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Abstract

Interactive Machine Learning (IML) encompasses numerous Machine Learning (ML) methods in which
a human user participates in a novice agent’s learning process, through providing either corrective or
evaluative feedback or demonstrative states and actions. A primary assumption of IML methodolo-
gies is that user input is optimal, or near-optimal. Realistically, a set of demonstrations provided to
a Learning from Demonstration (LfD) algorithm will contain conflicting or poor examples, which often
degrade the quality of the learnt policies. While this issue is sporadically discussed in literature, the
formulation of a comprehensive solution remains an open problem.

Accordingly, the objective of this project is to develop and evaluate an algorithm with the capability to
successfully train policies in spite of suboptimal training data, while solving sequential decision-making
problems in robotics. Direct conflict analysis and Uncertainty Estimation (UE) are studied to enable
the detection of unwanted elements in IML training data, while an extension of the Option Class (OC)
framework (Chernova and Veloso, 2008) is proposed for the interactive training of Artificial Neural
Network (ANN) policies in scenarios with imperfect training data.

The conflict analysis algorithm is designed to quantify conflict values between data points in a dataset
intended for supervised ANN training. A learning conflict is encountered when two similar input sam-
ples have different target values, while for two such input samples with comparable target values,
there is no conflict. The implementation of this conflict analysis algorithm largely followed the process
described in the proposing publication (Ledesma et al., 2018) and was intended as a metric for assess-
ing the ensuing UE methodology. This method was validated for the detection of learning conflicts in
demonstration data and successfully applied within the OC algorithm for the same purpose.

UE presents a structured approach for the quantification of a network’s confidence in the accuracy of
its output, based on the observed training data. Intuitively, an ANN’s uncertainty on a specific input
sample should be low when the corresponding training labels are consistent, and high when said train-
ing labels are conflicting. A split-network architecture that performs function approximation alongside
UE was initially devised for settings with one-dimensional action spaces and subsequently extended
to environments which consider multiple, independent actions.

The scope of the OC algorithm is to resolve ANN training problems arising from inconsistent demon-
strations in environments with equivalent action choices, such as obstacle avoidance scenarios. This
project leverages the generalisation and scalability qualities of ANNs and extends the applicability
of this approach to a significantly more diverse set of environments. A multiple-stage process was
undertaken to implement this approach on regression-based networks, as opposed to the original
classifier-based methodology which employed Gaussian Mixture Models. The initial stage involved
the use of an ANN classifier, which was rapidly superseded by a regression-based network incorporat-
ing UE for the identification of conflicting data in continuous, multi-dimensional state and action spaces.

Broadening the relevance of this algorithm to continuous action spaces, which may take an infinite set
of values, implies that it is likewise able to process discrete spaces, which are intrinsically finite and
in this case, easier to analyse. Combinations of continuous and discrete spaces encompass all con-
ceivable environments, hence the OC algorithm may be used in virtually any scenario, irrespective of
the dimensionality and nature of the spaces considered. Through testing in uni- and multi-dimensional
settings, this methodology was verified to successfully train a novice agent to achieve some desired
objective, irrespective of any conflicts in demonstration data. Nevertheless, various features of this
approach may be improved through additional development, in order to make this method unerring
and increasingly efficient.

The research work disclosed in this publication is partially funded by the Endeavour Scholarship
Scheme (Malta). Scholarships are part-financed by the European Union - European Social Fund (ESF)
- Operational Programme 1l — Cohesion Policy 2014-2020 “Investing in human capital to create more
opportunities and promote the well-being of society”.



Our deepest fear is not that we are inadequate.

Our deepest fear is that we are powerful beyond measure.
It is our light, not our darkness

That most frightens us.

We ask ourselves
Who am I to be brilliant, gorgeous, talented, fabulous?
Actually, who are you not to be?

— Marianne Williamson
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Introduction

A vast amount of development and innovation have propelled Machine Learning (ML) from a fledgeling
concept to a mainstream area of research and an integral component of daily life, in a few decades.
This affluence of content has enabled the ML field to progress from tackling intellectually difficult but
structured, mathematically straightforward problems, such as chess-playing (Campbell et al., 2002),
to more abstract and practical applications, including the automation of labour, Natural Language
Processing (NLP) and medical diagnoses (Goodfellow et al., 2016a; Mayo et al., 2018).

An intrinsic quality of ML systems is the capability of generating knowledge through the inference of
patterns and relationships from data. Individual pieces of information, termed features, are correlated
to various possible outcomes relevant to a specific task. Feature extraction is essential for intelligent
learning, which implies that a system should be able to generalise, i.e., extend its applicability to data
instances outside of what it has already experienced.

The Artificial Neural Network (ANN) is a widely popular paradigm, inspired by and roughly modelled
on the highly interconnected, parallel structure of the biological brain and its learning model. The
motivation for applying this paradigm within the scope of ML rests on the idea that the brain pro-
vides a proof-by-example of intelligent behaviour and duplicating its functionality is an effective way
of enabling this process (Goodfellow et al., 2016a; Nielsen, 2015a). As a result of their composition,
ANNSs are uniquely suitable for certain applications, such as classification, dimensionality reduction
and sequence or pattern generation. Furthermore, ANNs are applicable in control systems, owing
to their capability for non-linear modelling and data processing and shorter development time, when
compared to traditional methods. These models are also able to generalise and are easily scalable
to different scenarios (Eberhart and Shi, 2007; Joshi, 2017; Mahanta, 2017). In light of their presently
extensive use and various qualities, ANNs are exclusively used as the ML framework within this project.

Thus far, the scope of this report encompasses most scenarios where ML may be applied, however,
this project primarily considers ML within the rapidly expanding field of robotics. As this field permeates
into various domains, the necessity for accurate and robust control algorithms increases correspond-
ingly, particularly in the case of autonomous robots. Such systems are commonly required to perform
complex motions in dynamic environments, often in the presence of humans, hence safe operation is
imperative. As the task and environment complexity increase, manually prescribing this behaviour into
deterministic algorithms quickly becomes a daunting task. Additionally, in specific scenarios, domain
experts may not possess the skills or robotics knowledge to create such algorithms, however their
expertise is necessary to successfully devising a control algorithm, or policy, for robotic agents. A
policy defines a learning agent’s behaviour, through mapping sensed environment states to the set of
actions that the robot is able to perform (Argall, 2009; Sutton and Barto, 2018).

Interactive Machine Learning (IML) offers an intuitive methodology to teaching robots a set of desired

motions, without obliging domain experts to also be skilled in robotics. In this work, IML is designated
as a general term encompassing the ML approaches in which a human user participates in the agent’s
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learning process. These approaches are further classified depending on the user’s interaction, which
may take the form of demonstrations, corrective feedback or evaluative feedback. Consequently, the
IML field is divided into two categories - Learning from Demonstration (LfD) and Learning from Feed-
back (LfF), respectively. The latter category is not commonly found in literature, however in keeping
with the approach in Argall (2009), Celemin (2018) and Pérez-Dattari (2019), it is applied in this report
to denote IML methods which shape policies through feedback.

In general, IML builds on the premise that it is frequently easier for a human teacher to demonstrate
the sought behaviour instead of explicitly engineering it. This methodology facilitates the application of
robotics in new domains since it allows users without a background in robotics to effectively teach the
learning agent. An associated benefit of IML is that it incorporates expert and prior knowledge into the
learning process and therefore allows for a significant decrease in sample complexity, in comparison
to methods that attempt to learn the same task, without this prior information (Osa et al., 2018).

Regardless of their advantageous qualities, IML approaches often require a comprehensive approach
in order to answer four main queries: when, what, who and when to imitate a teacher’s input. These
considerations are thoroughly examined in related literature (Billard et al., 2016; Billing and Hellstrém,
2010) and are reviewed in more depth in Chapter 2. This project is concerned with alternative issues
within this field that have not been addressed with the same vigour, and persist as open problems.

A primary assumption of IML methodologies is that user input is optimal, or at best sub-optimal. Real-
istically, a set of demonstrations provided to an LfD algorithm will contain conflicting or poor examples
which often degrade the quality of the learnt policies, which in turn, may not meet the required goals.
Furthermore, human feedback which is processed in real time by an LfF algorithm may be erroneous
or otherwise non-ideal, leading a learnt policy to fail to achieve the desired performance in multiple
tasks, notwithstanding a significant amount of feedback. An additional pitfall of IML methods lies in
their dependence on the human teacher to provide training data, frequently without an indication of
progress in learning a specific task. This approach allows the teacher to independently determine when
to cease to provide inputs to the algorithm and is susceptible to early stopping. In such a scenario, the
novice agent is not sufficiently trained on a task and does not achieve the desired performance (Argall
et al., 2009; Billing and Hellstrém, 2010; Schaal, 1997; Scholten, 2019).

While these issues are sporadically discussed in literature, a comprehensive solution to either case
has not yet been proposed. Particularly, Osa et al. (2018) state that the detection of undesirable
demonstration data within a set of such inputs and explicitly removing it remains an open problem.

Accordingly, this project studies the use of direct conflict analysis (Ledesma et al., 2018) and uncer-
tainty estimation to detect such unwanted elements in IML training data and proposes alterations to the
Option Class (OC) framework (Chernova and Veloso, 2008), which is used for the interactive training
of ANNs in scenarios with imperfect training data.

In this context, this thesis and consequently, this report, were divided into two distinct, yet related
segments. In the former, two separate methods are proposed for the assessment of demonstration
data in LfD scenarios, with focus on the effectiveness of uncertainty estimation towards achieving this
goal. Directly obtaining a measure of the significance of conflicts within a dataset presents an effective
response to the considered task, however, it disregards the most important facet of training a robotic
system, i.e., the performance of the trained policy, which is inexorably linked to this data. Conversely,
uncertainty estimation links policy performance to dataset quality and provides a more informative
metric to assess dataset issues, at the expense of the requirement to train an ANN.

The latter part of this project studies the existing OC framework as an approach to successfully training
novice agents in the presence of conflicting demonstrations arising from equivalent action choices
(EAC). This methodology, which was previously limited to Gaussian Mixture Model (GMM) based
classifier networks and thus, discrete action spaces, was extended to an ANN-based implementation
that is scalable to low and high dimensional state spaces and generalised to continuous action spaces,
which are the prevailing case in robotics.
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1.1 Aim & Objectives

The aim of this thesis is to develop and evaluate a methodology with the capability to successfully train
policies or improve agent’s performance in spite of suboptimal training data, when solving sequential
decision-making problems in robotics. This goal was subdivided into a series of progressive objectives,
which are listed hereunder.

» Define and implement an algorithm that, through a trained ANN, effectively identifies regions of
high uncertainty and conflicting data within a set of demonstrations obtained while teaching robots
to perform specific tasks with IML.

+ Validate the proposed algorithm using simulated platforms.

» Define and implement an algorithm that, by employing the inference provided from the prior
method, allows robots to successfully learn to solve tasks through LfD, despite conflicting and sub-
optimal demonstrations. In scenarios where poor demonstrations induce inefficient performance
rather than absolute failure, the algorithm is desired to improve said performance.

+ Validate the proposed algorithm using simulated platforms.

1.2 Outline

This thesis report comprehensively presents the work undertaken in this project with the aim of devel-
oping solutions for the outstanding problems defined previously. Specifically, the content within this
report is laid out in a progressive manner, analogous to the series of project objectives detailed above.

Chapter 1 has briefly reviewed the background to this project, focused this research onto two areas
within the IML field and introduced the content of this report. Chapter 2 reviews the fundamental
theoretical concepts and describes a number of existing publications relevant to the area of research
introduced above. Two approaches for the identification of sub-optimal and conflicting entries in a set
of demonstrations are proposed in Chapter 3.

In Chapter 4, an algorithm exploiting the inference provided by these methods is proposed to enable
successful policy learning with IML in settings with sub-optimal demonstrations. Furthermore, this
chapter contains a comprehensive analysis of the proposed algorithm, which is applied on realistic
simulated scenarios including a simulated robotic platform. A review of the contributions of this project
and recommendations for the future development of these algorithms are presented in Chapter 5.



Theoretical Framework

This chapter provides a concise review of the core theoretical underpinnings of the algorithms and
methods applied in this project and a brief description of the publications which are relevant to its
scope. Section 2.1 explains the Interactive Machine Learning (IML) field in more depth. Section
2.2 presents a number of function approximation methods that were applied or studied within this
project and the Supervised Learning (SL) methodology for policy training, which is central to Learning
from Demonstration (LfD) algorithms. Finally, an assessment of state-of-the-art methods within the
Uncertainty Estimation (UE) field is included in Section 2.3, in anticipation of the application of these
methods to dataset analysis.

2.1 Interactive Machine Learning

As previously described in Chapter 1, IML encompasses a set of Machine Learning (ML) methodolo-
gies in which a human participates in the learning process by supervising the agent’s performance
and providing feedback to improve the learnt policy. These approaches are distinguished based on
the type of feedback received from the human user and are classified accordingly as LfD or Learning
from Feedback (LfF) methods. This project’s objective is concerned with the analysis of demonstration
data, thus henceforth, this report is predominantly concerned with the former class of IML methods,
since LfF approaches shape policies without explicitly providing demonstration data.

LfD is a well-established technique by which novice agents learn a policy, which shall be denoted
w, through the observation of demonstrations provided by an expert teacher. In this sense, a novice
agent signifies an action-taking player in an environment that does not possess any prior knowledge of
the task it must accomplish and must be taught to traverse this environment through demonstrations.
Incoming demonstrations are perceived as a sequence of state-action pairs (i.e., labelled data), that
instruct the learning to take specific actions at a given state (Argall et al., 2009). The learning agent’s
task is to reproduce this behaviour as accurately as possible, which it seeks to do by shaping its policy,
g, IN a supervised manner (Bagnell, 2015; Kober and Peters, 2010). A database of demonstrated
behaviour collected prior to and during the algorithm’s learning phase is used to adapt this policy.

Several variations of this approach have been proposed under different terminologies, such as Imi-
tation Learning, Learning from Experience and others (Billing and Hellstrém, 2010). A primitive LfD
approach, known as Behavioural Cloning (BC), directly and naively learns the demonstrated state-
action mapping, as illustrated in Figure 2.1.

Billard et al. (2016) highlight the implicit scope within the LfD field of developing algorithms that are
generic in their generation and representation of the skills to be taught to a novice agent. A set of key
problems - what, when, who and how to imitate - exist within the LfD framework and must be addressed
in order to realise this generality (Argall et al., 2009; Billard et al., 2016; Billing and Hellstrém, 2010).
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Figure 2.1: A simplified depiction of the Behavioural Cloning approach (adapted from Pérez-Dattari (2019)), where
demonstrations are acquired from a domain expert as a dataset of labelled state-action pairs and a novice agent is trained
in a supervised fashion to imitate the performance of the expert.

What to imitate refers to the problem of devising an appropriate metric to evaluate the action repro-
duction of the learning agent. This task involves the determination of which behaviour should be
copied and which actions are irrelevant or may be safely ignored. In a continuous control scenario,
this problem relates to the definition of the feature space, constraints and cost function used for learning.

When to imitate concerns problems where the teacher does not provide an explicit set of demonstra-
tions, thus the learning agent must identify when relevant actions are being performed. Who to imitate
is an issue in settings where multiple motions are present in a robot’s observation space and it is
required to determine which actions were performed by the demonstrator. How to imitate involves the
determination of the movements a robot must perform in order to replicate specific tasks, for example,
moving a block from one position to another. This issue is concerned with the correspondence between
the demonstrator and the learning agent and is presented in detail in Section 2.1.1.

This set of fundamental issues underlies all LfD approaches and must be appropriately treated in order
for any methodology to successfully achieve its goal. In addition to these concerns, a learnt policy must
be able to recover from inevitable mistakes in execution. Such behaviour is not considered in the BC
approach, hence policies defined with such a method often fail in practice. This scenario is thoroughly
explained in Section 2.1.2 and is accompanied by the description of the DAgger (Ross et al., 2010)
algorithm, which effectively addresses this problem.

2.1.1 The Correspondence Problem

Any form of imitation or social learning, where the learning agent acquires knowledge through obser-
vation of a more skilled agent, or demonstrator, must involve some level of correspondence between
these two agents. In the case where both agents are humans of a similar gender, age and size, their
correspondence becomes trivial, as similar body parts are mapped together - left arm to left arm, right
leg to right leg, and so on.

A significant difficulty arises in IML when there are notable dissimilarities between the capabilities of
the demonstrator and those of the agent. For example, when the goal of the learning task is to direct
a robotic arm to perform some action and the demonstrations are provided by a human expert, the
differences in actuation, reach and degrees-of-freedom may be severe. A visual comparison between
a human arm and a robotic arm is provided in Figure 2.2. This issue is termed the Correspondence
Problem (Nehaniv and Dautenhahn, 2001) and may lead to failure unless the LfD procedure is adapted
to account for the learner’s constraints.

This issue expands the LfD objective from directly reproducing a teacher’s actions to the added con-
sideration of identifying the elements within a demonstration which should be imitated, such that the
actions of the learning agent are as close as possible to those of the demonstrator. A plausible solution
in certain problems is to learn the forward dynamics model of a system and apply this model to relate
the demonstrator’s input to the agent’s structure (Meri¢li and Veloso, 2011; Osa et al., 2018).

A direct teacher-learner mapping may not exist in multiple scenarios due to discrepancies in structure,
mechanics or sensing ability. For example, a robot learner obtaining visual input through a camera will
not observe states and state changes in the same manner as a human demonstrator. In such cases,
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Figure 2.2: A comparison of the kinematic arrangements of a human arm and a robotic arm (Ficuciello et al., 2014). In this setting,
the systems are particularly similar and thus, correspondence at a mechanical level is not a significant issue. Nevertheless, the
same problem may require considerable effort elsewhere, e.g., in processing observations obtained through a camera, which
will inevitably differ from observations acquired by a human.

the main concern becomes how to map the observed demonstrations to the agent’'s domain in order to
transfer information between the two (Argall, 2009; Argall et al., 2009).

2.1.2 State Distribution Mismatch

In addition to the complexities introduced due to correspondence issues, LfD approaches are greatly
susceptible to state distribution mismatch, which inevitably leads to catastrophic learning failure unless
this problem is taken into account a priori. Bagnell (2015) describes the scenario where a car in a
video game is taught to drive by directly mapping images captured from a real car to steering angles
in the game using a classical SL approach. In this instance, the approach fails severely and the virtual
vehicle drives off the road.

In this scenario, learning errors cascade, as opposed to the independent errors in SL. Inexorably, the
learning agent will err at some point and steer differently to the human driver, displacing the vehicle
from driving down the centre of the road. The training examples encountered by the learning agent may
not account for this scenario, thus the agent has a higher probability of performing another error, which
would lead to a more significant state deviation, further increasing the probability of error, etcetera. An
illustration of this scenario is provided in Figure 2.3.

A naive solution to this problem would involve gathering demonstrations for all the scenarios that the
learner might encounter during execution. Clearly, such an approach would not be viable on modest-
scale problems, let alone the large-scale situations being considered presently, and thus focus should
be directed to correcting the most relevant scenarios (Bagnell, 2015; Osa et al., 2018).

The DAgger (Dataset Aggregation) algorithm (Ross et al., 2010) is a deft approach to addressing the
cascading error problem that iteratively trains a deterministic policy which, for the distribution of states
it traverses during training, is shown to guarantee good performance. In its most basic form, DAgger
trains a new policy, g, for each of its T iterations. Algorithm initialisation requires the demonstration
dataset to be set to an empty set, (), while the new policy is set to any policy in II, a class of policies
considered by the learner.
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Figure 2.3: A visual representation of the state-distribution mismatch problem (adapted from Pérez-Dattari (2019)), where a
small initial deviation from the ideal trajectory (), initiates a cascade of errors causing the resultant policy to significantly differ
from its desired behaviour.

The initial algorithm iteration trains the novice policy in typical SL fashion, using the expert policy to
gather demonstrations. A second policy is trained by executing the novice policy for one time step,
followed by releasing control to the expert and gathering the state-action pairs traversed under the
expert policy as demonstrations. The new demonstration set is added to a global dataset, D, which
is used to define a new novice policy. This process is repeated to train the i*" step of the novice by
observing the expert’s decisions after running ‘i — 1’ steps of the learnt policy.

In addition to this training procedure, the action policy is modified to partly query the expert policy 7
with probability 5 when choosing controls, such that the number of mistakes is minimised. With this
approach, every policy encounters states derived from the same distribution, although not necessarily
identical to its training states. Errors of early policies are re-visited by successive ones, which learn to
recover by imitating the expert’s corrections. A pseudo-code implementation is given in Algorithm 1.

Algorithm 1: DAgger (Ross et al., 2010)

1: procedure DAgger(II)

2 Initialise D + ()

3 Initialise 7y, to any policy in I1

4 fori«+ 1,N do

5 Let Ty, = ﬂﬂrg + (]. — 51)77(97

6: Sample T-step trajectories using 7,
7 Get dataset D; = {(s, 7*(s))} of visited states and actions
8 Aggregate datasets: D+ DUD;

9 Train classifier 7y, , on D

10: end for

11: return m, as the best 7y, on validation
12: end procedure

EnsembleDAgger (Menda et al., 2018) is an extension of the DAgger approach that highlights the
lack of safety considerations in the original algorithm while training the novice policy. The underlying
reasoning behind this approach postulates that when the novice acts, the system will likely deviate
from the expert trajectory and sample new states, which may be unsafe or lead to failure. Conversely,
it assumes that the expert exclusively traverses safe trajectories, therefore, the goal of EnsembleDAg-
ger is to allow the novice to act as much as possible, in order to experience diverse states and gather
relevant demonstrations, while limiting the probability of failure. With this algorithm, the novice is
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allowed to select actions when it is sufficiently similar to the expert policy, as proposed in SafeDAgger
(Zhang and Cho, 2016), and when the novice’s doubt is below a certain threshold. Novice doubt (a.k.a.
uncertainty) is estimated through the variance computed with an ensemble of ANNs, following the
approach outlined in Section 2.3.2.

Human Gated (HG) DAgger (Kelly et al., 2018) is a variation of EnsembleDAgger that moves away from
the Robot-Centric (RC) sampling applied in all prior approaches. This is motivated by the assumption
that when the human expert is allowed extended periods of control authority, the observed action la-
bels will be of higher quality. Unlike DAgger, which allows the novice policy to act in a pre-determined
sequence and unlike EnsembleDAgger, which passes control between the novice and expert policies
through an automatic gating function, HG-DAgger permits the human to take control at any point, when
they detect that the system is traversing unsafe states. Expert demonstrations are gathered exclusively
during these periods, otherwise the novice policy is allowed to act.

In this project, HG-DAgger is applied to train novice agents when an evaluation of dataset quality, in
terms of an agent’'s performance, or an assessment of the developed algorithm are required. The
manual gating approach allows for the reuse of pre-collected datasets in certain test cases, while
retaining the resilience to the state distribution mismatch problem afforded by the DAgger method.
The reuse of certain datasets enables a direct comparison of trained agents and hence, a comparative
evaluation of the effects of the developed algorithms.

2.2 Function Approximation

In the context of sequential decision making, i.e., training a digital system (physical robot or simulated
agent), the function is understood to represent a mapping between the learning agent’s observations
and its actions. This function is generally termed the policy, w, as defined in Section 2.1. While in
restricted scenarios, m may be characterised by a look-up table or any other exact representation, this
swiftly becomes intractable as the state and action spaces increase in dimension.

Function approximation, which denotes a family of mathematical and statistical methods, is the stan-
dard approach to representing policies in large (typically continuous) state-action spaces (Kober et al.,
2013). While a large number of function approximators exists, this section briefly introduces the
Gaussian Mixture Model (GMM), in light of its relevance to the Option Class (OC) framework (Cher-
nova and Veloso, 2008) which is discussed in Chapter 4 and Feedforward Neural Networks, which are
predominantly applied in this project.

Henceforth, the parametrically-approximated policy shall be denoted 7y, where 6 represents a vector
of model parameters. The function approximator ¥ shall represent the policy as 7y = ¥ (s; 8) such that
¥ : S— A defines the mapping from the state space to the action space. The reference to states and
actions is made from the viewpoint of the robotics field, where observed states are supplied as inputs
to W, which should predict (thus, output) a corresponding action.

2.2.1 Gaussian Mixture Models

A general mixture model is a composition of like functions that are individually limited in their repre-
sentation power, however, may be superimposed to allow for an improved characterisation of the data
being considered. Individual components have simple parametric forms, however the aggregation
of such components enables the representation of complex functions (Bishop, 2006¢; Grosse and
Srivastava, 2015).

A GMM involves a combination of multiple Gaussian distributions, with each component having a unique
mean p; and covariance ¥;, such that

N
m(x) = p(z) = ZaiN (x| i, Bi) (2.1)
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where q; is a mixing coefficient. Bishop (2006c) defines that with an adequate amount of Gaussian
distributions and appropriate tuning, a GMM is able to approximate most continuous functions to some
arbitrary accuracy.

The set of mixing coefficients a must respect specific constraints in order to be probabilities, such that
the GMM output is a probability distribution. First, assuming that p(x) and all individual distributions
are normalised, the integration of Equation 2.1 defines:

N
Sai=1 22)
i=1

Additionally, consider the conditions p(xz) > 0 and N (x|u;, ;) > 0, where the latter implies that
a; > 0V i). These two constraints, coupled with Equation 2.2, define boundaries on the mixing
coefficients:

A representation of function approximation with a GMM is included in Figure 2.4, where the plots are
normalised for the individual Gaussian distributions.

2.2.2 Feedforward Neural Networks

The Feedforward Neural Network (FNN) is the classic Artificial Neural Network (ANN) architecture,
aptly named because information exclusively traverses the network in one direction, from the input
to the output, without any loops (Nielsen, 2015a). With sufficient complexity (i.e., number of units
with appropriate structure), FNNs can approximate any continuous function (Engelbrecht, 2007). In a
mathematical sense, these networks aim to approximate some function f(-) of their input, which may
be composed of multiple mappings. For example, three functions (), f(2) and f(®) may be chained

such that:
V(@) = f(@) = /O (5O (1 @))) (24)

These structures are the most common in FNNs and denote a network’s layers. In this case, fW s
the first layer, and so forth. The overall number of layers within a network is called its depth, while
its width is defined by the number of neurons (units) in a layer. A neuron is the most basic decision-
making structure within a network and is defined by a function h composed of weights w, a bias b and
a non-linear activation function ¢:

h(z)=¢(w-x+10) (2.5)

FNN layers are classified into three types - input, hidden and output. The input layer is unique within a
network and is arguably not a layer, since it does not perform any decision-making function. The output
layer is the final set of neurons of a network and expresses the outermost function of the concatenation
f (), which may result in a singular or n-dimensional signal. All the layers in between the input and

o) — Gaussian #1 yay

Gaussian #2 [\
—— Gaussian #3 [
#1 —— Estimated Distribution

[ 2\ \
[\ [ / \ I
—— [ , [\ I\

_ Probability
/
Probability

) H i = 2 13
State Distribution State Distribution

(a) Gaussian distribution estimate (b) GMM estimate

Figure 2.4: A 1-dimensional comparison of the estimation accuracy of a GMM and a singular Gaussian distribution for a
combination of three distinct distributions. Naturally, a singular Gaussian is insufficient in this scenario, whereas the GMM
effectively approximates the desired data distribution.
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output layers are the FNN’s hidden layers, which may be of arbitrary dimension. An FNN with one
hidden layer is shown in Figure 2.5.

In order for FNNs to be considered universal approximators (Hornik, 1991), they must include some
non-linearity within their structure, otherwise they would be limited to representing linear functions.
Activation functions characterise this non-linearity in such networks. As previously mentioned, ANNs
hold the ability to accurately approximate any function, however this depends on the choice of activation
functions, network depth and individual layer width, which are outstanding design parameters. Multiple
types of activation functions exist, with distinct learning properties. A classical activation function is the

sigmoid, or logistic function
1
o) = =

which is bound such that ¢(z) € (0,1). The bounds on the value of this function do not allow for a
decrease in network weights, thus a more permissive function, such as the hyperbolic tangent may be
used. A similar, heuristic argument may be used to justify the application of other activation functions,
given that rigorous proofs defining the benefits of one function over another do not exist (Nielsen,
2015b). A set of common activation functions is displayed in Figure 2.6.

(2.6)

Lastly, returning to the concept of policy parametrisation, in this scenario the weight vector 6 defining
the approximate policy 7y corresponds to a flattened concatenation of all network weights and biases.

2.2.3 The Basics of Machine Learning

A prime target of ML is learning from existing data and discovering hidden patterns, which can be
applied to the evaluation of new objects in the future (Yang, 2018). ML algorithms may be divided
into three categories, i.e., SL, Unsupervised Learning (UL) and Reinforcement Learning (RL) methods
(Goodfellow et al., 2016b; MacKay, 2003; Sutton and Barto, 2018).

In the context of ML, both SL and UL may be viewed as algorithms that are able to learn from data.
An algorithm may be said to learn if its performance at tasks T, as quantified by some measure P,
improves with experience E (Goodfellow et al., 2016b). This definition posits that these three elements
can be used to construct ML algorithms.

Reinforcement Learning differs from both these methods in that it collects data through repeated rollouts
while concurrently learning from rewards, rather than relying on available (labelled) data (Sutton and
Barto, 2018). Although RL has been shown to be a powerful tool for solving sequential decision making
problems, this project is exclusively concerned with IML strategies that rely on SL and utilises some
UL algorithms, thus RL shall not be discussed further.

The Experience, E

In a broad sense, E defines the interaction that ML algorithms have with the dataset during their learning
phase and explains the distinction between SL and UL:

» Supervised Learning: The idea behind SL is that an algorithm learns from a training set
containing features associated with a label or target, provided by an expert, external supervisor
(Goodfellow et al., 2016b; MacKay, 2003; Sutton and Barto, 2018). The provided label indicates
the correct action the learning agent should take, which differs depending on the task, T. In a
regression setting, a label will commonly denote the correct output of a function or a direction in
which an agent should move, whereas for classification, the label represents the true class of the
feature being assessed.

* Unsupervised Learning: The UL approach is concerned with finding structure embedded
within sets of unlabelled data. In this scenario, feature labels are not required and the algorithms
attempt to ‘make sense’ of the data by identifying patterns or grouping similar features. Some
unsupervised algorithms are used for predictions on unseen data, based on the structure
identified in the training set (Goodfellow et al., 2016b; MacKay, 2003; Sutton and Barto, 2018).
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Figure 2.5: A 3-input, 2-output FNN with a single hidden layer.

The Task, T

Tasks in ML are often problems that are too complex to solve with human-designed and coded
programs. In this context, the process of learning is not the task, e.g., if the desired goal is to make
a robot walk, the task is walking. The distinction between various problems in ML is often noted in
how the algorithm should process an example, which is commonly a collection of features measured
from some object or event which the system should process. The two most common ML tasks are
classification and regression, which are described as follows:

+ Classification: In such tasks, the learning system is asked to identify to which one of k distinct
classes an input belongs. The output of this system is commonly configured in one of two ways,
either numeric such that y : R"*™ — {1,...,k}, where n,m € Z-o or a one-hot encoding,
where a k-dimensional vector is produced, with each element corresponding to one class. This
vector should contain strictly one non-zero element that indicates the class the input belongs to.
A variant to this direct approach is the classification task where the system outputs a probability
distribution over classes.

* Regression: This class of tasks is concerned with the prediction of a numeric value(s) given a
set of features - a significant similarity with classification tasks exists, however the output format
is different. In this scenario, the ML algorithm learns some underlying function and is expected
to provide an output iy : R™*™ — R, given the training data.

1.00 T —— Sigmoid e 51 —— RelU
0.75 1 Hyperbolic Tangent Leaky RelLU
' 4 4-—— Softplus
0.50
3
0.25 /
0.00 2

-0.25

-0.50 /

-0.75

—1.00 - -14

-4 -2 0 2 4 -4 -2 0 2 4

(a) A comparison of the sigmoid and hyperbolic tangent (b) A comparison of the Rectified Linear Unit (ReLU),
activation functions. leaky ReLU and softplus activation functions.

Figure 2.6: These figures compare common activation functions in ANN training. Figure 2.6b compares the ReLU function to
a variant, leaky ReLU, which is not forced to zero for negative inputs and avoids the dying ReLU problem Lu et al. (2019). The
softplus function is a smooth alternative to ReLU activation.
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The Performance Measure, P

As a quantitative measure of any ML algorithm, P is necessary to evaluate its ability at given tasks
and often must be specifically designed for every T. For classification, two common measures are
the model’'s accuracy and error rate, i.e., the proportion of examples for which the model produces a
correct or incorrect output, respectively. Alternatively, for regression and density-estimation tasks, a
metric evaluating a continuous-valued score is more informative. Naturally, the choice of P is not al-
ways straightforward due to difficulty in selecting the feature or quantity to measure. A common design
choice in a regression setting involves whether to heavily penalise a system for frequent, moderate
mistakes or rare, significant mistakes (Goodfellow et al., 2016b).

Typically, the aim of ML is to extend the learnt algorithm to unseen examples with good performance,
rather than limiting the scope to training examples, an ability referred to as generalisation. In order to
evaluate an algorithm’s generalisation capability, a test dataset is separated from the training dataset
and exclusively used to compute the generalisation error. An underlying query pertaining to this ap-
proach questions how the performance on an unseen test set is improved through observations of the
training set. The performance on both datasets is related, assuming that their samples are independent
and identically distributed (i.i.d.) i.e., independent from each other in a statistical sense and randomly
drawn from the same data generating distribution.

This relation promotes the conclusion that the expected performance of a randomly selected model
is equal on both datasets. However, the ML process of sampling the training set, adapting model
parameters to minimise training error and subsequently evaluating test error, implies that the expected
test set error is greater than or at best, equal to the expected error on the training set. This is
encapsulated by the conflicting goals of any ML algorithm (Goodfellow et al., 2016b):

* Minimise the training error
* Minimise the generalisation error (gap between training and test errors)

These two factors lead to the two main challenges of learning algorithms, i.e. under-fitting and over-
fitting. Under-fitting refers to a setting where the model is not able to sufficiently minimise the training
error, while over-fitting implies that the generalisation error is too large, often due to excessive focus
on the training set. Altering a model’s capacity, i.e., its ability to fit a variety of functions, is one method
to control a model’s tendency to under- or over-fit. For ANNs, a basic way of achieving this is to vary a
network’s depth and width. Modifying the performance of UL algorithms, where error or performance
measures are often unavailable, is typically effected through varying an algorithm’s hyper-parameters
(Aggarwal, 2017; Xu and Tian, 2015).

A more widespread method for the reduction of generalisation error in SL algorithms is regularisation,
which encompasses approaches that affect a model’s preference for small weights (Nielsen, 2015b).
Two specific methods, namely L1 and L2 regularisation, penalise a model’'s weights proportionately
to their magnitude, in linear and quadratic fashion, respectively. These regularisation functions
are implemented as modifications to an algorithm’s cost function, which is iteratively minimised
during training. Equations 2.7 and 2.8 define L1 and L2 regularisation respectively, where J, is
the unregularised cost function, w represents weights in the trained function, X is the regularisation
parameter and N is the size of the training set.

J(w) = Jo + % > |wl (2.7)
J(w) = Jo + % > w? (2.8)

While this section has discussed the goals of ML methods and ways to reducing the conflict between
these goals, specific functions to evaluate the prediction error have not yet been mentioned. A common
function to compute the prediction error in regression tasks is the mean squared error (MSE), which
is computed as the average of the squared differences between the feature label, y and the network’s
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prediction, :
1 -
MSE = > [[§(2) — y()||” (2.9)
N

For classification tasks, the negative log-likelihood (NLL) cost, also referred to as the cross-entropy
cost, is often a better choice for computing the error (Nielsen, 2015b):

NLL =~ > lyIn(g) + (1 — y)In(1 - ) (2.10)
N

In UL scenarios, such functions are not available due to the unlabelled nature of the provided data. The
evaluation of these methods is carried out using either internal or external validity measures. Internal
validity indicators consider information held within an algorithm, such as the mean radius of clusters,
however they are unable to provide a direct comparison between different methods. A severe issue
with these indicators is that their score may be manipulated through the selection of an algorithm that
matches the measure applied. External measures consider the results of the UL method and quantify
its precision and recall (Aggarwal, 2017; Xu and Tian, 2015).

As alluded to previously, ML algorithms include numerous settings that can be used to affect their
learning behaviour, which are termed hyper-parameters. Commonly, the determination of values for
these parameters is heuristic, however an additional, held-out validation dataset may also be used to
make these model choices. A validation dataset is usually defined in the same manner as the test set,
i.e. samples are taken from the data generating distribution (Goodfellow et al., 2016b).

2.3 Uncertainty Estimation with Neural Networks

A general use of the term uncertainty refers to all the situations where there is a lack of knowledge with
regards to the outcome of a problem, its structure or the nature of the factors motivating the problem.
An elementary example concerns a coin, which may be biased or unbiased. Intuitively, the result of
its toss will result in either heads or tails with some probability, however, these probabilities, the real
outcome of the toss, and whether the toss in itself is fair, are uncertain quantities prior to this toss.

The definition of the probabilities characterising this toss embodies the aleatoric or data uncertainty
within this problem, which stems from inherent randomness within the environment or the agent. In
machine vision applications, sensor or motion noise within observations, which are inherent to these
problems, are categorised as aleatoric uncertainty (Clements et al., 2019; Kiureghian and Ditlevsen,
2009).

Two additional terms are introduced, homoscedasticity and heteroscedasticity. The former refers to
constant uncertainties which do not vary with model inputs, such as sensor noise, while the latter
encompasses varying, typically input-dependent, sources. A general property of such uncertainties
is their recurrence, i.e., aleatoric uncertainty may be characterised, however it cannot be reduced or
removed from a system, irrespective of the amount of data considered (Gal, 2016; Kendall and Gal,
2017; Segu et al., 2019).

A second form of uncertainty, present in most problems, is termed epistemic uncertainty. With ref-
erence to the prior example, consider a biased coin which yields strictly one of either heads or tails
for every toss. Prior to the first flip, the uncertainty about its outcome is epistemic, however this is
entirely eliminated after the flip is performed (Clements et al., 2019). An alternative term to epistemic
uncertainty is model uncertainty, derived from the consideration that this accounts for doubt in model
parameters, model structure or a general lack of knowledge about the problem at hand. Conversely to
aleatoric uncertainty (or data uncertainty), given sufficient data, epistemic uncertainty may be nullified
(Gal, 2016; Kendall and Gal, 2017; Kiureghian and Ditlevsen, 2009; Segu et al., 2019).

The amalgamation of epistemic and aleatoric uncertainties is defined as predictive uncertainty and
encapsulates a model’s certainty (or lack of) in its output (Gal, 2016). While the previous discussion
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connotes a clear separation between uncertainties, practically, the classification of various sources into
either the aleatoric or epistemic classes is unclear and reliant on the knowledge of the practitioner as
a system expert (Kiureghian and Ditlevsen, 2009). Nevertheless, the distinction between uncertainty
types is essential, since they enable specific and distinct functions.

2.3.1 Bayesian Modelling for Uncertainty Estimation

The Bayesian framework is widely regarded as a principled approach to quantifying uncertainty in neu-
ral network predictions. In order to determine the relationship between UE and Bayesian modelling,
examining the practical significance of different uncertainty types may be beneficial. A model cannot
be trained to predict either type of uncertainty, since no apparent labels exist for such a quantity. Any
model must be able to infer this doubt through observation of its training data.

Aleatoric uncertainty is a measure of the network’s confidence in the accuracy of its output. For ex-
ample, if for a set of similar input data, the corresponding output labels differ significantly, a network’s
uncertainty should intuitively be large, since the predicted value will not match the supplied data. Con-
versely, if the output labels were identical or very similar, the network’s predictions should be accurate
to this data and thus, the resulting uncertainty would be small.

In terms of the Bayesian framework, aleatoric uncertainty is modelled by placing a distribution over
a model’s output, with the variance of this distribution quantifying the uncertainty. Conveniently, the
estimation of this variance may also be accurately performed while learning a regression task through
SL, with the objective of maximising the log likelihood of the target data. A more thorough discussion
of this network configuration and the definition of its objective is presented in Section 2.3.3.

Epistemic uncertainty is an evaluation of a network’s doubt in its predictions, which does not depend
on the nature of its training data. In effect, such a network’s uncertainty should be low when it is trained
sufficiently on input samples similar to those it is being asked to formulate predictions for. Vice-versa,
this uncertainty should be high for input samples largely dissimilar to the training dataset. Clearly, this
uncertainty depends on an ANN’s weights (Kendall and Gal, 2017).

Retaining the same Bayesian framework, epistemic uncertainty is estimated through inference over a
model’s parameters, given a set of training inputs X and corresponding output labels Y. The inference
goal is defined as finding the set of parameters 6 that is likely to have generated these outputs, i.e.,
finding the posterior distribution over the parameter space. When the model is used to generate output
predictions for new data points, the inferred prediction variance is interpreted as the model’s doubt.

Following the Bayesian approach, a distribution p(6) is placed over the parameters, which embodies
any prior knowledge on these values. This distribution is transformed as data is observed, capturing the
more or less likely parameters defining these data points. The probabilistic model by which the outputs
are generated from input data points, given 6, is termed the likelihood distribution p(y | ,8) and for
regression, it is often assumed to take the form of a Gaussian distribution. The posterior distribution is
hence obtained using Bayes’ theorem (Bertsekas and Tsitsiklis, 2008; Gal, 2016):

p(Y|X,0)p(0)

POIXY) = 1 ¥ X.0) 50| X, ¥) do @17

Exact Bayesian inference for ANNs may be performed with Bayesian Neural Networks (MacKay, 1992),
which replace individual, deterministic weights with distributions, and hence, output predictive distribu-
tions rather than point estimates. While such networks are appealing, the additional cost involved in
training networks with distributions make these architectures infeasible over medium and large-scale
settings (Blundell et al., 2015; Gal and Ghahramani, 2016; Kendall and Gal, 2017; Pearce et al., 2018a).

The impracticality of exact inference brings forth the necessity for approximate methods that are similar
in complexity to reqgular ANNs, however retain a structured approach to estimating uncertainty. The
following sections present common approaches for UE with ANNSs.
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2.3.2 Estimating Epistemic Uncertainty

Disagreement between Ensembles

A simple approach to estimating epistemic uncertainty involves computing the variance between a set
of outputs obtained from an ensemble of deterministic models, such as networks of basis functions or
ANNs (Clements et al., 2019; Gal, 2016; Menda et al., 2018; Tomczak et al., 2018). This project is
concerned with the latter, however any model may be used to construct an ensemble, in the fashion
shown in Figure 2.7.

The ensembling method is assumed to fit M/ models to one dataset, ensuring variability through bagging
(training on different subsets of available data) or random initialisation, batch selection and other
methods. Individual models produce M predictions y;(x), ¢« = 1,2,... M, given an input x, which
are combined to produce an ensemble mean y(z) and variance a o%(x):

1 M
Ely(@)] ~y(=) = 47 > yilx)
=l (2.12)

2

M
Varly(z)] = o*(x) = v(z) = % Z (i(x) yi(x) — g(z)" y(a))

The ensemble variance is proposed to quantify the uncertainty, however the produced value may not
always be accurate. For example, radial basis function networks predict zero for out-of-distribution data
points, although the true output may be notably different. In these cases, the ensemble will have very
high confidence (low uncertainty) in an incorrect output (Gal, 2016). A disadvantage of ensembling
in this form is that the methodology is non-Bayesian, i.e., it does not perform Bayesian inference.
Nevertheless, this method remains attractive due to its computational efficiency and scalability, in
comparison to Bayesian approaches (Pearce et al., 2018a,b).

Disagreement between Anchored Ensembles

Ensembling ANNSs, in the fashion described previously, forms an intuitive way of estimating epistemic
uncertainty, however it has not received widespread acceptance. Although vanilla ensembling has seen
some empirical success in Tibshirani (1996) and Lakshminarayanan et al. (2016), its non-conformance
to (approximate) Bayesian inference has generated some criticism. Anchored ensembling (Pearce
et al., 2018a,b) modifies this methodology by leveraging randomised Maximum A Posteriori (MAP)
sampling to produce the desired Bayesian behaviour.

This approach returns estimates of desired parameters by adding a regularisation term to pre-defined
loss functions. The addition of noise into such an augmented loss, followed by repeated sampling, pro-
duces a distribution of estimates comparable to a true posterior obtained through Bayesian inference.
The most appealing quality of this method is its practicality - it does not induce any changes to normal
ANN training, rather, it involves training a small set of networks in the customary fashion.

MAP estimation returns an evaluation of an unknown parameter that is equivalent to the mode of the
posterior distribution about this quantity (Horii, 2019; Pearce et al., 2018a). For multivariate normal
prior and likelihood distributions, N (ttprior, Eprior) @and N (pyike, Ziike) respectively, the resultant
(multivariate normal) posterior distribution defines the MAP solution as (Petersen and Pedersen,
2012a):

_ _ —1 _ _

KMAP = Hpost = (Elilie + E;m"lior) (Elilietu'like + Eprlioru'l)?"i("‘) (213)
Anchored ensembling relies on the selection of a noise source and distribution to inject into this expres-
sion, such that the returned distribution approximates the true posterior. An amenable source is the
prior mean, .o, Which is replaced by a noisy variable 8y ~ N (uo, X¢). This distribution is defined
With o = fprior and 2o = Bprior + 22,00, Ziise, as derived in Pearce et al. (2018a,b).

prior
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| Combined Ensemble Output |

| Ensemble Input Data

Figure 2.7: An ensemble of ANNs supplied with the same input data, whose output is combined, often through a mean or
weighted average computation. Individual networks are often trained on different subsets of a dataset or uniquely diversified
through random initialisation, different hyper-parameter selection and other methods.

This MAP inference may be implemented in ANNs performing both regression and classification tasks,
with the former being predominantly more relevant to this project. The definition of the loss function for
a network within an anchored ensemble departs from the established MSE loss with L2 regularisation:

Lregutarisea = ey~ 913 + - [ 0726 2.14)

where T is a diagonal, square matrix which allows different regularisation coefficients for every ANN
layer (Pearce et al., 2018a). This is less restrictive than the typical formulation with a scalar coefficient,
however, less commonly encountered in literature. A Bayesian view of parameters minimising this loss
interprets them as MAP estimates with zero-centred, normal priors (MacKay, 1992). The inference
scheme proposed above considers prior distributions centred at non-zero values, which are obtained
with a small modification to Equation 2.14:

Lanctor = e ly = 313+ - [T 6 - 00)|| (2.15)

The major concern in this method lies with the evaluation of 3, for ANNs, since likelihood variances
and correlations in such models vary continuously during training and across parameters. Relying on
strong inter-parameter correlations in ANNSs, setting 3y = 3., is shown to approximate the posterior
distribution, with the inference accuracy improving as these correlations increase. Notably, strong
parameter correlations are more likely with a greater number of parameters within the network (Pearce
et al., 2018a,b).

Dropout as Bayesian Approximation

Bayesian modelling presents a mathematically-sound framework for uncertainty estimation, however,
as presented previously, exact inference is not possible for most models other than particularly simple
ones. This has led to the search of increasingly efficient models that may be cast as performing ap-
proximate Bayesian inference - one especially promising solution considers dropout training applied to
deep feedforward, convolutional and recurrent ANNSs.

Dropout (Hinton et al., 2012; Srivastava et al., 2014) is one of several regularisation techniques in
deep ANNs applied to prevent over-fitting. The term refers to temporarily removing units (hidden and
visible neurons) and connections from a network. During training, neurons are dropped randomly, with
simple implementations basing this choice on a fixed probability p, either selected heuristically or using
a validation data set. Training with dropout may be viewed as sampling a simplified ANN from the
larger network at every time step. At test time, an approximate average of the outputs of the 'sampled’
networks is obtained by using the full network with downscaled weights.
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Monte Carlo (MC) dropout (Gal, 2016; Gal and Ghahramani, 2016) proposes to approximate the
posterior over a network’s parameters through repeated sampling of output predictions from multiple
simplified networks obtained with dropout, given a single input (Segu et al., 2019). The dropout training
objective is shown to be identical to that of Variational Inference (VI) (Gal, 2016; Jordan et al., 1999),
a standard approximate Bayesian inference method. Both techniques may be viewed as minimising
the Kullback-Liebler (KL) divergence (Kullback and Leibler, 1951) between an approximate distribution
and the true posterior.

Network predictions for the expected model output (mean) and variance, quantifying the network’s
uncertainty, are obtained by extending the dropout process to the testing phase. Given a vector of
input data, x, a set of i.i.d. model outputs 7;(x),i = 1,2,... M are obtained from M simplified ANNs
and combined as:

1 M
Ely(@)] = g(x) = -7 > i)
=t (2.16)
1 M
Varly(z)] = o*(x) ~ v(z) = 7T+ 5 > (@) i () — gla) T g(a))

i=1

which is identical to the association of results for a vanilla ensemble, as shown in Equation 2.12.

Intuitively, a notable advantage of this method is its ease of application. Epistemic uncertainty es-
timates may be obtained from any ANN formulation trained using dropout, without any structural
modifications. A limitation of this approach is the unrealistic assumption of constant model noise 7!
(Segu et al., 2019), which makes it insensitive to sources of aleatoric uncertainty. The inclusion of 7!
in the variance computation implies that this method quantifies homoscedastic aleatoric uncertainty.
Nevertheless, to truly capture aleatoric uncertainty, the noise parameter should be tuned (Kendall and
Gal, 2017), hence MC Dropout is referenced as an epistemic uncertainty estimation method.

As described in Gal (2016), the same derivation employed to show the validity of dropout as
an approximate Bayesian inference technique may be applied to other stochastic regularisation
techniques, such as multiplicative Gaussian noise and dropConnect.

2.3.3 Estimating Heteroscedastic Aleatoric Uncertainty

Although the estimation of epistemic uncertainty presently remains an active area of research, a
methodology for aleatoric uncertainty estimation, specifically for the FNN architecture, was proposed
in Nix and Weigend (1994) and is widely applied in literature. Nix and Weigend (1994) maintain that
paired input-target data (alternatively, state-action pairs in the robotics field) contains noise, thus for an
input x, the collected data is defined as:

d(z) = f(z) + n(x) (2.17)

where f(x) is the true function generating said data and n(x) is data-dependent, additive noise. Defin-
ing observation noise as a function of the data itself is the crucial distinction between typical FNNs,
where it is fixed and often, ignored. As this noise is related to data, it may be learnt by the network
(Kendall and Gal, 2017).

In a function-approximation task, a network’s output y(x) may be interpreted as an estimate of the
true mean p(x) of this noisy target distribution, given an appropriate model for n(x). An estimate of
the degree of this noise, as the variance of the error distribution about f(x), is often desirable and
represents the network’s uncertainty about its prediction. An estimate, v(x), of the variance o2(z),
quantifying heteroscedastic uncertainty (Kendall and Gal, 2017), may be obtained alongside the mean
prediction from a single network.

Obtaining an additional estimate from an FNN requires modification to its architecture, as shown for
the uni-dimensional output case in Figure 2.8. The network’s hidden layer is divided to account for
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Figure 2.8: A visual representation of the split-network architecture proposed in Nix and Weigend (1994) for the estimation of
heteroscedastic uncertainty. This configuration may be extended to include additional hidden layers and a multi-dimensional
output layer, which must be accompanied by appropriate modification of the training criterion.

an added output neuron estimating o2(x), however the input layer is unchanged and common to both
segments. A similar change may be applied in a multi-dimensional output scenario, while additional
hidden layers in either a split or unsplit configuration may be added in either scenario. As the un-
certainty must always be a positive value (being a variance estimate), the activation function for the
neurons estimating v(x) must enforce this constraint. Nix and Weigend (1994) use the exponential
function, however in this work, the softplus function In(1+ e*), which is plotted in Figure 2.6b, was pre-
ferred. In a multi-dimensional setting, the predicted uncertainty matrix must be positive semi-definite -
exploiting the Cholesky decomposition is an effective way of enforcing this property.

A loss function, L, is derived for this FNN based on maximum-likelihood estimation and the assumption
of i.i.d. input data, x. A form for this loss is obtained by defining the network’s goal as the maximisation
of the log likelihood of the target values, thus:

L= InP(d; | x;,N) (2.18)

where 91 denotes the split FNN being trained.

Furthermore, by assuming a normal prior distribution for n(x) around f(x), the target probability
distribution may be expressed as:

Pdil:, M) = 27;2(;.;.) eXp<_[dzza2(Zc(i)Z)] ) (219)

After including this result in Equation 2.18, taking the natural logarithm on both sides of the resulting
expression and negating, again on both sides, the network loss function is defined as:

1 L [di — y(x)?
Luni-dim = 5 ; [02?3(;3))] +In[o?(z;)] (2.20)

Upon training with this criterion, an FNN is able to approximate the underlying function f(x) and quan-
tify its uncertainty on this prediction, albeit in the restrictive scenario of a uni-dimensional output. Gal
(2016) extends this formulation to the multi-dimensional setting, however his proposal considers model
precision T, i.e., the inverse of the uncertainty term v. Regardless, a simple inversion restores the
predicted quantity to the desired uncertainty value.
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To predict heteroscedastic uncertainty for a multi-dimensional output, the network loss function from
Equation 2.20 is adapted to:

Lonulti—dim = % (d(z) — y(x)) T(z) (d(z) — y(z))" — %m [det (7(x))] (2.21)
T
_ %(d(a:) - y(:c)g ((;l)(m) +y@)" | %m det (v(@)] 022



Conflict Value Analysis and Uncertainty
Estimation for Issue Detection in
Demonstration Data

In this chapter, two distinct approaches are presented for the identification of conflicting data and sub-
optimal demonstrations within demonstration datasets acquired during policy training, in this setting
specifically with HG-DAgger. The first methodology proposed in this chapter posits that a measure
of conflict between individual datapoints may be computed by exclusively examining the underlying
dataset, therefore, without consideration of the learnt policy.

The second approach estimates the learning uncertainty induced by sub-optimal demonstrations during
the learning phase through the application of the Uncertainty Estimation (UE) methods presented in
Section 2.3. Counter to the previous approach, UE uses the learnt policy to perform this estimation.
The characteristics of these methods and consequentially, the differences in their performance, are
examined in the latter part of this chapter.

3.1 Overview

Expert demonstrations play a fundamental role in Learning from Demonstration (LfD) methods and
are necessary to teach a policy to a novice agent. In general, all LD approaches including primitive
Behavioural Cloning (BC) and iterative, DAgger-like methods, assume that the demonstrator is a do-
main expert and infallibly provides optimal demonstrations. Nevertheless, it is recognised that a human
expert may not fulfil this requirement, i.e., demonstrations from a human user may be sub-optimal and
contain undesired trajectories or conflicting data points that hinder effective task completion.

As previously noted in Chapter 1, the detection of issues within a set of demonstration data remains an
unexplored area in this field (Osa et al., 2018). Ledesma et al. (2018) propose a deterministic method
to compute a measure of the conflict between data points within datasets compiled for Supervised
Learning (SL), however this is not linked with a methodology for the removal or correction of data,
which is the objective of this work. In the context of LfD and the objectives of this project, it is worthwhile
to re-examine this approach. Uncertainty estimation is a structured approach for the identification of
imperfections in Artificial Neural Network (ANN) training, thus it is logical to examine the applicability
of this approach to LfD.

20
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3.2 Methodology

This section illustrates the development of the algorithms cited previously, which are intended for
the analysis of datasets and the identification of learning conflicts within them. As the theoretical
underpinnings of most of these methods have already been discussed in Chapter 2, this section
explores the practical aspects of these algorithms and their implementation.

3.2.1 Analysis of Datasets with Learning Conflicts

The algorithm proposed by Ledesma et al. (2018) is designed to quantify conflict values between
data points in a dataset intended for supervised ANN training, thus every data sample consists of an
input-target (or, from a robotics perspective, state-action) pair. A learning conflict is encountered when
two similar input samples have different target values. Conversely, for two such input samples with
comparable target values, there is no conflict.

In order to generalise the algorithm and ensure its applicability to various datasets, the data in ques-
tion is normalised such that the range of values is controlled and does not impact performance.
A set of N-dimensional input values X € R is hence rescaled such that individual elements
xz;; € [0,1]fori = 1,2,...M and j = 1,2,... N, where M denotes the number of data points in a
set. A similar computation is performed over the set of target entries, y, which are assumed to be
one-dimensional.

Subsequently, the algorithm computes a degree of similarity between the input entries in the dataset
and a degree of difference between target entries. The similarity between states, 4, is computed using
the normalised Euclidean distance:

N
8ij = J %Z@k —Zi)’ (3.1)
k=1
while the dissimilarity between target values is defined as the difference between two normalised
values, thus ¢;; = |7; — g, |. In these expressions, z and § denote normalised input and target values.
The computation of a distance value between every pair of data points leads to two M x M distance

matrices A and E, with zero values along the leading diagonal in each case.

The final part of this algorithm involves the combination of these two quantities into a measure that
meets the pre-established criteria, i.e., produces a minimal value when ¢ is small and an increasingly
larger value as ¢ increases, with a maximum value when ¢ = 1 and § = 0. An effective way of com-
bining these two values into a single conflict measurement is ¢;; = ¢;;1W(d;,), where W(J;;) is a weight
function such that 0 < W(4;;) < 1 with a peak for §,; = 0. As §;; — 1, this function should decrease
and approach zero.

A candidate for this weighting function is the Gaussian function

(85 = B)*
W(ém) = aexp l_]202 (32)
for arbitrary real constants «, 8 and 0. These constants define the shape of the Gaussian function, with
o, which defines its width, retained as a parameter within the algorithm. In this scenario, the desired
maximum magnitude of this function is unity, hence o = 1, while 3, which defines the central point of
the Gaussian function, should be zero, leading to the revised weight function:

W(6,7) = exp [H (3.3)
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The above expressions may be combined to form a direct expression for the conflict value ¢;;, which
defines an M x M matrix of values, C. Individual elements are computed as:

N
- 1 o
cij =15 = Uj| €XP | 5= > (Tir — Tx)’ (3.4)
k=1

This method, which shall henceforth be referred to as the Conflict Value Algorithm (CVA), is sum-
marised in Algorithm 2.

Algorithm 2: Conflict Value Analysis (Ledesma et al., 2018)

1: procedure Conflict Value Algorithm(D, o)

2 Rescale input data such that input entries lie in the range [0, 1]
3 Rescale target data such that target entries lie in the range [0, 1]
4: Compute a degree of similarity between input data points

5: Compute a degree of difference between target data points
6:

7

8:

Compute the conflict value between data points
: return Matrix of conflict values C
end procedure

At this stage, it must be emphasised that such a matrix C' generally provides an excessive (% -1
amount of values for every data point, which individually relay very little meaningful information,
particularly for similar input and target values. An additional metric must be applied to produce a
tractable quantity indicative of this metric - taking the maximum conflict value for each data point is
sufficient. Furthermore, the average conflict value over the matrix C may be applied to assess and
compare conflicts between two or more datasets.

3.2.2 Uncertainty Estimation

A General Machine Learning (ML) Framework

A primary step towards the implementation of the epistemic and aleatoric UE methods described in
Section 2.3 was the definition of a framework for Feedforward Neural Network (FNN) training. This
framework was coded in Python and based on the Tensorflow 2 ML platform (Abadi et al., 2015).
Incorporating all necessary functions for network training, obtaining predictions, passing and retrieving
data to and from this network and other ancillaries, this structure facilitated the effortless implementation
of UE on top of this base network. Moreover, this framework established various parameters important
in FNN applications, such as the number of hidden layers and neurons per layer, activation functions
and the optimisation method applied during training. While these settings were easily varied, two hidden
layers with a Rectified Linear Unit (ReLU) or leaky ReLU activation, trained with the Adam optimiser
(Kingma and Ba, 2014), were found to work optimally.

Anchored Ensembling

The creation of an anchored ensemble to estimate epistemic uncertainty largely built upon this frame-
work, with the most significant modification being the creation of multiple instances of the base FNN
and handling these networks to form an ensemble, as shown in Figure 2.7. It follows that managing
such a structure increased the network’s complexity and training time.

This UE approach necessitated the introduction of L2 regularisation into the training procedure and
subsequently, the incorporation of the anchoring term, 6, in the regularised loss function, as shown in
Equation 2.15. As is outlined in Pearce et al. (2018b), randomly initialising individual network’s weights
and adopting these values as 6, is sufficient for the ensemble’s uncertainty predictions to approximate
the posterior data distribution, as desired, as the correlations between parameters increase.

1Given that cij = cj; and ¢i; = 0V, 4, for M data points, C provides % — 1 unique conflict values for every datum.
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Epistemic UE through Dropout

The application of dropout for UE was generally straightforward - whilst dropout regularisation was
easily implementable, its extension to network predictions was more involved, given that this is not a
common use of this methodology. Nevertheless, these were the only modifications required to adapt
the basic framework to this application, alongside the uncertainty computation function, which outputs
the variance of T sampled action predictions from the FNN.

Aleatoric Uncertainty Estimation

Aleatoric UE required rather less discreet modifications to the aforementioned FNN framework, the
most fundamental being the addition of hidden layers and an output layer to form the split-network
architecture visualised in Figure 2.8. Consequently, the network’s loss function was modified to train
both outputs, i.e., training both the value and uncertainty predictions simultaneously. An initial im-
plementation of this methodology with a uni-dimensional output space was validated to perform as
desired, however, the extension of this approach to a multi-dimensional space required additional
modifications to ensure its correct operation.

Naturally, once the data dimensionality is increased beyond unity, the prediction of a covariance matrix
is required, which results in n? elements for a n-dimensional output space. Furthermore, this matrix
must be symmetric and positive semi-definite (Bishop, 2006a; McAllester, 2007), while the precision
matrix defined in Gal (2016) must be positive definite. A convenient way to ensure this property is the
exploitation of the Cholesky decomposition (Horn and Johnson, 2012; Petersen and Pedersen, 2012b)

A=LL" (3.5)

where A is a Hermitian, positive definite matrix and L is a lower triangular matrix with real and positive
diagonal entries. While the theorem primarily refers to the decomposition of A into two matrices, the
converse also holds trivially. Thus, forming a lower triangular matrix from % real and positive
variables and multiplying by its transpose yields a positive definite matrix, while also reducing the
number of values the network must estimate. As for the uni-dimensional setting, the softplus activation

function was applied at the network’s output to ensure the predictions were indeed positive.

At this point, it is apt to note that multi-dimensional UE with dropout and anchored ensembles did
not require the same treatment, since epistemic uncertainty is computed as the variance of multiple
samples of a network’s output, which may easily be set to any arbitrary dimension. In practical terms,
the uncertainty was evaluated using readily available functions.

While validating the implementation of this approach, the network’s value (alternatively, action) pre-
diction was observed to incorrectly tend towards a constant value, notwithstanding the uncertainty
prediction’s correctness. This behaviour was caused due to the concurrent training of both halves of
the network, which was unable to meet both prediction goals. Addressing this issue required separating
the training procedure into two distinct processes - first exclusively training the value prediction with
a mean squared error (MSE) loss function and subsequently fixing the relevant network parameters,
followed by training the remaining branch of the network with loss function defined in Equation 2.21.

3.3 Experiments and Results

The CVA and UE algorithms discussed previously were validated using synthetic datasets devised
explicitly for such testing and more realistic datasets created through the use of customised environ-
ments defined with OpenAl Gym (Brockman et al., 2016). These basic environments were defined to
include equivalent action choices in order to create data conflicts in the resulting dataset.

The first of two gym environments consists of a simple, one-dimensional setting in which a black,
rectangular agent, shown in Figure 3.1, may move left or right on a horizontal plane and is initialised
in a region enclosed by two vertical lines. The objective of this agent is to reach either of two red
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crosses, placed at either end of this space, in the fastest manner possible. There is no restriction on the
agent’s movement and it may freely choose to move in either direction. The second gym environment,
visualised in Figure 3.2, represents a classic obstacle avoidance setting. A black, rectangular agent
may move freely within the region and is initialised close to its bottom border. The agent’s objective is
to reach the upper green border without colliding with the gray obstacle or other boundaries.

3.3.1 Uni-dimensional Validation

A preliminary assessment of the performance of the implemented UE methods was performed with
a small set of one-dimensional data, created using the non-linear function x x sinx. Around twenty
training points, shown in red in the following plots, were used to shape policies for the epistemic
and aleatoric uncertainty-predicting networks detailed in Chapter 2. A significantly larger and uniform
dataset was used to obtain predictions from each network, which are shown in Figures 3.3, 3.4 and 3.5.

The first figure in this set validates the epistemic UE methods considered in this project, namely an-
chored ensembling and dropout. To re-iterate, dropout in this scenario is retained during the network’s
prediction phase, rather than only applied during training, as is customary. In both Figure 3.3a and

3 - £ 3

Figure 3.1: One of two validation environments for the Option Class (OC) algorithm. The black, rectangular agent may move
left or right on the horizontal line and is initialised in the region enclosed by the two vertical lines. The objective of this agent is
to reach either of the two red crosses in the fastest manner possible.

Figure 3.2: One of two validation environments for the OC algorithm. The black, rectangular agent may move freely within the
region and is initialised close to the bottom border. The objective of this agent is to reach the upper green border without colliding
with the gray obstacle or any other boundary.
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Figure 3.3: Estimation of epistemic uncertainty with training data points overlaid (red dots) on the ANN predictions. In both plots,
the trained policies accurately predict values close to the training data with low uncertainty and recognise their lack of training
on additional points which are predicted with high uncertainty.
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(a) Epistemic UE with an anchored ensemble (b) Epistemic UE with dropout

Figure 3.4: Estimation of epistemic uncertainty with training data points overlaid (red dots) on the ANN predictions. In both
plots, the trained policies accurately predict values close to the training data with low uncertainty, however in Figure 3.4b fails to
recognise its lack of training for points in the range [—0.25, 0.25].

3.3b, the networks’ predictions are clearly increasingly uncertain as they diverge from the training
data points. This is the intended result with model UE, which is expected to indicate regions where the
agent has not been trained to assimilate supplied data. A similar output is noted in Figure 3.4a and 3.4b.

A notable difference between the predictions with anchored ensembling and those with dropout is their
smoothness, which arises from each algorithm’s underlying architecture. The former trains multiple
networks and computes its uncertainty as the standard deviation between their outputs. Given that
individual predictions are continuous and smooth over a set of values, the resultant value, based on
a small number of similar values, is intuitively expected to be smooth. Conversely, dropout is applied
over a single network and predictions are performed after randomly eliminating neurons from the net-
work. While the predictions from the complete network (without dropout) are smooth, the exclusion
of different random elements for each data point causes a non-uniform change in the network, in turn
causing the observed behaviour.

Another difference between these methods which is more significant in terms of the UE objective can
be observed in plots in Figure 3.4. The training data in these plots is split in two distinct regions,
with an empty central area. The expected result for this scenario would be an increased uncertainty
in this central region, which is observed in the predictions of the anchored ensemble but not in the
predictions of the dropout network. Once again, this variation is attributed to varying architectures -
where networks within the anchored ensembile intrinsically vary from each other where training data is
lacking, differences induced from dropout within this limited central region do not produce an appre-
ciable increase in uncertainty.
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Figure 3.5: A comparison of conflict values, epistemic and aleatoric UE for a dataset with conflicting training data. The
anchored ensemble does not associate the conflicting data with high uncertainty, whereas the split-network architecture outputs
a significantly large uncertainty in this region. The computed conflict values are comparable to the latter, with the four rightmost
points denoted as highly conflicting.

Figure 3.5 compares the CVA, epistemic UE (with anchored ensembling) and aleatoric uncertainty,
estimated through the split-network architecture described in Section 2.3.3 for a training dataset with
conflicting actions. The CVA prediction is shown in Figure 3.5a, which clearly indicates that the four
right-most data points are conflicting (in red, with a large conflict value) while the remaining data points
are less so (in blue, with a significantly lower conflict value). Furthermore, as anticipated, anchored
ensembling does not predict an increase in uncertainty for conflicting training data, as can be observed
in the right-most segment of Figure 3.5b. Conversely, the split-network architecture is highly uncertain
in this region and notably certain in its predictions over the remainder of the state-space.

3.3.2 Multi-dimensional Experiments

A more in-depth assessment of the algorithms proposed in this chapter was carried out with multi-
dimensional validation data and datasets obtained from the aforementioned environments. The fol-
lowing set of plots in Figure 3.6 validate the aleatoric UE algorithm and CVA in a two-dimensional
setting with a sparse dataset which includes conflicting data points. As shown in Figure 3.6a, the
training data consists of a majority of zero-valued points and a central region of blue points with mag-
nitude '-1’. An alternative set of data with magnitude '+1’ is concealed beneath these points, due to
visualisation restrictions. Figure 3.6b displays the output from the CVA, which attributes a high con-
flict value to the data points in the central region and a low conflict for all remaining points in the dataset.

Figures 3.6c and 3.6d show the value and uncertainty predictions, respectively, from the split-network
architecture applied to estimate aleatoric uncertainty. The former produces values very close to zero
throughout, as expected, with minor variations. The uncertainty prediction is similar to the CVA predic-
tion, with a high uncertainty centrally and low uncertainty elsewhere. Intuitively, a high uncertainty (or
conflict value) is expected for input points with both '+1’ and ’-1’ values, which represent an ambiguous
situation for the trained algorithm. Additional points are expected to be non-conflicting and thus, the
network should be certain in its predictions.



3.3. Experiments and Results 27

Training Data Conflict Values over complete dataset

10

L - =
. ag e
LA

Value (normalised)

Position (normalised)

oo s 50 025 000 035 50 o oo
Value (normalised)

(a) Training dataset (b) CVA prediction
ANN Prediction ANN Uncertainty

|| 0.001 075
050

‘ 0.000
025
0001 000
025

-0.002
050

o003 o7
mllllln..

“Too 075 050

025 000 035
Position (normalised)

Value (normalised)
Value (normalised)

050 075 100 o

025 000 025 ~100 ~075 ~050 ~025 000 025 050 075 100
Value (normalised) Value (normalised)
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Figure 3.6: A comparison of computed conflict values and aleatoric uncertainty for training data with conflicting target values.
Figure 3.6a shows the training data with border points set to zero and central points (in blue) set to —1. Additional data points in
this central region set to +1 are obscured. The network prediction is approximately zero as anticipated, while high conflict and
high uncertainty are observed in the central region of the respective plots.

Lastly, the following plots exhibit generated data and corresponding UEs from the aforementioned
OpenAl Gym environments. Figure 3.7 contains the results from the one-dimensional, two-goal envi-
ronment - the generated data contains numerous conflicts in its central region, corresponding to the
agent’s range of initialisation positions, shown in Figure 3.1. Figure 3.7b contains the corresponding
uncertainty estimates, with a high uncertainty predicted for this central area and low uncertainty in the
remainder of the space.

Figure 3.8 similarly presents the generated data and uncertainty predictions for the second
environment, visualised in Figure 3.2. The actions displayed in Figure 3.8a correspond to the magnitude
of the lateral movement of the agent (i.e., actions defining the agent’s movement right or left), while
the second action dimension, which controls movement forward and backward is excluded, since it
contains minimal conflicts and the corresponding uncertainty predictions are low over the complete
space. The network trained on the visualised data predicts a low uncertainty for most data points,
while a high uncertainty centrally corresponds to a region with adjacent actions of differing magnitudes,
as can be observed in Figure 3.8b.
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Figure 3.7: A visualisation of a dataset with learning conflicts and the predicted aleatoric uncertainty ensuing from training an
ANN on this data. Figure 3.7a depicts the training data, while Figure 3.7b is the resulting heteroscedastic aleatoric UE, which
notably produces large values in the central region with the most conflicting data.
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Figure 3.8: A visualisation of a dataset with learning conflicts and the predicted aleatoric uncertainty ensuing from training an
ANN on this data. Figure 3.8a depicts the training data, while Figure 3.8b is the resulting heteroscedastic aleatoric UE, which
notably produces large values in the central region with the most conflicting data.
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3.4 Discussion

An evaluation of the methodology and results presented previously, combined with additional valida-
tion tests, some of which are included in Appendix A, yields a multitude of observations about the
approaches explored in this chapter. Firstly, the most apparent conclusion is that both the CVA and
heteroscedastic aleatoric UE achieve the desired results and are capable of effectively detecting con-
flicts in data. As remarked previously, epistemic UE is not aimed at and hence, does not capture these
conflicts, thus is not applicable to this objective and will not be pursued further in this project.

The Conflict Value Algorithm is a deterministic method and thus produces a repeatable result, as
opposed to UE, whose results depend on the network’s weights and a stochastic learning process,
namely Stochastic Gradient Descent (SGD). Nevertheless, this repeatability comes at the cost of the
capability for generalisation, which is a feature of UE but not of CVA, which implies that this approach
can only infer on data within the assessed data set.

In the description of the CVA in Section 3.2, reference was made to an assumption of a uni-dimensional
action space, which would be a significant disadvantage for this method, in comparison to the UE ap-
proach. Nevertheless, a multi-dimensional action space may be evaluated with this algorithm by
simply considering each dimension independently or replacing the action dissimilarity ¢;; with a multi-
dimensional alternative, such as an inverse distance measure. In this project, it was sufficient to use
the former approach, given the limited dimensionality considered, however the latter would be useful
with larger action spaces due to the computational complexity introduced by this algorithm.

This is a fundamental disadvantage of the CVA, which must compare every point with every other, thus
introducing an O(N?) complexity. While the UE approach must train an FNN for a number of iterations,
the training time of the CVA typically exceeds this and moreover, increases as the dataset grows in
size. Generally, training an FNN to predict uncertainties is faster than directly evaluating the conflicts
within a dataset.

All in all, both approaches have merit and meet the objective set at the beginning of this project, i.e.,
identifying regions of high uncertainty and conflicting data within a dataset. These methods have
been shown to work on both synthetic data and demonstration datasets acquired from simulation
environments, again as set out in Chapter 1. Notwithstanding, the UE approach is preferred due to
its capability to predict action values and uncertainties, shorter computation time and versatility to any
data-generating environment. The CVA will still be applied for validation and analysis of future results,
however will not be retained as the principal methodology for the assessment of demonstration data.



Dataset Conflict Resolution with Option
Classes

This chapter introduces the Option Class (OC) algorithm proposed by Chernova and Veloso (2008)
and presents a number of modifications to this approach, extending its applicability to the Feedforward
Neural Network (FNN) and in turn, making this algorithm scalable to a greater number of environments.
Additional changes to this algorithm are described in detail in Section 4.2, while the latter parts of this
chapter present and discuss the results obtained from experiments validating this methodology.

The data considered henceforth is presumed to take the form of input-target points, as required for
Supervised Learning (SL) and specifically Learning from Demonstration (LfD) approaches. This data
shall be observed from the frame of reference of the robotics field, thus the terms state and action shall
be mentioned frequently and interchanged with the terms input and target, respectively.

4.1 Overview

After the detection of conflicting data points within a demonstration dataset as presented in Chapter
3, a methodology to resolve these conflicts by removing, replacing or altering this data is desired to
allow for training with such datasets. In effect, this is a re-statement of the scope of this project and is
explored in this chapter.

The algorithm proposed hereunder leverages the qualities of FNNs, namely their capability for general-
isation and scalability, and thus extends its applicability to environments with large (multi-dimensional)
state and action spaces. This feature is not a property of the original OC algorithm proposed in Cher-
nova and Veloso (2008), which is based on a Gaussian Mixture Model (GMM) classifier and is notably
more computationally demanding than an FNN for such scenarios.

A transition from a classifier to a regression-based function approximator was performed to avoid
classifiers’ inherent limitation of only selecting a single outcome at any time. The selection of multiple
actions may be performed by designing certain outputs to imply the performance of multiple actions,
nevertheless this would cause the action space to grow significantly, eventually making problems
intractable. The use of a regression-based network allows for multiple concurrent and continuous
outputs and avoids this growing action space issue, in turn extending the algorithm’s applicability to
more general scenarios, where simultaneous actions may be useful.

Aleatoric Uncertainty Estimation (UE) is applied within the proposed approach to identify conflicting
data points. This subset of data is isolated from the complete dataset and is subsequently exclusively
considered by the algorithm. Furthermore, an important property of this algorithm, with particular
relevance to LfD, is its applicability to an iteratively increasing number of points within a dataset.
The nature of the OC algorithm allows it to be used in scenarios with pre-existing datasets, such as

30
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Behavioural Cloning (BC), or in iterative methods, such as DAgger, where demonstrations are being
generated concurrently with the learning process.

4.2 Methodology

A deep understanding of the existing process is essential prior to implementing any changes, therefore
this stage of the project involved a thorough review of the algorithm proposed in Chernova and Veloso
(2008). The following is a brief overview of the OC algorithm, after which the variations defined in this
project are explained in depth.

4.2.1 The Option Class Algorithm

The scope of the algorithm is to resolve problems of inconsistent demonstrations, or conflicting ac-
tions, arising from scenarios with multiple equivalent action choices. An adept example is the obstacle
avoidance scenario, where a moving agent must avoid an obstacle by moving either left or right, with
either action being equally valid. This example is represented in Figure 4.1, alongside the output from
the OC method.

The OC algorithm, which is concisely presented in Algorithm 3, may be subdivided into a number of
elements. First, the whole dataset D is examined to identify points with low classification confidence,
i.e., points which the classifying function (based on a GMM in Chernova and Veloso (2008)) does
not predict with certainty, rather multiple actions may be predicted with a similar probability. In this
algorithm’s context, low confidence is indicative of conflicting actions. These low confidence points are
gathered and identified as part of a set M € D. Subsequently, a parameter d is defined as the mean
Nearest Neighbour (NN) distance between all the points in the dataset. This value is the mean of the
Euclidean distance between a point and the point closest to it, for all points in D.

This parameter is applied to identify clusters of adjacent low confidence points, by searching over the
restricted set M. A cluster is defined as a subset of points in M forming a connected component with
a maximum distance d x« mf between a data point and at least one other point in the cluster. The
tuning parameter m f is a user-supplied value, aimed at optimally adapting d to the dataset at hand.
The aim of defining these clusters of closely-located points is to isolate potentially different types of
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(a) State-space with conflicting data (b) State-space with option classes

Figure 4.1: A representation of the output from the OC algorithm. The plot on the left demonstrates the unaltered action space
from an obstacle avoidance scenario, with evident conflicts in the central region, which is enclosed by an ellipse. After processing
with the OC algorithm, the conflicts in this space are replaced with an option class, as shown in yellow, in Figure 4.1b.
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conflicts and consider each individually. For example, one set of points may hold the actions right
and left, while a second set of points could hold the actions forward and left. While both sets hold
conflicts, the type of conflict is different and hence, they must be resolved differently and independently.

Every cluster ¢ € C is first examined by the algorithm, which identifies all the action labels within c. In
a consistent (non-conflicting) cluster, only one action label is expected, thus the reception of multiple
actions indicates a dataset conflict. Subsequently, for every cluster with at least three data points and
more than one action label, the algorithm creates an Option Class, i.e., an action label that indicates a
choice between two or more actions for a given state. An example of such an OC are the yellow points
in Figure 4.1b.

The algorithm defines a new dataset with these OCs, which is used to update the learnt policy. A
unique action label is selected for every OC by randomly choosing an action from this class, with
selection probabilities proportional to the incidence of each action in the respective cluster, c. Finally, the
dataset labels are reset, such that unnecessary corrections from early iterations do not affect ensuing
evaluations of this algorithm, which, based on additional data might create different classes or select
other action labels.

Algorithm 3: Option Class Definition (Chernova and Veloso, 2008)

1: procedure OptionClass(D)

2 M <« low confidence points in D
3 d < mean nearest neighbour distance from D
4 C « set of connected components from M, given d
5 forallc € C do

6: A + Action Classes from ¢
7 if size(c) > 3 and size(A) > 1 then

8 Create Option Class from ¢, given A
9

0

: end if
10: end for
11: Update policy on D¢,
12: Reset demonstration dataset to D

13: end procedure

A notable feature of the OC algorithm is that it may be evaluated over a whole dataset in one run, in
scenarios with pre-existing demonstration data, or it may be applied iteratively, e.g., with LfD methods,
after every new demonstration. The latter use is the more relevant for this project, given the focus on
Interactive Machine Learning (IML), however the additional flexibility is desirable.

4.2.2 Outline

The adaptation of the OC algorithm in this project was performed in a number of incremental steps,
with new elements introduced in each iteration. The methodology followed in this project may be
summarised as follows:

» Implement the OC algorithm with an FNN classifier (with a softmax output) as the function
approximator, with data confidence evaluated through either the classifier’s output probabilities
or the Conflict Value Algorithm (CVA).

» Implement the OC algorithm with a regression-based FNN, replacing the confidence metrics with
uncertainty estimates obtained with the split-network architecture introduced in Section 2.3.3.

» Consider a generalised discrete action space with fully independent action dimensions, which
differs from the previous scenario with co-dependent actions, where only one non-zero action is
permitted at any time.

+ Consider a continuous action space with fully independent action dimensions.

— Investigate the CVA as an alternative for UE.
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4.2.3 Option Class algorithm with an FNN classifier

As the first implementation within this project, the aim of this iteration of the OC algorithm was to estab-
lish a basic framework and validate the fundamental elements of this method which remain unchanged
in forthcoming implementations, such as the clustering method and action label selection strategy.
Accordingly, this implementation was minimally different from the algorithm proposed in Chernova and
Veloso (2008) - the main alteration was the change of approximating function, previously a GMM-based
classifer and now an FNN-based classifier.

This change was effected in light of the ultimate goal of implementing this algorithm on an Artificial
Neural Network (ANN) architecture, as highlighted in Section 4.1. In practical terms, the circumvention
of a GMM-based implementation promoted an efficient implementation process, since a valid FNN
architecture was readily available from the work detailed in Chapter 3.

Identification of low confidence data points

One of the most critical components of the OC algorithm is the identification of data points which the
policy classifies with low confidence. The classifier’s classification probabilities form an obvious metric
for this task, however their use required that the FNN’s output be normalised to form a probability
distribution with the softmax function, rather than transformed to a one-hot encoding. Every element
of the network’s output was thus translated to the interval (0,1) and collectively, all terms summed to
1, such that they were interpretable as probabilities. A low classification confidence was determined
when the maximum output probability for any input datum was lower than a specified threshold. Data
points satisfying this criterion were passed to the subset M of low confidence points.

An alternative criterion for the selection of low confidence data relies on the assumption that low con-
fidence is the result of conflicting action labels in a specific region. Consequently, the CVA, which is
presented in Section 3.2.1, was applied to identify conflicts in the dataset, D. Data points with a conflict
score exceeding a threshold were gathered in the set M. Crucially, while the former criterion was only
suitable for a classifier network, the CVA is independent from the function approximator and applicable
to all forms of the OC algorithm.

After the definition of the subset M and the computation of the mean NN distance d, the algorithm
proceeds to create a set of connected components, or clusters, of closely-located low confidence points.
Chernova and Veloso (2008) discuss the definition of connected components in terms of d, however
do not refer to a specific algorithm. A method that performs clustering in the approach described in this
paper, and was hence applied in this project, is DBSCAN.

Action Clustering within the OC algorithm

Density-based Spatial Clustering of Applications with Noise (DBSCAN) (Ester et al., 1996) is a method-
ology proposed to deal with spatial data of variable density and potentially contaminated with noise and
outliers. The key benefits of DBSCAN lie in its high efficiency and thus applicability to large datasets, its
ability to identify arbitrarily-shaped clusters and a limited dependence of prior knowledge. Specifically,
this method requires two parameters that must be pre-specified - the minimum number of data points,
mp, within a cluster and the maximum distance between two points, ¢, below which said samples are
defined as neighbours.

These parameters control the definition of density regions, where a cluster is defined when at least
mp points lie within a region with radius e from a given point. The algorithm classifies individual data
points into three distinct classes, two of which indicate some closeness to a cluster. Core points are
those samples that lie within a cluster, while border points are neighbours to such samples, however
have less than mp data points in their e-neighbourhood. The remaining points are gathered under the
definition of noise (Salton do Prado, 2017; Saptashwa, 2019). A visual representation of DBSCAN'’s
classifier-like operation is provided in Figure 4.2.

Intuitively, the parameter ¢ is equivalent to the computed distance d in the OC algorithm and further-
more, with mp = 3 the DBSCAN method is restricted to only form clusters with three or more points.
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This is a particularly relevant property, since clusters with at least three points are a requirement for
this algorithm and the prevention of small clusters alleviated some of the computational effort.

The assumption that conflicting actions result from areas with equivalent action choices implies that any
action within an option class is equally correct. Chernova and Veloso (2008) propose random selection,
biased by the distribution of actions within a cluster, such that the most frequently demonstrated action
is the most likely to be selected. Within this project, this approach was considered alongside a 'greedy’
selection approach, where the most frequently demonstrated action is selected for every cluster.

4.2.4 Option Class algorithm with a FNN

While the implementation described previously was mostly concerned with defining a functioning frame-
work for the OC approach, the upcoming realisation of this algorithm was the first step in extending this
method’s applicability to virtually any environment. To retain the approach of gradual modifications, the
function-approximating FNN was changed to a regression-based network, however the scope of the
algorithm was kept as close as possible to the previous scenario. In this sense, a discrete action space
was considered, where only one action could be active (non-zero) at one time, thus the network’s
output could be represented by a one-hot encoding, similarly to a classifier’s output.

The consideration of co-dependent actions limited the applicability of this approach in the short-term,
however the minimal change in setting allowed for the implementation focus to shift to the data selec-
tion strategy. Aleatoric UE, with a split-network architecture as described in Section 2.3.3, was applied
for this purpose to replace the confidence metric, given the unsuitability of classification probabilities
without a classifier network.

A change in terminology was necessary at this stage. In previous realisations of the OC algorithm,
data points were evaluated on a measure of confidence in their action labels, however in this setting,
the same evaluation must be performed with a measure of uncertainty. These quantities are oppo-
sites - a high confidence in a set of data implies low uncertainty - thus a new objective was defined.
The subset M of previously low confidence points became a set containing highly uncertain data points.

The procedure of defining this dataset was largely unchanged from the previous implementation. An
uncertainty estimate was obtained for all the data points within the set D and any points with an
uncertainty value exceeding a threshold were passed to the set M. A threshold value within the range
[0, 1] was provided to the algorithm, after normalising all uncertainty predictions to the same range. This
methodology allowed for greater accuracy and flexibility, however it introduced an additional parameter
to the algorithm.

@ Core Point
A Border Point

Figure 4.2: DBSCAN with one large cluster and limited outliers (adapted from Salton do Prado (2017))
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4.2.5 Option Class algorithm with independent action dimensions

The modifications to the OC algorithm presented so far have retained the co-dependence between
actions, producing a classifier-like output and focused on the structural changes necessary to transi-
tion to a UE-based algorithm. Conversely, the upcoming changes are predominantly concerned with
generalising its applicability, as discussed in Section 4.1, to a wide range of more realistic environments.

Notably, the co-dependence between actions does not fully exploit the benefit of a regression-based
FNN, which can produce predictions for multiple, continuous-valued outputs simultaneously without
increasing the dimension of the action space, as would happen with a classifier network. The elim-
ination of this co-dependence was hence a natural step, with the consequence that the algorithm
now considered environments with independent action dimensions, e.g., a moving vehicle which may
simultaneously accelerate (or brake) and steer.

In terms of the OC algorithm, the modifications necessary to assure its suitability to such environments
were notably minor and involved the simplification of the action selection process, which occurs after
the definition of option classes for every cluster. The selection of a new action label with co-dependent
actions necessitated that the algorithm consider all dimensions simultaneously, with the chosen label
having the least uncertainty within all said dimensions. Independence between actions allowed for the
individual treatment of every dimension in the action selection process. For instance, a conflict between
left and right actions could be resolved without a search for additional conflicts between forward and
back labels for the same state values, since these pairs of actions were now permitted to co-exist.

4.2.6 Option Class algorithm with a continuous action space

The final significant change to the OC algorithm is similar to the above and entailed a transition from
environments with discrete, independent action spaces to environments with continuous, independent
actions. This modification truly ensures this method may be used in virtually any scenario, however it
is also the farthest from the original case. A discrete action space implies a finite and often quite limited
set of possibilities, thus the algorithm is able to compute the number of distinct actions in each cluster
and select a new label from within this set. A continuous action space brings forth the possibility of a
large number of actions within each cluster with minute differences between each other, making the
option class definition and label selection processes overly complex and ultimately infeasible.

Conflict Correction with continuous actions

In order to address data conflicts within identified clusters, the incidence of actions within a cluster must
be computed such that the action selection process is based on some metric. An efficient approach to
achieving this result is Kernel Density Estimation (KDE) (Bishop, 2006b), a non-parametric approach
for probability density modelling. This method approximates a probability density function p(x) from a
set of observations which are assumed to be drawn from the same function. If one defines the variable
x as a (uni-dimensional) action taken by an agent in a specific environment, then the subset of data
contained within a specific cluster in the OC algorithm may be considered as a set of observations of
x. This data is hence considered to characterise p(z).

A simplified explanation of KDE specifies that the density model p(z) is obtained by placing a given ker-
nel function over every available data point and summing their contributions along the whole dataset.
The computed density function should be normalised by dividing throughout by the number of data
points available. The kernel is an arbitrarily-chosen, non-negative function that should integrate to one,
such that the resulting distribution is similarly non-negative and integrates to one. The selection of
this kernel determines the smoothness and accuracy of the estimated density function - a hypercubic
kernel may create discontinuities in p(z), similar to histogram methods, thus smoother kernels such as
the Gaussian function are preferred.

In this project, the KDE function was defined with a cosine kernel, which was validated to closely ap-
proximate sampled distributions. After fitting a density model to cluster data, the same model was used
to evaluate probability densities along the complete, discretised action space, as shown in Figure 4.3.
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Figure 4.3: Evaluations of action densities within specific clusters after KDE training with data points within respective clusters.
Evaluating the densities over the full action space and performing peak detection captures the most frequent action values within
a cluster, at a resolution determined by the underlying test set, which due to finite computational resources, cannot be continuous.
Identified peaks are marked in red.

A finite set of candidates for the new cluster label were defined through peak detection over this space
- identified peak values are highlighted in red in the same figure. Finally, in a similar fashion to previous
versions of the OC algorithm, the value with the highest density (i.e., most frequently demonstrated
action) is selected as the new label for data points in a cluster.

Ultimately, notwithstanding the list of changes detailed in this section, the OC process remains
consistent with the procedure in Algorithm 3. Overlooking the change to a regression-based FNN,
the only notable variations are the search for low confidence data points, which is replaced with the
identification of highly uncertain data and the definition of the set of connected components, which is
realised through the DBSCAN methodology. Alongside the dataset D, this method requires two user-
defined parameters - a multiplication factor for the distance value d and a threshold for normalised
uncertainty predictions.

Option Class algorithm with the CVA

As shown in Chapter 3, the Conflict Value Algorithm presents a viable alternative to UE, thus it was
applied within the OC methodology for this purpose. This algorithm removes the need to train the UE
network, hence alleviating the computational burden prior to initiating the OC algorithm. Nevertheless,
the previous chapter strongly highlighted the high computational cost of the CVA for large datasets,
thus this benefit decreases as the dataset in question grows in size. As shall be shown in the following
section, this algorithm is a valid replacement for UE within the OC method for limited datasets, however
its use with large datasets should be avoided due to lengthy computation times.

4.3 Experiments and Results

A thorough validation of the OC algorithm was performed using synthetic and real datasets generated
using the customised OpenAl Gym environments presented previously in Section 3.3, as well as a re-
alistic simulation scenario devised within the environment shown in Figure 4.4. Simulations performed
with this environment were designed to emulate a real robotic system and allow for the validation of
the algorithm in a realistic setting, which is as close as possible to a real-world scenario.

4.3.1 Single-run Evaluations

Firstly, the OC algorithm’s performance was tested in single-run format, which evaluates a complete
set of demonstration data in one attempt. This configuration was tested with synthetic data from both
custom environments and relevant plots are shown in Figures 4.5, 4.6 and 4.7.
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Figure 4.4: A simulated robotics environment with a 6 degree-of-freedom robot arm, a cubic object and a red, spherical goal
position to which the object should be moved.

Figure 4.5 demonstrates the operation of the algorithm with the one-dimensional, two-goal environ-
ment, which is ideal to understand intermediate results and the algorithm’s behaviour. The first two
plots show the original, conflicting dataset and FNN predictions after training with this data. When
compared to the FNN prediction in Figure 4.5f, it is clear that the dataset conflicts negatively impacted
the network’s training and lead to a region with low magnitude actions. While the effects of these
conflicts are not catastrophic in this basic example, they often lead to failed execution in more complex
environments, such as the two-dimensional obstacle avoidance setting.

Figures 4.5¢c and 4.5d show intermediate results leading to a successfully corrected dataset, as dis-
played in Figure 4.5e. In this and all the following uncertainty plots, the colour of each data point
represents its uncertainty, with a dark blue implying the minimum uncertainty in that plot, and dark red
being the peak uncertainty in that set. Figure 4.5¢c shows the uncertainty predictions for the conflicting
dataset, where the highly uncertain points clearly correlate to the conflicts in the dataset. The subse-
quent figure shows the clustering result with DBSCAN, where the selected highly uncertain points are
classified into three distinct clusters based on the distance parameter d. A larger multiplier m f would
result in one larger cluster, with the corrected dataset remaining void of conflicts.

Comparably to the previous case, the FNN predictions in Figure 4.6, which holds results for the first
action dimension from the obstacle avoidance environment, are significantly different. Conflicting
demonstrations create an inconsistent prediction space, which can affect the agent’s performance in
this environment. Akin to the previous set of plots, the peak uncertainty corresponds to the conflicting
data points, while the defined clusters effectively address these inconsistencies and create a uniform
space, as shown in Figure 4.6e and the corresponding FNN prediction in Figure 4.6f.

Conversely, the action values in the second dimension, as shown in Figure 4.7 present minimal con-
flicts, thus the selected uncertain actions form a very small proportion of actions in the set. In such
situations, it is expected that the dataset remains unchanged and in fact, this is the observed result.
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Figure 4.5: A set of plots exhibiting the operation of the OC algorithm for a 1-dimensional environment, as shown in Figure 3.1,

with conflicting data.

4.3.2 Iterative Evaluations

As specified in Section 4.2, the OC algorithm may be applied iteratively, hence the upcoming plots
demonstrate its output at intermediate stages of such a procedure. Figure 4.8a shows the complete
dataset, prior to any corrections. The following figures present the output from the OC algorithm with
an increasing number of demonstrations - the algorithm is applied after individual demonstrations are
added, however there is an excessive number to show in this report. The final plot in Figure 4.8f shows
the agent’s output after all demonstrations were processed by the algorithm.

Evidently, the algorithm’s output varies significantly between successive runs, depending on the data
supplied as well as the number of epochs the UE network is trained for. Due to the iterative nature of
this process, this network is trained for a limited number of epochs per iteration, thus early predictions
are often overly optimistic and lead to excessive corrections, as can be seen in Figure 4.8b. As the
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Figure 4.6: A set of plots exhibiting the operation of the OC algorithm in the first action dimension of a 2-dimensional environment,
as shown in Figure 3.2, with conflicting data.

number of iterations increases the uncertainty predictions become progressively more reliable and
consequentially, the OC corrections are observed to be more accurate.

The sequence of plots in Figure 4.8 highlights two important factors deriving from this iterative
format. First, the new action labels may take different magnitudes over multiple iterations. While
this observation may be trivial given that subsequent evaluations are independent, it must be noted
that this feature does not hinder the performance of the algorithm, which results in a consistent FNN
prediction, as desired. Secondly, this format allows for occasional imperfect corrections, as evidenced
by the dataset in Figure 4.8b. A sub-optimally corrected dataset will only impact the novice agent for
a limited number of iterations, with such flaws being addressed by later corrections. Nevertheless, the
OC algorithm is intended to work optimally at all times in order to assure good results.
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Figure 4.7: A set of plots exhibiting the operation of the OC algorithm in the second action dimension of a 2-dimensional
environment, as shown in Figure 3.2, with conflicting data.

4.3.3 Performance Evaluations

In addition to pictorial results showing the operation of the OC algorithm and resulting data, numer-
ical results are included to provide further insight and demonstrate the benefits of this method. The
upcoming results follow from an evaluation of this algorithm over five distinct datasets, generated with
the obstacle avoidance environment described previously.

The upcoming tables present the outcome of an assessment of the original and corrected datasets,
performed with the Conflict Value Algorithm. This algorithm allowed for a direct and reliable compar-
ison between every dataset pair and permitted inference on the benefits of using the OC algorithm
on this data. Tables 4.1 and 4.2 hold results for individual action dimensions, given that the un-
derlying environment defines a two-dimensional action space. The plots observed previously show
that the second dimension contains little conflict and thus, the algorithm’s corrections are notably minor.
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Figure 4.8: A set of plots exhibiting the iterative operation of the OC algorithm in the first action dimension of a 2-dimensional
environment, as shown in Figure 3.2, with conflicting data. Subsequent plots show the evolution of the algorithm’s corrections
as new trajectories are added to the dataset.

This is evidenced in the second table, where the differences in the mean conflict value between dirty
and clean datasets are negligible. Conversely, the clean datasets in Table 4.1 result in a mean conflict
value which is around half of the corresponding quantity computed from their uncorrected versions.
The maximum conflict value also decreases after applying the OC algorithm, however it remains no-
tably large due to the ever-present discontinuity between actions of magnitude '+1’ and -1’ in all action
spaces. The magnitude of the maximum conflict values in Table 4.2 are also due to a similar effect,
however in both scenarios, this does not indicate severe issues in these datasets.

Following this data analysis with the CVA, a novice agent was trained through Behavioural Cloning
on each of the corrected datasets. Additionally, five FNNs were trained on the original datasets in
order to compare the performance differences induced by optimising their training data. Table 4.3
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contains results from 25 rollouts for each network, shown as the number of successful rollouts (S.R.)
and the average cumulative reward from each run in this environment. A reward value was generated
by penalising the agent for every time step spent within the environment, assigning a large reward for
reaching the environment objective and significantly deducting from this reward value if the agent hits
a boundary wall or the obstacle.

A comparison between the networks trained on the original datasets and corrected datasets show that
the rewards for the latter are consistently larger. Furthermore, the networks trained on the clean data
always achieve their objective, whereas the other networks have at least one failure, with an observed
maximum of 7 failures over 25 attempts. Undoubtedly, the OC algorithm was beneficial and reduced
the failure rate of the trained networks, notwithstanding the non-ideal LfD approach used.

4.3.4 The OC algorithm with Conflict Values

The previous section made reference to the application of the CVA within the OC algorithm, replacing
UE. It was also established that this algorithm introduces an excessive computational burden when
dataset size increases, which negated the benefit of not training a UE network. Nevertheless, Figure
4.9 contains the result of applying the OC algorithm to a conflicting dataset with the CVA.

At first glance, Figure 4.9e demonstrates that the algorithm successfully resolved all the data conflicts,
in a similar fashion to the output in Figure 4.6e. A closer analysis indicates that the cluster of points
selected by the CVA is larger than selected through UE, leading the correction to extend to points
that did not need replacement. This is a direct result of the output of the CVA, in Figure 4.9¢, which
computes higher values over a larger area due to its point-by-point analysis. Uncertainty prediction
peaks are localised to the most conflicting area of a space, with the magnitude slowly decreasing away
from this region, which allows a more precise selection of points, which is more desirable. Notably,
taking either the maximum or average conflict value for every data point (and adjusting the threshold
accordingly) does not significantly affect the prediction.

4.3.5 The OC algorithm in a realistic environment

The final set of results contained within this report is derived from the robotics environment introduced
in Figure 4.4. This environment was revised for the purposes of this experiment - an obstacle was
added between the robot and the goal position to create an equivalent action choice for the OC algo-
rithm to resolve, while the cubic object was removed to simplify the robot’s task. The objective in this
scenario required the robot to move towards the goal position, while going around the obstacle. This
simulated environment is shown in Figure 4.10.

A novice agent based on an FNN was trained using HG-DAgger, which involved providing an initial
(small) set of full demonstrations and subsequently allowing the agent to act and providing corrective

Set 1 Set 2 Set 3
Settype | Mean Max Mean Max Mean Max
Dirty 0.00462 1.0 0.0043 1.0 0.00492 1.0
Clean | 0.00258 | 0.97689 | 0.00279 | 0.97961 | 0.00231 | 0.92981
Set 4 Set 5
Settype | Mean Max Mean Max
Dirty 0.00487 1.0 0.00443 1.0
Clean | 0.00249 | 0.95037 | 0.00222 | 0.93420

Table 4.1: An evaluation of the mean and peak conflict values in original (dirty) and OC-corrected demonstration datasets.
The values shown were computed using the CVA for the first action dimension of a set of datasets created using the obstacle
avoidance environment shown in Figure 3.2.
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Set 1 Set 2 Set 3
Settype | Mean Max Mean Max Mean Max
Dirty 0.00397 | 0.71455 | 0.00397 | 0.71455 | 0.00378 | 0.71455
Clean | 0.00382 | 0.71455 | 0.00387 | 0.71455 | 0.00378 | 0.71455
Set 4 Set 5
Settype | Mean Max Mean Max
Dirty 0.00398 | 0.71455 | 0.00376 | 0.71455
Clean | 0.00382 | 0.71455 | 0.00376 | 0.71455

Table 4.2: An evaluation of the mean and peak conflict values in original (dirty) and OC-corrected demonstration datasets. The
values shown were computed using the CVA for the second action dimension of a set of datasets created using the obstacle
avoidance environment shown in Figure 3.2.

Set 1 Set 2 Set 3 Set 4 Set 5
Settype | S.R. | Reward | S.R. | Reward | S.R. | Reward | S.R. | Reward | S.R. | Reward
Dirty 24 | 85248 | 24 | 84.784 19 | 45.556 18 | 37.256 | 22 | 69.364
Clean 25 | 93300 | 25 | 93280 | 25 | 93.308 | 25 | 93.404 | 25 | 93.288

Table 4.3: An evaluation of five agents’ performance in an obstacle avoidance setting, after BC training on synthetic
demonstration data. These agents’ performance is evaluated on the number of successful runs, with a total of 25 runs for each
agent and an averaged cumulative reward from every run. Obtained rewards are akin to those in Reinforcement Learning (RL),
with the value of said reward dependent on the performance of the agent.

demonstrations when it deviated from the desired behaviour. The OC algorithm was applied following
a new demonstration, prior to training the agent.

The original dataset, in two distinct dimensions, is shown in Figures 4.11a and 4.11b. The former
plot presents action magnitudes defining lateral movement within this environment, while the latter
shows the actions defining movement forward and back. A third dimension representing vertical arm
movement up and down is available, however the arm was constrained from moving in this dimension,
hence these actions do not hold any information and are excluded from this report.

A comparison of the original datasets and the corrected data in Figures 4.11g and 4.11h brings forth
a number of differences introduced by the OC algorithm. The most notable change is observed in the
first action dimension, where conflicts between actions of magnitude '+1’ and ’-1’ are replaced with
actions of magnitude ’-1’. A similar correction is performed in the second action dimension, where
a conflict between '+1’ and 'O’ actions is resolved by assigning the latter value to these data points.
The corresponding predictions from the trained agent, which are broadly consistent as desired, are
presented in Figure 4.11i and Figure 4.11j.

Figure 4.11e and Figure 4.11f contain the uncertainty predictions from the last iteration of this training
process. The peak uncertainties within these plots coincide with the most conflicting data points, how-
ever do not extend to all the conflicting areas in the dataset - a low uncertainty value is predicted for
some areas with visible conflicts.

The main cause of this behaviour is the limited number of training iterations available to the learning
network. As this FNN is trained, the nature of the predicted uncertainty evolves from a single, round
and rather large region to a more focused area with a smaller proportion of large values and lastly to
multiple, smaller regions, if the dataset contains numerous regions of conflicting data. A substantial
issue, however, is the notion of diminishing returns, as the network must be trained for an extreme
number of iterations to achieve the final result. In an iterative LfD setting, this becomes prohibitive for
the user, which must wait for the agent to finish training before providing additional input. As observed
from this result, when a balance is sought between training time and the quality of the uncertainty
estimates, the result remains sub-optimal.
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Figure 4.9: A set of plots exhibiting the operation of the OC algorithm with the CVA in the first action dimension of a 2-dimensional
environment, as shown in Figure 3.2, with conflicting data.

A more subtle concern with this approach to UE is its inclination to expressly consider the most sig-
nificant conflict within a dataset and ignoring less apparent ones. For example, a region containing
actions of magnitude "+1’ and -1’ will be determined as highly uncertain, while a separate region with
action magnitudes of '+1’ and 0’ may be ignored. This may be observed in Figures 4.11e and 4.11f
and is explored in more detail in Appendix B.

An assessment of the benefit of the OC algorithm in this scenario may be obtained from the comparison
of the FNN predictions based on the uncorrected and corrected datasets, respectively. Figure 4.11i
contains notably more consistent and well defined regions, which achieve an action magnitude closer
to '+1’ or ’-1’, as intended by the demonstrator. Conversely, in Figure 4.11c, individual trajectories
may easily be identified and take smaller values due to action conflicts. A similar, but less pronounced
difference, may be noted in the comparison between Figures 4.11d and 4.11j. In this sense, the OC
algorithm led to an improvement in the agent’s policy, however this result remains unoptimised and
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Figure 4.10: A simulated robotics environment with a 6 degree-of-freedom robot arm, an obstacle and a red, spherical goal
position to which the arm should be moved.

reveals a necessity for future development on this algorithm.

Finally, the OC algorithm’s success rate in identifying and completely correcting conflicting data was
assessed by evaluating this algorithm five times for five datasets, generated using the obstacle avoid-
ance environment. After every evaluation, the number of successful runs was noted - a success implies
the resolution of all data conflicts in a dataset. In the results displayed in Table 4.4, no dataset was
successfully corrected in all attempts, however it must be noted that a few of these failures were very
minor, with only one or two conflicting points in the whole dataset.

OC type Set1 | Set2 | Set3 | Set4 | Set5 | Total
Single-Run | 4/5 2/5 3/5 1/5 4/5 | 14/25
Iterative 3/5 3/5 3/5 2/5 4/5 | 15/25

Table 4.4: An evaluation of the OC algorithm’s success rate in addressing conflicting data points over five distinct datasets. The
algorithm is applied multiple times over each dataset in both a single-run and iterative fashion, where a successful evaluation
implies that all conflicts are eliminated in the resulting dataset.

This table also indicates that specific datasets are more likely to be successfully processed than others.
For example, Set 4 (Figure 4.12a) contains one conflicting trajectory that is evidently separate from the
region containing the majority of the conflicts in this set. Conversely, the data in Set 5 (Figure 4.12b)
is arranged such that the conflicting data forms one region. The UE network is likely to attribute a high
uncertainty to the central regions and often assigns a lower uncertainty to the lone trajectory, leading
to these conflicts remaining unresolved.
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Figure 4.11: A set of plots exhibiting the operation of the OC algorithm with the CVA with a realistic simulation environment, as
shown in Figure 4.42, with conflicting data.
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Figure 4.12: Two sets of demonstration data gathered within the obstacle avoidance environment, as shown in Figure 3.2.

4.4 Discussion

This section provides an evaluation of the performance of the OC algorithm in terms of the methodol-
ogy and the results reviewed previously. In general, the progression of this algorithm from its original
formulation to the final implementation presented in this project was aptly structured and allowed for
the identification of issues and learning of nuances which would not have been otherwise noted. Ad-
ditionally, this process generated multiple versions of the algorithm, each suitable to a distinct set of
environments. Although the final version is applicable to any scenario, it may be beneficial to use a
more restrictive method in some cases and this procedure enabled such a choice.

A valuable benefit of this algorithm is its applicability in both iterative, demonstration-by-demonstration
settings and in single-run scenarios, where a complete dataset is processed en masse. The former
case suffices to meet this project’s primary objective of enabling learning with LfD methods, notwith-
standing conflicting data, nevertheless the availability of this alternative could be beneficial in scenarios
where a set of demonstrations is available prior to the commencement of training.

Despite the previous section showing numerous successful runs of the OC algorithm, a few unde-
sirable characteristics which arose throughout this project must be mentioned. Firstly, the algorithm
was noted to be highly sensitive to its parameter values - the uncertainty threshold and, less critically,
the multiplication factor m f must be set appropriately for the algorithm to operate effectively, given a
certain environment.

A range of acceptable values is common for these parameters, however using values outside of said
range will inevitably lead the algorithm to fail to accomplish its task. An mf value smaller than the
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optimal value causes the DBSCAN clustering algorithm to produce multiple small clusters which are
corrected separately and often, differently. A large m f value produces a single, large cluster which
includes all the points with high uncertainty, i.e., the clustering algorithm does not differentiate between
distant, dense groups of points that should form unconnected clusters.

The uncertainty threshold determines the amount of data points selected by the algorithm as conflicting
or highly uncertain and which are consequently altered by this method. An excessively high threshold
does not address all the sub-optimal data in a set, while a low threshold selects too many data points,
leading the algorithm to over-correct, which is likely to negatively impact the learning agent’s perfor-
mance.

A second imperfection in this algorithm, which is inherent to the network’s dependence on the value of
its weights and the stochastic learning process, is a lack of repeatability. The stochasticity involved in
network training results in varying UE predictions for the same dataset, leading the algorithm to select
different sets of points over repeated attempts. As shown in Table 4.4, the OC algorithm is not infallible
and may not correct a dataset perfectly every time. Furthermore, this effect is influenced by the nature
of the collected demonstrations, with the algorithm clearly producing more consistent results when
data conflicts where localised to one region.

Finally, the OC algorithm has been observed to be lacking when a dataset contains multiple regions of
uncertainty, as discussed in Section 4.3. In such situations, the uncertainty prediction fails to accurately
predict a high uncertainty for all these regions, leading to incomplete or inaccurate corrections from
the algorithm. An approach to address this concern without modification to the algorithm is proposed
in Appendix B, however this issue persists.

Taking into account the operation of this algorithm and the benefits it brings forth alongside these non-
ideal features, it is still retained as an advantageous method for FNN learning. In scenarios where the
algorithm does not achieve a perfect result, it addresses a significant number of conflicts within the
underlying dataset and thus still leads to improved policies.



Concluding Remarks

As the concluding segment of this report, this chapter ties the work accomplished in this project to the
objectives established at its beginning and evaluates its success in achieving these aims. The next
section contains a number of proposals for further development and improvement on this work.

Chapter 1 established the aim of this project and laid out a set of objectives that seemingly divided
this work in two distinct parts, albeit these segments held a direct relation given the dependence of the
latter on the outcome of the first.

The first objective of this project involved devising a method to identify conflicting or highly uncer-
tain regions in a set of demonstration data, obtained while teaching robots using Interactive Machine
Learning (IML) methods. This task was addressed with the implementation of the Conflict Value Al-
gorithm (CVA) and the aleatoric Uncertainty Estimation (UE) architecture presented and validated in
Chapter 3. These methods were validated using numerous, different datasets and shown to accurately
identify regions with sub-optimal demonstration data, thus it may be affirmed that based on the per-
formed tests, the requirements of this objective were wholly met.

The second objective, which was addressed in depth in Chapter 4, required the definition of an algorithm
that, based on information obtained from the previously explored methods, allowed novice agents
to learn a successful action policy through Learning from Demonstration (LfD) methods. While this
objective does not explicitly specify the method to consider, this project was predominantly concerned
with HG-DAgger, as outlined in Chapter 2. The results obtained with the Option Class (OC) algorithm
were proven to fully eliminate any conflicting data from demonstration datasets, leading to improved
agent learning in both iterative and single-run operation, which extends this objective. Nevertheless,
this method was recognised to have some limitations relating to the conflict-identification component of
this method. In light of this, it is maintained that this objective was met, however further development
of this algorithm is required to extend its operation to any conceivable environment and to enhance its
reliability in general.

5.1 Suggestions for Improvement and Future Work

Although the methods proposed in this project were validated and satisfied the objectives of this thesis,
there remains the opportunity for additional development and improvement that were not pursued but
must be mentioned:

* High-dimensional states spaces: The OC algorithm was designed to successfully process
and correct poor demonstrations for any environment, irrespective of the number of states and
actions, however it has not been evaluated with high-dimensional state spaces. The validation
of this method with such spaces, such as images where individual pixels represent a data point,
is proposed as an important part of future development. Following from this proposal, the OC

49
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algorithm should be tested with other types of architectures, such as the Convolutional Neural
Network (CNN), which is commonly used with large state spaces.

» Multi-peak UE: As has been discussed in depth in Section 4.3, the split-network architecture
underpinning the OC algorithm requires an overly long training time to provide accurate
uncertainty prediction and may not achieve the desired result for datasets with multiple regions
of conflicting data. In order for the algorithm to function optimally in these settings, this network
must be redefined. It is hypothesised that this issue would be addressed by the replacement
of the Gaussian noise assumption, which defines this architecture, with a model that does not
introduce form-based restrictions on the network’s output and may be trained more efficiently.
Alternatively, structural modifications such as a variation of the number of branches in the network,
accompanied by a division of the data passed to individual branches, may present a viable option.

» Multi-dimensional CVA: A fundamental limitation of this algorithm is its exclusive applicability to
one-dimensional action spaces, which derives from its definition. Nevertheless, as described in
Section 3.4, this may be overcome by considering multiple dimensions individually and applying
the algorithm numerous times. A more efficient approach would involve altering the algorithm
such that the action dissimilarity measure currently in use would become amenable to multi-
dimensional action spaces. Inverse distance measures are proposed as a potential means of
performing this improvement to the CVA.

» Automatic UE threshold: The algorithm proposed in this project requires the user to fix two
parameters which are essential for its correct operation, one of these being a threshold value
defining what constituted low or high uncertainty. The original method only required the user
to specify the m f parameter and set the threshold for classification confidence as the average
confidence for misclassified points. While the average uncertainty over the complete dataset did
not comprise a valid threshold value for the updated algorithm, such an automatic approach is
desirable to reduce the complexity and heuristics for the user.

 Variable action replacement in clusters: In the various implementations of the OC algorithm,
conflicting actions within a cluster were replaced by a unique value, selected from within the
cluster itself. While this approach is valid and resolves the observed conflicts, it may create
discontinuities in the dataset where action values within the cluster are significantly different than
values just outside the cluster. It is proposed that the action selection strategy be modified such
that the values within a cluster form a continuous sequence that minimises these discontinuities
while still meeting the algorithm’s original goal. Furthermore, it is suggested that these values are
based on the uncertainty predictions, original action labels and the network’s action predictions.

The CVA and aleatoric UE methods detailed in this work have been shown to effectively identify regions
of conflicting data in demonstration datasets. These methods were effectively integrated within the OC
algorithm, which was proven to allow novice agents to successfully learn to solve tasks through LfD
approaches, despite conflicting and sub-optimal demonstrations.



Additional Results for Issue Detection in
Demonstration Data

This additional section includes results supplementing the content of Chapter 3, which discussed the
identification of conflicting data points within datasets intended for Supervised Learning (SL).

An initial set of plots, contained in Figure A.1 and Figure A.2, compare the predictions from epistemic
and aleatoric Uncertainty Estimation (UE) methods for two similar datasets, which lead to distinctly
different outcomes. In Figure A.1, the training dataset contains clear conflicts for the points at 0.75
and 0.9, which take values of either +1 or -1. The functions estimating epistemic uncertainty detect the
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Figure A.1: Estimation of model and data uncertainty with training data points overlaid (red dots) on the Artificial Neural
Network (ANN) predictions. In both epistemic uncertainty plots, the trained policies accurately predict values close to the training
data with low uncertainty and recognise their lack of training on the left-most points in the plot, however as expected, do not
predict data uncertainty for the right-most training data. Conversely, the aleatoric uncertainty is low in all regions except for these
conflicting data points.
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presence of training data in this region, thus the model uncertainty is small, however the conflicts are
not recognised. Conversely, the network performing aleatoric UE successfully identifies this feature.

A critical difference between the training data observed in Figure A.1 and that in Figure A.2 is the
value of the conflicting data points. The latter four points in the dataset are no longer assigned to
just two values, rather, are shifted in such a manner that the trained network correctly predicts these
values. While intuitively, a human observer may highlight these data points as conflicting, the aleatoric
uncertainty estimate is low throughout since the value prediction is accurate to the training data, while
the model uncertainty estimates are negligibly affected, when compared to the previous plots.

The following two sets of plots compare the predictions from the Conflict Value Algorithm (CVA) and
aleatoric UE for 2-dimensional training data, akin to the result shown in Figure 3.6. The training data
in both Figure A.3a and Figure A.4a is sparse and randomly-generated, where data points assigned
a target value of either +1 or -1 to form a specific pattern. The adjacent plots show the result from
the CVA, which indicates that the data points close to the boundary between +1 and -1 values are
conflicting. The regions with a large conflict value are notably wide, which presents a disadvantage
when attempting to identify conflicts within small areas of the data space.

Figures A.3c and A.4c display the network predictions for their respective training datasets, both of
which are satisfactorily accurate. Uncertainty estimates for these datasets are shown in the adjacent
plots and are correlated to some extent to their respective conflict plots. A high data uncertainty is
observed in regions where the network prediction does not perfectly follow the training data, i.e., the
boundaries between +1 and -1 values. Notably, the uncertainty predictions are significantly narrower,
which is advantageous for more complex datasets.
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Figure A.2: Estimation of model and data uncertainty with training data points overlaid (red dots) on the ANN predictions. In
these plots, the training data is not directly conflicting, rather the target values with different magnitudes are slightly displaced. In
both epistemic uncertainty plots, the trained policies accurately predict values close to the training data with low uncertainty and
recognise a lack of training on the left-most points in the plot. As for Figure A.1, the aleatoric uncertainty is low in the regions
where the value prediction is accurate to the training data, which in this scenario includes the complete space.
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Figure A.3: A comparison of computed conflict values and aleatoric uncertainty for training data with contrasting target values.
Figure A.1a shows the training data with edge points set to zero and central points (in red) set to +1. The network prediction is
accurate, while high uncertainty is observed in one of the regions where the target value transitions from +1 to —1. High conflict

is observed for both these regions, with the high-conflict area being significantly wider than the area with high uncertainty.
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Figure A.4: A comparison of computed conflict values and aleatoric uncertainty for training data with contrasting target values.
Figure A.1a shows the training data with edge points set to zero and central points (in red) set to +1. The network prediction is
accurate, while high uncertainty is observed in one of the regions where the target value transitions from +1 to —1. High conflict

is observed for both these regions, with the high-conflict area being significantly wider than the area with high uncertainty.



Additional Results for Dataset Conflict
Resolution with Option Classes

This additional section includes results supplementing the content of Chapter 4, which proposes an
updated Option Class (OC) algorithm based on a Feedforward Neural Network (FNN) architecture and
aleatoric Uncertainty Estimation (UE), which is intended to enable training of novice agents through
Learning from Demonstration (LfD) methods with sub-optimal demonstrations.

A notable observation made in Section 4.4 expressed the unsuitability of the OC algorithm to datasets
with multiple regions of conflicting data. The uncertainty-estimating network is observed to be unable
to capture all these regions simultaneously, primarily due to the nature of the conflicts, where one is
often predominant. In such an instance, a high uncertainty is returned solely for this region.

The first set of plots in Figure B.1 demonstrate this behaviour and the result of an exploration into
addressing this issue with the algorithm at hand. Figure B.1b shows the uncertainty prediction with the
original dataset, which clearly only contains one region in the centre of the plot. The result of the first
iteration of the OC algorithm with this dataset is shown in Figure B.1c, in which conflicts in the central,
highly uncertain region are eliminated. Retaining this data and performing a second iteration with the
OC algorithm resulted in the uncertainty prediction shown in Figure B.1d, which is focused primarily on
the right-most region with conflicting data, however it also predicts an increased uncertainty for a third
region to the left of this plot.

An appropriate uncertainty threshold allowed for the simultaneous alteration of both these areas, as
can be observed in Figure B.1e. This result demonstrates that this methodology is able to identify and
correct all regions of conflicting data in a dataset, however additional work is required such that these
regions are detected in one iteration of the algorithm.

Figure B.2 exhibits the results from a similar test to the one performed previously, i.e., iterative exe-
cution of the OC algorithm, with intermediate results retained between iterations. In this scenario, the
uncertainty threshold was increased to 0.75 in order to examine the possibility of correcting conflicting
data in a progressive fashion, rather than in the immediate, single-cluster manner applied formerly.

The desired result in this scenario would be a gradually expanding region of a specific action value, that
eventually encompasses the whole region with conflicting data points. As may be observed in Figure
B.2e, this was not achieved, rather the OC algorithm produced two distinct areas with significantly
different action values. The progression of the dataset from Figure B.2b to Figure B.2e demonstrates
that after the first iteration, which implemented a change over a fairly large region, subsequent changes
were minor and disconnected from the original correction, which resulted in the two regions observed
in the final plot.
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Figure B.1: A set of plots exhibiting the operation of the OC algorithm in the first action dimension of a 2-dimensional environment,
as shown in Figure 3.2, with conflicting, multi-modal data. The algorithm was applied multiple times while retaining the corrected
data from previous iterations to assess its behaviour with multiple sources of conflict in one space.

Although the algorithm may be said to resolve most conflicts in this dataset (possibly all conflicts, if
more iterations were performed), the resulting dataset is not satisfactory for FNN training, given the
magnitudes of these regions. Intuitively, an agent initially taking an action magnitude of +1 would
swiftly enter the region of magnitude -1. This would in turn cause the agent to move back into the
first region and so forth, leading to (temporary) oscillatory behaviour. Succinctly, networks trained on
this data would fail or at best, sub-optimally achieve the desired objective, thus it may be concluded
that the uncertainty threshold should be set such that areas holding conflicting data are corrected
instantaneously, with one iteration of the OC algorithm.
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progressively.
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