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1 Introduction

In the past twenty years, Artificial Intelligence (AI) has become an essential part of our lives. We
are witnessing the birth of Society 5.0 [18, [63], in which people have to keep up with technological
advances. Vehicles, education, games, security and many more have already been merged with
the cyberspace for either scientific or practical reasons, resulting in a new era of production and
communication. Although machines progressively become more intelligent, humans must ensure
that the symbiosis of the two species will be advantageous for both. The field of Machine Learning
is gaining popularity in every aspect of society and has thus become a hot topic for scientists.

Machine learning focuses on creating programs that can use or create data to automatically
learn and improve. The main purpose of these programs is to execute tasks without the help
of human engineering; that is the algorithm created by humans must be designed in such a way
that can deal with problems by itself or even discover new approaches when it comes to finding
solutions. There are currently three main approaches for machines to learn: Supervised Learning,
Unsupervised Learning and Reinforcement Learning.

Supervised Learning uses labeled datasets to infer a function/algorithm that can predict and
classify given unlabeled data. Unsupervised learning, on the other hand, is a method in which the
data provided to the algorithms is unlabeled. Its goal is to detect patterns in the given data without
human supervision and let the program label them by itself. Reinforcement learning is concerned
with how programs, which we usually call agents, can act and behave in a simulated environment.
The role of the agents is to maximize a stated reward, which refers to finding an optimal way to
reach their objective.

The baseline of this research will be the latter: the framework of Reinforcement Learning. We
will use certain techniques to extend it in order to make it more flexible to new and unknown situa-
tions. We believe that by developing strong reinforcement learning algorithms, we could gradually
apply them not only to simulated environments, but also to real-life problem solving.

1.1 Overview

Reinforcement Learning (RL) has been gaining popularity over the past years. From its inception
in the early 1980’s until today, the field of RL has been growing incrementally, transforming this
area of Machine Learning into a powerful tool. With the combination of RL and non-linear func-
tion approximators, scientists have had huge successes in a variety of tasks, such as games [74],
continuous control [47], locomotion skills [26], navigating in complex environments [89], and even
robotics [37].

Basic RL is modeled as a Markov Decision Process (MDP) with four elements: a set of states, a
set of actions, a probability matrix and a reward matrix. By mimicking human behaviour, agents
in RL receive extrinsic (the difference with intrinsic rewards will be specified later on) “rewards”
or “punishments” for each action(s) they make, indicating the way they should learn. One could
describe this process as a form of “trial and error”, the most popular way of problem solving among
humans; and perhaps this is the optimal way to make machines learn, at least for now. But is
it mandatory to use extrinsic rewards and punishments in order to make someone or something
learn? Is basic RL or Deep RL (RL with Neural Networks) enough to solve problems that mankind
is struggling with?

In order to enhance the framework of RL, we need to identify the main problems or weaknesses
that we are dealing with when trying to construct an RL algorithm. While humans can master



new tasks quite easily by using their prior knowledge, RL agents find it quite difficult and time-
consuming. Massive action or state environments (curse of dimensionality), sub-optimal sampling
efficiency and inadequate knowledge representation are some of the main issues that researchers are
trying to solve, in order to make RL more generally applicable. We will mostly focus on improving
the sample efficiency of our data and alongside provide our agent the knowledge it needs to be able
to adapt to tasks it has never come across before.

Training an agent to learn and master specific tasks is becoming increasingly feasible. With
different kinds of machine learning, the world is moving towards a brighter future with a thirst
for new ideas and innovations. However, in order to move one step further in the field of Al, we
should probably stop giving the machines specific instructions about everything, otherwise they
won’t become more intelligent than just finding patterns from raw or modified data. They have to
gain the ability to learn by themselves or to be more precise; they have to learn how to learn. This
is known as lifelong learning or, officially, Meta-Learning (ML) [65]. This is going to be covered in
more detail in section

ML is an old idea that nowadays is gaining momentum. As it is right now, it has limited
potential, but in the near future it can be transformed into a powerful tool. The main goal of ML
is to apply machine learning algorithms not on current data, but on the metadata collected while
running a simulation—specifically for RL. By doing that, not only do we show the agent how to
deal with a certain situation or solve a problem, but we also make sure the agent is able to adapt
to new environments more easily. This is also one of the most promising approaches we can take
in order to help the process of Transfer Learning (TL), i.e. the problem of storing knowledge and
using it in different and unknown, but related, tasks.

1.2 Philosophical view

In the last couple of years, people start to realize that AI has the potential to affect not only our
lives, but in general the evolution of both the human species and the world as a whole. According to
cosmology, the age of the universe is estimated to be 13.8 billion years old [2]. Since the Big Bang,
galaxies were created, planets were formed and a variety of species were born. If we attempted to
find one common element between the entities of this world, one could say that everything needs
change or, to put it better, the need to evolve. A characteristic case in point for this speculation
is the human species, as we have much information regarding the changes that have happened
during the last few thousand years; but we can also spot it in the largest possible perspective, as
we are able to notice that the universe is also changing and, more specifically, expanding [57][48].
Unfortunately, in both cases, the goal of these changes is unknown to us, therefore we cannot specify
the deeper reasons behind these actions.

Human evolution since the Big Bang has led to the appearance of AMH, which stands for
anatomically modern humans and is our current form. However, studies have shown that we as a
species diverged from other mammals many million years before this and have been evolving since.
Our present characteristics are a result of the development of certain skills like communication or
tool use, but also from interbreeding with other hominins [32]. In fact, Darwinism claims that
all the biological organisms gain the ability to compete, survive and reproduce through inherited
variations [33]. This simply means that diversity is not a sufficient condition for a species to evolve,
since these organisms must also compete for the survival of the fittest. Quoting Charles Darwin:

"It is not the strongest of the species that survive, nor the most intelligent, but the one
most responsive to change”



At the moment, the human race is considered to be the most dominant species on the planet in
terms of overall power and control. Nevertheless, we shouldn’t consider ourselves as the ”finale”
of the human evolution or being the perfect species, nor believe that we don’t have any room for
improvement. The idea of a new species [49], created by the hands of humans and possibly ready
to take over, is maybe closer than expected. Although this may sound scary and unrealistic, it may
as well be inevitable; there may come a moment when we will have to make a choice, either benefit
from it or be against it.

Looking at the bright side, the author’s philosophical point of view is that humans could learn
a lot from the machines. If we want to evolve further, we need to act fast and steady, but always
with extreme caution. According to one of the technological leaders in our era, Elon Musk, in a
few years robots will be able to do everything better than us; this means that our physical and
intellectual capabilities will be surpassed by those of computers. Hence we need to build a trustful
bond that will hopefully lead to a harmonic coexistence. By securing this affiliation, humans can
be taught by a species which will have a better understanding of this world.

This thesis aims at getting one step closer to Artificial General Intelligence (AGI) [21], a concept
where a machine can learn and understand equally or even better than a human. Creating an
artificial type of mind can lead to successful discoveries, valuable innovations, and help us answer
some of the most difficult and unanswerable questions that would probably take hundreds of years
for us to answer.

1.3 Goal

The primary goal of this thesis is the creation of an algorithm or an overall process to automate an
end-to-end learning process by combining ML and RL techniques for fast and efficient adaptation
to new and unknown tasks. In addition, we will try to achieve that by using an unsupervised
learning approach, because we believe that it could give more freedom and better generalization
to our agents. Our evaluation metric will be the average return of our algorithm during the ML
process when provided with both pretrained tasks and random tasks.

Without diverting to another subject, what we mean by giving more freedom is that we want
our agent to meta-learn in a way that it will have as few constraints as possible. The reason behind
our thinking is that humans may know a lot of ways of solving a given problem, but these ways are
certainly not optimal. By letting an agent act in a way that it finds most efficient, could open a
path for new methods and techniques.

ML is an exciting idea that could help accelerate general learning and holds a big promise for
the evolution of the machines. Al field has to escape from its narrow objectives [34] 27, 31] and
move towards a wider road; ML could be one of these starting points. If agents are able to build
their own learning algorithms and experiences when they are dealing with a task and use it later
on unknown ones, they will get one step closer to human intelligence. This brings us to our main
research question: is the combination of these two strong enough to give an agent the opportunity
to freely lifelong learn? If this does work, how effective can it be and to what extent?

1.4 Outline

This thesis will be divided in 4 sections (excluding the introduction). Each section and subsection
will build up for the next so we can create a comprehensible hierarchy. We will start from the basics



of each framework, discuss some of the existing methods, present our algorithm and the results,
and finally conclude.

Section 2 will be dedicated to literature review. We will give an extended introduction on RL
and its main characteristics. We will also going to talk about ML, where we will present some of
the popular approaches, introduce a new framework called Unsupervised Reinforcement Learning
(URL) and briefly discuss about Multi-Task Learning. Finally, we will show the related work that
has been so far and point out the papers that we are interested on, along with their advantages and
disadvantages.

In section 3, we will present the algorithm. We will show the theory behind our method and how
we managed to obtain specific parts of prior work and merge them into one algorithm/process. We
will focus on the details of this merge and why this approach could lead to better results. Finally,
we will show the structure of the algorithm, mention some of the benefits, but also some of its
limitations.

Section 4 will be the section in which we will present all our results. There will be plots showing
the performance of the algorithm, either compared to a variety of parameters or to a different
procedure. Furthermore, we will discuss about the significance of these results and what they mean
for future related efforts like ours.

Lastly, section 5 will feature the conclusion of our research and a small recap. We will talk about
the future work that could be done in order to make the algorithm stronger and further applicable.

2 Literature Review

Machine learning is a field that keeps growing incrementally. Data is considered to be the new
currency and every mechanism that surrounds it will be a fundamental tool for the next generation’s
technology. There are already many scientists that have shifted their interest to the field of Al,
making it one of the primary choices for research. Many books and papers have already been
published in the last twenty years and the number will only be increasing due to the fact that we
are still in the early steps of a new advanced technological era.

We want our research to make a small contribution to this leap of technology. As our base, we
will use the framework of RL, around which we will develop our ideas. This section will be used for
literature review and to provide the readers with a solid theoretical perspective on the forthcoming
practical application. More specific, in subsections and [2.2] we will present the frameworks of RL
and ML, respectively. In subsection 2.3 we will talk about Unsupervised Reinforcement Learning,
a new domain that has been developed in the last few years, and how it will help us perform RL
without extrinsic rewards, while in subsection [2.4] we will give a brief explanation on Multi- Task
Learning. Finally, in subsection [2.5| we will discuss about the related work and introduce the main
papers that we used as building blocks for this research.

2.1 Reinforcement Learning

Reinforcement Learning is an area of machine learning inspired by behaviorist psychology; we will
try to give an introduction of RL based on the famous book of Richard S. Sutton [80] and the
slides of one of the best AI researchers, David Silver [73]. The goal of an agent is to select the best
possible actions and maximize its cumulative reward. A reward is a scalar feedback signal which
indicates how well an agent is doing at a specific time step t. The return is the cumulative reward



until the end of the simulation (when we reach a terminal state), and value is the true (unknown)
quantity of the future reward, e.g. the expected return given a state. These can be defined as:

Return: Gy =Y 7o o V" Rttt
Value (or state value function): vy(s) = Er[Gt|S: = s

In this subsection we will talk about the basic RL, so we hypothesize that all our environments
are modelled as MDPs. An MDP is a Markov reward process with decisions. As mentioned above,
it consists of five elements or more formally a tuple of < S, A, P, R,~ >, where:

e S is a finite set of states
e A is a finite set of actions

e P is a state transition probability matrix,

Psas/ = P[St+1 = S/|St = S,At = CL]

e R is a reward function,
R;L = E[Rt+1|5t =S, At = Cl]

e v is a discount factor, v € [0, 1]

where a is the action that our agent executes.

The role of v is to measure how far in the future we want or need our algorithm to look. By
placing a discount factor, we avoid infinite returns and predictions that can not be represented. If
we give v a value that is close to zero, then we are waiting for results that concern the near future,
leading to "myopic” evaluation, while with a v close to one, we get results concerning the distant
future. Usually, we prefer the second case for far-sighted evaluation (financial rewards may differ
because of the interest of immediate rewards).

An RL agent may include one or more of the following components: a) Policy: the agent’s
behaviour function, which is basically a map from state to action, b) Value function: how good
is each state and/or action, c¢) Model: the agent’s representation of the environment. In order for
the agent to achieve its goal, it needs to interact with the current environment, discover a good
policy and keep optimizing it. In every state, the agent must make a choice of what action it should
take; either following a policy or not. This is where one of the biggest dilemmas of RL starts. It
would make sense that the agent always choose the action that can return the optimal reward.
But because we are dealing with a sequence of actions, it is not guaranteed that the reward of the
first action would be the global optimal reward at the end of this path. For instance, if you follow
a suboptimal action at the early run, you could have a greater cumulative reward at the end—a
greater return. But where does the dilemma lie?

When an agent interacts with the environment, its main goal is to figure out the optimal path
that could lead to maximizing the cumulative reward, by exploring a variety of paths. In order to
do that, it needs to sometimes take a different route than the one it has already exploited. But
while the agent is doing that, it automatically keeps losing rewards along the way to its destination.
This means that the agent is choosing to give up rewards it already knows about in exchange
for data/information that may later result in trajectories with a better cumulative reward. In a



nutshell, the goal of an agent is to find the best possible path-policy for achieving the task’s goal,
without losing too much reward by exploring. This dilemma is called the exploration - exploitation
dilemma. When focusing on exploration, we can find more information about the environment
and discover new states and new paths, while with exploitation we exploit the information we
have already discovered in order to maximize the return. Despite the fact that in small problems
exploration doesn’t seem so important, for large and more complex environments, we need it as
much as we need exploitation. This is the reason why there needs to be a balance between these
two processes.

We have already discussed that an agent must find a really good behaviour/policy to achieve
its goal, and now is the time to define it. A policy 7 is a distribution over actions given the states:

m(a|s) = P[A; = a|S: = 5]

This is the likelihood of every action when an agent is in a particular state. An algorithm can be
categorized according to the update of the policy. We have On-Policy and Off-Policy algorithms;
the difference is that in On-Policy RL, each time the policy is changed, we need to generate new
samples and then continue with our algorithm. On the other side, in Off-Policy RL, we are able to
improve the current policy without generating new samples from that policy. We will see examples
of both types of algorithms in the following subsections.

So far, we have defined the value function v, (s) which is the expected return when following a
policy m. We will now introduce a new notion called action-value function, which is the expected
return of taking an action when following a policy m. It is defined as:

Gr(8,a) = E;[G¢|St = s, Ar = d]

Our goal is to maximize this formula over all policies to find our optimal policy. We can symbolize
the optimality with a star (x). The optimal state-value function and the optimal action-value
function are defined respectively as follows:

vi(8) = max v (8)

¢«(s,a) = max ¢, (s,a)
s

There is always a deterministic optimal policy for any MDP; thus if we know ¢. (s, a), we immediately
have the optimal policy.

Until now, value functions could be seen as lookup matrices. Although this is enough for
small MDPs, for larger MDPs we need to be more flexible because of the amount of states and
actions. As mentioned in the introduction, scientists did solve this problem by using Value Function
Approzimation. This refers to the state value function or the action value function that can now
be represented by a parameterized function instead of a matrix.

The most famous algorithm for value function approximation is Stochastic Gradient Descent
(SGD). It uses gradient descent, a method that finds a local minimum of a function and aims at
discovering a parameter vector that minimises the loss between a true value function and its ap-
proximation. So, SGD belongs to the family of optimization algorithms that uses gradient descent;
but it’s not the only one. As we have repeatedly indicated above, the goal of RL is to find the best
possible strategy that optimizes our rewards. This is the reason why Policy Gradient Methods were
born.



Policy gradient algorithms search for a local maximum in any policy objective function J(6) by
ascending the gradient of the policy. Formally the policy gradient is:

Vo (6) = Er,[Vo log mo(s,a)Q™ (s, a)]

where Vg J () is the gradient of J(0) and 7y (a, s) is the policy that is modeled with a parameterized
function with respect to 6. There are many famous policy gradient algorithms, like Actor-Critic
[39], TRPO [67], PPO [68], SAC [25] that can be used in our research.

As a final note on RL, all the concepts we have already introduced, use the reward function
for their functionality, but we haven’t mentioned that the type of rewards can either be intrinsic
or extrinsic [62]. Intrinsic rewards are problem-independent and are used to motivate the agent to
do something because it is inherently enjoyable, while extrinsic rewards (the ones we have referred
to so far) are used for rewarding the agent regarding its interaction with the environment and are
more problem-specific [7]. We will later show that researchers have discovered ways to train an
agent without using any extrinsic rewards.

2.2 Meta Learning

Although ML doesn’t yet have a clear definition, we can think of it as the idea of ”learning how to
learn” [65]. For any problem that we need to solve, we usually create an algorithm that could handle
this task as efficiently as possible. Accordingly, in machine learning tasks, learning algorithms should
make good use of the current input and return the optimal solution through a repetition of learning
episodes. However, when dealing with slightly different tasks, they fail to adapt. ML is a process
in which we update our learning algorithm to make it more flexible for future tasks, like a non-stop
optimization of an existing algorithm, or even better ”transform” the algorithm in order for it to
learn to solve these tasks entirely by itself.

Let’s try to formalize the notion of ML [30]. In standard supervised learning, the objective is
to use a given dataset D = (x1,41), ..., (N, yn) and train a model y = fp(x) for our predictions by
using the formula:

0* = argmin £(D; 0, w)
0

where L is the loss function (measures the difference between the true labels and our predictions)
and w a pre-specified condition that indicates the dependence of the solution on assumptions about
how the algorithm can learn (e.g. what optimizer we will choose for #). In contrast, ML assumes
that w is not fixed; because w can have a big impact on performance measures, like prediction
accuracy or data efficiency, ML tries to improve these measures by learning w itself.

For ML to be successful, we can infer that we need a number of tasks; ML can work with one,
but the performance will be poor. In research, it is common to train and test a ML algorithm over
a distribution of tasks, a process often referred to as Multi-Task Learning. We will discuss more
about it in subsection 2.4l

2.2.1 Approaches

Despite the fact that there are a lot of methods for ML to be applied, we still don’t have an effective
classification system for these methods. So far, there are considered to be three main approaches:
Optimization based, Metric based and Model based methods [84].

10
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Figure 1: Meta-Learning Breakdown (Reprinted from [30])

Optimization based methods [60, [54] focus on dealing with the given task as an optimization
problem and solving it using w. For example, MAML [I4], which is the most famous algorithm
in this approach, uses w as an initialization of the model parameters (for more information on
MAML refer to subsection 2.5.1). Metric based methods [38, 82} [78, [75] is a simple idea in which
we are trying to learn a metric function over objects. We measure the similarities between two
data samples, generate a weight with the help of a kernel function and use that weight to predict
probabilities over a set of known labels. As stated by its name, Model based methods [64] 53] use a
model designed specifically for learning, by updating its parameters either with the help of another
model or with its own structure (e.g. architecture of Neural Network). Although this method is
considered to be robust, it faces difficulties when having to generalize in out-of-distribution tasks.

The authors of [30] introduce a new way of looking at the current approaches of ML. Instead
of focusing on classifying the methods based on technical details, they divide these methods on
the question each of them is supposed to answer. The approaches are once again three: Meta-
representation which answers the question of ”what” will be the representation of our w, Meta-
optimizer which tells us "how” can we optimize w and finally Meta-objective which answers ”why”
are we following the current process of ML. Figure [1| breaks down the main approaches and shows
where they can be applied.

2.2.2 A closer look at Meta Reinforcement Learning

In order to train an RL agent, we need to create data by interacting with the environment. This
is how the agent observes, learns and can later master a new task. However, RL and even more
meta-RL deals with a number of difficulties; several algorithms have been created for the purpose
of solving all these problems that RL is facing. For example, a popular problem in Meta-RL is the
optimization problem. Optimizing an agent’s policy in Meta-RL is not so easy and often leads to
confusing results. The issue is that when an agent is interacting with the environments that contain
sparse rewards, the sample efficiency and the overall performance of the algorithm could instantly
drop. Most of the meta-RL algorithms are created in order to optimize the exploration of the agent
along with the sample efficiency of these algorithms.

11



When we want to use RL in order to solve a problem, before we even start creating our algorithms
and expand our ideas, we need to make up our minds on what path we will follow, On-Policy or
Off-Policy RL. This dilemma is also true with Meta-RL. While Off-Policy methods are considered
to be more sample efficient in RL, it is really difficult to apply them in Meta-RL [59] [12]. On the
contrary, On-Policy methods can be handled more easily in the framework of Meta-RL, but with
the disadvantage of losing sample efficiency. In our work, we will examine algorithms from both
perspectives.

In general, RL is struggling with exploration. As has been mentioned before, the dilemma
of exploration-exploitation is an issue in RL, as well as in Meta-RL. Thus, researchers shifted the
problem of solving a specific task to discovering better ways of exploring the state space [24, [76]. By
improving exploration, we also improve sample efficiency, resulting in less time-consuming solutions.
A new trend has appeared in the last few years that is becoming more and more popular; the notion
of Intrinsic Motivation, which is tightly connected to the intrinsic rewards we already talked about
in subsection 211 There will be more details in the next subsection.

2.3 Unsupervised Reinforcement Learning

The combination of RL with Unsupervised Learning leads to a new framework called Unsupervised
Reinforcement Learning (URL), a term that has not been officially defined. URL is the process of
combining RL with an objective function that currently stems from the field of Information Theory
[42], in order to train an RL agent without defining any extrinsic rewards. This leads to a training
process with the single purpose of freeing ourselves from the continuous supervision of the agent.

Information theory studies the transmission of information between communication systems.
Its quantitative measure is entropy, a notion developed by Claude Shannon [70], which measures
the level of information (uncertainty) of a random process. On top of entropy, Mutual Information
(MI) was created. MI quantifies the amount of information that a random variable could tell us
about another random variable. The formulas of both the quantities can be seen below:

Entropy: H(X) = >"""_, P(x;)log, P(z;)

Mutual Information: 1(X;Y) = Dgr(Px,y)||P: @ Py)

where KL is the Kullback—Leibler divergence [41] 40]. With the help of these entities, we are able
to develop maximum entropy algorithms.

The principle of maximum entropy claims that in a variety of probability distributions, the one
that represents the current state of knowledge the best, is the one with the largest entropy [58].
The idea behind this principle is that by taking the largest entropy, we are making less assumptions
about the current state of knowledge and ensure a non-biased analysis. Combined with the RL
framework, powerful techniques for better sampling and exploration were created [90] [25].

Recently, an improved version of this approach ”manufactured” URL. As we know, extrinsic
rewards are essential for the RL process and creating them by hand can sometimes be troublesome.
A way to surpass this obstacle is to use MI in order to define intrinsic rewards, which could motivate
the agent to explore the state space or discover a variety of options/skills [22] [52], [T, [TT] [72].

The idea of Intrinsic Motivation originated in developmental psychology [56l [55] [66]. Similar to
a person who is curious about the world and eager to learn and explore everything, an RL agent
could act likewise and develop behaviours and skills that could benefit its existence without human
supervision [, 45} [l [7, [].

12
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Figure 2: Soft parameter sharing for multi-task learning in deep neural networks (Reprinted from

[61])

Using this new approach of URL along with ML, a new framework was created, namely Unsu-
pervised Meta-Reinforcement Learning[23]. This will be the main theoretical basis of our thesis.

2.4 Multi-Task Learning

Performing two tasks or more at the same time (multi-tasking) is easy and natural for people,
but not so easy for machines. In most cases, programs are created to solve a single task while
programmers are waiting for a single output-solution at the end of the run. In the machine learning
field, Multi-Task Learning (MTL) refers to things that the agent has to learn simultaneously, but
not act on. It is an essential domain that can be used to learn tasks faster than learning them
independently but also as a solution to problems with insufficient data [I3]. For example, if we do
not have much information about how to solve a task, we could use data from related tasks and
get closer to the solution. One can say that the concept behind MTL is similar to TL. Their main
difference is that in TL we are using a number of tasks to improve the performance in a single
target-task, while in MTL we are trying to optimize the performance in all tasks [88]. Before we
use this connection to develop our algorithm (section , we need to expand our knowledge on the
current methods of MTL. There are many algorithms with different approaches on how to multi-
task, however we will only introduce the two main methods that are being used in combination
with neural networks [61].

2.4.1 Soft parameter sharing

In the soft parameter sharing method, each task we are trying to solve has its own model and
parameters. The distance between the parameters of the models is regularized and the layers are
constrained in order for the parameters to become as similar as possible and represent all the tasks.
The architecture can be seen in (Figure [2)).
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[61])

2.4.2 Hard parameter sharing

Hard parameter sharing is a technique of sharing the hidden layers of the neural network between
all tasks, but keeping the task-specific output layers. This means that we are trying to find some
common characteristics between our problems that can lead us to a solid base for solving any given
related future task. By creating this base (Neural Network), we are gathering different data from
various tasks which gives us the opportunity to reduce the risk of overfitting. The architecture can
be seen in (Figure [3).

2.5 Related Work

As we mentioned above, the framework of unsupervised RL is ”under development”, without clear
definitions or solid methodologies. On the other hand, the field of ML is on a continuous rise,
transforming this framework into a future promising trend.

Although the idea of ML is old, it was only recently that researchers paid more attention to
it. The method of meta learning with gradient descent was introduced in 2001 [29] 87], where the
researchers used recurrent neural networks and obtained great results; two years later, [69] focused
explicitly on applying ML to the RL framework in order to fine-tune its meta-parameters. With the
breakthrough of Deep Learning, the authors of [83] showed the way for deep meta-reinforcement
learning. More recent approaches in ML focus on designing optimization algorithms [4, 46} [44],
creating neural networks with various different architectures [64] B0, [79], using one-shot learning
[9, [16] or optimizing exploration [86 [76] 20].

In this subsection, we will briefly introduce specific algorithms that we either used in our research
or got inspired by. We will also describe the intuition behind their functionalities and, finally, explain
their technical details.
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2.5.1 Model Agnostic Meta Learning - MAML

MAML [14] is a model-agnostic ML algorithm which is based on learning the parameters of any
model that uses gradient descent. Its goal is simple: fast adaptation to new tasks with a small
number of gradient steps. The structure of MAML was mentioned in subsection 2.2 and here it will
be discussed in more detail.

We have a distribution over related tasks p(ry and a model f parameterized with a random
variable . We sample a number of tasks from the distribution—using 3 tasks for simplicity—and
start training the model. So, we have our tasks T = (11,75, T3), our initial 6 that we want to
optimize later and we are ready to compute the loss function Lr,(fy), use gradient descent to
minimize it and repeat this process until we find the optimal set of parameters. We can see how
our # can be updated below:

0; =0 — aVoLlr,(fo)

where « could be fixed as a hyperparameter or meta-learned, and VoL, (fy) is the gradient of task
T;. By repeating the above steps for all three of our sampled tasks and randomizing every time our
initial 6, the output will be new optimal parameters 0* = (07, 05, 03). Before we continue to sample
the next batch of tasks from the distribution, we must perform the meta-update; meaning that we
are looking for a 6 that is optimal and common for all three tasks, so we can start with a better 6
in the new batch instead of randomizing it (Figure . In this way, the new tasks would need less
data and less gradient steps resulting in faster learning and adaptation.

This new optimal common 6 can be found with the help of SGD, such that it can be updated
with this formula:

0"=60-BVy > Lr(fo)

T;~p(T)

where (3 is the meta-step size and Vy ZTin(T) Lr,(fe;) the gradient for each new task T;.
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Now, we can connect the above process with RL. In RL one task is an MDP with horizon H. This
means that fy is a policy that maps states z; to a distribution over actions a;, with ¢ € {1,2,..., H}.
Therefore, we can estimate the gradient for the model gradient update and the meta-optimization
by using policy gradient methods. The complete process for applying MAML in a RL framework is:
a) Sample a batch of tasks T;, b) Sample K trajectories using an initial 6, ¢) Evaluate the gradient
of the loss, d) Compute the optimal 6}, e) Sample new trajectories using this new 67, f) Update
the new optimal-common 6* with the previous formula.

The authors of [I4], with the help of the REINFORCE algorithm [85] for computing the gradient
updates and the TRPO algorithm [67] as the meta-optimizer, obtained state-of-the-art results in
both navigation and locomotion tasks.

2.5.2 Diversity Is All You Need - DIAYN

DIAYN [I1] is a method of learning skills in the absence of any rewards. A ”skill” here is defined as
a latent-conditioned policy that can consistently change the state of the environment in a particular
way. It is denoted as p(als, z), where z represents a latent variable sampled from a distribution
p(z). It is assumed that in order to acquire skills that are useful, we have to train the skills so that
they cover the spectrum of all the possible behaviours of the agent.

The key idea focuses on the diversity of the skills. Finding skills that have slight differences
between them doesn’t always mean that they are semantically meaningful. So, the primary target
becomes the discovery of skills that are not just distinguishable, but as diverse as possible. This
goal is formalized as maximizing an information objective with a maximum entropy policy. This
way, the authors are trying to show that a good exploration objective can lead to unsupervised
emergence of skills.

DIAYN is based on three ideas. The first idea is that if we want our skills to be useful and
distinguishable, we need them to dictate the states that the agent visits so that different skills can
visit different states. This can be achieved by maximizing the mutual information between states
and skills [22] [I7]. The second idea is that we will use states instead of actions to indicate the
diversity of the skills, since actions that don’t affect the environment cannot be seen by an outside
observer. We can do that by minimizing the mutual information of actions and skills, given the
states. The final idea is that more exploration is needed for our skills to be as diverse as possible,
so we encourage them to also act as randomly as possible. This can be done by maximizing the
policy entropy.

Now, we need to transform these three ideas mathematically. By repeating the above statements,
we get the following process: a) We maximize the mutual information I(S; Z) between states S and
skills Z, b) We minimize the mutual information I(A4; Z|S) between actions A and skills Z given
the states S, ¢) We maximize the policy entropy H(A|S). So, formally, we need to maximize:

F(0) 2 I(S; Z) + H[A|S] — I(A; Z|S)
which can also be written as:
F(0) 2 H[Z] — H|Z|S] + H[A|S, Z]

The first term gives our prior distribution a motive over p(z) to have high entropy, the second
term suggests that it should be easy to infer the skill z from the current state and the last term
indicates that each skill should act as randomly as possible. We can maximize the latter with
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Figure 5: DIAYN algorithm (Reprinted from [I1])

existing methods of maximum entropy RL like SAC [25], while for the first two terms the authors
suggested to embody them in a pseudo-reward function:

r2(s,a) 2 log gy(z]s) — logp(2)

where a learned discriminator g4(z|s) is used to approximate p(z|s). The above formula basically
indicates that an agent is rewarded for visiting states that are easy to distinguish while gy is updated
to deduce the skill z from the states more easily. We can see the structure of DIAYN in Figure

2.5.3 Unsupervised Meta-Learning for Reinforcement Learning

Looking at the above two algorithms, someone may wonder if it is possible to mix them up in
order to create something new; this idea was developed by the authors of [23]. Meta-RL algorithms
usually sample from a pre-specified task distribution in order to be able to adapt to future given
related tasks. But defining a distribution can sometimes prove difficult, especially when dealing
with complex problems. Knowing that meta-RL needs a number of training tasks [64] [4, [14], the
authors took advantage of the DIAYN algorithm and generated a task proposal distribution as
input for MAML.

They also theoretically proved in their paper that when the meta-test task distribution is un-
known, the meta-training task distribution is optimal only when it is uniform over the space of
goals. The logic behind this is pretty clear; if the test time task distribution can be chosen adver-
sarially, the algorithm must make sure it is uniformly good over all possible tasks that might be
encountered.

The process of creating an unsupervised meta-RL technique is straightforward. In a given
environment, we can generate tasks using the framework of URL, feed them in a meta-RL algorithm
while keeping the environment and its dynamics the same, meta-train the agent on the these tasks
and, at the meta-test time, check how well the agent adapts in any given unknown task(or any
given reward function). The procedure can be seen in Figure @ According to this structure the
authors used DIAYN for the Unsupervised Task Acquisition and MAML for the Meta-RL .
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The task distribution is defined as a mapping from a latent variable z ~ p(z) to a reward function
r,(8,a), meaning that we have a different reward function r, for each variable z. We already know
that DIAYN is able to train a discriminator that can predict a variable/skill z from the current
state, always according to a policy 7(a|s, z). We can then use the learned discriminator ¢,(z|s) as
the reward for the meta-training procedure in the same way as we are able to use it in imitation
learning (we will not expand on that) [43] 28] [I5]. Figure[7]shows the equality of a reward function
with a classifier—in our case a discriminator network. So, the reward is computed according to this
formula:

r2(s,a) =log ¢s(z|s)

The MAML algorithm will use this reward function to update the model’s parameters, resulting in
a fast learning algorithm that can quickly adapt to any task.

2.5.4 Dynamics-Aware Unsupervised Discovery of Skills - DADS

DADS[72] is considered to be an improvement of DIAYN. It is a URL algorithm which learns skills
that are optimized for predictability and diversity over the state space. Its main difference is that it
is designed to learn skills by making the model-based reinforcement learning easier(we won’t focus
on that part). As in DIAYN, we are trying to ”discover” skills without the use of any extrinsic
rewards. We learn a skill-conditioned-policy 7(a|s, z) and we assume that the skills z are sampled
from a prior distribution p(z) over Z. We learn a skill-conditioned transition function ¢(s'|s, z),
which we refer to as skill-dynamics, that predicts the transition to the next state s’ from the current
state s for the skill z.

Based on the concepts of information theory, the authors maximize the mutual information
between the next state s’ and skill z, conditioned on the current state s.

I(s';2|s) = H(s'|s) — H(S|s, 2)

If we maximize the above objective, we simultaneously maximize the diversity of transitions H(s'|s)
while making z informative about s’ by minimizing H(s'|s, z). This ensures that the transitions for
a z are predictable and also that the skills are diverse from each other. Similarly with the pseudo-
reward in DIAYN, we need to define an intrinsic reward for our algorithm to optimize. After a
number of deductions that the authors did, the final formula can be seen below:

q(s'ls, 2)

———— +logL,z ~p(2)
S a6 (s'ls, 20)

r.(s,a) = log
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We can notice that the numerator will be high when the transition from the current state to the
next state has a high log probability with the current skill z and the denominator will be low when
the transition has low probability again under z;.

In conclusion, the DADS algorithm works as follows: we sample a skill z from our distribution
p(z) for every episode, we collect on-policy samples and update our skill-dynamics using gradient
descent, we compute the intrinsic reward and finally update our policy using a RL algorithm. Figure
[] displays the whole process.

2.5.5 Emergent Real-World Robotic Skills via Unsupervised Off-Policy Reinforce-
ment Learning

This paper|[71] is basically an application of DADS, extended into an off-policy method. The main
reason for this extension is the inability of DADS to be sample efficient due to its on-policy sampling.
Remember that in the DADS algorithm we were collecting on-policy samples and updating our skill-
dynamics using gradient descent. The updated algorithm, called off-DA DS, uses off-policy learning
which enhances sample efficiency and asynchronous data collection through multiple actors. The
authors, again after a number of deductions, use the @-value function and redefine it as:

Qw(stv a’t) = E[Z viitr(sh 2, St+1)]
i>t

They instantiate a replay buffer R and use the current policy p(*) to sample transitions and add
them to the buffer. A replay buffer is just a large table which we can store raw data, like states-
actions-rewards ete, for future use [51]. Then they uniformly sample a batch of transitions from R
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B® = {(si, 2, ai,8,) Y2, and use them to update 7* and Q.

The above process can face two problems: a) the reward is non-stationary and b) learning ¢4
relies on the current policy 7 and the stationary distribution p(s|z). The first problem can be solved
by recomputing the reward for the current batch using the current ¢, while for the second problem
we can either use samples from the current policy 7 or just reuse off-policy data to learn d¢-
For the latter, because the data is sampled from a different distribution, we need to make some
corrections in the sampling process. Instead of deriving an unbiased gradient estimator, the authors
chose to make use of an estimator that is biased, but simpler and more stable.

Let’s recap on the oft-DADS algorithm; we use a number of actors in the environment which
use the latest copy of the policy to collect data. We keep adding this new data to our buffer until
we reach a specified limit in which we will uniformly sample from R to train the g4,. We sample
the buffer once more in order to update the policy 7 and compute the intrinsic reward for all the
transitions using the latest g4. The authors use the soft-actor critic [25] algorithm to update 7 and
@7, but they explicitly mention that these ”labelled transitions” can be passed to any off-policy
RL algorithm for the updates.

2.5.6 Efficient Off-Policy Meta-Reinforcement Learning via Probabilistic Context
Variables - PEARL

The last algorithm that we will introduce is called PEARL [59]. It is an off-policy ML algorithm that
improves the sample efficiency, especially in comparison with on-policy ML algorithms, performs
structured exploration and also achieves rapid adaptation on unseen tasks at meta-test time. Similar
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Figure 9: Inference network (Reprinted from [59])

to the context-based meta-RL methods [10, [83]—methods that ensemble experience into latent
representations to adapt to new tasks—in PEARL we represent task contexts with probabilistic
latent variables in order to capture the uncertainty over the task and help the agent explore in a
structured way in a new task.

Given a distribution of tasks p(T'), we meta-train an agent to learn a policy that can adapt to
a given task by conditioning on the history of past transitions, which we refer to as context c. So,
I\ contains the experience that is collected for steps N in a task 7. We represent our knowledge
about the current task in a latent probabilistic context variable Z and we learn to infer it through
a variational inference approach [36] B]. We train an inference network g4(z|c) that estimates the
posterior p(z|c). Its architecture can be seen in Figure [J]

In meta-RL, we know that in order for the agent to be able to adapt to the task at meta-test
time, it needs on-policy data; so the meta-training phase needs on-policy data too. But as we
mentioned earlier, the biggest advantage of PEARL compared to other meta-RL algorithms is that
it is an off-policy method. The authors had the idea of separating the data that we use to train
the encoder with the data that is used to train the policy. The policy treats the context z as part
of the state, while the uncertainty in the encoder ¢(z|c) provides us with a stochastic exploration.
A sampler S, is defined in such a way so as to sample content batches from a replay buffer, in
order to train the encoder. Instead of sampling from the entire buffer, which could possibly cause
a distribution discrepancy, we sample only from the recently collected data for better efficiency.
Figure [10] displays the whole meta-training procedure.

3 Methodology

The basic idea of our algorithm /process originated from [23]. As explained in subsection the
authors merged two algorithms, one for discovering skills (DIAYN) and one for using these skills as
tasks for the agent to be meta-trained on (MAML). What would happen if we use the same process,
but with new improved algorithms to substitute the aforementioned two? More importantly, what
would happen if we use explicitly off-policy methods?

This section will focus on explaining the overall process of our algorithm called SUMR - Semi
Unsupervised Meta-Reinforcement Learning. As we mentioned previously, we will follow the idea
of [23], and try to build the same unsupervised Meta-RL framework, but more advanced—meaning
with up-to-date algorithms. The formula/process will be the same: we have an environment in
which we will run our unsupervised learning algorithm and extract some skills/tasks, feed them
to our ML algorithm for meta-training, and at meta-test time we provide the agent with the goal
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(reward function) that it has to achieve in order for us to test if the adaptation to this goal is as
fast and effective as we expect it to be.

3.1 First try

For our plan to succeed, we need to replace the reward function at meta-training time with the log
probability of the discriminator network; the learning process won’t be affected as proved by [28].
In the case of [23], the authors used the learned discriminator network of DIAYN to propose tasks
to MAML. In our case, things are a little bit different.

The big difference between DIAYN and DADS is the network created to make the predictions
of the skills in every state. While in DIAYN we are using a discriminator network that takes as
input the current state and predicts which skill the agent is executing, the DADS algorithm uses a
network called skill-dynamics, which takes as inputs the current state and the skill, and predicts the
next state. For the latter we don’t have any proof that it would have the same functional ability as
the discriminator network if we try to place it as the reward function. Despite this fact, we wanted
to try both ways; modify the DADS algorithm so we can follow the plan in every detail, by building
and training a discriminator network, and if that worked, we would try to do the same with the
original DADS (with the skill-dynamics network) and check if the results are close to each other.
Unfortunately our plan was difficult to execute.

The DADS repository already contained a script for creating both a discriminator and a skill-
dynamics network, but the algorithm was using only the last one. We tried to take advantage of the
discriminator network script and straightly (before training it) place it as our reward function, which
we were going to use in our ML framework, with random initialization of the weights (i.e. random
dynamics). This test has already proved its robustness by [23], as they did the similar experiments
with really good results in order to compare it with the pretrained discriminator network. But the
implementation was extremely hard for us, leading to a non-productive period—we were working on
this for nearly two months—without any success. During this time we came up with an alternative
approach in order to achieve unsupervised meta-RL.
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3.2 An Alternative Path

Most of the time, when people want to achieve something, they know their goal since the beginning
of their task rather than learning it during the process. Based on this, when facing the above
problem, we came up with a similar idea that may seem naive, but hadn’t been explored yet. The
key in our idea is the output at the last epoch of the agent’s training. We wondered that if we
cannot implement a discriminator network as the reward function, we could ”cheat” and set the
goal before the beginning of the unsupervised learning process. But, what does this mean? Are we
still talking about unsupervised learning and about no extrinsic rewards or by knowing the goal
beforehand we are just training an agent to create trajectories with a regular RL process? What
will be the goal/reward-function at meta-test time? And would that even work?

If we were able to implement the idea of [23], then the meta-test’s reward function wouldn’t
concern us at all; our agent would be able to train and adapt fast (optimistic view of the future)
at any required task in meta-test time. In our case, since we can’t achieve the implementation,
the plan is to have the knowledge of the goal beforehand and somehow set it as one part of the
output in the unsupervised learning framework, always without interfering at all on the DADS
functioning. For instance, the main goal of our experiments was to train an ant on reaching a
given position of the environment. In order to do that, we had to export the final positions of all
the trajectories of the ant’s unsupervised learning on the last epoch (the number of trajectories
equals the number of skills) to later use them as tasks/goals in our ML framework. With this
approach we first ensure that the ant would not take random positions as tasks, like we usually
use as goals when using ML algorithms, but also provide the motivation to explore/reach positions
that are far away from its initial state, hoping that the ant’s trajectories could cover a broad state
space of the environment. For this to happen, we had to implement a reward function that could
compute the distance between the agent’s current position and the position we exported through
the unsupervised process which in the meta-training phase becomes the goal of the agent (this is
the reason behind the term ”semi”). More specific, the ant receives a reward composed of a control
cost, a contact cost, a survival reward and a penalty equal to its L1 distance to the target position,
at each time step [81]. The formula can be seen below:

reward = goalreward — controlcost — contactcost + survivalreward

More details can be found at [8]. Similar data can be exported in the unsupervised learning
framework for any goal (e.g. ant’s velocity, ant’s direction etc) that we want our ant/agent to
meta-train on.

The process that was just described can be summed up to a series of the following steps: a)
we train an agent with DADS algorithm and discover a number of skills, b) we export an output
based on these skills and according to our goal, ¢) we feed this output as task to a ML algorithm
for meta-training, d) we provide the algorithm with the appropriate reward function for reaching
our goal and e) finally at meta-test time we test the performance of our algorithm by providing it
with random tasks. Figure [11] displays the process of our algorithm.

3.3 The Final Plan

Although our alternative idea seemed pretty solid, the first results were not so convincing. After a
number of experiments we encountered a problem that we should probably have expected. In the
meta-training phase, our algorithm showed some signs of weakness, as the agent was learning really
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slow and in many cases it couldn’t learn at all. However, the problem was not the algorithm itself,
but the data that we were feeding into the ML algorithms.

As previously claimed, the key in creating this algorithm was the output we would take on the
last epoch of running in the unsupervised learning process. This means that the number of tasks
(positions of the ant) that we will feed the ML framework would be the same exact number as the
skills we discovered. The problem was that most of the final positions in the final epoch were far
away from the initial position, causing the agent to "hunt” coordinates it couldn’t possibly reach
with zero training at the meta-training phase. For example, imagine that a baby is in the living
room, trying to learn how to crawl, stand up or walk. Instead of teaching the baby how to reach
the states closer to its initial state space, we showed the baby a destination in the house, like the
kitchen or the bathroom, and told it to go there as fast as possible. The baby would first have to
learn how to crawl in order to get there. And if we want to be a little more demanding, the baby
would need to walk/run to reach the destination with an optimal speed. But, what can we do in
our case?

Our solution was to extract the output of the final positions as before, but now not only in
the last epoch, but in a number of epochs. Then, by sampling uniformly and at random all the
positions, we could gain the benefit of providing goals to the ML algorithms that are covering an
impressive amount of the state space, helping the agent to learn fast and steady. Now the question
that arises has to do with the number of skills/tasks that we are setting in the unsupervised learning
process and the number of epochs we are extracting these tasks from. This will be answered in the
following section.

4 Experimentation and Results

In this section we will focus on showing the way we extracted our skill/tasks from the DADS
algorithm, the hyperparameters we changed or experimented on, the way we fed these tasks to the
off-policy ML algorithm PEARL (we also fed them to the on-policy MAML) and the results we
got from the ML algorithms. We will divide our experimentation results into two categories: the
unsupervised learning process and the Meta-RL process.

24



4.1 Unsupervised learning

DADS is an algorithm with many hyperparameters. In section[2] we already introduced two versions
of DADS, the on-policy and the off-policy algorithm. Although we are interested in the off DADS
algorithm, we will also examine the performance of the on-policy algorithm and compare the two
approaches.

Apart from using the two versions of the DADS algorithm, we will also experiment on a number
of hyperparameters. Testing all possible scenarios requires a lot of time, which our hardware cannot
handle. For instance, we can choose to tune the number of steps in the environments (timesteps),
the number of hidden layers in our networks, the type of the state distribution (continuous or
discrete) or the batch size etc. From all these entities we chose to inspect four of them (three plus
on-policy): the observation space, the number of the skills and the number of epochs, which we
think are the ones that would have the largest impact on our results. The approximate real time
for all the experiments was 40 days with an average time of 15 hours per day.

We took into consideration that all the values were already fine tuned by the authors of DADS,
so we assumed that these are already near-optimal. Aside from these four that we will use later on,
the other (most important) settings remained the same during all the experiments. More specific,
we trained our agent for 5.000 epochs (approximate real time was 1 day for 1.100 epochs regardless
of the set up), we learned in a continuous skill space in which we reduce the observation space only
to the x and y axes. We do that to motivate our agent to keep moving away from its initial position
and explore more state spaces in the environment. Our neural networks (skill dynamics, policy,
critic) consisted of two hidden layers with a size of 512 neurons. We train our policy for 64 steps
with a batch size of 256 and we use Adam[35] as our optimizer with a learning rate of 3 - 1074,
For the off-policy mode we have a replay buffer of size 10.000 from which we sample our batches.
Further details of the hyperparameters can be found on [71].

We ran our experiments on an Ubuntu 18.04.4 LTS system with an eight-core AMD FX-8320
Processor and a 8 GiB RAM. The simulation environment was specifically the Mujoco’s Ant
environment[81]. The ant’s observation space is 111 dimensions (joint angles, orientation of the
torso, directional and angular velocities etc) and it can move (action space) in 8 dimensions. Figure
shows a snapshot of the ant’s environment during one of the tests.

4.1.1 Off-policy vs On-policy

First, we wanted to test the performance of DADS in terms of sample efficiency, in which we should
expect off DADS to be better than the original version of DADS. We compared the two algorithms
using two domains: one using 5 skills and one using 20 skills. Figures [13| and [14] show the results
we obtained for every 1.000 epochs using 5 skills.

As we can see from the plots, off-policy learning returns better results than on-policy. Although
the output for on-policy after the first 1.000 epochs seemed really promising, even better than off-
policy, in the following epochs the skills failed to explore more states and diversify from each other,
resulting in the improvement of only 1 or 2 skills towards the road of 5.000 epochs. In contrast, the
off-policy method had a more steady road, but also did not succeed in improving all skills, since
two of them are stuck near the initial position.

Following the above results, we decided to increase the number of skills to 20 in order to check
if the "state space distance” they must keep due to the formula of mutual information (diversity),
could play an important role in the performance. Results can be seen in Appendix [A] Here, we
have a clearer view of the difference between on and off-policy, but also a huge improvement on
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Figure 12: Ant’s Environment
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Figure 13: Off-policy learning on reduced observation space (x-y) with 5 skills. Each image corre-
sponds to 1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the right=2.000

epochs, etc)
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Figure 14: On-policy learning on reduced observation space (x-y) with 5 skills. Each image corre-
sponds to 1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the right=2.000
epochs, etc)

the performance of both the algorithms. Skills cover a large amount of the state space, not only
near their initial position but also in the whole spectrum of the environment. Of course, we can
easily notice that the skills in the off-policy algorithm are spreading in a more structured way than
on-policy, and reaching greater distances.

By looking at the experiments on these two domains, we can conclude that off-policy learning,
especially in the latter case, yields better results than the on-policy method, providing us with a
better exploration technique, skill-wise, for our agent.

4.1.2 Observation space

So far our agent was running in a reduced observation space—remember only two dimensions (x and
y axes) out of 111 dimensions— in which we focused on learning skills that could create trajectories
in different directions on the environment. What exactly would happen if we were to free the agent
from these observation limits? Is it going to change the outcome or just slow it down?

Our first guess, before running the experiment, was that the discovery of the skills would be
at a lower scale. The complexity of the available moves would rise dramatically along with the
number of different states, but that wouldn’t cause any big issues. Unfortunately, this was totally
incorrect. Figure shows the results we obtained for every 1.000 epochs using 20 skills on the
full observation space. We also tried the on-policy version, in which we used 5 skills on the full
observation space, and can see the result in figure

As we can see from the plots, the results in both cases are not so useful. Considering that the
number of observations is now really large in comparison to the previous cases, our agent cannot
discover useful skills, at least not to the human eye. We are adding the last remark, because although
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Figure 15: Off-policy learning on full observation space with 20 skills. Each image corresponds to
1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the right=2.000 epochs,

etc)
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Figure 16: On-policy learning on full observation space with 20 skills. Each image corresponds to
1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the right=2.000 epochs,

ete)
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we can’t see trajectories far away from its initial position in the x-y axis, it doesn’t necessarily imply
that our agent is performing less actions than before or discovering skills that aren’t useful. The
difference is that now, its observational space became incredibly complex (111 dimensions) that in
order to gain solid results we would either need more powerful hardware or a big amount of time
(check the following subsection for the latter).

4.1.3 Epochs/Final preparation

It’s time we start focusing more on the off-policy method since we know it improved the overall
performance. The authors of DADS run both of their algorithms for 10.000 epochs, and not for
5.000 that we were experimenting so far. We decided that we have to make our skills more robust so
they can provide us with better results when they would be fed as tasks on the ML algorithms; with
that being said, we increased the number of epochs to 10.000 and continued the runs (remember we
saw results from 5.000 epochs in the previous subsections), without starting from scratch. Along
with 5 and 20 skills (we tested 20 skills on both reduced and full observation space) that we were
testing until now, we also tried with 50 skills for two reasons: a) we wanted to check if the state
space would be covered better than before by discovering more skills, and b) we wanted to see if
the number of skills could have any big impact in a more complicated dimensional space.

We tested four domains: off-policy learning on reduced observation space with 5, 20 and 50 skills,
and off-policy learning on full observation space with 20 skills. We knew that the latter wouldn’t
be useful for our algorithm in the future, but we wanted to try it anyway to better understand
the power of DADS. Figures [17] and [1§] show the results we obtained when we ran experiments on
reduced observation space with 20 and 50 skills; the rest of the results can be found on Appendix
Bl

In the domain of 5 skills, compared with Figure Figure [23| shows that there isn’t any signifi-
cant difference. Some of the skills kept expanding (the values of the coordinates of the finish-line of
the ant’s journey are increasing in parallel with the number of epochs-that is also for every domain
we will discuss later on) covering more from the state space but the overall progress is not steady at
all. We can see that raising the number of epochs, does not necessarily mean that our skills would
move uniformly in the state space in a way that can prove the usefulness of this increase.

In the domain of 20 skills (x-y), if we compare the Figure with the Figure we can see that
the ”performance” is mixed. This means that some of our runs, with a lower number of epochs,
resulted in having skills that cover more state space than the ones that run one or two thousand
epochs more. By that we can say with certainty that we can’t estimate the best number of epochs
or finetune it with the algorithm of DADS. In the domain of 20 skills in the full observation space,
we can’t see any change (at least in the x-y state space coverage). However, as we mentioned before,
we can’t criticize the algorithm or the number of epochs in the full observation space, based only
on the plots that display just the trajectories on x-y axis.

In the domain of 50 skills (x-y), we can say that the results look promising. The skills have a
really good coverage over the state space and are constantly ”growing” as the number of epochs
increasing. The only drawback we observed from the plots, is that the skills seem to get divided
into two regions at 4-5.000 epochs, and then follow this pattern until the end. We can’t give a clear
explanation on why this event is happening.
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Figure 17: Off-policy learning on reduced observation space (x-y) with 20 skills. Each image
corresponds to 1.000 epochs from left to right (i.e. first on the left=6.000 epochs, next on the
right=7.000 epochs, etc)

4.1.4 Feeding the Meta-Learning algorithms

We are now ready to use our discovered skills as tasks for our agent in the ML framework. Due to the
big number of different domains we presented in the previous subsection, we have to choose specific
domains that we will meta-train our agent on. Otherwise, by adding different hyperparameters
also for ML on top of all the domains we have already created, the number of the future runs will
grow exponentially resulting in a variety of combinations that we won’t be able to execute with the
current hardware on a certain amount of time.

By observing the plots, we can say that the off-policy domain is ”stronger” than the on-policy,
regardless of the number of skills or epochs. Stronger means that they can cover more state space,
faster and with better efficiency. With that in mind, we will choose only domains that are using the
off DADS algorithm. Now the question is how many skills should we use and in what observation
space? The latter can be answered almost immediately; since we didn’t get any good results in the
full observation space, we will use the skills that off DADS created using the restricted observation
space (x-y). But what about the number of skills?

Our initial thought was to use either the 20 or the 50 skills, because we noticed that they cover
a lot of the ant’s state space. Unfortunately, we didn’t have any strong arguments on why we
should use either the domain with the 20 or the 50 skills, so it would be totally random. The first
could mean faster results with maybe the same or worse efficiency, while the second could result
in slower results with the same or better efficiency. But this is not our only dilemma. Remember,
in the subsection we discussed how both the number of skills and the number of epochs could
dramatically affect the meta-training phase. The number of tasks which we will feed to the ML
framework will be equal to the number of skills we will define, multiplied by the number of epochs
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Figure 18: Off-policy learning on reduced observation space (x-y) with 50 skills. FEach image
corresponds to 1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the
right=2.000 epochs etc, until 10.000 epochs)
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from which we will choose to extract the final positions of the ant. Keep in mind that the number
of skills is the same as the number of final positions. With that in mind, it would not be so
wise to extract tasks from all the epochs we run unsupervised learning for, because the number
would be enormous with either 20 or 50 skills (10.000 epochs * number of skills). Since we have a
visualization of the trajectories in every 1.000 epochs, then we can use this information to extract
the final positions of the ant for every 1.000 epochs until the end; that would mean the number of
skills multiplied by 10 (10.000 epochs / 1.000 epochs).

We based our final decision about the number of tasks simply on the machine learning ideology.
Since more data usually (not always) indicate better results, we will select the domain with the
50 skills, we will feed the ML algorithms with 500 (50 *10) skills and expect that our choices will
return the best results. Still, compared to the most ML algorithms that are randomly sampling
tasks from continuous probability distributions, our fixed number doesn’t seem large.

4.2 Meta-RL

We divided our experiments into two categories with two subcategories each. The first category
consists of training our algorithms with our pretrained tasks from the unsupervised learning frame-
work and the second consists of training the algorithms with random tasks. Needless to say that in
both cases, we fed the algorithms with random tasks at meta-test time to check their performance
when given new challenges. Now, the key element that separates their subcategories is the param-
eter of the environment’s limit. While most researchers are training and testing the Ant using a
space of coordinates with range [—3, +3], we also wanted to try a different domain, so we expanded
this range to [—15,+15] (this doesn’t mean that the Ant cannot move outside of this range; we
will refer to range [—3, 43| and range [—15,+15], as limit 3 and limit 5, respectively). Like we did
before, both the domains were tested in order to see if either the limits of the environment or our
choice to extract the final positions of the Ant could have an impact on the results.

4.2.1 Technical Details

We have already trained our agent and discovered a number of skills as shown in subsection .1}
We shall proceed to propose them as tasks to our algorithms and introduce the framework we used
for our experiments.

Our ML framework is called Garage [19] and is formally considered a ”toolkit” for developing
and evaluating RL algorithms. Most importantly, we chose this specific framework because it
already had our main ML algorithms (MAML, PEARL) available for use, saving us months of
unnecessary work (updating the original repositories of the algorithms to the current version of
python, tensorflow etc) and providing us with extra time to focus on our research.

Unfortunately, Garage did not have the Ant’s environment available for their framework, so we
had to either create a new one or borrow one. We adapted the code from [8] and modified it to
be compatible with our needs, without changing the structure of the reward function. We created
different sampling methods for meta-training and meta-testing processes; at meta-test time we are
sampling random tasks while at meta-training time we need to sample tasks that were ”created”
by the DADS algorithm.

During the second phase of our research, our main PC broke down, so we had to run the
experiments with a different hardware. We ran our meta-learning experiments on the same software
(Ubuntu 18.04.4 LTS system), but with a six-core Intel Core i7-5820k Processor and a 16 GiB
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Figure 19: Left: Average return of MAML algorithm at meta-test time with limit 3, Right:Average
return of MAML algorithm at meta-test time with limit 15

RAM. Each of the MAML run lasted approximately 10 hours, while each of the PEARL run lasted
approximately 3 days.

4.2.2 MAML

For the MAML algorithm, we set the values of the hyperparameters according to the original
paper of the algorithm [I4] (basic hyperparameters can also be seen in Appendix . The only
hyperparameter we changed was the number of epochs, in order to reduce the running time, from
500 to 400. The rest of them remained intact. Plot [19|displays the average return at the meta-test
time for the domain of limit 3 and 15, respectively.

As we can see from the plots, the domains have more similarities than differences. Regardless
of the limit applied, we can see a small, but “messy” improvement of the average return of the
algorithm over time, whether we feed the MAML algorithm with random tasks or with pretrained
tasks from the DADS algorithm. The values of the average return, as well as their highest and lowest
points, are quite similar in both cases. However, we believe that a bigger number of epochs could
improve the performance of the algorithm and therefore the results, but this will be determined in
future research.

4.2.3 PEARL

For the PEARL algorithm, we also set the values of the hyperparameters according to the original
paper of the algorithm [59] (basic hyperparameters can also be seen in Appendix . Once more,
the only hyperparameter we changed was the number of epochs (again to reduce the running time),
but this time the reduction was more ”severe”. We measured the running time of 100 epochs with
our current hardware and observed that we were running 60-70 epochs per day. The original value
was set to 500 epochs, so we would need approximately 8 days of non-stop running for only one
domain (out of four). This was extremely time-consuming for our research, so we decided to reduce
the number of epochs to 200. Similarly with MAML, we created Figure[20]that displays the average
return at the meta-test time for the domain of limit 3 and 15, respectively.
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Figure 20: Left: Average return of PEARL algorithm at meta-test time with limit 3, Right:Average
return of PEARL algorithm at meta-test time with limit 15

One can observe in the plots a sudden improvement in performance from the early epochs, and
then a steady rise of the average return, in both cases of random and DADS-pretrained tasks. The
results of PEARL are similar, in the overall performance of the algorithm, to those of MAML, so
we cannot deduce anything important from the plots. In this case we also believe that a bigger
number of epochs could improve the performance of the algorithm.

5 Discussion

There are a few things we would like to discuss considering our research. It has been an interesting
journey that has given us the chance to wander into ”technological roads” that will play a significant
part in humanity’s future. We strongly believe that the frameworks of RL and ML will be important
tools for the future of AI, which as years go by, is getting more fascinating and full of adventures.
In this section we will talk about the findings of this research and criticize the results.

5.1 Discovery of skills/tasks

Our experiments showed that using the off-policy DADS algorithm was clearly better than the
on-policy version in terms of sample efficiency. We also observed that by increasing the number of
dimensions, the level of the algorithm’s performance dropped dramatically. Of course both of the
above results were expected as we have already seen them in previous researches. What surprised
us the most in the unsupervised learning process was the different outcomes when we were changing
the number of the skills. While we were expecting that trying a domain with 20 skills would be
much better than the domain with 5 skills, the increase to 50 skills affected the performance, but
not as much as we expected. This leads us back to the exact same question we had before running
the experiments: what is the most efficient number of skills in an environment and how can we find
it?

Unfortunately we do not have the answer to that, but we can probably guess that no matter the
number of the skills, the optimal solution to this ”ongoing problem” would be to have a uniform
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diversity of the skills independent of the number of dimensions. This means that we needed to
create a mechanism that would be able to stop the runs when the skills cover the whole state space
uniformly. In this case, we also had to make sure that this wouldn’t happen during the first runs,
but after a certain number of epochs so that our algorithm can develop the ability for macro-actions.
We leave this subject for future work.

5.2 Unsupervised Meta-RL

Both MAML and PEARL weren’t strongly affected by the change of the limit, as we observed
in the plots. The average return was more or less similar regardless of the limit (we are talking
about each algorithm separately) which indicates that either the change in the limit was minor or
the limit doesn’t affect the agent at all. Apart from limit, we believe that a change in the condi-
tions/hyperparameters of the experiments could have an impact on the efficiency of the algorithm
(bigger number of epochs, different architectures of neural networks, other environments etc) so we
will leave it for future work.

The comparison of feeding random tasks and pretrained tasks on the Meta-RL algorithms was
executed with a small scale experimentation technique but successfully. The results of the Unsu-
pervised Meta-RL process clearly showed that the pretrained tasks weren’t able to return better
results than the random tasks at the meta-test process, similar to the outcome of [23]. However we
argue that this doesn’t necessarily mean that pretrained tasks could not be more effective with a
different process/algorithm than ours.

5.3 Few Limitations

During our research we came across a number of impediments and limitations. Some of them had
an impact on our results, while others were minor compared to the overall progress.

Our biggest limitation was the running time combined with the hardware. Although we tried to
find the optimal hardware to run our experiments, unfortunately we were unable to. As mentioned
above, we used two different computers for our experiments, which were by no means optimal, but
they were decent. In both cases, the time spent running our experiments was more than expected,
at least according to our initial plan. Having in mind that the practical part of the research should
approximately be finished within 6 months (it took more than that—mnearly 9 months), we adjusted
the hyperparameters and the number of the experiments, in order to reduce the running time and
this led to a decrease in the performance of the algorithm; it was a ”sacrifice” we were forced to do.

Another limitation of our research was the coding part. The inability to adapt the existing code
according to our needs cost us a lot of time but also changed our plans, as we discussed in [3:2}
The execution of the original idea [3.I] would yield different results. However we cannot be certain
that these results would have been more promising. For the same reason, testing our algorithm in
a different environment was extremely challenging from a programming point of view, limiting us
in one specific 3D environment.

5.4 Future work

There are a number of things that can improve our algorithm and a lot more that could be done in
order to improve the idea of Unsupervised Meta-RL. We will separate them into two subsections
and create bullets to help the reader understand our ideas for the future.
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5.4.1 Feasible Improvements

e Try the current set up of algorithms with the original idea (see
e Experiment with different hyperparameters/neural networks/environments
e Examine different algorithms for both the Unsupervised Learning and the ML

e Test a higher-scale experimentation process to improve the performance of the algorithm
(more epochs, more episodes etc)

5.4.2 Hardcore Improvements

e Automate the process of feeding the tasks/skills from DADS to Garage
e Find a way to get the optimal number of skills in the unsupervised learning process

¢ Implement new/updated techniques for better sampling of the data (e.g. Bayesian methods)

5.5 Conclusion

This research aimed at creating an Unsupervised Meta-RL technique for fast adaptation to unknown
tasks. The field of Information Theory along with the idea of an existing algorithm called DIAYN,
gave us the opportunity to use an improved version of DIAYN called DADS in order to train an
RL agent, without any human supervision, and create skills for the agent that would be later fed as
tasks to a ML algorithm. Although the original idea, which we borrowed from existing research, was
to train a discriminator network to be able to predict these skills and then use this discriminator to
propose tasks for the ML process, we changed the process and extracted data regarding the goal of
the agent in the unsupervised learning process, so that we could use this data as tasks in the ML
process.

For the ML process we used two algorithms, one for on-policy learning (MAML) and one for
off-policy learning (PEARL). Our evaluation metric was the average return of the algorithms at
the meta-test time; we focused on comparing the performance of the two algorithms (not between
them but separately for each algorithm) when provided with pretrained tasks (from DADS) or
random tasks. The results showed that there isn’t any significant difference among these two task
proposals. There are many things that could be done to improve the current research and generally
the framework of Unsupervised Meta-RL which seems to be a stepping stone for the evolution of
AL
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A Off-policy vs On-policy

Figures [21] and 22| show the results we obtained for every 1.000 epochs using 20 skills.

B Epochs/Final preparation

Figures 23] and [24] show the results we obtained for 5 skills on reduced observation space and 20
skills on full observation space, respectively.

C Hyperparameters

MAML Hyperparameters: For the MAML algorithm, the number of epochs is 400, the number
of episodes per task is 40, the meta-batch size is 30, the inner learning rate is 0.1 and the outer
learning rate is le-3.

PEARL Hyperparameters: For the PEARL algorithm, the number of epochs is 200, the number of
training tasks is 100, the number of test tasks is 30 and the meta-batch size is 64.
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Figure 21: Off-policy learning on reduced observation space (x-y) with 20 skills. Each image
corresponds to 1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the
right=2.000 epochs, etc)

Figure 22: On-policy learning on reduced observation space (x-y) with 20 skills. FEach image
corresponds to 1.000 epochs from left to right (i.e. first on the left=1.000 epochs, next on the
right=2.000 epochs, etc)
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Figure 23: Off-policy learning on reduced observation space (x-y) with 5 skills. Each image corre-
sponds to 1.000 epochs from left to right (i.e. first on the left=6.000 epochs, next on the right=7.000
epochs, etc)
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Figure 24: Off-policy learning on full observation space with 20 skills. Each image corresponds to
1.000 epochs from left to right (i.e. first on the left=6.000 epochs, next on the right=7.000 epochs,

ete)
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