a) + pogq an
Here, o is the standard deviation that is approximated with Equation 18, where ()(s, a) represents the returns expectation, and
w is the uncertainty modulation factor that balances between the mean and the standard deviation in the objective.

N-1

0q = | O (Tix1 — ) [Zz,0(5,0) — Q(s,a))? (18)

=0
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The coefficient ;» modulates the agent’s risk preference. A positive p inclines the policy towards actions with high variance
in returns, promoting risk-affine exploration, which will be referred to as Risky. Conversely, a negative y induces risk-averse
tendencies by favoring lower-variance actions, thereby enhancing the predictability and safety of the policy, and will be referred
to as Conservative. As the agent’s familiarity with the environment evolves, the initial high variance due to exploratory actions
naturally diminishes. To reflect this maturation, yu is programmed to linearly decay to zero across Ngyn learning episodes.

The architecture of the RUN-DSAC algorithm is depicted in Figure 2, with the corresponding pseudocode detailed in Appendix A.

Noise N e
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Figure 2: Returns Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC) architecture.

3.1.2 Actor and Critic Design

The actors used in this work are modeled as DNNs with a sequence of hidden layers that approximate a stochastic multivariate
tanh-Gaussian policy with state inputs s, as depicted in Figure 3. The final hidden layer’s output diverges into two streams, one
estimating the mean p and the other computing the logarithm of the standard deviation log o, which is then exponentiated to
derive 0. Actions a are produced by sampling from N (u, o) and applying a tanh function to ensure boundedness within the
action space. However, during deterministic policy evaluation, such as in post-training assessments, the network defaults to
tanh(yu) for consistent, non-stochastic output. Finally, the network provides reparametrization to facilitate back-propagaion.

The DSAC critics employ IQNs to estimate the return distribution Zy, as depicted in Figure 4. Here, states s and actions a are
embedded in the ¥ layer. Concurrently, N randomly sampled quantile fractions 7 ~ U ([0, 1]) undergo cosine embedding @,
as given by Equation 19, with parameters w;;, b;, and Sigmoid activation o. These embeddings are elementwise-multiplied
through Hadamard product [16], followed by layer normalization for consistent output scaling and numerical stability [3], before
progressing through hidden layers H to the output layer F'. The parameters are optimized iteratively with Adam stochastic
gradient descent (SGD) [40] using the quantile Huber loss (Equation 13).

N-1
pi(t) =0 (Z cos(miT)w;; + bj> (19)
i=0

3.1.3 Policy Regularization

Deep RL controllers often learn policies that lack action smoothness, leading to high-frequency control signal oscillations. In
aviation control systems, such oscillatory actions compromise tracking performance and precipitate overheating, increased power
consumption, and actuator failure. This issue can be addressed using incremental control strategies, where the agent’s actions are
cumulative adjustments [17]. Such an approach, however, escalates the dimensionality, negatively impacting sample efficiency.
Instead, the present paper employs the Conditioning for Action Policy Smoothness (CAPS) regularization technique to achieve
smoother control policies without increasing problem complexity [52].

The CAPS methodology uses regularization to minimize the policy function’s Lipschitz constants both temporally and spatially,
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Figure 3: Multivariate tanh-Gaussian policy. Figure 4: Implicit quantile network (IQN) architecture, inspired

by Dabney et al. [16].

represents the Euclidean norm, with £ enforcing action consistency across successive time steps and L£g term promoting action
equivalence for analogous states.

Lr = ||7(st) — 7(se41)]]2 (20) Ls=|m(s) —7(5)|l; with 5~ N(s,ocaps) 21

The hyperparameters Ag and Ap balance action smoothness and policy improvement, as given in Equation 22, leading to a
smoother control policy when integrated with the loss function, as in Equation 23.

LS = \pLr + AsLs 22)  Lr(w) =Ep [alogmy(au(s)ls) = Qg (s,au(s)) + L] (23)

3.2 Flight Attitude Control

This subsection delves into the attitude control of a Cessna Citation II, employing the DASMAT simulation model.

3.2.1 Simulation Environment

This study examines the attitude control of a Cessna Citation II using DASMAT, a validated high-fidelity aircraft simulation
model featuring fully-coupled, non-linear dynamics [34]. DASMAT encompasses 12 dynamic states x € R'2, as defined in
Equation 24. These include three airspeed components (true airspeed V', angle of attack «, and angle of sideslip /3), three angular
velocities (roll p, pitch ¢, and yaw r rates), and three Euler angles for angular orientation (roll ¢, pitch 6, and yaw ). Also,
translational positions in a local tangent plane are quantified through horizontal coordinates X, and Y., and altitude h.

r = [p7Q»T» Vva7ﬁ3¢397w7h7X67Y6]T ERlz (24)

The agent’s control input v € R3, defined in Equation 25, exclusively controls aerodynamic surface deflections: eleva-
tor &, aileron J,, and rudder §,. The corresponding actuator deflection limits are given by Equation 26 [41], which
define the control policy’s action space. Thrust is regulated by a separate inner loop tasked with velocity regulation,
thereby reducing overall control problem complexity. These dynamic states and control inputs are illustrated in Figure 5.

A = [-17°,15°] x [-19°,15°] x [-22°,22°] € R® (26)
de da or

The simulation operates at a refresh rate of fs = 100 Hz. It assumes ideal sensors and models actuators through low-pass filter
dynamics, coupled with predetermined deflection saturation limits.

U = [0e,0a,6,]" € R (25)

3.2.2 Controller Architecture

The control diagram in Figure 6 shows the feedback loop between the non-linear RL agent and the controlled plant. The agent
directly controls actuator deflections based on the observation vector s defined in Equation 27, which is a subset of the state
vector  augmented with tracking error specified in Equation 28.

s = [eeyﬁbeyﬂeap»%rv a]T € R7 (27) €= [eeﬂbeaﬂe} - [eref - 97 ¢ref - ¢a/8ref - /B] S R3 (28)

The reward function r, detailed in Equation 29 and inspired by Dally and van Kampen [17], penalizes the L1 norm of attitude
tracking error, where a scaling parameter ¢, compensates for the lower magnitude of sideslip error by proportionally weighting
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Figure 5: Cessna Citation II’s dynamic states and flight control surfaces, showing the body frame (X, Y3, Z) at an attitude
defined relative to the inertial frame (X, Ye, Z.). Yaw (¢) is set to zero for clarity. (Adopted from Seres and van Kampen [56])
its influence.

1 6
r(s,a) = -3 clip [e, ® e, —1,1]||, with ¢, = ;[1, 1,47 eR3 (29)

Additionally, three soft constraints were implemented to enforce the flight envelope, specified as A > 100 m, |#| < 60° and
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Figure 6: RL-based flight attitude controller architecture. . .
Figure 7: Random cosine-smoothed step sequences,

applied as training reference signals for pitch 0,.f
and roll ¢,¢ during a single episode.

|¢| < 75°. Constraint violations trigger premature episode termination and incur a high sparse negative reward r,,, proportional
to the remaining time frames as outlined in Equation 30. A positive constant c,, scales the penalty for early termination, with an
empirically optimized value of ¢, = 2. These constraints were observed to guide the agent towards desired behaviors, effectively
improving the sample efficiency.

Tp = —Cpfs(tmax — 1) (30)
3.3 Experiment Design

This paper compares the uncertainty-driven RUN-DSAC with the original DSAC in flight attitude control tasks. Additionally,
these algorithms are benchmarked with SAC, the state of the art in RL that previously demonstrated fault-tolerant flight control
capabilities, but showed inconsistencies in offline training convergence and heightened sensitivity to stochastic processes and
hyperparameters [17]. Essentially, three approaches to uncertainty management are contrasted: SAC, which operates without
uncertainty information; DSAC, which models uncertainty; and RUN-DSAC, which actively uses the modeled uncertainty.

The agents are trained in 30-second episodes using randomly generated pitch 0..¢ and roll ¢ reference signals, starting from a
trimmed flight at h = 2,000 m and V = 90 m/s. These reference signals are formulated as cosine-smoothed step functions, with
their amplitudes uniformly sampled from 15 discrete levels within [-20°, 20°] for 6,ef and [-35°, 35°] for ¢y.s. Figure 7 illustrates
an instance of such a signal set, while the sideslip reference [ is set to zero. Post each episode, average returns are evaluated
by averaging the rewards accumulated over 10 independent trajectories 7 collected under the current policy.
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Table 1: Optimized hyperparameters for the SAC, DSAC and RUN-DSAC agents

Shared DSAC (Additional)
Hidden layers structure A 64x64 Num. of quantiles N, 32
Actor learning rate - 11073 Num. of cosine neurons || 64
Critic learning rate 44-100* 7 embedding activation - Sigmoid

Discount factor ot 0.98 Huber regression threshold K 1.0
Entropy target H -m = -3 RUN-DSAC (Additional)

Batch size |B| 256 Initial uncertainty modulation factor Winie  Lor-1
Memory buffer size |D| 108 Uncertainty modulation decay horizon N, 125
Non-linear activation RelLU

Polyak step size ¢ 0.995
Policy regularization Lr,Lg, 400

Table 2: Evaluation scenarios for generalization capabilities and fault-tolerance.

Identifier ~ Scenario Description

NO Nominal Trim condition consistent with training (h = 2000 m, V = 90 m/s).
Gl Wind Gust 15 ft/s vertical wind gust sustained for 3 seconds.

G2 Noisy Signal Gaussian noise sensor models applied to the observations (Table 3).
G3 High Dynamic Pressure Trim condition changed to h = 2000 m, V = 150 m/s.

G4 Low Dynamic Pressure Trim condition changed to h = 10000 m, V = 90 m/s.

G5 Near-stall The pitch angle reference 6, set to 40° att =35 s.

F1 Ice Accretion on Wings Lift curve decreased by 30%, drag coefficient incremented by 0.06.
F2 Center of Gravity Shifted Aft Center of gravity shifted aft by 0.25 m.

F3 Center of Gravity Shifted Forward Center of gravity shifted forward by 0.25 m.

F4 Saturated Aileron Aileron deflection constrained to £1°.

F5 Saturated Elevator Elevator deflection constrained to £2.5°.

F6 Damaged Elevator Elevator effectiveness coefficient decreased by 70%.

F7 Jammed Rudder Rudder immobilized at a 15° deflection.

Table 3: Sensor models characterized by Gaussian noise distribution based on the PH-LAB aircraft in-flight data [29].
Signal Unit Noise (0?) Bias
p,q,r radls  4.0x1077  3.0x107°

0,6 rad 1.0x107° 4.0x1073
a rad 4.0x10710

The hyperparameters configured for the agents are listed in Table 1. The first column lists parameters refined through rigorous
tuning, with H, , L7, and Lg adopted from literature [17, 65, 56]. These proved optimal for all three agents. DSAC’s additional
parameters are inspired by Ma et al. [44], who also observed that employing Sigmoid over ReLU activation improves the
smoothness of quantile fractions embedding. For RUN-DSAC, u;,;; was selected such that uncertainty is effectively captured
during learning, while IV, was determined through iterative experimentation.

After training, the agents’ learning performance is contrasted in terms of sample efficiency, return convergence, and consistency.
Quantifying sample efficiency necessitates caution. Relying on a single metric, such as samples required to reach a certain return
threshold, can lead to misleading interpretations as different threshold choices may lead to varied outcomes. To mitigate bias
and ambiguity, a diverse set of metrics is employed, encompassing: average returns at the final episode (M1), average returns
post-100 episodes (M2), sample count to achieve average returns of -2000 in filtered learning curves (M3), area between learning
curves and the x-axis (M4), and the sample count required for the gradients of filtered learning curves to remain within £30 (M5).

Additionally, the agents’ policy robustness is assessed across various unseen flight scenarios, as detailed in Table 2. First,
agents’ tracking performance is evaluated under the baseline scenario /N0, which replicates the training flight conditions and
establishes a benchmark. Subsequent scenarios, inspired from literature [17], were selected for their relevance to flight attitude
control, complexity, and compatibility with the DASMAT framework. Generalization capability scenarios (G) evaluate the
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agents’ adaptability to untrained flight regimes, such as variations in dynamic pressure. From these, G1 simulates a wind gust
with velocity derived from MIL-F-8785C standards [50], while G2 evaluates robustness to noisy sensors simulated by realistic
sensor models as outlined in Table 3 [29]. Fault tolerance scenarios (F') probe fault-robustness by introducing variations in the
controlled plant to simulate in-flight failures.

Each agent is evaluated on identical tasks, using extended episodes of ¢,,x = 80 s with predefined cosine-smoothed step
sequences in pitch and roll reference maneuvers, mirroring training signals. For a fair comparison of tracking proficiency across
all controllers, the normalized mean absolute error (nMAE) metric is employed. This involves normalizing 6, and ¢, tracking
errors against the peak amplitudes of evaluation reference signals, and . is normalized the range of [-5°, 5°].

4 Results and Discussion

This section presents findings concerning learning efficiency, fault tolerance, and robustness under various flight conditions,
assessed for SAC and three distributional agent variants: DSAC, Conservative RUN-DSAC, and Risky RUN-DSAC. Unless
stated otherwise, both the mean and standard deviation of the results are calculated from ten independent evaluations. Line
graphs feature a bold line for the average across policies and a shaded area for the standard deviation. In general, the SAC and
RUN-DSAC agents are benchmarked against the baseline DSAC agent, where statistical significance in performance variation is
assessed using a t-test, assuming normal distribution of samples.

4.1 Learning Performance

The learning curves for each policy are illustrated in Figure 8a. Distributional agents consistently converge to return levels in line
with those documented in prior research [17, 56, 66]. Conversely, SAC underperforms, yielding returns over threefold lower than
DSAC and demonstrating greater variance. These deficiencies are attributable to SAC’s lower convergence success rate and
pronounced sensitivity to stochastic processes like initialization, as noted by Dally and van Kampen [17]. Nevertheless, contrary
to their selective reporting of outcomes from only converged SAC policies, this paper presents unfiltered results.

The learning curve of Conservative RUN-DSAC highlights the effectiveness of integrating Q-value uncertainty into decision-
making for enhanced sample efficiency, marked by its rapid ascent. Furthermore, prioritizing predictable policies results in
reduced variance in learning curves and the highest average converged returns, as indicated by M1 in Table 4. This suggests that
Conservative RUN-DSAC learned to track the training attitude reference signals more accurately and consistently compared
to other agents. Comparative analysis in Table 4 also shows Conservative RUN-DSAC outperforming DSAC across all five
learning performance metrics, with four displaying statistically significant differences. The largest improvement of 54.5% is
observed in the M5 metric, which is visualized in Figure 8b. While the Conservative RUN-DSAC’s learning curve slope is the
fastest to converge to the metric boundary, it also shows the least oscillations, which suggest a consistent and predictable learning
performance that is highly desirable in the safety-focused flight control domain.

Conversely, Risky RUN-DSAC’s slow convergence and initially high variance suggest that promoting uncertainty impedes
learning performance. This variance arises from the algorithm’s exploratory nature and the reward function design, which
terminates the training flight prematurely and imposes high penalties when flight envelope is violated (Equation 30). Figure 8c
compares the mean flight duration per episode, revealing that Risky RUN-DSAC initially exhibits more frequent and earlier
violations, but achieves "crash-free" flight after approximately 125 episodes (coinciding with p decay to 0). Conversely,
Conservative RUN-DSAC achieves this stability in about 25 episodes, emphasizing its safety advantage. SAC trails significantly,
requiring the entirety of 250 episodes to achieve crash-free flight. Finally, although this study focuses on offline training, the
characteristics of Conservative RUN-DSAC render it potentially suitable for online flight control, particularly for in-flight fault
management, where sample-efficient, predictable and safe learning is paramount.
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Figure 8: Comparison of learning performance, with curves smoothed using a Gaussian kernel with a length of 10. Dashed lines
and yellow shading indicate performance metric thresholds.
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Table 4: Assessment of agent learning efficiency using four metrics shows mean scores with standard deviations, percent
difference from DSAC, and p-values for significance (bold for p < 0.05). Green indicates improvement, red a decline.

M1 (Final) M2 (Returns) M3 (# Episodes) M4 (Area) M5 (Gradient)

DSAC Value 3081 -626.4 + 2544 168460 (208+53)10° 1832 +56.7
Value 1369.5+187.9  -1926.0 + 676.4 69.1+47.1  (59.0+£7.3)10°  230.9 +27.0

SAC Difference -344.5% -207.5% +311.3% +183.7% +26.0%
p-value 1.10-10 2104 9.10-3 61010 4102

cUN-Dsac Value 447741670 -1528.2 + 998.8 378 +328 (36.0 £ 12.4)10°  162.1 +48.0
b Difference 45.3% -144.0% +125.0% +73.1% 11.5%

(Risky p-value 5.10~2 2102 7102 3.10-3 4101
cUN-Dsac Value 253.14280  -398.5 + 88.6 91+40 (129+1.6-10° 833+55.1
v Difference +17.9% +36.4% -45.8% -37.9% -54.5%

(Conserv) —  value 210 3102 5103 4104 1.10-3

4.2 Tracking Performance

Learning curves provide an initial assessment of training effectiveness but do not fully represent control capabilities. Hence,
the trained policies are evaluated against reference signals mirroring training conditions (Figures 9-12). The observed attitude
tracking performance of the agents aligns with the learning curves presented in Figure 8a. SAC shows limited tracking accuracy
with high variance in policies, reflected in a nMAE of 23.53+4.40%. This, along with large oscillations in its response, renders
it aerodynamically and structurally unsuitable for flight control. In comparison, DSAC substantially outperforms SAC with
smoother actions and a nearly four times lower nMAE of 5.95+1.15%, marking a significant improvement (p = 2-107% < 0.05).
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Figure 9: State time-traces of the SAC policy in the nominal Figure 10: State time-traces of the DSAC policy in the
scenario. nominal scenario.

Most notably, Conservative RUN-DSAC achieves the highest signal tracking accuracy and the least variability, evidenced by a
reduction in nMAE to 3.9540.42%, surpassing DSAC by 33% (p = 4 - 10~* < 0.05). This improved tracking and response
predictability affirm the benefits of integrating uncertainty information into decision-making to enhance the efficiency and safety
of intelligent flight controllers. Conversely, Risky RUN-DSAC shows higher tracking error and state variability, with a 57%
higher nMAE of 9.36+2.48% compared to DSAC (p = 3 - 1072 < 0.05). These distinct results of the RUN-DSAC variants
validate theoretical expectations: the Conservative RUN-DSAC’s focus on predictability yields lower policy variability, while
the exploration-driven Risky variant exhibits increased variability.

The distributional agents’ state time-traces also reveal dynamic couplings between the principal axes, particularly where ¢
maneuvers influence 6 and 3 tracking. The agents have adapted to exploit this coupling for enhanced control, reflected in the
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Figure 11: State time-traces of the Risky RUN-DSAC  Figure 12: State time-traces of the Conservative RUN-DSAC
policy in the nominal scenario. policy in the nominal scenario.

coordinated control surface deflections. However, this learned coupling can lead to undesired outcomes when actuator inputs are
correlated unintentionally, which is especially notable in the Conservative RUN-DSAC agent. Here, the agent’s initial sharp
elevator deflection (for trim adjustment) inadvertently triggers corresponding aileron and rudder deflections, despite zero roll
and yaw reference. This causes transient roll and yaw rates that the agent swiftly neutralizes, yet a residual 2° roll offset and
about 3° under-correction in the 30° ¢, steps remain. In contrast, DSAC and Risky RUN-DSAC, less impacted by unintentional
coupling, reach full roll reference but with compromised pitch precision.

The under-correction observed in Conservative RUN-DSAC is attributed to its inclination towards familiar, albeit more
conservative, actions, thus favoring strategies with proven past efficacy even when they are not optimal for the given situation.
Additionally, this agent might implicitly prioritize precise pitch control over roll due to the greater risks associated with pitch
deviations, such as their impact on aerodynamic forces and stall potential. This explains its superior performance in pitch
tracking compared to other distributional agents at the cost of under-correcting roll.

4.3 Generalization Capability

The preceding section highlights the Conservative RUN-DSAC’s reliance on the confidence with pre-learned strategies. However,
this potentially impairs its adaptability to novel scenarios, which inspires an evaluation of the agents’ robustness in untrained
flight conditions. While prior research demonstrated enhanced safety in a near-stall scenario through distorting DSAC returns
[56], this study investigates the impact of embedding return uncertainty into policy training on stall robustness, and expands the
scope with four additional case studies simulating unforeseen common flight conditions.

Figure 13 presents the agents’ generalization performance, employing a separate ordinate for G5 due to its higher nMAE
scores and a distinct evaluation reference signal. In all scenarios, Conservative RUN-DSAC demonstrates the highest attitude
tracking accuracy and the lowest result variance among agents, with statistical significance (p < 0.05). Conversely, the
Risky variant underperforms compared to DSAC in all scenarios and exhibits higher variance (except in G3), with statistically
significant differences in GI and G2. SAC, consistent with its learning curve shown in Figure 8a, records significantly the lowest
performance and highest variance across policies.

The Stall (G5) scenario is selected to showcase the generalization capability of distributional agents in flight control. This
scenario is particularly relevant due to the substantial uncertainty inherent in near-stall conditions, arising from the agents’
lack of exposure to dynamics altered by unobserved airspeed and altitude states, or abrupt loss of lift. This uncertainty is
directly correlated with increased flight safety risks, potentially leading to loss-of-control (LOC) incidents. The G5 task entails
a sustained high pitch-up maneuver to induce near-stall conditions, with zero roll and sideslip references. Figures 14 and 15
respectively illustrate the longitudinal response of distributional agents and analyze the average rewards and return distributions
these agents experience during flight.
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Figure 13: Attitude tracking nMAE and its standard deviation across various generalization scenarios.

High pitch angles significantly affect aircraft aerodynamics, resulting in decreased airspeed and increased altitude. At ¢ = 40 s,
the aircraft is commanded to reach a 40° 6y, extending beyond the training conditions. As Figure 15 shows, this unfamiliar state
is marked by a decline in expected returns and heightened variance, indicating increased uncertainty in agents’ performance.
Notably, the Conservative RUN-DSAC agent, with the highest expected returns and lowest variance, demonstrates the greatest
confidence and tracking performance (reflected in the highest rewards) in this Stall scenario. Contrarily, although the Risky
variant exhibits the lowest confidence based on its expected returns and variance, it outperforms DSAC in managing the high
pitch angle reference at t = 40 s, as evidenced by higher rewards. This suggests that while Risky RUN-DSAC’s exploratory
strategy is less effective in nominal conditions, it may be beneficial in unexpected scenarios.

Attempting to attain the high pitch angle reference, the agents encounter aerodynamic instabilities and stall-induced oscillations.
Interestingly, the distributional agents display varying oscillation intensities in their responses: DSAC exhibits the most significant
oscillations, followed by the Conservative RUN-DSAC, while Risky RUN-DSAC demonstrates the least oscillatory behavior.
This pattern is consistent across other near-stall flight scenarios, including those affected by wind gusts (G1) or ice-accretion
faults leading to maximal lift reduction (F1).

The oscillation differences among agents can be explained by correlating each agent’s actor DNN to a gain parameter K in
classical control theory. K influences a system’s reaction to error signals: a high gain K triggers aggressive responses, potentially
causing instability or oscillations, whereas a low gain K yields conservative reactions. Risky RUN-DSAC seems to adopt a
policy with a higher K, enhancing responsiveness to counteract the diminished aerodynamic efficiency and damping under
decreased dynamic pressure in near-stall scenarios (resulting from lower velocity and increased altitude). Conversely, DSAC,
with a lower K, demonstrates less responsive behavior with larger, possibly delayed corrections. This results in inadequate error
compensation, leading to more pronounced oscillations. Conservative RUN-DSAC exhibits intermediate characteristics.

To validate the proposed gain analogy, a similar response pattern is anticipated in the low dynamic pressure scenario (G4),
whereas the opposite is expected under conditions of increased dynamic pressure (G3) due to enhanced aerodynamic effectiveness.
In the latter case, the aggressive, high- K control of the Risky variant might exacerbate oscillations, while the low-K control of
DSAC and Conservative RUN-DSAC could more effectively stabilize the system. This hypothesis is supported by Figure 16,
which contrasts the pitch rate responses of the distributional agents under both low and high dynamic pressure conditions.

While the gain analogy partially explains the heightened oscillations of the Conservative RUN-DSAC relative to the Risky variant
for low dynamic pressure scenarios, it falls short in explaining similar response disparities in scenarios with nominal dynamic
pressure but altered aircraft dynamics (e.g., F'5 or F7). Hence, an alternative hypothesis is that the Conservative RUN-DSAC’s
focus on predictability may predispose it to overfit to training scenarios, leading to suboptimal and instability-prone policies
under altered conditions. In contrast, the Risky RUN-DSAC’s emphasis on uncertainty promotes exposure to a broader range
of states and actions, bolstering robustness to novel scenarios and reducing instability susceptibility, albeit with trade-offs in
tracking precision and increased policy variance. Supporting this hypothesis, a Gaussian kernel-smoothed density estimation
of « distributions experienced by each agent during training is illustrated in Figure 17. This analysis reveals that the Risky
RUN-DSAC has encountered a wider range of «, including extremes, which better prepares it for scenarios like G5. In
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contrast, the Conservative RUN-DSAC’s experience is more restricted, with less frequent encounters of extremes than DSAC,
underpinning its propensity to overfitting and increased vulnerability to instabilities in unforeseen scenarios.

4.4 Fault Tolerance

Assessing agents in diverse in-flight fault scenarios is imperative for ensuring safety, given the impracticality of modeling every
conceivable failure for offline training. Figure 18 illustrates the performance of these agents in such evaluations. The Conservative
RUN-DSAC consistently outperforms other agents in all seven fault scenarios, with statistically significant improvements over
DSAC (p < 0.05) in all but F7. Conversely, the Risky variant underperforms compared to DSAC in every scenario, with
statistically significant disparities in F1, F3, F4, and F6. SAC exhibits the lowest performance and highest policy variance.

Despite the superior tracking performance and reduced policy variance of Conservative RUN-DSAC, it was observed to exhibit
heightened sensitivity to aircraft dynamic changes due to failures, especially those affecting control surface functionality,
compared to the other distributional agents. Such sensitivity leads to marked disturbances in attitude states, contrasted by minimal
oscillations in Risky RUN-DSAC, with DSAC exhibiting intermediate behavior. This reinforces the hypothesis of Conservative
RUN-DSAC’s overfitting tendency: policies refined during training become compromised under substantially altered dynamics.
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Figure 18: Attitude tracking nMAE and its standard deviation across various in-flight fault scenarios.

The disparity in disturbance patterns are particularly evident in the F'7 scenario, which is characterized by high nMAE scores
due to persistent sideslip bias. Figures 19 and 20 compare the state trajectories of Risky respectively Conservative RUN-DSAC
variants. Here, both agents unsuccessfully attempt to counteract the stuck rudder by commanding deflections in the opposite
direction. However, the rudder control signal triggers aileron deflections due to the learned roll-yaw coupling, counterbalancing
the negative roll induced by the dihedral effect. This stabilizes  at ~ 10° and arrests further roll, but introduces a negative
roll angle offset, subsequently impacting pitch tracking through pitch-roll coupling. This unusual flight dynamics causes
pronounced oscillations in Conservative RUN-DSAC’s response, in contrast to the minimal disturbances in Risky RUN-DSAC.
Thus, Conservative RUN-DSAC’s policies, while highly optimized for trained scenarios, prove inadequate under substantially
altered control conditions.
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5 Conclusion

This paper presents the Returns Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC) algorithm to advance the
model-free flight controllers for non-linear, fully-coupled aerospace dynamics. The integration of uncertainty quantification
within the RL decision-making framework contributes to the synthesis of intelligent, adaptive, and safety-centric autonomous
flight controllers.

We show that RUN-DSAC, particularly its Conservative variant, significantly enhances learning efficiency and attitude tracking
accuracy in trained flight conditions over state-of-the-art algorithms like SAC and DSAC. The improvement is attributed to the
algorithm’s ability to leverage the full distribution of returns, prioritizing actions with minimal uncertainty. This approach leads
to more predictable and stable policies, which are crucial in the safety-critical domain of aviation.

In scenarios involving unforeseen flight conditions and in-flight system failures, Conservative RUN-DSAC continues to showcase
superior tracking performance. However, an inclination towards overfitting to training conditions is observed, causing increased
sensitivity and heightened oscillations under significantly altered flight dynamics. In contrast, the Risky RUN-DSAC variant,
which encourages exploration by favoring actions with higher uncertainty, displays robustness in novel and unexpected scenarios
at the cost of reduced precision and increased variance in trained policies. This dichotomy between the Conservative and Risky
variants of RUN-DSAC highlights a fundamental trade-off in RL-based flight control: the balance between the tracking accuracy
and predictability of learned policies in familiar scenarios, and their adaptability and robustness in unforeseen circumstances.

In conclusion, while RUN-DSAC demonstrates significant potential in model-free flight control, its real-world applicability
necessitates comprehensive validation. The reliability of these results is contingent on the simulation model’s fidelity and
the breadth of scenarios tested. Critical model parameters, particularly those governing aircraft dynamics and environmental
interactions, may not fully capture the complex and variable conditions of actual flight. The performance of RUN-DSAC in
more extreme or untested scenarios also remains uncertain, and any unforeseen interactions or emergent behaviors could pose
substantial safety risks. Therefore, the algorithm’s deployment in a real Cessna Citation II would require rigorous validation
under a broader spectrum of conditions, more nuanced modeling of aircraft and sensor dynamics, and robust safeguards against
the unpredictable nature of real-world aviation environments.

5.1 Significance of Contributions

Improving learning performance and robustness of offline RL algorithms by leveraging uncertainty quantification in the
decision-making, this research stands as a valuable advancement in Al-driven model-independent aerospace control technologies.
RUN-DSAC paves the way for efficient, robust, and adaptive intelligent flight controllers requiring minimal human-domain
knowledge, contributing to bridging the simulation-to-reality gap. This work not only enhances the safety and reliability of
fault-tolerant autonomous flight controllers but also sets a foundation for the application of Al in various safety-critical domains.

5.2 Recommendations

Online Flight Control: Given the promising attributes observed in Conservative RUN-DSAC, future research should explore its
application in online flight control settings, assessing its real-time adaptability and effectiveness in dynamically adjusting to
changing flight conditions and emergencies.

Hyperparameters optimization: Further optimization of RUN-DSAC’s hyperparameters, particularly the newly introduced iy
and N, could enhance its performance. Adjusting f;ni; to decay from a high positive value to a negative value across certain N,
could balance necessary exploration for robust performance and conservatism for policy predictability.

6-DOF Flight Control: Leveraging the learning efficiency of Conservative RUN-DSAC, its application in full 6-DOF flight
control is promising. A hierarchical approach, integrating uncertainty assessments at different control levels, could effectively
tackle the curse of dimensionality inherent to high-dimensional control tasks.

Flight-Test Validation: With RUN-DSAC showing potential for robust real-system control, validation in rigorous flight tests is
crucial to bridge the simulation-to-reality gap. Initial efforts should focus on employing techniques like domain randomization
and robustness training in high-fidelity simulations, followed by trials on scaled-down models.

Application Beyond Flight Control: The successful application of RUN-DSAC in flight control suggests its potential in other
complex domains, such as advanced Air Traffic Management. Its predictability and safety-centric approach could improve
airspace efficiency by safely reducing aircraft separation standards.
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A RUN-DSAC Pseudocode

The RUN-DSAC is summarized in algorithm 1. First, the replay buffer D, network parameters and the temperature parameter
ar are initialized. Furthermore, initial (pre-training) (s, a,r, s, d) transitions are collected using a randomly initialized policy
and stored in D. The algorithm is run for N, episodes, each executing Nyansitions transitions using the current policy T (+]8)-

Algorithm 1 RUN-DSAC algorithm

Hyperparameters: N, |B|, ¢, H, As, A1, 0, &, Winit> Hfin> NrUN
Input: M = (S, A, P, R,7), Nepss Nirans
Result: Zy, (s,a), my(s)
Initialize replay buffer D B B
Initialize actor and critic parameters 61, 0o, w, target parameters 61 < 61, 05 < 0, W < w
Initialize temperature or
Collect initial trajectories 7 and store in the replay buffer D
for episode < I to N,s do
for transition < 0 to Nyygps dO
Collect a (s, a,r, s’, d) transition using 7, (+|s)
Sample a mini-batch 5 b p
Generate quantile fractions 7;,7 = 0,..., Ny, 75,7 =0,..., N,
Sample a’ ~ wg(-|s")
for i< 0to N, —1do
717; — Ti+;—'i,+1
forj < 0toN, —1do
i TitTi+1
Yi <= ming= 2 Z;, 5(s’, a’)
61@ —r+vly —arlogmg(ad|s’)] — Zz 6, (s,a), k= 1,2
end

end

T2(0k) 5= Sy T (i — 7P (8), k= 1,2
Update 6, with VJ;(6x), k = 1,2 (using ADAM)

Update 0, < (0, + (1 — ()b, k =1,2

Sample new actions @ ~ 7, (+|s) with reparametrization trick
Qs,d) = Yooy (T — 73) ming=1,2Z,,4, (5, @)

00 /XN o (s —75) [Zo0(s5,0) — Qls, )
o= max(ﬂmn - (,uinit - l//ﬁn) ef\lf:;l}i\,ev 0)

L1+ ||mw(8) = mw(s)|l2 Ls + ||7w(8) — Tw(8)]|2 with § ~ N (s, o)
Jr(w) < arlog(my(als)) — (Q(s,a) + pog) + ArLr + AsLs
Update w with V.J, (w) (using ADAM)

Update w < (w + (1 — {)w

Ju(ar) < arH — aplog(my,(als))

Update ar with VJy (ar) (using ADAM)

end
Store the collected trajectories 7 in the replay buffer D

end

For critic network training, two quantile fraction sets are generated, one for the current and the other for the target value
distribution estimates. New actions are then sampled from the target policy 73 (+|s), followed by the computation of the temporal
difference error 6@- for each quantile fraction pair. The critic loss function Jz(6},) is subsequently evaluated and used to update
the critic networks parameters. The target parameters are softly updated with a mixing coefficient (. Next, reparametrized
action samples & are drawn to calculate the expected return Q(s, @) and the return variance o is derived. Additionally, the
uncertainty modulation factor p is linearly decayed, and the smoothness losses £ and Lg are computed. These components are
used to formulate the policy loss function J(w) and its gradient V.J(w) is used to update the policy network parameters w
and to softly update the target parameters w. Furthermore, the algorithm adaptively adjusts the temperature parameter oy by
minimizing a loss function designed to align the current policy’s entropy with a predefined target level H. Finally, the newly
acquired (s, a,r, s, d) transitions, collectively known as trajectories, are added to the replay buffer D.
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Fundamentals of Reinforcement Learning

Before diving into the core of this research, an explanation of the foundational aspects of RL is necessary.
Therefore, this chapter aims to explain the fundamental components of RL. First, the insights into the RL
origins is discussed in Section 2.1. Next, Section 2.2 provides a comprehensive overview of the fundamental
concepts and techniques in RL. Finally, Section 2.3 will present how these RL concepts can be combined
with artificial neural networks to generate RL algorithms that are able to handle high dimensionality.

2.1. Origins of Reinforcement Learning

The roots of RL can be traced back to three major threads, which came together in 1980s - (1) learning
by trial and error, (2) optimal control approached with value functions and dynamic programming, and
(3) temporal difference (TD) learning, which interrelated the former two threads to some extent [22]. The
theory behind the trial-and-error learning stems from the psychology of animal learning. Thorndike’s
1898 Law of Effect highlighted that behaviors followed by satisfying consequences are more likely to be
repeated, while those followed by discomforting consequences are less likely to be repeated. The strength
of the association between the behavior and the situation depends on the magnitude of the satisfaction
or discomfort experienced. Skinner's 1938 theory of operant conditioning builds on Thorndike’s work,
emphasizing that behavior is influenced by its consequences and that reinforcement is a powerful tool for
shaping behavior [29]. Moreover, in 1948, Alan Turing proposed the idea of implementing trial-and-error
learning in a computer through a "pleasure-pain system” [30]. Turing’s system involves a computer making
a random choice when faced with an unknown situation. If the result is positive (pleasurable), it is saved as
a permanent solution, but if it is negative (painful), the choice is discarded. This idea by Turing is regarded
as one of the earliest and most influential concepts in the realm of Al.

The optimal control thread refers to designing a controller to optimize the performance of a dynamical system
over time. Richard Bellman and others approached this class of problems by combining the concepts of
a system state and a value function to form the Bellman Equation [31]. The methods that involve solving
this equation to solve optimal control problems became known as Dynamic Programming (DP). DP suffers
from "the curse of dimensionality”, meaning its computational requirements grow exponentially with the
number of state variables. Despite this, DP is still considered the only feasible way of solving general
stochastic optimal control problems. Connections between optimal control, DP, and learning were slow to
be recognized, but they are now extensively developed by many researchers [22].

Temporal difference (TD) learning, which is inspired by the concept of secondary reinforcers from the
animal psychology, is a unique approach to RL that involves estimating a certain quantity in a temporally
successive manner. Arthur Samuel was the first to implement this learning method in his checkers-playing
program [32]. Klopf brought the ideas of trial-and-error learning and TD learning together in 1972 with
the generalized reinforcement principle. Sutton, Barto and Anderson further developed these ideas and
created the actor-critic architecture [33], and in 1988, they separated TD learning from control, treating it as
a general prediction method [34]. Finally, the earliest publication of a TD learning rule was discovered in a
paper by lan Witten in 1977 [35]. He proposed a specific TD learning algorithm, known as TD(0), which
updates the expected reward of an action based on the difference between the observed reward and the
expected reward of the next state.
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2.2. Primer on Reinforcement Learning

Reinforcement learning refers to a bio-inspired machine learning method whereby an agent learns to make
optimal decisions in an uncertain and dynamic environment [22]. The agent’s task is to learn a mapping
between states of the environment and actions that maximize a scalar reward signal. The agent’s goal is to
maximize the cumulative reward over time.

In RL, the learner does not have prior knowledge or information about the consequences of taking an action
in a particular state. Instead, it interacts with the environment by taking actions, observing the resulting
state, and receiving a reward signal. The learner must use this feedback to iteratively update its behavior
until it can identify the actions that lead to the highest reward. By recursively iterating on its behavior, the
learner can eventually converge to an optimal policy, which specifies the best action to take in each state.
This process involves a trade-off between exploration and exploitation, where the learner must explore
different actions to learn about the environment, while also exploiting its current knowledge to maximize
reward [22]. These and more concepts will be elaborated on in the following sections. The theory found in
this chapter is primarily based on the perspective of the RL proposed by Sutton and Barto [22].

2.2.1. Elements of Reinforcement Learning

RL is a distinct form of machine learning as it involves direct interaction between agent and an environment,
which is not present in supervised nor unsupervised learning approaches. At each time-step ¢, the agent
makes a decision to execute an action a; € A(s) on the environment, and receives feedback in the form
of a change in the environment from the current state s, € S to another state s;,; € S and a reward r; €
R(st,at, st+1) (hence R : Sx AxS — R). These are then used to update the policy 7, which is a mapping
from the current environment observation to the actions to be taken. This interaction between an agent and
environment is visualized in Figure 2.1, which depicts a one-step transition T, = (s, a, r, s;+1). Note that
another common notation found in literature uses the symbol s for the current state and s’ for a future state.
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Figure 2.1: The agent-environment interaction in RL

An agent in RL consists of several components, including a policy 7 (deterministic a« = = (s) or stochastic
a ~ 7(als) mapping from state to action), a value function V (s) (describing the expected total reward for
specific states), and possibly a model representation of the environment.

2.2.2. Policy and Trajectory

As mentioned, the policy can be understood as a control law that the agent follows to determine the
next actions. Following this definition, a trajectory 7 is a sequence of n state-action pairs that an agent
experiences as it follows a policy, formally given in Equation 2.1.

7'er = (807a07515a17"'78n—1;a7l—1) (21)
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2.2.3. Cumulative Reward

The rewards shall be provided in such a way that maximizing them leads to the agent achieving the desired
goal. The reward signal should indicate what is to be accomplished, not how to achieve it. As noted
previously, the value of a reward depends on the current state s;, the action taken «; and the resulting
state s;,1. However, the agent’s goal is not to maximize this immediate reward, but the cumulative reward
in the long run. The cumulative reward (or "return”) R, over a trajectory starting at a time signature ¢ is
given by Equation 2.2. Moreover, since the flight control task researched in this work is an example of a
continuing task, i.e. a task that goes on continuously without a limit, the discount rate v (with 0 < ~ < 1)
was introduced to prevent the cumulative reward from growing towards infinity.

n
Ry = n'LmOO(Tt+1 F VT2 + Vs + e+ Y Tegn) = n'LmOO kZ'Vth+k+1 (2.2)
—0

The discount rate ~ is used to determine the importance of future rewards relative to immediate rewards. For
example, a value close to 0 leads to a myopic agent, as in the agent is concerned mainly with maximizing
the immediate rewards. In general, prioritizing actions that result in immediate rewards can diminish
opportunities to attain potentially better future rewards, leading to a decrease in overall return. In contrast, a
discount rate close to 1 signifies a more farsighted agent, for which future outcomes are given more weight.

Bounding 7 to 0 < < 1 ensures that the series in Equation 2.2 is convergent, as ILm Y*"r¢yn — 0. The

opposite of continuing tasks are episodic tasks where the cumulative reward does not approach infinity as
the number of time steps for every episode is finite, thus the discount rate can be set to 1. Nevertheless,
episodic tasks with long episodes still commonly make use of discounting [36].

2.2.4. Markov Decision Process

At the fundamental level, every method employed in RL is based on the mathematical postulate of a
fully-observable Markov Decision Process (MDP). MDPs represent a classical formulation of sequential
decision-making, in which actions exert an impact on not only immediate rewards, but also on subsequent
states, and consequently on future rewards. Before continuing with the discussion, it is important to define
the state-transition probability function P(s’|s, a), which determines the probability of transitioning into a
new state s’ from the current state s by executing action a.

Within the realm of optimal control, a system is deemed to be a Markov Decision Process (MDP) if and only
if it adheres to the Markov property, whereby the immediate transition relies exclusively on the latest state
and action. Essentially, the information about the history of transitions is entirely captured in the present
state and it can be used to make future choices, as described by Equation 2.3.

P{5t+1; Ti41 \St, at} = P{St+1, 7”t+1|5t, Gty ..y S0, ao} (2.3)

If the agent is unable to accurately determine its full state based solely on observation, the system is partially
observable. The MDP can be generalized to such cases by defining Partially Observable MDP (POMDP).
Nevertheless, this chapter will continue to focus on the fully observable cases. Hence, the full MDP can be
characterized by a structured set M = (S, A,P,R,y). Figure 2.2 combines all the concepts defined thus far
by depicting a sequential MDP following a certain policy 7(als).

Figure 2.2: The sequential MDP following a policy 7 (a/|s)
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2.2.5. Value Functions
A state value function is defined in Equation 2.4. It determines the expected return obtained by choosing
actions according to a certain policy = as we start in a certain state s.

VT(s)=E [R:| st = s, ar = al (2.4)

Alternatively, a state-action value function can be defined with Equation 2.5. This function determines the
expected return obtained when the agent starts in a certain state s, executes a certain first action a, and
then proceeds to act according to policy 7. Hence, the difference between state-value function and the
state-action value function is that the state value function represents the value of being in a particular state
s, whereas the state-action value function represents the value of taking a particular action « in state s.

Q" (s,a) =E [R; | sy = s, ay = q] (2.5)

These functions can then be used to identify an optimal policy, as by following this policy, the expected
(discounted) return R, is maximized. As a results, the optimal value functions V*(s) and Q*(s, a) can be
established, as given in Equation 2.6 and Equation 2.7, respectively.

V*(s) = max;E [R; | st = s, az = q] (2.6)
Q*(s,a) = max;E [R; | st = s, at = a (2.7)

Moreover, once the optimal policy for each state s and action a pairs is known from the Q* function, the
optimal action a*(s) can be determined, as given in Equation 2.8. Performing this action in state s leads to
the maximum (discounted) return, hence it is called a greedy action.

a*(s) = argmax, Q*(s,a) (2.8)

2.2.6. Bellman Equation

Realizing that both Equation 2.6 and Equation 2.7 can be defined recursively, the Bellman Expectation
Equation defines the state value function (see Equation 2.9) and the state-action value function (see
Equation 2.10) as the expected sum of the immediate reward and the discounted value of the expected
next state, while following the optimal policy 7*.

V*(s) = Banplr(s, 7 (s) +4V*(s')] (2.9)

Q*(s,a) = Egplr(s,a) + ymax, Q*(s',a’)] (2.10)

Richard Bellman’s discovery of the recursive consistency allowed for the determination of optimal policies
for MDP and has become a cornerstone of all RL algorithms [22].

2.2.7. Temporal Difference Learning

Before introducing the temporal difference update, it is essential to mention that more classes of methods
exist. In fact, Markov Decision Processes can be solved by three distinct approaches - dynamic programming
(DP), Monte Carlo methods (MC) and temporal difference learning (TD). All of these methods use the
Bellman equation as a fundamental principle to iteratively update value functions or policies, but they differ in
their approach to estimating the values and their reliance on a model of the MDP. For example, DP and TD
learn at each time step during the episode, whereas MC methods wait until the end of the episode to update
the value function or policy. Furthermore, DP differs from TD methods due to its reliance on a state-transition
model, while TD is model-free [22]. The MC methods can be applied in both model-based and model-free
architectures. Nevertheless, TD learning forms the basis for many of the algorithms discussed in this
chapter, hence this subsection will focus on this approach.

TD combines ideas from both DP and MC methods. It enables agents to learn through bootstrapping,
which means that they iteratively use past estimates or observations as a basis for further estimation. The
principle of the TD update is to evaluate the difference between the target and the current estimate of
the value function and to update the current estimate based on this error (scaled by a learning rate arp).
This principle is summarized for the value function V' and the action-value function @ in Equation 2.11
and Equation 2.12, respectively. The mentioned TD error is captured in the square brackets. Finally, the
ultimate target values are the optimal value functions V* and Q*, respectively.

V(st) < V(st) + arp [ree1 + 7V (se41) = V(s1)] (2.11)
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Q(s¢,at) < Q(s¢,a¢) + arp [Tt-&-l +ymaxq,,, Q(st41, ar41) — Q(s¢, Clt)] (2.12)

In discrete settings, such update rules are used by Q-learning, which learns the @ function, or by SARSA,
which learns the V function [22]. These methods focus on learning the value function rather than directly
learning a policy, while the policy is derived by selecting the action with the highest value for a given state.
Similarly, they are used by actor-critic methods in continuous settings, which are further elaborated on in
Section 3.2.

2.2.8. Exploration vs Exploitation
The trade-off between exploration and exploitation is another aspect of RL, where choosing to explore
may lead to greater long-term rewards despite short-term losses. With no exploration, the algorithm simply
chooses to perform the action with the highest estimated value @Q,(a). In other words, such algorithm always
exploits the current knowledge to maximize the immediate reward. This greedy action selection method is
formulated in Equation 2.13.

a; = arg max, Q¢(a) (2.13)

The trade-off between exploration and exploitation is a fundamental aspect of RL. While choosing to exploit
the current knowledge and select the action with the highest estimated value can lead to immediate rewards,
exploration plays a crucial role in uncovering potentially better actions in the long run. One common
approach is the e-greedy method, where the algorithm mostly selects the greedy action but occasionally
explores by choosing a random action with a small probability e. Exploration is especially important during
the early stages of learning when the agent’s knowledge of the environment is limited. It also proves
beneficial in noisy environments where rewards may fluctuate. Even in deterministic cases, exploration
remains advantageous if the environment is non-stationary [22], ensuring that potentially superior actions
are not overlooked.

RL identifies two types of methods to handle the exploration-exploitation trade-off, and any algorithm is
based on either one. The essential concepts underlying these two approaches are outlined below:

* On-policy learning refers to algorithms that learn from the policy they use to interact with the
environment. In simpler words, the agent modifies its policy based on the experiences it gains while
following that same policy. This type of learning is usually employed when the objective is to enhance
the existing policy.

« Off-policy learning refers to algorithms that gain knowledge from another policy than the one used
to interact with the environment. Specifically, the agent modifies its policy based on the experiences
garnered by following a different policy. Off-policy learning is typically employed when the objective is
to learn about different policies or when there is a need to estimate the value of different policies.

On-policy RL algorithms update the policy with the policy gradient update rule, which involves the computation
of the gradient of a performance metric, such as the expected cumulative reward, with respect to the policy
parameters. Subsequently, this gradient is used to determine the direction of update for the policy to improve
its performance. Examples of on-policy algorithms include Trust Region Policy Optimization (TRPO) and
Proximal Policy Optimization (PPO) [37]. These concepts will be discussed in more detail in Section 3.1.

Off-policy RL algorithms utilize replay buffers to store a diverse range of past experiences, allowing the
model to learn from them. These stored experiences are sampled from the behavior policy, which is
responsible for the agent’s actions during its interaction with the environment. Furthermore, importance
weights are used to adjust for any differences between the behavior policy and the target policy, which
represents the policy the agent aims to learn. In short, the replay buffer enables off-policy learning in RL by
allowing to learn from experiences collected from any policy [38]. Section 3.2 will provide more detail about
these methods.

2.2.9. Model-based vs. Model-free Reinforcement Learning

Finally, it is important to make a distinction between model-based and model-free RL methods. Model-based
reinforcement learning involves building a model of the environment to plan and make decisions, while
model-free reinforcement learning directly learns the policy or value function from interactions with the
environment. Model-based methods rely on accurate modeling but can offer efficient exploration, while
model-free methods are more flexible but may require more interactions to converge. The choice depends
on the problem and available resources.
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2.3. Deep Reinforcement Learning

Traditional RL techniques like SARSA are suitable for small problems featuring discrete state and action
spaces. However, in real-world continuous scenarios, generalization is necessary due to the large and
complex state and action spaces. Learning the value of each state-action pair individually is impractical
and often infeasible (due to both, time and memory constraints). Technically, the continuous state and
actions spaces could be discretized, but the resulting discretization can introduce errors. Therefore, for an
adequate approximation, a very fine discretization would be required. However, the resulting number of
state-action pairs increases exponentially due to the curse of dimensionality. To overcome this challenge,
recent advancements in other machine learning methods can be leveraged, including deep neural networks
used as function approximators. This integration of Deep Learning with RL is referred to as Deep RL.

Different function approximation techniques can be employed to generalize the value function and/or the
policy, including radial basis functions, fuzzy logic systems, least-squares linear regressors, and artificial
neural networks (ANN) [39]. Among these, ANNs have become the modern state-of-the-art in RL for function
approximations due to their generalization power in high-dimensional control tasks and differentiability,
which enables the use of gradient descent methods in estimating their parameters 6 [39]. Therefore, this
work will focus on this type of function approximation.

2.3.1. Artificial Neural Network

An ANN is a black-box function approximator that mimics the structure and function of biological neurons.
ANNSs consist of interconnected nodes, called neurons, that are organized into layers. Each neuron receives
input from other neurons, performs a computation, and produces an output that is transmitted to other
neurons. Furthermore, the connections between neurons are strengthened by weights and the outputs are
produced by activation functions, imitating the firing behaviour of biological neurons. This gives ANNs the
ability to learn complex, non-linear relationships between inputs and outputs. A single neuron is visualized
in Figure 2.3, where wy, € R™ represent the weights. To enable the activation of a neuron to be shifted by
a constant, an extra bias parameter b is used. Furthermore, an ANN with neurons organized in different
layers is depicted in Figure 2.4. Using many hidden layers renders ANN a Deep Neural Network (DNN).
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Figure 2.3: A single neuron [40]. Figure 2.4: An Artificial Neural Network (ANN) [41].

2.3.2. Gradient Descent
During training, an ANN is presented with a set of input-output pairs and the weights of its neuron connections
are adjusted in order to minimize the difference between the predicted output and the actual output. This
process is often accomplished using an optimization algorithm, such as gradient descent. The gradient of
an objective function J(6) (with 6 being the parameters to be optimized) is defined by Equation 2.14.
T
Vol (6) = 8J(0)’m’ 97 () (2.14)
91 9n

For an ANN, the objective function is usually formulated in terms of loss £(6), as given by Equation 2.15. In
essence, the total loss function employed for ANN training is the summation of individual losses across all
data samples. The function fy(x) = ¢ in this equation represents the ANN approximation using an input
vector x, while F(z) = y are the true output values. In contrast to supervised learning, RL techniques lack
access to true labels, and instead learn from labeled samples y obtained by interacting with the environment.
Finally, | B| denotes the number of input-output pairs in a batch B, which is used to compute the loss.

T0) = £0) = 77 3 (Fla) = fo(as) (2.15)
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After the parameters are initialized randomly with small values (to avoid saturation of activation functions) or
by using alternative initialization algorithms, such as Xavier initialization [42], they are trained via gradient
descent. The objective of the gradient descent is to find a local minimum of £(6). A fast and memory-efficient
method to compute the gradient is through the use of the backpropagation algorithm, which recursively
applies the chain rule of calculus to compute the derivative of the loss function with respect to each
layer of the neural network. The obtained gradient is then used to optimize the parameters according to
Equation 2.16.
|B|

1
Opp1 = 0 — g > VoL(0) (2.16)
=1

Here, « is a hyperparameter specifying the learning rate and ¢ denotes the current epoch (i.e. the iteration
step). The learning rate « needs to be chosen carefully as setting it too low results in too slow learning,
whereas setting it too high might cause divergence. Often, a is scheduled to decay with the learning
progress to guarantee improved convergence characteristics.

Modern ANN architectures utilize advanced stochastic gradient descent (SGD) methods, such as Adam
[43], which utilize stochastic gradient methods along with additional enhancements such as roof mean
square propagation (RMSP) and gradient descent with momentum, to achieve better performance. In order
to apply these automated SGD methods in practice for RL, it is necessary for the model to be differentiable
with respect to the parameter vector.

2.3.3. Activation Functions

Activation functions are used in ANNSs to introduce non-linearity into the output of a neuron. Some of
commonly used activation functions are summarized in Equation 2.17 to Equation 2.20. For example,
Rectified Linear Unit (ReLU, see Equation 2.17) passes the positive components of its input. It became very
popular due to its computational efficiency and the ability to avoid and rectify vanishing gradient problems
[44]. However, it suffers from "dying ReLU” as the slope is 0 for negative inputs, which impedes learning.
Therefore, variations of ReLU such as Leaky ReLU (Equation 2.18) were introduced to allows a small,
non-zero output for negative inputs. The Sigmoidal function (Equation 2.19) is used to map any input to
a value between 0 and 1, making it useful for binary classification problems. Alternatively, the output of
Softmax function (Equation 2.20) is used to transform a vector of arbitrary real values into a probability
distribution in order to represent the likelihoods of different categories. This is because each of its output
vector components y; € [0, 1] and their total sumis ). y; = 1 [45]. Hence, this particular activation function
might be useful for the probabilistic RL approaches discussed in this work.

0 =<0 1
ReLU(z) = 217 i i —
(=) {x 2> 0 2.17) Sigmoid(s) = (2.19)
eri
Olz z< Soft ) = ——— R* 2.20
Leaky ReLU(z) — {00 x x<0 (2.18) oftmax(z;) ZK = T € ( )
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2.3.4. Layer Architectures

Numerous layer types exist, where each type has a specific purpose. For example, Fully-connected linear
layers are the simplest type of layer, in which every neuron in one layer is connected to every neuron in the
next layer. They are widely used as they are easily differentiable, simple and flexible, allowing them to be
easily applied to a variety of input shapes and sizes.

Convolutional layers are designed to apply a sliding window (called a kernel) over the input data to extract
local features. They are particularly useful in image processing and natural language processing (NLP)
tasks, where there are spatial relationships between the inputs [46]. Closely related pooling layers are
used to reduce the size of feature maps by summarizing sub-regions (such as sub-sampling image data in
convolutional networks) [47]. The most common type of pooling layer is max-pooling, which outputs the
maximum value of a sub-region.

Recurrent layers are used to handle sequential data by allowing information to persist across time steps.
These layers are commonly used in NLP tasks, such as language translation and speech recognition [48].
Long Short-Term Memory (LSTM) is a popular type of recurrent layer that is designed to learn long-term
dependencies in the data [49].
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Normalization layers standardize the inputs to a layer (by correcting the mean and variance of each hidden
unit) to improve training stability and speed [50]. Batch normalization is a commonly used normalization
technique that normalizes the inputs to a layer over a batch of samples.

For an RL-based flight controller, a relatively shallow feed-forward ANN with fully-connected linear (possibly
normalized) layers is believed to be the most suitable architecture, as it provides effective approximation for
non-linear action-value models. Furthermore, the benefits of other layers, such as those used for processing
large data like images, are not relevant for the flight controller's data size and requirements, as the flight
controllers discussed in this work are not based on processing visual or long time-sequences data. Also,
recurrent neural networks are constrained in RL due to the Markov Process assumption. Finally, one more
ANN architecture will be discussed, which is particularly applicable for approximating probabilistic functions.

2.3.5. Unconstrained Monotonic Neural Networks

Functions expressing the probability functions, such as CDF and QF (inverse of CDF), are strictly monotonic.
Therefore, when ANNs are used to approximate such functions, the monotonicity shall be preserved.
However, this is not always guaranteed. For example, the non-monotonically increasing QF in [28] leads
to an ill-defined return distribution, thereby potentially deteriorating the performance of the RL algorithm.
Therefore, novel Unconstrained Monotonic NN (UMNN) are proposed as a solution [51]. A parametric
continuous monotonic function G(+;0) : R — R is defined by UMNN as given in Equation 2.21.

Glalest) = [ att.ci0y)at + 5(ci09) (2.21)

Here ¢g(-;0) : R — RT is a free-form ANN with positive outputs (enforced by an appropriate activation
function, such as RelLU), 5 € R is another ANN, ¢ is a conditioning variable (composed of, for example,
states s and actions a), and § = 6, U 6 are trainable parameters. This structure is visualized in Figure 2.5.
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Figure 2.5: Unconstrainned Monotonic Neural Network, adopted from [51].

The forward evaluation of G(z|c; #) requires solving an integral, which can be efficiently approximated
numerically using Clenshaw-Curtis quadrature. To train the neural network g, it is necessary to calculate the
gradient of G with respect to its parameters. Although this gradient could be obtained by back-propagating
through the integral solver, doing so would lead to a memory usage that increases proportionally with the
number of integration steps. Alternatively, the derivative of an integral with respect to 6 can be expressed
with the Leibniz integral rule, which results in Equation 2.22.

VoG(z|c;0) = g(z]c; 0)Vo(z|c) — g(0;0)Vy(0) + /01' Vog(t; 0)dt + Vo B(c;0)

= /w Vog(t; 0)dt + VeB(c;0) (2.22)
0

The UMNN was applied in the UMDAQN Distributional RL algorithm to improve its prediction of the random
return distribution [52].

2.4. Conclusion

This chapter has provided a comprehensive overview of the origins, concepts, and advancements in
the field of RL. One of its key contributions was the exploration of how RL methods can be effectively
extended to tackle high-dimensional tasks through the utilization of ANNs. This understanding of RL and its
integration with ANNs provides sufficient knowledge to delve into the state-of-the-art methods in RL and
their applications in flight control settings, which will be discussed in Chapter 3.



State-of-the-art Deep RL Methods

This chapter explores the most prominent state-of-the-art Deep RL algorithms. Considering the continuous
flight control task at hand, the focus is put specifically on algorithms designed for continuous state and action
spaces. Many of these algorithms are captured in the RL taxonomy presented in Figure 3.1. However, it
must be noted that this tree-like structure is by far non-exhaustive, which is highlighted by an empty branch.
Furthermore, many alternative taxonomies exist [53, 54].

Model-based methods learn an explicit model of the environment dynamics to make informed decisions and
optimize the agent’s policy. Two particularly interesting algorithms from this category are the AlphaZero
and the MuzRTO, which popularized deep RL by excelling in complex strategic games like GO, Shogy,
and Starcraft3. To ensure safety in-flight, the RL-based flight controller developed in this work shall be as
robust as possible to faults or other unexpected scenarios. However, it is impractical to create models for
every possible failure [27]. Therefore, model-based algorithms are not considered further.

The objective of this work is to develop a sample efficient algorithm though uncertainty estimation. For this
purpose, the off-policy methods appear the most suitable, because they are generally more sample efficient
as they can reuse past experiences or data collected from different policies [55]. This allows them to learn
from a wider range of experiences and make more efficient use of available data. Furthermore, leveraging
past data and exploring a wider range of actions, off-policy methods can better quantify the uncertainty
associated with their chosen actions. Hence, while a brief mention will be given to on-policy algorithms
in Section 3.1 (as concepts from these algorithms are applied in actor-critic approaches), the subsequent
subsections will primarily emphasize off-policy methods in Section 3.2. Furthermore, the application of
these Deep RL algorithms for flight control will be discussed in Section 3.3. Therefore, this chapter aims to
address RQ-M-1.

[ Deep RL Algorithms
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Figure 3.1: Taxonomy of modern Deep RL methods, adapted from [56]
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3.1. Policy Optimization Methods

Policy-based methods in RL directly learn a policy without explicitly estimating the value function. By
iteratively updating the parameters of a parametrized policy 7 (s,a;w) = Pla; = als; = s;w| through
gradient descent, these methods aim to find the optimal policy based on observed rewards. This approach
is particularly effective for handling high-dimensional and continuous action spaces, unlike value-based
methods that require computationally demanding optimization processes or discretization of action spaces
[57]. Moreover, the policy-based methods avoid the problem with infinitesimal changes in the value function
estimates, which can have a disproportionate impact and cause discontinuities in the implicitly defined
policy, adversely affecting overall performance [58]. Finally, policy-based methods also offer the advantage
of accommodating stochastic policies, which can be beneficial in environments with aliasing or partial
observability.

Policy gradient methods aim to optimize a parameter vector w to find a local or global maximum of the
objective function J(w). The objective is to maximize the expected cumulative rewards received from the
environment, which is represented by the value function V. (s;) (with s; being the state s at time-step ¢).
The policy gradient theorem utilizes the log derivative trick to define the policy gradient in terms of the score
function V,log 7, [56]. Putting all the concepts together, the policy gradient ascent step can be defined by

Equation 3.1.
T

valog Tw(als)Vy

t=0

Wip1 = Wy +a Vo, Vi(sy) =we + oy, (3.1)

Policy gradient

The simplest policy gradient is the Monte-Carlo policy gradient method, also known as REINFORCE [59].
REINFORCE estimates the policy gradient by sampling trajectories through interactions with the environment,
calculating the return for each trajectory, and using these returns to update the policy parameters. While it
exhibits good learning stability and convergence properties, it suffers from high variance and slow learning.

As described, policy gradient methods are less efficient, requiring many samples to converge. Moreover,
regular approaches are sensitive to the step-size hyperparameter « when training a parameterized policy
using DNNs. TRPO tackles this sensitivity by constraining the policy update step within a trust region [60].
By using Kullback-Leibler (KL) divergence to limit the magnitude of policy changes, TRPO ensures that
each update doesn’t deviate too far from the current policy, which improves the stability. PPO, on the
other hand, optimizes the step-size by using multiple samples efficiently. It introduces a clipped surrogate
objective function that limits the policy update to a range around the old policy, ensuring that updates
are performed in a controlled manner. PPO strikes a balance between exploiting the current policy and
exploring new policies, allowing for stable and more sample-efficient learning compared to TRPO [37]. It
mitigates the sensitivity to the choice of the trust region and achieves more consistent improvements in
policy performance. Alternatively Tree-search Policy Optimization (TPO) improves TRPO by incorporating
tree search algorithms to enhance exploration and efficiently search the action space, leading to better
policy updates and improved learning performance in complex domains [61].

3.2. Q-learning

Q-learning methods focus on estimating the action-value function using deep learning. It is a model-free
method that does not require prior knowledge of the environment’s dynamics. By estimating the expected
future rewards for different actions in a given state, Q-learning allows the agent to make informed decisions
and improve its performance over time through trial and error.

3.2.1. Deep Q-Networks (DQN)

Deep Q-Networks (DQNs) are a type of off-policy RL algorithm that uses ANN to approximate the Q-
function and make decisions based on the maximum expected cumulative reward [38]. The Q-function is
approximated by a parameterized approximator Qg (s, a), where 6 is a parameter vector. This architecture
has demonstrated super-human capability in Atari gaming environments using convolutional feed-forward
ANNs to estimate the action-value function from pixel-information [62]. These games are now a standard
benchmark for deep RL algorithms [63].

To estimate the parameter vector ¢ of the Q-network, a loss function £(¢) based on mean-squared Bellman
error (MSBE) can be defined by Equation 3.2, which an SGD optimizer can use to train 6 and progressively
approximate the actual Q-function. The action «’ is selected from the behaviour distribution o’ ~ (s, a),
as the architecture is off-policy. In practical applications, the behavior distribution (s, a) is commonly
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implemented as an e-greedy action selection based on the estimated Q-function. Moreover, parameter
d takes the value 1 (true) when the state s’ is the final state (and 0 otherwise), indicating that the agent
will not receive any further rewards in the future. The MSBE is calculated over the collected buffer of past
transitions D.
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To ensure stability in the SGD optimization process, it is essential to incorporate two enhancements. The
first one is already hinted in Equation 3.2 - Experience Replay. RL methods deal with time-series data
characterized by strong correlations. However, Deep Learning methods rely on independently and identically
distributed (IID) data, which necessitates the decorrelation of sampled experience in each learning step.
To address this issue, the off-policy characteristic of DQNs enables the stabilization of learning through
collecting experienced transitions into a memory buffer D and sampling a random mini-batch 15 of transitions
to update the Q-function estimate using SGD. Furthermore, it is vital to maintain some exploration rate
throughout the whole learning process to prevent catastrophic forgetting of DNNs. This occurs particularly
when the policy has settled into a local optimum without any exploration, which saturates the replay buffer
with highly correlated data. Consequently, the DNN "forgets” previously visited states that lie outside the
buffer.

As for the second enhancement, the learning process can be stabilized in off-policy algorithms by freezing
the target Q-network parameters and updating them only after every N update steps. This provides a more
stable and consistent target for the Q-value estimates during training. Subsequently, the target can be
updated via hard update, where the parameters of the target Q-network are directly synchronized with the
parameters of the primary Q-network. Alternatively, soft update (also known as Polyak -averaging) can
be applied by taking a weighted average of the target network’s parameters and the primary network’s
parameters (0;1 = C0; + (1 — ¢)6; with ¢ € [0,1]).

3.2.2. Rainbow

The Rainbow algorithm combines several key enhancements to improve the stability and sample efficiency
of DQNs [64] by integrating concepts like prioritized experience replay, dueling architectures, Double DQN,
distributional value estimation, and multi-step learning. The combined architecture of Rainbow yields a
state-of-the-art off-policy RL approach that exhibits superior performance in handling continuous state
spaces and making decisions among a discrete action set.

Prioritized Experience Replay (PER) enhances the efficiency and learning performance of DQN by prioritizing
experiences during replay [65]. Instead of uniformly sampling experiences from the replay buffer, PER
assigns priorities based on TD error, with higher TD errors indicating greater importance. This selective
replay improves the Q-network’s performance. However, prioritization can lead to diversity issues, where
low TD-error transitions visited early may be underrepresented. Stochastic prioritization addresses this by
balancing greedy prioritization and random sampling.

Dueling architectures enhance DQN by explicitly separating the estimation of the state value V'(s) and the
advantages of each action A(s, a), representing the additional value gained by taking a specific action in that
state. Combining these two components results in the Q-values for each action. This separation enables
the agent to discern which states are not valuable without the necessity of learning the effect of each action
in those states, which makes it particularly advantageous in applications with large action spaces.

Multi-step Q-learning enables more accurate value estimation by incorporating future rewards over multiple
time steps. Noisy Networks introduce random perturbations to the network’s parameters, enhancing
exploration and preventing over-reliance on deterministic actions. Furthermore, Distributional RL captures
the full distribution of possible returns, allowing for a more comprehensive understanding of uncertainty
and improving the agent’s ability to handle complex environments. Distributional methods wills be further
addressed in Section 4.3.

Double DQN is a variant of the DQN that addresses the issue of overestimation in Q-value estimation. In
standard Q-learning, the action selection and Q-value estimation are based on the same set of parameters,
which can lead to overoptimistic value estimates. Double DQN decouples these estimations by using two
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Figure 3.2: The agent-environment interaction in an actor-critic architecture

separate ANNs. The core idea behind Double DQN is to use the target network (Q5) to determine the
action to be taken while using the primary network (Qy) to estimate the Q-values for the selected action.
The Q-value update equation in Double DQN is then modified as given in Equation 3.3. By decoupling
the action selection and value estimation using separate networks, Double DQN reduces overestimation
biases, which results in more accurate Q-value estimates and increased efficiency.

Qp(s,a) =1+~v(1 —d)Qy (s’, argmax Qs a’)) (3.3)

3.2.3. (Deep) Deterministic Policy Gradient ((D)DPG)

DPG is the first example of actor-critic methods considered in this work. Actor-critics combine policy-based
and Q-learning approaches, with the actor approximating the policy and the critic estimating the value
function [66]. A new step performed by an actor allows the critic to be updated through TD bootstrapping.
As a result, the updated critic is used to update the actor’s policy, and this iterative cycle continues at each
iteration. By incorporating the actor, the process of optimizing action selection is eliminated, as the actor
directly approximates the policy based on the current state, while the critic provides performance insights.
The critic’'s Q-function estimate also reduces gradient variance, accelerating learning and enhancing
convergence. The ability to generalize across both state and action spaces has made actor-critic methods
prevalent in RL, with several algorithms considered state-of-the-art for solving real-world challenges. The
agent—environment interaction with an actor-critic is depicted in Figure 3.2.

In contrast to the stochastic policy gradients, DPG defines the policy deterministically as a parameterized
function of the state (m,,(s)). In other words, for a given state, the DPG algorithm directly outputs a
specific action rather than sampling from a probability distribution. This brings significant improvements in
computational and sample efficiency compared to stochastic policy gradient methods [66].

DPG utilizes off-policy data and the Bellman equation to acquire knowledge of the Q-function, and subse-
quently leverages the Q-function to learn the policy, hence it relies on the critic’s value function approximation.
Specifically, the policy network is updated by performing gradient ascent with respect to the policy pa-
rameters, utilizing the Q-network estimate from the buffer D as the objective function. Furthermore, the
behavioral policy is still augmented with added Gaussian noise to enhance exploration [66]. In fact, DPG
shares similarities with the Q-learning approach used in Deep Q-Networks (DQN), but it differs in that it
employs a continuous policy instead of a discrete one [67].

DDPG then combines ideas from DPG and DQN [68]. It uses experience replay and fixed target networks
from DQN to improve stability, and it is based on DPG (as it also uses the Q-function for off-policy learning
and employs a deterministic actor that aims to maximize this Q-function) [68]. This extends the ability
of the original DPG to generalize also to high-dimensional and complex continuous action spaces [56].
However, the interplay between the deterministic actor and the Q-function in DDPG can make the algorithm
challenging to stabilize and sensitive to hyperparameter tuning. Furthermore, the most common limitation
for DDPG is the significant overestimation of Q-values, which arises from the greedy maximization of a
noisy Q-function estimate [69] and ultimately results in the failure of the exploited policy and divergence
[70]. To address these issues, two independent improvements have been introduced: twin-delayed deep
deterministic policy gradient (TD3) and soft actor-critic (SAC) algorithms.
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3.2.4. Twin-delayed DDPG

Twin Delayed Deep Deterministic Policy Gradient (TD3) is an extension of the DDPG designed to address
the overestimation bias and improve the training stability [70]. TD3 improves upon DDPG by employing
three key features: twin critics, target policy smoothing, and delayed policy updates.

1. Twin Critics: TD3 introduces the use of two Q-value estimators (i.e critics) instead of a single critic as
in DDPG. This helps mitigate the overestimation bias problem by taking the minimum Q-value estimate
from the two critics during both policy evaluation and target Q-value estimation, which reduces the
impact of overestimation [70].

2. Target Policy Smoothing: TD3 mitigates the policy overfitting by applying clipped Gaussian noise to
the target actions during the computation of target Q-values. This noise, controlled by a smoothing
parameter, helps in regularizing the policy updates and prevents excessive determinism. This
encourages exploration, which helps the policy avoid converging to a suboptimal deterministic behavior.

3. Delayed Policy Updates: In TD3, the policy updates are performed less frequently than the critic
updates. Delaying the policy updates allows the Q-value estimates to stabilize and reduces the
interference caused by the noisy estimates [70]. This results more stable and reliable training.

These modifications allow TD3 to provide more accurate Q-value estimates and avoids the collapse of
the exploited policy. The target policy smoothing and delayed policy updates further enhance the training
process, preventing overfitting and promoting exploration, which leads to more robust and effective policies.

3.2.5. Soft Actor-Critic
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Figure 3.3: Architecture of Soft Actor-Critic, adapted from [27].

Soft actor-critic (SAC) is an enhanced version of DDPG designed for handling large continuous action
spaces [71], which was developed around the same period as TD3. Similar to DDPG and TD3, SAC
operates off-policy and utilizes experience replay and fixed (double) Q-networks to mitigate overestimation
bias. Furthermore, all three learn the Q-functions by MSBE minimization and update the target Q-networks
by Polyak averaging during the training. However, in contrast to deterministic policies of DDPG and TD3,
SAC incorporates stochastic policies to facilitate more effective exploration and prevent early fixation on
local optima. Moreover, the noise from the stochastic actor provides sufficient target smoothing, hence no
addition of clipped Gaussian noise is necessary.

To train the stochastic policy, SAC introduces the concept of maximum entropy, which involves optimizing a
trade-off between the expected return and entropy [71]. The entropy quantifies the level of randomness
in the policy and is defined by Equation 3.4, where a random variable z is retrieved from probability
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distribution P. This trade-off closely relates to the exploration-exploitation dilemma: higher entropy promotes
increased exploration. This potentially accelerates learning and helps to avoid prematurely converging to
an unfavorable local optimum.

H(P)= E_[-logP()] (3.4)
In entropy-regularized RL, the agent receives a bonus reward at each time step proportional to the entropy
of the policy at that time step. This additional bonus required the Bellman equation from Equation 2.10 to
be updated to Equation 3.5, where o > 0 is a temperature factor that determines the relative importance of
the entropy regularisation and thus controls the exploration-exploitation trade-off.

Q(s,0) = E_[R(s.a.5) +5(Q7(s'.a") + aH(mu(|s))]

— E_[R(s.a,5) +7(Q7(s',) ~ alog (my(d']s"))] (35)

The right-hand side of Equation 3.5 represents an expectation over future states based on the samples
from the replay buffer, and future actions, which are obtained from the current policy rather than the replay
buffer. To highlight this, the future actions will be denoted by &’, instead of a'.

Critic Learning
Once the samples of entropy-regularized Q-function are obtained, the MSBE loss for each Q-function Qy,
can be set up as given by Equation 3.6.

Lol0:D)= B [(Qo(s.0) ~y(rs,d)] (3.6)
Here, the target value y(r, s', d) is estimated by Equation 3.7, which considers the minimum value between
the two clipped target networks, while also incorporating the entropy term.

y(r,s',d) =r+~v(1 —d) (m{angi(s’, a') — alog ﬂ'w(&’|s’)> ,od ~mu(]s) (3.7)

In the original SAC algorithm, the temperature factor in Equation 3.7 was kept constant, which was observed
to result in brittle behavior [71]. Therefore, techniques that adapt this factor dynamically were suggested
[72], where the temperature factor is optimized by Equation 3.8 (with H representing the target entropy).

L(a,D) = —E [a(log (my(als) + H)] (3.8)

Policy Learning

The SAC policy aims, in each state, to take actions that maximize the Q-function including both the expected
future rewards and the expected future entropy (see Equation 3.5). However, as stochastic policies introduce
randomness in the action selection process, it is difficult to compute gradients with respect to the policy
parameters. Therefore, SAC uses a reparametrization trick, which decouples the randomness from the policy
parameters and transforms the sampling process into a differentiable operation. Specifically, a sample from
mo(-|s) is drawn by calculating a deterministic function of state, policy parameters, and independent noise
[71]. For example, the original work on SAC uses a squashed Gaussian policy, which means that samples
are obtained according to Equation 3.9. In practical implementation, reparameterization is facilitated by
automatic gradient calculation tools like PyTorch [73].

a(s,€) = tanh(p,(s) + o, ©€), €~ N(0,1) (3.9)

The tanh function here acts as a squashing function, which means that it ensures that actions are bounded
to a finite range. The operator © represents an element-wise product of two vectors.

Merging the loops for training the critic, the policy and the temperature loss function defines the architecture
of SAC, which is visualized in Figure 3.3. A similar architecture was successfully applied to a continuous
flight control tasks, which will be further elaborated on in Section 3.3. SAC was also demonstrated to
outperform TD3 in terms of sample efficiency across various complex control tasks in a benchmark by
[56]. Furthermore, its ability to model the distribution of actions makes it an appealing architecture for
uncertainty-aware RL, thus it is particularly interesting for this research.
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3.3. Deep Reinforcement Learning for Flight Control
The idea of applying RL to flight control is not novel. Already in 2002, an adaptive critic controller was used
to control the full 6-DOF simulation of a business jet aircraft [74]. In 2006, a RL controller was applied to
perform complex maneuvers with an acrobatic RC helicopter [75]. This section provides a comprehensive
exploration of further applications of RL techniques in the context of flight control.

3.3.1. Definition of the Flight Control Problem
The fixed-wing aircraft flight control poses a highly complex problem with non-linear and highly-coupled
transition dynamics with 6 DOF. In general terms, the flight control problem can be defined by Equation 3.10.

&= flz,ut)+w~ flz,u)+w (3.10)

Here, the equation is simplified by assuming stationary dynamics within a short time frame, resulting in the
omission of the time variable ¢. The non-linear state transition function of the aircraft system is represented
by function f, which is modeled by equations of motion (EOM). To simplify the problem, function f can be
decoupled to separately represent the longitudinal and lateral dynamics with respective DOF. It takes the
aircraft state vector x € R™ and the control inputs vector v € R™ as inputs. Furthermore, the system noise
vector w € R™ was included to capture the unpredictable fluctuations or disturbances present in a system.

The aircraft state vector is represented by a position vector p = [z,y, 2]T € R?, a velocity vector v =
[u,v,w]T € R3, an attitude vector described by Euler angles [¢, 6, |7 € R? or quaternions [q1, 2, g3, q4] € R,
and angular velocity vector w = [p, q,7]T € R3. The velocity vector is usually represented by a polar notation,

with a magnitude of V = || and aerodynamic angles « = atan (£) and 3 = atan (ﬁ .

The primary control of a 6 DOF fixed-wing aircraft is usually provided by control surface deflections and
thrust settings. Therefore, the control input w in its simplest form can be represented as v = [d., 04, 0., 5t]T,
where the respective components correspond to the elevator, ailerons and rudder deflections, and the thrust
setting. In a high-fidelity model, these inputs should be complemented by secondary control inputs, such as
flaps, slats, spoilers, and other subsystems affecting the aerodynamics of the aircraft.

Finally, a few adjustments need to be made to formulate the flight control task as an MDP. First, the
trajectory-tracking task requires to augment the system states with tracking errors with respect to desired
trajectories. Furthermore, not all states might be observable in flight, which results in a partially observable
MDP (POMDP). The actions a can correspond to the aircraft control inputs u, or can represent the command
control increment é.u to smooth out the control input (while including the actual control input u in the state
vector) [27]. Last but not least, the reward function can be formulated to be proportional to absolute (i.e.
R(s,a) o |1..f —z|) or squared tracking error (i.e. R(s,a) (Tref—g)g), where 7, s represents the reference
trajectory.

3.3.2. Challenges and Potential Solutions

The application of RL to flight control comes with several challenges that need to be addressed. This work
identifies three main challenges, each of which will be discussed separately together with the previous
attempts to resolve them. The contents of this section are condensely summarized in Table 3.1.

Table 3.1: Challenges in RL applied to flight control tasks and potential solutions.

Challenge Source of Concern Potential Solutions
Safet Uncontrolled exploration, SHERPA, SAC,
y simulation gap DSAC, Shielded RL, ...

Efficiency Curse of dimensionality HRL, SAC, ...
Explainability Black-box nature of RL DRX, SHAP, ...

Safety

Safety is a paramount concern in aviation and integrating RL into flight control systems introduces unique
challenges that must be addressed to ensure safe operation. First of all, RL algorithms rely on exploration to
discover optimal control strategies. However, free exploration can lead to physical damage or catastrophic
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failures if the environment is dangerous [76]. Furthermore, while a trained RL algorithm might perform
adequately in scenarios that were well represented by the set of training data and environments, real-world
scenarios may present novel and unforeseen situations. The learned policies may not generalize well to
these new scenarios, potentially leading to unsafe behavior [76]. For this reason, robust RL algorithms
are required. Furthermore, given the prevailing safety concerns associated with RL applications in control
settings, an entire research field known as Safe RL has emerged with the aim of addressing these challenges
[77]. This field can be divided into two different approaches. The first class of methods involve modifying the
optimality criterion with a safety factor, while the other class focuses on modifying the exploration process
to enhance safety through incorporating external knowledge or through the guidance of a risk metric.

The safety aspect of RL applied to flight control was aproached in several works. For example, in Safety
Handling Exploration with Risk Perception Algorithm (SHERPA) [76], a safety filter monitors a designated
fatal state space and guarantees that the agent avoids states with elevated associated risk. Over time,
the set of safe states expands as exploration progresses. This approach has proven effective in enabling
safe learning for the low-level flight control of UAVs. Alternatively, another work has shown that the SAC
algorithm can achieve robust flight control of fixed-wing aircraft and is capable of generalizing to unforeseen
failure scenarios [27]. For example, Figure 3.4 shows the response of a system experiencing a rudder failure
at a fixed angle of -15 degrees from the 10-second mark onwards. Despite the significant failure, the robust
controller manages to maintain stability by adapting its elevator and aileron positions, effectively neutralizing
the impact of large pitch and roll angle errors and exhibiting a performance similar to the non-failed case,
except for a persistently large sideslip angle error. The adaptive response (after 60s), trained on the failed
system, replicates non-failed tracking performance in pitch and roll angles, despite a large sideslip angle
error. These results were supported by another study, which has demonstrated the effective application
of SAC and TD3 in suppressing the occurrence of dangerous roll oscillations at high angles of attack in
flying-wing configurations, which reduces the risk of loss of control (LOC) [78].
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Figure 3.4: Altitude tracking with rudder stuck at -15° from t=10s. Red dashed and solid lines show
external and self-generated references, and green solid lines show control inputs. Robust control until
t=60s, adaptive control follows, adopted from [27].

Building upon SAC, a Distributional SAC algorithm was proposed for flight control tasks [28]. This method
was demonstrated to improve learning characteristics of traditional SAC by estimating the entire probability
distribution, which also allows for controlling the risk-taking behaviour. In a different approach a supplemen-
tary controller, known as a shield, is integrated with an offline DDPG controller [26]. The shield controller
is responsible for monitoring the flight path angle and providing recommendations for safe actions when
the system approaches a risky state space. Finally, Safety-informed Evolutionary RL (SERL) integrates
Deep RL with neuro-evolutionary mechanism, addresses safety by incorporating a safety-informed mutation
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operator and utilizing a critical buffer, directing exploration towards less sensitive regions [79].

Another safety challenge arises from the simulation gap. This refers to the disparity between the simulated
environment used for training RL agents and the real-world environment where these algorithms are
deployed [80]. Closing this gap by full online learning seems out of question due to the high safety risks
posed by exploration. Therefore, the RL controllers are typically trained offline before transferring them to
the real-world system. The simulation gap may result from various factors such as model errors, delays in
sensor measurements and control inputs, noisy or biased sensor outputs, and others. Therefore, robust
flight controllers are sought in research, which could handle such discrepancies. For example, a hybrid
SAC-IDHP was developed, which combines the previously discussed SAC, which offers high complexity
generalization power, with Incremental Dual Heuristic Programming (IDHP), which provides adaptive online
learning [81]. The SAC-IDHP was demonstrated to provide more adaptive control with lower tracking error
across all tested nominal and fault scenarios. For example, the tracking performance comparison between
SAC-IDHP and SAC only is displayed in Figure 3.5 for an aircraft with 90% reduced aileron effectiveness.
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Figure 3.5: Altitude tracking with 90% reduced aileron effectiveness from t=30s. Comparison of SAC-IDHP
(nMAE = 2.46%) and SAC-only (nMAE = 3.28%), adopted from [81].

Efficiency

High dimensionality of the state-action space for flight control tasks poses a challenge for efficient learn-
ing. What is more, exploring high-dimensional states becomes exponentially difficult due to the curse of
dimensionality. Therefore, sample efficiency is essential for successful RL flight controllers.

To mitigate the effects of the curse of dimensionality, Hierarchical RL (HRL) methods were proposed.
HRL decomposes the original complex learning task into multiple smaller RL problems. Subsequently, a
cascade of agents is implemented, where each agent is responsible for a specific problem [82]. This is
feasible through the concept of time-scale separation, where the dynamics of a system can be divided into
subsystems operating at different time scales based on their respective speeds of change. For example,
higher-frequency dynamics, such as fast rotations or transient behaviors, are typically considered to have
a shorter time scale, while slower dynamics, such as attitude control, have a longer time scale. In such
architectures, inner-loop controllers focus on faster dynamics and regulate specific aspects, while outer-loop
controllers handle slower dynamics and provide overall control and coordination.
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The applicability of HRL to flight control is evident, given the presence of both faster and slower dynamics
within the aircraft’s overall system. In fact, HRL has been used to improve the sample efficiency of an
F-16 RL-controller by defining a three-level learning structure of an F-16 controller [83]. It uses the options
algorithm, which uses predefined sub-policies that extend the agent’s action space, allowing it to perform
temporally extended actions instead of individual primitive actions. Another approach builds upon this work
by incorporating an auxiliary safety modification layer (SML) equipped with prior knowledge of the system
dynamics that corrects the actions to enhance safety [84]. A cascaded controller is applied also in the
aforementioned SAC, which uses separate controllers to control altitude and altitude of Cessna Citation 500.
The cascaded structure of this controller is visualized in Figure 3.6. HRL methods were shown to improve
the sample efficiency, but also led to difficulties in policy learning, inconsistent outcomes, and increased
number of hyperparameters.

ﬁT'

Figure 3.6: Cascaded SAC controller structure for altitude and attitude control, adopted from [27].
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Explainability

Deep RL algorithms often operate as black boxes, where the internal decision-making processes are
complex and not easily interpretable. The high-dimensional representations and non-linear mappings make
it difficult to understand how specific inputs lead to particular actions or decisions. Furthermore, interpreting
the learned policies becomes more difficult as the dimensionality and complexity increase. This opaqueness
hampers the ability to explain why a certain control action was chosen by an RL agent. In contrast, traditional
control systems often rely on explicit, human-readable rules or models that can be easily understood and
interpreted to ensure the system’s safety and reliability. This highlights the importance of explainability in
the context of verifying and validating the behavior of flight systems.

Addressing the explainability challenge in RL for flight control is an active research area. For example, a
Dominant Reward eXplanations (DRX) technique was proposed and applied to a longitudinal state-space
model of the Cessna Citation Il to produce straightforward and intuitive insights about the controller's
behaviour [85]. This reward decomposition technique attempts to attribute the deep RL agent’s behavior to
the specific components of the reward function that are most responsible for shaping its actions. Alternatively,
the method of SHapley Additive exPlanations (SHAP) was used to analyze the strategy learnt by an Actor-
Critic IDHP controller of the same aircraft [86]. SHAP assigns importance scores to input features, quantifying
their influence on the RL agent’s predictions or actions.

3.3.3. Alternative Dynamic Programming Flight Controllers

While classical RL is the main focus of this work, it is important to investigate alternative flight control
approaches rooted in dynamic programming (DP). This allows for comparison of different techniques that
can lead to identification of further benefits and limitations of the discussed RL methods, while it can inspire
novel ideas and techniques that can be incorporated into RL algorithms to enhance their performance.

Adaptive Critic Designs (ACD) are Approximate DP (ADP) methods that are perhaps the most prevalent DP
control alternative to approach autonomous flight controllers with the actor-critic architecture. These methods
aim to solve the DP problem by providing approximate solutions to deal with the curse of dimensionality.
ACD differ from traditional RL in terms of their emphasis on the separation of the critic and the actor [87].
The ACD’s critic’s role is to provide an evaluation or guidance to the actor, rather than directly influencing the
policy or value updates. The online adaptive nature of ACD and their focus on optimal control of continuous
dynamic systems makes them attractive for flight control applications.
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ACD encompass three main classes: Heuristic Dynamic Programming (HDP), Dual Heuristic Dynamic
Programming (DHP), and Global Dual Heuristic Dynamic Programming (GDHP). HDP is the simplest form
of ADP, where the critic estimates the state-value function [88]. To simplify the actor training, DHP improves
HDP by outputting the gradient of the value function instead of the value function itself, which renders the
back-propagation step unnecessary [89]. GDHP then combines these approaches by evaluating both the
value function and its derivative with the goal of enhancing the approximation accuracy [89, 90]. One of
the disadvantages of these methods is their dependence on accurate models of system dynamics. To
mitigate the model dependence, incremental counterparts of these algorithms (IHDP, IDHP and IGDHP)
were developed, which incrementally update and refine the model based on observed data and system
interactions. In addition to the aferomentioned SAC-IDHP, the application of ADPs in flight control has been
explored in various other studies. For instance, one study investigated the use of a combination of PID
and IDHP controllers for simultaneous altitude and roll angle reference tracking [23], while another study
focused on a full IDHP controller for altitude control in the presence of measurement noise and atmospheric
gusts [24].

Although incremental ADP (iADP) approaches perform well in terms of online learning and adaptation to
in-flight changes in the system, they often face challenges in generalization due to their reliance on local
linearization. Furthermore, the demonstrated effectiveness of iIADP methods is limited to scenarios with
few DOF and small state-action spaces. These two reasons hinder their ability to handle the full 6-DOF
flight control involving highly coupled dynamics and complex high-dimensional state-action spaces. This
is confirmed by the aforementioned research on full IDHP controller for altitude control, which resulted in
high failure rate of 24% [24]. Finally, the continual online learning behavior of iIADP methods poses safety
concerns, as they require continuous and varied range of inputs. Prolonged periods of low excitation can
lead to continually growing weights, which can destabilize the learning process and compromise the stability
and safety of the flight control system.

3.4. Conclusions

This chapter outlined the most prevalent state-of-the-art deep RL algorithms used in practice. The emphasis
was on model-free methods, as they are deemed to be more applicable for flight control tasks due to
their superior robustness to unforeseen scenarios as compared to their model-based alternatives. These
model-free algorithms were further divided into on-policy and off-policy classes. Policy optimization methods
learn a policy without explicitly evaluating the value function. However, they tend to require a large number
of samples to converge. This is solved by the off-policy Q-learning approaches, which enable efficient
reuse of experience data and allow for more sample-efficient learning. Actor-critic architectures merge
the favorable aspects of both classes and leverage the critic’'s value estimate to enhance the learning
capabilities of the actor. Algorithms such as SAC and TD3 have demonstrated exceptional efficiency and
performance when facing complex problems with high-dimensional continuous state and action spaces,
which makes them potentially suitable for flight control. This was proved by the previous applications of
RL-based flight controllers, as discussed in this chapter, hence RQ-M-1 was answered. Additionally, an
alternative research direction called Approximate Dynamic Programming (ADP) was reviewed, but it will not
be further explored in this work due to limitations such as low generalization power, limited scalability, and
safety concerns related to persistent excitation requirements. However, the online learning capabilities of
ADP methods make them intriguing for bridging the simulation gap in RL flight control problems.

Furthermore, the challenges of safety, efficiency and explainability were discussed, along with their potential
solutions in the flight control domain. Nevertheless, except for DSAC, these solutions did not explicitly
consider or model uncertainties in the decision-making. However, considering uncertainty can enhance
sample efficiency by enabling more informed decisions and improved robustness to outliers, which is the
aim of this research. Additionally, incorporating uncertainty information enables risk assessment and safer
control, while also facilitating explainability by providing justifications based on the agent’s confidence level
or uncertainty. Hence, the focus of the rest of this work will be on studying the uncertainty-aware algorithms.



Uncertainty in Reinforcement Learning

Traditional RL methods often overlook the inherent uncertainties present in real-world environments, which
can hinder their performance, safety, and interpretability. This chapter delves into the emerging field of
uncertainty-aware reinforcement learning, which aims to address these limitations by explicitly considering
and modeling uncertainties in the decision-making process. First, sources of uncertainty will be examined
in Section 4.1. Subsequently, Uncertainty-Aware RL methods will be explored in Section 4.2, where the
Distributional RL (Section 4.3) and Bayesian RL (Section 4.4) will be discussed in more detail. Finally, one
of these approaches will be selected for the following research phases in Section 4.5.

4.1. Taxonomy of Uncertainty
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Figure 4.1: The comparison of aleatoric and epistemic uncertainties is illustrated by the plot, with the data
points plotted as dots (adopted from [91]).

Uncertainty can be divided into two categories: aleatoric and epistemic. The difference between them is
summarized by Figure 4.1. Aleatoric uncertainty accounts for the fluctuating levels of inherent noise in the
data, whereas epistemic uncertainty represents the knowledge gap resulting from insufficient data.

Aleatoric uncertainty arises from the stochastic nature of the environment and the interactions within it [92].
Although it can be modelled and evaluated, it cannot be reduced. For instance, games like Chess have
no aleatoric uncertainty while games like Poker involve significant aleatoric uncertainty. In the context of
flight control, aleatoric uncertainty could include factors such as turbulence, wind gusts, sensor noise, and
system failures.

There exist three primary sources of aleatoric uncertainty in RL, one for each element of the MDP: stochastic
rewards, stochastic observations, and stochastic actions [92]. Stochastic rewards create irreducible
uncertainty in the true value function. Stochastic observations can arise from incomplete observations or
stochastic transition dynamics. Finally, when actions themselves are stochastic, the next state becomes
uncertain. Good examples are the stochastic policy algorithms such as PPO or SAC, which randomly select
actions from a distribution. While these sources of aleatoric uncertainty can be estimated and possibly
measured, they cannot be reduced like epistemic uncertainties. Nonetheless, it is important to be aware
of them. In particular, it is beneficial to distinguish between areas of high epistemic uncertainty and high
aleatoric uncertainty when training an agent. For example, an area of high uncertainty in the environment

47
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may need to be explored, but if the uncertainty arises entirely from aleatoric sources, it will not be effective
to keep visiting that area because there is no additional information to be gained.

Epistemic uncertainty (also called model or systematic uncertainty) arises from incomplete knowledge
or information. In contrast to aleatoric uncertainty, it can be reduced through acquiring more data for
learning or improving models [92]. In flight control, examples of epistemic uncertainty include inaccurate or
incomplete models of the aircraft’'s dynamics, insufficient data to estimate the RL parameters or to train the
neural network that approximates the value or policy function, and more. Epistemic uncertainty is naturally
connected to the challenge of effective exploration. Specifically, this uncertainty can be used to balance the
exploration-exploitation trade-off, allowing the agent to explore more in regions where it is uncertain about
the optimal policy and exploit more in regions where it is confident about the optimal policy. Nevertheless,
decreasing epistemic uncertainty is not always a straightforward task that can be achieved by acquiring
more data or through further training [92]. For instance, deep Q-Networks may encounter a decrease in
their performance over extended periods of training due to catastrophic forgetting. This refers to a situation
in which the agent forgets how to perform well in the early stages of the environment because it has been
primarily training on observations from later stages [93]. Therefore, it is not always the case that increasing
the training time will result in a reduction of epistemic uncertainty.

4.2. Uncertainty-Aware Reinforcement Learning Methods

Once various sources of uncertainty have been identified, the next step is to investigate how they are
tackled in the field of RL. While there are many different techniques for uncertainty-aware RL, this work
will focus on the most commonly used ones. Specifically, this paper will discuss the following techniques:
Count-based methods, Monte-Carlo dropout, Bootstrapping, Distributional RL, and Bayesian RL. Figure 4.2
provides a concise summary of these techniques.
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Figure 4.2: Summary of Uncertainty-Aware RL techniques

4.2.1. Count-Based Methods

Count-based methods are a class of exploration techniques that model uncertainty by keeping track of how
often each state or state-action pair has been visited [94]. The idea is to encourage the agent to explore
less-visited areas of the state or state-action space, which can lead to improved learning. For example,
in tabular RL, the visitation count for each state or state-action pair N(s, a) is maintained. Subsequently,
the exploration bonuses can be added to the Q-value or the estimated value of a state or state-action pair,
based on its visitation count. A common exploration bonus is the inverse square root of the count, as given

in Equation 4.1.
1
bonus(s,a) = f———— 4.1
(s,a) =P NG (4.1)
Here, (3 represents a positive scalar controlling the magnitude of the exploration bonus. This bonus is then
incorporated into the Bellman equation. For example, Model-based Interval Estimation with Exploration

Bonuses (MBIE-EB) [95] solve the augmented Bellman equation as given in Equation 4.2

V(s) = max | R(s,a) + vEgp [V(s)] + B !

acA VN (s,a)

(4.2)
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Related to these algorithms are the Upper Confidence Bound (UCB) algorithms. UCB algorithms are an
exploration strategy originally developed for multi-armed bandit problems, but they can be adapted for RL by
treating each state-action pair as an arm. For example, the UCB1 algorithm [96] adds an exploration bonus
based on the visitation count and a confidence parameter ¢ > 0 (which controls the exploration-exploitation
trade-off), as defined in Equation 4.3. Here, t represents the current time step. The agent then selects
actions according to the maximum UCB Q-value.

2log t

Ques(s;a) = Q(s,a) + ¢ N(s,a)

(4.3)

Count-based methods perform near-optimally in conjunction with tabular RL methods for solving small
discrete MDPs, but they cannot be applied in high-dimensional continuous state space scenarios (such
as flight control), since most states will occur only once [97]. Therefore, more recent work attempts to
generalize these methods to continuous and high-dimensional MDPs using function approximators. For
instance, in pseudo-count methods, the approximator is designed to model the underlying distribution of the
environment and to estimate the probability of a particular state being visited based on the agent’s past
experience [98]. The estimated probability is then used to calculate a pseudo-count value that is added to
the actual count for each state. An alternative solution is hashing, where state-action pairs are mapped to a
fixed number of counter slots [97]. More specifically, the hashing function takes a state-action pair as input
and produces a hash value, which is used to index into a fixed-size array of counters. When a state-action
pair is visited, its corresponding counter is incremented.

4.2.2. Monte Carlo Dropout

Monte Carlo Dropout (MC-Dropout) is a technique used to estimate uncertainty in ANNSs, including those
used in Deep RL. Srivastava et al. introduced MC-Dropout in 2014 as a regularization method [99], and
in 2016, Gal and Ghahramani showed that dropout can be also seen as an approximation of Bayesian
inference in deep Gaussian processes (see Section 4.4) [100].

Let an ANN approximate a Q-function Q(s, a; 8), where 6 is a vector of ANN parameters. To incorporate
MC-Dropout into the ANN, a fraction p of the neurons is randomly deactivated during training, effectively
creating a different sub-network for each forward pass. This resulting model of the Q-function can be then
represented as Q(s,a; 0 ® m), where m is a binary mask with the same shape as # and ® signifies an
element-wise multiplication.

To use MC-dropout for uncertainty estimation, NV forward passes with different binary masks m are performed,
and the resulting predictions are used to estimate the variance of the Q-value or policy probabilities. This
is summarized by Equation 4.4, where (s, a) is the mean predicted Q-value across all passes. The
variance can then be used as a measure of epistemic uncertainty in the Q-value estimate [100], and can be
incorporated into the learning process to encourage exploration and prevent overconfidence in uncertain
regions of the state-action space.

1 & _
o(5,0) = 7 D_(Qs.0,0) = Q(s,a))? (4.4)

t=1

Employing dropout techniques in ANNs for RL is often discouraged, due to the non-stationary nature of the
target distributions and the inherent risk of overfitting [92], yet it was used for uncertainty estimates [100].
Similarly, MC-dropout was used in a Double Uncertain Value Networks (DUVN) algorithm to estimate the
epistemic uncertainty while simultaneously predicting the aleatoric uncertainty over the return distribution
by having an ANN output the average of the Q-function (u = Q(s, a)) and its variance o [101]. However,
they achieved only modest empirical results. Alternatively, Uncertainty Weighted Actor-Critic (UWAC) used
MC-dropout to mitigate the effect of out-of-distribution (OOD) data in the actor-critic architecture by scaling
each the actor and critic errors by the inverse variance of the Q functions (i.e., by %) [102], so that
estimates with higher variance contribute less to the learning process. This approach showed improvements
mainly in the expert-replay experiments.

Bootstrapping
Bootstrapping aims to approximate a population distribution using a sample distribution [92]. It typically
involves an estimator ¢ and a data set D as input. To generate a sample from the bootstrapped distribution,



4.2. Uncertainty-Aware Reinforcement Learning Methods 50

Head 1
Shared Head 2

Input Network .e
Head K

Figure 4.3: Bootstrapped DQN Neural Network architecture (adapted from [103])

a new data set D is drawn uniformly from D with replacement until D and D are equal in cardinality. D is
then input to 1) to generate a bootstrap sample. The estimation of uncertainty is then straightforward. First,
an ensemble of N estimates (for example, of Q-value function) is generated by drawing N data sets D from
D, each of which is used to train the estimator v individually. Due to the difference in training data, the
output of each of this estimators might be different. Hence, an equation similar to Equation 4.4 can be used
to evaluate the variance representing the uncertainty.

Bootstrapping from heads entails multiple forward passes of only a subset of layers (i.e. the heads), whereas
performing MC-Dropout requires a full network pass for each repetition used to estimate the variance of
predictions. This results in significant differences in computational requirements, which might be the
reason why bootstrapping has received more attention in the RL literature [92]. For example, Bootstrapped
DQN was introduced as a method for efficient exploration [103], where bootstrapping is introduced by
modifying the traditional DQN ANN architecture. More specifically, this ANN consists of two parts - a shared
architecture and K bootstrapped heads that branch off the shared component independently. Each of
this heads is trained separatly on bootstrapped sub-sample D. The shared network acquires a unified
feature representation encompassing the entire data set D, which can bring notable computational benefits
while sacrificing some variety among its components. This architecture is visualized in Figure 4.3. As the
heads are selected for training in a uniform manner, they should ideally only coincide with each other once
they have all reached the optimal Q-function. Hence, the variance of the prediction of different heads is a
measure of epistemic uncertainty, which decreases over time [103].

Building upon bootstrapped DQN (BDQN), another approach replaced the vanilla deep-Q networks with
bootstrapped DQNs in model-based DDPG [104]. Their Model-assisted Bootstrapped DDPG demonstrated
efficiency gains of up to 15 times and generated significantly larger rewards on continuous control tasks such
as Reacher [105]. This exemplifies a prevailing pattern where incorporating available uncertainty-aware
techniques can produce tangible improvements in empirical results. Furtermore, improving upon both
BDQN and DDQN, a variant of DQN that utilizes K independent ANNs was introduced [106]. Unlike BDQN,
which only uses separate heads for each prediction, this study employs completely separate networks and
uses them for action selection (unlike DDQN, which uses separate networks only for target prediction). This
simple modification led to performance comparable to Rainbow (see Section 3.2).

Distributional Reinforcement Learning

Traditionally, RL frameworks rely on estimating the expected future rewards for a given state and action
Q(s, a), which are used to learn a policy that maximizes the cumulative reward over time. However, in many
real-world scenarios, the outcomes of actions are not deterministic, and there is inherent randomness in
the environment. Distributional RL (DRL) is a recent development in the field that aims to address this
limitation. Instead of only considering the expected value of future rewards, DRL use ANNs to learn the
entire distribution of possible rewards Z (s, a), providing a more complete and nuanced representation of
value [107]. This can help DRL agents make better decisions when facing uncertain environments and
risks associated with different actions, leading to more effective and robust behavior [108]. Moreover, a
recent study revealed links between DRL and the human brain, where the authors suggest that a brain
comprehends the potential future rewards as a complete distribution and not as a point value representing
the mean of stochastic outcomes [109]. This finding serves as an encouraging factor for the use of DRL in
various applications.

Several studies have demonstrated that using DRL can significantly improve learning performance and
increase sample efficiency [107, 110, 111, 112], although the exact reasons for these observations are
not fully understood yet [113, 114]. This improvement was empirically observed especially in control
settings with non-linear approximators [115]. Moreover, DRL allows for the use of risk-sensitive policies, by
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applying risk-distortions that can adjust the risk-tendency of the agent [116]. This characteristic makes them
interesting for the autonomous flight control applications, for which safety is imperative. Overall, the use of
DRL in flight control can help improve learning performance and enhance safety, making it a promising
area for future research. However, estimating a full distribution of returns instead of just a scalar value can
result in a more computationally expensive algorithm compared to traditional RL methods. Additionally,
the choice of the distributional approximation and the distance measure used to compare distributions can
have a significant impact on the performance of DRL algorithms [52].

Several algorithms have been proposed based on DRL, such as Categorical DQN (C-51), Quantile Re-
gression DQN (QR-DQN), and Implicit Quantile Networks (IQN). These algorithms differ in the way they
represent and update the distribution Z(s, a). For example, in Categorical DQN, the distribution of returns is
represented as a discrete histogram with a fixed number of bins (categories), where each bin corresponds
to a possible value of the return [107]. The probability of each bin is learned through interactions with the
environment. In contrast, QR-DQN represents the distribution of returns using quantiles [110]. A quantile is
a threshold value that divides the distribution into equal parts. For example, the median is the 0.5-quantile,
which divides the distribution into two equal parts. Finally, IQN learns implicit quantiles rather than explicitely
estimating pre-defined quantile values [111]. This enables IQN to adaptively capture the shape of the
underlying distribution, resulting in a more accurate representation.

Bayesian Reinforcement Learning

Bayesian RL (BRL) refers to any method of RL that incorporates the Bayesian statistics. All the other
methods discussed so far predict the underlying uncertainty solely based on the obtained data, without
making any prior hypothesis about it. In contrast, BRL takes a probabilistic approach by explicitly modeling
and updating beliefs about uncertain quantities. While the other approaches see the probability as the limit
in the frequency of occurrence as the number of samples goes towards infinity, the Bayesian approach
sees the probability as the measure of belief in the occurrence of events [117]. The Bayesian approach can
be summarized in the following four steps:

1. Specify a prior probability distribution.

2. Obtain data.

3. Update the prior distribution with the data by applying the Bayes’ theorem to obtain the posterior.
4. Analyze the posterior distribution, apply the results and return to step 1.

The prior mentioned in the first step is a subjective belief about a studied parameter. This prior distribution
can be either informative or uninformative [118]. Informative priors provide relevant information that
biases the estimated parameter towards specific values. In contrast, uninformative priors do not offer any
meaningful information and are generally used when there is little prior knowledge available about the
distribution of an estimated parameter. Informative priors help to constrain the range of possible values
for a parameter, while uninformative priors allow the data to drive the analysis with minimal influence from
prior beliefs. Common choice for the uninformative priors are normal distributions centered at 0 with some
standard deviation o [119].

The Bayes’ theorem from the third step is formally stated in Equation 4.5. Here, h represents a hypothesis
about some unknown elements (e.g. the model parameters, value function, policy, etc.), about which there
is some prior belief. D are some data (e.g. the history of previous state-action pairs) that are used to
update the belief about /. Following these definitions, P(h) represents the prior and P(D fh (D, h)dh
is the evidence. The probability distribution P(D|h) is termed the likelihood, which captures the aleator/c
uncertainty.Finally, the resulting P(h|D) is called the posterior.

P(D|h)P(h) P(D|h)P(h) P(D, h)

P(hD) = P(D) [, P(DIW)P(W)dW ~ [, P(D,h)dn’ (4-5)

Lastly, in the fourth step, the posterior distributions can be analyzed. This means that quantities such as
mean, median, variance, quantiles, and others can be derived and used, for example, for obtaining the action
performed by the flight controller. In fact, the statistics from the posterior allow for a principled optimization
of the exploration/exploitation trade-off, which can lead to higher sample efficiency [120]. Subsequently, the
posterior becomes the new prior and the steps are repeated. With more iterations and observed data, the
variance in the prior distribution is expected to decrease, indicating greater confidence in its mean value.
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In general, updating the posterior P(h|D) is typically a challenging task, as it involves computing the
normalizing constant given in Equation 4.6, which assumes that P(h) is parameterized by an unknown
parameter vector 6 in certain parameter space ©. Nonetheless, this computation can be alleviated by using
conjugate distributions, which are a class of distributions where the prior and the posterior belong to the
same parametric family [121]. Therefore, updating the posterior probability can be done using closed-form
expressions, as only the distribution parameters need to be updated [120]. Moreover, using conjugate
priors improves the interpretation, as it is easy to see how the parameters of the prior change after the
Bayesian update [121]. Examples of conjugate distribution classes include Beta and Dirichlet distributions
and Gaussian Processes.

/ P(D|I)Py(h)do (4.6)
(]

BRL can be split into two threads - model-based and model-free [120]. Model-free BRL focuses on directly
learning an optimal policy 7* or value function V* without explicitly modeling the environment’'s dynamics.
It relies on trial and error by collecting data from interactions with the environment and updating beliefs
about the optimal policy or value function using Bayesian inference. On the other hand, Model-based BRL
involves constructing a model of the environment’s dynamics, which captures the transition probabilities
T and rewards R associated with state-action pairs. It incorporates Bayesian inference to update beliefs
about the model parameters and then uses these beliefs to plan and optimize actions, aiming to find an
optimal policy based on the model’s predictions.

One notable model-free BRL approach is Bayesian Q-learning [122], which systematically optimizes the
exploration and exploitation trade-off by representing Q-values as probability distributions. This method
explores states more efficiently compared to standard model-free algorithms, albeit with higher computational
requirements. On the other hand, BOSS is a model-based BRL algorithm that maintains a distribution over
transition probabilities and rewards [123], using candidate policies sampled from the posterior distribution.
BOSS is sample-efficient and effective in complex environments, although its performance may be limited
by the size of the hypothesis space, the complexity of the environment model, and computational costs.

Other Methods

While this sub-section highlights some of the widely researched uncertainty-aware RL algorithms, it is
important to note that this list is not exhaustive. Many other approaches exist, such as the method of
Mavor-Parker et al. [124], which uses an ANN with two heads to produce the predicted mean and variance
of the next state. The network’s variance is a learned estimate of the aleatoric uncertainty, which is updated
using the Maximum Likelihood Estimation loss function. This method yields significant enhancements in
highly variable and stochastic environments. Moreover, the previously presented methods can be combined.
For instance, Hiraoka et al. have merged dropout and bootstrapped Q-values by incorporating several heads
with dropout layers [125], resulting in a more accurate approximation of epistemic uncertainty. The updated
Q-networks are used as critics with SAC, leading to much faster and significantly improved performance.

Synthesis

Each of these methods holds great promise in enhancing RL techniques for flight control. Unfortunately, the
limited scope of this work prevents a thorough evaluation of all of them, thus two methods were selected for
further assessment - Distributional RL and Bayesian RL.

The advantage of Distributional and Bayesian RL is that they explicitly model the whole uncertainty dis-
tribution by probabilistic models, while the other methods only approximate uncertainty through variance
or visit counts. Furthermore, Distributional RL became popular recently mainly due to its state-of-the-art
sample efficiency and asymptotic performance on a wide range of tasks and the ease of implementing
risk-sensitive policies [111]. Moreover, a distributional version of SAC was shown to improve the learning
consistency when applied to a flight control task [28]. On the other hand, the Bayesian method offers a
principled solution to the exploration-exploitation problem by optimizing actions considering uncertainty.
Both Distributional and (model-free) Bayesian RL can be utilized to approximate the uncertainty of the value
function. However, the techniques employed by each method to achieve this objective are distinct, offering
an intriguing opportunity for comparison and contrast.

4.3. Distributional Reinforcement Learning

Any DRL algorithm can be characterized by two aspects - the parameterization of the return distribution, and
the distance metric or loss function being optimized [52]. Moreover, the algorithm is often complemented with
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a risk-sensitivity mechanism. This section was written to explain the theory behind all of these components
and to analyze the suitability of DRL methods for autonomous flight control.

DRL replaces scalar value estimates with return (probabilistic) distribution functions, which requires a
redefinition of RL concepts like the Bellman Equation. Furthermore, when using return distribution functions,
it is crucial to choose an appropriate probability metric to measure the difference between distributions.
The choice of metrics is essential, as the distributional Bellman operator should be a contraction under
the chosen distance metric. This section highlights the core distributional RL methods that result from the
different ways the return distribution can be parameterized, the type of distance metric used, and the loss
function applied to the Bellman updates.

4.3.1. Distributional Bellman Equation

As discussed in Section 2.2, the Bellman equation provides a compact and efficient way of calculating

the expected value of a state in an MDP. The recursive nature of the MDP is leveraged to update the

value of a state based on the expected value of its successor states. This allows for a more efficient and

computationally feasible way of estimating the value of a state. In the DRL case, the Bellman Equation needs

to be adjusted to account for the distribution of the Q-function. In literature, the action-value distribution

function is usually denoted with Z and is defined by Equation 4.7.

Z(st,a) 23 7"t R(sp, ar) (4.7)
k=

t

where 2 indicates the equality by distribution, i.e. the probability distribution of the random variables on
both sides of the equation is identical.

Based on Equation 4.7, the translation of the Bellman Equation into distributional settings can be defined as
given in Equation 4.8. The distributional Bellman equation states that the distribution of the return Z(s,a)
is characterized by three sources of randomness - the reward R(s,a), the transition (s,a)—(s’,a’) and the
return of the following state-action pair Z(s’,a’). In the context of the theoretical outcomes, it is presumed
that these three measures are independent.

Z(s,a) 2 R(s,a) + vZ(s',a') (4.8)

s~ P("Sa a)7 an~ 7T('|S), a’ ~ 7T('|S/)

Equation 4.8 maps S x A into the space of action-value distributions with finite moments, Z, i.e. 7 :
S x A — Z. The space Z is formally described in Equation 4.9.

Z = {Z :SxA— PR) | E[|Z(s,a)|p] <o Y(s,a),p> 1} (4.9)

Finally, following the optimal policy 7* results in the definition of the distributional Bellman optimality equation,
as given in Equation 4.10. This equation can be applied to create DRL algorithms that utilize generalized
policy iteration to discover the best policy in model free settings.

Z(s,a) 2 R(s,a) +vZ (s’, argmax Ep r[Z(S, a’)]) (4.10)

a

s~ P("Saa‘)? an~ 7T*('|S), a’ ~ 77*('|S/)

4.3.2. Probability distribution distance metrics

Probability distance metrics are critical in measuring the similarity between probability distributions, which is
fundamental for DRL. Moreover, they can considerably influence the performance of the DRL algorithm
[52]. First, several mathematical definitions are required. Let the transition operator P™ : Z — Z be defined
with Equation 4.11.

P™Z(s,a) 2 Z(s',a') (4.11)
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Subsequently, using Equation 4.8 and Equation 4.11, the Bellman operator 7™ : Z — Z can be defined
with Equation 4.12.

T"Z(s,a) E4 R(s,a) +vP"Z(s,a) (4.12)
Moreover, the contraction mapping is defined as follows:

Definition 1. Let (M, d) be a metric space (where M is a set and d is a metricon M) and let f : X—X be
a mapping. Then, f is called a contraction if there exists a fixed constant 0 <h < 1 such that

d(f(z), f(y)) < hd(z,y), forall z,y € M

Kullback-Leibler Divergence

The Kullback-Leibler (KL) divergence (also known as the relative entropy) is a non-symmetric measure of the
dissimilarity between two probability distributions P and Q. It quantifies the expected amount of information
loss when using an approximation distribution @ to represent the true distribution P. Mathematically, the KL
divergence of two discrete probability distributions P and @ is defined in Equation 4.13, while Equation 4.14
shows the definition for the continuous case. The p(x) and ¢(z) are the probability density functions of P
and @, respectively.

(@
Dkr(P||Q)= ) P(z)log (4.13)
walr19) = 3 pto) 9 ()
PP Q)= [ sty tog (42 ) o (4.14)

The KL divergence is not a true distance metric, as it does not satisfy the triangle inequality and is not
symmetric: Dk (P||Q) # Dk r(Q||P) [126]. However, it possesses several desirable properties, such as
being non-negative and equal to zero if and only if P and Q are the same distribution.

The Cramér Distance
The Cramér distance (CD), also known as the Energy Distance, corresponds to the L,, distance for p = 2
[127]. This is mathematically given in Equation 4.15, where F' and G are cumulative distribution functions.

0o 1/2
De(F,G) = ( / (F(z) - G(z))? dx) (4.15)
The distributional Bellman operator 7™ is proved to be a contraction mapping in CD. Moreover, this metric is
the only L, distance metric that has unbiased sample gradients [127], meaning that the gradient estimates
computed using a subset of the samples are not systematically biased relative to the true gradients that
would be computed using the entire data set.

The Wasserstein Distance

The Wasserstein distance (WD), also known as the Earth Mover’s Distance, quantifies the "minimal work”
required to transform one distribution into another [128]. Here the "work” is the product of the distance
d(x,y) and the amount of mass transported from z to y. In contrast to the Kullback-Leibler divergence,
which solely quantifies the variation in probability, the Wasserstein metric considers the underlying geometry
between outcomes.

Given two cdf functions F and G defined on a metric space (M, d), the p-Wasserstein distance W, (F, G)
between F and G is the L, metric on inverse cumulative distribution functions, which are often referred to
as quantile functions [111]. The formal description of the p-Wasserstein metric is provided in Equation 4.16.

G) = (/01 |[F~!(z) — G—l(x)y”dx> v (4.16)

The distributional Bellman operator 7™ was proved to be a contraction mapping in the p-Wasserstein
distance [107].

Synthesis
All the studied probability metrics are summarized and formally defined in Table 4.1.
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Table 4.1: Formal definition of probability metrics used in DRL, adpopted from [52]

Probabilistic metric Mathematical Definition T™ contraction
KL divergence Dgr(P || Q)= [ p(z) log (%) dx X
Cramér distance De(F,G) = (ffooo (F(z) — G(z))? dm) i v
Wasserstein distance  W,(F,G) = (fol |F~Y(z) - G (a)|" dx)l/p v’

4.3.3. Distributional RL Algorithms

This subsection will provide insights into the most renowned DRL algorithms.

Categorical DQN

The categorical approach to the distributional representation follows upon the prior research on DRL, which
utilized a Gaussian parameterization for the return distribution and implemented the Q-learning or SARSA
frameworks to estimate distributions of value functions. The new approach allowed for the integration of
Distributional RL with deep RL principles, which was used by Bellemare et al. [107] by joining the categorical
representation approach with DQN architecture.

The value distribution function can be represented as a random variable with support on the set of possible
returns. The Categorical DQN algorithm discretizes this distribution into a fixed number N € N of atoms
within the predefined domain [V,,,;,., Vinae|. For instance, C51 is a version of the Categorical DQN algorithm
which uses 51 atoms [107]. Let {z;})Y, be a set of equally spaced atoms, where each z; represents a
possible return value. Mathematically, these supports are defined by Equation 4.17. Subsequently, the
value function is evaluated using an ANN architecture to obtain a vector of IV logits. This network is formally
described by a parametric model 6 : Sx.A — R™. In order to obtain probabilities, the softmax function is
applied to the final output of the network, as given by Equation 4.18.

Vmaa: - V;nin
N -1
0;(s,a)

2i = Viin +1- Az, where Az = (4.17)

e

Zop =1z WP. g(s,a) =y
Ej efi(s,a)

(4.18)

Discretizing the approximate distribution is a computationally efficient approach, but it requires an extra
step to align the supports, since they become disjointed between two Bellman updates. Hence, both
the Bellman update and the projection step are performed for each atom value. The Categorical DQN
approach also employs an e-greedy policy, similar to DQN [38, 62]. Furthermore, despite the availability
of distributional data, the C51 algorithm maximizes only the expected value, much like the nominal DQN
approach. Nevertheless, C51 surpassed the previous state-of-the-art by a large margin in a number of Atari
games, specifically on the Arcade Learning Environment (ALE). Consequently, the authors concluded that
learning distributions matters in the presence of approximations, as it can lead to higher sample efficiency.

Another significant theoretical advancements introduced in the C51 study was the verification that the
distributional Bellman operator is a maximal contraction of the p-Wasserstein metric between probability
distributions. However, the C51 algorithm did not apply this metric directly to establish the loss function.
Rather, it utilized the K L-divergence to measure the distance between the updated Bellman distribution, as
stochastic gradient methods generally cannot minimize the Wasserstein metric [127].

Quantile Regression

Dabney et al. [110] designed an improved framework that bridged the gap between Wasserstein-metric
theory and practical concerns, as described in the categorical approach. Their QR-DQN algorithm employs
quantile regression (QR) to estimate the Q-value distributions for each action at each state in RL tasks
by adjusting the return distribution stochastically, aiming to minimize the Wasserstein distance to the
target distribution. While the categorical approach parameterizes the distribution by optimizing NV variable
probability values at fixed locations, the QR approach optimizes the variable location of N fixed, uniform
probability values (i.e. quantile fractions). The discrete cumulative probabilities of the cdf are denoted by
T; = ﬁ fori=1,..., N. QR-DQN outperforms C51 by not being constrained to a predefined value range,
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while it also does not require any projection. The probability representation used in QR-DQN is discretized
by N Dirac §-function expressing the quantile targets, as expressed by Equation 4.19.

1 N
= 2> b (4.19)
i=1

Zy can be interpreted as a regular Q-Value that is calculated by averaging the estimated Dirac §(z) functions
(defined at locations =z € R) generated by an ANN. The Z, € Z function maps each state-action pair (s, a)
to a uniform probability distribution supported on {6(s,a)}.

Finally, QR is employed to minimize the 1-Wasserstein distance between the distribution at a given time step
t and the distribution that results from updating the Bellman equation. However, the quantile regression loss
is generally not smooth at zero, which could deteriorate the performance when using non-linear function
approximation [110]. Therefore, Dabney et al. propose to use a modified quantile loss, named quantile
Huber loss, given by Equation 4.20. This quantile Huber loss is simply the asymmetric variant of the Huber
loss, defined by Equation 4.21 [129].

pE () = |7 = Sucoy| Lulu) (4.20)

1,2 i
Lo(u) { gt Mul<x (4.21)
k(lu| — 3k) otherwise
Here, « determines the point at which the loss function transitions from the quadratic to linear behavior,
where the Huber loss is a squared loss in the interval [—k, k] and an absolute loss otherwise. u is the
temporal difference error (i.e. u = r+~6;(s’,a’) —0;(s, a). Hence, the quantile Huber loss for all N quantiles
can be defined with Equation 4.22.

N
TQR——ZZ Pr (r+~6;(s',a’) — 6;(s,a))] (4.22)

Subsequently, the action that is chosen for the next state is the greedy action with respect to the mean of
the next state-action value distribution, as given by Equation 4.23.

a' =argmax, =E. 7@ a7 (4.23)

Implicit Quantiles

Dabney et al.’s IQN method expands QR-DQN beyond training on a limited set of quantiles to encompass
the entire continuous quantile function of the return distribution [111]. In their method, the quantiles 7; are
first sampled from a uniform distribution U ([0, 1]), after which they are input to an implicit quantile network
(IQN). This results in a continues mapping between probabilities and return distributions.

The IQN is a deterministic parametric function that is trained to reparameterize samples from a base
distribution 7 ~ U ([0, 1]) into the corresponding quantile values of a target distribution. This network
comprises of several layers with different functions and it can be represented by a tuple (f, ¥, ®). ¥ is the
layer that encodes the state and ® approximates the values of N sampled quantiles 7. More specifically, the
sampled quantiles 7 are fed through a layer known as a cosine-embedding layer, as given by Equation 4.24.
Here, w are the weights of the network, b are its biases and C' are the embedding dimensions. Moreover, ¢
is the activation function, which can be ReLU as used by [111], although [116] suggests that the Sigmoid
function enhances the stability of the learning process.

c-1
pj(T) =0 (Z cos (miT)w;j + bj> (4.24)

=0

Finally, f takes in the product of an element-wise Hadamard multiplication (denoted with ©) of state
embeddings and the approximated values of 7, i.e. ¥ ® ®. The result of these operations is the quantile
function Z, given by Equation 4.25. This entire architecture is summarized in Figure 4.4, which assumes an
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(i + 1)-dimensional state space, an j-dimensional action space and the input of k£ + 1 quantile samples.
Z-(s,a) = f (¥(s), ¢(1)), (4.25)

Dabney et al. [111] then integrated the aforementioned network with DQN and trained the network using
off-policy TD-targets. There are several advantages of IQN compared to QR-DQN. First, it is a generalization
that is not contingent on the discrete number of quantiles, but instead relies on the size and training of the
network. This characteristic facilitates the tuning of the number of 7 samples used per update. Additionally,
the formulation provides a simple means of implementing risk-sensitive policies through the incorporation of
a distortion mapping to the uniform distribution that the samples are drawn from.

States s State Encoding

S0

[N

Sj [Z(s.a1; T0), -y Z(s5,81; TK)]

0

[-R-R-]

Tk
Quantiles Quantile Hadamard Return
T~ U([0,1]) Encoding Product Hidden Layers Distribution

Figure 4.4: The IQN architecture, as described in the work of Dabney et al. [111].

Fully Parameterized Quantile Functions

IQN could approximate the full quantile function only with an infinite amount of network capacity and an
infinite number of quantiles, which is impractical. The sampling method in IQN primarily aids in training the
implicit quantile network rather than approximating the quantile function. Therefore, it does not guarantee
better quantile function approximation than fixed probabilities in QR-DQN. The Fully Parameterized Quantile
Function (FQF) [130] addresses this by fully parameterizing the quantile function. In contrast to QR-DQN
and IQN, where quantile fractions are either fixed or sampled and only the corresponding quantile values
are parameterized, FQF jointly parameterizes both the quantile fractions and their corresponding quantile
values. This requires training two ANNSs in a joint manner to estimate the distribution of returns:

1. The Fraction Proposal Network (FPN) that outputs a quantile fraction set for each state-action pair.
2. The Quantile Value Network (QVN) that maps probabilities to quantile values.

In general, the FQF estimates IV adjustable quantile values for NV adjustable quantile fractions to approximate
the quantile function defined in Equation 4.26.

F ' (p)=inf{z eR:p< Fz(2)} (4.26)

A weighted combination of N Dirac functions is used to estimate the return distributions, as given by
Equation 4.27.

N—

Zp,r(x,a) = Z (Tit1 = Ti)00,(2,a) (4.27)

=0

[
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The FPN takes the state embeddings as the input and outputs N fraction proposals. However, the output
proposals need to be arranged in ascending order (i.e. 7,1 < 7;) and need to be confined in the interval
[0, 1], with 79 = 0 and 7y = 1. Therefore, a cumulated softmax layer is applied to sort the output proposals.
Specifically, if ¢ € RY is the output of the softmax layer, then ¢; € (0,1), i € [0, N — 1] and Zf.vzgl g = 1.
Defining r; as 7; = Z;;B g; fori € [0, N] then assures that ; < 7, for Vi < jand 7o = 0, v = 1.

The FPN is trained to minimize the 1-Wasserstein distance between the approximated and true distribution.
The self-adjusting fractions improve the accuracy of the true distribution approximation compared to fixed
or sampled fractions. Nevertheless, computing the 1-Wasserstein distance without bias is often infeasible
in practice, hence Yang et al. propose to minimize this metric by iteratively applying gradients descent to
the weights of FPN (without computing the 1-Wasserstein, see Equation 4.28).

ow
8er

Subsequently, the set of quantile fractions is forwarded to the QPN, which is simply the IQN presented
earlier. This network is then trained with the quantile Huber loss to map probabilities to quantile values.
Hence, this architecture can be represented as IQN with an additional fully-connected multi-layer perceptron
(MLP) layer embodying the FPN. The benefit of including the FPN layer in the IQN architecture to optimize
the quantile locations is depicted in Figure 10.1 and Figure 4.6.

= 2F;\(1;) — Fy Y (F; ' (%)) — F;'(#1_1) where # = % (4.28)
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1-Wasserstein error 1-Wasserstein error.

Summary
As mentioned, DRL methods are defined by the return parametrization and the distance metric. These two
aspects are summarized for the discussed methods in Figure 4.7 and Table 4.2, respectively.

Table 4.2: State-of-the-art DRL algorithms and their key characteristics, adopted from [52].

Algorithm Probability Distribution Representation Probability Metric
DQN Expectation (non-distributional) L1 metric

CDQN Categorical PDF KL divergence
QR-DQN Discrete Quantile Fractions Wasserstein distance
IQN Continuous Quantile Fractions (drawn from 1/([0,1])) Wasserstein distance
FQF Continuous Quantile Fractions (sampled by a DNN)  Wasserstein distance

4.3.4. Uncertainty Management in Distributional Reinforcement Learning
Replacing the expected returns with value distribution functions enables designing more sophisticated
strategies that take into account the entire distribution and facilitate the use of risk-sensitive policies. C51
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Figure 4.7: Different parametrizations of the return distribution, adapted from [111]

and QR-DQN have shown significant improvements in sample efficiency, learning stability, and overall
performance by approximating complete return probability distributions. However, both methods exclusively
utilized the distribution’s expectation for action selection, thereby neglecting the wealth of information stored
within the approximated distribution. The IQN architecture, on the other hand, allows for the application of
risk distortions, adjusting the level of risk aversion in decision-making by manipulating the distribution from
which quantiles are sampled. Specifically, convex risk distortion function will lead to risk-seeking policies,
whereas concave functions will lead to risk-averse policies. The policy then follows the expectation of the
distribution resulting from applying one of these functions to the sampling distribution. Four examples of
risk-distortion functions are presented in Equation 4.29 to Equation 4.32 [111].

CVaR(n,7) = nr (4.29) Wang(n, 7) = ®(® (1) +1n) (4.30)
1/(1+n| ifn>0
7 P - T ) "= 4.32
P = (r1+ (1+7)17) (*:37) ) {1 — (1 —=n)/(+D " otherwise (4.92)

The 7 represents a risk-tendency parameter and ® denotes the standard Normal cumulative distribution
function. In Wang and standard power formula (Pow), the sign of  determines the policy’s risk-sensitiveness,
where n > 0 leads to risk-averse behaviour for Pow and risk-seeking for Wang. Alternatively, Conditional
Value-at-Risk (CVaR) manipulates the risk-sensitivity by changing the sampling distribution from 7 ~
U ([0,1]) to 7 ~ U (|0, €]). Finally, Cumulative Probability Weighting (CPW) assigns higher weights to lower
quantiles and lower weights to higher quantiles, promoting risk-averse behavior. The choice of the risk
distortion and corresponding hyperparameters highly depends on the environment, although risk-averse
policies were observed to outperform risk-neutral and risk-seeking settings [111].

In exploring techniques to address uncertainty, Cheng et al. employed the lower Tail Conditional Variance
(TCV) of the learned return distribution as an estimate of aleatoric uncertainty, and applied exponentially
weighted average forecasting (EWAF)' to dynamically adjust the risk-tendency of CVaR according to the
estimated level of uncertainty [131]. Furthermore, Mavrin et al. [132] propose to further enhance the
efficiency of the QR-DQN by implementing two additional components - a decaying schedule to suppress
the aleatoric uncertainty and an exploration bonus from upper quantiles of the learnt distribution. Again, this
exploration bonus is applied through TCV, which is defined in Equation 4.33. This approach is also referred
to as optimism in the face of uncertainty.

TOV,(0) = Var(§ — 0|0 > x) (4.33)

The Method of Mavrin et al. significantly outperformed the original QR-DQN in Atari 2600.

TEWAF is a time series analysis technique that calculates a weighted average of past observations, with more recent observations
given greater weight than older ones, to predict future values.
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4.3.5. Distributional RL with Continuous Actions

The DRL algorithms described so far are value-based methods that derive their policies from the value
distribution. Like traditional value-based RL methods, it is challenging to apply these policies to high-
dimensional action spaces since an extra optimization problem is required to determine the best action. To
address this issue in continuous action spaces, actor-critic architectures can be employed. In this setup,
the critic estimates the complete value distribution function using a distributional approach.

For example, the Distributed Distributional DDPG (D4PG) algorithm has shown success in estimating rich
return distributions and solving complex continuous control tasks [112]. It incorporates a distributional
actor-critic framework, with notable improvements in sample efficiency attributed to the distributional
representation. Specifically D4PG uses Categorical DQN as a critic.

Alternatively, Distributional SAC (DSAC) was proposed [116], where an IQN critic was implemented in SAC
to improve its learning performance. Indeed, a DRL-based flight controller proposed by [28] was built upon
the foundation of DSAC, which was motivated by several factors. Firstly, combining a probabilistic view
over action (as SAC represent its policy as a distribution) with modelling the distribution of returns has been
demonstrated as highly effective in learning high-dimensional continuous control tasks [116]. Furthermore,
DSAC demonstrated improved sample efficiency when compared with the original SAC, TD3 and TD4, a
distributional version of TD3 [116]. Lastly, DSAC provides a comprehensive framework for incorporating
risk-sensitive learning within the distributional soft policy iteration architecture. These arguments render it
particularly intriguing for the present study as well.

The DSAC architecture requires the reformulation of the Bellman operator into its distributional soft version,
which is provided in Equation 4.34. In line with SAC, « represents the entropy temperature parameter that
controls the exploration-exploitation trade-off.

ThsZx(s,a) :2

R(s,a) +v[Z(s',d') — alog m,(d'|s)] | s ~P(ls,a),a" ~x(-|s) (4.34)
DSAC uses a distributional soft value network Z, (s, a; 0) as the critic and a stochastic policy network 7, (a/s)
as the actor. Akin to SAC, DSAC uses double networks parameterized by 60, k = 1,2 to overcome the
overestimation. Based on Equation 4.34, the TD error (between two quantile fractions 7; and 7;) used to
update the Z, estimates can be redefined as provided in Equation 4.35.

S =147 kmianZﬁ(s', a;0)) — alog m(a'|s'sw) | — Zs, (s, a; 0) (4.35)
Here, 7; ; = (7i; + Tit1,+1)/2, 0, is a parameter vector of the target quantile value distribution network
and w is a parameter vector of the target policy. Quantile regression is used to train 6 by minimizing the
weighted pairwise Huber regression loss of different quantile fractions, which results in the critic loss defined
in Equation 4.36 [110]. Like in SAC, the target double networks are then softly updated towards the current
networks using the Polyak step-size { to ensure training stability.

N—

Lz(0) ==Y (7is1 = 7i)Zx,(5,0;0) (4.36)

=0

—

Finally, DSAC provides a unified framework that can handle several risk functionals. Specifically, it uses a risk
measure function ¥ : Z — R, which is then used to define the risk soft action-value as Q" (s,a) = ¥ [Z(s, a)].
This means that the expectation of the (soft) action-value distribution Z(s, a) can be seen as a risk-neutral
measure function with ¥[-] = E[-], but ¥ can be also replaced by any of the risk distortion functions discussed
earlier. The distributional policy loss function accounting for the distorted action-value @, can then be
defined by Equation 4.37 .

Ly (w) =E[Qp(s,a,(s)) — alog my(ay(s)|s)] with Qp(s,aw(s)) =T -anZei (s, aw(s)) (4.37)
The described modifications to SAC can be added to Figure 3.3, which results in the DSAC architecture
visualized in Figure 4.8. Specifically, the critic was replaced by a distributional critic and a risk measure
function ¥ was added, which feeds the policy loss £, with a risk distorted expectation Q.
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Figure 4.8: Distributional SAC (DSAC) Architecture.

4.3.6. Applications of Distributional RL for Control

To conclude this section, several application of DRL in control and navigation will be briefly outlined.

The aforementioned theoretical work on DSAC applied to the attitude control of a jet aircraft demonstrated a
great potential for the application of DRL in flight control in uncertain environments [28]. This potential was
also highlighted by an application-oriented research, where QR-DQN was applied to control superpressure
stratospheric balloons in a station-keeping task [133]. The real-time distributional controller was shown
to outperform the balloon’s previous algorithm and to be robust to the natural diversity in stratospheric
winds. In another flight-control application, an Adaptive Risk-Tendency IQN (ART-IQN) is proposed and
deployed on a nano quadrocopter UAV, whose task was to learn to navigate in an a-priori unknown and
partially-observable cluttered environment. Within the ART-IQN framework, the agent’s risk-tendency is
dynamically adjusted based on estimated uncertainty, allowing for an adaptive balance between efficiency
and safety. A similar approach was also applied outside of the flight control domain, where an IQN-based
architecture learned adaptive policies that dynamically regulate their level of conservatism according to
the desired level of safety and comfort for passengers of an autonomous vehicle [134]. This decreased
uncomfortable safety interference in noisy environments as compared to DQN-based algorithms.

In another research, IQN was integrated into a multi-agent RL (MARL) to control a bus system and resolve
the bus bunching problem? [135]. The risk-sensitive distributional version of MARL showed improved
robustness in handling various extreme events, such as traffic state perturbations, service interruptions,
and demand surges, resulting in a more efficient and reliable system.

DRL proved to be effective in multiple robotics applications as well. For example, an algorithm called
Universal Distributional Q-learning (UDQL) was used in a stable steering policy for a robot-assisted flexible
needle insertion task [136]. Compared with previous methods, UDQL showed increased accuracy and
robustness to uncertain needle-tissue interactions, while providing distributional information to clinicians to
assist their decisions. Another research proposed a Quantile QT-Opt (Q2-Opt) for real vision-based robotic
grasping tasks. Q2-Opt demonstrated superior success rate and sample efficiency, while allowing for the
incorporation of risk-sensitive policies. Similarly, a proposed Risk-Conditioned DSAC achieved improved
performance and safety in partially observed navigation tasks when deployed on a navigation robot [137].
In another research on robust route planing for mobile robots, the proposed framework uses QR-DQN
to learn the environmental stochasticity, while it can use different policies based on user’s preferences

2Bus bunching refers to the phenomenon where scheduled buses, instead of maintaining regular spacing, end up arriving at a stop
or along a route in close succession due to delays or other factors.
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on route robustness. Last but not least, QRDQN was applied in autonomous driving in intersection
crossing scenarios, which resulted in enhanced safety in environments with inherent uncertainty about
other participants’ behaviors while avoiding too conservative driving [138].

4.4. Bayesian Reinforcement Learning

This section presents an overview of various BRL algorithms developed to address uncertainty and general-
ization challenges in RL. This work primarily adopts the BRL taxonomy proposed by Ghavamzadeh et al.
[120] as visualized in Figure 4.9, but it recognizes the existence of numerous alternative categorizations.
The algorithms are divided into bandit problems, model-based and model-free approaches, and risk-aware
extensions of these methods that incorporate uncertainty information in action selection. This categorization
does not capture all the possible BRL approaches, which is highlighted by the empty branch.

Multi-Armed Bandit (MAB) problems are a set of slot machines or arms with unknown reward probabilities.
The goal is to find an optimal strategy that maximizes cumulative rewards by balancing exploration of
different bandits and exploitation of the most promising ones. As these approaches are designed to solve
problems in discrete settings with small action and state spaces, they are not relevant for this work. However,
Thomson sampling will be discussed briefly to demonstrate the power of Bayesian approaches.

In model-based BRL, the prior information can be expressed over the parameters of the Markov model.
In contrast, in model-free BRL, the priors are expressed over the value functions or policies. This section
will emphasize model-free methods for similar reasons as discussed in Chapter 3. Finally, risk-sensitive
BRL methods are those that complement model-based or model-free BRL methods with some performance
criteria that take into account not only the expected return, but also some additional statistics of it.
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Figure 4.9: Taxonomy of BRL algorithms, adapted from [120]

4.41. Thomson Sampling

Thomson sampling (TS) is one of the most classical BRL algorithms designed to address the exploration-
exploitation dilemma for Multi Armed Bandit (MAB) problems using probability matching [139]. Let the
probabilities for the outcomes of the actions P(-|a) be parameterized by an unknown vector 8, which will be
denoted Py(-|a), and let P, represent the posterior distribution of 6 given the observations up to time ¢.
Subsequently, a value of 6 is sampled from Pt at each time step, which is then used to define a model
for selecting the optimal action. This model aligns the probability of choosing an action with the posterior
probability of that action being optimal based on the given 6. The outcome observation is subsequently
used to update the posterior distribution P,;.

The exceptional empirical performance of TS has recently garnered significant attention [120]. In fact, TS
has been known to achieve optimal and near optimal regret bounds in stochastic bandits [140] and MDPs
[141]. This has resulted in its adoption in multiple industrial applications, such as online advertising [120].

However, similar to other Bayesian methods, maintaining the posterior distribution of value-action functions
required by TS is generally intractable for tasks with high-dimensional state-action spaces [142]. As a result,
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TS has predominantly been applied to simple, low-dimensional applications. Various approaches have
been explored to address this limitation, such as using variational distributions as an approximation for the
posterior. For instance, Aravindan and Lee [142] developed a variational TS approximation for DQNs which
uses a DNN whose parameters are perturbed by a learned variational noise distribution.

Furthermore, although TS effectively minimizes exploration costs for identifying the optimal action, it may
not be suitable for time-sensitive learning problems. In such cases, prioritizing shorter-term performance
and identifying a satisfying action rather than the exact optimum becomes more practical. Algorithms that
explore less aggressively can outperform TS in these scenarios [143]. An example of such a situation in flight
control settings could involve an unexpected subsystem failure that alters the aircraft’'s dynamics, where
the primary focus would be on rapidly learning to maintain a safe and stable flight rather than optimizing
flight performance under the new dynamics.

4.4.2. Model-based Bayesian Reinforcement Learning

Model-based BRL methods maintain a posterior distribution over the environment model parameters. A
helpful perspective on this problem is to consider the parameters as unobservable states of the system.
This way, the MDP with unknown parameters can be framed as a problem of planning under uncertainty,
using the POMDP formulation. In the POMDP setting, the challenge of handling uncertainty with states is
addressed through the utilization of belief states b(s). For model-based BRL, this can be translated into a
belief about the model parameters b(9), which results in a so called belief-MDP representation [120].

Model-based BRL can be further divided into different approaches. First, offline value approximation
methods refer to the algorithms that aim to compute an optimal policy a priori for any possible state and
posterior. These methods include, for example, the Bayesian Exploration Exploitation Trade-off in LEarning
(BEETLE), which uses Bayesian techniques to optimize policy offline and then monitors the belief and action
selection online [144]. However, these methods are limited to small simulation domains [120]. Alternatively,
exploration bonus approximation methods employ the notion of optimism in the face of uncertainty, using
optimistic models of the MDP to guide action selection and gather rewards or gain information for improving
the model. These methods include algorithms such as BOSS (see Section 4.2) or Bayesian Exploration
Bonus (BEB), which adds an exploration bonus term in the value function [145].

The online near-myopic value approximation and online tree search methods update the Bayesian model on
an online step-by-step basis. The near-myopic approaches, including Value of (Perfect) Information (VOI)
methods [122], prioritize short-term rewards when making decisions. The primary drawback is that the
immediate value gained from information may offer only a narrow perspective on the potential information
benefits of specific actions. Instead, to choose actions based on a more comprehensive understanding of
model uncertainty, an alternative approach is to conduct a tree search within the hyper-state space [120].
Such algorithms incrementally search through a tree structure, with nodes representing different states and
priors, and edges denoting the transitions between them [146]. However, considering the emphasis of this
work on model-free offline approaches, further exploration of these methods will not be pursued.

4.4.3. Gaussian Processes

Gaussian processes (GPs) are one of the most favored prior choices in model-free BRL (discussed later
in Section 4.4.4), mainly due to their flexibility, interpretability, function approximation power and natural
uncertainty quantification. Furthermore, they model normal distributions, which are prevalent due to the
central limit theorem [147]. For these reasons, they have been also applied in many RL tasks (including
robotics and control) [148, 149]. Moreover, as a non-parametric approach, GPs belong to conjugate family
of distributions, which means that the prior and posterior distributions maintain the same functional form.
This allows for analytical calculations and closed-form updates, which heavily simplifies the calculation of
the integral in Equation 4.5 [120]. The theory presented in this brief introduction is primarily based on the
book Gaussian Processes for Machine Learning [150] and on the work of J. Gortler et al. [147].

The most common application of GPs is regression, where an infinite number of functions that could fit a
given set of training points exist. GPs address this issue by assigning a probability distribution to these
functions, with the distribution mean representing the most likely fit [150]. Moreover, taking a probabilistic
approach permits the incorporation of prediction confidence into the regression outcome. This characteristic
makes GPs an elegant solution for predictive modeling for BRL.

The basic building block of the GPs is the Gaussian distribution (also known as normal distribution). This
can be extended to multivariate Gaussian distribution for high-dimensional cases, which involve more than
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one random variable. To define the multivariate Gaussian distribution, two essential elements come into
play, namely the mean vector p and the covariance matrix . Each of the components of 1 describes the
expected value of the corresponding dimension ;. The diagonal of ¥ captures the variance along each
dimension o2, while the correlation between different random variables are described by the off-diagonal
elements ¢,;. By definition, the covariance matrix is always positive semi-definite and symmetric [151].
Mathematically, this can be expressed by Equation 4.38. Visually, an example of a multivariate Gaussian
distribution for two variables is presented in Figure 4.10.

T
X = [Xl,XQ,...,X,,} ~ N (1, ) (4.38)

I Covariance matrix ()
‘ 1.42 0.44
0.44 1.48

Figure 4.10: Two-variate Gaussian Distribution [147]

As discusses before, GPs are conjugate functions, which means that they are closed under conditioning
and marginalization [147]. This means that if a Gaussian distribution is conditioned or marginalized, the
resulting distribution will also be Gaussian, making many problems in ML tractable. To explain the concepts
of marginalization and conditioning, consider Equation 4.39.

X . Hx
(s

X X
P(X,Y) = XX XY

)

) (4.39)

Yvx Zyy

With marginalization, it is possible to compute the marginal distribution of the function values at a subset
of the input points, without explicitly considering the rest of the input space. This results in a lower-
dimensional Gaussian distribution over the function values of interest. For instance, the marginalized
probability distribution of random variables X can be determined as X ~ M (ux, X xx). To marginalize out
this probability density, it is necessary to consider all possible outcomes of Y that can jointly lead to the
result, as given by Equation 4.40.

Py (z) = / Py (z,y)dy = / Py (zly) Py (4)dy (4.40)

Conditioning is a method used to determine the probability of one variable depending on another. This
operation is the fundamental aspect of GPs, as it permits Bayesian inference. Mathematically, conditioning
is defined by equations Equation 4.41 and Equation 4.42.

X|Y NN(Mx—i—ExyE;;(Y—/,&y),ZXX —nyz;;Zyx) (441)
Y|X ~ N(/JY + nyz;(lx(X — /Lx), Zyy — nyz}&zxy) (442)

Now that the properties of Gaussian distributions were explained, the GPs can be introduced. First, the
transition from the continuous viewpoint to the discrete representation of a function is necessary. Rather
than finding an implicit function, the aim is to predict function values at specific test points X. Stochastic
processes, such as GPs, are fundamentally a set of random variables, with each variable linked to an index
i. In this description, this index refers to the i-th dimension of an n-dimensional multivariate distributions.
Moreover, the training data will be denoted as Y. The key idea of GPs is to model the underlying distribution
of X together with Y as a multivariate normal distribution. This regression problem is treated as Bayesian
inference, the idea of which is to update the hypothesis as new training data are obtained. As the resulting
posterior distribution P(X|Y") is also distributed normally, the goal is to find the . and ¥ of the posterior.
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When it comes to u, the GPs usually start by assuming ¢ = 0, which simplifies the equations for conditioning
[147]. This assumption can be made even if ;1 is not 0, as the true p can be added after the prediction
step. This rather straightforward process is referred to as centering. The tricky part is the covariance matrix
33, which determines the shape of the distribution and the characteristics of the function. This covariance
matrix is modelled with a covariance function k, which is also referred to as a kernel. The input to a kernel
are two points, ¢, t’ € R, while the output is a scalar value characterizing the similarity between these points,
as given by Equation 4.43.

E:R"XR" - R, ¥=Cov(X,X")=k(t1) (4.43)

Since the kernel controls the possible shape a fitted function can adopt, it is important to select it in such a
way that it produces a matrix that follows the properties of a covariance matrix. Figure 4.11 shows examples
of covariance matrices created with some of the most common kernels in GP and their corresponding
equations. Many more kernels are used in practice, such as squared exponential, rational quadratic, and
others [152]. Moreover, these kernels can be combined together by multiplication or addition to produce
more specialized kernels.
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Figure 4.11: Common kernels used in Gaussian processes [147]. Dark color signifies high correlation.

Kernels can be categorized into two types: stationary and non-stationary. Stationary kernels, like the RBF
kernel or the periodic kernel, are invariant to translations, and the correlation between two points relies
solely on their relative distance. On the other hand, non-stationary kernels, like the linear kernel, do not
follow this restriction and are dependent on a fixed location. The kernel’s stationary characteristic can be
seen in the diagonal bands of its covariance matrix, as seen in Figure 4.11.

To define the prior distribution P(X), 1 is initially set to 0, as discussed before. Subsequently, the kernel is
used to set up the X with the dimensions NxN, where N is the number of test points. Once the training
data are observed, the posterior P(X|Y') can be computed. In the first step, the joint distribution P(X,Y")
between the test points X and the training points Y is formed, which generates a multivariate Gaussian
distribution with dimensions |Y|+| X|. Subsequently, conditioning is used to find P(X|Y") from P(X,Y). The
P(X]Y) distribution forces the set of functions to pass through each training point precisely, which often
results in fitting unnecessary complex functions. Additionally, the training points Y have been assumed
to be perfect measurements thus far, but this is not a realistic assumption for real-world scenarios where
measurement errors or uncertainties are common. To address these issues, an error term e ~ N(0,?) is
added to each training point (i.e. Y = f(X) + ¢€). Hence, the joint distribution is modified to Equation 4.44.

X 0
Y] ~N(0,%) =N < [0 ) (4.44)

Conditioning also corrects the mean p' to a non-zero value. Subsequently, the marginalization is used to
extract the respective mean function value p and standard deviation o, = 3/, for the i-th test point. The
changes in the mean and covariance matrix after the inference are visualized in Figure 4.12 for two different
kernels. This figure also stresses out the impact of the kernel choice.

P(X,Y) =

Yixx Xxy
1Syx  Syy + 20
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Figure 4.12: Inference for Gaussian processes, adopted from [147]. The squares in the corner of the
graphs represent the corresponding covariance matrices.

Finally, the advantages and disadvantages of GPs can be summarized:
Advantages of Gaussian processes

v Approximation performance: As demonstrated by the examples in this section, GPs offer a highly
effective means of approximating arbitrary functions.

v Uncertainty specification: GPs capture uncertainty directly. This is not the case for many other function
approximators, such as neural networks [100].

v Sample efficiency: GPs are able to learn efficiently from very few observations [153].

v Fewer hyperparameters than ANN: GP typically have fewer hyperparameters to tune compared to
ANNs. Only The choice of kernel function and its associated hyperparameters (e.g., length scales I,
noise level) determines the behavior of a GP.

Disadvantages of Gaussian processes

X Computational time: Since GPs are non-parametric (although kernels introduce some hyperparame-
ters) they need to consider the entire training dataset whenever making a prediction. As a result, not
only must the training data be retained during inference, but the computational expense of making
predictions also increases as the number of training examples N grows. In fact, the GPs suffer from
cubic computational complexity O(N?3) [154]. This could be problematic for flight control, where quick
decisions are required, especially in unexpected events, such as failures. This issue can be party
mitigated by sparse GPs techniques such as Fully Independent Training Conditional (FITC) [155], but
it comes at a cost of limited expressivity, need of choice of inducing points, difficult hyperparameter
tuning and lower approximation performance.

X Scalability: GPs lose efficiency in high-dimensional spaces, i.e. in spaces with high number of features
[156]. Unlike ANNs, GPs cannot automatically learn relevant features and they rely on handcrafted
kernels to capture dependencies between input variables.

X Necessity of a prior: Incorporating predefined kernels can speed up the learning process, but it can
also be a disadvantage if the kernel selection is uncertain. For instance, predicting the structure of
the Q-function in a complex flight controller, with intricate flight dynamics, is challenging. As shown in
Figure 4.12, the kernel choice greatly affects the function shape. A poor kernel selection can lead to
slow convergence or even hinder it. On the other hand, estimators like ANNs offer more adaptability
by not relying on prior assumptions, albeit requiring a larger dataset for convergence.

X Assumption on a shape of the distribution: GPs presuppose a Gaussian distribution of uncertainty,
which may not align with empirical observations. For example, this assumption does not hold if the
outputs are strongly positive or bounded between 2 values.

4.4.4. Model-free Bayesian Reinforcement Learning

Model-free BRL methods typically maintain a posterior distribution over the policy or value function and
update it based on observed data, incorporating prior knowledge and updating beliefs through Bayesian
inference [120]. The following paragraphs will present a class of value function BRL called GP Temporal
Difference (GPTD) and two classes of policy search BRL, including Bayesian Policy Gradient (BPG) and
Bayesian Actor-Critic (BAC).

Similar to non-Bayesian methods, value function BRL extracts information about the value function from
the noisy samples of the reward signals. However, in addition to providing value estimates through the
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posterior mean, the Bayesian solution also gives the variance around this mean, which serves as a measure
of uncertainty for the value estimates. GPs prove suitable for this problem, which is why they are applied in
many model-free Bayesian approaches, such as GPTD and GPSARSA (which extends GPTD to state-action
value functions) [120]. GPSARSA models the return as a random variable Z(z) = }_,° 7' R(x:), expressed
as a sum of its mean Q(x) and zero-mean residual AQ(z), with the state-action vector x € X — S x A.
Subsequently, the observation process can be described by Equation 4.45.

R(z) = Q(z) —vQ(2') + [AQ(z) = 7AQ(2")] = Q(z) — vQ(2") + ¢(w,2") (4.45)

If ¢ is assumed to be 11D and Gaussian, it can be modelled as e ~ N(0,Y), with ¥ = Hdiag(o,,1)H" (where
o¢r1 represents a vector of variances for each ¢;). Assuming o to be constant for all ¢; simplifies ¥ to
¥ = o2HH”. This results in a complete data model for R(z), given by R(z) = HQ(x) + ¢, which can be
expanded to Equation 4.46.

R(zo) I — 0 - 0 Q(zo) €0
R(z1) o 1 - - 0 Q(71) €1
. =|. . . . . + . (4.46)
R(xi-1) o 0 - 1 —v Q(z¢) €t
Observable process Linear Transformation H Unknown Function ~N(0,2=02HHT)

Equation 4.46 follows the structure of GP likelihood model, y = f(z) + ¢, where both equations assume that
outputs R ~ y are noisy observations of a latent function Q@ ~ f. Therefore, Equation 4.46 can be directly
used for Gaussian regression. GPTD and GPSARSA methods improve upon the data efficiency of TD and
SARSA by departing from the contractive nature of Bellman’s equation [157]. Nevertheless, they suffer
from the GP’s disadvantages. For instance, they are computationally infeasible except for small and simple
problems [120, 157], hence they require additional online sparsification.

Alternatively, Bayesian Policy Gradient (BPG) methods refer to a class of RL algorithms that leverage
Bayesian inference and Bayesian quadrature (BQ) to estimate the gradients of the policy [120, 158]. These
methods aim to optimize the parameters of a policy by iteratively updating them using gradient information
obtained through BQ [159]. BQ is a numerical integration technique that uses a probabilistic approach to
estimate intractable integrals [160]. Hence, it can be used to approximate numerical integration under a
probability distribution using samples drawn from the same distribution. In the context of BPG, BQ can
be used to estimate the expected reward of a policy by integrating over the state-action space. This is
done by approximating the integrand with GP and then using BQ to compute the integral [158]. Despite
their sample efficiency, these methods also suffer from high computational complexity. Some recent works
attempt to mitigate this problem, such as Deep Bayesian Quadrature Policy Gradient (DBQPG), which
promises a computationally efficient high-dimensional generalization of BQ for policy gradient estimation
[158]. Furthermore, DBQPR demonstrated more accurate gradient estimation with a significantly lower
variance compared to Monte-Carlo methods and showed to be effective on a set of continuous control
benchmarks.

Another approach to reduce variance of the policy gradient estimates are Bayesian Actor-Critic (BAC)
methods, which combine the Actor-Critic architecture with Bayesian inference. The critic in BAC models the
action-value function as a GP, which allows the use of Bayes’ rule to compute the posterior distribution over
action-value functions, conditioned on the observed data [161]. BAC were shown to provide more accurate
estimates of the policy gradient than Monte-Carlo methods and BPG [161].

Furthermore, driven by SAC’s state-of-the-art performance and the benefits offered by Bayesian approaches,
recent research investigates the fusion of these two methods. For instance, an algorithm called PAC-
Bayesian Soft Actor-Critic (PACBSAC) provides an alternative for combining Bayesian methods with
actor-critic algorithms [162]. PACBSAC approach addresses the training instability in actor-critic algorithms
by using a Probably Approximately Correct (PAC) Bayesian bound? as the critic training objective. Another
research proposed a hierarchical strategy decomposition approach, which separates a complex policy

3PAC-Bayes provide an upper bound on the expected difference between the expected error of a Bayesian learning algorithm and
its estimated error based on the observed data. This is used to quantify the trade-off between model complexity, data size, and the
error in making predictions [163].
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into simpler sub-policies and organizes their relationships as Bayesian strategy networks (BSN) [164]*.
The proposed Bayesian soft actor-critic (BSAC) model integrates this approach into the soft actor-critic
(SAC) algorithm. Both of these novel methods demonstrate improved sample efficiency on the standard
continuous control benchmarks, making them interesting for flight control.

4.4.5. Risk Measures for Bayesian Reinforcement Learning

The methods discussed earlier only optimize the expected return of the policy, but the estimated uncertainty
can be also leveraged to minimize risk. The risk in this section refers to performance criteria that consider
not only the expected return but also other statistics of it, such as Value-at-Risk (VaR), Conditional VaR
(CVaR), etc. Furthermore, work on risk-sensitive BRL aims at addressing risk due to epistemic uncertainty,
as BRL methods offer a principled framework for evaluating this uncertainty by drawing several MDPs with
unknown parameters from the posterior distribution [120].

Percentile criterion, which is mathematically equivalent to VaR, is one of such risk measure. It involves
setting a desired risk level e with the goal of ensuring that the policy performs within this risk level or below
it with a probability of at least 1-¢ [166]. Unfortunately, solving such a percentile optimization problem is
NP-hard [166]. To improve the tractability, the individual percentiles can be replaced with a measure over
percentiles [167]. These approaches include CVaR, which quantifies the expected losses that occur beyond
the VaR threshold. Alternatively, a max-min criterion can be employed, the goal of which is to maximize the
performance under the worst realizable posterior transition probability [120]. However, it's conservative
nature may prevent it from exploration of potentially beneficial actions [168].

4.5. Conclusion

This chapter recognized two types of uncertainty - epistemic and aleatoric. Epistemic uncertainty arises
from a lack of knowledge, such as an incomplete aircraft dynamics model. This type of uncertainty can be
used to enhance the exploration-exploitation trade-off, improving sample efficiency. On the other hand,
aleatoric uncertainty originates from stochasticity in the environment, such as turbulence. Modeling aleatoric
uncertainty allows RL algorithms to make more informed decisions about risky or uncertain actions, leading
to more efficient exploration and exploitation, while improving robustness. This answers RQ-M-2.

Next, different RL methods capturing uncertainty were discussed. Count-based methods quantify epistemic
uncertainty through state visit counts, MC-dropout and bootstrapping capture epistemic uncertainty by
generating multiple stochastic predictions and assessing their variance, DRL directly learns the whole value
distributions to represent aleatoric uncertainty, while BRL updates probability distributions using Bayes’
rule to infer epistemic uncertainty in variables. This answers RQ-M-3a. Furthermore, DRL and BRL were
specifically selected for further evaluation to assess their applicability in the context of flight control. Now
is the time to assess the suitability of these two methods for the flight control task, ultimately determining
which one will be the focus of further practical research. More specifically, DRL will be compared with
model-free BRL, as both these approaches can be used to represent uncertainties around Q-functions.

While both DRL and (model-free) BRL can handle continuous Q-functions, DRL focuses on estimating
the distribution of Q-values directly, whereas BRL focuses on learning and updating posterior distributions
through Bayesian inference. The posterior distribution over the value function or policy in BRL methods
naturally captures the full state of knowledge subject to the chosen parametric representation, hence it
provides a principled approach to handle epistemic uncertainty. On the other hand, by representing the entire
distribution, including its spread and shape, DRL algorithms explicitly account for the inherent randomness
and variability in the RL problem. Therefore, DRL captures the aleatoric uncertainty in the limit, but the
intermediate distribution models both epistemic and aleatoric uncertainty [132]. It is possible to separate
these two kinds of uncertainty and use the epistemic uncertainty improve the exploration characteristics
[132]. Finally, given the propensity for randomness to emerge from diverse sources during flight, such as
turbulence or sensor noise, it makes sense to model aleatoric uncertainty within an RL flight controller.

The benefits and limitations of both approaches are summarized in a few bullet points below. For Bayesian
RL, many of them resemble these presented for GP, as GP are vastly used in model-free Bayesian RL.

Advantages of Bayesian Reinforcement Learning

v A principled way for exploration-exploitation trade-off based on the state of knowledge, where the

4Bayesian Networks are probabilistic graphical models that represent and reason about uncertain knowledge using a directed
acyclic graph and conditional probability distributions [165].
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actions are chosen to efficiently reduce the epistemic uncertainty. Together with a proper choice of a
prior distribution over the Q-values, this can enhance the sample-efficiency [122, 148].

v Assuming a prior on a value function facilitates regularization, as it prevents overfitting to a few data
points [161].

Disadvantages of Bayesian Reinforcement Learning

X High computational cost, especially with increasing state and action space dimensions, which limits
the scalability [169].

X The choice of a prior impacts the performance of BRL. Selecting a prior that aligns closely with the true
underlying distribution facilitates efficient exploration. However, inaccurate informative or uninformative
priors can nullify this advantage and impact the quality of distribution estimates. Furthermore, it can
lead to intractable problems, bias the inference, and negatively affect the system as it undergoes
variations, such as faults [170, 171, 172]

X Despite of its elegance, BRL has not been widely applied in robotics or other autonomous tasks
[120] and there is a scarcity of dedicated resources (such as textbooks) that address its theoretical
principles [173].

Advantages of Distributional Reinforcement Learning

v Significantly higher computational efficiency.

v Considerably better scalability, as DRL usually uses function approximation techniques, such as DNN.
v Simpler implementation and fewer assumptions, as DRL avoids the specification of the prior.
v

Suitable for dealing with aleatoric uncertainty, which is prevalent in flight control due to phenomena
such as turbulence or noisy sensor measurements. This uncertainty information can then aid in, for
example, making risk-sensitive decisions.

v DRL has been studied and successfully applied in various continuous control tasks, including flight
control, and its theory is well-documented in a dedicated textbook [108] and other literature.

Disadvantages of Distributional Reinforcement Learning

X The epistemic uncertainty is not explicitly accounted for, although this uncertainty is useful forimproving
the sample efficiency by a principled exploration-exploitation trade-off.

X The understanding of DRL’s empirical effectiveness and the theoretical advantages it holds over
expectation-based RL is still limited [114].

Considering the advantages and disadvantages, it can be concluded that model-free BRL, particularly
with a carefully selected prior, has the potential to improve the sample efficiency of an RL-based flight
controller. However, its scalability limitations make it impractical for utilization as a controller in continuous,
fully coupled 6-DOF complex flight dynamics. Additionally, its high computational demands may pose
challenges for real-time flight control. Moreover, finding an appropriate prior to accurately represent the
value function of the flight controller remains an open question. Deducing a prior over a state value function
(V) is believed to be simpler, as the definition of the reward function (for example, as a penalty proportional
to the discrepancy between the desired and actual states) could directly provide a mathematical basis for the
prior. However, the state-action value function (Q) presents greater challenges due to the inclusion of the
action component, which introduces complexities associated with the intricate flight dynamics and control
constraints. Consequently, resorting to uninformative priors becomes necessary, potentially diminishing the
advantage of improved sample efficiency that BRL offers.

Therefore, DRL appears to be more feasible for flight control. The disadvantage of this approach is that it does
not directly capture the epistemic uncertainty, which could be leveraged to improve the sample efficiency.
Nevertheless, just modelling the entire reward distribution instead of only its mean was empirically shown to
improve the sample efficiency. Although no conclusive theoretical explanations exist, it is hypothesized that
this improvements are due to the auxiliary predictions® of the ANN and the regularization effect of modeling
a distribution, which may reduce variance in predictions and improve optimization behaviour [115, 107].
Nevertheless, the current lack of comprehensive understanding of DLR renders it an appealing avenue for

5Auxiliary tasks are additional objectives related to the main problem that an RL agent can follow and observe from the environment
in a self-supervised fashion [174, 175]. DRL inherently incorporates these auxiliary tasks by learning the probabilities associated with
various returns, as opposed to focusing solely on a single value [107].
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further research, presenting an opportunity for valuable scientific contributions.

Finally, the combination of well-documented theoretical foundations and the successful application of
DRL in various continuous tasks, including flight control, encourages further exploration of this approach.
Furthermore, ample opportunities remain for enhancing this methodology, such as ensuring the monotonicity
of probabilistic functions. Consequently, the remaining focus of this research will be dedicated to advancing
Distributional RL aplied to flight control. This answers RQ-M-3b, which completes the answer for RQ-M-3.



Preliminary Analysis

This chapter explores the design, implementation, and testing of a preliminary DSAC framework. The
primary objectives are to gain practical insights into the application of uncertainty-aware RL to simple
control problems, verify the theoretical findings presented in the literature review, and evaluate the potential
adaptability of the DSAC algorithm for continuous environments, leveraging the insights presented in
Section 4.3. The preliminary analysis in this chapter also served as a crucible for developing and evaluating
innovative DSAC modifications, targeting enhanced sample efficiency. The detailed results, highlighting
potential improvements, are presented in the subsequent sections. Additionally, the chapter aligns with the
broader research goal by focusing specifically on assessing the practicality and feasibility of implementing
uncertainty-aware RL methods within the realm of flight control, as partly articulated in RQ-M-3b.

This chapter is organized as follows. First, a simple continuous control testing environment is outlined
in Section 5.1. Then, the algorithms employed in the preliminary analysis are detailed, starting with an
introduction of the DSAC algorithm implemented in this research, along with the accompanying pseudocode,
in Section 5.2. The novel UM-DSAC algorithm is described in Section 5.3, followed by the introduction of the
RUN-DSAC algorithm in Section 5.4. The chapter then proceeds to evaluate the feasibility of implementing
DSAC in the context of flight control, detailed in Section 5.5. The insights and findings of this exploration
are neatly summarized and concluded in the final section, Section 5.6.

5.1. Testing Environment

The algorithms will be tested in the LunarLander Continuous V2 environment designed by OpenAl Gym'.
This control benchmark is a simulated environment that aims to simulate the landing of a lunar lander
spacecraft on the surface of the Moon, inspired by the classic Lunar Lander arcade game. The environment
was chosen for its ability to furnish a continuous reward signal, transcending the complexity of classic
control tasks like the inverted pendulum, double pendulum, and cart-pole system, while remaining less
intricate than the MuJoCo tasks. As a result, its level of complexity is adequately high to effectively test the
algorithms, while avoiding excessively long computational times.

The goal of the agent in this environment is to learn how to control the three thrusters of a lander in order to
successfully land the lander on the lunar surface, taking into account factors such as gravity. The lander
and its task are visualized in Figure 5.1, together with coordinate system used to define the lander’s state.

The lunar lander operates in a two-dimensional, simplified simulation of lunar gravity. At the start of each
experiment, the lunar lander is randomly positioned at the top of the environment map. It starts with a
vertical orientation and zero initial speed. The landscape of the lunar terrain is also randomly generated.
During each moment of the test, the agent has access to its three thrusters to guide the landing. The
objective is to achieve a safe landing on the designated landing pad, which is identified by two yellow flags,
and crucially, the lander should have zero speed at landing. Each experiment is terminated after 1000
transitions regardless of the result. Finally, the LunarLander environment is deterministic, which means that
the outcomes of actions are completely predictable and do not involve any randomness or uncertainty.

5.1.1. State and Action Space
The state space determines various attributes of the lunar lander. Specifically, the state space is character-
ized by 8 variables, as summarized by Equation 5.1. These states are derived based on the coordinate

"https://gym.openai.com/envs/LunarLander-v2/ [Visited on 25/06/2023]
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Figure 5.1: The LunarLander Continuous environment and its coordinate system.

system presented in Figure 5.1, the origin of which is placed in the middle of the landing pad. Furthermore,
while the first 6 states are continuous, the last 2 states, booliest and boolyignt, are discrete. These Boolean
variables indicate whether the lander’s legs are in contact with the ground (1) or not (0).

x x-coordinate of the lander
y y-coordinate of the lander
x The horizontal velocity
state s U The .vertic.al Vfalocity (5.1)

0; The orientation in space
0, The angular velocity

boolet  Left leg touching the ground (Boolean)

booliignt  Right leg touching the ground (Boolean)

When it comes to the actions, the lunar lander can fire either its main engine (at its bottom) or one of
its lateral engines. Therefore, the actions can be divided into two alternatives, as given by Equation 5.2.
Additionally, it should be emphasized that the main engine is active only when ag > 0; otherwise, it remains
idle. Similarly, the right thruster fires only when a; < —0.5, while the left thruster activates when a; > 0.5.
Otherwise, both thrusters are set to idle.

5.2
a1 = Tiateral € [—1.0,1.0] The thrust value of the lateral engines (5-2)

action a { ag = Tmain € [—1.0,1.0] The thrust value of the main engine
5.1.2. Reward Architecture
The reward structure in the LunarLander Gym environment includes several components. Firstly, if the
lunar lander moves from the top of the screen to the landing pad with zero speed, it receives a reward
ranging from 100 to 140 points. Moving away from the landing pad incurs a penalty equal to the reward
that would have been gained by moving the same distance towards the pad. Additionally, there are extra
rewards of -100 points for crashing and +100 points for successful landings. Each step that involves using
the main thruster results in a penalty of -0.3 reward points due to fuel consumption. Finally, a +10 point
reward can be granted for landing with each leg on the ground. Generally, achieving an episode score of
200 or higher is considered a solution?.

5.2. The DSAC Algorithm

The DSAC algorithm used in this work is summarized in algorithm 1. In words, the algorithm commences
with the initialization of the network parameters, the temperature parameter ar, and the initial (pre-training)

2https://www.gymlibrary.dev/environments/box2d/lunar_lander/ [Visited on 01/07/2023]
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(s,a,r,s',d) transitions are collected from the environment and stored in a replay buffer D. The algorithms
proceeds to run for Neps episodes. Each episode executes Nyansiions (S, a,, s, d) transitions using the
current policy 7, (-|s).

For training the critic networks, two sets of quantile fractions are generated, one for the current and the
other for the target estimates of the value distribution. A new action is then sampled from the target policy
7w (+|s"), followed by the computation of the temporal difference error 5 for each quantile fraction pair. The
critic loss function Jz(6y) is subsequently evaluated, based on wh|ch the critic networks parameters are
updated. Target parameters are softly updated with a mixing coefficient (.

In the next step, reparametrized action samples a are drawn to calculate the expected return Q(s, a), which
is then used to calculate the policy loss function VJ(w). This then guides the update of the policy network
parameters, including a soft update for the target policy. Finally, at the conclusion of each episode, all the
freshly collected trajectories are appended to the replay buffer D, ensuring that learning continues to build
on the growing body of experience.

Algorithm 1: DSAC algorithm
Initialize replay buffer D
Initialize actor and critic parameters 61, 05, w
Initialize target parameters 0, < 6, 05 < 05, W + w
Initialize temperature ar
Collect initial trajectories 7 and store in the replay buffer D
for episode = 1 to Ngps do
for transition = 0 to Nyzns do
Collecta (s, a,r,s',d) transition using m,(+|s)
Sample a batch B from the replay buffer D
Generate quantile fractions 7,4 =0,..., Ny, 75,7 =0,..., N,
Sample o’ ~ 7y (+|s’)
fori=0to N, —1do
forj=0to N, —1do
i TitTi41
Yi = MiNk=12 Z:. 5(s’,a")
55] =7+ [y — arlog mg(a'ls')] — Zz, 0, (s,a), k = 1,2
end
end

Jz(0n) = 57 iy Yo (Tian — )%, (0F), k= 1,2
Update 6, W|th VJz(0k), k = 1,2 (using ADAM)
Update 6, + COx + (1 — )0, k—l 2

Sample new actions a ~ m,(+|s) with reparametrization trick
Q(S, (~I,) = 211161(7—1'-&-1 - Ti) mink:l-,QZﬂﬂk (37 d)

J‘n’(w) = Iog (7Tw(51|5)) - Q(Sa d)

Update w with VJ,(w) (using ADAM)

Update @ + (w + (1 — Q)w

end

Store the collected trajectories T in the replay buffer D
end

5.3. Unconstrained Monotonic DSAC (UM-DSAC)

Four algorithms were tested in the LunarLander environment and compared - SAC, DSAC with IQN and
randomly generated quantiles, DSAC with IQN and FQF for systematic quantile generation, and UM-DSAC.
SAC was chosen as a state-of-the-art reference for comparing against uncertainty-aware RL algorithms,
as it represents a well-established approach. In contrast, the uncertainty-aware DSAC was specifically
selected due to its remarkable potential for improving the sample efficiency. Specifically, the algorithm that
was implemented in this work is presented in algorithm 1. Nevertheless, as Seres [28] observed in his DSAC
implementation (based on the IQN architecture, but without FQF), the algorithm often output non-monotonic
distributions, especially during early episodes. It is hypothesized that maintaining monotonicity would allow
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the network to capture the underlying distributions more accurately, enabling more effective learning from
the available samples. For this reason, a novel algorithm, employing the Unconstrained Monotonic Neural
Network (UMNN, as described in Section 2.3) in the critic architecture, was developed to test this hypothesis
and named UM-DSAC.

The distinction between the original DSAC and UM-DSAC lies solely in the architecture of the neural
network employed for the critics. Both models utilize the same inputs, comprising states s, actions a,
and quantiles 7, and yield identical outputs, specifically the quantile function Fgl(T). In the case of UM-
DSAC, the traditional Quantile Multi-Layer Perceptron (MLP) neural network module is substituted with
the Unconstrained Monotonic Neural Network (UMNN) module. The UMNN draws inspiration from the
research conducted by Wehenkel and Louppe [51], as well as its subsequent implementation in the DQN
algorithm by Théate et al. [52]. Importantly, the underlying learning algorithm, detailed in Section 2.3,
remains unchanged.

The main reason for considering the UMNN s to force the monotonicity of the modelled quantile functions.
Formally, a UMNN establishes a continuous monotonic quantile function Fié(T‘S, a) : R — R as follows:

Fyo(t]s,a) = /0 9o, (T|s,a) dr + By, (s,a) (5.3)

where gy, (7|s,a) : R — R is a free-form neural network whose output positiveness is ensured through a
suitable activation function (such as ReLU or exponential), which is parameterized by 4. Furthermore,
the scalar offset parameter g is represented by another neural network parametrized by 3. Hence, the
parameters of the monotonic transformation are 6 = 8, U 6. The integration is then performed numerically
via Clenshaw-Curtis quadrature.

Conditioning NN

States

Actions
ao

o9
e

90(7,5,0) UMNN

Quantile

T

Figure 5.2: Architecture of an UM-DSAC critic network.

The architecture of the UM-DSAC critic network is illustrated in Figure 5.2 and comprises two primary
components. The first segment is a Feed Forward Deep Neural Network (DNN) that embeds both the
states and actions. The configuration of the hidden layers in this segment is aligned with those used in the
Quantile MLP embedding. The subsequent component is the UMNN, which is responsible for ensuring the
monotonicity of the output. This UMNN component can be further divided into two parts: the Integrand NN
and the Conditioning NN. The Integrand NN takes as input the state-action embedding and a quantile 7,
modeling the integrand gy, , which is subsequently numerically integrated. Conversely, the Conditioning NN
segment of the UMNN adjusts the integration result by supplying both a scaling parameter and the offset
parameter 3,,, contingent on the state-action embedding. This intricate process culminates in the final
output of the UMNN, which is the value of the quantile function for a given 7, denoted as F, ' (7).
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5.3.1. Hyperparameters

To ensure a fair comparison, identical hyperparameters were maintained for all the methods, except for
those that were specific to each method. The hyperparameters for SAC and both IQN and FQF variants of
DSAC were set based on the proposal by Ma et al. [116]. These values are presumed to have already been
extensively tuned. Nevertheless, it is worth noting that Ma et al. [116] conducted their evaluations exclusively
on MuJoCo environments. In these experiments, they utilized identical hyperparameters for all MuJoCo
environments, with an exception of the temperature parameter. Given that the Hopper environment is the
closest analogue to LunarLander in terms of state and action dimensionality, the temperature parameter for
the LunarLander experiments was inspired by this environment and set at 0.2. This value aligns with what
Ma et al. [116] employed for the majority of the MuJoCo environments they tested. Table 5.1 summarizes
the hyperparameters used for SAC, DSAC and UM-DSAC.

Table 5.1: Hyperparameters for SAC, DSAC and UM-DSAC.

SAC DSAC (IQN/FQF) Extra parameters
Batch size 256 Num. of quantile fractions (NV,) 32
Num. steps per epizode 1000 Quantile fraction embedding size 64
Min steps before training 10000 Huber regression threshold 1
Num. of epochs 300 FQF network hidden layers 2
Actor - hidden layers 2 FQF network hidden layer sizes  [128, 128]
Actor - hidden layer sizes [256, 256] FQF network output activation SoftMax
Critic - hidden layers 2 UM-DSAC Extra parameters
Critic - hidden layer sizes [256, 256] Embedding size 64
Optimizer Adam UMNN - hidden layers 1
Actor networks learning rate  0.003 UMNN - hidden layer size [128]
Critic networks learning 0.003 Number of integration steps 40
Discount factor 0.99
Target smoothing 0.005
Temperature parameter 0.2
Target update period 1
Replay buffer size 106
Non-linear Activation RelLU

5.3.2. Results

Several versions of DSAC were implemented and subjected to training within the LunarLander environment.
The comparative analysis focused on the following variants:

» SAC: The standard Soft Actor-Critic method,
* DSAC with Implicit Quantile Networks (IQN): Uses IQN to parameterize the quantile function,

» DSAC with Fully parameterized Quantile Function (FQF): Employs FQF to enhance the approximation
of the distribution,

+ UM-DSAC: Uses UMNN to parametrize the quantile function and enforce its monotonicity.

The learning performance of these methods is depicted in Figure 5.3. This figure illustrates the mean returns
of 10 independent runs (smoothed using a window of length 10) for each variant, with the shaded region
surrounding each curve representing the corresponding standard deviation.

It is evident from Figure 5.3 that all distributional methods surpass the standard SAC method in both sample
efficiency and consistency, displaying less variance. To probe the underlying causes of SAC’s inferior
performance and larger variance, individual runs were examined and presented in Figure 5.4. From this
analysis, DSAC runs can be categorized into two distinct groups: one group that learns at a relatively rapid
pace, reaching returns over 200 (considered a solution) within 300 episodes (or about 3 - 10° steps), and
a second group that learns substantially more slowly, failing to achieve positive returns within the same
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Figure 5.3: Comparison of the UM-DSAC learning curve with SAC and other DSAC variants: training
performance in the LunarLander environment.

learning frame. Despite the accelerated learning of the faster group, it still falls behind the performance
achieved by the distributional methods. The inconsistency in SAC’s learning could potentially be mitigated
through further hyperparameter tuning, although the existing settings are expected to have been finely
tuned by Ma et al. [116]. However, these hyperparameters were not specifically tailored for the LunarLander
environment, leaving room for potential performance gains through targeted tuning. Nevertheless, these
results are consistent with prior research on distributional RL, supporting the findings that modeling reward
distributions can enhance sample efficiency and diminish chattering, a phenomenon that might otherwise
obstruct policy convergence [107, 111]. Furthermore, the observed findings align with the results presented
by Ma et al. [116]. In their work, they too identified a notably enhanced performance of DSAC over the
traditional SAC method for most of the environments, as illustrated in Figure 5.5.

In the analysis of the distributional methods, it is observed that they generally converge after similar
numbers of steps. Although the FQF variant appears to speed up convergence initially, the IQN variant
catches up in the later stages, resulting in both methods achieving convergence in equivalent number
of episodes. The novel UM-DSAC algorithm, characterized by enforcing monotonicity from the onset of
learning, shows potential for some sample efficiency gains during the initial learning phases. However, as
learning progresses, it seems to be surpassed by both the IQN and FQF variants, eventually converging
slightly later than these two methods. Consequently, these findings suggest that the integration of DSAC
with UMNN does not confer any discernible advantage in terms of sample efficiency, thus refuting the
original hypothesis.

Furthermore, doubts arise regarding the accuracy of the quantile function Fz_l(T) approximations learned
by UM-DSAC. Figure 5.6 illustrates a quantile function learned by the DSAC algorithm, juxtaposed with
an example from UM-DSAC, presented in Figure 5.7. The DSAC-learned quantile function exhibits a
resemblance to an "S-shape,” characteristic of a normal distribution of Q-values for a given action-state
tuple. Yet, the lack of strict monotonicity is evident, though the divergence from monotonic behavior is
relatively minor, and interestingly, the monotonicity was observed to improve as the episode count increases.
Conversely, Figure 5.7 reveals that the UM-DSAC algorithm consistently approximates quantile functions
as linear lines, achieving monotonicity but at the potential cost of realism. This pattern persisted across
various architectural modifications of UM-DSAC and different hyperparameter combinations.

A linear quantile function implies a uniform distribution. In other words, for a specific action in a designated
state, all returns within an output range are equally probable. However, upon closer examination of various
samples of the modeled quantile function, it was observed that the range of quantile function values was
relatively narrow, becoming even more constricted as the number of episodes increased. Furthermore,
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Figure 5.4: Learning curves for SAC applied to the LunarLander environment.
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Figure 5.5: Comparison of DSAC learning curves with SAC and other state-of-the-art RL methods in
various benchmarks, adopted from [116].

when applied to an LTI short period aircraft control environment, a deterministic environment simpler
than the LunarLander and detailed later in Section 5.5,the linear quantile function’s range shrank further,
occasionally approximating a constant line. Such a pattern signifies a degenerate distribution focused at a
singular value. Consequently, the observed linear line for the LunarLander environment is hypothesized to
stem from the deterministic nature of this environment.

Another hypothesis was deduced after observing the results of Théate et al. [52], who combined the DQN
algorithm with the UMNN. The left graph Figure 5.8 shows the comparison between the quantile functions
learnt by the UMDQN algorithm for each of the actions in a specific state in the stochastic grid world
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learnt by DSAC (IQN) after 5 episodes. learnt by UM-DSAC after 50 episodes.

environment with the true underlying quantile functions. The stochastic grid world is visualized in the right
part of this figure, which consists of a 7 x 7 grid world with a prize and a trap at a certain location, while
both transition and reward functions are set stochastic. It can be seen that even that the learnt quantile
functions are perfectly monotonic, their accuracy is rather poor. Although these functions retain a slight
"S-shape”, they clearly lose the multimodality of the distribution, which can be seen mainly on the blue line
and they become more linear.
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Figure 5.8: Comparison between the quantile functions learned by the UMDQN algorithm (solid lines) and
the true quantile function associated with an optimal policy (dotted lines), as estimated via Monte Carlo
simulation for a specific state in the stochastic grid world environment (on the right), adopted from [52].

Théate et al. [52] sought to unravel the inconsistency in the learned quantile functions by attempting to
mathematically validate loss functions derived from various probability metrics. They successfully derived
proofs for both the KL divergence D, (utilized in modeling a PDF) and the Cramér distance D¢ (used in
modeling a CDF). However, a rigorous proof for the loss function based on the Wasserstein distance Ly
(detailed in Equation 5.4) remained elusive. Instead, a series of experiments were conducted which showed
that Equation 5.4 is likely an approximation of FT" 4~ While this approximation yields a random variable
with accurate expectation, it may result in inconsistent higher-order moments. It is worth noting, however,
that Bellemare et al. [107] established that the distributional Bellman operator 7™ acts as a contraction in
terms of variance.

Lw(TTZ(s,a), Z™(s,a)) = Wy(Frt . (1]s,a), F7 (1]s,a)) =~ W, (S]ET [r+yF 2 (r|s',7(s")] . Fz (7]s,a)

(5.4)
This finding presents a nuanced situation. If the goal is to accurately discern the probability distribution
of the random return for risk-aware policies, vital in safety-sensitive applications like aircraft control, this
approximation could present challenges. However, if the objective is merely to optimize policies to maximize
the expectation of the random return, this approximation might not pose any hindrance, as the learned
distribution retains the correct first-order moment.
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Therefore, it is posited that the expectation of the random return is accurately captured in Figure 5.7, though
the higher-order moments of the distribution may be imprecise. This conclusion underscores the need for
careful consideration of the particular requirements and constraints of a given application when selecting
the appropriate probability metric and loss function.

Nonetheless, the results obtained in this study bear a resemblance to those achieved by Théate et al. [52]
using their UMDQN algorithm. As illustrated in Figure 5.9, UMDQN’s learning of quantile functions with
a loss based on the Wasserstein distance (represented by a green line in the graphs) leads to slightly
enhanced sample efficiency in the early stages of learning. However, as the number of episodes progresses,
its performance declines, and other RL methods surpass this algorithm in terms of sample efficiency. This
observation lends support to the theory that enforcing monotonicity can bolster learning stability in initial
phases but does not necessarily accelerate convergence.

Despite these findings, the UM-DSAC continues to present valuable insights. As demonstrated, its learning
performance was comparable to the state-of-the-art DSAC methods in the LunarLander environment. In
contrast, the UMDQN-W algorithm struggled to learn in this environment, as evidenced in Figure 5.9. This
discrepancy suggests that UM-DSAC might still hold potential for further research, representing a promising
avenue of exploration.
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Figure 5.9: Comparison of UMDQN learning curves with other RL methods in various benchmarks,
adapted from [116].

Finally, the evaluation of the UM-DSAC algorithm revealed that its time complexity is significantly higher
than its counterparts. A comparison of computational time between SAC, DSAC with IQN, DSAC with
FQF, and UM-DSAC is provided in Figure 5.10. In the LunarLander environment, the SAC algorithm
required an average of 7.2s per episode. However, when transitioning from learning the expectation of
returns to modeling the entire returns distribution, a considerable increase in computational time was
observed. Specifically, DSAC’s average computation time was triple that of SAC, amounting to 21.3s, while
incorporating FQF to learn the optimal set of quantiles further increased the time to 37.1s per episode, more
than five times SAC’s average. The most substantial increase was seen with UM-DSAC, which required
233.8s per episode on average, a staggering 32.5 times more than SAC. Such computational intensity
renders UM-DSAC impractical for controlling more intricate systems, such as aircraft. The computational
time is expected to rise exponentially with the increase in the number of dimensions, reflecting the challenges
associated with the curse of dimensionality. This increased demand in computational resources for UM-
DSAC can be attributed to the underlying UMNN architecture, which necessitates the solution of an integral
for each of the two critic networks.
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Figure 5.10: Computational complexity comparison of SAC and different DSAC variants.

Several additional smaller experiments were carried out to explore ways to ensure the monotonicity of
the quantile function. One such experiment involved penalizing non-monotonicity in the loss function.
Regrettably, this approach had a significant negative impact on sample efficiency and gave rise to sub-
optimal policies. An alternative method to enforce monotonicity involves constraining weight and activation
functions. This approach, however, places limitations on the expressiveness of the transformations that
can be represented. For instance, imposing constraints on the signs of the weights is incompatible with
widely-used non-saturated activation functions, as it restricts the approximation to convex functions [176].

In a more experimental vein, an attempt was made to artificially enforce monotonicity by sorting the outputs
of the critic neural networks in ascending order. While it was anticipated that such a non-differentiable
operation might disrupt learning, due to alteration of the gradients used in backpropagation and the potential
for confusing training dynamics, the experiment surprisingly revealed that this method had virtually no
impact on the learning process. Eventually, it was concluded that the quantile functions learned by DSAC
already demonstrated acceptable levels of monotonicity from the early stages of learning, as corroborated
by Figure 5.6. Ultimately, it became clear that additional efforts to enforce monotonicity would likely result in
negligible improvements to sample efficiency, and potentially at the cost of substantial computational time.
Consequently, the focus shifted toward seeking alternative strategies to enhance the sample efficiency of
DSAC, rather than pursuing further efforts to ensure monotonicity.

5.4. Returns Uncertainty-Navigated DSAC (RUN-DSAC)

Due to the observed limitations of UM-DSAC in terms of sample efficiency and computational complexity
(which would be further pronounced when dealing with more complex systems like aircraft controllers), an
alternative approach was pursued to enhance the sample efficiency of DSAC. The fundamental premise
of UM-DSAC aimed to enhance learning stability by refining the accuracy and enforcing monotonicity
of quantile function estimations, especially during the initial learning stages. In contrast, the proposed
method introduced in this study, named Returns Uncertainty-Navigated DSAC (RUN-DSAC), alters the
decision-making process of DSAC’s actor to achieve superior sample efficiency. Specifically, the core
concept behind RUN-DSAC revolves around leveraging the additional information derived from modeling
the distribution of returns to enable more informed decision-making. This approach draws inspiration from
the work of Liu, van Kampen, and de Croon [131], where they utilized DSAC’s learned quantile functions
to estimate the right truncated variance (RTV) and subsequently used this metric to modify the quantile
function fed into the policy, thereby enabling adaptive control of risk tendencies. In contrast, RUN-DSAC,
introduced in this study for improved sample efficiency, uses the full returns distribution variance for a
comprehensive understanding of returns variability, unlike RTV, which mainly focuses on negative returns
and uncertainty in unfavorable outcomes.
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The guiding principle of RUN-DSAC capitalizes on the information embedded in the variance of a distribution
to inform the policy’s decisions. Notably, variance is an intuitive metric capturing the uncertainty, fluctuations,
fairness, and robustness of a decision. Furthermore, Bellemare et al. [107] highlighted that the distributional
Bellman operator 775, contracts in terms of second moment of the discounted returns, hence the convergence
in the value distribution space is indicative of a good estimation of variance. Therefore, although reservations
are raised in Section 5.3 concerning the accuracy of variance and higher-order moment estimations when
using a Wasserstein distance-based loss function, the continued exploration of variance as a metric for
quantifying uncertainty in returns within the RUN-DSAC framework is deemed justified.

To include the variance information in the the learning, the objective was changed from optimizing the mean,
U(Z) = E[Z], to optimizing a trade-off between mean and standard deviation, ¥(Z) = E[Z] + u+/V[Z].
Specifically, the Q-function is augmented according to Equation 5.5.

Qv (s,a) = Q(s,a) + pog (5.5)

The standard deviation o is approximated with Equation 5.6, where Q(s, a) is the expectation.

N—1
oQ = J Z(Ti+1 —73) [Z,,0(5,0) — Q(s,a)]? (5.6)

=0
1 is a coefficient that balances between the mean and the standard deviation in the objective.

When p is positive, the algorithm is inclined to favor actions that possess both a high expected return and a
significant standard deviation. This propensity translates into a preference for more explorative or potentially
riskier decisions, as it accentuates the importance of uncertainty. This approach might prove beneficial in
scenarios where thorough exploration of the state space is vital for uncovering optimal solutions.

Conversely, a negative p directs the policy towards more conservative or safer choices, effectively penalizing
uncertainty. Such a stance might foster more stable and predictable behavior, a trait that could be highly
valued in environments where safety is paramount. However, it's worth recognizing that an excessive focus
on reducing variance could stifle exploration, potentially leading to a convergence on suboptimal solutions.
Therefore, the selection of . must be undertaken with a careful consideration of the specific characteristics
of the environment and the objectives of the learning process.

5.4.1. Results

RUN-DSAC was assessed using two distinct configurations, corresponding to positive ;. and negative
. Specifically, i was designated as 1 in what may be referred to as the “risky” scenario and —1 in the
“conservative” scenario, with a linear diminishment to 0 across the first 100 episodes. This configuration
arises from an assumption that greater variance in returns is anticipated during the initial stages of learning
when the agent is relatively unfamiliar with its environment, compared to the more predictable returns
observed in later phases.

The corresponding learning curves of these RUN-DSAC strategies are depicted and juxtaposed in Figure 5.11
where each line represents the average of 10 runs, and the shaded regions denote the corresponding
standard deviations. From this comparison, it is evident that incentivizing the agent to explore state-action
combinations characterized by higher variance in returns facilitates a discernible enhancement in sample
efficiency throughout the learning process. This, in turn, enables the policy to converge more rapidly,
showcasing the potential effectiveness of this approach in promoting exploration without compromising
the integrity of the learning process. In contrast, penalizing variance, thereby inducing more conservative
policies, manifests as diminished sample efficiency and slower convergence.

In the context of the LunarLander environment, an emphasis on higher variance appears to foster more
explorative behavior, enabling the agent to uncover potentially superior paths and strategies. This explo-
rative emphasis may contribute to the discovery of more optimal policies, as evidenced by the accelerated
convergence observed. However, in a field that demands stringent safety considerations, such as flight
control, the priorities might shift towards achieving stable and predictable behaviors. In these contexts, the
encouragement of higher variance and associated exploration might introduce unwarranted risks. Conse-
quently, the optimal balance between exploration (represented by variance) and exploitation (represented
by mean) may differ across scenarios, and prioritizing state-action tuples with low variance might prove to
be more beneficial for learning performance. Thus, it becomes vital to meticulously tune and schedule the
parameter y in alignment with the specific requirements and characteristics of a given environment.
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Figure 5.11: Comparison of the RUN-DSAC learning curve with SAC and other DSAC variants: training
performance in the LunarLander environment.
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Figure 5.12: Computational complexity comparison of RUN-DSAC with SAC and other DSAC variants.

The time complexity of RUN-DSAC in comparison with SAC and other DSAC variants is detailed in
Figure 5.12. Specifically, the version of RUN-DSAC that encourages variance in state-action tuples required
an average of 26.3s per episode, while the version that penalizes variance took 27.6s on average. These
durations correspond to an increase of 23.5% and 29.6%, respectively, compared to the computational time
required by the IQN variant of DSAC. Furthermore, RUN-DSAC is still more efficient than the FQF version
of DSAC.

5.4.2. Conclusions

The experimental results detailed in Section 5.3 and Section 5.4 substantiate the theoretical insights
presented in Section 4.3, establishing that learning the entire distribution of returns, rather than merely their
expectation, indeed yields an enhancement in sample efficiency over previous state-of-the-art methods
such as SAC. These findings are particularly promising for this research’s primary objective: enhancing the
sample efficiency of RL methods utilized in flight control through uncertainty-aware approaches.

Initially, the DSAC method demonstrated substantial advancements in both sample efficiency and learning
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stability compared to SAC. Inspired by these improvements, two separate modifications of DSAC were
explored to further augment its sample efficiency. In the first approach, Unconstrained Monotonic Neural
Networks (UMNNSs) were implemented in place of Quantile MLP neural networks within the critics. This
aimed to enforce monotonicity in the learned quantile function, thereby hypothesizing an improvement in
early learning phases. Despite observing some initial enhancements in sample efficiency, the UM-DSAC
converged slightly later than the IQN and FQF variants of DSAC. Additionally, its excessive computational
complexity rendered it unsuitable for application in more intricate systems such as flight control.

In light of these limitations, a second approach, named RUN-DSAC, was formulated and examined. Unlike
UM-DSAC, which targeted the critic component of DSAC, RUN-DSAC focuses on the actor part, leveraging
the learned distributions to modify the policy. This modification either rewards or penalizes (depending
on hyperparameter selection) the variance in returns derived from the modeled quantile functions. The
implementation that rewarded high-variance yielded marked improvements in sample efficiency within
the Lunar Lander environment, all while incurring only a marginal increase in computational cost. Thus,
RUN-DSAC'’s uncertainty-aware strategy emerges as a viable and promising avenue for augmenting the
sample efficiency of RL-based flight controllers. This method’s potential applicability and effectiveness will
be further scrutinized and validated on a full-scale aircraft dynamics model in the subsequent phases of this
research.

The next part of this preliminary analysis will concentrate on assessing the feasibility of implementing DSAC
in flight control.

5.5. Aircraft Control

The main objective of this research project is to evaluate the uncertainty-aware RL controller using the
validated simulation model of the Cessna Citation || PH-LAB research aircraft. Therefore, a portion of the
preliminary analysis was dedicated to verifying the feasibility of implementing the proposed DSAC algorithm
on a simpler aircraft model. For this purpose, a simplified linear time-invariant (LTI) model of the Cessna
Ce500, inspired by Mulder et al. [177], was developed. Specifically, the state space model was designed to
approximate the short period motion of Ce500, with the aircraft trimmed at an airspeed of 59.9 m/s. This
implementation of the controller on the simplified aircraft dynamics serves as an introductory step towards
integrating RL into an aircraft controller, which paves the way for future implementations of the algorithm on
a more complex model of the Cessna Citation II.

Short period is one of the primary modes of oscillation an aircraft can exhibit. The short period motion
primarily involves the aircraft’s pitch rotation and is characterized by a rapid pitching motion around the
lateral axis. During the short period motion, the aircraft experiences a short-duration cycle of nose-up
and nose-down oscillation. To model this motion, a simple state space model was established. This
model contains two states, namely the angle of attack « [rad] and the pitch rate ¢ [rad/s]. These states are
controlled by a single continuous action input, the elevator surface deflection ¢, [rad]. These states and
action are visualized in Figure 5.13.

Figure 5.13: States and actions used in the Cessna 500 short period LTI model.

The state matrix A and the input matrix B are shown in Equation 5.7, with the parameters outlined in
Table 5.2. It is assumed that all the states are perfectly observable, hence C =T and D =0

Vv __Cgz, 2pe+Cz, Vv __Czs,
¢ 2puc—Cz, 2ue—Cz, ¢ 2p.—Czg
A= I , B= o (5.7)
Cas. He zZ - Mg,
v OMa+Czo st~ v OMatCOMa mi—o, ¢ v OMs Fa=da,
e 20 K2 & 2ucK2 c 2. K%
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Table 5.2: LTI short period model parameters for Cessna 500

Geometry & Trim Conditions  Stability & Control Derivatives

¢ 2022m Cy. -5.1600 C,, -0.4300
pe 1027 Cy, -14300 C,, -3.700
K2 098 Cz, ~ -3.8600 cmq -7.0400
vV 59.9mis Cz, -0.6238 C,, -1.5530

5.5.1. DSAC Flight Control

The controller aims to follow the «ef reference angle of attack signal. The base DSAC controller for the
Cessna Ce500 LTI short period model is depicted in the block diagram of Figure 5.14. The agent takes two
input signals - the absolute error between reference a,f and actual «, and reward. It then determines the
next elevator deflection §. within a specified range.

Regarding the reward function, it is negatively proporsional to the absolute « tracking error, as outlined in
Equation 5.8. Additionally, the reward is scaled with ==, where At is the simulation sampling time and
T, is the total duration of the episode. This term ensures the reward remains consistent across different
time settings. This reward is then multiplied by a tracking error penalty weight K. Scaling the reward
function is crucial in SAC-based algorithms since it is related to the policy’s temperature and it affects the
stochasticity of the policy, impacting the exploration-exploitation trade-off [71]. Improper scaling leads to
subpar learning outcomes: small scales result in uniform policies unable to exploit rewards, while large
scales lead to determinism and suboptimal minima. The reward scale is a key hyperparameter requiring
tuning, and its task-specific nature underscores its importance in SAC’s effectiveness.

R(s,a) = _KKemref — a (5.8)

q
""" Cessna [—>
Ciref Ce500 o

Figure 5.14: DSAC controller architecture for the « tracking in the Cessna Ce500 LTI model.

To train the agent for the Cessna Ce500 control task, a random training signal is generated at the beginning
of each episode. This signal comprises a sequence of random steps with amplitudes drawn from a uniform
distribution U ([-As, As]) [deg]. Each step block has a width of w; [s] and is slightly offset in timing to prevent
agents from exploiting any periodicity. Figure 5.15 illustrates an example of the randomized step sequence.

The controllers, once trained, are evaluated using a 3-2-1-1 pulse reference signal, depicted in Figure 5.16.
This specific signal was selected due to its standardized nature, facilitating straightforward comparisons of
the agent’s performance with other controllers. Additionally, its frequency sweep offers a comprehensive
range of frequencies within a single compact test maneuver. This characteristic is advantageous for
identifying system dynamics across different frequency bands.

The implementation of the DSAC agent for elevator control, along with its training and evaluation, necessi-
tates additional settings and hyperparameters. These are concisely presented in Table 5.3, including the
specific values employed in this preliminary analysis. The DSAC hyperparameters mirror those employed
for the LunarLander environment, detailed in Table 5.1. However, the architecture of the critic and actor
networks was changed to three hidden layers with 64 units each.

The results of training a DSAC agent on the LTI short period Cessna Ce500 model are displayed in
Figure 5.17. In the top-left graph, the learning curve is depicted. The bold line illustrates the average
performance across 10 trained agents, while the shaded regions indicate the standard deviation. The
learning plateaued in just 13 episodes, which can be explained by the simplicity of the problem.
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Figure 5.15: Sample of a randomized step-sequence « reference signal used in training the agent.
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Figure 5.16: A 3-2-1-1 test signal.

The graph at the bottom-left illustrates the mean of the five best performing policies, complemented by
its standard deviation. The policy is intuitive: for a positive error, where the actual value of « falls below
are¢, the agent opts for a negative action (the elevator deflects upwards) to align the aircraft closer to the
reference. For no error, the mean policy brings the elevator towards zero deflection. Furthermore, the
policy’s behavior resembles a linear controller within the error range of —5° to 5°. Here, a larger absolute
error corresponds to a more pronounced elevator deflection. Beyond this range, the policy consistently
reaches a peak negative deviation of —20° for positive errors and approximately 15° for negative ones.

In the top-right graph, the agent’s « tracking performance is illustrated, which is derived from a policy
that achieves the highest average return in the last 10 training episodes. While the trained agent adeptly
follows the reference aye, the aircraft’s response exhibits noticeable oscillations. Such oscillatory behavior is
undesirable. It not only subjects the aircraft's mechanical components to undue stress but also compromises
passenger comfort.

An oscillatory response often indicates that the control system is over-compensating for errors, which also
leads to unnecessary consumption of energy. This makes it imperative to examine the agent’s actions, as
illustrated in the bottom-right plot of Figure 5.17. It's evident that the agent maximally deflects the elevator
at the onset of a step. However, this causes an overshoot of the reference. To counteract, the agent
responds with a similarly forceful action in the reverse direction, and this cycle continues. This behaviour
characterizes a "bang-bang” control, marked by the elevator’'s sharp and rapid oscillations. Such frequent
switching between extreme states can lead to increased wear and tear on mechanical components of the
elevator and is also energy-draining. Furthermore, in some instances, the elevator changes the deflection
from 10° to —20° within the span of 0.01s, which is the simulation time step. However, such abrupt changes
in the elevator state might be feasible in reality. This behavior arises because there were no imposed
constraints upon the elevator rate Se.

To enhance the smoothness of the actions learned by the DSAC agent and bolster their practical applicability,
two distinct methods were explored and compared - Conditioning for Action Policy Smoothness (CAPS)
and elevator rate 6..
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Table 5.3: Additional training and evaluation settings and hyperparameters for the DSAC agent in the
Short Period LTI Cessna Ce500 environment.

Parameter Notation Value Unit
Temporal settings

Episode span Tiot 30.0 [s]

Sampling time step At 0.01 [s]
Reward architecture

Tracking error weight K. 1000 []

Tracking error weight K. 1000 [-]
Action bounds

Elevator deflection interval I, [-20.0, 20.0] [deg]
Training signal settings

Max. block amplitude A, 5.0 [deq]

Block width Wi 3.0+0.02 [s]

Num. of block levels Notock 7 [-]
Evaluation signal settings

Start time totart 2.0 [s]

Block amplitude As v 5 [deq]

”1” block width Ws,ev 3 [s]

5.5.2. DSAC Flight Control with CAPS

CAPS presents an effective regularization technique on action policies [178]. CAPS was previously
successfully used in a RL-based flight controllers in the works of Teirlinck and van Kampen [81] and Seres
[28]. It consistently enhances the smoothness of the state-to-action mappings in neural network controllers,
effectively eliminating high-frequency components from the control signal. Fundamentally, two smoothness
loss factors are integrated into the policy loss function:

1. Temporal Smoothness: This ensures consistency between subsequent actions, making actions at
time ¢t resemble those at time ¢ + 1:

Ly = |7 (s¢) = m(se41)]l2 (5.9)

where ||.||2 denotes the L, norm.

2. Spatial Smoothness: This ensures that actions are consistent for closely related states, mapping
similar states to similar actions:
Lg = |[m(s) — m(5)]2 (5.10)
where 5 ~ N(s,ocaps) is drawn from a normal distribution A/ (s, #) centered around s and ocaps is
usually based on expected measurement noise.

These CAPS terms are subsequently incorporated into the policy loss function as weighted losses, as
presented in Equation 5.11.
JAPS — J — ApLp — AsLg (5.11)

The CAPS regularization technique offers the benefit of fostering smoother control policies without adding
new states to the learning process, maintaining the problem’s inherent complexity. However, the inclusion
of two additional terms in the policy loss function could potentially disrupt the policy optimization, diminishing
its efficacy. Additionally, CAPS necessitates the fine-tuning of extra hyperparameters. Finally, while CAPS
enhances the practical application of RL-trained controllers, it lacks explicit constraints on the elevator rate,
meaning that the real-world applicability of controllers trained with this architecture is not guaranteed.

The additional hyperparameters that were used for the CAPS regularization in this experiment are summa-
rized in Table 5.4. The results of training a DSAC agent on the LTI short period Cessna Ce500 model are
displayed in Figure 5.19.



5.5. Aircraft Control 87

01 751 —— Reference
—. —50000 1 504 —— Trajectory
£ ~100000 _ 251
- (=]
] @
@ —150000 { Z 0.0+ ﬂgﬁ
=)} o]
g —2.5+
<>E —200000
—5.0 1 G
~250000 75 ]
0 20 40 60 80 100 0 5 10 15 20 25 30
Episodes [-] Time [s]
20 20
—_ =)
o @
3 S
= 10 <& 10
Q =
w o
= =1
g2 0 2 0
8 %
[ o
2 i
© -10+4 % —=10+
L >
[} @
w
-20 -20
=15 -10 =5 0 5 10 15 0 5 10 15 20 25 30
a error [deg] Time [s]

Figure 5.17: Learning and tracking performance of DSAC implemented on the LTI short period Cessna
Ce500 model.

Table 5.4: CAPS hyperparameters.

Parameter Notation Value Unit
Temporal smoothness weight AT 300 [-]
Spatial smoothness weight As 300 [-]
State perturbation standard deviation occaps 0.05 [-]

In Figure 5.19, the top-left graph demonstrates the policy’s still convergence within 13 episodes. The
influence of CAPS is prominently evident in the other three graphs. First, the bottom-right graph illustrates
that, as expected, the policy with CAPS closely mirrors the shape of its counterpart without CAPS, but with
a noticeably smoother profile. This enhanced smoothness can be attributed to the spatial smoothness
component, Lg, which ensures actions are consistent for similar states.

Shifting focus to the top-right graph, it highlights a significant enhancement in tracking performance. While
the aircraft response retains its oscillatory nature, the frequency of these oscillations is markedly reduced
from the baseline scenario. Impressively, the DSAC agent appears to more closely align the aircraft
response with the reference ays trajectory.

The bottom-right graph offers clarity on the dampened oscillations in the response. Observable are the less
pronounced oscillations in the elevator deflections, which approach their maximum deflection limits only at
the onsets of the reference steps. This not only optimizes power usage but also extends the lifespan of
the elevator actuators by reducing wear. However, it's evident that there are instances where the elevator
exhibits abrupt deflections, which could pose challenges in practical applications. Consequently, additional
tuning of the temporal smoothness parameter is required for optimal performance.

5.5.3. DSAC Incremental Flight Control

This work investigated an alternative smoothing technique that centers on regulating the elevator deflection
rate rather than its ultimate deflection. Consequently, the DSAC controller outputs . instead of §.. The
subsequent action is derived using Equation 5.12, where 4. denotes the current elevator deflection, 4/,
represents the next deflection, and At signifies a simulation time-step.

6! =840, - At (5.12)
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Figure 5.18: Learning and tracking performance of DSAC with CAPS implemented on the LTI short period
Cessna Ce500 model.

To accommodate this approach, the controller’s architecture was adjusted, as illustrated in Figure 5.19. It
now integrates the current elevator deflection as an added input, alongside the error and the reward. The
output is defined as Ad, = 5. - At, which, when combined with the existing elevator deflection, yields the
new deflection. This approach, where an elevation deflection increment is appended to the prior deflection,
is termed as incremental in this study.

This revised approach inherently guarantees the feasibility of the controller’s actions by limiting the elevator
deflection rate. Such a design allows for more nuanced control over the system. Instead of jumping to
a target deflection, the controller can make smaller adjustments, which might be more appropriate for
situations that require a gentle response. Incremental action can also bolster the control system’s stability,
especially in situations where the desired setpoint changes frequently or suddenly. This reduces the risk of
overshooting the target or inducing oscillations. Additionally, the predictability of the controller’s actions
is enhanced with this method due to smoother transitions, streamlining monitoring and troubleshooting
processes. Yet, this sophistication comes with its own set of challenges: the introduction of an additional
input amplifies the algorithm’s complexity, which may translate to higher computational needs and slower
convergence.

66 ¥ 56 +
~ q
DSAC Ab, T de Cessna [ >
Controller Ce500 | %,

Figure 5.19: DSAC controller for the « tracking in the Cessna Ce500 LTI model (incremental version).

The results of training a DSAC agent with incremental elevator control on the LTI short period Cessna
Ce500 model are displayed in Figure 5.20. The top-left graph indicates that the policy now converges
within 21 episodes. The policy is represented as a heat map in the bottom-left graph, reflecting the agent’s
decision-making based on two inputs. This visualization averages the five best-performing policies. Note
that the current action pertains to the elevator deflection rate 5. rather than the elevator deflection §.. The
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policy’s logic is evident: for example, given an initial elevator deflection of 0.0°, a positive tracking error
corresponds to a negative elevator deflection rate 4, (upward motion) and vice versa. Furthermore, the
boundary, where the elevator deflection rate transitions from positive to negative, varies with the initial
elevator deflection. For instance, when the « error is positive but is accompanied by a pre-existing negative
elevator deflection, contributing to error reduction, the « error must be larger to induce a negative elevator
rate. If not, the elevator deflection rate §. will remain positive even with a positive « error, serving to dampen
the aircraft’s response.

The damping effect is evident in the top-right graph of Figure 5.20, displaying the tracking performance
of the top-performing policy. The DSAC controller effectively mitigates the oscillations in the aircraft’s
response. However, this benefit came with a noticeable cost in « tracking performance. Compared to the
CAPS technique, the aircraft's response to steps is slower, and it struggles to meet the target «,f signal,
especially when ayf is negative.

The bottom-right graph showcases the elevator deflections . as the aircraft responds to the 3-2-1-1
reference o, signal. This representation exhibits significantly fewer oscillations compared to the other
two controller versions. This can contribute to smoother flight dynamics and potentially increased safety
and comfort for the aircraft and its occupants. Additionally, the elevator deflections peak at just 5.3°,
markedly below the maximum deflection of 20.0° observed with the other two methods. This implies reduced
mechanical stress on the elevator and its actuating components, potentially leading to longer component
lifetimes and reduced maintenance needs.
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Figure 5.20: Learning and tracking performance of DSAC with incremental elevator control implemented
on the LTI short period Cessna Ce500 model.

A comparative evaluation of the three methodologies is presented in Figure 5.21, highlighting the learning
curves of each approach. Observations reveal that both the CAPS and incremental techniques manifest
greater variance during the learning phase relative to the baseline method. This variance, however, tends to
recede upon policy convergence. Notably, a marginally elevated variance persists in the trained policy of the
CAPS technique relative to the baseline and incremental methods. A clearer visualization of this observation
is provided in Figure 5.22, which presents the distribution of the final scores across the examined variants.

In terms of convergence dynamics, the CAPS method parallels the original controller’s trajectory, underscor-
ing a consistent level of problem complexity across both methods. Conversely, the incremental controller
demands an extended span of 8 episodes to attain convergence. This observation is attributed to the
augmented problem complexity introduced by the incorporation of an extra input.

From a performance standpoint, the CAPS variant shows a modestly reduced final average return when set
against the other two methodologies, which can be also seen in Figure 5.22. This outcome is anticipated
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given that the integration of two supplementary parameters in the CAPS framework can potentially perturb
the native policy structure. Consequently, the resultant optimized policy may not achieve the performance
levels inherent to its non-augmented counterpart. Pivoting to the incremental approach, it exhibits a
marginally superior final average performance relative to the original method, which can be also observed in
Figure 5.22. This performance elevation is plausibly derived from the access to an enriched state information
set, facilitating the agent’s capacity for more nuanced decision-making.

Incorporating an additional state invariably introduces greater complexity, manifesting as increased compu-
tational time per episode. As evidenced in Figure 5.23, the incremental controller requires, on average, four
times the duration per episode compared to the CAPS variant. The escalation in time complexity, resulting
from the inclusion of an additional input, is likely to intensify as the problem’s dimensionality increases,
which is a consequence of the curse of dimensionality.
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Figure 5.21: Comparison of the learning curves of different DSAC flight controller variants implemented on
the LTI short period Cessna Ce500 model.
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Table 5.5 shows the normalized Mean Absolute Error (nMAE) for the tracking performance of the 3-2-1-1
reference oyt signal for each of the studied controller versions. The nMAE is calculated with Equation 5.13.

N
AMAE — & 2=t [Orefi — 0l (5.13)

(aref, max — Oref, min)

In Table 5.5, it’s evident that the DSAC integrated with the CAPS smoothing technique enhances the tracking
performance relative to the original version. Conversely, the incremental control leads to a diminished
tracking performance with the test signal, a trend also discernible in the top-right graph of Figure 5.19.
Intriguingly, this contrasts with the findings in Figure 5.22, where the incremental variant demonstrated
superior performance post-learning. One plausible explanation for this inconsistency is that the incremental
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model, due to its increased complexity, may have overfitted to the training data, whereas the simpler original
or CAPS designs might be more robust in this regard.

Table 5.5: nMAE for « tracking performance using a 3-2-1-1 testing signal for different controller variants.

Original CAPS Incremental
nMAE 10.07% 8.28% 15.78%

5.5.4. Conclusions

In summary, both the CAPS and incremental control techniques demonstrated enhanced smoothness in
elevator deflections and the corresponding aircraft response. The CAPS method further exhibited superior
tracking performance on the test signal without adding to problem complexity. Nonetheless, it still falls short
in ensuring the practical applicability of the learned policy as it does not explicitly cap the elevator deflection
rate 4., and it necessitates tuning for two supplementary hyperparameters. Conversely, incremental control
offers a rigorous limit on the elevator deflection rate 4,, guaranteeing refined control without the demand for
extra hyperparameter tuning. This advantage, however, is offset by the escalation in problem complexity
arising from the inclusion of an extra input, a factor that evidently impairs sample efficiency. The significance
of this drawback is anticipated to amplify with a surge in input dimensionality (e.g., in full aircraft control).
This escalation is attributed to the curse of dimensionality, wherein the computational space expands
exponentially with each added dimension. Moreover, despite achieving well-dampened oscillations and
minimal elevator deflections ¢, with the incremental controller, there was a discernible decline in tracking
performance on the test signal. Given the principal aim of this research, to enhance the sample efficiency
of RL-based control algorithms, the CAPS method was chosen for continued exploration in this study.

5.6. Conclusion

The outcomes and insights derived from the conducted experiments within the Preliminary Analysis har-
monize closely with the theoretical foundations laid out in the literature review. Significantly, the results
illuminated that a shift towards capturing the entire distribution of returns, as opposed to focusing solely
on their mean values, yields substantial enhancements in both the efficacy of sample utilization and the
stability of learning. This advancement notably surpasses the capabilities of established state-of-the-art
methodologies like SAC. Consequently, DSAC emerges as a highly promising avenue for uncertainty-aware
approaches, offering potential to elevate the sample efficiency of RL-based flight control systems.

Furthermore, novel variants of the DSAC framework were developed and evaluated to push the boundaries
of sample efficiency even further. First, an amalgamation of DSAC with the UMNN developed by Wehenkel
and Louppe [51] was explored. This architectural fusion demonstrated comparable learning performance to
state-of-the-art DSAC variants, while demonstrating a modest increase in sample efficiency during early
learning stages. However, this augmentation did not yield accelerated policy convergence in the later
phases, and the computational complexity associated with this approach impeded its applicability to intricate
systems such as flight control. Moreover, while enforcing monotonicity through UMNN showed promise
initially, the observed loss of monotonicity in the learned quantile functions raised concerns about their
accuracy. Interestingly, the original DSAC algorithm exhibited reasonable monotonicity in the quantile
functions from early stages of learning, indicating that enforcing additional monotonicity may not yield
substantial learning performance improvements.

Conversely, the introduction of the RUN-DSAC strategy, which anchors policy guidance in variance con-
siderations, showcased encouraging results in terms of sample efficiency and computational resource
utilization. This approach underscored the latent potential of harnessing uncertainty as a tool for refining
RL-based flight controllers. Consequently, the forthcoming research phase will entail the implementation,
training, and testing of the RUN-DSAC variant within the ambit of full-scale aircraft control scenarios.

Subsequently, the study delved into the feasibility of implementing the DSAC methodology in flight control,
specifically focusing on the angle of attack « tracking task using an LTI model of the Cessna Ce500 aircraft's
short period dynamics. The successful training and adept tracking of the reference oy signal underscore the
viability of DSAC’s implementation and training in flight control contexts. This chapter not only demonstrates
the feasibility of implementing and effectively training this RL algorithm within flight control systems, but also



highlights its potential to enhance the sample efficiency of prevailing state-of-the-art methods previously
employed in flight control. These findings lend robust support to DSAC’s capacity to contribute to the
solution of research question RQ-M-3. However, it was noted that the controller exhibited pronounced
oscillatory actions, yielding oscillatory responses. In response, two smoothing techniques were explored:
Conditioning for Action Policy Smoothness (CAPS) and incremental control. Both techniques succeeded in
enhancing the smoothness of elevator deflection actions. Notably, while incremental control imposed an
upper bound on elevator deflection rate, CAPS facilitated policy smoothness through the introduction of
supplementary terms in the policy loss function. Despite the lack of an explicit deflection rate constraint,
the CAPS approach was selected for continued exploration due to its non-increase in problem complexity,
thereby preserving sample efficiency.

The forthcoming stages of this research endeavor will capitalize on these pivotal findings, delving deeper
into the prospects of implementing DSAC within full-scale flight control scenarios, particularly focusing on
the dynamics model of the Cessna Citation Il aircraft.
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Additional Results



In-Flight Failure Robustness and
Generalization Evaluation

A comparative analysis was described in Part |, juxtaposing the performance robustness of SAC, DSAC,
and both Conservative and Risky variants of RUN-DSAC against system faults, unforeseen conditions, and
external disturbances. This chapter provides further detail on the time-response data corresponding to the
same analysis. To facilitate direct comparison, time histories of the traced variables were plotted using
identical reference signals. These supplemental results serve to extend the initial findings in Part I, thereby
enriching the understanding of the distinctions among the control policies generated by the agents.

As indicated in Table 6.1, the robustness analysis was divided into two distinct categories: Category F,
which simulates a range of in-flight fault conditions, and Category G, which evaluates the generalization
capability of RL-based flight controllers when facing flight scenarios they were not trained for.

Table 6.1: Comparative analysis of nMAE and standard deviation across thirteen scenarios for SAC,
DSAC, and RUN-DSAC algorithms. (R) stands for Risky, while (C) stands for Conservative. Bold values
represent nMAE significantly different from DSAC (p < 0.05).

Identifier Scenario SAC DSAC RUN-DSAC (R) RUN-DSAC (C)
NO Nominal 23.53+4.40 595+£1.15 9.36+2.48 3.95+0.42
F1 Ice Accretion on Wings  23.77+4.52  7.68+1.82 11.40+1.89 6.03+0.38
F2 CG Shifted Aft 25.494+3.66 7.81£1.16  8.72+2.71 5.321+0.96
F3 CG Shifted Forward 26.19+5.91 6.34+1.00 9.72+2.41 4.53+0.64
F4 Saturated Aileron 25.78+7.91 7.67+2.53 10.45+2.86 5.69+0.61
F5 Saturated Elevator 26.05+4.75 9.69+1.46 10.41+3.44 6.34+0.72
F6 Damaged Elevator 27.72+4.64 10.64+1.81 13.97+3.71 9.03+1.12
F7 Immobilized Rudder 40.06+6.32 34.40+2.97 35.66+1.85 33.31+£1.52
G1 Wind Gust 24.05+5.10 6.15£1.15 9.67+2.67 4.07+0.46
G2 Noisy Signal 26.07+3.55 6.10£1.15  9.33+2.32 4.17+0.86
G3 High Dynamic Pressure 29.91+4.15  7.38+£3.64 9.51+3.28 4.06+0.85
G4 Low Dynamic Pressure  31.18+4.32  9.23+1.41 10.81+2.26 7.46+0.50
G5 Stall 54.21+14.04 14.57+3.14 18.87+7.83 9.76+£1.70

NO: Nominal Condition

To set the baseline for comparison, the RL agents are first subjected to a test scenario consistent with
their training trim conditions, specifically at an altitude h of 2000 m and a true airspeed V;,; of 90 m/s. The
trajectory responses for this scenario are depicted in a series of figures: Figure 6.1 for the SAC agent,
Figure 6.2 for the DSAC agent, Figure 6.3 for the Risky RUN-DSAC, and Figure 6.4 for the Conservative
RUN-DSAC.
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In the analysis of the SAC agent’s response (Figure 6.1), the agent exhibits limited efficacy in tracking the
three reference trajectories, as indicated by significant deviations and high variability in signal responses,
which can be also concluded from Table 6.1. Such subpar performance aligns with the SAC learning curve,
as discussed in Part |, characterized by lower average returns and considerably higher variance within 250
training episodes compared to distributional agents. This pattern can be attributed to the poor convergence
properties of SAC, as highlighted in prior research by Dally and van Kampen [179], which reported a mere
26% success rate for SAC in converging on attitude control tasks. Although the SAC trajectories shown by
Dally and van Kampen are smoother and show improved tracking, it is important to note that they represent
the responses of the selected top converged agents, contrasting with the unfiltered training approach used
in this study. Other strategies to enhance the SAC’s performance may involve enlarging the action space
(see Section 8.2) or extending the number of training frames.

The DSAC agent demonstrates a significant improvement over the SAC, as evidenced in its superior tracking
performance and smoother actions. The Conservative RUN-DSAC agent further elevates this performance,
exhibiting the most precise adherence to the reference signals and the least variability among all evaluated
agents, as proved in Table 6.1. In contrast, the Risky RUN-DSAC demonstrates a decline in tracking
performance and increased state variance relative to the other distributional agents. This outcome aligns
with theoretical expectations, as the Risky RUN-DSAC agent is designed to prioritize uncertainty exploration
during the learning process. Consequently, this propensity for exploration manifests as oscillatory actuator
commands, evidenced by increased variance in actuator deflections. This, in turn, induces greater noise in
angular velocities, predominantly in the pitch rate ¢, compared to its Conservative counterpart.

The state time-traces of the distributional agents, which are easier to interpret due to less noise than the
SAC, also reveal a coupling between pitch and roll. This coupling becomes apparent, for example, at
around t = 10s, when the roll is initiated, leading to a minor degradation in pitch tracking. Additionally,
the coupling between roll and yaw dynamics is clearly observable, as reflected in the yaw rate graphs of
the distributional agents, which mimic the shape of the roll reference trajectory. The agents appear to
have learnt these couplings, as reflected in the correlation observed in the actuator commands. This is the
most notable for the Conservative RUN-DSAC agent, which deflects the elevator to trim the aircraft at the
beginning of the response (visible as a sharp negative spike in the elevator deflection), which also seems
to trigger sharp deflections in the aileron and rudder, despite zero reference commands for roll and yaw.
These adjustments induce transient roll and yaw rates that the agent then quickly neutralizes, returning the
control surfaces to their neutral positions.

In yaw control, all distributional agents effectively regulate sideslip angles, maintaining minimal deviations,
where even the SAC agent manages to keep the sideslip angle within approximately [-3°, 3°] on average,
albeit with notable variance. Remarkably, the Conservative RUN-DSAC consistently maintains the mean
yaw angle within a narrow range of [-1°, 1°], indicating superior yaw stability. Conversely, the Risky
RUN-DSAC shows a slight challenge in counteracting slight negative yaw deviations.

F1: Ice Accretion on Wings

Ice accretion on aircraft wing surfaces constitutes a dynamic and complex fault condition, characterized by
its gradual evolution, which imposes challenges on its timely detection and monitoring. This aerodynamic
perturbation typically results in an amplification in the skin friction drag coefficient and a downward shift in
the lift coefficient curve. For the purpose of modeling, the fault induced by ice accretion is quantified as a
0.06 increase in the drag coefficient (corresponding to a conservative increase in the skin friction drag of
up to ~ 200%) and a 30% reduction in the lift curve. The trajectory responses for the icing scenario are
depicted in a series of figures: Figure 6.5 for the SAC agent, Figure 6.6 for the DSAC agent, Figure 6.7 for
the Risky RUN-DSAC, and Figure 6.8 for the Conservative RUN-DSAC.

The icing scenario results in tracking degradation, as evidenced by Table 6.1. The most pronounced
deterioration is observed in pitch tracking under positive reference angles, presumably due to diminished
lift. This is further exacerbated by an increased drag coefficient, as the aircraft must overcome additional
resistance to maintain pitch during maneuver, which can lead to greater deviations from the desired pitch
attitude. Notably, this effect is more discernible among distributional agents, whereas the SAC agent
exhibits noisier responses that nonetheless show similar tracking deterioration. The drag increment is also
mirrored by a reduced aircraft velocity during maneuvers compared to the nominal condition.

Increased tracking challenges at positive pitch angles necessitate increased compensatory efforts from the
agents, evidenced by the elevator’s increased negative deflection when compared to the nominal case.
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Figure 6.1: States time-traces of the SAC policy in the nominal scenario: solid lines show the average
response of 10 agents, red lines denote reference signals, and shaded areas represent standard deviation.
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Figure 6.2: States time-traces of the DSAC policy in the nominal scenario: solid lines show the average
response of 10 agents, red lines denote reference signals, and shaded areas represent standard deviation.

Furthermore, oscillatory state response patterns emerge at ¢t ~ 10s and persist when the pitch reference is
positive. This behavior is most acute in the DSAC and the Conservative RUN-DSAC agents, which exhibit
a 29.08% and a 52.8% increase in mean nMAE tracking degradation, respectively (contrasting with the
21.8% for Risky RUN-DSAC and only 1.0% for SAC). These oscillations, accentuated in angular rates and
control surface deflections, correlate with high angles of attack. Due to the 30% reduction in the maximum
lift coefficient, it is hypothesized that these high angles of attack could result in flight near the stall boundary,
which is characterized by a decreased aerodynamic efficiency and a non-linear lift response, which could
induce the oscillations and for which the controller was not trained.

Increasing oscillations are observed particularly in the pitch rate trajectory of the Conservative RUN-DSAC
when the pitch reference is positive. This indicates a potential instability issue. While the Conservative
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Figure 6.3: States time-traces of the Risky RUN-DSAC policy in the nominal scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.
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Figure 6.4: States time-traces of the Conservative RUN-DSAC policy in the nominal scenario: solid lines
show the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.

RUN-DSAC'’s elevator was engaged to compensate for the oscillations, it's deflections seem to escalate
over time, which suggest an overcompensation that exacerbates rather than mitigates the instability. This
disturbance is then propagated into the lateral dynamics due to the longitudinal-lateral coupling, manifesting
as oscillations in roll and yaw. Such response is undesirable, as it heightens structural stress and may
compromise safety and comfort. In contrast, the DSAC exhibits less pronounced oscillations and these are
minimally evident in the Risky RUN-DSAC approach. Hence, prioritizing predictability, the Conservative
RUN-DSAC algorithm may inherently bias towards stable policies within its training environment. However,
this approach risks overfitting, as it potentially underrepresents the breadth of varied and unpredictable
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outcomes essential for robust performance in diverse, unencountered scenarios. Consequently, this could
result in suboptimal responses.
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average response of 10 agents, red lines denote reference signals, and shaded areas represent standard

deviation.
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Figure 6.6: States time-traces of the DSAC policy in the ice accretion scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation.

F2: Center of Gravity Shifted Aft

Translocating the center of gravity (CG) aft by 0.25 m (equivalent to relocating a ~300kg payload from the
front to the rear of the passenger cabin in a Cessna Citation Il) brings the aircraft closer to the margin of its
static stability. While such altered dynamics can still be managed through feedback control systems, it is
prone to instability during pitch-up maneuvers. The trajectory responses for the aft-shifted CG scenario are
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portrayed in a series of figures: Figure 6.9 for the SAC agent, Figure 6.10 for the DSAC agent, Figure 6.11
for the Risky RUN-DSAC, and Figure 6.12 for the Conservative RUN-DSAC.

The performance of the Conservative RUN-DSAC was the most impacted in terms of the relative increase
in normalized nMAE with respect to the nominal condition, rising by 34.68%. Despite this, it continued
to exhibit superior tracking performance compared to all the other agents. The nMAE for SAC rose by
8.32%, and for DSAC, it escalated by 31.36%. Notably, the Risky RUN-DSAC demonstrated an unexpected
improvement, reducing its nMAE by 6.84%.

Upon the aftward shift of the C'G, distributional agents (particularly DSAC and Conservative RUN-DSAC)
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exhibit a minor overshoot in pitch angle over the reference, resulting also in a greater altitude gain compared
to the nominal response. This phenomenon can be attributed to the aircraft’s reduced static stability margin,
as the proximity of the C'G to the aerodynamic center increases the aircraft’s sensitivity to pitch inputs and
external disturbances. Intriguingly, this condition appears advantageous for the pitch tracking capabilities
of the Risky RUN-DSAC agent, which previously faced challenges in achieving high pitch angles under
nominal conditions, but it adversely affects the pitch tracking performance of other agents. This explains
the decrease in nMAE for the Risky RUN-DSAC agent in this scenario.

With the CG moved aft, the aircraft naturally tends to pitch upwards, which requires less upward elevator
deflection. Instead, this alteration in dynamics prompts the agents to adopt a more positive elevator deflection
in response to longitudinal moments induced by the shift, as opposed to their response under nominal
conditions, to reduce the nose-up moments due to the elevator deflection. Meanwhile, the performance in
sideslip tracking remains similar to the nominal scenario, underscoring the minimal impact of CG shift on
directional stability and control, despite the reduction in tail arm length.
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Figure 6.9: States time-traces of the SAC policy in the aft-shifted CG scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation.

F3: Center of Gravity Shifted Forward

Conducting tests with a forward displacement of the CG by 0.25 m situates the aircraft at a point more
distant from its static stability margin. This test serves to assess the RL-agents’ adaptability to alterations in
aircraft dynamics, specifically increased static stability and diminished maneuverability, for which the agent
was not originally trained. The trajectory responses for the forward-shifted CG scenario are shown in a
series of figures: Figure 6.13 for the SAC agent, Figure 6.14 for the DSAC agent, Figure 6.15 for the Risky
RUN-DSAC, and Figure 6.16 for the Conservative RUN-DSAC.

In comparison to the nominal scenario, the nMAE for SAC and DSAC worsened by 11.30% and 6.55%,
respectively. The Risky RUN-DSAC exhibited the least degradation in performance, with a mere 3.85%
increase in nMAE, a finding corroborated by the minimal disparities observed in its response patterns.
Conversely, the Conservative RUN-DSAC experienced the most significant performance decline, with its
nMAE escalating by 14.68%.

In the forward-shifted C'G scenario, all agents encountered difficulties in achieving higher positive pitch
angles, which was the most pronounced in the performance of the Conservative RUN-DSAC in comparison
to its nominal performance. This challenge stems from the enhanced static stability of the aircraft, which
reduces its responsiveness to pitch control inputs. Given that the agents were trained under nominal
conditions, they may not have learned the necessary control adjustments for the increased stability and
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Figure 6.11: States time-traces of the Risky RUN-DSAC policy in the aft-shifted CG scenario: solid lines
show the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.

decreased maneuverability associated with the forward C'G shift. Moreover, the Conservative RUN-DSAC
exhibits an increased variance in its pitch angle response for high reference pitch angles, where this variance
also extends to velocity trajectories. In contrast, yaw control appears relatively unaffected for the agents,
despite the forward C'G shift influencing this axis as well, primarily due to the elongation of the tail arm
(which increases the directional stability).
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F4: Saturated Aileron

In the F4 scenario, the aileron deflection is restricted and clipped at £1°. Testing this case serves to
emulate real-world situations where the control surface may experience saturation due to mechanical
failures. Furthermore, the imposed restriction on the aileron deflection challenges the RL-agent’s ability
to maintain lateral stability and control under constrained conditions. The trajectory responses for the
saturated aileron scenario are shown in a series of figures: Figure 6.17 for the SAC agent, Figure 6.18 for
the DSAC agent, Figure 6.19 for the Risky RUN-DSAC, and Figure 6.20 for the Conservative RUN-DSAC.
The interrupted yellow lines in these graphs represent the aileron saturation limits.
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Figure 6.14: States time-traces of the DSAC policy in the forward-shifted CG scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.

40 R
20 —— Brer — Orer — Brer
_ . 20 — A
o 10 o o 0
(7] [
ﬁ S 0 o \/\__/ \._/\/_\/\/ \/\
s ©° - Q@
-20
-10
5.0 10 4
T 25 = w2
i g o g
g oo < 2 o0
=25 aQ
< -10 T2
-5.0
5.0
_— _ 2 25
b > =)
T -2 S g oo
o s © s 25
o (s} L)
—4 -5.0
-2
6 110
2400
= @ 100 =
T4 é% £
i £ = 2200
2 =
s >
2 80
2000

0O 10 20 30 40 50 60 70 80 30 40 50 30 40 50 60 70 80
Time [s] Time [s] Time [s]

o
=
o
N
S5}
o
o
~
5}
3
S
o
=
5]
N
5}

Figure 6.15: States time-traces of the Risky RUN-DSAC policy in the forward-shifted CG scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation.

Relative to the nominal scenario, the nMAE for SAC and DSAC increased by 9.56% and 28.91%, respectively.
Among the RUN-DSAC variants, the Risky RUN-DSAC variant exhibited an 11.65% increase in nMAE,
while the Conservative RUN-DSAC variant encountered the most pronounced performance degradation,
with its NMAE escalating by 44.05%.

During the training phase, expansive actuating limits enable the control policies to leverage these bounds for
aggressive control actions. However, these learned behaviors become ineffective when aileron movements
are subsequently capped at +1°, leading to a significant impairment in roll angle tracking, particularly for
SAC. The impact is also evident among the distributional agents, with responses becoming less accurate
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Figure 6.16: States time-traces of the Conservative RUN-DSAC policy in the forward-shifted CG
scenario: solid lines show the average response of 10 agents, red lines denote reference signals, and
shaded areas represent standard deviation.

and exhibiting increased lag compared to nominal conditions. Unaware of the fault, the distributional
agents are attempting to counteract by pushing the aileron deflections further, reaching approximately
+5°, contrasted with the +-2° in nominal conditions. Consequently, the observed roll rates are diminished,
exhibiting a ~20% decrease for Risky RUN-DSAC, ~30% for Conservative RUN-DSAC, and up to ~50%
for DSAC.

Besides the roll tracking, degradation in sideslip control is also observed for the agents. This may be
attributed to the agent’s internal model, which has learned to correlate increased aileron deflection with
compensatory rudder inputs to counteract adverse yaw. Consequently, rudder deflections intensify due
to the agent’s learned behavior of increasing rudder input proportionally with aileron deflection, ultimately
impairing sideslip control.

Additionally, the imposed aileron constraints lead to notable oscillations in both elevator and rudder deflec-
tions and in the pitch and roll rates upon aileron actuation, which are particularly evident in the Conservative
RUN-DSAC’s response. These oscillations are presumably due to an overcompensation feedback loop:
the agent, not accounting for the aileron limitation, erroneously predicts aileron-induced coupled response
in pitch and yaw, and preemptively adjusts the elevator and rudder to counteract these expected effects.
However, the predicted aerodynamic responses fail to manifest due to the constrained actuator, leading to
unnecessary counteractive control surface movements. Consequently, this instigates a feedback loop of
corrective actions by the elevator and rudder, culminating in the observed oscillations.

F5: Saturated Elevator

The F5 fault scenario models the occurrence of elevator saturation, specifically restricting its deflection to a
range of +2.5°. This scenario models another form of operational limitation, which is affecting the aircraft's
longitudinal control authority. Similar to the F4 condition, this constraint may arise due to mechanical faults in
real-world flight scenarios. The purpose of evaluating this restrictive case is twofold: it tests the RL-agent’s
proficiency in managing pitch control under limitations and assesses how such constraints could impact the
overall flight stability and performance. The response trajectories for the saturated elevator scenario are
depicted across several figures: Figure 6.21 illustrates the SAC agent’s performance, Figure 6.22 details the
DSAC agent’s response, Figure 6.23 presents the Risky RUN-DSAC’s behavior, and Figure 6.24 portrays
the Conservative RUN-DSAC’s response. The dashed yellow lines in these graphs denote the imposed
elevator saturation boundaries.

Relative to the nominal scenario, the normalized Mean Absolute Error (nMAE) increased by 10.71% for
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Figure 6.17: States time-traces of the SAC policy in the saturated aileron scenario: solid lines show the
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Figure 6.18: States time-traces of the DSAC policy in the saturated aileron scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation. The aileron saturation limits are depicted as dashed yellow lines.

SAC, 62.86% for DSAC, 11.22% for Risky RUN-DSAC, and 60.51% for Conservative RUN-DSAC.

In the constrained elevator scenario, agents exhibit an inability to achieve mainly high positive pitch angles
due to the imposed restrictions, which is consistent with the asymmetric impact of the saturation limits - the
trim elevator deflection at d. im = —1.43° suggests that negative commands are affected more, thereby
impeding steep pitch-up maneuvers. This constraint logically leads to a reduction in maximum pitch rate.
To address this limitation, the agents, which were trained under unrestricted conditions and are unaware of
the fault, double the negative elevator deflection. This excessive deflection triggers subtle perturbations in
both roll and yaw due to the learnt inter-axis coupling, similar to the saturated aileron scenario. These are



106

20 40

—— Ot — Prer 2 = Brer

: : g~ VY
Y Caw

-10 2 -2

-20

2 %

-2

0 V\///\/\//\F/\_k

-5

2400

2200
£
= 2000
=

1800

1600
10 20 30 40 50 60 70 80 [ 10 20 30 50 60 70 80 0 10 20 30 40 50 60 70 80

Time [s] Time [s] Time [s]

6 [deg]
¢ [deg]
o
B ldeg]

q [deg/s]
p [deg/s]
o
r [deg/s]

o

6 [deg]

a [deg]
o N & o

V [m/s]
"
8

6. [deg]
L Lo
6, [deg]
b o
: 1 % §

o
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Figure 6.20: States time-traces of the Conservative RUN-DSAC policy in the saturated aileron scenario:
solid lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation. The aileron saturation limits are depicted as dashed yellow lines.

mainly visible in the DSAC and Conservative RUN-DSAC case.

Interestingly, the Conservative RUN-DSAC's failure to reach high positive angles of attack appears to
inadvertently benefit its roll tracking capability, as evidenced by the successful attainment of the first
positive roll reference step, albeit with heightened variability. This phenomenon is attributable to heightened
dynamic pressure due to the aircraft's maintained airspeed of ~ 90m/s, resulting from its restricted pitch-up
capability. Finally, despite the increased variance during periods demanding positive pitch, the Conservative
RUN-DSAC maintains the most accurate tracking performance with the lowest response variance among
all agents evaluated.
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Figure 6.22: States time-traces of the DSAC policy in the saturated elevator scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation. The aileron saturation limits are depicted as dashed yellow lines.

F6: Damaged Elevator

A compromised integrity of the horizontal stabilizer, which could arise from incidents such as tail strikes upon
take-off or in-flight structure failure, leads to an acute deterioration in the effectiveness of longitudinal control
systems. Such a fault results in a precipitous diminution of the aircraft’s capacity to generate pitch moments.
This is simulated by applying a gain factor of 0.3 to the aerodynamic coefficients associated with elevator
functionality, thereby quantifying the compromised operational efficacy in the longitudinal control domain.
The flight path responses in the damaged elevator scenario are illustrated in a series of charts: Figure 6.25
shows the SAC agent’s performance, Figure 6.26 captures the DSAC agent’s behavior, Figure 6.27 reveals
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Figure 6.23: States time-traces of the Risky RUN-DSAC policy in the saturated elevator scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
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Figure 6.24: States time-traces of the Conservative RUN-DSAC policy in the saturated elevator scenario:
solid lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation. The aileron saturation limits are depicted as dashed yellow lines.

the Risky RUN-DSAC’s actions, and Figure 6.28 depicts the Conservative RUN-DSAC’s maneuvers.

In comparison with the nominal scenario, the relative increase in the nMAE was observed at 17.81% for
SAC, 78.82% for DSAC, and 49.25% for Risky RUN-DSAC. The Conservative RUN-DSAC encountered
the most significant deterioration, with a surge of 128.61% in nMAE.

The reduced effectiveness of longitudinal control markedly compromises the aircraft’s response in a manner
similar to what is observed in the elevator saturation scenario. The agents are particularly challenged in
achieving positive pitch angles due to the established trim settings, although tracking of negative pitch
angles is also more adversely affected than in the saturated elevator scenario. This is due to the fact that
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even smaller elevator deflections are also affected, leading to reduced pitch rate and increased time delays
in response.

Again, the agents, which are unaware of the fault, attempt to counteract the deficiency by commanding
greater elevator deflections. This response exacerbates the nonlinear coupling effects, adversely influencing
the roll and sideslip behavior, especially when the aircraft is required to maintain positive pitch angles with
high negative elevator inputs. These disturbances are even more pronounced than in the saturated elevator
case, yet their manifestation varies among the agents. For the distributional agents, DSAC and Conservative
RUN-DSAC exhibit the most significant perturbations, whereas the responses from Risky RUN-DSAC
remain relatively stable and disturbances are barely noticeable. The pronounced disturbances in DSAC and
Conservative RUN-DSAC hint at their heightened sensitivity to changes in control surface effectiveness,
potentially due to a propensity for overfitting within the training envelope. In contrast, Risky RUN-DSAC’s
minimal response disturbances align with previous observations, suggesting its lower likelihood of overfitting
and a possible intrinsic robustness to unexpected flight dynamics despite lower tracking performance.
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Figure 6.25: States time-traces of the SAC policy in the damaged elevator scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation. The aileron saturation limits are depicted as dashed yellow lines.

F7: Immobilized Rudder

The F7 fault case models a scenario, wherein the rudder remains immobilized at a fixed deflection of 15°.
Such a condition could arise from various sources, such as actuator mechanical failures, control system
malfunctions, or damage due to external factors like bird strikes or in-flight icing. This failure mode presents
a unique set of challenges as it severely impacts the aircraft’'s directional control, especially during critical
flight phases like take-off and landing. Furthermore, it imposes asymmetrical aerodynamic loads that can
lead to yaw instability, potentially resulting in adverse roll effects. A sequence of figures demonstrates the
trajectory responses in the jammed rudder scenario: Figure 6.29 displays the performance of the SAC
agent, Figure 6.30 delineates the DSAC agent’s conduct, Figure 6.31 exhibits the actions of the Risky
RUN-DSAC, and Figure 6.32 visualizes the Conservative RUN-DSAC'’s strategies. The interrupted yellow
lines in these graphs represent the actual rudder deflection.

The case of a locked rudder posed a formidable challenge for the agents, as evidenced by a significant
increase in their tracking nMAE. Specifically, the nMAE increased by 70.25% for SAC, 478.15% for DSAC,
280.98% for the Risky RUN-DSAC variant, and 743.29% for the Conservative RUN-DSAC variant, which
even reached the nMAE of DSAC.

The agents, unable to nullify the sideslip due to the jammed rudder, are observed to maintain a steady
sideslip angle of ~10°. As anticipated, they attempt to deflect the rudder in the opposite direction to the one
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Figure 6.26: States time-traces of the DSAC policy in the damaged elevator scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.
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Figure 6.27: States time-traces of the Risky RUN-DSAC policy in the damaged elevator scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation.

in which it is stuck, but with no effect. Nevertheless, the control signal sent to the rudder triggers aileron
deflection guided by the roll-yaw coupling learnt by the agents. Specifically, the induced yaw rate causes
the aircraft to roll negatively (i.e. to the left in the direction of flight) due to the dihedral effect, which is
promptly compensated by the negative aileron response. The leftward roll alters the lift vector, creating
a force opposing the sideslip and aiding in realigning the aircraft’s longitudinal axis with the relative wind.
Therefore, this response effectively stabilizes the sideslip and halts further rolling, potentially preventing a
spiral dive, yet it results in the introduction of a negative roll angle offset. Due to the coupling in pitch-roll
axes, this roll offset impacts pitch tracking. To compensate, the agents increase elevator deflection beyond
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Figure 6.28: States time-traces of the Conservative RUN-DSAC policy in the damaged elevator scenario:
solid lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation.

angles observed in the nominal case, aiming to restore balance.

With the immobilized rudder changing the flight dynamics, a significant increase in oscillatory behavior
is predominantly exhibited in the Conservative RUN-DSAC’s pitch and roll tracking responses. This is in
contrast to the minimal disturbances exhibited by the Risky RUN-DSAC, with the DSAC demonstrating
intermediate behavior. Such a pattern aligns with previous observations in other failure scenarios where
control surface functionality was compromised, hence the hypothesis for the pronounced oscillations in the
Conservative RUN-DSAC policies is attributed to a tendency towards overfitting. This overfitting results
in policies that, although highly efficient under training conditions, become less practical when a control
channel is completely obstructed and the control authority on that axis is nullified.

G1: Wind Gust

In this scenario, the aircraft is subjected to a vertical wind gust with a velocity of 15 ft/s for a duration of 3 s.
Such atmospheric disturbances can be induced by meteorological phenomena like microbursts, thermal up-
drafts, or frontal activity, affecting the aircraft’s pitch attitude and vertical speed momentarily. This evaluates
the RL’s adaptability and resilience in maintaining pitch control under sudden aerodynamic disturbances.
The response of flight paths to wind gusts is detailed through a sequence of charts: Figure 6.33 illustrates
the SAC agent’s performance, Figure 6.34 demonstrates the DSAC agent’s response, Figure 6.35 displays
the performance of the Risky RUN-DSAC, and Figure 6.36 portrays the maneuvers of the Conservative
RUN-DSAC.

The wind gust exerts minimal influence on the tracking performance of the agents, as evident in Table 6.1.
Specifically, the nMAE of SAC experienced a marginal deterioration of only 2.21%, DSAC declined by
3.36%, Risky RUN-DSAC by 3.31%, and Conservative RUN-DSAC by 3.04%.

The wind gut was programmed to occur between ¢ = 4s and ¢t = 7s because during this time frame, it is
anticipated to exert the most substantial influence on the aircraft's performance, as the aircraft already flies
at high angles of attack due to high positive pitch reference. For the distributional agents, this gust results
in the exacerbated angles of attack peaking at ~ 9°, whereas for the SAC, it reaches up to ~ 12°.

In response to the increased angle of attack, the Conservative RUN-DSAC agent reduces the magnitude
of negative elevator deflection in an attempt to pitch the aircraft down, which also leads to oscillations
throughout the gust duration. A similar but less intense elevator response is observed in the DSAC.
Contrarily, the Risky RUN-DSAC seems to disregard the wind gust, maintaining elevator deflection as in
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Figure 6.29: States time-traces of the SAC policy in the immobilized rudder scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation. The actual rudder deflection is represented by a dashed yellow line.
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Figure 6.30: States time-traces of the DSAC policy in the immobilized rudder scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation. The actual rudder deflection is represented by a dashed yellow line.

nominal conditions. This approach could stem from the Risky RUN-DSAC’s broader training experience
with varied angles of attack (see the analysis of the response to the G5: Stall scenario), enhancing its
robustness against such conditions. Alternatively, it could have learned to assign a lower importance to the
angle of attack in its decision-making, unlike the Conservative RUN-DSAC and DSAC.

The wind gust adversely affects pitch angle tracking, most notably in the DSAC and Conservative RUN-
DSAC, while it also mildly disrupts the yaw and roll axes due to coupling. After the wind gust dissipates,
the agents promptly revert to their nominal performance. Nevertheless, contrary to expectations of a pitch
angle overshoot due to increased angles of attack, an undershoot is observed. This can be attributed to the
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Figure 6.31: States time-traces of the Risky RUN-DSAC policy in the immobilized rudder scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation. The actual rudder deflection is represented by a dashed yellow line.
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Figure 6.32: States time-traces of the Conservative RUN-DSAC policy in the immobilized rudder
scenario: solid lines show the average response of 10 agents, red lines denote reference signals, and
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modeling simplifications for the wind gust scenario. The vertical gust was modelled by solely augmenting the
angle of attack by an increment equivalent to the 15 ft/s of vertical wind for the given airspeed. As a result,
this simplification does not directly incorporate changes in other impacted factors, such as aerodynamic
forces. Therefore, it can be posited that this scenario rather assesses the robustness to the faults in the
angle of attack sensor. The undershoot in the angle of attack is thus attributable to the elevator deflection’s
response to the augmented angle of attack, anticipating an overshoot that does not materialize. While
this simplified analysis sufficed for evaluating the aircraft’'s response to the wind gust in this context, it
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is recommended to develop a higher fidelity aerodynamic simulation to procure a more representative
response of the agents to the wind gust.

Due to the limitations inherent in the wind gust model, the agents also exhibited contrasting responses under
varying wind gust initiation conditions. For instance, Figure 6.37 illustrates the response of the Conservative
RUN-DSAC to a 3-second vertical gust initiated at ¢ = 45s, where both theta and roll angle references are
set to zero. Surprisingly, the agent reacts to the wind gust by deflecting the aileron negatively, thereby
further increasing the angle of attack and exacerbating the wind gust’s impact. In fact, this counterintuitive
response aids the agent in mitigating the negative offset in pitch angle tracking. A similar behavior was
previously observed in a SAC flight controller in a prior study [27]. A plausible hypothesis suggests that the
agent has learnt to associate the specific scenario of an abrupt increase in the angles of attack, a concurrent
negative deviation in pitch angle tracking, and an initially low pitch rate with the necessity for a pitch-up
maneuver to follow elevated pitch angles. This could explain its distinct response to the scenario in which
the gust is initiated at ¢ = 4s, where the angles of attack and the pitch rate inputs are already high.

50

20 — Orer — Prer 5 — Brer
25
_25 -5

-20

6 [deg]

¢ [deg]

Bldeg]
o

-50

40 50

s rsmatisasilll | 2 of St Antitosn ol

_20 -10

g
0

_5 R
_10 © 10

-10

20

q [deg/s]

p [deg/s]

|

5 o

r [deg/s]
o

o

o

e [deg]
0, [deg]

-15

120 2400
15

2200
10 100 —
E 2000
80 < 1800
0

0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time [s] Time [s] Time [s]

a [deg]
V [m/s]

Figure 6.33: States time-traces of the SAC policy in the vertical wind gust scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation. The temporal interval of wind gust occurrence is highlighted in yellow for clarity.

G2: Noisy Signal

The inclusion of the G2 scenario serves multiple objectives. First, it assesses the robustness of RL-agents in
handling sensor noise, which can introduce non-linearities and uncertainties into the control loop. Second, it
enables a more realistic transition from simulation-based RL training to real-world applications by mimicking
true sensor behaviors. This represents a crucial step in bridging the gap between RL simulations and
real-world avionic systems, thereby ensuring the controllers’ practical applicability and efficacy. In this setup,
the control systems are subjected to Gaussian noise with an inherent bias, modeled based on empirical
in-flight sensor measurements, as given in Table 6.2. Noise inherent in the measurements of control surface
deflections is disregarded, as these observations are not utilized by the agents in determining actions. A
series of figures illustrates trajectory responses in a noisy signal scenario: Figure 6.38 presents the SAC
agent’s performance, Figure 6.39 shows the DSAC agent’s response, Figure Figure 6.40 details the Risky
RUN-DSAC'’s actions, and Figure Figure 6.41 outlines the Conservative RUN-DSAC’s strategies.

Incorporating biased noise marginally affects tracking performance, as evidenced in Table 6.1. Here, the
nMAE only shows modest deterioration: 8.57% for SAC, 2.52% for DSAC, and 5.57% for Conservative RUN-
DSAC. Intriguingly, it decreases by 0.32% for Risky RUN-DSAC. Comparing the obtained trajectories with
nominal condition responses confirms this trend, where all controllers maintain tracking errors comparable
to those in the nominal scenario. Despite a reduction in action smoothness leading to increased noise in
angular rates, the impact remains limited as none of the trained policies amplify observation noise.
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Figure 6.34: States time-traces of the DSAC policy in the vertical wind gust scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation. The temporal interval of wind gust occurrence is highlighted in yellow for clarity.
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Figure 6.35: States time-traces of the Risky RUN-DSAC policy in the vertical wind gust scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
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clarity.

G3: High Dynamic Pressure

In the G3 scenario, the aircraft operates under a trim condition characterized by a high dynamic pressure
setting, with an altitude H = 2,000 m and true airspeed V;,s = 150 m/s, as opposed to the V;,, = 90m/s, on
which the agents were trained. This case evaluates the RL-agents’ capability to adapt to varying aerodynamic
forces, moments and actuator effectiveness, which are intrinsically linked to changes in dynamic pressure.
Consequently, it serves to assess and compare the robustness and adaptability of different RL-based control
algorithms when exposed to previously unencountered flight regimes. A series of illustrations showcases
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Figure 6.36: States time-traces of the Conservative RUN-DSAC policy in the vertical wind gust scenario:
solid lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation. The temporal interval of wind gust occurrence is highlighted in yellow for
clarity.
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Figure 6.37: States time-traces of the Conservative RUN-DSAC policy in the vertical wind gust scenario,

when the gust is initiated during level flight: solid lines show the average response of 10 agents, red lines

denote reference signals, and shaded areas represent standard deviation. The temporal interval of wind
gust occurrence is highlighted in yellow for clarity.

the trajectory responses during the increased dynamic pressure scenario: Figure 6.42 illustrates the SAC
agent’s performance, Figure 6.43 outlines the behavior of the DSAC agent, Figure 6.44 displays the actions
of the Risky RUN-DSAC, and Figure 6.45 provides trajectories of the Conservative RUN-DSAC.

In increased velocity conditions, the nMAE rose by 27.11% for SAC and 24.03% for DSAC compared to
nominal conditions. Interestingly, agents that take uncertainty in the Q-values into account during learning
appear to be less susceptible to this condition. Specifically, the nMAE increased by a mere 1.60% for Risky
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Table 6.2: Sensor models characterized by Gaussian noise distribution based on in-flight data from the
PH-LAB aircraft measurements [180].

Signal  Unit  Noise (¢?) Bias

p,g,r radls 4.0x10"7 3.0x10°°
0, ¢ rad 1.0x1079 4.0x10°3
o rad 4.0x10°10 -

20 —— OBrer 50 —— Qrer
°
0 V EUWN’UU“ EW\NV
-5

Mt

6 [deg]
¢ [deg]
B ldeg]

q [deg/s]
°

p [deg/s]
r [deg/s]
o

10

— — _ 10
A 3 o 2 0
'S -10 S S =10
-10
-20
120 2400
W _ 2200
= 7 100 -
S 5 £ £ 2000
s > 80 < 1800

60
0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time [s] Time [s] Time [s]

Figure 6.38: States time-traces of the SAC policy in the noisy signal scenario: solid lines show the
average response of 10 agents, red lines denote reference signals, and shaded areas represent standard
deviation.

RUN-DSAC and 2.78% for Conservative RUN-DSAC.

The heightened dynamic pressure increases the efficiency of the control surfaces and results in enhanced
aerodynamic damping. With higher efficiency, the required deflections for maneuvers are reduced. This
change in the flight dynamics is recognized and adapted to by distributional agents, as evidenced by their
trajectories. The increased dynamic pressure also directly translates into a higher lift force, elevating the
aircraft to greater altitudes during pitch-up maneuvers than in nominal conditions, as evidenced in the
responses of all the agents.

The SAC policy, noted for its aggressive and oscillatory nature, becomes increasingly suboptimal under
conditions of high dynamic pressure. The pronounced effectiveness of the actuators under such conditions
means that the inherent oscillations in the SAC’s control inputs are amplified, which severely undermines
the tracking performance. For DSAC and Conservative RUN-DSAC, the increased dynamic pressure
introduces a positive offset in pitch angle tracking, particularly evident at zero and negative reference
angles where velocity, and consequently dynamic pressure, peaks. While this heightened dynamic pressure
impairs DSAC'’s roll angle tracking performance, Conservative RUN-DSAC exhibits an improved roll tracking
performance compared to nominal conditions. Conversely, Risky RUN-DSAC displays an enhanced pitch
tracking ability, successfully following even high pitch angle references. However, it shows some offset for
negative pitch references. Its roll reference tracking remains comparable to nominal conditions, albeit with
an increase in variance.

Oscillations are present across the responses of all agents, occurring primarily at high velocities. These
are more pronounced in Risky RUN-DSAC compared to both its Conservative counterpart and DSAC.
These oscillations are attributed to the increased sensitivity of agents trained at lower dynamic pressures,
leading to overcorrections and oscillations when control inputs are derived from these lower-speed training
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conditions.

standard deviation.

The differences between the distributional agents can be explained through linking the behaviour of the
agent’s actor neural network to a gain parameter in classical control systems. In control theory, gain
dictates a system’s response to an error signal: high gain leads to aggressive responses, potentially causing
instability or oscillations, while low gain results in more conservative responses. The DSAC appears to
have learned a control policy with lower gain, resulting in minimal oscillations but also reduced tracking
performance and increased policy variance. On the other hand, the Conservative RUN-DSAC exhibits
a policy with higher gain, resulting in improved tracking performance compared to DSAC and reduced
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Figure 6.41: States time-traces of the Conservative RUN-DSAC policy in the noisy signal scenario: solid
lines show the average response of 10 agents, red lines denote reference signals, and shaded areas
represent standard deviation.

policy variance, but it also exhibits more pronounced oscillations under higher dynamic pressure conditions.
In contrast, the Risky RUN-DSAC demonstrates a policy with excessively high gain, leading to the most
significant oscillations, while it does not outperform the Conservative variant in tracking performance.
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Figure 6.42: States time-traces of the SAC policy in the high dynamic pressure scenario: solid lines
show the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.

G4: Low Dynamic Pressure

In the G4 case, the aircraft is subjected to a trim condition indicative of a low dynamic pressure environment,
specifically at an altitude H = 10,000m and a true airspeed V,,s = 90m/s. Much like its high dynamic
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pressure counterpart, this scenario examines the adaptability of the RL-agents in a regime where aerody-
namic forces and control surface effectiveness are markedly different due to reduced dynamic pressure.
The trajectory reactions in response to decreased dynamic pressure are illustrated through a set of visuals:
Figure 6.46 represents the SAC agent, Figure 6.47 pertains to the DSAC agent, Figure 6.48 displays the
outcomes of the Risky RUN-DSAC, and Figure 6.49 showcases the results of the Conservative RUN-DSAC.

Under conditions of increased altitude, the nMAE rose by 32.51% for SAC, 55.12% for DSAC, and 88.86%
for the Conservative RUN-DSAC, with respect to the nominal conditions. In contrast, the Risky RUN-DSAC
was affected the least, with its nMAE rising by only 15.49%.
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scenario: solid lines show the average response of 10 agents, red lines denote reference signals, and
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When aircraft operate under low dynamic pressure, the responses of the control systems become lethargic,
leading to increased average tracking errors and increased standard deviations. This is due to the reduced
effectiveness of all three actuating channels, which makes it difficult for the controllers to react swiftly and
accurately to changes in flight conditions.

Examining the pitch axis response, there is a noticeable initial rapid pitch-down maneuver by the aircraft
to align its pitch with the reference angle. This action is necessitated due to the aircraft’s high initial pitch
angle, a result of the low-pressure trim setting, in contrast to the reference pitch angle that starts near zero.
However, this rapid adjustment results in overcompensation, triggering the feedback loop to make corrective
actions, which leads to induced oscillations. These oscillations are further aggravated due to the flight
dynamics at low dynamic pressures, as the aircraft is required to fly at high angles of attack to generate
adequate lift, positioning it near the stall boundary. Flying at such high angles of attack is characterized by
decreased aerodynamic efficiency and a non-linear lift response, which could induce oscillations and for
which the controllers were not trained. Moreover, the lower aerodynamic damping present at these reduced
pressures contributes to the persistence of these oscillations. Moreover, the proximity to stalling conditions
hinders the agents’ ability to maintain high pitch angles, even when attempting to compensate by deflecting
the elevator further than in the nominal case.

Due to coupling, these pitch oscillations translate into the roll and yaw axes. However, the roll angle
and sideslip angle tracking performance remains relatively consistent with the nominal scenario for all
distributional agents, although the roll tracking performance deteriorates for SAC.

Contrasting with the high dynamic pressure conditions, the most oscillations are observed with the original
DSAC, followed by the Conservative RUN-DSAC, and then the Risky RUN-DSAC. This pattern aligns with
previous observations in near-stall conditions, such as during ice accretion scenarios, and is consistent with
the established "gain theory” from high dynamic pressure scenario. The Risky RUN-DSAC, with its higher
gain policy, shows more responsiveness to control inputs, which offsets the lower effectiveness of the
control surfaces under low dynamic pressure. Conversely, the original DSAC, with its lower gain, shows less
responsiveness with larger and potentially delayed corrections, leading to under-compensation for errors
and consequently more pronounced oscillations. Furthermore, the difference in oscillatory behavior between
the Conservative and Risky RUN-DSAC can be explained by their respective training environments, where
the Conservative RUN-DSAC, despite its bias towards more stable policies, may risk overfitting, as it might
not fully represent the breadth of varied and unpredictable outcomes essential for robust performance. This
could lead to more oscillatory responses in practice. Furthermore, the difference in oscillatory behavior
between Conservative and Risky RUN-DSAC can be attributed to their training biases, as discussed for
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scenarios like ice accretion. In short, the Conservative RUN-DSAC, inclined towards stable policies, may
overfit within its specific training regime, failing to capture the full spectrum of complex, unpredictable flight
conditions critical for comprehensive performance.
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Figure 6.46: States time-traces of the SAC policy in the low dynamic pressure scenario: solid lines show
the average response of 10 agents, red lines denote reference signals, and shaded areas represent
standard deviation.
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G5: Stall

The stall scenario in this analysis is modelled by a high pitch-up maneuver that brings the aircraft into
near-stall conditions. This scenario is of particular interest, as the uncertainty associated with near-stall
conditions is notably high due to limited prior exploration and unobservable dynamics dependent on airspeed
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scenario: solid lines show the average response of 10 agents, red lines denote reference signals, and
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and altitude, such as airflow separation. Secondly, these conditions hold direct implications for flight risk,
as identified by the International Civil Aviation Organization (ICAQO) [181], given that such flight states are
considered hazardous and can precipitate loss-of-control (LOC) events. The responses to the near-stall
scenario are depicted through a series of figures: Figure 6.50 is indicative of the SAC agent’s behavior,
Figure 6.51 relates to the DSAC agent, Figure 6.52 presents the performance of the Risky RUN-DSAC,
and Figure 6.53 demonstrates the outcomes associated with the Conservative RUN-DSAC. The nMAE
relative percentage changes for this scenario are not compared to the nominal case, due to the differing
reference trajectories between the scenarios.
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During the execution of the maneuver, the aircraft is subjected to a high pitch-angle reference that is
sustained throughout the evaluation time. This significantly influences the aircraft's aerodynamic behavior,
leading to a reduction in airspeed and an increase in altitude. At ¢ = 40s, the aircraft is required to achieve
a pitch angle of 40°. Such a high pitch angle reference poses a significant challenge for the agents, as
attempting to reach this pitch angle without inducing aerodynamic instability is not feasible for the agents,
hence stall-induced oscillations occur.

The comparison of the responses exhibited by different distributional RL agents reveals varying degrees of
oscillation. The original DSAC controller demonstrates the most pronounced oscillations, followed by the
Conservative RUN-DSAC. In contrast, the Risky RUN-DSAC shows the least oscillations in its average
response. This pattern of behavior aligns with observations from other scenarios involving high angles of
attack, such as cases with low dynamic pressure or ice accretion on the wings. Therefore, the observed
behavior can be interpreted through the analogy of the learnt control policy and gain, or in the context of the
Conservative DSAC’s tendency to overfit, as has been established in these high-angle-of-attack scenarios.
Finally, the stall-induced instabilities extend beyond the pitch axis due to coupling, notably affecting the roll
and yaw axes of the aircraft.

The Conservative RUN-DSAC'’s training strategy emphasizes predictability, potentially leading to overfitting
in training scenarios, while the Risky RUN-DSAC adopts a more exploratory approach by favoring uncertain
Q-values. This likely results in the Risky RUN-DSAC encountering a wider array of states and actions,
albeit with a trade-off in tracking performance and increased policy variance for training scenarios. However,
this exploratory nature may enhance robustness in unforeseen scenarios and mitigate oscillations, as
previously discussed. In the given stall scenario, where the angle of attack, one of the observations
available for the RL agents, reaches unusually high values, the exploratory tendency of Risky RUN-DSAC
could explain its superior performance in dampening oscillations compared to DSAC and Conservative
RUN-DSAC. To substantiate this hypothesis, a Gaussian kernel smoothed density estimation of the angle
of attack distributions experienced by each agent during a single training run is illustrated in Figure 6.54.
Despite the symmetric distribution of training reference pitch angles around zero, the distributions naturally
lean towards positive angles, which are essential for lift generation. This analysis also reveals a broader
spectrum of angle of attack experiences for the Risky RUN-DSAC, encompassing even extreme high and low
angles. In contrast, the Conservative RUN-DSAC exhibits the most constrained distribution of experiences,
encountering extreme values less frequently than even the DSAC. This constrained exposure potentially
underpins its susceptibility to overfitting and may account for the observed oscillations in unforeseen
scenarios.
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Figure 6.50: States time-traces of the SAC policy in the stall scenario: solid lines show the average
response of 10 agents, red lines denote reference signals, and shaded areas represent standard deviation.
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Figure 6.51: States time-traces of the DSAC policy in the stall scenario: solid lines show the average
response of 10 agents, red lines denote reference signals, and shaded areas represent standard deviation.
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Hyperparameter Optimization

The hyperparameter optimization was conducted using a Gaussian Process-based search algorithm, as
implemented in the Weights&Biases' platform. The objective function for this optimization task was the
average of the episodic returns from the final five subsequent episodes, calculated after completing 200
episodes of learning. To obtain a statistically robust metric, each agent’s episodic return was evaluated
using an ensemble approach, wherein the return was averaged across 10 independent evaluations initiated
from an identical random seed. This mitigates the effects of stochasticity and ensures a more reliable
estimation of the performance metric being optimized.

A sweep of 100 distinct hyperparameter configurations was conducted. The hyperparameters selected for
tuning — minibatch size, DNN architecture, discount factor, replay buffer size, actor learning rate, and critic
learning rate — were identified as potentially having the most significant impact on model performance. The
range of values chosen for these hyperparameters was guided by empirical findings from existing literature
on SAC and DSAC algorithms [27, 116, 28].

The interplay between these hyperparameters and the evaluation metric is visualized through a parallel
coordinates chart, as displayed in Figure 7.1. In this representation, each axis corresponds to a specific
hyperparameter, and each line signifies an individual trial. The color gradient scale, positioned on the
right side of the chart, provides a color-coded assessment of the model performance. Specifically, brighter
yellow hues indicate higher returns, which are considered favorable outcomes, whereas darker blue shades
denote lower returns, signaling suboptimal performance. The line coloration is correspondingly mapped to
the evaluation metric, offering an immediate visual cue for the efficacy of each hyperparameter set.

Figure 7.1 shows that most of the hyperparameter resulted in desirable outcomes, thereby corroborating
the relative robustness of the DSAC algorithm with respect to hyperparameter sensitivity, as previously
evidenced in the literature [28]. However, a few combinations failed to learn sufficiently good policy within
the 200 episodes, resulting in very low returns.

The limitation of Figure 7.1 is that it does not provide an indication of the impact of each of the hyperparam-
eters on the selected metric. Hence, Figure 7.2 was included, which shows which of the parameters were
the best predictors of, and highly correlated to desirable values of the selected metric?. Here, Correlation is
the linear correlation between the hyperparameter and the Average Returns. So positive correlation means
that when the hyperparameter has a higher value, the metric also has higher values (visualized by green
color, where a longer color bar means higher correlation) and vice versa (visualized with red color).

Although correlation offers insights into hyperparameter relevance, it fails to encapsulate second-order
interactions between inputs. Moreover, comparing inputs with vastly disparate ranges, such as those exam-
ined for learning rates, can lead to complex and less interpretable results. Therefore, an importance metric
was also evaluated. This metric is obtained using a Random Forest model trained with hyperparameters as
features and the target Average Returns metric as the output. Within each decision tree of the Random
Forest, impurity is quantified using the Mean Squared Error (MSE). Specifically, the algorithm evaluates
each potential node split by calculating the weighted sum of the MSEs for the prospective child nodes, with
weights proportional to the sample sizes. The optimal split minimizes this weighted sum. This reduction
in impurity, attributed to each hyperparameter, is then aggregated and averaged across the ensemble of

TWeights&Biases documentation: https://docs.wandb.ai/ [Visited 01/09/2023]
2Weights&Biases documentation: https://docs.wandb.ai/ [Visited 01/09/2023]
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550 64 - 8-996; - 1,506,000
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Figure 7.1: Parallel coordinates chart for a sweep of selected DSAC hyperparameters. Each configuration
was trained for 200 episodes.

trees to generate a feature importance score for each hyperparameter. These scores are subsequently
normalized to sum to one, providing a relative ranking of hyperparameter importance.

As depicted in Figure 7.2, none of the examined hyperparameters exhibit a marked difference in importance
when compared with each other. Notably, the actor learning rate is ranked as the most influential, despite
having a minimal and negative correlation with Average Returns. This paradoxical finding can be attributed
to the wide range of values explored for the actor learning rate: both exceedingly low and high values
detrimentally impact performance, thereby skewing the correlation metric. In contrast, the replay buffer size
was identified as the least influential hyperparameter based on the same evaluation metric.

Two other parameters were examined but are not included in Figure 7.2. Firstly, Runtime was anticipatedly
ranked as the most important variable. Nevertheless, this variable was excluded from further comparative
analysis, as its behavior is contingent upon the values of the other hyperparameters under study. Secondly,
the DNN structure is also omitted from Figure 7.2. This is because the DNN’s structural complexity was
represented as a tuple rather than a scalar value during hyperparameter optimization. As a result, the
Weights and Biases tool was unable to compute its correlation and importance in the same manner as it did
for the other hyperparameters.

Config parameter Importance @ + Correlation
actor_Ir
batch_size
critic_Ir

discount

replay_buffer_size
Figure 7.2: Correlation and importance of the optimized hyperparameters.

In the conducted experiments, seven out of 100 trials achieved an Average Returns score exceeding
-350. The hyperparameter configurations corresponding to these successful runs are documented in
Figure 7.3. These configurations served as a basis for hyperparameter selection. It is crucial to clarify
that a comprehensive search over all possible hyperparameter combinations was not conducted, owing
to computational inefficiency. Rather, a stochastic sampling approach was employed to explore the
hyperparameter space. Given this methodological limitation, it is conceivable that untested combinations of
hyperparameters could yield even better performance. Consequently, the optimal hyperparameter settings
were not directly adopted from the best-performing trial. Instead, the selections were made through a
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multi-criteria analysis, incorporating insights from the top seven configurations displayed in Figure 7.3, the
importance and correlation metrics from Figure 7.2, as well as findings from prior research on SAC and

DSAC.

® Name DNN_s actor_Ir batch_size critic_Ir discount replay_buffer_size Average Returns =
@ @ chocolate-sweep-1 [64,64] 0.01 512 0.00044 0.98 1500000 -250.386

@ @ silver-sweep-2 [128,128]  0.001 256 0.005 0.99 500000 -254.735

@ @ misunderstood-sweep-1 [128,128]  0.00044 512 0.0001 0.98 1500000 -279.99

@ @ laced-sweep-1 [128,128]  0.0007 256 0.0001 0.98 1000000 -323.003

® earthy-sweep-6 [64,64] 0.001 256 0.0001 0.98 1000000 -328.027

@ @ copper-sweep-4 [64,64] 0.001 128 0.00044 0.99 750000 -341.257

@ @ legendary-sweep-1 [64,64] 0.0003 512 0.0001 0.98 1000000 -341.715

Figure 7.3: The best seven runs obtained during the hyperparameters tuning and the corresponding

hyperparameter settings.

The following hyperparameter choices were made:

DNN Structure = [64, 64]: Selected as it was used in the best-performing run and in 4 out of the top
7 runs. Furthermore, it aligns with previous works on SAC and DSAC for aircraft attitude tracking [27,
28]. Also, this structure brings additional advantages in comparison to a larger [128, 128] network, as
it is faster to train, requires less computational resources, and is less susceptible to overfitting.

Actor Learning Rate = 103: Selected because 3 out of the top 7 runs used this value, and it is close
to the value used by the previous work on DSAC of 4.4- 10— [28].

Batch Size = 256: Preferred as 3 out of the top 7 runs used this value. Furthermore, this batch
size was used in previous work on SAC and DSAC [27, 28]. Moreover, smaller batch sizes like 256
consume less GPU memory compared to larger sizes like 512.

Critic Learning Rate = 4.4.10~*: Set as it is the top-performing value and it is in line with previous
work on DSAC [28]. Furthermore, it falls within the same range as the second considered value,
0.0001, which appears in 4 instances among the 7 top performing runs.

Discount Value = 0.98: Chosen as it appeared 5 times in the top 7 runs, reflecting its effectiveness.

Replay Buffer Size = 108: A replay buffer size was evaluated as the least important in Figure 7.2,
which is also reflected in Figure 7.3, where the replay buffer sizes of the top performing agents are
inconsistent. Hence, a value of 10 was selected, similar to previous work on DSAC [28].

The remaining DSAC hyperparameters were based on the preliminary analysis (see Chapter 5) and previous
literature [116, 111, 28]. Furthermore, the RUN-DSAC algorithm, developed in this study, has one more
hyperparameter that requires tuning - the number of episodes during which the uncertainty modulation
factor p linearly decays from an initial value to 0, V. N, was optimized for two cases, for an initial . of 1
and an initial ¢ of -1, with the goal of maximizing the average returns after 250 episodes. For both cases,
Ny, of 125 was observed to be the best performing, which corresponds to 1/2 of the total number of training
episodes.

Finally, the hyperparameters for the SAC algorithm were systematically optimized utilizing an identical
approach to that deployed for DSAC, with consideration of the previous works on SAC applied to flight
attitude control [179, 28]. In fact, the same values of hyperparameters were observed to be best-performing
as for DSAC, which facilitates the comparison of the two agents. The optimized hyperparameters for SAC,
DSAC and RUN-DSAC variants are summarized in Table 7.1.
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Table 7.1: Optimized hyperparameters for the SAC, DSAC and RUN-DSAC agents

Hyperparameter Notation Value
Shared parameters

Hidden layers structure h 64x64

Actor learning rate 103

Critic learning rate 4.4.-10~4

Discount factor ~ 0.98

Batch size |B] 256

Replay buffer size |D| 106
RUN-DSAC parameters

Initial uncertainty modulation factor* Lbinit -1or1

Uncertainty modulation decay horizon* Ny, 125




Sensitivity of the RL-based controllers to
Environment Design

In the comparative evaluation of the RL-based flight controllers, it was empirically determined that the SAC
algorithm manifests heightened sensitivity to variations in both agent-level and aircraft control environmental
parameters. This observation is consistent with prior research findings [179, 28]. Additionally, this research
indicated that SAC’s learning curve exhibits slower convergence rates relative to its DSAC and RUN-DSAC
counterparts. These findings inspired subsequent investigation into the environmental variables affecting
the learning performance of RL-based flight controllers, particularly SAC. The focus of this analysis is to
gauge the impact of reward function constraints, as detailed in Section 8.1, and action space sensitivity,
elaborated upon in Section 8.2.

The present research also identifies that the risk-affinity parameters of the new RUN-DSAC algorithm
produced contrasting effects on learning outcomes between the LunarLander and the attitude flight control
environments. Hence, to delve deeper into the sensitivity of the results to the task complexity, Section 8.3
examines the impact of the flight attitude tracking task simplification on the performance of both the Risky
and Conservative RUN-DSAC variants.

8.1. Constrained vs. Unconstrained Reward Functions

To investigate the sensitivity of the SAC algorithm to various environmental parameters, a key focus was
the characterization of the reward function. This study aimed to elucidate the impact of constraint severity
on learning efficacy by analyzing two distinct reward functions:

» A stringent rewards function that terminates the episode and imposes a significant penalty if the
agent exceeds specified attitude (|| < 60°, |¢| < 75°) and altitude thresholds (A > 100m);

» A lenient reward function that solely penalizes the agent for altitude violations (h > 100m) without
any constraints on attitude boundaries.

One compelling reason for implementing stringent constraints coupled with high-penalty rewards is that
they can act as a strong guiding mechanism, effectively channeling the agent towards desired behaviors
by making deviations highly costly [182]. However, it's important to consider the potential downside: such
constraints can introduce discontinuities in the reward function. These discontinuities create sharp gradients
in the loss landscape [183], which can in turn destabilize the learning process by leading to function
approximation errors, local minima traps, or even divergence.

The empirical results obtained for the SAC RL-based flight controller applied in the attitude tracking task,
illustrated in Figure 8.1, indicate that the application of stricter reward functions leads to more rapid
convergence rates. This suggests that the constrained learning environment effectively guides the agent
towards the achievement of predefined objectives. The observed increase in variance of learning outcomes
can be attributed to the substantial penalties imposed upon the crossing of attitude boundaries, thereby
introducing additional variability in returns obtained in the learning process.

8.2. Action Space Sensitivity Analysis

While the original action space, given in Equation 8.1 [180], facilitated fast convergence for the DSAC and
RUN-DSAC flight controllers, the same could not initially be stated for SAC. As a result, the action space
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Figure 8.1: SAC learning curves for stringent and lenient reward functions.

was progressively expanded in a stepwise manner to identify conditions under which SAC demonstrated
better convergence characteristics.

A= [-17°,15°] x [-19°,15°] x [—22°,22°] € R? (8.1)
de da or
Upon enlarging the action space to A = [—20°,20°] x [—20°,20°] x [-22°,22°], a bifurcation in learning

behavior of SAC was observed, as seen in Figure 8.2, which shows SAC learning curves of 10 independent
runs for the aircraft attitude control task. In a minority of the trials (3 out of 10), SAC achieved rapid learning,
significantly outperforming the runs with more constrained action-space in terms of both sample efficiency
and final average returns. Conversely, in the majority of cases (7 out of 10), SAC exhibited deficient learning,
resulting in subpar performance metrics compared to its more constrained counterpart. The observed
divergence in SAC’s learning outcomes upon increasing a certain hyperparameter is not unique to this
algorithm. For instance, previous research has shown that an increase in learning rate in an IDHP flight
controller improves convergence speed at the expense of reduced convergence success ratio [24].

Several hypotheses could be posited to explain the divergent behaviors observed when expanding the
action space for SAC. One plausible explanation is the curse of dimensionality, where an increase in
the action space dimensions exacerbates the complexity of the optimization landscape that the algorithm
needs to navigate. In this context, SAC’s variability in performance may be indicative of its sensitivity to
initial conditions and stochastic elements within the learning process. Another potential reason lies in the
balance between exploration and exploitation. A larger action space allows for more exploration, which
could potentially lead to faster learning if the agent stumbles upon a particularly effective strategy. However,
excessive exploration can also make the learning process more unstable, as evidenced by the 7 out of 10
runs where SAC failed to learn effectively. Lastly, the algorithm’s internal hyperparameters and learning
rates, which were not adjusted to account for the expanded action space, could also contribute to the
observed inconsistency.

Nevertheless, these findings underscore the robustness of DSAC variants in comparison to SAC, as DSAC
consistently demonstrated reliable learning even within more restrictive action spaces. Additionally, when the
action space was enlarged to A = [—20°,20°] x [—20°,20°] x [—22°,22°], DSAC continued to demonstrate
stable convergence across all training runs, corroborated by 10 independent learning curves in Figure 8.3.
This suggests that, unlike SAC, whose performance is sensitive to action space dimensions, DSAC offers a
more reliable alternative for achieving stable learning outcomes.



8.3. Task Complexity Sensitivity Analysis

133

—500 A

—1000 4

[-]

|
N
o
o
=1

Average return

—3000 4

—3500 4

—4000

—1000

[-]

Average return

—4000

—5000 4

—1500 4

—2500 4

V

[I ‘Ml \“'
l|

J

[

m ) *rl (H“W‘ ~fr Wil ’f‘

i

4] h

'J i H “ ’\ l‘ '“m
Hv‘l | fw ‘\”[ u "ll i lb
il m

TS fr WA

50

100 150 200 250
Episode [-]

Figure 8.2: SAC learning curves with expanded action space.
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Figure 8.3: DSAC learning curves with expanded action space.

A rigorous sensitivity analysis could offer further insight into SAC’s performance variance across different
action space dimensions. Potential methodologies include high-resolution mapping of action space configu-
rations against performance metrics like convergence rates and convergence success ratios. However,

such detailed analyses are beyond this study’s scope, which prioritizes comparative evaluation with DSAC
variants rather than SAC optimization.

8.3. Task Complexity Sensitivity Analysis
As demonstrated in Part |, the Conservative RUN-DSAC variant enhances sample efficiency and controller
robustness to unexpected scenarios. Conversely, the Risky variant, characterized by its preference for
taking riskier actions, compromises sample efficiency through frequent violations of the predefined flight
envelope, thus incurring substantial penalties. Nevertheless, Section 5.4.1 illustrates an improved sample
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efficiency for the Risky variant within the LunarLander environment. This difference can be interpreted by
considering the unique characteristics and reward structures inherent to each environment.

In the LunarLander environment, the Risky RUN-DSAC approach seems to align well with the reward
system. The environment incentivizes bold maneuvers that lead to a successful landing while penalizing
unnecessary fuel usage and crashes. By favoring actions with higher uncertainty, the Risky variant
encourages exploration, which can be particularly beneficial in discovering efficient and score-maximizing
trajectories. The significant positive rewards offered for successful landings present an opportunity for the
algorithm to leverage risk for potential high returns. Furthermore, the undesired behaviour is not punished
as harshly as in the attitude control case, which makes it "safer” for the agent to explore.

Conversely, the flight attitude control task for the Cessna Citation Il aircraft demands high precision to
maintain a specific trajectory and to ensure adherence to strict safety constraints. In this scenario, the
Conservative RUN-DSAC variant, which subtracts the standard deviation from the Q-value, promotes
actions with lower variability. This conservative strategy is beneficial in a context where deviation from the
desired trajectory may result in violations of operational constraints or lead to catastrophic outcomes. The
reward function, which imposes high penalties for boundary violations and altitude deviations, necessitates a
careful approach that minimizes risk. The Conservative algorithm thus likely converges towards a policy that
prioritizes safety and reliability over potential performance gains, which in the context of aircraft dynamics,
is essential for successful task completion.

The observed performance differences of the RUN-DSAC variants underline the significance of algorithmic
alignment with task objectives and constraints. This consideration has led to an exploration of the algorithm’s
behavior under conditions of reduced complexity. By training the algorithm on simplified reference signals
that reduce the likelihood of the aircraft crossing the predefined flight envelope, it is theorized that the
performance of the Risky RUN-DSAC variant may be enhanced.

The original training task for the attitude flight control is designed as a smoothed step sequence featuring
15 evenly distributed levels within the given maximum amplitude range, as detailed in Part |. This task
was simplified by lowering the number of levels to 5 and reducing the maximum amplitude of the pitch and
roll angle reference signals to 5°, significantly less than the original settings of 25° and 45°, respectively.
Analysis of the average learning curves from 10 independent runs for each agent, depicted in Figure 8.4,
alongside a quantitative evaluation using three performance metrics detailed in Part | and presented in
Table 8.1, indicates that the Conservative RUN-DSAC maintains superior performance over the Risky
variant, even improving across all metrics compared to the original training settings. Furthermore, the
comparison of the simplified task learning curves in Figure 8.4 with those from the original task in Part |
reveals that, counterintuitively, the Risky RUN-DSAC’s performance degrades in the simplified scenario,
which can be also observed in the performance metrics. It appears that the Risky RUN-DSAC'’s inclination
towards exploration over exploitation becomes a drawback, as the narrower range of acceptable actions
necessitates precision over novelty.

Table 8.1: Assessment of agent learning efficiency using three metrics shows mean scores with standard
deviations and percent difference from the respective learning curves trained with the original training tasks.

M1 (Returns) M2 (# Episodes) M3 (Area)

RUN-DSAC Value -1835.96+844.76 56.22+27.96 39.72:10%+14.36-10%

Max. reference (Risky) Difference -20.1% +48.7% +10.3%
amplitude: 5°  RUN-DSAC Value -306.96+163.13 7.56+6.82  10.30-10*+5.60-10*
(Conservative) Difference +23.0% -16.9% -20.2%

RUN-DSAC Value -1296.53+584.84 68.67+24.47 41.53-10*+15.50-10%

Max. reference (Risky) Difference +15.2% +81.7% +14.7%
amplitude: 2°  RUN-DSAC Value -498.48+450.27 10.00+9.20  13.52-10*+8.82-10*
(Conservative) Difference -25.1% +9.9% +4.8%

However, the data from Figure 8.4 and Table 8.1 show increased variance in the learning curves for the
Conservative variant compared to the original training settings. In contrast, the Risky variant generally
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Figure 8.4: Average learning curves for training on reference signals with a maximum amplitude of 5°. The
bold line represents the mean of 10 independent trials for each agent, with the shaded area indicating the
standard deviation.
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Figure 8.5: Average learning curves for training on reference signals with a maximum amplitude of 2°. The
bold line represents the mean of 10 independent trials for each agent, with the shaded area indicating the
standard deviation.

displays reduced variance in performance metrics, with the exception of a minor increase in the area-under-
the-curve metric (M3). The Conservative variant’s increased variance may stem from the the diminished
amplitude range, which renders the reference signals more homogenous, thereby complicating the agent’s
ability to differentiate between them. Tracking subtle movements demands precise control, and the uniformity
of actions, coupled with their limited magnitude, may impede the agent’s learning process. Furthermore,
the confluence of similar state-actions leading to comparable returns is hypothesized to be further obscured
by introducing the uncertainty information into the Q-value estimations. On the other hand, the observed
reduction in variance for the Risky RUN-DSAC likely results from the restricted scope for taking varied
high-risk actions, as the tighter task constraints confine the range of viable maneuvers. This constrained
operational space inherently curtails the possibility of engaging in the broad spectrum of actions that
previously led to high variability, thereby yielding a more uniform and stable performance across different
learning trials.
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To test these hypotheses, an additional set of 10 independent runs for each RUN-DSAC variant was
executed, further reducing the maximum amplitude of 0, and ¢ to 2°. As evidenced in Figure 8.5
and confirmed by Table 8.1, this adjustment led to an increased variance in the learning curves of the
Conservative variant, which also demonstrated diminished learning performance relative to the original
learning curves. Meanwhile, the Risky variant’s variance decreased in the initial learning phase, though not
evidently in Figure 8.5. Notably, as learning approached convergence, the variance for the Risky version
appeared elevated compared to the 5° scenario, potentially accounting for the slight increase in variance of
the area-under-the-curve metric (M3).



Architectural Complexity and
Computational Performance

This research has demonstrated how different variants of the DSAC algorithm can extend the capabilities of
the SAC in flight control by estimating a complete return distribution. However, these advancements lead
to increased computational demands, arising from modeling return distributions that requires additional
network parameters, and the computation of pairwise TD-errors among randomly generated quantile
fractions. This chapter delves into the intricacies of this trade-off, specifically examining the impact of
incorporating distributional reinforcement learning on the critic architecture complexity in Section 9.1 and
the training time required per episode in Section 9.2.

9.1. Critic Network Coplexity

The DSAC and RUN-DSAC agents utilize the same fanh Gaussian actor network as the SAC agent, with
increased complexity manifested solely in their critic networks. Both DSAC and RUN-DSAC utilize an
identical critic structure realized as an IQN that processes state-action pairs and a set of N uniformly
sampled quantiles 7 ~ U([0, 1]), outputing an inverse cumulative distribution function of potential outcomes
(S x A x RN — R¥). The complexity enhancement arises from the IQN’s expanded neural architecture,
necessitating an increased quantity of trainable weights and biases attributable to:

* Quantile Embedding: An embedding of the size of & = 64 (as inspired by previous research [111]) is
employed for quantile fractions, increasing parameter count. This embedding layer maps the quantile
fractions to a higher-dimensional space, which is subsequently used in the Hadamard product with
the embedding of the states and actions.

* Input-Output Expansion: Unlike traditional critics that output a singular expected return, the distribu-
tional critics of DSAC and RUN-DSAC estimate a complete return distribution, thereby expanding both
the input and output dimensions to accommodate N quantile estimations for each state-action input.

» Layer Normalization: Both models use layer normalization, but the distributional critics have more
instances of it due to the additional layers related to quantile embeddings. Each normalization layer
also adds a small number of parameters for scaling and shifting the normalized output.

Accounting for these enhancements and based on the specified critic network hyperparameters (refer
to Part 1), the distributional agents exhibit an 82.7% increase in parameter count over SAC, as detailed
in Table 9.1. This increment underscores the computational trade-offs inherent in the pursuit of a more
granular policy evaluation.

Table 9.1: Number of trainable parameters in critic models used in this research with percentage difference
relative to the SAC critic.

SAC DSAC/RUN-DSAC % Difference

Number of

, 5185 9473 +82.7
trainable parameters
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9.2. Computational Time

The increase in parameters generally corresponds to an increase in computational complexity. More
parameters mean that there are more weights to be updated during back-propagation, which increases the
computational load. This leads to longer training times, increased memory consumption, and potentially
slower convergence per iteration. Empirical data detailed in Table 9.2 demonstrate the average training
duration per episode across various agents. Within a flight attitude control scenario (referenced in Part I),
training encompassed 250 episodes for 10 distinct runs per agent, with these ample sample sizes lending
statistical significance to the results. Notably, the episodes were concluded prematurely if the agent deviated
from the prescribed flight envelope (Section 8.1), influencing episode duration. All of the computation were
performed on HP ZBook Power G9 Mobile Workstation using the 12" Generation Intel Core i7-12700H x
20 CPU and the NVIDIA RTX A1000 GPU.

Table 9.2 indicates that SAC necessitates 26.5% less computational time compared to DSAC. In the context
of this study, the enhanced sample efficiency, consistent learning, and reduced policy variance offered
by DSAC outweigh its higher computational demand. However, it is important to note that this trade-off
may not be universally applicable in all reinforcement learning scenarios, particularly in applications with
different performance and computational constraints.

RUN-DSAC mirrors DSAC in computational performance, sharing the same DNN architecture for the critic
and actor, with the only distinction being the computation of return distribution variance for policy updates.
This assertion aligns with measured average training times, which reveal a negligible disparity of less
than 10% of the Risky and Conservative RUN-DSAC variants compared to DSAC. Intriguingly, the Risky
RUN-DSAC variant exhibited a slight decrease in training time relative to DSAC, which can be explained by
the reward function’s design which predisposes the Risky RUN-DSAC towards riskier actions that more
frequently culminate in early episode termination. Conversely, the Conservative variant’'s longer average
training time is attributable to its less frequent violation of flight constraints compared to DSAC.

Table 9.2: Comparison of average training time per episode among various agents, with (R) denoting Risky
and (C) indicating Conservative strategies. The uncertainty is expressed as standard deviation of the
measurements and the % difference represents the comparison of mean values with respect to the DSAC
agent, with the significance of differences assessed by corresponding p-values.

SAC DSAC RUN-DSAC (R) RUN-DSAC (C)
Average time / Episode [s] 11.79+5.04 16.05+0.89 15.54+1.70 17.64+1.10
o M
% Difference 26.5 i 39 499

(compared to DSAC)
p-value ~ 0. - ~ 0. ~ 0.
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Verification and Validation

In the intricate field of RL used within simulations, verification and validation stand as critical pillars for
ensuring scientific rigor. In this work, verification refers to a process of ensuring that a computational model
or simulation is implemented correctly and accurately represents the conceptual model or mathematical
equations it is intended to solve. In other words, verification seeks to answer the question: “Is the model
implemented correctly?”. This involves checking the code for bugs, assessing numerical accuracy, and
confirming that the algorithms perform as intended. On the other hand, validation refers to a process of
confirming that the model or simulation adequately represents the real-world system or phenomena it is
designed to simulate or predict. The primary question here is: "Is the right model being solved?”. Validation
usually involves comparing model predictions with experimental data or observations from the real world to
assess how well the model captures the behavior of the system in question. Furthermore, this involves the
examination of the underlying assumptions and limitations to delineate the model’s range of validity.

The aim of this chapter is to articulate the rigorous quality control measures applied to both the implementation
of RL methods and the experiments conducted. Concurrently, it aims to provide a nuanced analysis that
assesses both the validity and the limitations intrinsic to the research project. A comprehensive overview
of the verification procedures for the implemented RL algorithms and the simulation setup can be found
in Section 10.1, while the validation steps are detailed in Section 10.2. Furthermore, repeatability and
reproducibility are fundamental principles of scientific methods, which help ensure the integrity of the
research by allowing other researchers to independently verify and validate the findings. Consequently, the
measures employed to ensure the reproducibility and repeatability of this research work are the subject of
discussion in Section 10.3.

10.1. Verification

The paramountcy of verification in the realm of RL and autonomous flight control cannot be overstated. This
section aims to provide a meticulous verification process for the SAC and DSAC algorithms implemented in
this study, alongside the simulation models employed.

10.1.1. Reinforcement Learning Algorithms

The SAC and DSAC RL algorithms employed in this study, forming the basis for the development of
RUN-DSAC, are grounded in an extensive foundation of deep reinforcement learning research spanning
multiple years. These algorithms comprise a multitude of distinct, modular tools, methodologies, and
constituents. Noteworthy among these are the utilization of double critic networks, the incorporation of
experience replay buffers, the employment of DNNs, and the utilization of stochastic gradient optimizers. In
order to verify the correct implementation of the SAC and DSAC algorithms, they were subjected to testing
in simpler environments to ascertain whether they could achieve the performance levels reported in the
existing scientific literature.

Initially, the algorithms were evaluated and juxtaposed within a LunarLander toy environment, as expounded
in Section 5.1. This specific environment was chosen because it offers a continuous state-action space and
continuous reward signals, making it highly suitable for the smooth integration of the RL frameworks into
the flight control task. Moreover, its level of complexity is sufficiently high to effectively serve as a rigorous
testing ground for the algorithms, all the while mitigating the issue of excessive computational times. The
SAC and DSAC algorithms both demonstrated proficiency in mastering the continuous control task at hand,
thereby affirming the accurate implementation of these algorithms. Furthermore, the empirical findings
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corroborated the enhanced learning performance attributed to DSAC when compared to SAC, as discerned
in the literature study. However, it is worth noting that the performance of SAC has exhibited a tendency to
yield inconsistent results, thereby confirming the findings documented in prior research [179].

The feasibility of the implementation of the proposed DSAC algorithms was further tested by using them
to control a simple LTI model of Cessna 500 aircraft. Additionally, this controlled environment served
the purpose of verifying multiple facets: firstly, the efficacy of augmenting the observation vector with
reference signals; secondly, the effectiveness of the CAPS method in mitigating the pronounced oscillations
in control actions; and thirdly, the implementation accuracy of standard reward signals commonly employed
in automatic control. Moreover, the precision in the implementation of individual modules within the RL
algorithms was tested by verifying that alterations in the hyperparameters relevant to these modules yielded
anticipated changes in agent performance. For example, the verification revealed that augmenting the
learning rate for both the critic and policy modules resulted in accelerated initial learning. However, setting
the learning rates too high induced instability in the learning process.

Moreover, unit tests were designed to rigorously evaluate the correctness of both the RL algorithms and the
underlying environments they were employed in. Unit tests serve as a crucial quality assurance mechanism
by systematically examining specific components and functions within the code. They verify whether
individual units of code, such as functions or methods, behave as expected under various conditions. In
this study, these unit tests were implemented with the unittest Python framework. An illustrative example
of such unit testing applied to the Cessna Citation Il RL environment is presented below:

class TestCitationEnv(unittest.TestCase):

def setUp(self):
torch.cuda.empty_cache ()
parser = argparse.ArgumentParser(description='Distributional Soft Actor Critic',
conflict_handler='resolve')

# Add command-line arguments to the parser

parser.add_argument ('--config', type=str, default="../configs/Attitude/config_sac.yaml")
parser.add_argument ('--gpu', type=int, default=0, help="using cpu with -1")
parser.add_argument ('--seed', type=int, default=0)

# Parse the command-line arguments
args = parser.parse_args()

# Open the configuration file specified in the '--config' argument for reading
with open(args.config, 'r', encoding="utf-8") as f:

# Load the YAML contents of the file into a Python dictionary

variant = yaml.load(f, Loader=yaml.FullLoader)

# Initialize the environment with a specific configuration and mode
self.env = phlabenv.CitationEnv(configuration=variant, mode="nominal")

def test_action_space(self):
# Check if the action space is of the correct type (Box)
self.assertTrue(isinstance(self.env.action_space, gym.spaces.Box))

def test_observation_space(self):
# Check if the observation space is of the correct type (Box)
self.assertTrue(isinstance(self.env.observation_space, gym.spaces.Box))

def test_reset(self):
# Check if the reset function returns an initial observation
obs = self.env.reset()
self.assertTrue(isinstance (obs, np.ndarray))
self.assertTrue(np.allclose(obs[:6], np.zeros(6)))

def test_step(self):
# Reset the environment
self.env.reset ()

# Check if the step function returns the expected values
action = np.array([0.1, 0.1, 0.1])
obs, reward, done, info = self.env.step(action)

# Check the types of returned values
self.assertTrue(isinstance (obs, np.ndarray))
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self.assertTrue(isinstance(reward, float))
self.assertTrue(isinstance (done, bool))
self.assertTrue(isinstance(info, dict))

def tearDown(self):
# Close the environment
self.env.close ()

Finally, as noted earlier, the learning performance of the SAC algorithm was observed to be inconsis-
tent in the LunarLander environment. This high variance in the results was also pronounced when the
algorithm was employed for attitude control of an aircraft simulated using a DASMAT model. To verify
that the observed performance fluctuations were intrinsic to the SAC algorithm rather than resultant from
any implementation errors, additional experiments were conducted in the Pendulum environment — a
more elementary benchmark as compared to LunarLander. The Pendulum gym environment, depicted in
Figure 10.2, is modeled as a frictionless pendulum pivoted at a fixed point, with the free end subject to
controllable torque. Initialized at a stochastic position, the objective is to exert appropriate torque to elevate
the pendulum to a vertically upright position, aligning its center of gravity directly above the pivot. The state
space comprises a three-dimensional observation vector that captures the 2D Cartesian coordinates of the
pendulum’s free end, as well as its angular velocity. The action space is unidimensional, representing the
magnitude of applied torque.

Subsequent analysis of the learning curves, averaged over 7 independent trials as shown in Figure 10.2,
reveals that convergence was consistently achieved within six episodes, accompanied by minimal variance.
These findings lend credence to the correctness of the SAC implementation, reinforcing the notion that the
algorithm’s inconsistent performance in more complex settings is, in fact, an inherent attribute rather than a
manifestation of implementation inaccuracies.
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Figure 10.1: Pendulum
environment Figure 10.2: Learning curve of SAC trained in the Pendulum environment.

10.1.2. Cessna Citation Il Simulation Model

This research seeks to evaluate the potential applicability of the proposed RL algorithms to real aircraft
control. Due to the considerable safety risks and financial implications of real-world aircraft testing, a
thoroughly validated simulation model serves as the foundational platform for this research. Specifically,
Delft University of Technology Aircraft Simulation Model and Analysis Tool (DASMAT) model is utilized for
scrutinizing the performance of RL-based flight controllers [184]. While originally designed for high-fidelity,
6 DOF simulations of the Cessna Citation | (or Cessna Citation 500), DASMAT has been extended to
accommodate the Cessna Citation Il (or Cessna Citation 550), which is the subject of the current research.

However, the DASMAT model is constructed in MATLAB Simulink, whereas the RL controllers in this study
are implemented using Python. To bridge this gap, the Simulink model was translated into C code and
compiled as a shared object executable for various flight configurations. To ensure the accuracy of this
conversion, the aircraft responses generated by the Simulink model was compared with the responses
obtained from the shared object executable, both of which were excited using identical control inputs. An
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example of this comparison, carried out under nominal conditions (V' = 90m/s, h = 2000m, no in-flight
failures), is presented in Figure 10.3. The aircraft dynamics are activated through a rectangular pulse in both
the elevator and aileron controls. If the model compilation was executed correctly, the aircraft responses
would be expected to match, which is confirmed by the presented findings.
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Figure 10.3: Comparison of Step Response: DASMAT Simulink Model vs. Compiled Shared Object
Executable. Blue line with circle markers represents the Simulink model, while red line with diamond
markers represents the compiled executable. Control inputs, depicted by green lines, were used to excite
the states and are consistent across both models.

To further ensure the fidelity of the compiled simulation model, it can be rigorously assessed by comparing
the observed outcomes with theoretical expectations grounded in fundamental principles of aircraft dynamics.
In the body-fixed coordinate system, a negative elevator deflection should naturally result in a positive pitch
rate, culminating in a pitch-up maneuver, which is observable at t = 1s. This maneuver is also expected to
result in an elevated angle of attack «. Correspondingly, the increased angle of attack amplifies lift-induced
drag, leading to an initial reduction in airspeed. Similarly, a positive aileron deflection yields a negative
roll rate, as expected, manifesting as a negative bank angle around ¢ = 4s. A near-zero roll rate is also
indicative of a stable roll angle, a condition met from ¢ = 8s onward. Lastly, the expected coupling between
rolling and yawing motions is observable, as initiating negative rolling motion through aileron input leads to
a negative yaw rate and sideslip angle .

For additional model verification, the aircraft dynamics response obtained under nominal conditions in this
study was cross-referenced with the verification conducted by Dally [179]. Dally also used the DASMAT
model, trimmed and compiled it at identical nominal conditions, and carried out the verification with the
same control inputs. Therefore, a congruent aircraft response between this research and Dally’s would
substantiate the accuracy of the model compilation in this study. The comparative verification from Dally
is illustrated in Figure 10.4. Indeed, the profiles and magnitudes of the relevant state variables are in
alignment.

10.2. Validation

The indispensability of validation parallels that of verification in the fields of RL and autonomous flight control.
This section serves a dual purpose: establishing the credibility of the DASMAT aerodynamic model and
scrutinizing the foundational assumptions and limitations underlying this research.

10.2.1. Cessna Citation Il Simulation Model

As outlined in Section 10.1.2, the DASMAT aerodynamic model serves as a computational model for the
real-world dynamics of a Cessna Citation Il aircraft. To validate the model’s fidelity, all the longitudinal
and lateral force and moment coefficients of the simulated aircraft were compared with those derived from
PH-LAB’s Cessna Citation Il flight data. The relative Root Mean Square Errors (RRMSE) within the nominal,
pre-stall flight envelope are documented in Table 10.1 [185]. The majority of the RRMSE values for the
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Figure 10.4: Compilation verification conducted by Dally [179]. The DASMAT Simulink model is depicted
by dashed green lines, the compiled shared object executable by solid blue lines, and the common control
inputs by solid green lines.

coefficients are below 8.80%, peaking at 12.65% for the pitching moment coefficient, C,,,. These values are
deemed sufficiently accurate to represent real-world aircraft dynamics, thus validating the aerodynamic
model for the pre-stall flight envelope.

Table 10.1: Relative Root Mean Square Error (RRMSE) of force and moment coefficients for the DASMAT
model in comparison to PH-LAB Cessna Citation |l flight measurements [185].

Cx Cy Cz (G Cim Cn
RRMSE [%] 8.79 7.34 7.97 8.65 1265 8.50

10.2.2. Assumptions and Limitations

While the outcomes presented in this study exhibit promise regarding the deployment of proposed sample-
efficient RL-based controllers aboard a real aircraft, it is imperative to acknowledge the presence of
numerous assumptions and simplifications that have been incorporated, thereby constraining the scope
and generalizability of the findings.

In this research, the DASMAT Simulink model forms the foundation for the evaluation of the RL-based
flight controllers. Notably, this model incorporates an inner-loop PID yaw damper and a thrust controller,
which simplifies the RL task significantly. Specifically, the RL agents are exclusively trained to control the
flight control surface actuators, devoid of any involvement in thrust control, flaps actuators, or trim tabs
actuators. Moreover, these control surface actuators are modelled by simple first-order lag dynamics with
angle saturation. Furthermore, this model assumes no signal delay in the transmission between agent
commands and actuator responses. It is also worth noting that the examination of simulation and controller
frequencies, both of which are consistently set at 100 Hz, is not a part of this study.

The flight dynamics model relies on several other assumptions for its practicality. As the maneuvers used
for both training and evaluation are short in duration, the Earth is assumed flat, hence no Earth’s curvature
is considered in the flight dynamics model. Moreover, the Earth is assumed to be non-rotating, therefore



no Coriolis acceleration effects and such are considered. The aircraft is also assumed to have constant
mass during the maneuvers and it is assumed to be a rigid body. Therefore, no flexibility or deformation of
aircraft components are considered, although these are common in real operations and can influence the
aerodynamic characteristics of an aircraft and effectiveness of its control surfaces.

Furthermore, although this research has examined the robustness of the proposed RL algorithms in several
non-nominal or faulty conditions, several other sources of stochastic processes and uncertainties remain
unaddressed, demanding comprehensive investigation prior to the practical deployment of the algorithm.
For instance, while the effect of wind gusts were investigated, a more rigorous analysis of atmospheric
influences on the performance of the proposed RL-based controllers is warranted. This could involve
simulating and evaluating the impact of continuous atmospheric disturbances, possibly incorporating models
like the Dryden wind turbulence model. In general, a more extensive exploration of the standard flight
envelope is imperative to align with established safety standards and ensure the reliability and safety of
the proposed RL-based controllers in real-world scenarios. Lastly, the research has omitted an analysis of
model uncertainty between the simulated environment and the reality, which is essential for bridging the
theoretical framework with practical implementation.

10.3. Repeatability and Reproducibility

Repeatability and reproducibility are cornerstones of scientific research and are particularly crucial in disci-
plines like RL that inherently involve stochastic processes. Ensuring that experiments are both repeatable
and reproducible guarantees the integrity and validity of the findings. Repeatability allows other researchers,
or even the same researchers at different times, to obtain similar results under identical conditions, thereby
affirming the stability and reliability of the algorithm or methodology in question. Reproducibility, on the other
hand, allows for the verification of results under varying conditions or even when using alternative methods,
serving as a "litmus test” for the generalizability of the findings. Several practices were implemented in this
research to achieve the repeatability and reproducibility of the results.

To ensure both repeatability and reproducibility of the experiments, pseudo-random number generators were
employed in both the stochastic agent and the simulation environment, and their states were initialized using
predetermined seeds. Specifying a particular seed constrains the algorithmic behavior to remain invariant
across individual runs. This determinism encompasses various stochastic components of the RL framework,
including the initialization of neural network parameters (weights and biases), the stochastic gradient
descent optimization steps, the sampling of experience tuples from the replay buffer, the stochastic action
selection mechanism, and the randomized generation of reference training signals, among other factors. As
empirically verified in Figure 10.5, the application of a consistent pseudo-random seed results in congruent
learning curves across distinct experimental runs. It should be noted that this level of reproducibility is
contingent upon meeting specific software and hardware prerequisites, including but not limited to, library
versions, operating system specifications, and computational hardware configurations. To ameliorate the
impact of these factors, a dependency file is included within the code package, listing all the requisite
software libraries along with their corresponding version numbers.

Furthermore, all the hyperparameters, training, and evaluation configuration settings are stored in a JSON
file for each experiment run. These configurations can be loaded automatically in the code. In addition,
detailed logs are kept in a machine readable CSV file. Specifically, a unique identifier (based on the date
and time corresponding to the initialization of the run) is generated for each of the experimental runs.
Subsequently, a comprehensive set of variables is logged post each episode. These variables comprise
returns, rewards, loss indices for both critic and policy architectures, along with predicted and realized
critic function evaluations, temperature parameter ar readings, selected actions, number of steps taken
during exploration and evaluation. Moreover, the total computational time and time expended on distinct
computational operations, ranging from data sampling and storage to training and evaluation, are also
captured. Logging these parameters in detail establishes concrete baseline that offers a point of reference
for future endeavors aimed at result replication.

The research also subscribes to an ethos of transparency by sharing the entire codebase publicly via a Git
repository. In addition, Git is used as a version control system to keep track of all changes made to the
code, including the addition of new features, bug fixes, and other algorithm modifications. In addition to
these measures, code readability and subsequent reproducibility are further bolstered by the inclusion of
inline comments that explain the purpose, logic, and algorithmic underpinnings of critical code segments.
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Figure 10.5: Comparison of learning curves from two independent experimental runs initialized with the
same pseudo-random seed, demonstrating repeatability in algorithmic performance.
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Conclusion

While traditional automatic flight control systems are effective under standard conditions, they falter in
the face of unanticipated scenarios due to their reliance on predefined models. Furthermore, developing
and validating high-fidelity models is time-consuming and expensive, especially for complex aerospace
system configurations. To address these limitations, there is a growing need for model-free controller
design approaches that streamline development and reduce reliance on extensive model identification.
This research proposed using Reinforcement Learning (RL) to create intelligent and adaptable flight control
systems that can operate in partially observable and uncertain environments without strict reliance on
accurate models.

Recent advancements in Deep RL have enabled the application of RL to complex flight control scenarios
using deep neural networks as function approximators, but also introduced new challenges, such as sample
efficiency and safety. Previously, methods like Incremental Dual-Heuristic Programming, Hierarchical
RL, Soft Actor-Critic, or Shielded RL have been proposed to approach these challenges, each with their
limitations and benefits. Nevertheless, the majority of these studies overlooked the incorporation of
uncertainty quantification in the learning process, a factor that could potentially enhance both the efficiency
and safety dimensions of the learning algorithms. Therefore, this research focuses on the exploration of
Uncertainty-Aware RL algorithms applied to flight control with the goal of improving sample efficiency.

11.1. Closing Remarks

In the relentlessly advancing landscape of aerospace flight systems, the demand for model-free flight
control systems that excel in efficiency, safety, and robustness under diverse flight conditions and potential
in-flight faults is paramount. Contemporary advancements in Deep Reinforcement Learning algorithms
have demonstrated remarkable proficiency in tackling tasks once considered intractable, offering a viable
solution for modern flight controllers. These algorithms are grounded in the principles of direct interaction
with the environment to learn model-free, sophisticated, near-optimal control strategies, thereby bypassing
the limitations associated with traditional, model-based methods.

Furthermore, recent research has brought to light the extensive applicability of Distributional RL in diverse
domains, particularly in robotics and control systems, including flight controllers. Unlike conventional
RL methods that estimate only the expected value of returns, Distributional RL seeks to learn the entire
probability distribution of returns. Building upon this concept, this thesis introduces the Returns Uncertainty-
Navigated Distributional Soft-Actor Critic (RUN-DSAC) algorithm, which contributes a new perspective in
the field of model-free autonomous flight control systems. By harnessing the power of Distributional RL
and integrating uncertainty quantification into the RL decision-making process, RUN-DSAC addresses
critical challenges in flight control - namely, sample efficiency, adaptability, and safety. In a comprehensive
assessment involving a high-dimensional flight control task, RUN-DSAC is rigorously tested on a high-fidelity,
non-linear, fully-coupled aerodynamics model of a small fixed-wing jet aircraft. Furthermore, its performance
is benchmarked against the current state-of-the-art SAC and DSAC algorithms.

The RUN-DSAC algorithm, particularly its Conservative variant, has demonstrated significant improvements
in learning efficiency and accuracy in tracking flight trajectories. The Conservative RUN-DSAC’s emphasis
on predictability and stability, by prioritizing actions with minimal uncertainty, is particularly advantageous in
the safety-critical realm of aviation. Given these characteristics, the Conservative RUN-DSAC algorithm
could potentially be highly suitable for online control systems, where real-time and safe adaptability is
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essential. This approach could be particularly beneficial in scenarios such as in-flight emergency handling
or adaptive response to sudden environmental changes, where traditional model-based methods may
fall short. In contrast, the Risky RUN-DSAC variant, which encourages exploratory behavior by favoring
high-uncertainty actions, shows increased resilience to disturbances in control smoothness induced by
unseen dynamics, albeit with compromises in tracking precision and increased variability among policies.

This thesis advances the domain of sample-efficient and fault-tolerant autonomous controllers, particularly
in safety-critical systems like aerospace. Furthermore, it contributes to bridging the simulation-to-reality
gap of intelligent flight controllers based on artificial intelligence by enhancing robustness to uncertainty,
improving learning efficiency, and ensuring fault tolerance, achieved with minimal added human-domain
knowledge and model dependence.

11.2. Research Questions

The present research aimed to enhance sample efficiency of state-of-the-art RL flight controllers in reference-
tracking tasks by integrating uncertainty information into the learning process. Consequently, it has
addressed a subset of the research questions proposed in Chapter 1.

Research Questions - Methodology

RQ-M-1 What is the state-of-the-art for RL in flight control?

It was concluded that the most suitable algorithms prioritize the use of an actor to directly parameterize the
policy, allowing them to handle continuous action spaces. DDPG, TD3, and SAC are not only considered
state-of-the-art in the broader field of Deep RL but have also shown promise in application-oriented research
for fixed-wing and multi-rotor flight. This was confirmed by previous research attempts. Furthermore, these
algorithms can be used in various combinations and modifications to improve on a certain characteristic.
For example, they can be put into a cascaded architectures as done in Hierarchical RL to enhance the
sample efficiency, they can be complemented with a safety filter as done in SHERPA to improve their safety,
and similar. The most related previous work to this research is the application of Distributional SAC (DSAC)
on a flight controller, which learns the entire return distributions instead of their mean values. DSAC was
shown to significantly improve learning consistency of SAC. Furthermore, ADP methods such as IDHP
were reviewed, which excel in online learning and adaptive optimal control. However, they face challenges
when it comes to generalization power and sample efficiency in achieving precise flight control with high
DOF. Nevertheless, previous research attempted to combine their online benefits with offline RL in a hybrid
SAC-IDHP architecture to bridge the simulation gap.

Research Questions - Methodology |

RQ-M-2 What are the sources of uncertainty in RL and how can they be leveraged?

Two distinct forms of uncertainty have been identified - epistemic and aleatoric. Epistemic uncertainty
arises due to limited knowledge or incomplete information, such as an incomplete aircraft dynamics model.
This type of uncertainty can be leveraged to improve the trade-off between exploration and exploitation,
thereby enhancing sample efficiency. By incorporating epistemic uncertainty into RL algorithms, agents can
make more informed decisions and explore different options more effectively. On the other hand, aleatoric
uncertainty emerges from the inherent stochasticity in the environment, such as turbulence. Modeling and
accounting for aleatoric uncertainty enables RL algorithms to make more thoughtful choices regarding
actions that carry higher risk or involve greater uncertainty. This allows the algorithms to strike a better
balance between exploration and exploitation, leading to potentially more efficient and safe learning while
also improving the robustness of the learned policies.
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Research Questions - Methodology

RQ-M-3 What is the state-of-the-art in uncertainty-aware RL methods?

RQ-M-3a How do these methods model the uncertainty information?
RQ-M-3b Which of these methods is the most suitable for flight control in terms of

implementation feasibility, uncertainty prediction accuracy, and sample efficiency?

Different RL methods were discussed for capturing uncertainty, including Count-based methods, Monte
Carlo Dropout (MC-Dropout), Bootstrapping, Distributional RL and Bayesian RL. Count-based methods
quantify epistemic uncertainty through state visit counts. MC-dropout and bootstrapping generate multiple
stochastic predictions to assess variance and capture epistemic uncertainty. Distributional RL (DRL)
directly learns value distributions for representing aleatoric uncertainty. Finally, Bayesian RL (BRL) updates
probability distributions using Bayes’ rule to infer epistemic uncertainty. Moreover, DRL and model-free BRL
were chosen for further evaluation in the context of flight control, as they have shown promise in improving
the sample efficiency by accurately modelling the whole uncertainty distribution of the value function.

Model-free BRL shows potential in improving the sample efficiency in RL-based flight control, but its
scalability limitations and computational demands make it impractical for complex flight dynamics in real-
time control. Furthermore, finding an appropriate prior to accurately represent the value function remains
an open question, especially for the Q-function. In contrast, the computationally less expensive and more
easily scalable DRL has shown improved sample efficiency by modeling the entire reward distribution
without needing a prior, although it does not directly capture epistemic uncertainty. Instead, it's learning
performance and robustness are improved by modelling the aleatoric uncertainty, which is prevalent in
flight control due to phenomena such as turbulence or noisy sensor measurements. Its well-documented
theoretical foundations and successful application in various continuous tasks, including flight control, made
it interesting for further exploration and development. Thus, DRL was concluded to be the most suitable for
an Uncertainty-Aware RL-based flight controller developed in this study.

The theoretical enhancements in DSAC’s sample efficiency over state-of-the-art methods like SAC were
substantiated through verification within the Preliminary Analysis, utilizing the LunarLander environment as
a platform for assessment. Furthermore, the study revealed the potential to extract variance information
from the learnt quantile functions, enabling more informed policy decisions and ultimately enhancing sample
efficiency. This crucial insight underscores the viability of uncertainty-aware approaches in refining RL-based
flight control strategies.

Moreover, the feasibility of DSAC’s implementation in flight control was substantiated through successful
verification in a reference angle of attack « tracking task using an LTI short period Cessna Ce500 dynamics
model. This significant milestone underscores DSAC’s adaptability to real-world flight control scenarios.
Furthermore, the effectiveness of the CAPS technique in curbing oscillations within controller actions
was well-demonstrated. Notably, the study showcased CAPS’ ability to achieve this without introducing
undue complexity to the algorithms, making it a promising avenue for enhancing controller stability while
maintaining sample efficiency.

Research Questions - Implementation |

RQ-1-1 How can the proposed uncertainty-aware RL controller be implemented in a Cessna
Citation Il simulation model?

RQ-I-1a At which control level should the proposed RL controller be implemented?
RQ-I-1b Which simplifications can be implemented in the simulation model, while

maintaining its relevant characteristics?

To advance the development of fault-tolerant and fully autonomous flight control systems, a controller
capable of operating with the highest level of control authority is necessary. This entails the implementation
of full 6-DOF flight control. However, the increased complexity associated with 6-DOF control, primarily due
to the curse of dimensionality, often necessitates a hierarchical structure of RL-agents, as highlighted in
prior research. This study specifically focuses on the safety-critical inner-loop attitude control to isolate and
evaluate the RUN-DSAC's effects on sample efficiency, safety, and robustness when applied to flight control,
without the confounding variables introduced by a multi-agent control system. This answers RQ-l-1a.
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In addressing RQ-I-1b, this research utilizes the DASMAT model, an advanced simulation framework that
replicates non-linear 6-DOF dynamics of fixed-wing aircraft. This high-fidelity model ensures realistic and
applicable flight dynamics for both learning and evaluation phases. For the training process, the model
was trimmed to maintain steady, straight, symmetric flight at an altitude of ~ = 2000 m and a true airspeed
V =90 m/s. Nevertheless, the simulations were limited to in-cruise, clean configuration scenarios with
minimal atmospheric disturbances, positioning this study as an initial proof-of-concept for the RUN-DSAC
controller. The research also assumes ideal sensors, though biased sensor noise is modelled for the
evaluation of RL agents, and the actuators are modeled using low-pass filter dynamics with fixed deflection
saturation limits. Furthermore, aspects such as measurement and transport delays were not within the
scope of this study and warrant further investigation. Additionally, external disturbances were simulated
using basic angle of attack « step disturbances and modifications in controller outputs.

Research Questions - Implementation |

RQ-I-2 How can in-flight faults, sensor noise, and atmospheric disturbances be appropriately
implemented in the simplified model?

In this research, twelve scenarios involving in-flight faults, sensor noise, and atmospheric disturbances are
implemented in the simulation model to evaluate the robustness and fault-tolerance of the flight control
agents. In-flight faults are simulated in the DASMAT model by altering aircraft characteristics and control
surface behaviors. This involves adjustments to the model's parameters and outputs to represent diverse
scenarios, including ice accretion on wings, shifts in the aircraft’s center of gravity, and imposed limitations
on control surface movements.

Additionally, sensor noise is implemented using Gaussian noise models based on actual in-flight aircraft
data. For atmospheric disturbances, the study includes simulations of wind gusts and variations in dynamic
pressure to evaluate how well the agents could adapt to conditions they were not trained for and to sudden
environmental changes. The wind gusts are modeled as step disturbances impacting the angle of attack «,
providing a straightforward yet effective method to test the aircraft's aerodynamic response. Meanwhile,
dynamic pressure changes are emulated by adjusting the aircraft’s trim settings to different flight conditions,
thereby assessing the agents’ performance under varying aerodynamic loads.

Research Questions - Evaluation |

RQ-E-1 How can the performance of the proposed uncertainty-aware RL controller be evaluated
with a Cessna Citation Il simulation model?
RQ-E-1a Which metrics can be used to compare the reference-tracking accuracy of flight

controllers?
RQ-E-1b Which reference-tracking signals should be selected to evaluate the controller?
RQ-E-1c¢ Which specific fault conditions should be considered during the testing phase?

In response to RQ-E-1a, this research adopts the normalized Mean Absolute Error (nMAE) for comparing
the reference-tracking accuracy of the RUN-DSAC controller against state-of-the-art RL agents. The nMAE
metric is employed for its effectiveness in quantifying tracking errors, normalizing these errors relative
to the peak amplitudes of the reference signals. In cases where the reference signal is zero, the error
normalization is conducted against a standard amplitude of 5°, as inspired by prior research.

Addressing RQ-E-1b, the evaluation of the controller's performance involves executing a series of strongly-
coupled maneuvers. These maneuvers include climbing and descending high-bank turns. The agents are
tested using 80s reference signals, featuring predefined cosine-smoothed step sequences in pitch and roll
maneuvers, with the sideslip angle reference set consistently to zero. These reference-tracking signals
were uniform across all scenarios for consistent comparison, except in the Stall scenario, where the pitch
reference is purposefully set to unattainable angle to induces a stall, and the roll reference is set to zero.

This study selects a range of fault conditions based on their relevance and implementation feasibility. These
include ice accretion on wings, center of gravity shifts both aft and forward, actuator saturation for ailerons
and elevators, reduced elevator effectiveness due to tail damage, and a scenario with an immobilized
rudder. This answers RQ-E-1¢c
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Research Questions - Evaluation |

RQ-E-2 How does the proposed uncertainty-aware RL architecture perform in reference-tracking
flight tasks in terms of sample efficiency and accuracy?

RUN-DSAC, particularly its Conservative variant, shows significant enhancements in the learning efficiency
and stability, surpassing the performance benchmarks set by existing state-of-the-art SAC and DSAC
algorithms. This superiority is quantitatively evidenced through higher averaged converged returns and
a notable reduction in the variance of learning curves, indicative of superior accuracy and consistency in
reference-tracking, respectively. The algorithm’s enhanced performance is rigorously validated using a set
of five learning performance metrics, where statistical analysis reveals significant differences in four of these
metrics. In contrast, the Risky RUN-DSAC variant shows slower convergence and higher initial variance in
its learning curves compared to DSAC, attributed to its exploratory nature and the reward function design.
Nevertheless, it eventually attains stable and crash-free flight behavior.

Research Questions - Evaluation |

RQ-E-3 How robust is the selected uncertainty-aware RL flight controller to unforeseen system
faults, sensor noise and atmospheric disturbances?

The Conservative RUN-DSAC variant consistently outperforms other evaluated agents, including the state-of-
the-art SAC and DSAC, in terms of tracking accuracy and stability across the range of challenging simulated
scenarios, including various in-flight faults, atmospheric disturbances, and sensor noise. This variant shows
notably lower tracking errors and reduced performance variability, thus enhancing the efficiency and safety
of flight control. However, it also displays increased sensitivity to changes in aircraft dynamics, particularly
in scenarios affecting control surface functionality, leading to marked disturbances in aircraft flight states.
On the other hand, the Risky RUN-DSAC variant, while showing higher tracking errors and state variability,
demonstrates a greater resilience to oscillations induced by altered conditions.
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Recommendations

This chapter provides a brief overview of the primary recommendations for the future continuation of this
research project.

Online Flight Control

This research exclusively focused on offline training of flight control policies. In light of the promising
attributes observed in Conservative RUN-DSAC, particularly its efficient learning curve and predictive policy
behavior, it is recommended to explore its application in online flight control settings. Future research
should assess the algorithm’s capability to estimate return uncertainty online and examine the impact of
incorporating this uncertainty in learning on the agent’s real-time adaptability and operational effectiveness.
This investigation should focus on its ability to dynamically adjust to changing flight conditions and in-
flight emergencies, its robustness to simulation model imperfections, and the balance between safety and
exploration. A comparison with offline training results would further elucidate the benefits and limitations of
this approach in practical, real-world applications.

6-DOF Flight Control

This study, focusing solely on the safety-critical attitude control and using only a limited flight envelope
to train the agents, has identified potential in applying the RUN-DSAC algorithm for the full 6-DOF flight
control. The Conservative RUN-DSAC’s improvements in learning efficiency provide a solid foundation for
addressing the curse of dimensionality associated with 6-DOF control. Previous literature has demonstrated
the feasibility of training 6-DOF controllers using a hierarchical approach. Hence, a 6-DOF control of aircraft
appears achievable through a hierarchy of RUN-DSAC agents, each specializing on specific flight control
domains (attitude, altitude, position, airspeed, etc.) and integrating uncertainty assessments within their
respective control levels, complemented by exhaustive exploration of the flight envelope.

Flight Test Validation

Demonstrating improved robustness to varying flight conditions, plant and sensor dynamics, and atmo-
spheric perturbations, RUN-DSAC advances RL’s viability for real-system flight attitude control. However,
the transition from simulations to real-world applications necessitates rigorous flight trials to confirm the
algorithms efficacy and dependability. Future endeavors should focus on bridging the simulation-to-reality
gap through techniques like domain randomization and robustness training, including accurate models of
actuator dynamics, signal transport delays, high-fidelity Dryden gust models, and others. This is especially
crucial given Conservative RUN-DSAC’s propensity for overfitting. Initial trials on scaled-down aircraft
models could also pave the way towards the certification of opaque DNN-based autonomous flight systems
on real aircraft.

Hyperparameters Tuning

While critical DNN hyperparameters were extensively tuned, others, like the number of quantiles and
policy regularization parameters, were selected based on existing literature. Notably, the newly introduced
Initial Uncertainty Modulation Factor p and Uncertainty Modulation Decay Horizon N, in RUN-DSAC
were configured to merely contrast the Risky and Conservative approaches, without rigorous optimization.
Optimizing these parameters could potentially improve RUN-DSAC’s performance. Additionally, setting the
winit t0 @ high positive value initially for enhanced exploration, and decaying it to a negative value (instead of
0) for increased conservatism with experience, may provide a trade-off between the necessary exploration
for robust performance and certainty required for predictability of policies.
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Alternative for Uncertainty Estimation

The effectiveness of integrating uncertainty quantification into RL-based flight controllers is highlighted by the
RUN-DSAC model, which evaluates the variance in returns by considering state visitation, exploration, and
inherent environmental uncertainty. This inspires exploring other approaches for uncertainty estimation in
flight control. Although DSAC was preferred in this research, Bayesian RL remains an intriguing alternative.
Bayesian methods inherently account for uncertainty by treating system parameters as probabilistic entities,
continuously updating their distributions based on incoming data. This framework not only provides a
detailed understanding of epistemic uncertainty but also enhances the exploration-exploitation balance
in learning. Therefore, adopting Bayesian inference in flight control systems could also lead to improved
sample efficiency and uncertainty-informed safety.

Exploiting Symmetry for Enhanced Sample Efficiency

The current research has demonstrated the significant enhancement in learning efficiency achieved through
incorporating uncertainty information into the actor-critic framework. This enhancement is pivotal in ad-
dressing the curse of dimensionality and facilitating prompt adaptation to dynamic shifts in online learning.
It is thus proposed to further augment sample efficiency, for example, by exploring and exploiting inherent
symmetrical properties in flight control dynamics, such as those seen in roll and yaw maneuvers.

Robustness to Varying Reference Signals

In this study, the RL-based attitude flight controllers were primarily trained and evaluated using cosine-
smoothed step sequence signals. To comprehensively assess RUN-DSAC’s robustness and adaptability
compared to alternatives, future research should evaluate these controllers with various reference signals
distinct from training. Suggested signal types for assessment could include, but are not limited to, sinusoids
of varying frequencies, triangular signals, and other waveforms.

Extensions to Other Domains

This research, demonstrating RUN-DSAC’s effectiveness in flight control, suggests its applicability extends to
other domains contending with uncertainty, such as multi-agent systems in advanced Air Traffic Management
(ATM). Conservative RUN-DSAC’s predictability and safety-centric, uncertainty-based approach could be
instrumental in managing the complex and uncertain dynamics of multiple aircraft in shared airspace. This
method might enable more efficient airspace utilization by safely reducing aircraft separation standards,
thereby increasing overall airspace capacity.
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