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II Preface

I received my Bachelor’s degree in Electronics Engineering from the Amirkabir Univer-
sity of Technology, in Iran. It was during the last year of my undergraduate studies that
I started to become aware of my strong passion for Artificial Intelligence (Al) through
advanced programming courses. Participating in, and organising, international robotics
competitions, during my undergraduate studies provided me with the opportunity to
start to develop foundational computer science skills. Since then I planned a smooth
transition to the field of Al and while I continued to work on designing software systems
for financial institutions for about five years, as my next step. As those years passed,
I became continuously more confident that research in Al was what I was extremely

passionate about.

I started my Al research journey as an Honours student at the University of Adelaide
(UoA), in July 2018. I graduated with first-class Honours as the Valedictorian of my
cohort of graduates, among eight schools in my faculty, in July 2019. Having taken a
solid first step in my Al research journey, I was excited to accept a full scholarship offer
from UoA to start my PhD immediately. I was so much enjoying what I was doing in
my research that I considered a break between my two degrees would not be the best
use of my time. During the past three years since then, I have been immersing myself in
everything related to Al; from learning how to successfully publish in top conferences,
to winning various Al and robotics competitions, and pursuing excellence in developing
Al industry solutions. This has made me not only grateful for all the opportunities that I
was provided, but also proud of my successful career transition. This thesis covers only
my research outcome during the past three years on the topic of real-world reinforcement
learning. I leave writing about everything else that I learned along the way for the

appropriate time and space.

The more I learned about Al the more I grew enthusiasm for building agents that can
learn to make decisions just like humans. Learning such skills is, arguably, one of the
most impressive aspects of humans that Al agents are still far from reliable. As such,
this thesis reflects my passion for developing Al agents capable of learning to make
sequential decisions in the real world through their interactions with the environment.

As the primary existing solution to such problems, RL research has gained increasing

10



momentum. Real-world problems, such as navigation and autonomous driving, pose
unique challenges to existing RL method which requires dedicated attention. Inspired by
that, this thesis provides original contributions to tackle a selection of those challenges.
The contributions start from single-agent problems, where the other agents are considered

as part of the environment, and end with a more complex multi-agent method.

Reflecting upon my challenging yet fruitful journey, I hope to inspire researchers who
wish to work in a similar area or who share a similar starting point with me. I have
been asked multiple times along the way, "whether leaving a job for doing research in a

different field is worth it", and I will continue to respond a bold "yes".

Mohammad Mahdi Kazemi Moghaddam
September 2022
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V Abstract

Reinforcement Learning (RL) has recently gained tremendous attention from the research
community. Different algorithms have been proposed to tackle a variety of single-
agent and multi-agent problems. The fast pace of growth has primarily been driven
by the availability of several simplistic toy simulation environments, such as Atari
and DeepMind Control Suite. The capability of most of those algorithms to solve
complex problems in partially-observable real-world 3D environments, such as visual
navigation and autonomous driving, however, remains limited. In real-world problems,
the evaluation environment is often unseen during the training which imposes further
challenges. Developing robust and efficient RL algorithms for real-world problems that

can generalise to unseen environments remains an open problem.

One such limitation of RL algorithms is their lack of ability to remain optimistic in the
face of tasks that require longer trajectories to complete. That lack of optimism in agents
trained using previous RL methods often leads to a lower evaluated success rate. For
instance, such an agent gives up on finding an object only after a few steps of searching
for it while a longer search is likely to be successful. We hypothesise that such a lack
of optimism is manifested in the agent’s underestimation of the expected future reward,
i.e. the state-value function. To alleviate the issue we propose to enhance the agent’s
state-value function approximator with more global information. In visual navigation,
we do so by learning the spatio-temporal relationship between objects present in the

environment.

Another limitation of previously introduced RL algorithms is their lack of explicit
modelling of the outcome of an action before committing to it, i.e. lack of imagination.
Model-based RL algorithms have recently been successful in alleviating such limitations
in simple toy environments. Building an accurate model of the environment dynamics
in 3D visually complex scenes, however, remains infeasible. Therefore, in our second
contribution, we hypothesise that a simpler dynamics model that only imagines the
(sub-)goal state can achieve the best of both worlds; it avoids complicated modelling of
the future per timestep while still alleviating the shortcomings resulting from the lack of

imagination.

Finally, in our third contribution, we take a step forward beyond single-agent problems to

15



learn multi-agent interactions. In many real-world problems, e.g. autonomous driving, an
agent needs to learn to interact with other potentially learning agents while maximising
its own individual reward. Such selfish reward optimisation by every agent often leads to
aggressive behaviour. We hypothesise that introducing an intrinsic reward for each agent
that encourages caring for neighbours can alleviate this problem. As such, we introduce a
new optimisation objective that uses information theory to promote less selfish behaviour

across the population of the agents.

Overall, our three contributions address three main limitations of single-agent and multi-
agent RL algorithms for solving real-world problems. Through empirical studies, we
validate our three hypotheses and show our proposed methods outperform previous
state-of-the-art.
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Chapter 1
Introduction

One of the ultimate goals of research in Artificial Intelligence (Al) is to develop intelligent
agents capable of learning to perform real-world sequential decision-making tasks in
a robust and efficient way. The reinforcement Learning (RL) paradigm is arguably the
most promising area of research to enable Al agents with such capability. In this chapter,
we introduce our three research questions: optimism, imagination, and harmony in
single-agent and multi-agent RL. We introduce our proposed methods and discuss how

our empirical results validate our hypotheses.
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Recently, a large number of RL algorithms have been developed on simple toy envir-
onments [11, 88, 102]. While those environments enable rapid bench-marking of new
methods, they cannot fully represent the challenges of using RL to address real-world
problems. For instance, real-world RL problems may require an agent to learn not to
capitulate as long as a task is not successfully completed, i.e. to be optimistic. Moreover,
completing tasks in visually complex environments requires an RL agent to have an
explicit representation of a successful goal state, i.e. to imagine what that state may
look like before reaching it. Such imagination enables an agent to constantly compare
the new observations to that imagination of the goal state which increases its robustness.
Finally, when the environment includes other potentially learning agents, an RL agent
is required to avoid selfish behaviour and instead maintain the overall performance
harmony across all the present agents. Those real-world challenges are often missing

from simple simulation environments.

Inspired by such real-world RL challenges, in this thesis we propose multiple novel
methods to tackle two of the most general and challenging real-world RL problems,
i.e. visual navigation [125] and autonomous driving [21]. In visual navigation, an
agent is placed in a complex 3D environment, e.g. a house or an office, and is tasked
with finding a target object by navigating towards it and stopping within its predefined
proximity. In autonomous driving, the agent is required to drive to a given destination,
i.e. directly controlling the steering and acceleration, in a robust, safe, and efficient way,

while interacting with other agents.

In the following sections, we introduce three different RL methods we are proposing in
this thesis. Each section provides more method-specific background information that
motivates the proposed approach. The purpose of this section is to highlight the research

question every method is trying to answer and the significance of the proposed solution.

1.1 Part I: Single-Agent Reinforcement Learning and

Visual Navigation

In Chapters 4 and 5 of this thesis, we discuss two separate methods to address specific

limitations of previous state-of-the-art RL algorithms when used for the visual navig-
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ation problem. Our proposed methods are evaluated on a commonly used benchmark,
e.g. AI2Thor [52]. Further discussion on how the simulation environment works and

background problem-specific information is provided in 2.1.

1.1.1 Problem 1: Optimistic Reinforcement Learning

Actor-critic [67] RL algorithms have proven to be effective in learning navigation policies
in different simulation environments and tasks [22, 23, 71, 115]. The role of the critic in
such algorithms is to stabilise the policy learning by providing better feedback compared
to the original policy gradient methods [87]. As such, learning to approximate the critic
(i.e. the state-value function) accurately is essential to help with the convergence of the

policy to a more optimal solution.

Most of the previous state-of-the-art navigation frameworks, however, share the same
architecture and parameters between the actor and the critic neural networks (except for
the last layer to map the representations to action and state-value) [22, 115]. This, as we
show in our empirical studies, often leads to pessimistic value estimates hence leading
to a sub-optimally converged policy, which often fails to successfully complete the
navigation task. In order to address that limitation, we hypothesise that the critic should

be able to represent more global information about the surrounding 3D environment.

In the visual navigation task [4], specifically object-goal navigation, the spatio-temporal
relationship between the observed objects in the scene is key to finding the target object.
Imagine observing the world from the limited Field-of-View (FoV) (e.g. 90 degrees)
viewpoints equal to what an agent can observe at each navigation time-step. In that case,
observing a kitchen stove at one time step might be a good indication that a kettle may
be observed on either side of it in future time steps. Learning such object relationships
in space and time provides a strong learning signal to the policy. As we show in our
experiments, this signal guides the policy to learn to avoid early capitulation when the

prospect of finding the target object in the future time steps is highly likely.

Recently, Graph Neural Networks (GNNs) have proven to be effective in learning effect-
ive representation where the relationship between entities matters [17, 120, 124]. We use
a variant of GNN, e.g. [120] to allow the critic to build a more global representation of

the scene and the observed objects during a navigation episode. Using GNN provides the
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critic with a more holistic view of the scene observed through limited FoV images. We
utilise such a rich representation to reduce the approximation error for the state-value
function. This leads to optimistic behaviour, as shown in our empirical results, by avoid-
ing underestimation of the state value at critical time steps during a navigation episode.
Further details of this method and the achieved experimental results are provided in
Chapter 4.

1.1.2 Problem 2: Imaginative Reinforcement Learning

The ability to predict the future consequences of an action, i.e. imagination, is, arguably,
one of the most challenging capabilities to endow artificial agents with. It is our ima-
gination, as humans, that helps us make more robust and efficient decisions by avoiding
actions that may not lead to our intended goal. Inspired by such human capacity, many
different Model-Based RL (MBRL) algorithms have recently been developed [33, 36,
44, 45]. MBRL methods, generally, alternate between learning a forward model and
planning using such learned dynamics models. As such, by explicitly modelling the out-
come of possible actions at each time step, those approaches have shown to outperform
model-free counterparts in simple environments [34, 36]. Despite significant progress,
current state-of-the-art MBRL algorithms are limited by two fundamental challenges:
learning an accurate forward model that can predict long into the future (i.e. until the
end of an episode), and developing a planning algorithm which is robust to accumulative
forward model prediction errors. Therefore, their application has been mainly limited to
simple environments [91, 102], where the training and evaluation environments are the

same.

In visual navigation, unlike conventional RL benchmarks, the environment is 3D and
visually realistic [52, 89]. More importantly, the agent is evaluated in new previously
unobserved scenes. Therefore, using existing MBRL algorithms which rely on accurate
per-step forward predictions becomes infeasible. To address those issues, we instead
augment model-free RL algorithms with a forward model that allows the agent to predict
the latent future state, i.e. to imagine. To further reduce the complexity of the forward
modelling, we train our model to only imagine successful trajectory outcomes. That way,

our method enables agents to imagine only what a successful future looks like in the
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latent space. Such simplification balances the best of both worlds; it enables the agent to
predict desirable (sub-)goal states while avoiding inaccurate per-step future predictions.
Our method improves the efficiency and robustness of visual navigation without the need
for costly per-step prediction or planning algorithms which are robust to inaccurate future

predictions.

1.2 Part II: Multi-Agent Reinforcement Learning and

Autonomous Driving

In the second part of this thesis, we move from single-agent RL algorithms to the more
complicated problem of multi-agent RL. (MARL). Inspired by the great success of RL
(especially deep RL) in single-agent environments, MARL provides further opportunities
to learn the policies of multiple agents sharing the same environment. A Myriad of
real-world problems, including autonomous driving, are inherently multi-agent; that is,
multiple agents concurrently learn new policies or adapt theirs to that of other interacting
agents. Similar to part I of this thesis, we are interested in tackling a real-world problem
using MARL. We choose to work at the intersection of MARL and autonomous driving

for a range of reasons, including:

* There has been minimal work in this relatively new area of research which provides

an opportunity for a great impact [80].

* Multi-agent driving can be cast as a mixed-motive MARL problem [63] which
is both highly challenging, especially as the number of agents increases, and

interesting.

* Last but not least, extending visual navigation to a multi-agent problem adds limited
value. Multi-agent navigation can be sensibly defined as a cooperative MARL
problem [108]. Owing to the availability of benchmarking environments [88],
cooperative MARL has recently received significant attention [61, 77, 82, 97,
107]. Autonomous driving, on the other hand, despite sharing similar challenges
as visual navigation, presents more complexities as it involves a combination of

cooperative and competitive multi-agent interactions [94].
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1.2.1 Harmonious Agents

Many real-world multi-agent problems involve self-interested agents interacting with
others aiming to maximise their own individual reward function, i.e. mixed-motive
problems [30, 63]. In such problems, independent reward optimisation leads to greedy
selfish policies, often showing more aggressive behaviour [54, 80, 118]. This problem is
further exacerbated if simultaneous access to limited indivisible resources is desirable by

multiple agents [43].

Autonomous driving is a good example of such a problem where agents are self-interested
(i.e. try to reach their destination in the shortest possible time) while sharing limited
resources (e.g. road capacity) with other road users. Humans can learn to efficiently
interact with others while adhering to both rules and social norms. An example of such
behaviour is highlighted when part of a road is blocked and drivers take turns to pass, or
while merging into a highway where drivers on the highway let merging vehicles do so
smoothly. Autonomous vehicles, however, are still limited in learning those behaviours

and instead choose to become more conservative to ensure safety.

We propose to alleviate the effect of selfish individual reward maximisation, among
autonomous driving agents, by introducing a novel multi-agent intrinsic reward. Our
intrinsic reward function is inspired by empowerment [50]. Intuitively, the agents learn
to balance between maximising their individual reward and empowering other agents
using our new optimisation objective. Empowerment is only calculated within every
agent’s neighbourhood. This allows our method to scale to a large number of agents.
By reducing selfish behaviour through empowerment, we increase the overall harmony

among the population of agents, measures based on their expected return.

1.3 Original Contributions and Thesis Outline

In summary, in this thesis, we propose multiple novel single-agent and multi-agent
RL methods, for real-world complex problems, e.g. visual navigation and autonomous
driving. Each one of our proposed methods is focused on addressing a specifically
investigated limitation of the previous state-of-the-art methods when applied to real-

world problems. We evaluate our methods on commonly used benchmarks for visual
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navigation and autonomous driving and show that they outperform baselines and previous
state-of-the-art methods. Through empirical studies, we show the validity of our main
hypotheses and provide further insights into the limitations of the proposed methods. We

categorise our main original contributions into the following three main categories:

* Optimistic RL: In Chapter 4, we show that one of the main problems with the
current state-of-the-art RL methods is the lack of optimism in behaviour. Agents
trained using baseline methods fail to continue in longer trajectories and often
capitulate early. We define optimism as the expected error between the learned
state-value function, in actor-critic RL, and the ground-truth state values; value
approximations using our method have both lower expected error and are generally
higher in value, hence the optimism. We propose to train separate policy and
value function approximators to alleviate the issue. Moreover, we endow our value
approximation network with more global state observation, using a variation of
GNN [120], to reduce the value approximation error. Our empirical studies show
the efficacy of our method, which outperforms several state-of-the-art methods in

a commonly used visual navigation benchmark, AI2Thor [52].

* Imaginative RL: In Chapter 5, take our first step towards enabling imagination
in visual navigation agents based on model-free RL. While there has been some
work on model-based RL (MBRL) [34], most of the previous state-of-the-art RL-
based visual navigation frameworks are model-free. Model-free RL is attractive in
terms of simplicity, ease of implementation and training, as it trains a policy that
directly maps observations to actions. Such a policy does not explicitly consider
the potential outcome of different actions, hence is limited in generalisation to
complex environments, e.g. visual navigation. While can potentially address
such limitations of model-free RL, developing MBRL algorithms for complex 3D
environments is non-trivial. This is mainly due to two reasons; firstly, learning
an accurate forward model that can generalise to unseen complex 3D scenes is
extremely challenging. Secondly, developing a planning algorithm which is robust
to the inaccuracies of the forward modelling is non-trivial. In order to alleviate
those problems, we propose to augment the model-free RL with a forward model
that learns to predict (i.e. to imagine) only the successful future states. By limiting

the imagination to a single future state, which we call sub-goal state, we effectively
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simplify the forward modelling problem. We then integrate our forward model into
actor-critic RL and develop an imaginative RL agent which we show outperforms

previous state-of-the-art methods.

* Harmonious Agents: The success of single-agent RL has recently motivated
its extension to multi-agent problems [59, 98, 121]. In a multi-agent system of
decision-making, multiple agents learn and adapt their policies, simultaneously,
while interacting with one another. The constant learning and adaptation of all
agents renders the environment non-stationary from the perspective of every single
one of them [79]. Therefore, extending RL to multi-agent systems is inherently
more challenging compared to single-agent learning. Moreover, in many real-
world problems, agents optimise their own individual reward function, which may
partially, if not fully, contrast with that of other agents [41, 54]. A real-world
example of such problems is learning the autonomous driving policies of multiple
agents (e.g. a fleet of autonomous vehicles). It is desirable for all autonomous
vehicles to reach their given destination in the safest and most efficient possible
way. As we show in Chapter 6, trivial independent learning of such policies leads to
aggressive behaviours against other agents (e.g. not giving way at an intersection).
Evaluating such aggressive policies across the population of agents reveals high
performance disparity among the agents measured using their expected return. In
other words, the agents with a more aggressive policy achieve higher efficiency
at the cost of that of more conservative agents. We propose to alleviate such a
lack of harmony among the agents by drawing inspiration from recent work on
empowerment. Intuitively, we train agents to not only maximise their individual
expected return but to empower their neighbours through our mutual information
objective. That way, we improve the overall performance harmony across the
agents. Furthermore, we develop an increasingly challenging environment where
agents may break their rationality assumptions. Such scenarios may happen when
some agents behave incautiously due to reasons such as long waiting times. We

show that our agents are more robust to such irrational behaviour.

The rest of the thesis is organised as follows. In Chapter 2, we provide the preliminary
information required to understand our proposed methods, which are discussed in later

chapters. We discuss the specific mathematical frameworks used to precisely define
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each problem, notations, and the detail of all the simulation environments we use or
develop. In Chapter 3, we provide a review of the most relevant literature on our three
main proposed methods and discuss their advantages and differences. In Chapters 4, 5,
and 6 we discuss the detail of our proposed methods and provide our empirical results
and ablation studies. Finally, in Chapter 7, we conclude by summarising the thesis and

discussing future work directions.
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Chapter 2
Preliminaries

In the previous chapter, we introduced our three main research hypotheses. In this chapter,
we provide further background information on the problems at hand, the benchmark
simulators which have been used, and the preliminaries required to better understand our
proposed methods. Moreover, we discuss the details of the mathematical frameworks
utilised to model both our single-agent and multi-agent RL problems, i.e. Partially
Observable Markov Decision Processes (POMDPs) and Partially Observable Stochastic
Games (POSGs). We then provide the standard notations used throughout the related

chapters of this thesis for each problem.
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2.1 PartI: Single-Agent Problems

2.1.1 Partially-Observable Markov Decision Processes

Markov Decision Process (MDP) is a mathematical framework that allows the modelling
of sequential decision-making problems addressed using RL. In the visual navigation
problem, discussed in Sec. 2.1.3, the agent can only receive a partial observation of
the environment at each time-step. We define the problem as a Partially-Observable
Markov Decision Process (POMDP) denoted by the tuple {O, S, A, G, P,r,~v} [98].
Here, O is the space of visual observations, S is the state space as encoded and observed
internally by the agent, A is the action space, G is the set of target objects given by the
environment, P := p(s;|s;_1, a;—1) is the transition function or environment dynamics
model (unknown) for state s; € S, and r is the reward function and + is the reward

discount factor.

2.1.2 Actor-Critic RL

In order to solve a POMDP, different RL algorithms have been introduced such as Deep
Q-learning [58] and Policy Gradients (PG) [99]. Actor-critic [67] algorithms have mainly
been introduced to alleviate the high variance in gradient estimates of PG algorithms.
A2C, A3C [67], and PPO [93] are among the most commonly used actor-critic algorithms
due to their simplicity in implementation and training. In this thesis we use variations of
A3C (in Chapters 4 and 5) and PPO in Chapter 6.

The main difference between actor-critic and PG algorithms is learning a state-value
function in addition to the policy, which is then utilised to improve policy learning. The

critic, a.k.a as the advantage function, is defined as below:

Ag(or,ar) = 1y +7V(0141) — Vo(oy), 2.1)
T

Vo(0r) = Erer[>_77'ri | 04]. 2.2)
i=t

The state-value function in Deep RL is approximated using a neural network (paramet-

erised by ) using the observed values from the collected trajectories, using supervised
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learning:

1
jV(Otve) - 5(‘/9(0t) - R)27 (23)

where R is the target return values, which is the the discounted sum of the total reward
obtained during an episode: R = ZZT:O ~v'r;, where T is the episode horizon. The policy

is then updated using the approximated state-values using the objective below:

Tr(ar |0y, 0) = —logm(as | or, 873 0) (1 + (2.4)
YWo(sii1) — Vo(se)) + BuHi(r),

where H;(r) is the estimated entropy of the policy at each timestep and [y is the
coefficient for entropy exploration. In A3C, it is conventional to use entropy to encourage

exploration in the beginning of the training.

2.1.3 Visual Navigation as a POMDP and AI2Thor Simulator

In visual navigation, the objective for the agent starting from a random initial location is
to take a sequence of actions (collectively, a trajectory) to reach a given target object using
only observed ego-centric RGB visual inputs. A navigation episode ends if either the
agent takes the "STOP" action or the maximum number of permitted actions is exhausted.
A trajectory is considered successful if the agent stops within a defined circular proximity
of any instance of the target object. Visual navigation is commonly categorised into

point-goal and object-goal navigation problems [15].

Object-goal visual navigation is the task where an agent needs to navigate towards an
instance of a given target object in a previously unseen environment. This is an inherently
challenging problem since the agent needs to find the shortest possible sequence of
actions to first find a target object (i.e. to intelligently explore) and then navigate towards
it (i.e. to plan and act accordingly while avoiding obstacles) in a visually complex 3D
environment. The task is further complicated when at each time step the agent only
receives limited field-of-view visual inputs only. This means the agent will need to learn
simultaneously to (1) build a good state representation that enables the agent to localise

itself as well as the target (if observed at some point) and (2) efficiently use that state
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representation to (implicitly) plan and navigate towards the target while avoiding the

obstacles.

In a navigation episode, from every starting point, there are typically multiple action
sequences (i.e. trajectories) that could lead to success, let alone the sequences that might
fail. Learning to select the right action at each time step to create a trajectory that leads

to the specified target object is the primary challenge.

The sequential nature of acting in the environment allows visual navigation to be defined
as a POMDP. At each timestep, the agent receives an observation from the environment
(i.e. RGB image), which is sampled from the state using an unknown underlying
observation function. The agent then acts based on its trained policy to receive a reward
and the next observation. An episode ends either by reaching the goal state or exhausting
the maximum episode length. The completed episodes (a.k.a trajectories) are then used

to update the policy parameters. This process is iterated until convergence.

Training RL agents to iteratively train a navigation policy in the real world is infeasible.
That is mainly due to the sample inefficiency of the current RL algorithms. In order
to address that problem different photo-realistic simulation environments have been
introduced [52, 89]. In this thesis, we choose to work on the AI2Thor [52] environment
which contains four different rooms in a household environment, e.g. bathroom, bedroom,
living room, and kitchen. Examples of the scenes in this simulator are shown in Figure 2.1.
At the beginning of each episode, the agent is placed in a randomly selected location
within a randomly selected room type and provided with a randomly selected feasible

object as the target.

AI2Thor was photo-realistic which made any learned navigation policy more easily
transferrable to the real world. Compared to its existing counterparts [89], it was also
more suitable for training RL policies given the known sample inefficiency issues, due to
relatively smaller room sizes. Moreover, continuous state space (of possible navigation
locations) makes it more real-world applicable. Finally, the number and diversity of
scenes and customisability of the object organisations added to the attractions of this
simulator for further challenging the trained policies. The latter features are specifically

missing from more recently introduced simulators, e.g. [89].
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Figure 2.1: Example of four different room types in AI2Thor environment: top-left: kitchen, top-right:
bedroom, bottom-left: bathroom, bottom-right: living room.
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2.2 Part II: Multi-Agent Problem

While single-agent RL continues to advance it is limited by assuming the agent interacts
with a stationary environment. In other words, the framework of POMDP we introduced
in the previous section, does not consider the existence of other agents in the environment
affecting the future observed outcome of another agent’s policy. Motivated by those
limitations, we decide to go beyond single-agent RL and introduce environment non-

stationarity [79] arising from the existence of other learning agents.

Recent works have extended the problem of visual navigation to cooperative multi-agent
navigation [108] and object relocation [26]. Such problems, however, are limited by
the number of possible interacting agents as well as the pre-defined cooperative role of
involved agents. Therefore, we choose to work on the related problem of multi-agent
RL for autonomous driving. In autonomous driving, the number of interacting agents is
significantly higher which increases the challenges of the environment’s non-stationarity.
Moreover, the interactions are ad-hoc and agents may constantly change their cooperative
or competitive roles. Nonetheless, autonomous driving and visual navigation policies
share the similarity of learning policies to successfully relocate an agent from a random

starting point to a given target destination.

2.2.1 Partially-Observable Stochastic Games

Depending on the role of the interacting agents, different frameworks can be util-
ised to define the multi-agent problem. Here we use the most general framework
of Partially-Observable Stochastic Games (POSGs). POSG consists of the tuple <
N, S8, {A:},{0:},{Z;}, P, {r:}, {1} >, where N is the set of agents present in the
environment, S is the state space, A; is action space of agent i € N, O; is the observation
space of agent i based on its observation function Z; : Sx O; — [0,1], P(s**V|s) a®)
is the environment transition probability, r; : S x A — R is the reward function for
agent ¢ and -y; is its discount factor. In POSG, every agent maximises its own objective,
J; = E[R;|m;, 7], where R; = ), *yfrgt) is the discounted sum of its future reward,
according to its own reward function, and 7; is its policy. We use sub-script indices for
agent index and super-script in parentheses, where required, to indicate the time index,

and —¢ means all the agents except agent .
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2.2.2 MetaDrive Simulator and Our Extended Version

Several different autonomous driving simulators have recently been introduced. In this
thesis, we focus on learning the decentralised policies of multiple agents when interacting
with others in high-density complex driving scenarios. Therefore, instead of working
on photo-realistic simulation environments, e.g. CARLA [21], we choose to work on
the MetaDrive [55] simulator to develop our method. MetaDrive is a lightweight and
efficient multi-agent learning platform which can scale up to large number of agents. In
MetaDrive, several complex driving scenarios were introduced originally, as shown in

Figure 2.2.

Our extension of the MetaDrive environment includes the following driving scenarios
from the original implementation, each highlighting specific multi-agent interaction

challenges:

(a) Bottleneck: In this scenario the agents are spawned on one end of the road (left or
right) and their goal is to reach the other end of the road, travelling through the shortest
path and as fast as possible. The number of lanes at the bottleneck is reduced from
four lanes to a single lane on each side of the road; that is when agents can either be
aggressive and selfish or considerate and pro-social. We extend this to N-Bottleneck

version to investigate the effect of past performance on future behaviour.

(c) Roundabout: The main challenge in this scenario is to merge into the roundabout
efficiently. Here an agent inside the roundabout will open more space for the agents
waiting to enter at a small cost of its own reward but empowering other agents to showcase

social behaviour.

Moreover, we add the following new scenario motivated by the real-life deriving chal-

lenges:

(b) T-Intersection: The agents are spawned randomly and follow their set goals similar
to (a). Agents driving through the vertical road aiming to reach the right end of the main
horizontal road are at a disadvantage due to the challenge of crossing the horizontal road.
Without cooperation from the agents driving on the horizontal road, those disadvantaged

agents will be waiting for extended periods (hence will receive a lower reward).
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2.2.2.1 Self-Aware and Irrational Agents

Most of the current works on autonomous driving focus on learning driving policies
designed to interact with rational agents which have stationary policies [3, 80, 103, 106].
Such assumptions, however, in real-world scenarios may not always stand correct. For
instance, it is known that drivers’ behaviours can be affected by their mental state [85,
86]; angry drivers behave less rationally which may endanger other road users’ safety. We

intend to introduce a mechanism to simulate such irrational behaviours into MetaDrive.

In order to simulate irrational agents, we draw inspiration from social driving behaviour

studies [85]. We make several changes to the environment to simulate such behaviour:

* We make every agent self-aware. That is, every agent’s observation includes an
additional variable that indicates its performance thus far into an episode, which
we call Sel f — Awareness variable. For performance measures, we either use the
environment return (i.e. accumulated discounted reward), or the number of relative
overtakes. The latter provides an indication of the relative performance of an agent

compared to its observed neighbours.

* We define the emotion variable for every agent as a truncated exponential function
of the temporal difference in Sel f — Awareness variable. That means the agent’s
emotion level (which can be interpreted as anger) increases as the observed im-
provement in Sel f — Awareness drops. This essentially simulates the emotional
process of starting to lose temper as the rate of gaining more reward drops, e.g. the

agent is not getting closer to the destination.

* Finally, we design and implement a mechanism to simulate increasingly irrational
behaviour as a function of the emotion variable for every agent. We achieve that
by using several different approaches to increase the level of noise in agent’s

observation, e.g. missing a nearby object or obstacle.
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Figure 2.2: Current driving scenarios in MetaDrive simulator. Blue rectangles show learning vehicles,
blue gradients vehicle trajectories, and red dots crash points.
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Chapter 3
Literature Review

Research on single-agent and multi-agent RL has gained significant attention, recently.
Some of the recent works focus on developing general-purpose RL algorithms in simple
simulation environments, while others focus on tackling specific problems, e.g. visual
navigation or autonomous driving. In this chapter, we first categorise existing RL
methods into single-agent and multi-agent methods, which we discuss in separate sections.
We then provide a review of the relevant literature from two different perspectives:
general-purpose RL algorithms which are relevant in terms of the method only and RL
frameworks developed for our specific problems at hand. The aim is to provide both an
overview of the research in RL as well as an in-depth analysis of the most relevant works

to our main contributions to this thesis.
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We organise this chapter as follows: in Sec. 3.1 we focus on the literature related to the
methods discussed in Chapters 4 and 5. We discuss methods focussing on both the RL
method as well as the visual navigation problem. In Sec. 3.2 we focus on MARL as
relevant to our method discussed in Chapter 6. Similarly, this includes relevant works

both to the method and the autonomous driving problem.

3.1 PartI: Single-Agent RL and Visual Navigation

3.1.1 Reinforcement Learning Methods
Model-Based RL

ForeSI uses a forward model to generate future state representations, thus is closely
related to model-based RL [36, 44, 45, 91, 123]. Weber et al. [111] train a recurrent
model of the environment dynamics that can be used for planning by unrolling an episode
in imagination. Alternating between learning a model of the environment dynamics
and using such model to train a policy has recently been a major theme of work [34,
36]. In such methods, the policy is trained purely on imagined episodes. This training
paradigm reduces the need for collecting extra trajectories as the agent can imagine not
just what it has observed, but also interpolate in its learned space to imagine the unseen.
In most of such methods, the environment dynamics model is a recurrent reconstruction-
based model inspired by [33] which models every single state transition. Such methods
have only recently surpassed the performance of model-free baselines, and only on
simpler toy environments [45]; their generalisation to realistic visual navigation in a
3D environment has not yet been explored. For us, it means that our method is the first
step towards enabling model-based RL in a complex real-world environment, i.e. visual
navigation. In contrast to those methods, we enable longer-term forward modelling
without performing step-wise future prediction which boosts the navigation performance

in unseen environments while reducing the computation cost.
Experience Replay

Modifying the distribution of episodes in a replay buffer, known as hindsight experience

replay, has been explored in other applications [6, 84, 101]. The core idea of those
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methods is to modify the distribution of goal states in the replay buffer (i.e. hindsight) to
train a more generalisable policy able to reach arbitrary goals provided during test time.
Such hindsight manipulation of the observations can become very costly in complex
environments. That is mainly due to the computational cost of learning generative models
of the environment that can accurately model important detail. Differently from them,
here we introduce a method that is trained in hindsight and tested in foresight to generate

successful (sub-)goal states for visual navigation.
Goal-Conditioned RL

Our method is also closely related to goal-conditioned RL where the policy is trained
conditioned on a given goal state. In those methods, since the start and goal state are
known a-priori one could use combinatorial optimisation on the states encoded using a
Variational Auto-Encoder (VAE) [48] to find the best set of reachable sub-goals along
a past trajectory [74]. The selected sub-goals can then be used to optimise the policy
using Q-learning [68], an off-policy RL algorithm. Alternatively, the goal states can be
imagined using a leared model of the environment to train the policy to reach arbitrary
goals [72]. Following similar ideas, recently, Kanu et al. [46] use a VAE to learn to
generate goals during test time, too. While those methods are related to ours, there are
two fundamental differences: (1) unlike ours, the application of those methods has been
limited to simpler environments where there is little to no difference between training and
test environments; (2) unlike those most of those methods we use the selected sub-goals

during the training to learn to generate them in unseen test environments, for the success.

3.1.2 Visual Navigation Problem
Visual Navigation

Research on visual navigation has attracted increasing attention in recent years mainly
due to the availability of photo and sensor-realistic 3D simulators [20, 52, 89, 112,
117]. Various methods [14, 16, 24, 65, 115, 119, 125] have been proposed investigating
different aspects of the problem. Some of such methods are based on Imitation Learning
(IL). IL allows initialising a better policy (than random weights) [23, 24] when expert
demonstrations (i.e. state-action pairs) are available; however, those demonstrations are

expensive to collect in real-world problems. Additionally, policies trained using IL only
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typically suffer from lack of generalisation. Therefore, model-free RL algorithms are
at the heart of most of the previous approaches with better performance [14, 16, 115,
119, 125]. Wortsman et al. [115] propose to use RL along with meta-learning [27] to
enable test-time adaptation of the policy to unseen navigation environments. In another
line of work, Du et al. [23, 24] focus on improving the perception of the navigation
agent. They achieve better perception by developing a graph neural network that uses
an off-the-shelf object detector [83] to exploit object co-occurrence relationship. Such
object relationships are key to determine the potential location of an unseen object. For
instance, observing a kettle can inform the agent a toaster might be nearby. In their more
recent work, Du et al. [24] propose to further improve the perception by developing
a Transformer-based model [104] to learn the object relations more efficiently. In
contrast to those works, the main focus of our work is to improve the core RL algorithm.
We achieve that by investigating the role of critic and future imagination in RL-based
navigation policies. We show our method works well along with multiple different
perception modules [23, 66, 115, 119], whether it be a GNN or a Transformer-based

architecture.
Incorporating External Knowledge

Adding some form of prior to machine learning models has fast-tracked the progress in
many different computer vision tasks [32, 90, 95]. The prior can be in the form of pre-
trained weights of the network for object detection or segmentation tasks [90] or in the

from of Graph Neural Networks (GNNs) representing common-sense knowledge [32].

In the RL framework, GNNs have been used to improve navigation policies by rep-
resenting topological environment maps for more accurate localisation [65] or helping
with more efficient exploration [19]. Generating and incorporating scene graphs [32] is
also closely related to our problem. However, here we construct our knowledge graph
externally and refine the node relationships without explicitly detecting the objects in the
observation. This also separates our approach from some closely related prior work [22,
71] where an off-the-shelf object detector is used. Such methods, while improving the
performance, have been explored before and can be plugged into other frameworks for
further improvements, including ours. Additionally, increasing the complexity of the

policy architecture increases the sample complexity of RL algorithms. As a results, such
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complex models are generally trained with IL [22] which is different from our objective.
In this thesis, we are interested in developing novel RL-based methods to address the
shortcomings of RL for real-world problems. Training complex policy architecture with

RL using sparse reward remains an open problem.

Similar work to ours is proposed by Vijay et. al. [105] where the prior knowledge is
injected into RL for navigation. The authors propose to learn various edge features
encoded as one-hot vectors. The main difference, however, is that they address the
navigation in a 2D fully-observable environment while in our case we deal with a near-
real-world task of navigation in 3D environment. Similarly, the use of a knowledge graph
to learn to find unseen objects by learning the correlations to the seen targets during the
training has also been explored [119]. One of the deficiencies of such method is that it
effectively increases the state space size. This is specifically important in RL framework
where increasing the model’s complexity can impede improving the performance, as we

show in this thesis.

3.1.3 Value Function Estimation in Actor-Critic RL

One major drawback of model-free RL methods is the high sample complexity. This
is specifically worsened in our 3D environment set-up where the agent has to learn
the visual associations and ground the language instruction while learning the optimal
policy using only sparse rewards. In order to mitigate this in actor-critic RL, some of the
parameters of the policy are shared with the value estimation module which provides a
stronger learning signal for the shared parameters. An accurate and stable estimate of the

value, however, is necessary to reach this objective [92, 100].

Separating the parameters of the advantage and value functions to increase the accuracy
of action-value function estimation has previously been investigated [109]. Inspired by
that, we propose a novel value estimation module for visual navigation. This module can
estimate the value of each state more accurately incorporating the object relationships

encoded using a graph neural network.
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3.2 Part II: Multi-Agent RL and Autonomous Driving

3.2.1 Multi-Agent Reinforcement Learning

Reinforcement Learning (RL) has recently gained increasing attention, mainly due to its
success in solving games [91] and other toy problems [36, 45, 68]. In many real-world
problems, such as autonomous driving [21, 94], however, an environment involves other
learning agents. Accordingly, Multi-Agent RL (MARL) has evolved as a solution to
learn a decentralised policy for multiple agents [60, 88]. Different frameworks have been
developed which categorise different methods into cooperative [76], competitive [9],
and mixed-motive environments [63]. A majority of the existing work are based on the
Decentralised Partially Observable Markov Decision Processes (Dec-POMDP) frame-
work [76] in cooperative environments [28, 82, 97]. Addressing the problem of credit
assignment in those works has been a major focus. Another established framework is
Partially Obseravle Stochastic Games (POSGs), e.g. [37]. In a POSG, agents may have
individual reward functions different from those of other agents. This is more interesting,
and challenging, since addressing the alignment between those objectives becomes a

major problem [80, 118].

3.2.2 Multi-Agent Reinforcement Learning and Autonomous Driv-
ing
Autonomous driving has been mostly studied under the environment stationarity assump-
tion where single-agent learning or planning is used against other fixed policies [2, 3].
More recently, multi-agent learning for autonomous driving has been studied. In some
of the previous works [7, 94] autonomous driving is defined as a cooperative MARL
problem. This is in contrast to the previous works which define a centralised policy to
better control traffic flow and reduce congestion [18]. Differently from those works, in
this thesis we consider the problem from the perspective of mixed-motive MARL. In
our setting, agents may demonstrate different cooperative or competitive behaviour over
the period of a single episode. The agents are, also, self-interested, and a cooperation

mechanism is required to avoid aggressive behaviour [80].
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3.2.3 Cooperation Among Self-Interested Agents

Multi-agent coordination has been well studied in cooperative settings where agents are
maximising a shared reward, i.e. working in Dec-POMDP [76] framework. Among
those a main line of work has focused on addressing the multi-agent credit assignment
problem using value function decomposition [82, 97]. Such decomposition helps every
agent to better understand personal contribution to the team reward, hence improving
the cooperation. Promoting cooperation in mixed-motive settings, however, is more
challenging and has been less studied. Agent modelling has been one area to help alleviate
that problem [1]. Lowe et al. [60] propose to integrate a model of other agents’ policies
into policy gradient using and uses centralised value learning to improve cooperation in
mixed cooperative-competitive settings. Note those methods, however, assumes fixed

roles during an episode whereas in our setting agents do not take fixed roles.

Mixed-motive cooperation has also been studied in Sequential Social Dilemmas (SSDs) [54].
An active are of research in SSDs is incentivisation, where agents are directly incentivised
to perform certain, i.e. cooperative, behaviour. For instance, recent works propose to
train agents that are able to reward other agents to influence their actions, as part of
their policy [41, 118]. Differently, some other works propose to increase, i.e. maximise,
the diversity of behaviours among agents for learning more generalisable multi-agent
interaction policies [64]. Looking at the policies of multiple agents from the perspective
of fairness has also been recently explored. For instance, Jiang and Lu [43] introduce
Fair-Efficient (FE) reward and hierarchical policy to promote diverse cooperative be-
haviour and increase performance uniformity, hence fairness among agents. In many
real-world problems, however, including our autonomous driving setting, agents face
inter-temporal dilemmas. Moreover, there is no clear distinction between cooperation

and deception rather there is a continuous range of cooperativeness.

Closest to our work, more recently, Peng et al. [80] utilise average neighbourhood reward
among agents to improve coordination. Any such reward shaping approach is known to be
prone to reward hacking [87]. Additionally, in ad-hoc interactions, assuming an agent’s
overall return is influenced by any ad-hoc interaction during an episode does not always
hold. Other works show that road rules emerge as a result of noisy observation [78];

the authors focus on learning more granular social behaviour in more complex driving
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scenarios involving a larger number of agents.
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Chapter 4
Optimistic Reinforcement Learning

In the previous chapters, we introduced our research hypotheses, provided background
information and defined the mathematical frameworks used throughout this thesis. In
this chapter, we discuss our first contribution in which we investigate the role of critic
in actor-critic RL algorithms used to learn visual navigation policies. In most of the
previous RL-based methods, actor and critic share the same network parameters to help
with learning richer state representation more efficiently. In our method, we show that
a stronger critic helps with learning a more robust policy that is more robust to early

capitulation.

43



Policy Value

1> <
.

Policy Value

Figure 4.1: Our optimistic agent estimates the state value more accurately with the help of a graph
representing the relationship between object locations. The more accurate value estimation helps with
learning a more optimal policy that is robust to early capitulation (e.g. stopping before reaching the
target object as a result of under-estimating the state value).

4.1 Background

Human beings are capable of finding a given object in an unexplored environment, e.g.
a room in a new house, given just a short natural language command, e.g. name of
the object. We primarily rely on our prior knowledge of the way different objects are
co-located in a specific room in addition to the new sensory input information we receive.
For example, we know in any bathroom, a soap bottle should be located near the basin,
thus observing one (assuming a limited field of view and/or longer distance) helps us find
the other more easily (e.g. by providing clues). Our belief, however, needs to be adjusted
upon receiving new observations in a previously unseen environment. For example, the
soap bottle might be misplaced or it might be in a new unseen shape or colour. Finally,
we do not normally give up on searching as soon as we fail to find the target in the first
attempt. In other words, we optimistically continue our search as long as we receive
indications from the environment that the target is reachable. It is desirable for every
navigation agent to be able to utilise prior knowledge, be prepared for adapting the beliefs

to a new unseen environment and be robust to early capitulation.

To endow the navigation agents with the first capability, recent works [56, 62, 119] use
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variations of Graph Neural Networks (GNNs) to encode the object-object relationships,
utilising external pre-training, in the form of a knowledge graph. Such methods, how-
ever, are generally based on Graph Convolutional Network (GCN) [12] hence simple
in the way the relationship between different graph nodes are modelled. As such, as
we show in our experiments, they cannot scale to more complex models. Naive scal-
ing to more complex neural graph modelling leads to increasing the complexity of the
state-space which makes learning the optimal policy more challenging. Avoiding such
extra state-space complexities is crucial to avoid, especially in our sparse reward RL
setting, since it exacerbates the challenges around credit assignment and impedes per-
formance improvement. On the other hand, to enable the agents with the second skill
(e.g. adaptation), recent work [115] develop a meta-learning approach to allow the agent
to quickly adapt to a new environment, using a few gradient-based weight updates [27].
In that method, the authors show relative improvement in generalisation to unseen test
environments. However, their method does not explicitly model the relationship between
different objects. Therefore, adapting such prior knowledge to new environments remains
unexplored. Such adaptation, as will be shown in our ablation studies, is non-trivial
in RL framework. One explanation is related to the complexity of the policy’s neural
network model (e.g. the number of parameters). As we increase the model’s complexity,
efficient training becomes more challenging with conventional RL objective functions in

sparse reward settings.

Finally, the last mentioned desirable capability for a navigation agent to have is a realistic
(read it as optimistic) estimation of it’s expected future reward. Revisiting the bathroom
example again, an optimistic agent will continue to search for a soap bottle that is not
found in its immediate expected location, e.g. near the basin. An unrealistic agent,
however, will give up as soon as it fails to find the soap bottle near the basin without
further search. In actor-critic RL a more realistic estimation of the value function will

lead to a more optimal policy that is more robust to early capitulation.

To that end, we propose our Graph-based Value Estimation (GVE) module to efficiently
benefit from the prior knowledge for more accurate value function estimation. The prior
knowledge presents the agent with general rules about the semantic relationships of the
objects and their relative location in an indoor environment. Instead of using the graph as

the input to the state representation encoder, which uncontrollably increases the effective
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size of the state space, we use the graph to estimate the potential return from the current
state. This way the graph is used to better guide the policy training rather than being
directly used for action taking. We present, in our experiments, that simply conditioning
the policy on the prior knowledge does not lead to a more optimal policy with better

performance.

Intuitively, observing a correlated object to the target that the agent is searching for has
a strong indication of the final reward that can be gained, following the current policy.
For instance, when searching for a book in a room, observing a desk or shelves from the
distance has an indication of finding the book, hence the current state has a higher value.
The association of these observations through unstructured trial and error in RL without
incorporating the prior knowledge is not simply achievable; specifically, when objects
are small the extracted visual features might not contain much information to guide the

agent towards them.

Our GVE results in a more optimally trained critic that can associate the visual obser-
vations with its prior knowledge to better estimate the state value. This is essential in
our framework where we use a variant of actor-critic RL algorithm (e.g. Asynchronous
Advantage Actor-Critic; A3C [67], where the critic’s role is to identify the actions leading
to a specific reward using the temporal difference of the state values. We empirically
show that GVE improves the value estimation accuracy. It is shown that the high accuracy
of value estimation is essential for an optimal policy training [113], which is further

confirmed in the performance of our proposed method.

Overall, we propose a simple, principled and modular approach that can be employed in
conjunction with other approaches for visual navigation that also use an actor-critic R

framework. Our main contributions are:

* We introduce a simple, yet effective method that can endow an actor-critic naviga-

tion agent by improved integration of prior knowledge for navigation.

* We propose the GVE module which reduces the value estimation error in A3C RL
algorithm. We empirically show the higher accuracy of our estimates which leads

to a more optimal policy.

* Finally, we provide the new state-of-the-art performance results on the object-target
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visual navigation task in AI2ZTHOR environment. This is achieved in the more

challenging scenario of navigation using the target object name only.

Below we discuss the details of our proposed method and our empirical studies. We aim

to address the following research questions:

Why optimisim: is the lack of optimism reducing the performance of RL-based naviga-

tion policies?

Achieving Optimism: how can we induce more optimism in RL-based navigation

policies?

For further discussions on the mathematical framework used to define the problem, i.e.
POMDP, and the notations refer to Chapter 2.

4.2 Proposed Method

In this section, we first describe the task in detail and then discuss our proposed method.

We employ A3C [67] as one of the most effective actor-critic RL algorithms to train our
policy. We focus on actor-critic methods because they are popular in visual navigation
due to their efficiency, ease of use and robustness. In addition, these methods bridge
between gradient-based and value iteration approaches inheriting their benefits. We
hypothesise that our proposed method can be applied to other actor-critic methods with
minimal modifications. In our approach, the model is parameterised with = {0, 0,0, };
0 is the set of parameters of the backbone conditional state embedding network, 8, is
the set of parameters for the policy sub-network, a.k.a actor, and 8, is the set of value
sub-network’s parameters, a.k.a critic. We use a CNN to encode the observations and
Glove [42] to encode the word embeddings for the target. More details on the network

architecture are presented in methods and implementation details.

Conventionally, the actor and critic share the network parameters. However, they are
not tasked with the same objective: while the actor needs a minimum representation to
capture the environment to take appropriate actions at each time-step, the critic needs
a sufficiently holistic representation to estimate how likely it could be for the agent

to achieve its goal. The critic does not need every detail of the scene and requires a
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Figure 4.2: Overview of our method. Our GVE module augments the A3C backbone and is trained using
the supervised loss Ly at each time step of the trajectory.

global representation as opposed to that of the policy. Through the feedback the critic
provides, the actor improves which is an implicit guide for the policy. With this intuition,
in our proposed approach we augment the critic’s sub-network with our Graph-based
Value Function Estimation (GVE) module that considers and updates a knowledge graph
of the object relations. GVE leads to a more accurate value estimation which then
reduces the variance of the gradient samples [113]. It is shown in [113] that a more
accurate estimation of the value functions leads to a lower variance of the gradients

which encourages more stable training and consequently finding a better policy.

For the adaptation, inspired by [115], we adopt Model Agnostic Meta-Learning (MAML) [27]
to continuously adapt the learnt knowledge during test time. To do so, in our RL setup,
we divide the training trajectories into meta-train D and meta-validation D’ domains.
D includes sub-trajectories of defined intervals and D’ covers the complete trajectory.
Then, L aqqpt, a loss function parameterised by ¢ is learnt to compensate for the domain
shift during test. We optimise the adaptation loss and the policy loss L, according to the

following update rules:

eiotal A ototal - av@tomlL;Zszt(xtv ﬂ-(xt); ¢)7
O Ol — 1V LT (2, 7(x)). @.1)

total

b+ P — ﬁgvd,L;ND’(xt, 7(xy)).
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We define 0, = {6, 6,} in the above update rules for readability, «, $; and (5 are
the learning rate hyper-parameters and ¢!, is the set of intermediate weights after the
adaptation before the final update. In practice, we can have multiple intermediate updates

1 before the final update.

4.2.1 Learning Object Relationships

Our GVE module relies on a prior knowledge graph G(V, F) which contains the inform-
ation about the co-location of the objects in a scene. Intuitively, if the joint probability
of observing object 7 and j together in a single view is high in an environment, then
observing one should provide a strong cue for finding the other. Based on this intuition,
inspired by the work of [119], we define an object co-location graph. The set of nodes
V includes all the objects visible in the environment (e.g. whether used for navigation
target or not) represented by their features. Each node feature, v; € R?, encodes the
concatenation of the RGB observation features extracted using a CNN and the semantic
vector embedding of the object, extracted using a word embedding model. The edges
show the co-location of the objects; that is, e;; becomes incresingly closer to one during
the training if and only if the objects 7 and j often appear in the same egocentric view of

the agent, simultaneously.

We have multiple separate graphs encoding the objects visible in different room types.
This is one of the novelties of our method which is, particularly, important since similar
objects might appear in different rooms while their co-locating objects might be different.
This will allow for having different edge values for our graph in each room. For instance,
the object "bowl" might appear both in the "kitchen" and the "living room". It might be
observed near the "cabinets" in the "kitchen" but close to "sofa" in the "living room".
Therefore, our adjacency matrix, A € R™"*C is a three-dimensional tensor where each
channel C' encodes the knowledge specific to a room type. We perform this by initialising
the edges between objects that do not appear in each specific room type with zero. The
graph separation enables the agent to mainly attend to one of the graph channels in each

scene and avoid distraction. This way, more scene-specific knowledge can be encoded.

Inspired by [119], we also initialise the graph’s binary edge weights using the co-

occurrence of the objects in images acquired from the Visual Genome dataset [53].
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However, we learn more accurate edge weights along with node features during the
training using the attention mechanism, as proposed in Graph Transformer Network
[120].

4.2.2 Graph-Based State-Value Learning

It is proven that policy gradient algorithms in RL have a high variance of gradient
estimation and different solutions have been proposed to address this [31, 116]. The issue
is mainly due to the difficulty of credit assignment which is exacerbated where the reward
is sparse. In actor-critic methods, the variance is reduced by using the boot-strapped
estimates of the state-value function as a baseline. It is also known that a more accurate

estimate of the value function leads to a more optimally converged policy [113].

Accurate estimation of the state value in visual navigation is significantly challenging,
particularly when searching for a target object. This is mainly due to the lack of
global context at each time step where the agent can only observe a limited view of
the scene. The context is conventionally encoded using the recurrent neural networks
which are prone to forgetting and challenging to train. We propose our Graph-based
Value Estimation (GVE) module to address this problem. Using GVE we encode the
global context of object locations into our model so the agent has a better understanding
of its position in the scene with respect to other objects. This will help the agent more
realistically estimate the state value. Intuitively, there’s a correlation between the objects
present in each time-step’s viusal input and the target object to navigate to. For example,
when navigating to a smaller object like “book” in a room, the agent may look for larger
indicator objects like desk or shelf that guide it towards the target. This means that the
agent should be optimistic about finding the target object by observing a correlated object
based on its prior knowledge. In other words, a state where a correlated object is visible
should still have a high estimated value, close to the value of a state where the target is

visible.

In order to encode our prior knowledge graph for value estimation, we propose to use
Graph Transformer Networks (GTN) [120]. Using GTN our agent is able to learn new
edges and update the edge weights. This way, depending on the scene, we are able to

extract features from the graph that help with more efficient navigation. In order to
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update the original edge weights we first learn a soft weighted average of the edges

across multiple channels of the input adjacency matrix:

H! = softmax(W})A, 4.2)

)

where W} € R is a weight matrix over the channels. H; will be the concatenation
of multiple H! matrices to learn multiple new mappings of the original adjacency matrix.
In practice we can learn M different H; and the final new adjacency matrix is then

defined as the matrix multiplication of those which can encode the common paths:
Anpw = H1Ho...Hyy;. (4.3)

Finally, in order to encode the node features using the new adjacency matrix Aygy, we

use graph convolutional layers defined as:

Q = o(E " AypwWa N), (4.4)

where () is the final embedding of the graph, N € R™*9 is the input node features, Wy is
the weights for node embedding, leEW = Angw + I is the augmented learned adjacency
matrix with self-connections using identity matrix / and E~1is the inverse degree matrix
for Axgw. In practice, we can learn multiple convolutional layers embedding different
node features using the new adjacency matrix. Therefore, the output graph representation

vector () is the result of both node and edge operations dynamically learnt during training.

In order to incorporate the graph’s encoding into our GVE, we partially separate the
parameters of the critic sub-network, 6,, from the actor sub-network 8,.. Therefore, in

our method, we estimate the state-value function according to:

V(z)) = WiQ + Wy F (2, Z; 6); (4.5)

W, and W5, are aggregation parameters for the final value estimation which are also
trained along the other parameters of the network and 0 is the set of parameters for F,

the state encoding backbone network.
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As can be seen in equation 4.5, our method decomposes the expected future reward
into two components: one, estimated mainly conditioned on the state as encoded by
the encoding network parameterised with @; and the other component, (), estimated by
the graph encoding network which represents a correlation between the target object
and the objects that are visible in the current state z;. Therefore, the agent can include
the expectation of the objects it might observe in the future states in order to estimate
the value of current state more accurately. In other words, the agent has a more global

understanding of the environment.

4.3 Experiments

As discussed in Chapter 2, we choose AI2Thor [52] environment for our experiments.
This simulator consists of photo-realistic indoor environments (e.g. houses) categorised
into four different room types: kitchen, bedroom, bathroom and living room. In order for
fair comparison, we follow the same experimental setup as our main baseline [115]. In
this setup, 20 different scenes of each room type are used for training; 5 scenes for each

as validation and 5 for test.

We follow the recent convention in object-goal visual navigation task to measure the
performance of our method based on Success Rate (SR) and Success weighted by Path
Length (SPL).

4.3.1 Implementation Details

Our actor-critic network comprises of a LSTM with 512 hidden states and two fully-
connected layers one for actor and the other for the critic. The actor outputs a 6-
dimensional distribution 7(z;) over actions using a Softmax function while the critic
predicts a single scalar value. The critic sub-network also receives the GTN encoding as
a vector of size 512 besides the 512-dimensional LSTM encoding. The concatenation of

these two feature vectors is mapped to the value using a fully connected layer.

We use Glove [42] to generate 300-dimensional semantic word embedding of the objects
and a pre-trained ResNet-18 to extract the features from the 300 x 300 image inputs.

We concatenate these two to feed to our state encoder, LSTM. The overview of the
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Figure 4.3: Value estimation error on test set. Our model has more accurate estimates of the state value
function (lower error) which leads to better performance.

architecture can be seen in figure 4.2

Our prior knowledge graph is pre-trained on Visual Genome dataset [53]. The edge
weights are set to one where the objects co-occur in a scene at least three times, and
zero otherwise. There are 89 nodes in each channel of the graph and 5 channels in
total; 4 layers dedicated to the objects in each room type and one self-connections layer
for regularisation. We train a two layer adjacency matrix using GTN. The input to the
graph, as node features, is a 1024-dimensional vector. This vector is the concatenation of
512-dimensional observation features, extracted using ResNet-18, with 512-dimensional
Glove [42] embedding of the object name. The Glove embedding is mapped from 300 to
512 using a fully connected layer. The GTN features are mapped into a 512-dimensional

vector using a fully connected layer.
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Method | SPL | Success | SPL>5 | Success >5
Random 3.64 8.01 0.1 0.28

A3C 14.68 £1.8 | 33.04 3.5 | 11.69 1.9 | 21.44 £3.0
A3C+Graph [119] 1547 +£1.1 | 35.13 1.3 | 11.37 £1.6 | 22.25 £2.7
A3C+MAML(SAVN) [115] 16.15 +£0.5 | 40.86 +1.2 | 13.91 +0.5 | 28.70 £1.5
A3C+Graph+GVE-ours 16.02 38.22 13.23 27.47
A3C+Graph+MAML-SS-ours (w/o. GVE) 15.13 38.8 13.68 29.64
A3C+Graph+MAML-Action-ours (w/o. GVE) | 13.88 43.3 12.93 33.53
A3C+Graph+MAML+GVE-ours 17.27 +£0.3 | 43.8 £1.1 | 15.39 +0.2 | 33.68 +0.9

Table 4.1: Quantitative comparison of our results with the baselines. Our approach improves all the baselines in all the four evaluation metrics,

conventionally used in the previous state-of-the-art methods.



In order to train our model, we use Pytorch framework. We use SGD optimizer for
meta-train weight updates and Adam [47] for the meta-test. As for the reward, we use a
constant value of 5 for reaching the target and a step penalty of -0.01 for each single step.
The maximum number of steps is capped at 50 during training and 200 during testing.
We train all our methods until convergence with the maximum seven million episodes,

whichever occurs first.

4.3.2 Baseline and SOTA Comparison

In order to better show the contribution our method we first compare it with a few different
state-of-the-art (SOTA) and baselines, shown in Table 4.1. Firstly, we compare with
the previous SOTA introduced by Wortsman et. al. [115], abbreviated as ASC+MAML.
It uses MAML [27] to learn a loss function approximated by an instance of Temporal
Convolutional Networks [8], over training episodes. Secondly, a related work [119] uses
a fixed knowledge graph structure to encode object relationships as part of the state space,
abbreviated as A3C+Graph.

In our approach, we benefit from the graph information more efficiently using our pro-
posed GVE module. In addition to that, our graph structure and embedding architecture

are also different, enabling a more accurate estimation of the value function.

Furthermore, to highlight the challenging navigation scenarios that our method is tackling,
we compare our results with some trivial baselines. One simple solution is a Random
agent for which the policy is to uniformly sample an action at all times. Another trivial
baseline is shown as A3C in Table 4.1. This method is the result of dismantling our GVE
and adaptation modules from the overall framework. Therefore, it acts as the simplest

RL-based agent that shares the same backbone model with our proposed method.

4.3.3 Results and Ablation Studies

In this section we seek to answer a few principal questions with regards to our proposed

method that shed more light on its strengths as well as weaknesses.
* How does GVE improve value estimation error?

In order to respond to this question, we analyse the estimated values over the trajectories
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Figure 4.4: Qualitative comparison of two sample trajectories between our method and the baseline.
Top: target object: "bowl" in the kitchen. Our agent observes the bench-top and continuously predicts a
high value (being optimistic) until finding the target. The baseline agent, however, has a less accurate
understanding of the scene and gives up after a while not detecting the target. Bottom: target object:
"soap bottle" in the bathroom. Our agent observes the basin and constantly predicts a high state value
even though the soap bottle is small to be detected in the visual features. The baseline gives up after a
few failed actions of moving forward.

using our GVE in comparison to the baseline method. The estimation error over 1000
trajectories collected in the test scenes (unseen during training) is provided in Figure 4.3.
The figure shows average and standard deviation of L2 distance per time step between the
ground-truth value and the predictions. The red line shows the error for the baseline while
the blue line shows the improvement as a results of our GVE. Our method effectively
addresses the forgetting problem associated with LSTMs by estimating the values for

longer trajectories more accurately.
* Is GVE the optimal way to incorporate prior knowledge ?

In order to show the effectiveness of our graph-based value estimation, we compare our
final method with two variants. First variant, termed as A3C+Graph+MAML-SS is
to simply add our graph as part of the state space observation to the backbone network.
As can be seen in Table 4.1 this method improves SR but not the SPL. compared to
A3C+Graph; however, compared to A3C+MAML in degrades the performance. We
conjugate that the reason is by adding the complex graph to the backbone network, the
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Table 4.2: Ours-LG is the variant of our model where the image features are removed from the graph
node features. We can see the graph is highly reliant on the observations to learn the relationships.

Method \ SPL \ Success

Ours-LG 12.84 42.4
Ours-GVE | 17.27 43.8

Table 4.3: Ours-RandomGraph is the variant of our model where the edge weights are initialised ran-
domly. The results on this table show the contribution of prior knowledge in our framework.

Method \ SPL \Success
Ours-RandomGraph | 15.32 40.5
Ours-GVE 17.27 43.8

size of the state space is increased by orders of magnitude which impedes learning an

effective state encoding under sparse reward constraint.

In another variant, termed as A3C+Graph+MAML-Action, we directly incorporate the
graph into the policy for better decision making. Therefore, the policy will take actions
conditioned upon the graph encoding. This approach can be observed as a weighted
ensemble of policies representing different distributions. This leads to an improvement
on SR but a significant degradation of SPL. We hypothesise that this can help the policy
on better detecting the target object and thus on-time stopping which increases the SR;
however, it cannot help with the optimality of the final policy. This further proves the

effectiveness of our proposed GVE.
* What is the contribution of prior knowledge for value estimation?

In order to show the significant contribution of prior knowledge in our current framework,
we train our final model with randomly initialised edge weights in the graph. As can be
seen in 4.3, adding the graph with random edge weights does not improve the results
compared to our baseline methods. This further confirms that our GVE module is reliant

on prior knowledge for more accurate value estimation.

» What is the quantitative improvement with respect to the baselines and previous

state-of-the-art methods?

As can be seen in Table 4.1, our final model A3C+Graph+MAML+GVE improves the
previous SOTA A3C+MAML by almost 3% on SR and more than 1% on SPL. This
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Table 4.4: Detailed comparison with the baseline method; SPL/Success rate are reported per room type.
We can see that our method is general enough that improves the performance in 3/4 of the room types,
with marginal performance on 1/4.

Method | Bathroom | Bedroom | Kitchen | Living

A3C+MAML | 28.49/69.6 | 8.65/29.2 | 17.8/43.6 | 7.71/21.6
Ours-GVE 31.03/75.6 | 8.06/27.6 | 17.93/45.6 | 9.41/25.2

shows that our GVE helps the agent to find more targets in a smaller number of steps, as
a result of having a more optimal policy. Our method is, particularly, more effective on
longer trajectories where it improves the baseline by almost 5% on SR and almost 2%
on SPL. This, again, confirms the effectiveness of our GVE which can provide enough

global context disentangled from the length of the trajectory.
* Is providing visual features to the graph nodes helpful?

In order to show the integrity of the current design, we show the effect of removing
observation (egocentric image) features from the node feature matrix. Thus, the graph
will reduce to a fixed correlation among the objects, given in language embedding
only (hence the name Language Graph, LG). It can also be observed as a sub-network
for the value estimation to store value decomposition information without considering
the observational correlations. As can be seen in Table 4.2, the performance of the
model Ours-LG is significantly lower, particularly in SPL. This shows that the graph’s

contribution is not due to simply adding more trainable parameters.
* How is our more optimal policy performing qualitatively?

Finally, we provide qualitative comparison of the performance of our method compared
to previous SOTA , e.g. A3C+MAML [115]. As is shown in Figure 4.4 the agent is
navigating towards an instance of "microwave" in a kitchen scene. Our agent is able to
find the target while constantly predicting a high value for the states due to observing the
related objects like the "benchtop”. The baseline, however, is after a few steps to predict

low state values and gives up without reaching to the target.

For a more detailed comparison, we also provide performance results per room type,
in Table 4.4. Additional trajectory visualisations can be found in the supplementary

material.
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4.4 Conclusion: Method Summary

In this chapter, we present a simple yet effective method to improve the performance
of the actor-critic RL algorithm for visual navigation. Our method improves the state
value function estimation accuracy by incorporating object co-location information in
the form of a neural graph. Actor-critic RL is heavily reliant on the accuracy of the
state value estimation to converge to the optimal policy. This is mainly because accurate
value estimation helps with the correct identification of the actions along the trajectory
that contribute the most to the final reward (i.e. credit assignment). Through extensive
empirical studies, we show that our agent is realistically more optimistic (e.g. accurately
predicts higher state values). This leads to successful navigation towards the target object

when the baseline agents usually give up.
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Chapter 5
Imaginative Reinforcement Learning

Imagination is, arguably, one of the most unique aspects of human intelligence. Humans
can imagine the outcomes of different actions to help make the best possible decision.
Such future prediction is often done in an abstract, i.e. latent, space, to help concentrate
on the most seminal aspects of the future. In this chapter, we propose a novel method
to enable imagination for visual navigation. Similar to the previous chapter, we target
actor-critic RL algorithm. Our method endows an agent with the explicit prediction
ability of a latent state it is required to reach before successful completion of the task,
1.e. a (sub-)goal state. Such ability improves the robustness and efficiency of navigation

without the need for complex planning algorithms or accurate stepwise future prediction.
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5.1 Previous Methods and Research Question

Object-goal visual navigation is the task where an agent needs to navigate towards an
instance of a given target object in a previously unseen environment. This is an inherently
challenging problem since the agent needs to find the shortest possible sequence of
actions aiming to first find a target object (i.e. to explore intelligently) and then navigate
towards it (i.e. to plan and act accordingly while avoiding obstacles) in a visually
complex 3D environment [20, 52, 89, 112, 117]. The task is fundamentally challenging
since the agent does not normally have access to the state and only receives (visual)
partial observations of the environment at each time step. Imagine yourself as the agent
shown in Figure 5.1 entering a new previously unseen kitchen and trying to find a toaster.
You will need to look around, while potentially moving to increase your observation
area, localise yourself within the new scene, and navigate towards the toaster once you
have localised it. In deep RL terminology, this means the agent will need to learn
simultaneously to (1) build a good state representation that enables the agent to localise
itself as well as the target (if observed at some point) and (2) efficiently use that state
representation to (implicitly) plan and navigate towards the target while avoiding the
obstacles. In a navigation episode, from every starting point, there are typically multiple
action sequences (i.e. trajectories) that could lead to success, let alone the sequences that
might fail. Learning to select the right action at each time step to create a trajectory that

leads to the specified target object is the primary challenge.

To tackle this problem, model-free RL algorithms are typically used to train a single
policy to perform all the aforementioned tasks implicitly by mapping the input visual
observations into the actions [13, 23, 24, 69, 115]. Explicitly incorporating the transition
in the environment to predict the potential outcome of the actions, hailed model-based RL,
is also developed on other tasks and environments [33, 34, 36, 45, 122]. Those methods,
however, are generally harder to train, especially in a 3D-rich environment, since every
state transition in the environment has to be accurately modelled. Therefore, their
successful application has been limited to much simpler benchmarks such as Atari [36,
45, 91], Deepmind Control Suite [34, 35] or robotic arm tasks [73, 81, 123]; unlike those
problems, in visual navigation, the testing environment is unseen, visually much more

complex and at times significantly different from the observed training environments.
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Target: Toaster

| can imagine if | reach
the sub-goal | may find
the toaster.

Figure 5.1: Enabling an agent to imagine, i.e., to predict, states on the path to success improves its
ability to carry out complex tasks, particularly in unseen environments. As opposed to the conventional

approaches, our ForeSI agent takes actions not only based on the current state, but also a prediction of
a successful future, to achieve its goal.
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To mitigate the above mentioned issues we propose our Foresight Sub-goal Imaginator

(ForeSI) agent.

Intuitively, as shown in Figure 5.1, ForeSI enables the agent to have a foresight of a
future sub-goal state through which it is more likely to successfully achieve its goal. By
explicitly incorporating the sub-goal information into the policy, the agent can take better

actions even when the target is not in the field of view of it.

In particular, ForeSI helps with the navigation in two main ways: firstly, it provides the
agent with an imagined (i.e. predicted) representation of a sub-goal state that will help
with successful task completion, i.e. stopping at the right location; our empirical results
in the absence of an object detector support this hypothesis; secondly, it helps the agent
to constantly remember the sub-goal state to navigate to even if that state is temporarily
out of the field-of-view of it; i.e. it improves the navigation efficiency. In summary, in

this work, our primary contributions are as follows:

1. We propose a method to enable visual navigation agents to generate foresight of
the states on the path to success, i.e. sub-goal states, conditioned on the first state
and the target object.

2. We propose an attention mechanism for state-value estimation that helps to identify
the sub-goal state used to train our sub-goal generation module.

3. We propose an algorithm to efficiently integrate our method into model-free RL
which re-utilises the past trajectories in hindsight via incorporating a replay buffer;
thus ForeSI does not require extra data collection.

4. We show the effectiveness of our method in improving visual navigation perform-
ance when added to multiple different baselines with different perception methods
and environment setups on AI2THOR [52].

5.1.1 Overview: Imaginative Visual Navigation Framework

Having a single policy with which to achieve various visual navigation tasks based solely

on a target object’s name is not trivial.

The aim of our Foresight Sub-goal Imaginator (ForeSI) agent (see Figure 5.2) is to

enable predicting (i.e., imagining) a sub-goal state through which the agent has maximal
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Figure 5.2: We develop an attention mechanism to identify the sub-goal state that minimises the critic
error (in hindsight, at the end of an episode) and trains our sub-goal generator to predict that state
(in foresight, at the beginning of the episode). Our training algorithm efficiently integrates ForeSI into
actor-critic RL while avoiding extra data collection.

chances of success. Incorporating such a sub-goal in the policy enables the agent to
take better actions since it has an indication of what states are important to visit in the
future and eliminates a need for unnecessary exploration at test time. There are two main
challenges to overcome: (1) to determine the sub-goal state to be learned by reviewing
the observed trajectory in hindsight, and (2) to imagine or generate that sub-goal given
only the initial state and target object in an unseen environment. Note that (1) happens in
hindsight at the end of an episode while (2) happens in foresight at the very beginning of

an episode.

In determining the sub-goal state to be learned, we note that the sub-goal most valuably
imagined is that with the highest impact towards receiving the maximum reward. In other
words, the optimal sub-goal is the one with which we could learn the best value function
to estimate the expected reward. Intuitively, when the agent reaches the optimal sub-goal,

finding the target and receiving the maximum reward should be easy (see Section 5.2.1).

Once we find the optimal sub-goal, we can train a model to predict or imagine an instance
for an unseen environment. To that end, we collect a replay buffer of the successful
trajectories to train our sub-goal generation module. Intuitively, when an agent navigates
through particular states to achieve its goal, imagining the sub-goal from a related
successful trajectory helps the agent to identify how to plan and take actions in unseen
environments (see Section 5.2.2). This imagination is conditioned on the initial state and
the target object and is integrated into a parallel execution of the policy in Asynchronous

Advantage Actor-Critic (A3C) [67] for best performance. This allows the agent to learn
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to both imagine and navigate (see Section 5.2.3).

5.1.2 Notations

Formally, a trajectory 7 of length 7'+1 consists of a tuple (sg, ag, 70; S1, a1, 71; ..., ST, a7, ')
that is generated by taking action a, at time ¢ and observing the next state according to
the dynamics of the environment s; 1 ~ p(S;41 | S¢, a;). A reward 1, = (s, ag, Si11) 1S
received from the environment at each time step, which is conventionally [23, 24, 115,
119, 125] defined as a large positive number for a successful trajectory and a negative

step penalty otherwise, to encourage success in lowest possible number of actions.

A common approach is to use actor-critic RL. methods for learning the optimal policy [23,
115, 119, 125] for navigation my(a, | s, g, @) to choose action a, at time ¢ conditioned
on an embedding of the target object’s name g, (e.g. using GloVe embedding [42]) for
a given environment (i.e. a room in AI2Thor) E. We use 6 to denote the set of all the
parameters of the RL policy. Learning involves minimising 7, (a; | s;, @) the negative
of expected advantage function while minimising the difference of the estimated value

function and the true return Jy (s, @), where we have:

Tr(ar|se,0) = —logm(as | s, 8- 0)(re +, (5.1
YWo(sii1) — Vo(se)) + BuHi(r)
1
jv(St,e) = §(VG(St) - R)2> (5.2)

and R = E,, [ZiT:t v'~ir;| s¢]. Here, H; is the entropy of the policy that acts as a

regulariser with 3y as its hyper-parameter.

For a detailed discussion on the mathematical framework (i.e. POMDP) and object-goal

visual navigation refer to Chapter 2.

5.2 Proposed Method

In this section, we provide the details of our novel imaginative RL-based visual navigation

framework.
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5.2.1 Hindsight: Sub-Goal Identification

In the first step, we consider learning to identify the sub-goal state through which a
navigation episode is successful. To that end, the agent has to consider its current state
and the sub-goals it has navigated through with their corresponding visual, target object
and dynamics representation. Intuitively, for the agent to obtain a high reward in a
straight path through a hallway, for instance, it should have chosen the best action while
at the previous corner to be successful. Since the only aspect of the RL that considers the
future reward is the value function, we modify Eq. (5.1) using a residual function of the

past states as:

t

Va(se) = Va(sy), st =) ajuu(s;) +s. (5.3)

J=0

Here, v,,(s;) is a linear function of the input and «; is the jth dimension of c, which is

defined as follows:

u(5)kufs0 : )T
NES ) . (5.4)

o = softmax (

Here, g, and k,, are linear functions analogous to the query and key in an attention
mechanism [104] with s(.; the concatenation of the states up to time ¢. We denote all of
our sub-goal selection parameters by the set w. Moreover, «; is the correlation between
state 7 and the current state ¢, and its magnitude specifies the likelihood that state j is an

important sub-goal to reach.

Effectively, we use the attention mechanism described above to identify the sub-goal

state that minimises the state value function estimation error.

Using the key-query product above we choose the state in the past that is most related to
the current state. Interestingly, if the state is novel (i.e., uncorrelated with the past states)

we allow the agent to assign a high attention weight to its most recent state.

We select the state with the maximum attention weight as the sub-goal state at the end

of an episode, i.e., S, = s;+ where t* = arg max; oy (note « has length 7"+ 1). We
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Figure 5.3: Overview of our sub-goal identification method showing how our agent selects a sub-goal
state to fill the replay buffer during the training; the replay buffer is then used to train our sub-goal
generation module.

subsequently task ForeSI to learn to generate this sub-goal. Using this method we ensure
that the imagination will guide the policy towards a state that has the highest correlation
to a successful goal state. Additionally, allowing for the sub-goal state to be different
from the previously achieved goal state helps avoid repeating the potentially sub-optimal
trajectories. The sub-goal identification process is visualised in more details in Figure 5.3.
Note that in our sub-goal selection mechanism we add position embedding to each state
representation s; to maintain the order of the observed states in the sub-goal selection,
inspired by [104].

5.2.2 Foresight: Sub-Goal Generation

For learning to imagine, or generate, the selected sub-goal state s, we consider a replay
buffer. The replay buffer, denoted by M is filled with tuples of (so, g, $;), an initial state,
an embedding representation of the target object g, for trajectory 7 and the sub-goal. We

then devise the following objective to train our sub-goal generation function fy:

min - B e syonr (8t — fw([s0: 8], (5.5)

w

where w is the set of parameters of our sub-goal generation module and [ : ] denotes the

concatenation of vectors. For f,, we use a multi-layer perceptron and a bottleneck with
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the intuition that the structure of the sub-goal distributions lies in a lower dimensional
space. Intuitively, the imagination module does not need to generate every single
dimension of the state accurately, since there might be unnecessary information about
the other objects or the background scene in the representation. It might also include
dynamic objects that constantly change location and/ or appearance across different
environments. Using a smooth version of an L1 loss, we avoid penalising such inexact

predictions too harshly.

We use a shared recurrent state encoding for both the policy and the sub-goal generation
module. Therefore, the generated sub-goal state representation not only has information
about the sub-goal’s visual appearance but also encodes the history of the past observa-
tions and actions before that state. Hence, we essentially generate a representation of
the whole trajectory that leads the agent to a successful goal state. Furthermore, sharing
the state encoder that is trained along with the policy helps generate sub-goal states that
are directly useful for the action selection. This is as compared to methods such as [33]
where the agent needs to first perform a random policy search to collect a dataset from

the environment, and then use only the visual features for generating future states.

Since computing the expectation in Eq. (5.5) is impractical due to the buffer size and the
constant change in the distribution of states, we only consider the latest collected tuples
to update the model’s parameters. That is, we update the model when | M |= M.« and

empty the buffer.

5.2.3 Integration into Actor-Critic RL

To use ForeSI we condition the policy on the imagined sub-goal state. This way the
policy learns to take actions based on the current state and the imagined one to achieve

its goal.

One potential issue with this approach is that it could bias the policy towards exploiting
the known imagined sub-goal states and avoiding essential exploration, hence degrading
the performance. We address this issue by adding Gaussian noise to the imagined states.

Therefore, in practice the generated sub-goal is as follows:

68



Qg ~ 7-['49(6175 ‘ St, & IT)? and

L = fw([so:g]) +m, mn~N(0,0). (5.6)

Here, O is a vector of all zeros, I is the identity matrix, and o2 is the variance of the
noise. The additive noise is decayed during training to allow more exploration when
the agent is more unsuccessful (i.e., the imagination is not robust enough) and exploit

otherwise. We choose the noise level by adjusting the variance, that is,

o = max(o2, — p,0), (5.7)

where o2 is a pre-defined maximum variance threshold, and p is a moving average of
the success rate over the past episodes. This simple heuristic ensures the noise level is
proportionate to the success rate, for instance, if p = 0.9 and the success rate is around

90% we completely remove the added noise.

Finally, we integrate the sub-goal selection and the imagination into the on-policy
Asynchronous Advantage Actor-Critic (A3C) [67] algorithm which allows for efficient
and parallel training of multiple agents. We revise the training objectives to integrate
ForeSI into A3C:

T (a|se,0) = —logm(as | s, 8-, 1-50)(ry + (5.8)
YVo(sii1) — Vo(sy)) + BuHy(r),
1
T (s1,0) = 5(ve(s;) — R)2 (5.9)

We summarise the training of our approach in Algorithm 1. As may be observed, in
the spirit of A3C, each agent stores its own replay buffer and computes its noise level

hyper-parameter proportionate to its moving average success rate.
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Algorithm 1: Training One ForeSI Agent
Randomly initialise 8, w, w
Initialise replay buffer M = @
while episode < MAX_EPISODE do
(SO, gT) ~ ERrnD > Ernp 18 a random environment
I = fw([so: &) +n, n~N(0,0%I) > Eq. (5.6)
while a; # STOP & t < T do
‘ Qg Nﬂ-e(a‘st7g77]:7')
end
Compute « using eq. (5.4) for the trajectory
Update 6 and w via eq. (5.1) and (5.9)
if trajectory is successful in the environment then
S, = s+, t" = argmaxy oy
M =M U{so,gr,8:} > Update Buffer
Update the average success rate p
if |M|= Mp,ax then
for epoch < Epoch,,,, do
for {so,g,,8;} € M do
‘ W w— /va‘ét - fw([SO : gT])|
end

Update o2 > Eq. (5.7)

5.3 Experiments

In this section, we present implementation details of our method as well as extensive
experiments to show how ForeSI improves the visual navigation performance of multiple

significantly different baselines.

We use the AI2Thor [52] environment to benchmark our results. The simulator consists
of photo-realistic indoor environments (i.e., houses) categorised into four different room
types: kitchen, bedroom, bathroom and living room. We run our experiments on two
distinct setups of this simulator for fair comparison against previous state-of-the-art
approaches. In both of those setups 20 different scene layouts of each room type are used
for training; 5 scenes for validation and 5 for the test. We provide the final results on the
test set based on the best performing model on the validation set. For a fair comparison,

we follow the exact object configuration and target object list according to the baseline
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Method | SPL | SR | SPL>5 | SR>5

First Setup

A3C [115] 14.68 33.04 11.69 21.44
A3C+MAML [115] 16.15 £0.5 | 40.86 +£1.2 | 13.91 +0.5 | 28.70 £1.5
A3C+ForeSI 15.23 +0.4 | 36.80 +1.1 | 13.14 £0.3 | 27.55 +14
A3C+MAML+ForeSI | 16.75 +0.5 | 45.5 +1.0 | 15.8 £0.6 | 34.7 +1.1

Second Setup
A3C+ORG [23] 37.5 65.3 36.1 54.8
A3C+ORG+ForeSI 39.41 +0.3 | 68.0 +0.6 | 36.85 +0.4 | 56.11 +0.8

Table 5.1: A quantitative comparison of our method against four representative baselines. The baseline
methods are significantly different in perception, policy modelling and environment setup. ForeSI
improves the performance of all of them including the previous state-of-the-arts [23, 115]. SPL>5 and
SR>5 show the metrics for trajectories longer than 5 steps.

methods.

In the first setup, we follow the configuration as used in [115, 119]. In this setup the target
object is selected from the following list: pillow, laptop, television, garbage can, box,
bowl, toaster, microwave, fridge, coffee maker, garbage can, plant, lamp, book, alarm
clock, sink, toilet paper, soap bottle and light switch. Here a trajectory is considered
successful if the agent stops within 1 meter circular proximity of the target object while

the object is visible in the ego-centric view of the agent.

In the second setup, we follow the configuration recently introduced in [23]. The
distribution of the target objects and the object location configuration in this setup is
significantly different. The following objects are added to the list of the targets compared
to the first setup: cellphone, chair, desk lamp, floor lamp, kettle, pan, plate, pot, remote
control, stove burner; moreover, the following objects are removed from the list in the
first setup: pillow, box, plant, lamp, toilet paper, soap bottle. The difference in the target
objects can also affect the navigation performance due to differences in size, distant
visibility etc. Lastly, here the successful trajectory criterion is relaxed to a 1.5 meters

circular distance around the target object.

Following the recent conventions in visual navigation tasks [5, 23, 115, 119] we evaluate
the performance of our method using two main metrics: Success Rate (SR) and Success
weighted by inverse Path Length (SPL), calculated as sii—?, where L is the ground
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truth shortest path to the target, L; is the length of the trajectory as taken by the agent

and s; is the binary success indicator.

5.3.1 Implementation Details

We use A3C [67] as the basis of our method. This actor-critic algorithm is a good fit
for visual navigation tasks since the agents can explore in parallel and asynchronously,
which is more computationally efficient. Our method can potentially be integrated into
other actor-critic algorithms since it only relies on the critic to identify the sub-goals

during the training.

Our backbone model comprises a single-layer LSTM state encoder with 512 hidden
states. The input to the encoder at each time step is the visual features extracted from
a pre-trained ResNet-18 [39] and the Glove embedding [42] of the target object, as
visualised in Figure 5.2. Note the Glove embedding in the second setup is replaced with a
one-hot vector embedding following the settings in [23]. The policy comprises of a single
fully-connected layer that outputs the distribution over 6 actions, { RotateLeft, RotateRight,
MoveAhead, LookDown, LookUp, Stop}, using a Softmax activation function. The state-
value head is a two-layer MLP that maps the attended state representation to a single
scalar value. We use a reward of 5 for task completion and a negative step penalty of -0.01
for each taken action. We implement the attention mechanism as three fully connected

layers of size 512 that map the query, key and value.

Our ForeSTI’s f,, comprises 6 fully connected layers that receive the concatenation of the
state representation and the target object embedding as input. We use a tanh non-linearity

in all layers to mimic the behaviour of the LSTM state encoder.

We use a replay buffer of size 32 for each agent to train its sub-goal generation module
separately. We, then, transfer the learnt weights to a shared model between the agents,

asynchronously, and we empty the replay buffer. For the additive noise in sub-goal

2 p—

generation (see Section 5.2.3), we use 0,

0.9 and the last 100 episodes to compute

the moving average for the success rate.
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Method | Bathroom | Bedroom | Kitchen | Living
First Setup
+MAML 28.49/69.6 8.65/29.2 17.8/43.6 7.71/21.6
+MAML+ForeSI | 27.03/73.6 8.81/27.6 21.55/54.0 9.61/26.8
Second Setup
+ORG 49.87/83.89 | 35.43/62.21 | 38.63/69.02 | 29.33/47.83
+ORG+ForeSI 47.44/80.4 | 38.15/65.6 | 41.09/72.87 | 30.39/52.14

Table 5.2: Detailed comparison against previous state-of-the-art methods on the two different setups;
SPL/SR are reported per room type. Our method is general enough to improve performance in 3/4 of
the room types, with a marginal performance impact on 1/4. Notably, we improve the SR of trajectories
in the "kitchen" and "living room" by a large margin where the trajectories are generally longer and
generating the sub-goal is more important.

5.3.2 Results

In Table 5.1 and Table 5.2 we compare our approach to that of state-of-the-art baselines
in two separate simulator setups as discussed in Section 5.3. The first baseline, A3C,
is only using the backbone model described in Section 5.3.1 trained using A3C RL
algorithm. This is the main baseline that shows how a simple RL objective can perform
without any extra components or modifications. A3C+ForeSI is the variant of A3C
upgraded with our method. We see that empowering the agent with forward modelling
improves the success rate by more than 3%. The improvement on longer-horizon tasks,
i.e., longer trajectories, is even more significant, more than 6%. We conjecture that this is
mainly because in longer trajectories, in the absence of ForeSI, the agent can more easily
forget the objective by focusing more on short term tasks such as obstacle avoidance.
Furthermore, in longer trajectories, it is, also, more likely to follow a path that does not
lead to success from the very beginning when ForeSI is not used. Using ForeSI, however,
helps the agent to constantly remember the (sub-)goal and, thus, take the actions that are

more likely to achieve the goal.

Additionally, we, also, evaluate the performance of our approach when used along with a
self-adaptive baseline, where we utilise meta-learning similar to A3C+MAML [115]
for test-time policy adaptation. A3C+MAML shows a considerable performance boost
over the simple A3C baseline as shown in Table 5.1. Despite that, when combined with
our method in A3C+MAML+ForeSI we observe an additional absolute improvement
of around 5% in success rate on both the short and long trajectories. This further

demonstrates the modularity of our approach by showing that it improves both adaptive,
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and non-adaptive, baseline methods. Note that while the absolute improvement in both
the short and long trajectories presents similar figures, the relative improvement is
much larger for long trajectories. This, again, supports the previous hypothesis that our
imagination can effectively help address both the LSTM forgetting problem and finding
the correct path to the successful target. Furthermore, nearly 2% improvement compared
to A3C+MAML+ForeSI on the SPL over the long trajectories implies that ForeSI helps

avoid futile wandering around.

The third baseline that we compare our method against is A3C+ORG [23]. In that
method the authors use an off-the-shelf object detector, i.e. FasterRCNN [83], and
incorporate the detected object bounding boxes along with their confidence scores into
the policy by building a neural graph, inspired by [119]. Their method builds a better
state representation that renders finding target objects much easier for the agent. As
long as the objects are detected by the object detector the agent can learn to directly
navigate towards them taking a relatively short trajectory. The authors also modify
the environment setup as discussed in Section 5.3. Therefore, we find that a suitable
baseline to compare against to demonstrate the modularity of our approach. We build our
approach using their method as the backbone which we call A3C+ORG+ForeSI. We
observe that our method improves the success rate by over %2 compared to [23]. This
shows that irrespective of the quality of the state representations empowering the agent
with a forward model using our method can help improve the navigation performance.
Note that we do not further compare our results with the addition of imitation learning
into this problem, as the authors did in [23]. This is because, in this chapter, we are only

concerned about integrating a forward model into model-free RL.

5.3.3 Ablation Studies
5.3.3.1 What to Imagine:

In our approach, we learn to generate the sub-goal state from the agent’s own successful
navigation episode; we could, however, consider alternative approaches that we compare
here. Firstly, we seek to answer whether our ForeSI provides the agent with valuable

information about its future sub-goal states.

In Table 5.3, we consider a random state generation by replacing the output of our
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Target: Laptop

Target: Box Target: Lamp Target: Sink

With Imagination-Ours

Without Imagination

Figure 5.4: Qualitative comparison of navigation episodes of ForeSI against the baseline method [115]
in four different room types. The examples represent cases where our method improves both the robust-
ness and the efficiency of navigation.

Ground Truth State Representations Imagined State Representations
® AlarmClock Laptop
SN - ® Book ® LightSwitch
® Bowl Microwave
® CellPhone ® Pan
- o B Chair ® Plate
¢ < ® CoffeeMachine ® Pot
. DeskLamp ® RemoteControl
® FloorLamp Sink
. ® Fridge ® StoveBurner
i ® GarbageCan Television
- ® Kettle ® Toaster

Figure 5.5: t-SNE comparison of the sub-goal states generated using our sub-goal method against the
ground truth states. Our agent’s predicted sub-goals closely follow the structure of the ground-truth and
are clustered similarly.
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sub-goal generation with tanh(s) where s is sampled from a Gaussian noise, i.e. s ~
N (0, 0.5I), shown in Ours-RND. The tanh non-linearity assures that the noise is similar
in values to the states generated by our sub-goal generation, but are nonetheless rather
random and meaningless. As observed, this leads to a deterioration in the success
rate compared to the original baseline, A3C+ORG. We hypothesise that, because it is
uninformative, the policy learns to dismiss the randomly generated state to some extent,

but not completely, hence the slight performance degradation.

We further compare our approach with the case of predicting the weighted average of the
states in Equation 5.3, rather than a single sub-goal. The intuition for this experiment
is that knowing the attended states gives the agent valuable information about what
important future states are expected to be traversed. As shown in Qurs-ATT of Table 5.3
this leads to improved performance which indicates it is helpful to know about the
sub-goal states ahead of the agent; however, since the sub-goal is not always identifiable
(multiple sub-goals and trajectories could have the same attended states) the performance

gain is rather insignificant.

5.3.3.2 Sub-Goal Generation Interval:

Rather than generating the sub-goal from the initial state, we can consider generating
multiple sub-goals in fixed intervals every given number of steps. In that case, in each
interval step, a different sub-goal is predicted. As shown in Ours-INT in Table 5.3, this
leads to a performance degradation. We believe this is because the policy collapses to a
deterministic one due to the constraints on predicting multiple sub-goals. Consequently,

the agent stops exploring and converges to a sub-optimal solution.

Method | SPL | SR
A3C+ORG[23] | 375 [ 653
Ours-RND 37.57 | 64.8
Ours-INT 37.78 | 63.8
Ours-ATT 37.76 | 65.4
Ours-ForeSI | 38.66 | 67.6

Table 5.3: Ablation study of different variants of our method. ForeSI avoids the unnecessary
complications of multi-step future predictions. Our future state predictions are meaningful.
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5.3.3.3 Explicitly Structured Sub-Goal Generation:

It can be seen in Figure 5.5 that ForeSI can accurately learn the structure in the state
representations used by the agent’s state encoder. To further investigate the quality of
the generated states we train a Conditional Variational Auto-Encoder (C-VAE) [96] to
learn to encode the state representations. Then, we use ForeSI to generate the latent
state of the C-VAE rather than working directly on the agent’s state representations.
We compare the average loss achieved by our module trained directly on the agent’s
state representations with that of trained on the latent representations of the C-VAE. We
observe that direct sub-goal generation achieves a lower average loss, 0.012 vs 0.018,

while being significantly less complex.

5.3.4 Qualitative Comparison

In Figure 5.4 we present four sample navigation episodes where our method improves
both the efficiency and robustness of the baseline [115]. We refer the reader to Table 5.1

for the overall test set results.

In Figure 5.6 we compare two sample trajectories between our method and the baseline
method [115]. In Figure 5.6 (a) we observe that forward modelling helps our agent
identify the target object while the baseline method disregards the observed target and
stops at a random location after a few searching steps. While being eventually successful,
here our agent misses the target once and returns to a similar state again. This might be
due to the fact that our sub-goal selection method might not have observed the target in
the very first few steps and thus can still be further improved. A similar scenario can
be observed in Figure 5.6 (b), where the laptop is visible in the agent’s observation but
the agent has to take a few extra steps and return to the laptop again. This has been
observed multiple other times in the test trajectories. Despite the improvement that our
method presents in SPL 5.6 provides more insights into how we might further improve

our sub-goal selection.

In Figure 5.7 we present two sample trajectories that show how our agent is able to
take the shortest path to the target object. In contrary, the baseline method [115] either
dismisses the target object and takes the wrong trajectory in Figure 5.7 (a), or cannot

stop at the right location in Figure 5.7 (b) and fails. Those two samples show that our

77



Target: Toaster Target: Laptop

With Imagination-Ours

Without Imagination

Figure 5.6: Although our agent achieves an overall higher success rate, the length of the trajectory
could still be more optimal.
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Target: Garbage Can Target: TV

With Imagination-Ours

Without Imagination

Figure 5.7: Our ForeSI agent has learnt to imagine the optimal sub-goal hence it takes a near-optimal
trajectory while the baseline method fails.

method has the potential to address the two major problems with the current previous

state-of-the-art methods.

In Figure 5.8 we present sample failure cases of our method where the baseline agent is
able to complete the trajectories successfully. In Figure 5.8 (a), our agent fails to detect
the "alarm clock" despite being visible in the first few state observations and instead
moves towards the place where a bedside is usually located. This can be due to the fact
that during the training the agent has mostly observed the "alarm clock" closer to the bed
hence our agent imagines a state closer to the bed. In Figure 5.8 (b), although our agent
takes the correct trajectory that leads to the target, "plant", it fails to stop close enough.
On the contrary, the baseline method [115] stops within the 1-meter proximity and is

successful.

In Figure 5.9 we present qualitative results of our sub-goal identification method as
described in Section 5.2.1. In that figure, random successful trajectories from the unseen

test set are visualised. The goal state is shown with a green frame and the selected
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Target: Alarm Clock Target: Plant

With Imagination-Ours

Without Imagination

Figure 5.8: Failure cases of our method; (a) shows a sample failure that might happen due to imagining
the wrong state (here a bedside near the bed where the alarm clock normally is located) and (b) hap-
pens due to early stopping.
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Book Sink SoapBottle

Box

GarbageCan

Figure 5.9: Sample trajectories from the unseen test set showing sub-goal selection results using our
method. The red frame shows the selected sub-goal state and the green frame the final successful goal
state.

sub-goal state is shown with a red frame. We can see that the sub-goal state highly
correlates with the real goal state. In all those episodes our agent learns to identify the
sub-goals that have a few common features: (1) the target object is clearly visible; (2)
the goal state is reachable with very few steps; (3) from the sub-goal to the goal state the

agent needs to take simple actions, usually just MoveAhead.

5.3.5 Method Limitations

While it has been proven effective, we consider this work as an initial step towards
enabling forward modelling for visual navigation. One interesting future direction may
be to investigate the role of sub-goal generation for better exploration. Moreover, we
may also improve the sub-goal generation by better learning from failed episodes due to

inaccurate sub-goals.
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5.4 Conclusion: Method Summary

In this work, we showed that integrating a forward model into visual navigation using
ForeSI improves both the robustness and efficiency of navigation. We achieved this
by enabling our agent to imagine (i.e. to predict) a future sub-goal state that leads to
a successful navigation episode. Our extensive experiments show how ForeSI can be

integrated into a wide variety of methods to improve their navigation performance.
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Chapter 6

Harmonious Multi-Agent

Reinforcement Learning

In the previous chapters, we discussed our proposed methods to learn a more robust
and efficient visual navigation policy using single-agent RL. Many real-world problems,
however, involve multiple learning agents which imposes additional learning challenges.
Motivated by that, in this chapter we develop a multi-agent reinforcement learning
algorithm to tackle such problems. In our setting, agents maximise their own individual
rewards, which may give rise to a conflict, if the objectives of the involved agents overlap.
As aresult, agents trained independently may show aggressive behaviour which increases
the performance disparity across the population of agents. In this chapter, we propose
a novel method to reduce the performance disparity and instead promote harmonious

behaviour among the agents.
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6.1 Background

Most of the previous works in Multi-Agent Reinforcement Learning (MARL) are based
on the assumption that agents share the same reward function. In such scenarios, agents
are inherently motivated to cooperate to achieve higher utility. In many real-world
multi-agent problems, however, that assumption does not always stand true. That is,
agents have individual reward functions (i.e. they are self-interested) which results in the
conflict of interest, at least at some stage during their interactions with other agents, if not
continuously. That challenge is further exacerbated when there are limited environmental
resources to share among agents. To avoid aggressive selfish behaviour it is important in
such problems to design mechanisms that establish cooperative social behaviour among

those agents.

Autonomous driving is a good example of such a problem where agents (i.e. drivers)
are self-interested (i.e. try to reach their destination in the shortest possible time) while
sharing limited resources (e.g. road capacity) with other agents. Humans can efficiently
interact with other road users while showing social behaviour. An example of such
behaviour is highlighted when part of a road is blocked and drivers take turns to pass,
or while merging into a highway where drivers on the highway let merging vehicles
do so smoothly. Current autonomous vehicles, however, mostly circumvent learning
such complex cooperative behaviours by learning safe, but rather conservative, policies.
Developing driving policies that can demonstrate human-like complex social behaviours

is non-trivial.

Previous works propose different mechanisms to promote cooperation among agents.
Such methods can be categorised into mainly two ideas: designing better rewarding
mechanisms to reward agents for their contribution to the success or failure of other
agents (e.g. average neighbourhood reward), or encouraging action coordination by
maximising the statistical dependence between agents’ policies or between policies
and the joint state. The former category of methods assumes the long-term effect of
an agent’s actions on other agents’ performance, which does not always hold. This is
specifically not the case when agents interact temporarily in an ad-hoc fashion. The
second category of work is constrained by communication requirements and has been

less explored among a large population of self-interested agents.
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In this work, we propose to train agents that learn to empower other agents through
self-awareness. We model the effect of an agent’s current policy on the (near-) future
performance of another agent. Through that explicit modelling, our agents learn policies
that balance maximising their own reward and that of another agent by avoiding actions
that adversely affect the future performance of others. By assuming local and short-term
mutual interactions between agents our method is more suitable for an ad-hoc setting

where the assumption of the long-term effect of actions does not hold all the time.
In summary, our contributions are as follows:

* We propose an objective based on mutual information, inspired by Empower-

ment [50] that enables neighbour empowerment, across agents.

* We introduce self-awareness into agents’ state which enables neighbour empower-

ment and improves the interpretability of learned policies.

* We empirically show that our framework effectively improves social behaviour
among self-interested agents interacting in an ad-hoc fashion. Compared to a range
of baselines our method improves the safety and success rate of driving in complex

autonomous driving scenarios.

* Finally, our method is more robust to irrational behaviour among agents, compared

to the baseline.

6.1.1 Problem Statement: Self-Interested Agents

In our problem agents have their own individual reward function; that is agents are
self-interested. We can use the framework of Partially-Observable Stochastic Games
(POSGs) to formally define such a problem, as discussed in Sec. 2. In POSG, every agent
maximises its own objective, J; = E[R;|m;, 7], where R; = ), 7;r§t> is the discounted
sum of its future reward, according to its own reward function, and 7; is its policy. We
use sub-script indices for agent index and super-script in parentheses, where required, to

indicate the time index, and —z means all the agents except agent .

Moreover, in our framework, we assume agents can share extra information during

training within their local neighbourhood, defined with a distance threshold. During
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the evaluation, however, agents take actions sampled from their individual policies
that are conditioned on their local observation, only. This framework is known as
Centralised Training, Decentralised Execution (CTDE) and has been used in various

previous works [28].

6.2 Method

6.2.1 Neighbour Empowerment Through Self-Awareness

Empowerment, is an information-theoretic concept, introduced by [50], defined as the

channel capacity between an agent’s actions and its own future state, as below:

e =max C(s"V;at) = max H(s"V) — H(s"|a®), (6.1)

where 5“1 is the future state and a' is the agent’s actions sampled from its policy.
The above definition of Empowerment has previously been used in single-agent RL to
improve the agent’s exploration policy [70]. By maximising the Empowerment as an
objective or intrinsic reward the agent learns to take actions leading to states with more
control; this can, also, be seen in the entropic definition of the mutual information 6.1 as
it reduces the entropy of the conditional state distribution while maximising the marginal
entropy of the future state. For instance, in a robotic navigation scenario, an agent
maximising Empowerment will more likely take actions leading to locations with high

accessibility to other future locations (i.e. states).

In this work, inspired by single-agent Empowerment, we aim to train self-interested
agents that act less selfishly, i.e. they empower others. Empowering other agents can
intermittently be at odds with an agent’s objective of maximising its own reward. This
becomes even more challenging as the number of agents increases since the future state
of agents is a function of the joint actions of all of them. Therefore, naively maximising
Empowerment across agents in large populations can result in training instability and
non-convergence. To address that problem, we introduce Self-Awareness (S A) variable
into every agent’s state. S A estimates an agent’s discounted past performance, thus far

into an episode. For instance, it could be an estimate of own collected reward over the
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past 1" timesteps or the sum of the temporal value differences over the same interval.

Encoding self-awareness into an agent’s state introduces two main advantages. Firstly, it
enables the agent to constantly be aware of its past performance which can be utilised
for explainability in safety-critical applications, such as our autonomous driving setting.
More importantly, it can be utilised to enable neighbour empowerment without causing
training instability. Therefore, we propose a new Empowerment-inspired mutual inform-
ation objective, which we call CrossEmpowerment; CrossEmpowerment is the channel

capacity between one agent’s action and another agent’s S A variable:

e =max C(a; SAV™), Vi,j € N and i#j. (6.2)

CrossEmpowerment maximises the dependence between an agent’s current action and
the future S A variable of another agent (e.g. a neighbouring agent). The increased
dependency regulates the selfish behaviour of self-interested agents and encourages
agents to care about the future performance of their neighbours. This can also been
seen in the entropic definition of CrossEmpowerment which leads to reduced entropy of
the conditional distribution of the future S A of one agent given another agent’s action:
1(a); SAV) = {(SAVD) - H(SAUD ).

In practice, agents can communicate their S A locally within a pre-defined neighbourhood
during training while imposing negligible communication costs. Moreover, in ad-hoc
agent interactions, where the interactions are short, communicating the S A alleviates the

challenge of learning to estimate those from short-term observations.

Our proposed S A variable has a general definition to work with (almost) any reward
function, which may vary across problems. In its most general form, it is defined as the

discounted sum of the past reward, since the beginning of the episode:

t=T
SA =3 Tt (6.3)
t=0

The above definition can be seen as the backward value function, where the rewards
collected more recently have a higher influence. Intuitively, this represents the temporal

effect of receiving the reward, which diminishes through time as its memory disappears.
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Figure 6.1: Overview of different stages of training and evaluation of our framework. During the
training, we alternate between training mutual information estimator and optimising the policy.

Therefore, agents will be encouraged to constantly continue receiving rewards. In sparse
reward settings, where the agent is rewarded according to its achievement at the end
of the episode, this can be replaced with an estimate of the progress into the task (or a
learned function approximating the progress). We leave sparse reward applications for

future work.

6.2.2 Optimising CrossEmpowerment in MARL

As described in Sec. 6.2.1, we propose to add CrossEmpowerment into the multi-agent
learning objective to improve cooperation among self-interested agents. As a result, the
agents learn optimal policies that not only maximise their individual reward, but it does so
while empowering other agents. Our CrossEmpowerment alleviates the selfish behaviour
agents might demonstrate as a result of maximising their own individual reward while

sharing the resources (e.g. the state space) with other agents.

Our CrossEmpowerment can be jointly optimised along with any policy-based reinforce-

ment learning algorithm, and the new objective for every agent will be as follows:
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T
= maxE Z Vi, t) ]+ Z Z a1 t) SA (+H) | t)) (6.4)
=0

t=0 j¢i

In this work, we add our objective to the original Proximal Policy Optimisation (PPO) [93]
objective defined as below. We follow individual policy learning, IPPO introduced

by [114] which uses a centralised advantage function for more stable training:

VouTo =B, o0 [Ve logm i, 540", o a-, ), (6.5)
+3 " Vga;1(al; SATT ). (6.6)
j¢i

where S Agt) is the neighbour agent’s S A variable, as defined in Sec. 6.2.1, U(o'", Z(t), a-,V) =
rgt)+7ﬂ/;(o(t))—vi(o(t*1)) is the centralised advantage function, Vy,a;I(a, ®. SA (+H) | Et))
is the weighted gradient of the mutual information. Following previous works, we also

use the surrogate objective in PPO [93] and policy clipping to optimise the return max-

imisation term in our objective.

6.2.3 Neural Mutual Information Maximisation Using Reparamet-

erisation

The exact optimisation of the mutual information in our objective introduced in Sec. 6.2.1
1s intractable. Previous methods, introduce different mutual information lower-bounds
that we can utilise here [29, 70]. The unbounded nature of mutual information can
make designing the appropriate reward function (e.g. the normalisation factor) a difficult
manual process. Moreover, it is preferred for the lower bound to be approximated with a
neural network so we can utilise batch optimisation to increase efficiency when dealing
with a large number of agents. Mutual Information Neural Estimation (MINE) [10]
utilises the dual formulation of the KL.-Divergence to train a neural network that approx-
imates the mutual information lower bound. We use the re-parameterisation trick [49] to
directly optimise an agent’s policy based on the mutual information estimated by MINE.

An overview of our framework is shown in Figure 6.1. We run ablation studies on the
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effect of this choice in our experiments in Sec. 6.3.

6.3 Experiments

In this section, we aim to answer the following empirical questions:

1. Does our method effectively promote social behaviour and alleviate the selfish beha-

viour of self-interested agents? How can we quantify such behaviour?

2. What are the strengths and weaknesses of our proposed method measured using the

metrics defined below?

3. How do agents trained using our method performs when interacting with a specific

type of irrational agents?

We compare our method to different baselines using a range of different performance
metrics, besides the conventional episodic reward. This provides further insights into the

dynamics of our proposed method. The metrics are as follows:

Success Rate: the ratio of the number of agents successfully completing their episodes
(i.e. reaching their destination avoiding accidents etc.), over the total number of agents

spawned in one episode.

Fairness (harmony): following previous methods [43], we define fairness as the coeffi-

(Ri—p)?
02

cient of variation of reward among the agents in an episode: CV = \/ ﬁ >on

Safety: following our baseline [80], we define safety as the average rate of failures in an
episode; we consider the following failures in an episode: crashing into objects or other

vehicles, driving on the wrong side of the road, or driving off the road (e.g. on the kerb).

6.3.1 Experiment Setup and Simulation Scenarios

We run our experiments in our extended version of the recently introduced MetaDrive [55]
simulator. MetaDrive [55] is a lightweight and fast simulation environment suitable for

evaluating MARL algorithms in different driving scenarios.

In this work, we select and create driving scenarios which have three distinctive features:
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1- they require learning complex interactions among multiple agents, 2- such interactions
require learning social cooperative behaviour beyond existing right-of-way rules, and 3-
they highlight the conflict between acting selfishly or showing cooperative behaviour (at
the cost of some personal reward). Figure 2.2 shows our experimental scenarios, which

we define below:

(a) Bottleneck: In this scenario the agents are spawned on one end of the road (left or
right) and their goal is to reach the other end of the road, travelling through the shortest
path and as fast as possible. The number of lanes at the bottleneck is reduced from
four lanes to a single lane on each side of the road; that is when agents can either be

aggressive and selfish or considerate and pro-social.

(b) T-Intersection: The agents are spawned randomly and follow their set goals similar
to (a). Agents driving through the vertical road aiming to reach the right end of the main
horizontal road are at a disadvantage due to the challenge of crossing the horizontal road.
Without cooperation from the agents driving on the horizontal road, those disadvantaged

agents will be waiting for extended periods (hence will receive a lower reward).

(c) Roundabout: The main challenge in this scenario is to merge into the roundabout
efficiently. Here an agent inside the roundabout will open more space for the agents
waiting to enter at a small cost of its own reward but empowering other agents to showcase

social behaviour.

We implement our method in RLLib [57] using PyTorch. We use a replay buffer of
1024 episodes to train our mutual information network. We uniformly sample mini-
batches of 512 observation-action pairs to simulate the joint distribution and re-sample
actions separately to simulate drawing samples from the marginal action distribution. We
then use those mini-batches to train MINE, which consists of a two-layer Multi-Layer
Perceptron (MLP) with LeakyReLLU non-linearity in between layers. We train MINE for
5 epochs on every replay buffer. We then reuse the episodes from the same replay buffer
to train our policy and value networks. The mutual information loss coefficient is set to
0.1. We train all our baselines and our method for 1 M episodes and every experiment is

repeated 5 times with different random seeds.

Except suggested otherwise, all our methods are trained with the following reward
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Episode Return Cv Success Rate Safety Average Velocity
IPPO  14264.63 + 1614.11 0.52+0.05 0.41+0.02 0.26+0.13 31.67 + 1.30
CoPO 1373291 + 113224 049 £0.04 0534+0.01 0.24+0.19 24.04 £ 2.11
Ours 16234.93 + 810.98 0.45+0.03 0.59 + 0.05 0.10 £ 0.05 25.40 + 3.59

Table 6.1: Comparison of our results against the baselines in T-Intersection scenario. IPPO is the
simplest baseline where agents learn independently and CoPO agents maximise average neighbourhood
rewards. Mean and variance over five random seeds are shown.

function:

(®) (®)

_ () ()
Ty = ri, success + Oﬁﬁi, speed + 67”1»7 distance’ (67)

where rgluccess is the binary success reward with a fixed value of 10.0 if the epis-
(t)

i, speed
road_indicator is the speed reward, where road_indicator indicates whether the
()

i, distance

ode ends successfully, and 0.0 otherwise; r = (current_speed/max_speed) *

vehicle is on the correct path to the target location, r = distance_travelled *
road_indicator the travelled distance reward, and « and 3 are their corresponding

coefficients, set to 0.1 and 1.0 respectively, in our experiments.

We utilise a simpler truncated version of the above reward function as SA added to
individual agent state observations. We define S A as the normalised discounted sum of
past speed reward (set § = 0). This is a proxy for the full reward which makes it more
interpretable while focusing on the waiting time. Including the distance, the reward can
cause non-convergence due to different agents travelling distances before they meet other

agents at ad-hoc interaction points.

6.3.2 Baseline Methods and Quantitative Comparison

In Table 6.1 we compare our method against some baseline methods. Our two baselines

represent a trivial solution and a strong recently introduced method, as discussed below:

IPPO [114]: This is the simplest baseline where every agent learns independently using
the reward function introduced in Eq. 6.7. Regardless of how the reward coefficients

are adjusted (which requires inefficient manual tuning for each task), agents trained
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using this method demonstrate aggressive selfish driving behaviour which results in less

harmony among the population of agents.

CoPO [80]: This method proposes to integrate the average neighbourhood reward into
the individual reward of each agent. Such addition encourages agents to learn policies
which are more cooperative since agents are rewarded (or punished) for the success (or

failure) of their neighbours.

As we can see in Tab. 6.1, our method improves the success rate, CV (lower is better,
more harmonious) and safety compared to other baselines. This comes at a small cost of
average velocity. We argue that this is due to agents learning to drive more cautiously

giving way to other vehicles, that are otherwise stuck for longer periods.

Additionally, in Figure 6.2 we show results in other driving scenarios, including the
roundabout and the bottleneck, described in Section 6.3.1. Each curve shows the mean
and standard deviation of the results over five random seeds. As we can see, our
method improves the total reward achieved by the population of agents in all three
driving scenarios; the improvement is more significant in the bottleneck scenario which

highlights the necessity of

6.3.3 Reward Shaping Study

Here we aim to investigate whether a reward-shaping approach could help alleviate the
aggressive behaviour among the agents. We observe the best overall results when setting
B = 10.0 in Eq. 6.7 to allow agents for slower, i.e. more conservative, driving. The
comparison results in the T-Intersection scenario are summarised in Table 6.2. Note the
increase in the overall reward is due to the new reward function and does not mean better
performance. We can see that using careful reward tuning can lead to a reduction in crash
rate; however, the harmony among the agent is further lost, i.e. the CV value is increased.

The agents become less aggressive (and slower) to reduce the crash rate.

6.3.4 Robustness Against Irrational Agent Behaviour

In this section, we design an experiment to provide further insights into the limitations of

our proposed framework and those of the baseline methods. Our empirical studies thus far
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Episode Return CV Success Rate Safety Average Velocity
Ours, Reward Shaping  20920.94 + 1049.99 0.54 £0.05 0.38 £0.03 0.18 £ 0.09 22.08 +3.01
Ours, SA Variable 16234.93 £+ 81098 045 +0.03 0.59 +0.05 0.10 + 0.05 25.40 + 3.59

Table 6.2: Ablation study: we tune the weightage of different reward components to try to alleviate
selfish behaviour.
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Figure 6.2: Training curves in different driving scenarios.

show that our method effectively promotes social behaviour among self-interested agents.
This is achieved under the rationality assumption of all the agents during all the episodes.
In reality, however, agents might break such assumptions, intrigued by different internal
or external factors, especially in mixed-autonomy environments. One of those factors,
studied in the previous social behaviour of human drivers [85] is emotion and how it
affects both human perception and decision making. To investigate the generalisation of
our method here, we design an environment where we introduce noise into a subset of
randomly selected agents’ observations or actions. The noise is an inverse function of
their S A variable. Intuitively, when agents continuously observe lower own performance
they become emotional which then reduces their accurate perception ability and increases

the likelihood of their irrational behaviour.

In Table 6.3 we compare our method against a baseline, IPPO, in a T-Intersection driving
scenario in such a setting. "Obs" indicates adding noise to the observation of every agent
while "Act"” indicates noisy actions. In both cases, the magnitude of the noise is increased
exponentially proportional to the individual observed performance of an agent. With this
formulation, we aim to simulate scenarios where agents act increasingly stochastic as a
function of their personal performance. We can see that in general the noisy actions more
heavily affect the overall performance of the agents. We hypothesise that adding noise to

the actions reduces the controllability of the vehicle more significantly. That is, the agent
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Safety Success Rate
IPPO (Obs) 38.01 £0.11 29.28 4+ 0.03
Ours (Obs) 14.25+0.06 52.08 £ 0.09
IPPO (Act) 27.56 £0.12 23.27 +0.04
Ours (Act) 18.32 +0.03 49.34 + 0.07

Table 6.3: Comparing our method against the baseline, IPPO, in our new setting, where irrational
behaviour has been made possible, shows the relatively higher robustness of our method.

is unable to observe the effect of committing to an action predicted by its policy. Adding

noise to the observation, however, may only result in missing obstacles at times.

6.4 Method Limitations

One of the main limitations of our method arises naturally due to having two, potentially
conflicting, optimisation objectives. In any such method, including ours, tuning the
contribution of the two objectives may require additional efforts for new environments.
The use of a training curriculum to adaptively adjust those parameters may be effective

which we leave for future work.

6.5 Conclusion: Method Summary

In this chapter, we introduced a mutual information framework inspired by Empower-
ment [50] to promote social behaviour among self-interested agents. We achieve that
through encoding self-awareness into an agent’s state that can then be efficiently shared
among agents within a local neighbourhood. Through empirical studies, we show that
our method results in a stronger cooperative behaviour among agents leading to a higher

overall success rate, and more importantly more harmonious population performance.
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Chapter 7
Conclusion

In this thesis, we present multiple original contributions to the field of reinforcement
learning for real-world problems. Our proposed methods address two of, arguably, the
most challenging and fundamental real-world sequential decision-making problems, i.e.
visual navigation and autonomous driving. We start from single-agent RL, where an
agent interacts with a stationary environment to learn an optimal policy. We, further,
continue to multi-agent RL, where a large population of agents simultaneously learn to
interact with other agents. In this chapter, we summarise our findings and contributions

and discuss the implications of those contributions for any future work.
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7.1 Summary

Despite the great success of RL on toy environments [36, 45] its capacity to solve real-
world problems remains limited. Inspired by that, in this thesis, we propose tackling
visual navigation and autonomous driving using novel RL-based methods. Such prob-
lems are selected to highlight some of the main challenges RL may potentially face
in real-world. In visual navigation, for instance, the agent needs to learn goal-driven
state representations from partial observations in a complex 3D environment. Those
representations then need to be utilised by the policy to learn to search the environment
while committing to finding the target object. Moreover, any learned policy is then evalu-
ated in an unseen environment which further challenges the agent with generalisation
ability. Differently, in autonomous driving, the agent is challenged by learning intricate

interactions with other vehicles on the road in a continuous actions space.

In Chapter 4, we present a simple yet effective method to improve the performance of
the actor-critic RL algorithm for visual navigation. Our method alleviates the state-value
under-estimation problem by incorporating object co-location information as a neural
graph. Actor-critic RL is heavily reliant on the accuracy of the state-value approximation
for policy convergence. This is mainly because accurate value estimation helps with the
correct identification of the actions along the trajectory that contribute the most to the
final reward, i.e. credit assignment. Through extensive empirical studies, we show that
our trained agent is realistically more optimistic (e.g. accurately predicts higher state
values). This leads to successful navigation towards the target object when the baseline
agents typically give up. We run multiple ablation studies and show the contribution of

our design choices to the overall framework.

In Chapter 5, we show that integrating a forward model into visual navigation using
ForeSI improves both the robustness and efficiency of navigation. We achieve this
by enabling our agent to imagine (i.e. to predict) a future sub-goal state that leads
to a successful navigation episode. Our forward model avoids costly step-wise future
production and instead predicts only a latent state if the navigation episode were to be
successful. Our extensive experiments show how ForeSI can be integrated into several

previous state-of-the-art methods to boost their navigation performance.

In Chapter 6, we propose a mutual information framework inspired by Empowerment [50]
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to promote selfless social behaviour among self-interested agents. We achieve that
through encoding self-awareness into our agents’ observation which we assume can
be observed by neighbouring agents. An agent observing a neighbour’s self-awareness
value learns to empower lower performing agents hence increasing harmony among the
population. Through empirical studies, we show that our method results in a stronger

cooperative behaviour among agents leading to a higher overall success rate.

7.2 Potential Future Work Directions

At the time of writing this thesis, research on real-world RL is still in its infancy while
gaining increasing attention. More recently, the main challenges ahead of real-world
RL have been articulated to encourage the research community to further focus on such
problems [25]. In this thesis, our proposed methods tackle some of those challenges,
e.g. partial-observability, generalisation to unseen test environments, continuous state
and action spaces, and environment non-stationarity as a result of co-existence of other
learning agents. Our proposed methods, while insightful and valuable, are still far from
completely solving such challenges. Therefore, we expect multiple different ways those
findings can be utilised in any potential future work. In this section, we review some
of the most promising ones for the interested reader, e.g. fresh graduate students and

current researchers.

Our proposed method in Chapter 4 takes the first step towards a deeper understanding
of the role of the critic in actor-critic RL [67]. Recently, several other works have also
considered similar research questions, although mostly in a toy environment [110]. In
multi-agent RL community similar ideas have been explored that allow the critic to have
access to more global (i.e. centralised) information [28]. In our work, different from
those, we partially decompose the value function approximator to allow access to more
global information. Instead of GNN, one may build a top-down map of the observed
environment to enhance the input to the critic. Exploring the level of decomposition
between the policy and the value networks could reveal more interesting avenues for
future research. Another interesting research area would be to investigate the type of
additional information the value network can have access to as well as its architecture.

For instance, utilising learnable mapping approaches, e.g. [14], for value estimation
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would be one alternative. One could, also, investigate a different training regime where
the critic lags (or leads) in the number of trained epochs compared with the policy
network. Furthermore, validating the same findings on other actor-critic RL algorithms,
e.g. PPO [93] would be an interesting future work direction. Moreover, injecting
optimism through other means such as memory networks could also be a possible future
direction. One could also quantify the optimism and utilise that to decide whether the
current navigation trajectory may succeed or terminate early and avoid unnecessary

exploration.

Regarding our seconds proposed method in Chapter 5, we, also, imagine a range of
possible extensions. Imagination is a very complex ability in humans hence there are
different ways artificial agents may be endowed with similar abilities. While research
on world models continues [33, 51] such models are yet to prove accurate enough.
Unlike our proposed method, one may adopt step-wise future prediction, as is commonly
seen in model-based RL methods [34, 36]. In that case, future step imagination can
be decomposed into two distinct tasks: modelling the transformation for the observed
part of the world and predicting the unobserved parts. We could combine our method
proposed in Chapter 4 to generate more realistic transformations of the past observations
when predicting the future. For the parts of the future state that are yet to be observed,
we could also utilise hierarchical prior representations of the world to help with more
accurate predictions. For instance, the agent may first predict that turning right might
lead to observing parts of a kitchen, in a household environment. It can then predict
a more granular level of the items it may observe next, and so on. Learning when
and how to re-imagine a sub-goal state would be another interesting potential future
direction arising from our work. Such a method could be combined with an optimism
measurement component to help with determining when the goal cannot be achieved. At
that time, utilising the recent observations of the environment to generate a more accurate
prediction of the sub-goal state could be another area of research. In many such problems,
investigating the role of causality can potentially have a significant implication. For
example, decomposing the latent variables that lead to different aspects of imagination,
such as colour, shape, etc. could be very helpful. Such a method could take our proposed
method to a new level, which currently relies upon correlations. Causality can also play

a significant role in identifying the sub-goal states in hindsight. Our method, again, relies
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on correlations (i.e. using self-attention) to identify such important states, i.e. sub-goals.

While it works in our setting, correlations do not always represent causal effects.

Finally, concerning our multi-agent RL method introduced in Chapter 6, we, also, discuss
several potential future directions. Our method introduces an agent-level objective to
encourage less selfish behaviour among agents. Our new objective, inspired by Empower-
ment, is integrated into actor-critic RL using linear scalarisation. The weights to combine
the two objectives have been optimised empirically. Extending the linear scalarisation
function to explicit multi-objective learning would be one immediate research direction
to further balance the two objectives [38]. Differently, one may look at the same problem
from the population level and introduce a new global objective which can promote such
behaviour among the agents. That could further relate multi-agent RL to game theoretic
concepts of social choice and mechanism design [75]. Furthermore, our method currently
relies on the assumption of having access to the reward function of neighbouring agents.
In practice, such assumption can be relaxed by learning the reward function of other
agents from observations, e.g. using inverse RL [40]. Additionally, explicit selection
of a specific neighbouring agent to be empowered could be another interesting area of
research. For example, such a method could be more advantageous in scenarios where

the agents need to coordinate to give way to an incoming emergency vehicle.

Overall, in this thesis, we address three main shortcomings of the current RL methods in
real-world problems. We show that a visual navigation agent can utilise the relationship
between different objects in an environment to more accurately estimate the state value,
1.e. to remain optimistic. One should be aware of the problem of over-optimism and
investigate in what scenarios remaining optimistic can help with achieving the task.
Additionally, we show that imagining a goal state can help with the robust and efficient
completion of a navigation episode. The content of the imagination to avoid potentially
misleading input to the policy can be further examined. Finally, we show teaching agents
to empower their neighbours can alleviate their selfish behaviour. The right balance
between an agent’s objective and that of helping others can change over time and space,

striking which remains an open problem.
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