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Preface

This thesis serves as the final work on my master’s degree in Cybernetics and Robotics at
the Norwegian University of Science and Technology (NTNU). It was created under the
supervision of Anastasios Lekkas, during the spring of 2020.

This thesis has three main goals. The first goal is to examine how methods from Deep
Reinforcement Learning can be used to control a robotic manipulator to perform vari-
ous tasks. The second goal is to examine which properties are needed from a simulation
framework if a Deep Reinforcement Learning agent is trained in a simulator before it is
transferred to the real world. The final goal is to examine how methods from Explain-
able Artificial Intelligence can be used to interpret the decisions of a Deep Reinforcement
Learning agent. It is assumed that the reader has a background in machine learning and
mathematics. However, the theory behind this work is also presented.

The robotic manipulator named OpenMANIPULATOR-X, created by ROBOTIS, was pro-
vided by NTNU for the work on this thesis. A lever that is used in some of the experiments
in the thesis was created in the fall of 2019, together with Karl Ylvisaker and the workshop
of the Department of Engineering Cybernetic. The lever was created during the work on
the specialization project that preceded this thesis. The Robotic Operating System (ROS)
was used to control the manipulator using packages provided by ROBOTIS [1]. The Deep
Deterministic Policy Gradient and Hindsight Experience Replay implementation that was
used in this thesis was adapted from an implementation by Alishba Imran [2] during the
work on the specialization project. This implementation is based on the machine learning
library PyTorch. The two simulators Gazebo and PyBullet was used, and the code was
written in Python 2.7. My personal computer was used for all experiments. The figures
in the thesis have been created by me using draw.io unless otherwise stated. Some plots
were create using MATLAB, some using the Python package shap, and the remaining was
created using matplotlib.

In the middle of the semester, the COVID-19 pandemic began in Norway, and the country
was under lock-down for the rest of the semester. This resulted in the semester being even
more demanding than initially envisioned.

A huge thank you goes to Anastasios Lekkas for his encouraging support and supervi-
sion throughout the semester. Lastly, a special thank you goes to my friends and family
who had to put up with me in a period where most of what was on my mind were Deep
Reinforcement Learning, robots, and this thesis.




ii



Abstract

The task of improving robots’ autonomy has been a goal for researchers for many decades.
Various tools have been used to do this, and today’s robots are more autonomous than ever.
However, there is still something missing. For robots to be truly autonomous, they have
to have the ability to learn from their experience and improve the performance based on
what they have encountered. Based on the advancements in Artificial Intelligence in the
last decade, more research is now being done into Reinforcement Learning. Reinforcement
Learning is a tool that can enable robots to improve their performance gradually and might
be part of what will take future robots to a new level of autonomy.

Inspired by the arrival of several new Reinforcement Learning algorithms and methods in
the last few years, this thesis aims to examine the combination of Reinforcement Learning
and robotics. Specifically, the version of Reinforcement Learning that is used in this thesis
is named Deep Reinforcement Learning. This variant combines Reinforcement Learning
with Artificial Neural Networks and has already had great success.

A simulated and a real version of the OpenMANIPULATOR-X by ROBOTIS was used in
this thesis’s work. This robotic manipulator was provided by the Norwegian University of
Science and Technology (NTNU). The robotic manipulator was used to manipulate a lever
created during the work on the specialization project that preceded this thesis. The lever
was made in collaboration with fellow master student Karl Ylvisaker and the workshop of
the Department of Engineering Cybernetics. To create an intelligent agent that managed
to manipulate this lever, the agent was first trained in the simulators PyBullet and Gazebo,
before being transferred to the real-world environment. It managed to complete the task
in the real environment; however, the performance was lower than it was in the simulated
environments. A video demonstration was made of this real-world experiment, and the
video is delivered with this thesis.

Several other tasks were done in the simulated environments, such as some tasks where
the base of the manipulator is oscillating along the world z-axis, in an attempt to emulate
underwater currents. The plan had initially been to also transfer these oscillating tasks to
the real world. However, because of the COVID-19 pandemic, a device that could cause
such oscillations in the real world was never made, and the results from these tasks are
solely from the simulated environments. Another video, which shows the agent’s perfor-
mance in three simulated environments with oscillations, is also delivered with this thesis.
It can be seen in this video that the agent manages to complete its goal sufficiently well in
all three tasks, even though some behavior that would likely not transfer well to the real
world can be seen.

One of the problems with Deep Reinforcement Learning methods is that it is challenging
to determine how the agents arrive at their decisions. Therefore, a method from Explain-
able Artificial Intelligence named SHapley Additive exPlanations (SHAP) was used in an
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attempt to interpret an agent’s decision making. Even though this agent performs very well
on its task, the results from using SHAP shows that the agent can not be fully trusted.
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Sammendrag

Det a forbedre roboters autonomi har lenge vert et mal for forskere. Ulike verktgy har
blitt brukt for a gjgre dette, og dagens roboter er mer autonome enn noen gang fgr. Det
er imidlertid fortsatt noe som mangler. For at roboter skal vare virkelig autonome, ma de
ha evnen til & lere av sin erfaring og forbedre seg basert pa hva de har opplevd. Basert
pa fremskritt innen kunstig intelligens det siste tiaret, forskes det na mer pa forsterkende
lering (eng. Reinforcement Learning). Forsterkende l@ring er et verktgy som kan gjgre
det mulig for roboter & forbedre prestasjonene sine gradvis og kan vere en del av det som
vil ta fremtidige roboter til et nytt niva av autonomi.

Inspirert pé stadig flere nye algoritmer og metoder innen forsterkende leering de siste arene,
tar denne oppgaven for seg & videre undersgke kombinasjonen av forsterkende lering og
robotikk. Spesifikt heter den versjonen av forsterkende lering som brukes i denne opp-
gaven for dyp forsterkende lzering (eng. Deep Reinforcement Learning). Denne varianten
kombinerer forsterkende lering med kunstige nevrale nettverk og har allerede hatt stor
suksess.

En simulert og en ekte versjon av robotmanipulatoren OpenMANIPULATOR-X av ROBO-
TIS ble brukt i arbeidet pa denne oppgaven. Denne robotmanipulatoren ble supplert av
Norges teknisk-naturvitenskaplige universitet (NTNU). Robotmanipulatoren ble brukt til
a manipulere en spak som ble lagd under arbeidet med fordypningsprosjektet som ble gjort
i forkant av denne masteroppgaven. Spaken ble laget i samarbeid med Karl Ylvisaker, som
ogsa var masterstudent, og det tekniske verkstedet ved Instituttet for teknisk kybernetikk.
For a lage en intelligent agent som klarer & manipulere denne spaken, ble agenten fgrst
trent i simulatorene PyBullet og Gazebo, fgr den ble overfgrt til det virkelige miljget. Den
klarte a fullfgre oppgaven i det virkelige miljget, men prestasjonen var imidlertid lavere
enn i de simulerte omgivelsene. Det ble lagd en videodemonstrasjon av dette eksperi-
mentet, og videoen blir levert med denne oppgaven.

Flere andre oppgaver ble utfgrt i de simulerte miljgene, for eksempel noen oppgaver der
basen til manipulatoren oscillerer langs z-aksen, i et forsgk pa a emulere undervannsstrgm-
mer. Planen var i utgangspunktet a ogsa overfgre disse oscillerende oppgavene til den
virkelige verden. Pa grunn av COVID-19-pandemien ble det imidlertid aldri laget et red-
skap som kan forarsake slike oscilleringer i den virkelige verden, og resultatene fra disse
oppgavene er utelukkende fra de simulerte miljgene. En annen video, som viser hvordan
agentene oppferer seg i tre simulerte miljger med oscilleringer, er ogsa levert med denne
oppgaven. Det kan sees i denne videoen at agenten klarer a fullfgre malet sitt tilstrekkelig
godt i alle tre oppgavene, selv om en viss oppfersel som sannsynligvis ikke vil overfgres
godt til den virkelige verden kan sees.

Et av problemene med metoder innen dyp forsterkende laring er at det er utfordrende &
tolke hvordan agentene kommer til sine beslutninger. Derfor ble en metode fra forklarbar




kunstig intelligens (eng. Explainable Artificial Intelligence) kalt SHapley Additive exPla-
nations (SHAP) brukt i et forsgk pa a tolke en agents beslutningstaking. Selv om denne
agenten har god prestasjon pa sin respektive oppgave, viser resultatene fra a bruke SHAP
at agenten ikke kan stoles pa.
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Chapter

Introduction

1.1 Background and motivation

An autonomous system is one that possesses self-governing characteristics
which, ideally, allow it to perform pre-specified tasks/missions without human
intervention [3].

Robotic systems have contributed to the advancement of human society for decades. From
industrial robots that can perform tasks that are tiresome, repetitive, and possibly danger-
ous for humans to medical robots that can help save human lives, it is clear that robots have
come to play an essential role in today’s world. The potential for the deployment of robots
in still more fields is vast, and researchers are still working to develop new and innovative
ways that can improve the capability of robots. One possible way to improve robots’ ca-
pabilities is to improve their autonomy. Control theory and cybernetics have done a great
deal to improve the autonomy of robots, but arguably, this may not be enough. When us-
ing such tools, the robot is in the end, acting and reacting to situations that the engineers
can anticipate beforehand. Pre-programming the behavior of robots has its limitation; if
a situation happens that can not be predicted during the development of the robot, it is
anyone’s guess what will happen. For robots to improve their autonomy further, it has to
be possible for robots to improve their behavior based on what they experience. This is
where Reinforcement Learning (RL) appears as a tool to enable robots to improve their
autonomy further. In contrast to traditional methods for robot control, RL can enable a
robot to learn new strategies from its experiences. RL and control engineering share some
of the same concepts, albeit with different terminology, as can be seen in Table 1.1.

During this decade, RL has achieved success in various fields. Previously, a problem with
RL was what is called the curse of dimensionality [7]. This curse refers to the problem
that RL methods have when it comes to high-dimensional inputs and outputs. In 2013,
DeepMind found a way to alleviate this curse by successfully combining RL with Arti-
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Control Engineering Reinforcement Learning

Controller Agent (policy)
Controlled system Environment
Control signal Action

Table 1.1: The difference in terminology between control engineering and reinforcement learning
[3, lecture 1].

ficial Neural Networks (ANNs), which are powerful modeling tools [8]. The result from
combining RL and ANNSs is called Deep Reinforcement Learning (DRL). By using DRL,
DeepMind managed to create an agent that learned to play Atari 2600 by solely using the
raw pixels of the screen as input. DeepMind has also created AlphaZero, a system that uses
DRL to play chess, shogi, and Go. AlphaZero managed to beat world-champion computer
programs on all these games. Recently, research has also been done into applying DRL to
robotic systems [9, 10, 11, 12, 13].

A problem with robotic DRL is that current methods require a significant amount of ex-
perience to learn how to solve a task. If a real robot gathers this experience, this can, for
instance, lead to degradation of the robot due to overuse. For the work on this thesis, this
problem was solved by first learning from experiences gathered in a simulated environment
similar to the real one, before transferring the learned behavior to the real robot.

When it comes to working with ANNs in general, a challenge is that it is hard to know
how the ANN arrives at its decision. This is a challenge that becomes unfeasible for a
human to solve when the network is sufficiently complex. It is not easy to trust a decision-
making agent whose actions can not be explained, even though it may perform well in
general. It is too easy to use an ANN just because it has achieved good performance.
A more reasonable interpretation of the ANN’s good results is that it has achieved good
results within the tested data. However, what if the network encounters something that it
has not been tested on? Then there are no guarantees that the network will make a correct
decision.

Furthermore, what if someone tries to exploit the network’s weaknesses to make it arrive
at a wrong decision? One pixel attacks have become famous for fooling ANNS to arrive
at the wrong decision when it comes to image recognition [14]. It is conceivable that
similar attacks can be made for DRL, which can lead to especially dangerous situations
when it comes to robotic DRL. These are some of the reasons why Explainable Artificial
Intelligence (XAI) has become an increasingly popular research topic in the last years [5].
XAI methods can be applied to Artificial Intelligence (Al) solutions so that humans can
understand their decisions. XAl for Deep Learning (DL), and especially for robotic DRL,
is a relatively new research topic, so more research into this is required.

1.2 Objectives and research questions

The main goal of this thesis is to answer the following research questions:
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Research questions:

e Which advantages and disadvantages does Deep Reinforcement Learning (DRL)
have when it comes to controlling a robotic manipulator under various conditions?

e Which properties should a simulation framework hold to make the transfer to the
real-world efficient for robotic deep reinforcement learning, and what can be done
to improve the efficiency of this transfer?

e How can methods from Explainable Artificial Intelligence (XAI) be used to interpret
the results from this thesis?

To answer these research questions, a series of objectives has been made. These objectives
track the progress during the work on this thesis.

Objectives:

1. Research simulation framework alternatives to the simulator Gazebo for robotic
DRL.

2. Create a DRL framework that can transfer between simulators and the real-world
manipulator on the tasks done in this thesis.

3. Create various robotic DRL tasks that use the OpenMANIPULATOR-X (OM-X) in
the DRL framework just mentioned.

4. Design a strategy for transferring from the simulated environment to the real envi-
ronment.

5. Transfer the DRL agent trained in the simulator(s) to the real world.

6. Find a method from XAI that can help interpret the results from this thesis, and use
it to interpret some of the results.

1.3 Contributions

A package for Robot Operating System (ROS) called open_manipulator_rl_environments
(OPM-RL-ENVS) was created during the work on this thesis. This package serves as a
framework that can be used to create DRL tasks for the OM-X. The framework makes
it possible to transfer the tasks between the two simulators PyBullet and Gazebo, and
the real-world manipulator. The interface of the OpenAl Gym is used, which means that
all existing DRL algorithms that use this interface can be applied to the tasks created
by using this framework. The package is written in the programming language Python
2.7. Multiple tasks were created using this framework, with the main tasks being a lever
manipulation task and three tasks where the base of the manipulator is exposed to an
oscillating disturbance that is meant to emulate underwater currents.

By using the computer graphics software Blender, a simulation model of a lever was cre-
ated during the work on this thesis. This model serves as a representation of the lever
created during the author’s specialization project [15]. The model can be used in both of
the simulators mentioned above. The model’s dimensions and appearance are accurate

3



compared to the real lever. However, if the model is going to be used in further work, the
model’s dynamics should be tuned to make it behave like the real lever.

This thesis also shows that DRL can be used to control a robotic manipulator to manipulate
a lever to a specified goal angle very successfully in simulators, and to a lesser extent, but
still successfully in the real world. Furthermore, by showing that this task can also be per-
formed while the manipulator is exposed to an oscillating disturbance, which is supposed
to emulate underwater currents, this strengthens the possibility of applying DRL to subsea
tasks. However, the lever manipulation with oscillations was only done in simulations due
to real-world constraints.

Finally, this thesis shows how SHapley Additive exPlanations (SHAP) values, a technique
from XAI, can be used to interpret the decisions of a DRL agent. The results for this gave
reasons for not trusting an agent trained on a simple reaching task.

1.4 Outline of the report

This thesis consists of six main chapters, including this introductory chapter. Following is
an overview of the next five chapters:

e Chapter 2: Theory

— This chapter introduces terminology and theory that is important for the rest of
the thesis. It starts with an overview of machine learning and ANNSs. After this,
an introduction to RL is given before transitioning to DRL, which is the main
subject of this thesis. An overview of the Deep Deterministic Policy Gradient
(DDPG) algorithm, which is used in the experiments later and the algorithms
that lead up to DDPG, is given throughout the RL and DRL sections. The
machine learning section finishes with a discussion of reward shaping, sim-to-
real transfer of DRL agents, and XAI. The final section of the theory chapter
involves robotic manipulators and the theory and terminology of these, which
is used throughout the thesis.

Chapter 3: Equipment and setup

— An overview of the software and the hardware used in this thesis is given.

Chapter 4: System design

— The design of the system used to solve the tasks in this thesis is explained.
This explanation includes the DRL algorithm implementation and the DRL
framework that has been created for the thesis.

e Chapter 5: Results and discussion

— The main results of this thesis are shown and discussed.

Chapter 6: Conclusion

— The research questions are answered, and an overview of the further work that
could be done on this topic is given.




Chapter

Theory

As this thesis is a continuation of the specialization project done in the fall of 2019, the
required theory is similar. This means that the theory chapter is mostly an extended and
updated version of the author’s earlier work [15], except for Section 2.1.6, which deals
with Explainable Artificial Intelligence (XAI).

2.1 Machine learning

Machine learning algorithms are algorithms that can improve their performance based
on the data that they process. This means that the algorithm can be seen as learning
more about how to solve a particular problem as it processes more data related to the
problem. The motivation for using machine learning is to solve problems that are difficult
to engineer a solution to by hand. Some examples of such problems are computer vision
tasks, medical imaging, speech- and text recognition. There are three primary variants of
machine learning:

e Supervised learning

— It concerns learning from a set of labeled examples [16, p.2]. Often used in,
for instance, image recognition.

e Unsupervised learning
— It concerns finding structures in collections of unlabeled data [16, p.2].
e Reinforcement learning

— It is more similar to how humans learn compared to other variants. Mainly
concerns how a decision-making agent can obtain information about its en-
vironment by exploring, and then exploiting this information to maximize a
feedback metric [16, pp. 1-3].




This chapter and thesis mainly consider Reinforcement Learning (RL), although some
examples from supervised learning are used when discussing Artificial Neural Networks
(ANNS). Specifically, the variant of RL that is used in the experiments of this thesis is
called Deep Reinforcement Learning (DRL). DRL combines traditional RL with the mod-
eling power of ANNS. In this section, the different parts that make up DRL are discussed,
in addition to the different variants of DRL that are relevant for this thesis. Some problems
that are more specific for robotic RL are also explored, such as transferring from simulator
to real-world (sim-to-real).

2.1.1 Artificial Neural Networks

This section on ANNs takes inspiration from Chapters 1, and 2 in the book Neural Net-
works and Deep Learning [17], but is written in the author’s own words.

ANNSs are networks consisting of artificial neurons. An artificial neuron has five main
components: inputs, outputs, weights, biases, and an activation function. The relationship
between these are

y=fwhz+0b),

where y is the output vector, f(...) is the activation function, w is the weight matrix, =
is the input vector, and b is the bias vector. For an example consider Figure 2.1 where the
activation function is

1, ifwlz+b>0
T )
w r+b) =
H ) {0, ifwlz +b<0
An artificial neuron with this activation function is called a perceptron and was the first
type of artificial neuron. Frank F. Rosenblatt conceived the perceptron in 1958. He created
the perceptron "to illustrate some of the fundamental properties of intelligent systems in
general” [18]. For the perceptron in Figure 2.1 the variables x, w, b, y are

4
r=| 2
_1_
.
w= |—1
3_
b=2
4
y=flwlz+b)=f([2 -1 3] |2 |+2)=f(5)=1
-1

The perceptron’s activation function is not commonly used today; other activation func-
tions are more suitable for artificial neurons. Certain properties are needed from the ac-
tivation functions of artificial neurons to be able to use the learning algorithms described
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Figure 2.1: Example of a perceptron

below. One of these properties is that a small change in the neuron’s biases and weights
will result in a small change in the neuron’s output. This is not true for perceptrons, as
a small change in either of these parameters can make the perceptron output a O instead
of a 1 (or the reverse), which is a radically different change in output. Another of the
properties is that the gradient of the activation function has to be defined, and ideally have
some areas where it is not equal to zero. For the perceptron, the gradient is not defined for
wPz + b = 0, and for w”x + b # 0, the gradient is zero. This means that the learning
algorithms commonly used for ANNs would work poorly for perceptrons. Even if per-
ceptrons are not commonly used today, it can be shown that a network of perceptrons can
approximate any function. This is because a perceptron can act as a NAND gate, which is
universal for computation [17, ch. 1].

For artificial neurons to be able to approximate complex functions, they must be put to-
gether into a network, an ANN. An ANN is structured into layers, which each consist of a
set of neurons. Every ANN has at least an input layer and an output layer, and may also
have any number of hidden layers. For an example of an ANN with a single hidden layer,
consider Figure 2.2. In this example, there are three neurons in the input layer, four neu-
rons in the hidden layer, and two neurons in the output layer. This type of network is called
a feedforward network, which means that the neurons are only connected to the neurons
in the preceding layer, without a cycle occurring. The number of neurons in each layer
and the number of layers are hyperparameters'. The number of neurons and the number of
layers in a neural network can be used to describe the depth and width of the network. The
depth of a neural network is defined as the number of layers (including the output layer,
but excluding the input layer). The width of a neural network is defined as the maximum

A hyperparameter is a parameter whose value is set before learning starts. This is different from the param-
eters of the network (weights and biases), which are continuously updated throughout the learning process.
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Figure 2.2: Example of a neural network with a single hidden layer

number of neurons in a layer [19].

The ability to act as a function approximator is the main advantage that an ANN can pro-
vide. What makes ANNs special compared to other function approximators, is that they
work very well for data-driven approaches [20]. The function that an ANN approximates
is often quite complex and is often nearly impossible for humans to create on an analytical
form. For the neural network to approximate this type of complex function, a set of algo-
rithms that gradually adjusts the weights and biases of the network are needed. These are
the learning algorithms. Before examining the learning algorithms, an overview of some
common activation functions is given.

Activation functions

It is challenging to find an excellent way to evaluate activation functions. The most com-
mon way to compare activation functions is to test them on various tasks, and then compare
the results empirically. This is not an ideal way to this because the results depend on the
tasks that are used for testing. It is reasonable to assume that an activation function can
perform better on some tasks and worse on others, and therefore comparing activation
functions on a set of tasks may prove unfair for some activation functions. Nevertheless,
this is probably the best way to compare them today, and this thesis’ choice of activation
functions is primarily based on empirical evidence from the results in Section 5.1.

For simplicity, in all the following activation functions z = w - 2 + b.




Perceptron As mentioned above, the perceptron’s activation function is defined by

F(2) = {1, forz >0

0, forz<0’

and the derivative of the perceptron’s activation function is given by

o) {o, forz #0

oo, forz=0"

Plots of the perceptron and its activation function can be seen in Figure 2.3, where the
cross at [z, y] = [0, 0] represents where the derivative is not defined.

Sigmoid The difference between the perceptron and the sigmoid neuron is the activation

function which for the sigmoid neuron is
f&)=o(s) = 1
z)=0(2) = ——
1+e =’

and the derivative of the sigmoid function is given by

—Zz

e
(1+4e%)2

As previously stated, an intrinsic property of an activation function is that a small change
in the parameters (weights and biases) of the network results in a small change in the

output of the neuron. Figure 2.3 shows that this is true for the sigmoid neuron, and not
true for the perceptron.

f(e) = o'(2) =

Hyperbolic Tangent The Hyperbolic Tangent (Tanh) activation function is given by
e —e”?

=tanh(z) = —
£(2) = tanh () = S,

which means that its derivative is given by

f'(z) = 4 fanh 2 = f(e—e ) te?) — (e te?) (e —e?)

dz (e# + e7%)2
(ez + 6—2)2 _ (ez _ e—z)Z
- (ez + 672)2
=1 — tanh? (2)

A problem with the Tanh activation function and the Sigmoid activation function described
above is called the vanishing gradient problem. The reason for this problem can be illus-
trated by the plots of Tanh and Sigmoid’s gradients. The derivative will be close to zero
if the input to these activation functions is large (either positive or negative). This makes
it very difficult to use the learning algorithms to learn, and this problem becomes more
severe the deeper a neural network is [21].
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Figure 2.3: Plots of Sigmoid and Perceptron activation functions and their derivatives

Rectified Linear Unit The Rectified Linear Unit (ReLU) activation function has been
the most commonly used activation function for deep learning in the last years [22, 23].

ReLU is the same as the input for all positive inputs, and zero for all negative inputs, that
means that it is defined as
z, forz>0
f(z) = )
0, forz<0

or simply
f(z) = max(0, 2).

This means that the derivative of ReL.U is given by

1, forz>0
fl(z)=<3 forz=0.
0, forz<O0

Even though the derivative of ReLU does not exist at z = 0 it is common to define either
f'(0) = 1 or f/(0) = 0. It will happen extremely rarely that z = 0, which means that
doing this is not a problem in practice.

Swish Motivated by finding a better alternative to the ReLU activation function, Ra-
machandran et al. used a combination of exhaustive and reinforcement learning-based
search to find new novel activation functions [23]. The best performing activation func-
tion that they discovered, which they named Swish, is given by
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Figure 2.4: Plot of Tanh and ReLU activation functions and their derivatives

f(z) =z-0(2),
where o(z) is the Sigmoid activation function, which means that

1

f(z):z-m,

and its derivative is given by

f'(z) = 0(2) + 20 (Z)

@)+ 20y
(2) +o(2)f(2)(e*+1) —a(2)f(2)
(2) +o(2)(1 = f(2))

I
Q

z

z

Swish, in contrast to ReLU, is smooth and non-monotonic>. However, similar to ReLU,
Swish is bounded below, and unbounded above [24]. From Ramachandran et al.’s exper-
iments, Swish has better performance than ReLU, and because of Swish’s similarity to
ReLU, it is possible to directly change the activation function from ReLU to Swish in
existing applications.

2For a function to be non-monotonic, it has to be increasing on some interval and decreasing on another
interval
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Figure 2.5: Plot of Mish and Swish activation functions and their derivatives

Mish Mish is an activation function that is very similar to Swish. It has many of the
same properties as Swish: it is smooth, non-monotonic, bounded below, and unbounded
above. D. Misra found that this activation function has better performance than both ReLU
and Swish for several tasks [24]. The activation function is given by

f(z) = z - tanh ({(2)),
where ((z) is the softplus activation function,
((z) =In(1+¢€°).
The derivative of the Mish function is

e”(4(x + 1) + 4e** + 3% + e*(4z + 6))

f/(.i?) = (2693 + ez + 2)2

As can be seen in Figure 2.5, both Swish and Mish looks very similar.

Learning algorithms

To know how to change the parameters of the ANN, a function that describes how good
the current output of the ANN is is required. This is called a cost function. The lower the
cost function is for a given example, the better. For an example of a cost function, consider

Clwb) = 5= 3 lly(a) — e+ )% @1
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Here y(x) is the target output given input z. w and b are all the weights and biases in the
ANN, and n is the number of training examples. In supervised learning, the target is the
ground truth label, which the network tries to predict given input x. The cost function in
Equation (2.1) is called the Mean Squared Error (MSE) and is one of the most fundamental
cost functions.

The goal of updating the parameters of the ANN to optimize performance can now be
stated more explicitly: the parameters should be changed such that the cost function is
minimized. The most commonly used method to do this is through the use of gradient
descent. In gradient descent, the parameters of the ANN are changed according to

0+ 60— avC(h),

where 6 is a vector that contains the parameters, that is, the weights and biases, « is a
hyperparameter called the learning rate, and VC is the gradient of the cost function with
regards to the parameters. Calculating the gradient of the cost function in a single operation
can be challenging. However, since the network is divided into layers, it is possible to
calculate the gradient of each layer and use backpropagation to propagate the gradient
backward through the layers. Before explaining backpropagation, a brief overview of the
notation is given:

. wé . the weight for the connection from neuron k in layer (I-1) to neuron j in layer 1

e b}: the bias of neuron j in layer 1

° =, w w; kak D+ bl the preactivation of neuron j in layer 1 (before being
passed through the actlvatlon function

° aé- =f (zé) the activation of neuron j in layer 1 (activation is the result after being
passed through the activation function)

° 514: The error in neuron j in layer j

The objective of backpropagation is to calculate 2 m € and dc for all weights and biases in
the neural network. Backpropagation is essentially applymg the chain rule from calculus
to every layer. For a function

y=f(u),u=g(x)

the chain rule says that the derivative of y with respect to x is

dy _dydu
de  dudx’

This means that for a single neuron j in the output layer L, the error is

5L_870_670%_670f/( L)
i dzf N daf 0zf N daf %

Then the error in the entire output layer is

V..C =6 =vV,.C0o fl(zh), (2.2)
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where z” is a vector of the preactivations of the neurons in the output layer, 6 is a vector

of the errors of the neurons in the output layer and a’ is a vector of the activations of
the neurons in the output layer. The symbol ® means element-wise multiplication, for
example

T U1 1Y
To| O |Y2| = |Z2Yy2
xs3 Ys Z3Ys3

To calculate the error in any layer other than the output layer, another equation is needed.
For the layer right before the output layer, the error can be derived as follows for a single
neuron j in layer L — 1

oC
L—1 _
6j 8sz_1
- a.L o L—1
07 0z
0z o,
= 0
L—1%k
v 0z
= 3wl ot
k

which in matrix form is
5L71 — ((UJL)T(SL) @lf/(ZLfl)

It turns out that this equation applies to any layer except the output layer, so for all layers
[ the error is
(Sl — ((wl+1)T6l+1) @f/(zl) (2.3)

The motivation for finding the errors is to make it easier to change the network’s biases
and weights in such a way that the cost function decreases. This means that % and 2¢

ow'
J ik
needs to be found for all layers ! and neurons j and k. By using the error in each layer,
these partial derivatives are short and concise:

aC  dC 0z}
=== (2.4)
abé- 825. 8b§ J
oC _ oC 0z 1—151
8w§k 87;; 6w§k @ % 2.5)
since l
0zt o
= () whal 40l =1
o7 o

- I—
(Z wékak ! —|—b§») =ay, !

T 1
8wjk 6wjk -
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The backpropagation algorithm can now be introduced, using Equation (2.2), Equation (2.3),
Equation (2.4), and Equation (2.5) that was just derived [17, ch. 2].
The backpropagation algorithm:

1. Input: Set activation a' for input layer

2. Feedforward: For each 2, 3,..., L compute 2! = (w!)Ta!~! + b and a' = f(2!)
3. Error in output layer, §: Compute vector 6% = V,.C © f'(2%)
4

. Backpropagate the error: Foreachl1=L1-1,L-2,...,2 computer §' = ((w!*1)T5* 1o
F'(")

5. Output: The gradient of the cost function is given by

B?U(ik = ai,_léé- and 3703 = 5;
The backpropagation algorithm can be used to find the gradient of the cost function for
a single example. It is common to compute the gradient of multiple training examples,
which is then used to update the parameters of all the neurons. This collection of training
examples is called a minibatch. A learning algorithm that is commonly used together with
backpropagation is Stochastic Gradient Descent (SGD), and is as follows:

1. Input a set of training examples, a minibatch of size m

2. For each training example z: Set the corresponding input activation a®!, and
perform the following steps:

e Feedforward: For each | = 2,3,..., L compute 2! = w!a®!~! + b’ and

aa:,l — f(2$,l).
e Output error §*'L: Compute the vector §*% = V,C, ® f'(z'z,1)

e Backpropagate the error: Foreach! = L — 1, K —2,...,2 compute §%! =
((wl+1)T5m,l+1 ® f/(zac,l)

3. Gradient descent: Foreach ! = L,L — 1,...,2 update the weights according to
the rule w! + w! — L3~ o®!(a®!=1)T and the biases according to the rule
b bl — 2y gl

To use SGD in practice, an outer loop that generates minibatches is also needed. A loop
outside that again, which goes through multiple epochs of training, is also commonly used.
An epoch in supervised learning is defined as one complete run-through of all the training
examples. After an epoch, a set of examples that were not included in the training set,
called the fest set, is run through the neural network. This test set is used as a way to eval-
uate the performance of the neural network between epochs. It is common to randomize
between epochs which of the examples are in the training set and the test set. After all
the epochs are done, the best practice is to have another unseen set of examples called
the evaluation set passed through the neural network. The evaluation set is never used
for training and is a way to see how well the neural network performs on new data after
completing the training. In RL, an epoch is done when a pre-specified number of training
episodes has been completed. It is common, especially in DRL, to do some test episodes
at the end of each epoch to track the training progress.
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Regularization

Overfitting is a problem with neural networks that often occurs if steps are not taken to
avoid it. Overfitting means that the neural network no longer generalizes to unseen data.
This problem can come from training too much on the available training data. When
a neural network becomes overfitted, it gets better at recognizing the training data, but
worse at recognizing data not seen during training. This is a very undesirable situation.
For example, consider a neural network that is going to be used for image recognition.
The point of this is not to be able to recognize images that have already been labeled but to
recognize new images that have not yet been categorized. A way to reduce overfitting is to
increase the available training data. This can make it more difficult for the neural network
to memorize the features of the specific images, and instead make it learn features that
are general for all images of the categories that should be classified. A second way to
avoid overfitting is to reduce the complexity of the neural network (for instance, depth
and width). A smaller neural network is less likely to overfit to training data because it
will not have the capability to memorize each image. A third way to reduce overfitting is
to employ so-called regularization techniques. One of the more common regularization
techniques, which is used in the experiments in this thesis, is known as L2 regularization.
L2 regularization is also called weight decay, and the idea is to introduce another term to
the cost function. This term is called the regularization term. For the MSE cost function
described above, the cost function with L2 regularization added is

C(w ZH?J fwz +0)||* + Zw

The term added here is the sum of the squares of all the weights in the network. This sum is
scaled by 24”, where A > 0 is a hyperparameter known as the regularization parameter. n
is also here the number of training examples. The regularization term does not include the
biases. The effect of the regularization is that the network prefers to learn small weights.
To see why smaller weights lead to better generalization, see [17, ch. 3].

2.1.2 Reinforcement learning

Reinforcement Learning (RL) is the variant of machine learning that is arguably the most
similar to how humans learn. Consider a child that learns not to hot things because the
child gets negative feedback in the form of pain for doing this action. Similarly, RL em-
ploys positive and negative feedback in the form of a scalar reward signal to learn how
to perform various tasks. This form of feedback is often called reinforcement or reward.
In RL, a multitude of algorithms and methods can be used to try to maximize the reward.
Before going into the specifics of how some of these algorithms and methods work, an
overview of the terms used in this section is given. This overview is inspired by [25,
pp-10-13].

o Environment

— Inthe context of RL, the environment defines the task that is going to be solved.
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Agent

— An agent is an entity that can observe the environment (using sensors in the

real world) and act on the environment (using actuators in the real world). In
RL, the objective is to create an intelligent agent that can discover a way to
maximize the reward it receives from its environment.

— A state, denoted by s, is a "unique characterization of all that is important in a

state of the problem that is being modelled" [25, p.10]. The set of all possible
states is called the state space, S. The state space is also some times called the
observation space.

Action

— Actions, denoted by a, are how the agent can influence the state of the envi-

ronment. The set of all actions is called the action space, and is denoted by
A. The set of actions that can be performed in a given state s € S is denoted
by A(s) C A. A(s) is a proper subset of .A, because for some environments,
there may be actions that cannot be performed in some states.

Transition model

— A transition model, T : S x A x S — [0, 1], is a probability distribution over

the possible next states, given the previous states of the environment and the
action that is done in the current state. A Markovian transition model assumes
that the next state only depends on the current state and the action done in the
current state, that is T'(s,a,s’) = P(s'|s,a). A transition model is a proper
probability distribution over the possible next states. This means that

0<T(s,a,s)<1,Vs,s € S,Vaec A

Y T(s,a,s') =1,Vs € S,Va € A
s’eS

e Reward function

— A reward function is a function that determines how rewards should be given.

A reward is a scalar number that ideally gives a performance measurement
of how well the agent is performing. The reward function can be dependent
on state R(s;) = 7, the state and action R(sy,a;) = r; or the transition,
R(St_;,_l, St, at) = T¢.

e Policy

— The policy of an agent is what determines what action the agent should take

based on the state of the environment. A policy is denoted by 7, and can
be either deterministic or stochastic. In the case of a deterministic policy,
the policy is a direct mapping from state to action 7(s;) = a;; in the case
of a stochastic policy, the policy is a probability distribution over all actions
available in a given state, 7(s¢, ar) = P(a¢|s:)
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e Off-policy and on-policy algorithms

— In RL, the term off-policy is used to describe an algorithm that uses a different
policy to act in the environment (and generate data) than the one that it tries to
improve. An on-policy algorithm uses the same policy for both of these [16,
p.82].

e The RL process

— The basic RL operation is a process where the agent receives a state from
the environment, performs an action based on this state, and then receives a
reward. This process is then repeated continuously for the entire operation.
The RL process is illustrated in Figure 2.6.

> Environment

Action State Reward

Y

Agent

A

Figure 2.6: Illustration of the RL process

Markov Decision Process

This section and all the sections up until, but not including, Policy-based, value-based,
and Actor-Critic algorithms, take inspiration from the book Reinforcement Learning: An
Introduction [16].

RL concerns solving sequential decision processes in a way that maximizes the reward.
To create a framework for doing this, the problem is generally modeled as a Markov De-
cision Process (MDP). An MDP is defined as a tuple < S, A,7, R >. The entries of
this tuple are: a state space, an action space, a Markovian transition model, and a reward
function (each of these is described above) [25, p.12]. The transition model and the re-
ward function are together, usually called the model of the MDP. In RL, the model is often
not known. This leads to some significant distinctions in the different frameworks used to
solve MDPs. When the MDP’s model is known, the problem can be solved using methods
from Dynamic Programming (DP), which is beyond the scope of this thesis. When the
MDP’s model is not known, the problem can be solved using RL. From this point, there
are two ways to solve the problem using RL. One way is to make an algorithm that can try
to learn the model of the MDP, and then learn a policy using this learned model. This is
called model-based or indirect RL and is also beyond the scope of this thesis. The other
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way to solve a problem where the model is unknown using RL is by using methods from
model-free RL, which is what is done in this thesis.

To maximize the reward, the goal is for the agent to find the optimal policy 7*, which is
the policy that maximizes the expected reward. There are several ways to define what it
means to maximize the expected reward; the following are three ways to define this [25,
pp-13-15].

e The finite horizon model
- FE [Z?:o r¢], where the notation E...] means the expected value.

— This model indicates that the expected reward should be optimized over the
next h transitions. A problem with this model is that the optimal value for h is
difficult to discover.

e The discounted infinite horizon model

- B[} 20

— This model indicates that the expected reward should be optimized over the
entire future. Where v € R : y € [0, 1] is called the discount factor. The dis-
count factor describes how much future rewards should be weighted compared
to more immediate rewards. If v =~ 0, this means that only immediate rewards
are considered; if ¥ = 1, rewards in the distant future are weighed just as much
as immediate rewards. It is common to have ~ close to, but not equal to, 1.

e The average reward
. K
- hmh—>oo E[% tL:() Tt]

— This model indicates that the average reward should be maximized over time.

Value functions and Bellman Equations

Value functions are a way to link the optimal criteria to policies. A value function rep-
resents how valuable it is to be in a given state according to a policy, and is denoted by
V7™ (s). In other words, the value function evaluated in a specific state is the expected re-
turn when starting in state s and following the policy 7 after that. The value function using
the discounted infinite horizon model described above is:

V7™(s) = E‘n’{ nykrt+k|st = 8}, (2.6)
k=0

where E is the expected value when using policy 7.

It can also be useful to use a variant of the value function, a function that describes how
valuable a state s is, and the value of taking action a in that state. This type of function is
called a Q-function:

o0
QW(Saa) = Ew{ Z’Ykrt+k|8t =S, 0t = a}.

k=0
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Value functions have a recursive relationship that makes deriving them possible. This
recursive relationship comes from the value function’s dependency on the reward in the
next state, as seen in Equation (2.6).

V7(s) = EW{ kart+k|st = 5}
k=0

E‘n’{rt + Y71 + VP2 F o Y oo ]St = 3}

o0
Ew{rt + ’YZ’Yth+k+1|5t = S}

k=0

= Eﬂ—{"’t + ’YVT((St+1)|St = S} (27)
= ZT(S,T((S), sV (R(s,m(s),s') +yV7(s)),fors = s, 8 =841 (2.8)

This last equation is what is called the Bellman Equation.
Similarly, the Q-function can also be expressed recursively:

Q(s,a) = r(s,a) + ymax Q(s', a’).

For the optimal policy mentioned in the previous section, the value function V™" has the
following property:

V™(s) > V7 (s), forall s € S and all policies 7. (2.9)

This means that the optimal policy is the policy that maximizes the value function for all
states. The optimal action in a given state s is then:

7*(s) = arg max Z T(s,a,s)(R(s,a,s) +yV™*(s)).
e s’eS

Expressed with an optimal Q-function, this becomes

7*(s) = argmax Q™" (s, a),
a
which includes neither the reward function nor the transition model. Therefore, when a
model-free approach is used, Q-functions are often used instead of value functions. It
frequently happens that the transition model is not known in RL, which means that Q-
functions are useful and necessary in many situations. The relationship between the opti-
mal value function and the optimal Q-function is as follows

Q*(s,a) = Z T(s,a,s") (R(s, a,s’) + 7V*(s’)> (2.10)
s’'eS
V*(s) = mgLXQ*(s,a) (2.11)
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Exploration and Exploitation

The probably most important element of RL is the agent’s ability to discover new strate-
gies. To do this, the agent cannot only try to exploit the task by performing the actions
that are currently considered to be best; to discover new strategies, the agent has to explore
the environment by trying new strategies. The exploration-exploitation trade-off is about
balance. If the agent explores too much, the knowledge obtained about the environment
will not be sufficiently used. If the agent explores too little, it will take a long time to find
new strategies.

The exploration strategies used in this thesis are:
e c-greedy exploration

— For this strategy, the agent does the greedy action (exploiting by doing what it
considers to be the best action) with probability ¢, and it does a random action
with probability 1 — e. Here € € [0, 1] is a hyperparameter (which can change
over time if the user designs it so). By setting ¢ = 1, the agent will always
select the greedy action; by setting € = 0, the agent will always select random
actions. This is a simple way to explore, and it often yields good results. When
evaluating the agent, the agent will select the greedy action.

e Exploration noise

— By adding some form of noise to the greedy action selected by the agent, the
agent can discover new strategies while also using the knowledge that it has
learned about the environment. If a is the greedy action selected by the agent,
and N is the noise process, then @ = a + N is the action that is performed
in the environment for exploration purposes. This type of exploration is only
suitable when the action space is continuous, which it generally is in robotics
problems.

Q-learning algorithm

For model-free RL approaches, such as those used in this thesis, the model (transition
model and reward function) of the MDP cannot appear in the algorithms, since this is
unknown. One of the most fundamental traditional RL algorithms is the Q-learning algo-
rithm. This is a tabular method, which means that the Q-values learned by the algorithm
are inserted into a table of size |S| x |.A|, where |S| and |.A]| is the size of the state and ac-
tion space, respectively. Q-learning is also a temporal difference algorithm, which means
that it learns estimates of values (for instance, value functions or Q-functions) based on
other estimates. Temporal difference methods are often used in RL since they do not re-
quire the model of the MDP. The Q-learning algorithm can be seen in Algorithm 1, where
the update rule is

Qo) = Qo) +a 7+ mw Q) - Qo))

a’€A(s’

Deriving this update rule entirely is beyond the scope of this thesis, but a partial deriva-
tion follows. For temporal methods, the estimates are usually made in an online fashion.
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This means that the estimates are calculated incrementally during the RL operation. Con-
sider Equation (2.7). From this equation, it can be seen that an estimate for V(s;) is
7t + YV (S¢4+1), given that r; is the reward received by going from s; to s, by doing ac-
tion a. The goal is to calculate the optimal value function V'*, which means that the error
between the optimal policy and the current policy at a given state is V*(s) — V(s). If the
optimal policy was known, it is possible to change the current policy to the optimal pol-
icy incrementally using gradient ascent (gradient ascent since the optimal value function
maximizes the value for all states according to Equation (2.9))

V(s):=V(s)+ a(V*(s) = V(s)).

However, since the optimal policy is not known, this is not possible. Instead, an estimate
of the optimal policy is used. An estimate of the optimal policy that is available is

V*(st) ~1re + YV (8041) ~ 10 + YV (St41)-

This is a poor estimate since there is no guarantee that V'(s;41) is a good approximation
of V*(s¢41), but it can be shown that as the update rule is applied repeatedly to the value
function, the optimal value function can be reached. This means that the update rule is
now

V(s) :==V(s) +alrs + V(sir1) — V(9)), (2.12)

which is the update rule for another temporal difference algorithm called TD(0). A similar
derivation can now be done, where instead of using value functions, Q-functions are used.
Applying gradient ascent as if the optimal Q-function was known, gives the update rule

Q(s,a) := Q(s,a) + a(Q"(s,a) — Q(s, a)).

Equation (2.10) and Equation (2.11) can be combined to give

= Z T(s,a,s) (R(s,a,s )+ max Q*(S/»a/)>

A ’
s'esS a’€A(s")

—E{Tt+’Y max Q"(s’, )}

a’€A(s")
Which means that

Q*(5,0) ~ ity max Q(shd) ~r+y max Qs d).
a’€A(s") a’€A(s’)

With 7+ max, e 4(sr) Q(S', a) used as an estimate for Q*(s, a), inserted into the update
rule above gives the update rule for the Q-learning algorithm

Q(s,a) := Q(s, a)—l—a(r—i—v max Q(s',a') — Q(s,a)). (2.13)

a’€A(s")

It can be shown that with a learning rate o € (0, 1) the update rules Equation (2.12) and
Equation (2.13) will converge at the optimal value function and Q-function [26].
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The Q-learning algorithm follows the general RL operation structure, as illustrated in Fig-
ure 2.6. The agent receives a state, chooses an action based on this state, and performs
it. After that, it observes a new state and reward, which it then uses to update the Q-value
associated with the old state and the action it took. After that, the new state is used as the
current state, and the process repeats.

Algorithm 1 Q-learning, taken from [25, p.31]

Require: discount factor v, learning rate parameter o
initialize @) arbitrarily (e.g. Q(s,a) = 0,Vs € S,Va € A
for all episode do
s is initialized as the starting state
repeat
choose an action a € A(s) based on @ and an exploration strategy
perform action a
observe the new state s’ and received reward r

Qo) = Qo) + (7 + 7w Q) — Qo))
5:=5
until s’ is a goal state
end for

Policy-based, value-based, and Actor-Critic algorithms

For simplicity, the term "value function" refers to both Q-functions or standard value func-
tions in this section. This is because an actor-critic method or critic method can both
estimate the Q-function and the value function.

The Q-learning algorithm just described is what is called a value-based, or critic-only, al-
gorithm. This means that it tries to calculate a value either for each state (a value function)
or for each state-action pair (a Q-function). The policy of a value-based algorithm is then
generated based on maximizing the expected value. On the other side of the spectrum are
policy-based, or actor-only, algorithms. These algorithms do not calculate a value function
at all. Instead, they directly estimate the policy that the algorithm is going to follow. These
two ways to do RL have different advantages and disadvantages:

e Value-based algorithms

— These algorithms can be seen as indirect since they do not optimize directly in
the policy space. They are often more stable during learning than policy-based
algorithms. Value-based algorithms may approximate the value function well,
but they lack any specific guarantees that the policy will be close to optimal
[27].

e Policy-based algorithms

— These algorithms estimate the gradient of the performance directly in the pol-
icy space. One of the disadvantages of these methods is that the gradient esti-
mators may have significant variance [27].
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In an attempt to combine the best of both worlds, there also exists algorithms that calculate
a value function and/or a Q-function, in addition to also estimating the policy that the
algorithm is going to follow. These algorithms are called actor-critic algorithms. The
actor part of the algorithm is the policy, and the critic part is the value function. The value
function estimated by the critic is used to update the parameters of the actor. Actor-critic
methods can have better convergence properties compared to critic methods, and they can
also have faster convergence compared to actor methods, because of lower variance [27].

2.1.3 Deep reinforcement learning

The curse of dimensionality posed by Bellman [7] has been a long-standing and unsolved
challenge in RL. As the number of states increases, the amount of computations needed to
explore the state-space exponentially increases. For example, consider the state space in
some of the experiments done in Chapter 5. There are four states for the joint positions,
four states for the joint velocities, and three states for the goal. This means that there is
an 11-dimensional state space. If this state space is then discretized into ten levels (which
probably will also result in a too coarse discretization), this means that there are 101, or
in other words, one hundred billion different states in the problem. This amount of states
would take an enormous amount of computations, memory, and time to explore.

In 2013, the first RL method to successfully learn control policies directly from a high-
dimensional sensory input was created by DeepMind [8]. This method is called Deep
Q-Network (DQN) and is based on the Q-learning algorithm shown in Algorithm 1. The
DQN algorithm can be seen in Algorithm 2. In this method, RL is combined with ANNss,
to create Deep Reinforcement Learning (DRL). The fundamental idea behind DQN is that
a nonlinear function approximator can be used to map state and action to a value. As
discussed in Section 2.1.1, neural networks can be used for this. In addition to using
neural networks, two other elements enabled the success of DQN. These two elements are
the replay buffer and a separate farget network to stabilize training.

Replay buffer/Experience replay One of the problems that DRL faces is that most op-
timization algorithms assume that all samples are independent of each other. In this case,
a sample is a transition. If the samples are just generated by exploring, they are not in-
dependent, since the next state is dependent on the current state, and so on. This is why
the replay buffer is used. Every transition, {s¢, at, ¢, St41}, is stored in the replay buffer,
and when the neural network(s) are to be updated, a minibatch is randomly sampled from
the replay buffer. This means that the samples are independent, and this improves the gen-
eralization of the function approximator. Additionally, the replay buffer makes it so that
previous transitions are not forgotten, and can be used multiple times. It is worth noting
that replay buffers can only be used by off-policy algorithms [8].

Target network The reason for using a target network is to lessen the correlation with
the target [4]. A target that changes with every timestep makes training difficult because
this becomes similar to trying to catch up to a moving target [8]. The next Q-value in the
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Algorithm 2 deep Q-learning with experience replay, taken from [4]

Initialize replay memory D to capacity N
Initialize action-value function () with random weights €
Initialize target action-value function Q with weights 6~ =0
for episode = 1, M do
Initialize sequence s; = {z1} and preprocesssed sequence ¢ = ¢(s1)
for t=1, T do
With probability € select random action a;
otherwise select a; = arg max, Q(¢(s¢),a;0))
Execute action a; in emulator and observe reward r,; and image ;1
Set 8¢11 = St, at, Tr+1 and preprocess ¢ri1 = P(St41)
Store transition (¢¢, at, ¢, Pri1)
Sample random minibatch of transitions (¢;, a;,7;, $j4+1) from D

LY if episode terminates at step j+1
Yi rj +ymaxy Q(Pj1+1,a’,67) otherwise
Perform a gradient descent step on (y; — Q(¢;, a;;6))? with respect to the
network parameters 6
Every C steps reset Q = Q
end for
end for

Q-learning algorithm, which can be seen in Algorithm 1 is calculated by
Q(s,a) + Q(s,a) + a[r(s,a) + ymax Q(s', a) — Q(s, a)].
DQN uses a similar cost function

L(0;) = E[(y: — Q(s, a;6;))?],

where the target y; is

{ri, If s; is a terminal state
Yi =

r; + 7y maxg Q(s’, a’; 91), If s; is not a terminal state

Where Q represents the Q-value from the target network. When initializing, the target
network has the same parameters as the Q-network. During operation, the target networks
copy the parameters of the Q-network every C' timestep.

The replay buffer and the target network’s value can be seen in the paper Human-level
control through deep reinforcement learning, where a comparison of DQN with and with-
out replay buffer and target network is shown [4, p.12]. This table is copied and shown in
Table 2.1.

Deep Deterministic Policy Gradient

The inspiration to the Deep Deterministic Policy Gradient (DDPG) algorithm comes from
the success of the DQN algorithm. Where DQN can only be used in MDPs with discrete
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With replay, ~ With replay, Without replay, Without replay,

Game with target Q  without target Q  with target Q without target Q
Breakout 316.8 240.7 10.2 3.2

Enduro 1006.3 831.4 141.9 29.1

Rivere Raid 7446.6 4102.8 2867.7 1453.0
Seaquest 2894.4 822.6 1003.0 275.8

Space Invaders 1088.9 826.3 373.2 302.0

Table 2.1: The effects of replay and separating the target Q-network (higher numbers are better in
this case) [4]

action spaces, DDPG can be used in MDPs with continuous action spaces. DQN does,
besides, work best with low-dimensional action spaces, whereas DDPG can be used in
higher-dimensional action spaces. Most real-world applications will have a continuous,
possibly high-dimensional, action space, so this provides a significant incentive for using
DDPG [9].

DDPG is a model-free off-policy actor-critic algorithm. Since DDPG is an actor-critic
algorithm, it learns a policy in addition to a Q-function. The policy is the actor part of
the algorithm, and the Q-function is the critic part. The main elements from DQN that
are included in DDPG are the replay buffer and separate target networks. DDPG uses
two target networks, a Q-value target network, and a policy target network. These target
networks slowly track the critic and actor networks by

09" — 769 + (1 —7)09

0" T + (1 - 7)0"
wheret € R: 7€ (0,1),7 < 1.

Because DDPG uses a deterministic policy, a method has to be employed to make the
agent explore. To do this, DDPG uses exploration noise, as described in the section on
exploration and exploitation above.

The DDPG algorithm is the algorithm that is used in all the DRL experiments of this thesis.

2.1.4 Reward shaping

One of the most challenging parts of doing RL is the task of goal specification. This
mainly comes down to specifying the reward function. As previously stated, an RL agent
must receive feedback on its performance to learn how to do a task. However, in designing
a reward function, one has to walk a thin line: give rewards too frequent, and one is
essentially pre-defining the agent’s behavior (which is precisely what aims to be avoided
by using RL); give rewards too infrequently, and the agent may never get a reward and
may never learn (or at least learn very slowly). The problem of designing an excellent way
to give rewards such that the RL agent can accomplish its goal is called the curse of goal
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Algorithm 3 DDPG algorithm, taken from [9]

Randomly initialize critic network Q(s, a|0%) and actor p(s|0*) with weights <, O*
Initialize target network @’ and 4/ with weights #9" < 69, 9# + g~
Initialize replay buffer R
for episode = 1, M do

Initialize a random process A for action exploration

Receive initial observation state s;

for t=1, T do

Select action a; = j14(5¢|0*)+N according to the current policy and exploration

noise
Execute action a; and observe reward r; and observe new state S;1
Store transition (s¢, ag, r¢, S¢11 in R
Sample a random minibatch of N transitions (s;, a;, 14, S;+1 from R
Sety; = 7i + Q' (Sig1, 1/ (5i41|0")[609)
Update critic by minimizing the loss: L = % >, (i — Q(si, a;[69))?
Update the actor policy using the sampled policy gradient:
1
vé“‘J ~ N Z an(sv a’laQ)|s=si,a=;¢(si)v9“;u'(swu)|Si
Update the target networks:
09" «— 769 + (1 —7)89
0" 70" + (1 — 7)o"
end for
end for

27



specification [28]. A proper reward function can make a huge difference in whether an
agent can solve an RL task or not. It also can significantly impact the time it takes to solve
a task.

Hindsight Experience Replay

Traditionally, designing a useful reward function requires a great deal of domain knowl-
edge. In some cases, it may not be known what kind of behavior is necessary to accomplish
the goal, making the design of reward functions very difficult. In addition to this, reward
functions can often be quite complex. This means that the reward function becomes an-
other element that needs to be tuned, making the development of RL applications even
more difficult. The simplest way to design a reward function would be to use a binary
reward, which states whether the agent has achieved the goal. However, as stated above,
sparse rewards may lead to an agent learning exceptionally slowly or not at all. A binary
reward that is only given when the agent has accomplished its goal is likely the most sparse
reward possible.

Recently, a technique has been discovered which enables DRL agents to learn from sparse
rewards, even rewards as sparse as the binary rewards just described. This technique is
called Hindsight Experience Replay (HER) and was created by Andrychowicz et al. [11].
The principle behind HER is that even if the desired goal was not reached, the state that
instead was achieved can also, in a way, be considered as a goal. This is called a substi-
tuted/achieved goal. For example, assume that an agent has done an episode and achieved
the state sequence s1, ..., s, but the goal state g = s, was not in this state sequence.
This means that, with sparse rewards, the agent has achieved the same reward for the en-
tire episode. Even though the agent did not discover how to achieve the state sg, it has
discovered how to reach every other state in the state sequence. Using HER, the states
in the state sequence can then be used as substituted goals, and the agent can learn from
these [11]. When storing transitions in the HER buffer, the transitions are stored with the
original goal, but also a subset of substituted goals. How to choose the substituted goals is
then a decision that has to be made when using HER. Andrychowicz et al. describe four
different strategies for selecting substituted goals:

e final

— Replay with k substituted goals, which come from the same episode as the
transition replayed and correspond to the final state in that episode.

e future

— Replay with k£ random states which come from the same episode as the transi-
tion being replayed and were observed after it.

e episode

— The same as future, but the random states do not have to be observed after the
transition that is being replayed.

e random
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— The same as future and episode, but the random states are drawn from all states
encountered during the whole training procedure.

This means that for HER, this replay strategy is a new hyperparameter that has to be
decided on before the training starts. The number of substituted goals, k, is another new
hyperparameter that also has to be defined when using HER. The HER algorithm can be
seen in Algorithm 4.

By using HER, the process of goal specification is hugely simplified, and all results from
this thesis are achieved by only using sparse rewards. The reward function for all experi-
ments done is

0, if goal is not reached
T = .
—1, if goal is reached (within a small error tolerance)

Algorithm 4 HER algorithm, taken from [11]

Require: an off-policy RL algorithm A >e.g. DQN, DDPG, NAF, SDQN
Require: a strategy S for sampling goals for replay >S(s0,...,87) = m(sT)
Require: areward functionr: S x A x G - R >e.g. r(s,a,9) = —[fq(s) =0]

Initialize A > e.g. initialize neural networks

Initialize replay buffer R
for episode = 1, M do
Sample a goal g and an initial state sg

for t=0, T-1 do
Sample an action a; using the behavioral policy from A:
a < mp(st||g) > || denotes concatenation
Execute the action a; and observe a new state s;1
end for

fort =0,7 — 1do
Ty i =1(8¢, at,9")
Store the transition (s¢||g’, at, ¢, st41||g’) in R > standard experience replay
Sample a set of additional goals for replay G := S(current episode)
for ¢’ € G do
' i=1r(st, at,9)
Store the transition (s¢||¢’, at, 7', St+1]]9)
end for
end for
fort =1,N do
Sample a minibatch B from the replay buffer R
Perform one step of optimization using A and minibatch B
end for
end for
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2.1.5 Sim-to-real transfer

The choice of which domain to train agents in is an essential decision within robotic re-
inforcement learning. Currently, there does not exist an ideal option for this, as all alter-
natives have advantages and disadvantages. One approach that can be chosen is to train
the robot in the real world, which is the domain where it is inevitably going to end up.
A significant advantage of training the agent on the real robot is that nothing needs to be
modeled. This means that there are no modeling errors, and the performance achieved dur-
ing training will most likely perfectly transfer to its operation later. There are also many
problems with training on the real robot because this approach suffers from the curse of
real-world samples [28]. Some of the main problems of training on the real robot are [28,
pp. 1250-1251]:

e Degradation of the robot due to overuse can be very costly and may lead to needing
to replace the robot altogether.

o At the beginning of the training, when the ANN is completely randomized, there
is no way to know what kind of motions the robot may perform. The robot may
damage people, expensive equipment in the area around it or itself.

e Training in the real world cannot be sped up, so if one trains the agent in the working
environment, the algorithm used needs to be sample efficient.

e There is also the possible need for human labor to reset the task, which makes the
learning even slower and even more expensive.

Another approach to this problem is to use a similar environment, one that avoids the
curse of real-world samples altogether, namely a simulator. In a simulator, there is no risk
of damaging either the robot itself or its environment. A simulator can also, in many cases,
run much faster than the real-world speed, which can decrease the time it takes to train a
DRL agent. There is also no need for human labor to reset the environment. Nevertheless,
there are many difficulties in training the agent in a simulator. This is mainly because
of the reality gap between the simulator and the real-world. A reality gap comes from
modeling errors, and an agent trained solely on a simulator may develop strategies that are
specific to the simulator, and that do not transfer well to the real-world.

Transfer learning

When two different tasks have similarities, it may be that behavior learned in one of the
tasks can be useful for the other task. This is where transfer learning comes in. If there
is a deep learning agent trained on one task, it is possible to transfer the resulting neural
network to the other task, and then continue training. When transfer learning, it is common
not to update the parameters of the earliest layers in the neural network, and instead only
update the layers that are closer to the neural network output. The motivation behind this
is that the earlier layers can act as a form of feature extractor, while the latter can put these
features together into an output. This also has the advantage of faster training time. This is
because the gradient for the earlier layers will not need to be calculated, which can save a
significant amount of time. For an illustration of this, see Figure 2.7, where the parameters
of all layers except the output layer are frozen during the transfer learning phase.
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Another way to do transfer learning is by using a differential learning rate. When doing
this, the first layers are not frozen, but instead, use an increasingly lower learning rate when
going from the output layer to the input layer. For an illustration of this, see Figure 2.8
where (a > b > c > d > e).

One final way to do transfer learning is simply to update the parameters of all the layers
as it is done during regular training, with the same learning rate for all layers. Note that
in this case, it could be beneficial to use a lower learning rate than during regular training.
This is because the model has already been trained on a task, and the assumption is that
only small adjustments are needed to make it have success on a new task.

One way to improve the success of sim-to-real transfer is to use transfer learning. By,
for example, first training the agent in a simulator, and then transfer learning in the real
world. This can lessen some of the disadvantages by training on a real robot that are
described above. Since the agent has already learned about the task in the simulator, the
agent will most likely learn faster, which will lead to less degradation on the robot. It is
also possible to have a better intuition of how the agent will behave when transfer learning
from simulator to the real world, which can lead to less chance of the robot damaging itself
and its environment.

In some cases, training at all in the real world may be unwanted. Transfer learning can still
help in this case. It is possible first to train the agent in a simulator that is fast but may be
inaccurate compared to the real world robot and environment. After that, transfer learning
can be done in a simulator that is slower, but more similar to the real world. This can give
satisfactory results, and this is what is done in this thesis in later chapters.

Transfer learning

Fully Fully Fully
Input connected connected connected Output
layer I layer
ayer layer layer

Parameters not updated during transfer learning Parameters updated during transfer learning

Figure 2.7: Example of transfer learning where all layers except the last layer are frozen during
training
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Transfer learning with differential
learning rate

Fully Fully Fully
:gpg: connected connected connected cl):t';l:‘
Y layer layer layer Y
N —
Learning Learning Learning Learning
rate = e rate = c rate = b rate = a

Figure 2.8: Example of transfer with differential learning rate

2.1.6 Explainable Artificial Intelligence

One of the significant disadvantages of state-of-the-art Deep Learning (DL) and DRL
methods is the lack of interpretability of the results, for instance, which input features
or combinations of input features are important for determining the decision of the neu-
ral network, and which features are not important. This is an essential question, but it is
challenging to answer. A neural network may have an enormous amount of neurons and
connections (vertices) between neurons, which can make it unfeasible for a human to de-
termine how different input features are combined into the output. For an example of the
enormous amount of connections in a neural network, consider one of the neural networks
used in this thesis. This neural network is the DDPG actor-network in Figure 4.1, which
has 11 input neurons, three hidden layers with 256 neurons in each, and four output neu-
rons. This means, for instance, that the input neurons have 11 x 256 = 2816 connections
to the first hidden layer. The total number of connections is then

11 x 256 + 256 x 256 + 256 x 256 + 256 x 4 = 134912.

This means that even a relatively shallow and narrow neural network such as this has over
a hundred thousand connections. This number of connections is unfeasible for a human to
consider.

XAI has become an increasingly popular research topic in just the last few years, since

32



the success of DL. For a picture of this, look at Figure 2.9, which was taken from [5].
Without the ability to explain in some way the decisions that an Artificial Intelligence (AI)
agent makes, the application of Al in many fields, especially safety-critical ones, can be
considered reckless.

Shapley Additive Explanations

This section is inspired by the paper A Unified Approach to Interpreting Model Predictions
[29].

SHapley Additive exPlanations (SHAP) is a framework that can help identify how the
features that are used as input to a neural network contribute to the neural network output.
As stated above, a neural network is too complex to be understood by humans. This leads
to having to use a model that is easier to understand, which serves as an approximation
of the neural network. One such class of models is called the additive feature attribution
methods. A definition that holds for these methods is first given.

The original prediction model is denoted by f (in the case of this thesis, this will be a
neural network), and the explanation model is denoted by g. Local methods are designed
to explain a prediction f(x) from a single input z, and the focus is on local methods. It is
common for explanation models to use simplified inputs, denoted by z’. These simplified
inputs map to the original inputs using a mapping function z = h,(x’). Local methods try
to make g(z’) =~ f(h.(z")) given that 2z’ = 2. Additive feature attribution methods use
an explanation model that is a linear combination of binary variables, and following is the
definition of additive feature attribution methods:

M
9(z') = ¢ + Y _ bizl, (2.14)
=1

where 2z’ is a vector of binary variables with size M, M is the number of simplified input
features and ¢; € R is an effect that is assigned to each feature by the method.

A single unique solution for the class of additive feature attribution models has three de-
sirable properties:

Feature 1, Local accuracy:

M
fa)=g(a') = ¢o+ > _ i} 2.15)
i+1
Feature 2, Missingness:
;=0—¢; =0 (2.16)

Feature 3, Consistency:

if f'(ha(2") = f/(ha(z] = 0)) = f(ha(2")) = f(ha(z] = 0)),¥z" € {0, 1}
then ¢;(f',z) = ¢;(f, ) (2.17)
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Figure 2.9: Evolution of the number of total publications whose title, abstract and/or keywords refer
to the field of XAI during the last years. Data retrieved from ScopusR (December 10th, 2019) by
using the search terms indicated in the legend when querying this database. It is interesting to note
the latent need for interpretable AI models over time (which conforms to intuition, as interpretability
is a requirement in many scenarios), yet it has not been until 2017 when the interest in techniques to
explain Al models has permeated throughout the research community. This figure is taken from [5].

For any two models f and f’.

Only one explanation model g can follow Equation (2.14) and satisfy the properties stated
in Equation (2.15), Equation (2.16) and Equation (2.17) is given by:

outfn) = S0 EROEE D) — st = o), @as)

where "|2’| is the number of non-zero entries in z’ and 2’ C 2’ represents all z’ vectors
where the non-zero entries are a subset of the non-zero entries in x’" [29]. The SHAP
values are then the solution to Equation (2.18). Each SHAP value indicates how much
a given state contributes to the magnitude of a given output according to the explanation
model. For example, if there are 20 inputs and ten outputs, the number of SHAP values
will be 20 x 10 = 200.

2.2 Robotic manipulators

This section is inspired by the book Robot modeling and control [30].

Robotic reinforcement learning treats the robotic manipulator as a black box. This means
that the only relevant information is how the input (actions) affect the output (the next
state). Therefore, the information that traditionally is used to create a controller for a
manipulator, the dynamics of the manipulator, for instance, is not relevant. Nevertheless,
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Figure 2.10: Illustration of a Revolute-Revolute-Prismatic (RRP) manipulator

some terminology on robotic manipulators is useful for describing the objectives of differ-
ent tasks and describing how the agent behaves when controlling the manipulator.

There are two main categories of robotic manipulators, open-chain manipulators, and
closed-chain manipulators. Within these two categories, there also exist sub-categories.
The manipulator used in this thesis is an open-chain manipulator, and therefore only these
are discussed in this section. An open-chain manipulator has one fixed end and one moving
end. Between these two ends, there are links and joints. The links are rigid, and the joints
are movable. Usually, the links and joints are alternating, as can be seen in Figure 2.10.
Following is an overview of some useful concepts that concern robotic manipulators:

e The end-effector of a manipulator

— The term "end-effector” refers to the tool at the end of the manipulator’s arm.
The end-effector can, for instance, be a gripper, a suction cup, or a welding
tool.

e Joints

— There are mainly two types of joints that exist for robotic manipulators, revo-
lute joints and prismatic joints. A revolute joint function acts as a hinge and
allows relative rotation between two links. A prismatic joint allows relative
linear motion between two links [30]. The current value of a specific joint is
called a joint variable. The notation of a joint variable is often given by g; for
an arbitrary joint and 6; or d; if the joint is specified as revolute or prismatic. In
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this notation, ¢ is the number of the joint; for example, g; will refer to the first
joint, and €3 will refer to the third revolute joint. There also exist other types
of joints, such as spherical joints, but these other types can be described by
using multiple revolute and/or prismatic joints (for instance, a spherical joint
can be modeled by using three revolute joints). An open-chain manipulator is
often described by the first three joints. The number of joints determines the
Degrees of Freedom (DOF) of the manipulator.

e Joint/configuration space
— The joint space is the set of all values the joints of a manipulator can have.
e Task space

— The task space is a description of the position and orientation of the end-
effector given in Cartesian coordinates. Often this is a 6-dimensional space.
The three first dimensions correspond to the Cartesian position of the end-
effector (X-Y-Z), and the three last dimensions correspond to the orientation
of the end-effector given in rotations about the coordinate axes.

2.2.1 Forward kinematics

Forward kinematics concerns deriving the position and orientation of the end-effector,
given the joint variables’ values. This means that the forward kinematics describes how
to transfer coordinates given in the joint space to coordinates in the task space. For open-
chain manipulators, this is generally one of the most straightforward problems. The for-
ward kinematics of an open-chain manipulator is described using a homogeneous trans-
formation matrix H:

RY o0
H(qi,. . qn) = { 0 d =Tp = Ai(q1) ... An(gn),

where q; . . . ¢, are the joint variables. RY and 00 describes the rotation and translation of
the end-effector frame relative to the base frame of the manipulator.

2.2.2 Inverse kinematics

Inverse kinematics concerns deriving the values of the joint variables that give a speci-
fied position and orientation of the end-effector. This means that the inverse kinematics
describes how to transfer coordinates given in the task space to coordinates in the joint
space. This problem is, as given by the name, the opposite of the forward kinematics
problem. This is more difficult than the forward kinematics problem. There are possibly
many joint configurations that correspond to a single end-effector position and orientation,
and there are also singularities that may arise.
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Chapter

Equipment and setup

3.1 Software

3.1.1 Robot Operating System

Robot Operating System (ROS) is a meta-operating system that dramatically simplifies the
usage of robots in various applications. It is a collection of tools, libraries, and conventions
that simplifies the development of robots across various robotic platforms [31]. There exist
several packages that can be used with ROS. These packages cover everything from sensor
interface to computer vision to robot control. A ROS node is an executable that can use
ROS to communicate with other nodes [32]. The code for ROS can be written in both C++
and Python. ROS uses three types of communication between nodes: topics, services, and
actions. In this thesis, only topics and services are used, so actions will not be discussed.
The following information is inspired by the ROS concept site [32].

Topics ROS topics use asynchronous message passing. Nodes can either publish or
subscribe to a topic. When a node publishes to a topic, it sends messages to the topic,
without waiting for any reply. When a node subscribes to a topic, it reads the messages
that have been published to the topic. The nodes that subscribe or publish to a topic do not
know about each other, and the only thing they consider is either sending or reading the
messages.

An example of this is a node that has some sensor and another node that needs the readings
from this sensor. The first node can then publish a message to a topic with information
about the state of the sensor whenever this information is ready, or at a pre-specified time
interval. When the other node sees that a new message has arrived at the topic, it can use
this information in its operation. Because any node can send messages to any topic, and
any node can read messages from any topic, topics can be thought of as a many to many
type of communication [31].
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Services Where topics use asynchronous message passing, ROS services use synchronous
message passing. Each service is defined by a pair of messages. These messages are called
request and reply messages, and their structure is pre-defined. Services work in a client-
server fashion. A server can initiate a service at the start of the operation. A client can then
send a request message to the server, and after it has sent the request message, it waits for
a reply message from the server.

In contrast to publishing and subscribing to topics, nodes that use services have to know
about each other and have to have a connection made between each other. For example,
consider one node that has direct control over a robot manipulator (for instance, that it
can change the set point of the controller of the joints), and another node that has some
sequence of joint states that together form a path which it wants the manipulator to follow.
The first node can initiate a service at the start of its operation, then wait for messages
telling how to change the joints’ set points. The client can then send a request message
to the service for the joint position that it wants. When the server receives this message,
it can change the set point of the controller, and then send a reply messages back to the
client which either says that the set point has been successfully changed, or that it failed to
make the request. Because there needs to be a connection between two nodes, a server and
a client, to use services, services can be thought of as a one to one type of communication.
It is also possible to create a persistent connection to a service. This can make the message
passing faster since the client does not need to connect to the server each time it needs to
send a request message. Persistent connections are although less robust (since there is no
built-in detection of whether a server has stopped working), and a mechanism that checks
whether the server is still up, needs to be implemented to increase the robustness.

3.1.2 PyTorch

PyTorch is a Python library for deep learning. It supports features such as automatic back-
propagation, Graphics Processing Unit (GPU) for parallel computing, and uncomplicated
setup of most common types of neural networks. PyTorch’s ability to support dynamic
computation graphs makes it convenient to use compared to other deep learning frame-
works such as Tensorflow, which uses static computation graphs. This can make debug-
ging much easier, and also enables techniques such as dynamic neural networks [33].

3.1.3 OpenAl Gym

The OpenAl Gym is a framework that can simplify the creation of RL environments and
the testing of RL algorithms [34]. It has several environments that can be used to develop
and compare different RL algorithms. It also provides an interface that is common for
all gym environments, which means that, in theory, an RL algorithm that can run on one
environment can run on all environments without adaption. This greatly simplifies the
testing of RL algorithms, because it makes it as easy as changing one line of code to test on
different environments. The main functions that need to be defined for Gym environments
are [34]:

e make(environment_name)

— Sets up a new instance of the environment given by the argument.
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— Returns an object of the environment class
e step(action)
— Applies a step to the environment based on the action used as the argument.

— Returns an observation of the environment, the reward for the transition, whether
the next state is a terminal state, and a dictionary of diagnostic information
specific to the environment.

e reset()
— No arguments, but it resets the environment.

— Returns the first observation of the reset environment.

3.1.4 Simulators

Choosing which simulator to use for robotic DRL is not a trivial task. There exist many
different simulations that are more or less suitable for DRL. Two of these simulators are
used in this thesis, Gazebo, and PyBullet.

Gazebo

Gazebo is a 3D dynamic robotics simulator which can be controlled by ROS using a col-
lection of packages called gazebo_ros_pkgs. Gazebo provides multiple physics engines, a
big library of robot models and environments, and many sensors [35, 36].

Gazebo was used during the author’s previous work on this project. As stated in [15], this
simulator has many shortcomings when it comes to DRL, to name a few: problems with
resetting the environment, and low real-time factor. Gazebo also has some positive sides:
Gazebo can be controlled with the robot meta-operating system ROS and can use the same
ROS services as the physical manipulator, which makes the sim-to-real process easier.

PyBullet

After the author’s work on the pre-project, the plan was initially to try using the simulator
Multi-Joint dynamics with Contact (MuJoCo) for this master thesis. By doing some more
research on MuJoCo, it was discovered that since this is proprietary software, it might
not be possible to use the student license provided for a thesis such as this. Also, since
it is proprietary, software developed using MuJoCo cannot be used by anyone without a
license, so the idea was that this would make the work done on this thesis less available.
When researching open-source alternatives to MuJoCo, the simulator PyBullet was dis-
covered. On PyBullet’s website, they specifically list robotics and reinforcement learning
as some of the areas in which PyBullet is intended to be used [37]. Based on this, PyBullet
was deemed an excellent simulator to use for this thesis.

PyBullet has several features that make it well suited for a project such as this:

e PyBullet has a built-in step function, which moves one timestep forward in the sim-
ulation when called.
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— This functionality is well suited for reinforcement learning since the assump-
tion is that the environment does not change without the agent performing an
action.

e PyBullet can use the URDF models that are used in Gazebo without any "adap-
tion". This means that the Unified Robot Description Format (URDF) model of the
manipulator already used in Gazebo could also be used in PyBullet.

e PyBullet runs much faster than, for instance, Gazebo.

3.2 Hardware
3.2.1 OpenMANIPULATOR-X

The robotic manipulator used for the real-world testing in this thesis is the
OpenMANIPULATOR-X (OM-X) by Robotis. This is a manipulator that has four rev-
olute joints that correspond to four DOF. The numbering of these joints is illustrated in
Figure 3.2. It also has an end-effector, which is a gripper, which means that the total num-
ber of DOF is five. This manipulator lacks a spherical wrist, which means that it has two
less DOF than what is typical in an industrial robotic manipulator (not counting the end-
effector) [30]. This means that there are some configurations that it cannot reach. More
specifically, these configurations correspond to rotations on the Z- and X-axis of the end-
effector. The manipulator is mounted on a wooden board. The OM-X is based on ROS and
OpenSource [1]. The manipulator, together with the lever described below, can be seen in
Figure 3.1.
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Figure 3.1: Manipulator and lever in the real world setup
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Figure 3.2: Illustration of the joint numbering of the manipulator (screenshot taken in Gazebo)




Figure 3.3: Potentiometer setup with Arduino Uno. Image is made using Tinkercad [6].

3.2.2 Lever

The lever that was created during the pre-project [15] was deemed unnecessarily compli-
cated for the work on this thesis. It also needed an external power source in addition to
a microcontroller to work. Therefore some changes to the lever were made. The servo
motor that was initially installed was taken out and replace with a potentiometer. This
potentiometer was wired to an Arduino Uno. The Arduino Uno can use ROS to send mes-
sages, using the rosserial package'. The code was written in C++ to periodically send
messages with the joint angle of the lever to a ROS topic. The wiring of the potentiometer
and Arduino can be seen in Figure 3.3 and the real-world setup can be seen in Figure 3.4.

Thttp://wiki.ros.org/rosserial
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Figure 3.4: The lever, arduino and potentiometer setup
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Chapter

System design

4.1 DDPG and HER

The DDPG and HER implementation used in this thesis is the one used in the author’s
earlier work [15]. This was adapted from [2] during the author’s work on the pre-project.
The implementation is written in the programming language Python 2.7 and uses the deep
learning framework PyTorch. As stated in Section 2.1.3, DDPG is an actor-critic algo-
rithm, the model architecture of the actor and critic network is shown in Figure 4.2 and
Figure 4.1, and is as follows!:

e Actor-network

— The input to this network is the state vector, which consists of the four joint
positions, the four joint velocities, and the three Cartesian coordinates of the
goal point. The input is passed through a ReLU activation function into the
hidden layers.

+ For some of the experiments done in Chapter 5, the state vector may be
changed. The reasoning behind this and how it is changed is explained in
the respective experiments’ sections in Chapter 5.

— After that, there are three fully-connected hidden layers with 256 neurons in
each. The activation function between these hidden layers is ReL.U.

— After the third fully-connected layer is the output layer, which has four neu-
rons. The activation function between the third fully-connected layer and the
output layer is Tanh. The neurons in the output layer, labeled 1-4 correspond
to how much the joints 1-4 should change. The Tanh activation function is
used instead of ReLU because the required change in the joints could be either
positive or negative, and should also be bounded in both directions.

I'The network description here is specifically for the reaching task described in the next section.
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Figure 4.1: Actor-network architecture

e Critic-network

— In addition to the state vector, the action that is evaluated is used as input to
the critic network. The input is passed through a ReLLU activation function into
the hidden layers.

* As described in the actor-network above, this state vector is also extended
in some of the experiments in Chapter 5

— As in the actor-network, there are three fully-connected hidden layers, each
consisting of 256 neurons after the input, with the ReL.U activation function
between each of these layers.

— After the third fully-connected layer comes the output layer, which has a single
neuron, which corresponds to the Q-value of the state-action pair used as input.
There is no activation function used in the output layer.

The hyperparameters used in the DDPG implementation are shown in Table 4.1. In this
table of hyperparameters, €, corresponds to the standard deviation of the gaussian noise
that is added to the actions, and €, is the chance of the agent taking a random action
instead. This means that this implementation combines both of the exploration techniques
described in the theory chapter.
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Figure 4.2: Critic-network architecture

Hyperparameter Value
Learning rate actor, o, 0.001
Learning rate critic, 0.001
Discount factor, ~ 0.98
12 regression, A 1
noise_eps, €, 0.2
random_eps, €, 0.18
HER ratio to be replaced, £ 4
HER replay strategy future
Mini-batch size 256

Table 4.1: DDPG hyperparameters
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4.2 open_manipulator_rl_environments

open_manipulator_rl_environments (OPM-RL-ENVS) is a package for ROS created by
the author during the work on this thesis. It uses the interface of the OpenAl Gym de-
scribed in Section 3.1.3, so in theory, any RL algorithm that can use continuous state and
action spaces can be used with this package. The end-goal of this package is to make it
simpler to design new reinforcement learning tasks for the OpenMANIPULATOR-X and
to simplify the transfer between PyBullet, Gazebo, and the real-world manipulator on these
tasks. The inspiration for this package comes from the author’s work on the pre-project
preceding this thesis [15], and the openai_ros package [38], which was used during the
work on the pre-project. This package was written in Python 2.7.

4.2.1 Robot environments

The robot environments handle the communication with either the simulators or the real
manipulator, hereafter called the domains. The robot environments function as a link
between the domains and the DRL agent. An effort was made to make the interface to the
robot environments as similar as possible. This was done because to make it so a change to
a task will transfer to any of the domains without needing to adapt the robot environments.

OpenManipPyBulletRobot

This robot environment uses a direct connection to PyBullet. As opposed to the other
two robot environments, no process-to-process communication is done. This increases the
simulation speed even further compared to Gazebo.

OpenManipGazeboRobot

This robot environment uses ROS services and topics to communicate with Gazebo. It
uses the ROS topic open_manipulator/joint_states to subscribe to the joint positions and
velocities, and it uses the topic open_manipulator/gripper/kinematics_pose to subscribe to
the task space position of the end-effector. To change the joint angles of the manipulator,
it uses the ROS service /open_manipulator/goal_joint_space_path_from_present. To open
and close the gripper, it uses the /open_manipulator/goal_tool_control service. It has a
persistent connection to both of these services to improve the response time.

OpenManipPhysicalRobot

This is the robot environment that is used to control the real manipulator. An advantage
with the Gazebo simulated manipulator is that it publishes the same topics and services
as the real manipulator. This means that this robot environment uses the same topics and
services as the OpenManipGazeboRobot.
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4.2.2 Task environments

The following are the environments that define the tasks done in this thesis. Since all of
these environments use sparse rewards, an episode is classified as a success if the last step
of the episode gives a reward of 0. For all of these environments, the actions correspond to
how much the joint angles should change relative to the current joint angle (except for the
gripper joint, which is described soon). The action is scaled by a constant ascqzing € (0,1).
This is done so the agent does not move too far in a single action. After experimenting
with different values for ascqiing, @ good value was found in ascqing = 0.2. This means
that if for instance the action @ = [1.0, —1.0, 0.6, 0.0] is chosen in the reach environment
described below, joint 1 will move 0.2 rad, joint 2 will move —0.2 rad, joint 3 will move
0.12 rad, and joint 4 will have the same angle. For the tasks that use the gripper, the first
joint is not used. This is to make the task a little bit easier to solve. Instead, the 4th entry
in the action array (a4) correspond to whether the gripper should be open or closed:

a4 > 0, — Gripper should be open
as <0, — Gripper should be closed -

This means that if the action ¢ = [0.6,—1.0,0.4, —0.1] is done in the tasks that use
the gripper (the two lever environments), joint 2 will move 0.12 rad, joint 3 will move
—0.2 rad, joint 4 will move 0.08 rad, and the gripper will be closed. Moreover, the state
space will be augmented by four states for the environments that use the gripper. Two
states for the position of the gripper’s two parts, and two states for the velocity of these
two parts.

When an action is done in these environments, the environment will wait until either the
action is complete or a certain amount of time has passed (if, for instance, the action can
not be done, because the action would lead to, for example, going through the floor). Wait-
ing until the action is complete is done for two reasons. The first reason is to make it easier
to transfer between domains, because of differences in the controllers. The second reason
is that the agent cannot take actions too frequently. "In continuous control domains, the
performance goes to zero as the frequency of taking actions goes to infinity" [39]. The
DRL agent controls of how the joint angles should change, and not what the torque of the
servo motors should be. This means that the agent is not controlling the robot on the low-
est level, and another controller handles how to change the torque of the servo motors so
that the desired joint angles are achieved. It is feasible to let an agent control the torques
directly, however, to train such an agent in a simulator before transferring to the real world
requires very accurate information about the dynamics of the manipulator in the simula-
tor, and this was therefore not done. Letting an agent directly control the torques of the
servo motors is done, for instance, in the paper End-to-End Training of Deep Visuomotor
Policies [12].

OpenManipulator_reach_task-v(

This is a recreation of the primary task done in the pre-project [15], using the
open_manipulator_rl_environments package. This is a task where the goal is to place
the end-effector of the manipulator in the vicinity of a randomly selected point in the
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manipulator’s workspace. If the end-effector is within a sphere with a radius of 2.0cm
and origin in the randomly selected point, it is classified as being in the vicinity of the
point. The points are randomly selected between episodes using randomized spherical
coordinates. These spherical coordinates are uniformly selected between the ranges

r,0,¢€R:re0.18,0.30],0 € [0, g], ¢ € [~0.897,0.897]. 4.1)

In addition to the randomly selected point the manipulator should reach, the manipulator’s
starting position is also partly randomized. The starting position of the first joint of the
manipulator (see Section 3.2.1 for the numbering of the joints) is randomized using a
uniform distribution in the range 61 € [—7, ]. The other joints of the manipulator start
each episode with

0 =05 =0,=0.

The gripper is not used in this task, and is therefore always in the starting position

This task essentially requires the DRL agent to discover the position inverse kinematics of
the manipulator. The term inverse kinematics is described in Section 2.2.2.

OpenManipulator_reach_task_oscillating-v0

This task was inspired by the idea of using DRL to control a manipulator that is attached
to an Unmanned Underwater Vehicle (UUV). This task is the same as the regular reach
task described above, but the manipulator is also oscillating along the world z-axis. This
is done to emulate the disturbance caused by underwater flows. In reality, the flows are
much more complex, and the disturbance is not only acting along the z-axis.

The oscillations are created using

op =A— Acos(2n(t + ¢)/P),

where A is the amplitude of the oscillations given in meters, ¢ is the current timestep in the
episode, ¢ is the phase shift with respect to the timestep, P is the period of the oscillations
with respect to the timestep, and oy is the z position of the base in the current timestep. The
amplitude, the phase shift and the period is randomized uniformly each episode between
the bounds

AeR,¢,PeZ:Ac0.020.07],¢ € [0,120], P € [240, 720]

To make it feasible for the DRL agent to solve this task, the state vector has to be extended.
Two new states are added to the state vector, the position of the manipulator’s base given
in world z-coordinates, and the velocity of the manipulator’s base in world z-coordinates.
It is questionable whether the information in these two new states (especially the position)
can be given with reasonable accuracy in an underwater setting, but for this task, it is
assumed that these can be given to perfect accuracy.
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OpenManipulator_line_follow_oscillating-v0

To further examine the feasibility of using DRL to control the robotic manipulator while
it is under an oscillating disturbance, an additional task was created using the
open_manipulator_rl_environments framework. This task is the same as the reaching task
with oscillations described above, except that the goal is not to reach a single point. Here,
the goal is to make the end-effector of the manipulator follow a straight-line path. This
straight-line path is randomized between episodes by first randomly selecting a start point
for the line, then randomly selecting an end point for the line, and finally making a line
between the two points. The start point and the end point is selected uniformly according
to

Tstarts Tend € R 1 Tstart = Tend € [0.1m, 0.23m]
Ystart € R Ystare € [0.15m, 0.25m]
Yend € R : Yena € [—0.25m, —0.15m)]
Zstart € R : Zgtqre € [0.1m,0.3m]
Zend € Rt Zepg € [0.1m, 0.3m]

To give information to the DRL agent about the line, the line is discretized into points.
Experiments with different numbers of discretization points in the line were done, and 20
discretization points proved a good number. Since the maximum length of the line is

\/(ystart_maaz - yend_min)2 + (Zstart_mam - Zend_7nin)2 - \/(O-5In)2 + (OQIIH)2
~ 0.5385m

(the x-position is randomized, but the same for both the start point and the end point)
this means that the maximum length between each discretization point is approximately
0-5385m — (0,026925m. The minimum length between each discretization point is

Ystart_min — Yend_mazx _ 0.3m

20 20

= 0.015m,

because, for the minimum length of the line, the z-coordinates are the same.

OpenManipulator_lever_manipulate_task-v(

One of the main goals of this thesis is to create a DRL agent that can use a real-world
manipulator to manipulate a lever. To do this, a task environment has to be created that
has a lever. The real-world lever described in Section 3.2.2 was measured, and a mesh that
is similar to the real lever was created using the software Blender [40]. To use the lever
model in the simulators, a URDF model was created, which uses the mesh made in Blender
for visual and collision. In addition to this, an URDF also needs to specify the properties
of the lever. The properties that needed to be defined were inertia, mass, friction, and
damping. Trial and error were used to make the properties of the simulated lever similar to
the real lever. Gazebo and PyBullet can, fortunately, both use URDF models, but the two
simulators use different parameters when specifying the properties. This lead to requiring
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one URDF for Gazebo, and one URDF for PyBullet. The lever model in the simulator
Gazebo can be seen in Figure 4.3. During training, the lever’s position, the start angle of
the lever joint, and the goal angle of the lever joint are randomized between episodes. The
position of the real lever relative to the real manipulator was measured to be about 0.256m
along the x-axis. Based on this, the position of the lever during training in the simulator
was randomized uniformly according to

Zlever € R & Zjeper € [0.23m,0.27m)].

This was done to make the agent experience different lever positions to account for mea-
suring inaccuracies in the real lever’s position. The y- and z- coordinates of the lever are
zero for all episodes. The start angle and goal angle of the lever are randomized uniformly
according to

Ostart, Ogoal € R : 040 € [—1.0rad, 1.0 rad], Ogoq € [—1.0 rad, 1.0 rad],

with the additional constraint that |04t — 0goa| > 0.4 rad.

Rewards in this environment are sparse because HER should be used. The reward is given
according to

|1 i Brever — Ogour| > 0.025 rad
10, if |Grever — Ogoar] < 0.025 rad

Inspired by the paper where HER was introduced [11], the manipulator starts with a grasp
on the lever for 50% of the episodes during the training. This is done to encourage explo-
ration and make training faster.

In this task, the state vector is also different than what was described in Section 4.1. The
state still contains information about the position and velocity of the joints. The Cartesian
coordinates of the base of the lever with respect to the manipulator base, the Cartesian
distance from the end-effector to the base of the lever and the current angle of the lever is
also given. Also, the goal in the form of a scalar that represents the desired angle of the
lever in radians is given.

OpenManipulator_lever_manipulate_oscillating-v(

This is the final task that was created for this package. It adds oscillations to the lever
manipulation task. It randomizes the parameters of the oscillations between episodes as in
the previous oscillation tasks, and it also randomizes the position and angle of the lever as
in the lever manipulation task above.
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Figure 4.3: Lever model in Gazebo
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Chapter

Results and discussion

5.1 Activation function comparison

5.1.1 Results

To provide some motivation for the choice of activation function for the ANNs used in this
thesis, a comparison between the activation functions in question is made here.

To create this comparison, the OpenManipulator_reach_task-vO environment from the
open_manipulator_rl_environment described in Section 4.2 is used. This is the most
straightforward environment in the package, which means that it uses the shortest amount
of time to train. Nevertheless, reaching a point is common for all tasks that can be per-
formed by a robotic manipulator, so this environment is considered a fair way to test the
activation functions. To test the activation functions, the training procedure is as follows:

e Five agents were trained concurrently on the reaching task using DDPG with the
same hyperparameters for each agent. The hyperparameters are shown in Table 4.1.
This was done for each activation function, so this means that 25 different agents
were trained in total for this comparison.

Each agent was trained for 50 epochs with 15 training episodes in each epoch.

After each epoch, 30 test episodes were done.

Each episode consists of 300 timesteps.

— In the test episodes, the agents choose the greedy actions, which means that
they follow a strictly deterministic policy.

The results from the test episodes are plotted in Figure 5.1 and Figure 5.2. In the
plot, the mean of the results from the five agents is plotted, and the similarly colored
area around the lines corresponds to half a standard deviation.
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— Quadratic interpolation was used when creating the plots, to make them easier
to read.
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5.1.2 Discussion

From Figure 5.1 and Figure 5.2 the activation functions can be arranged according to their
performance on this task:

1. ReLU

2. Swish and Mish
3. Tanh

4. Sigmoid

The results were more or less as expected. ReLU has, by far, the best performance on
this task. It stabilizes at a success rate of ~ 1.0 faster than any other activation function,
and it has the lowest variance on the task (measured in the standard deviation over the
five agents trained). The expectation before doing the experiment was that Mish or Swish
would have the best performance (or at least similar performance to ReLU), but this was
not the result. It may be that Mish’s and Swish’s performance boost only comes into play
when the ANN is deeper than it was in this experiment. For a shallow ANN such as this,
ReLU’s simplicity may be some of what makes its performance better.

Tanh and sigmoid never reach a success rate of ~ 1.0. Tanh has, as expected, better per-
formance than sigmoid with success rate ~ 0.8, and sigmoid being the worst performing
activation function on this comparison, with success rate ~ 0.2 at the end of the training.
Tanh and sigmoid might have reached the same success rate as the other three activation
functions if given more training episodes, but for this thesis, this experiment is enough to
exclude them from further usage as activation functions for hidden layers. It should again
be mentioned that all the agents use tanh as the activation function for the output layer of
the actor ANN.

5.2 Transfer learning from PyBullet to Gazebo

5.2.1 Results and discussion

When an agent trained in PyBullet on the OpenManipulator_reach_task-v0 was transferred
to Gazebo on the same task, the agent did not perform as well as it did in PyBullet. The
agent reaches the vicinity of the point, but it does not stop moving as it does in PyBullet,
and instead moves around the vicinity of the point for the entirety of the rest of the episode.
Comparing Figure 5.3, which is the error in PyBullet, with Figure 5.4, which is the error
in Gazebo, this is apparent. Note that the agent/neural network that gave these results
is the same in both of these figures, only the simulator is different. Because of these
unsatisfactory results, an attempt was made to employ transfer learning to improve the
performance in Gazebo.

The idea is to pre-train the agent in PyBullet, and after that, continue to train the agent in
Gazebo on the same task. Gazebo has very similar performance to the real-world manip-
ulator, so it is assumed that good performance in Gazebo equals good performance on the
real-world manipulator.

59
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Figure 5.3: The error in PyBullet
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Figure 5.4: The error in Gazebo before transfer learning (same neural network as in Figure 5.3)
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Training in PyBullet is much faster than training in Gazebo. Ten training episodes with
300 timesteps in each episode takes about 206 seconds in Gazebo; the same amount of
training episodes only takes about 15 seconds in PyBullet. Therefore, the prediction before
attempting to do this transfer learning is that the total amount of time it will take to train
will be much shorter than solely training in Gazebo.

To better illustrate how the manipulator moves its end-effector towards the goal, the dis-
tance between the end-effector and the goal point was plotted over ten test episodes. These
ten test episodes use the same ten goals for all the comparisons. The euclidian distance
from the end-effector to the goal was plotted over the entire episodes using

Ve = 262 + (e = Ug)? + (2ee — 2)?

to calculate the euclidian distance. Here x4, y,, 24 are the euclidian coordinates of the
goal, and ¢, Yee, Zee are the euclidian/task-space coordinates of the end-effector. This
euclidian distance can be interpreted as the error over the episode since the objective of
the agent is to place the end-effector in the goal point. In other words, the objective is to
minimize the distance from the end-effector to the goal.

The results from testing the agent in PyBullet after training are excellent, see Figure 5.3.
If these results could transfer to Gazebo, that would have been ideal. However, based on
Figure 5.4, this is not the case. As explained above, the manipulator oscillates around the
goal point when transferring to Gazebo. Similar behavior would most likely occur if the
agent was transferred to the real-world manipulator, so because of the risk of damaging the
real manipulator from this, it was not attempted. Based on these results, a transfer learning
plan was created. This plan is as follows:

e Two hundred transfer learning episodes was done, using the actor, critic, target actor,
and target critic networks from the results in Figure 5.3 and Figure 5.4 as the initial
neural networks.

e Ordinarily, in transfer learning, the first layers of the neural networks are frozen, and
only the last layers are updated during transfer learning. However, for this, all of
the layers are updated during transfer learning. Because the robots are identical, and
only the platform is different, this was theorized to be the best way to do it.

e The hyperparameters for this transfer learning scheme are the same as in Table 4.1,
except the learning rate. The learning rate that was used was somewhat lower,
0.0008 for both the actor and the critic.

The results from Figure 5.3, Figure 5.4 and Figure 5.5 are all done with the same 10 goals
for a true comparison. These ten goals were randomly selected beforehand using the spher-
ical coordinates described in Equation (4.1). The initial position of the manipulator is not
randomized between episodes; the initial joint angles are §; = 03 = 03 = 04 = 0 for all
ten episodes.

The results after transfer learning for 200 episodes are shown in Figure 5.5. Although it
can be seen that the agent moves slower to the goal than in Figure 5.3 and Figure 5.4, the
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Figure 5.5: The error in Gazebo after transfer learning

manipulator is much more stable than in Figure 5.4. It is also apparent that for some goals,
the transfer learned agent is less accurate than before transfer learning (consider, for in-
stance, the green line that corresponds to episode 3). However, the goal of this experiment
was to see whether the agent could learn to keep the manipulator more steady after reach-
ing the goal in Gazebo after transfer learning. This was, without a doubt, accomplished.
By transfer learning for more than 200 episodes, the agent will most likely also be faster
and more accurate.

Transfer learning was also tried using differential learning rate and frozen parameters in
all but the last layer, as described in Section 2.1.5. This gave much worse results than
updating all layers, as can be seen in Figure 5.6a and Figure 5.6b. The reasons for these
unfortunate results are challenging to understand, because of the complexity of neural
networks.
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(a) Transfer learning with frozen weights in all layers

except the last layer. (b) Transfer learning with differential learning rate.

Figure 5.6: Transfer learning with frozen weights and differential learning rate

5.3 Lever manipulation task

5.3.1 Results

As stated earlier, one of the main goals of this thesis is to train a DRL agent so that it can
learn to pull a lever. This is what is done in this section. In addition, the agent trained in
the simulators is also transferred to the real manipulator.

e First, an agent was trained in PyBullet, using the hyperparameters in Table 4.1.

— The agent was trained for 50 epochs, with 30 episodes in each epoch. After
each epoch, 30 test episodes were done.

— The results from this training can be seen in Figure 5.7.

o After the agent was finished training, five episodes were done with five preselected
start and goal positions for the lever. These preselected positions were randomly se-
lected according to the approach described in the OpenManipulator_lever_manipulate_task-
v0 part of Section 4.2.2.

e Then the same five test episodes with the preselected start and goal positions of the
lever were done in Gazebo, and the results can be seen in Figure 5.9.

o The same transfer learning plan as was described in Section 5.2 was used on this
task, with the only difference being that the transfer learning was done for 300
episodes instead of 200 episodes. This was motivated by the results in Section 5.2
where the agent was somewhat slow and inaccurate after only 200 episodes of trans-
fer learning. The results after transfer learning in Gazebo on the five test episodes
can be seen in Figure 5.10.

e Finally, the task was transferred to the real world. The results from this can be seen
in Figure 5.11. This is done using the same five start and goal positions as in the
others. A video was made of the performance of the agent during this, and this video
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Figure 5.7: Average rewards and success rates from training on the lever manipulation task in
PyBullet

is delivered with this thesis. It should be noted that sometimes during the operation
on the real manipulator, the ROS service that is used to change the joint angles takes
a long time (about five seconds) to respond to a command. During these times, the
video is cut, to keep the video shorter and more enjoyable to watch. Note that the
results in Figure 5.11 are done with only 70 steps in each episode in contrast to the
other figures in this section, which has 100 steps in each episode. This was done to
keep the video shorter. This video’s filename is lever_manipulation.mp4.

5.3.2 Discussion

As was expected, this task was more complicated for the agent to solve than the reaching
task. It required twice the number of episodes to reach close to a 100% success rate. As can
be seen in Figure 5.7, the performance has not stabilized at 100% success rate at the end
of the training. This means that it could most likely have benefited from training for more
episodes. Figure 5.8 shows the results from doing the 5 test episodes in PyBullet after
finishing the training. The performance is accurate and fast, even though the agent first
moves the lever in the wrong direction for all episodes except episode 2. When the agent
trained in PyBullet is transferred to Gazebo in Figure 5.9, it still maintains this behavior
where it moves the lever in the wrong direction for all episodes but episode 2. However,
this behavior is amplified in Gazebo. It also uses more steps to reach its goal, and when
it reaches the goal, it oscillates somewhat around the goal, especially in episode 2 and
5. It is clear that this could benefit from transfer learning in Gazebo. Figure 5.10 shows
the performance after transfer learning has been done, and the performance has become
much better. It can, in a way, be argued that the performance in Gazebo now is better
than the performance in PyBullet, since the manipulator does not first move the lever in
the wrong direction. Then, the agent that was transfer learned in Gazebo is transferred
to the real manipulator. When this was done, the ascq1ing parameter was changed from
0.2 to 0.1. This was done to make the manipulator move less in each step so that if the
agent chooses to something to the manipulator that would damage it, it would be easier to
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Figure 5.8: The error in PyBullet on lever manipulating task

Lever manipulation, error (Gazebo no transfer learning)
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Figure 5.9: The error in Gazebo before transfer learning on lever manipulating task
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Lever manipulation, error (Gazebo with transfer learning)
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Figure 5.10: The error in Gazebo after transfer learning on lever manipulating task

Lever manipulation, error (real manipulator)
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Figure 5.11: The error on the real world manipulator on lever manipulation task




anticipate and turn off the operation preemptively. This change in the ascq1ing parameter
explains at least partly why the lever is moved slower to the goal in Figure 5.11 than in
the others. The lever is also moved back and forth for some episodes (episodes 2 and 4
specifically), and the lever is not moved as close to the goal angle as it was when doing the
same task in the simulator. This is more than likely because of the simulator to the real-
world gap, described in Section 2.1.5. It is assumed that the dynamics and behavior of the
real manipulator are similar to the simulated manipulator. However, the real lever seems
to have very different properties when compared to the simulated lever. As the properties
of the simulated lever were estimated by using trial-and-error, and without any measuring
of, for instance, the friction, this is quite likely. Even though the performance on the real
manipulator is much worse than in the simulations, the agent manages to reach the goal
of moving the lever within 0.025 rad of the goal angle for all episodes except episode
1 (in episode 1 it is about 0.035 rad away from the goal angle). This transfer from the
simulator to the real world could likely have benefited from techniques such as dynamics
randomization [13], especially randomization of the dynamics of the lever. Unfortunately,
this was never implemented during the work on this thesis.

5.4 Oscillating tasks

As described in Section 4.2.2, the motivation behind these oscillating task environments
is to emulate underwater currents. Results from the tasks described in Section 4.2.2 are
shown and discussed below, and these results are solely from the simulator PyBullet. The
idea was originally to create a device that could cause similar oscillations in the real-
world setting, which the real-world manipulator could be attached to. This was so that the
tasks could have been transferred to the real world. However, because of the Covid-19
pandemic, creating this real-world oscillating device proved unfeasible for this thesis. A
video that shows the performance of these three oscillating tasks in the simulator is also
delivered with this thesis. The filename of this video is oscillating_tasks.mp4.

5.4.1 Oscillating reach task
Results

As previously mentioned, the motivation behind this task is to see whether it is feasible
to control the manipulator while under an oscillating disturbance along the z-axis. The
following training procedure was used to achieve these results:

e A single agent was trained using DDPG with the hyperparameters in Table 4.1.
e The agent was trained over 50 epochs, with 15 training episodes in each epoch

e After each epoch, 30 test episodes were done, and as in Section 5.1, the agent chose
only greedy actions during the test episodes.

e The results from training this task in PyBullet is shown in Figure 5.12a and Fig-
ure 5.12b.
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Figure 5.12: Success rate and average reward from training one agent on the reaching task with
oscillations in PyBullet

After training, five test episodes were done, where the distance from the end-effector to
the goal (the error) is plotted. This error was calculated the same as in Section 5.2. Results
from this are shown in Figure 5.13, and this is the error from the episodes shown in the
video.

Discussion

This experiment indicates that it is feasible for a DRL agent to control a robotic manipu-
lator that is under an oscillating disturbance, given that the state gives information about
the oscillations with respect to the position and velocity. When comparing the results on
the reach-task in Section 5.1 (specifically the results with ReLU) with Figure 5.12b and
Figure 5.12a, the agent, surprisingly, learns at a similar rate for both the non-oscillating
and oscillating task. A reaching task is still a quite simple task, so even if oscillations and
two new states are added, it seems that this still is a simple task for a DRL agent using
DDPG and HER to solve.

From Figure 5.13, it is also apparent that the fully-trained agent manages to minimize the
distance from the end-effector to the goal fast, and this distance stays low for the rest of
the episode. It should again be mentioned that the goal and the start configuration of the
manipulator are different for each episode, because of the randomization described in Sec-
tion 4.2.2.

5.4.2 Oscillating line follow task

This task was done to see whether the manipulator can not only go to a specific point
and hold the end-effector in this point while under oscillations, but also see whether the
manipulator can move the end-effector in a straight path during oscillations.
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Oscillating reach-task, error (PyBullet)
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Figure 5.13: A plot of the euclidian distance from the end-effector to the goal for five episodes for
an agent that has finished its training on the reach-task with oscillations in PyBullet.

Results
e A single agent was trained using DDPG with the hyperparameters in Table 4.1.
e The agent was trained over 50 epochs, with 20 training episodes in each epoch.
e After each epoch, 30 test episodes were done, where greedy actions were chosen.

e The results from training this task in PyBullet is shown in Figure 5.14a and Fig-
ure 5.14b.

In addition to this, five episodes were done where the distance from the end-effector to the
line was plotted over the episodes. This distance was calculated according to:

[(mo—21) X (zo—3)| if —1<t<0

d= |z2—1| ’
min(|xg — x1], |Lo — x2|), otherwise

for

(%1 — o) (x2 — 1)

t=—
|zy — 1|

where x is the current task-space position of the end-effector, a1 is the start point of the
line, and x5 is the end point of the line!. These points are given in Cartesian coordinates.
The first case where —1 < ¢ < 0, gives the distance when the closest point from the
end-effector to the line is somewhere between the start and end point of the line. The

IThis formula was taken from https://mathworld.wolfram.com/Point-LineDistance3-Dimensional.html
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Figure 5.14: Success rate and average reward from training one agent on the line follow task with
oscillations in PyBullet.

second case gives the distance when the closest point from the end-effector to the line is
either the start point or the end point. This distance can also be considered the error over
the episodes. The error is shown in Figure 5.17, and is the error from the video that is
delivered with this thesis.

Discussion

It can be seen from the plots in Figure 5.14 that the training stabilizes around 100% success
rate fast, after about 15 epochs. It seems like this also is not a very difficult task for the
agent to solve. When looking at the error in Figure 5.15, it also seems like the agent
manages to hold the end-effector close to the line for the entirety of the episodes although
some erratic behavior can be seen for episode 4 around steps 25 and 50 as well as at the end
of the episode. When comparing with Figure 5.13, it seems like the oscillations are more
apparent in the line following task than the reaching task. However, it should be noted that
the scaling on the y-axis is different in both of these plots. These results indicate that a
DRL agent controlling a robotic manipulator can control the manipulator to make it follow
a straight line, even under oscillations, even though its performance is partially decreased
by the oscillations.

5.4.3 Oscillating lever manipulation task

Results

A single agent was trained using DDPG with the hyperparameters in Table 4.1.

The agent was trained over 50 epochs, with 100 training episodes in each epoch.

e After each epoch, 30 test episodes were done, where greedy actions were chosen.

The results from training this task in PyBullet is shown in Figure 5.16a and Fig-
ure 5.16b.
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Oscillating line-follow-task, error (PyBullet)
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Figure 5.15: A plot of the euclidian distance from the end-effector to the line for five episodes for
an agent that has finished its training on the line following-task with oscillations in PyBullet

After the training was finished, five episodes were done with random start and goal posi-
tions of the lever angle. The results from this can be seen in Figure 5.17 where the error is
plotted, and in the video delivered with this thesis, where the episodes that gave the results
in Figure 5.17 are shown. In the video, a green sphere spawns each episode, indicating
where the goal position of the lever is.

Discussion

This is clearly the most challenging task for the agent to learn that was done in this thesis.
The agent requires more training episodes than any of the other environments to achieve
success, as can be seen in Figure 5.16 where each epoch contains 100 training episodes.
For all the five test episodes after the agent was fully trained, it manages to move the lever
very close to the goal angle. However, in episode 3, the agent is struggling to move the
lever to the goal position, as can be seen in both Figure 5.17 and the video delivered with
this thesis.

This task was originally going to be the main result of this thesis when it was transferred
to the real manipulator. However, no device that could create oscillations in the real world
was made, and the results are only from PyBullet. The results indicate that it could be
possible to do it in a real-world setting, but the transfer from the simulator to the real world
would likely be challenging. When viewing the video from this task in the simulations, it
seems like the agent learns a behavior that would be very specific to the simulator.

If this task was transferred to the real world, the risk of damaging the manipulator would
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Figure 5.16: Success rates and average rewards from training on the lever manipulation task with
oscillations in PyBullet
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over the test episodes
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be high. If, for instance, the oscillating device moves the robot’s base towards the ground
while the end-effector is already close to the ground, this could likely damage the servo
motors. To transfer this agent successfully to the real world with less risk of damaging
the real manipulator, the reward function could, for instance, give more reward if the
manipulator is moved away from the lever when the lever has been moved sufficiently
close to the goal. The force and torque that is applied to the manipulator could also be part
of the reward function, and the agent could try to minimize this while also achieving the
goal.

5.5 Explainable Artificial Intelligence
5.5.1 Results

SHAP values were used to interpret some of the results of this thesis. An agent that was
previously trained on the reaching task in the OPM-RL-ENVS was used for this. Two
situations were used, and in each of these situations, the agent is just a single step away
from the goal. The situations are shown in Figure 5.18a and Figure 5.18b, hereafter called
situation one and two, respectively. For the situation in Figure 5.18a, the agent only needs
to choose the action [1.0, 0.0, 0.0, 0.0] to reach the goal, which corresponds to moving the
first joint 0.2 rad. For the situation in Figure 5.18b, the agent needs to choose the action
[0.0, 0.0, 0.0, 1.0], which corresponds to moving the fourth joint 0.2 rad. The SHAP
explainer was trained on ten thousand randomly selected poses and goals, which are in the
vicinity of these two situations, and then used to evaluate how the different states are used
to create the output of the neural network. The local result is shown for situation one is
shown in Figure 5.20 and Figure 5.21 show the same for situation two.

More global results are also calculated, by training the SHAP explainer on 10 thousand
randomly selected poses and goals that could arise during the agent’s operation and show-
ing a summary of how much the different states contribute to the magnitude of the different
actions. These results are shown in Figure 5.19.

The python library shap? was used to calculate the shap values and to plot the graphs [29].

5.5.2 Discussion

The prediction before calculating the SHAP values is that for situation 1, joint 1 will be the
essential factor of the agent’s decision since this is the only joint that needs to be moved
to reach the goal. The same is true for situation 2, except that joint 4 needs to be moved.
For the global results, intuition says that all three coordinates of the goal will be principal.
It is also predicted that the position of the joints themself will be necessary for how the
joint positions should be changed. For example, the position of joint 1 will be relevant
for how joint 1 should be moved, and so on. In addition to this since joints 2-4 move the
end-effector in the same plane?, the position of these three joints should be important for

Zhttps://github.com/slundberg/shap
3for instance if the y-coordinate is zero, changing joints 2-4 will only result in the x and z-position of the
end-effector changing.
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(a) Situation 1 (b) Situation 2

Figure 5.18: The two situations used for XAl, shown in PyBullet
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Figure 5.19: The global result from SHAP values
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Figure 5.20: Summary of how the states influence the actions for situation 1
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Figure 5.21: Summary of how the states influence the actions for situation 2




how they all should change. Another prediction is that the z-position of the goal will not
influence how joint 1 should move because these are not connected in any way since joint 1
is a rotation around the base, which will not influence the z-coordinate of the end-effector.

Figure 5.20 shows that the prediction was accurate. The position of joint 1 is the most
important, and it is by far, most contributing to how joint 1 should be changed. What is
peculiar is that the position of joint 1 also is important for how joint 3 should change.

Figure 5.21 shows that for situation two, the prediction was also correct. The position of
joint 4 is the most important for deciding how the different joints should change. It is also
apparent that the agent does not choose the path to the goal that would be most logical
(changing only joint 4). However, joint 2 and joint 3 could also be changed to reach the
goal in a single step, so the results are not unreasonable. It is nevertheless not good that the
position of joint 4 influences how joint 1 should change. Joint 1 is in the perfect position
for reaching the goal, regardless of how the other joints are moved to reach the goal, so it
should not have been moved at all.

The global result from Figure 5.19 shows something reasonably disconcerting. The z-
position of the goal is relatively important for how joint 1 should be changed. As explained
above, it is not logical for this to happen, which means that this decreases the trust in the
agent’s behavior. It is also peculiar that the x-coordinate is vital for how joint 3 should
change but not that important for how joint 4 should change; the opposite is true for the
y-coordinate, which is vital for how joint 4 should change, but not very important for how
joint 3 should change. This is not that disconcerting, because as already mentioned, these
two joints change the position of the end-effector in the same plane. It is also peculiar that
the z-coordinate influences the actions to a meager extent. It would be logical if how joints
2-4 should be changed was very influenced by the z-coordinate of the goal since these
joints influence the z-coordinate of the end-effector regardless of the position of joint 1,
but this was not the case.

The trustworthiness of the agent after this experiment has decreased because of this ex-
periment. The prediction that the positions of joints 1 and 4 are crucial for, respectively,
situations one and two was correct, which increases the trust. However, the other results
discussed here decrease the trust far more. This means that even if the agent has excellent
performance on its task, there are reasons not to trust it.
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Chapter

Conclusion

6.1 Answering the research questions

Which advantages and disadvantages can Deep Reinforcement Learning (DRL) pro-
vide when it comes to controlling a robotic manipulator under various conditions?

DRL can be used to solve a wide variety of different problems for robotics, given that the
reward function is appropriately made, that the states contain appropriate information and
that the actions give the DRL agent sufficient control over the robot. One of the techniques
used in this thesis, called Hindsight Experience Replay (HER), dramatically simplifies the
reward function’s creation. This all together gives DRL the ability to solve problems for
robotics, where it is not easy to find a solution using traditional methods—for example,
grasping tasks or controlling a robot with a significant number of Degrees of Freedom
(DOF).

Another advantage of DRL is that the agent has the potential to improve its performance
during operation. This is a significant advantage over traditional methods. However, it
would not be recommended to let robots controlled by the DRL algorithms used in this
thesis explore during operation. The exploration mechanisms used during this thesis were
e-greedy exploration and exploration noise. These mechanisms are unsuitable for a safety-
critical operation, especially e-greedy exploration, where the agent has a certain probabil-
ity of taking a random action. Other DRL algorithms deal with exploration in a more suit-
able way for online learning during operation—for instance, the Soft Actor-Critic (SAC)
algorithm, which tries to maximize entropy while also maximizing the reward [10]. In the
future, more DRL algorithms that can explore safely during operation are needed for DRL
to help improve robots’ autonomy.

One problem with DRL and especially HER is that it is difficult to predict what the agent
will do after it has completed its goal. A solution to this could be to make the reward
function give more reward if the robot is moved to a safe position after completing its
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goal. Another solution can be to use traditional robot control methods to automatically
move the robot to this safe position after the goal is done.

Another problem with robotic DRL is related to the gap between the simulator and the real
world. If the agent is trained in a simulator, then transferred to the real world, the agent
may learn strategies specific to the simulated environment that do not transfer well to the
real environment. Solutions to this can be, for instance, to train using the real robot as was
done in the paper The Ingredients of Real World Robotic Reinforcement Learning [41], or
to use techniques such as dynamics randomization [13], which can let an agent estimate
the fundamental properties of the real environment.

The most significant problem when it comes to robotic DRL is that agents may not be
trustworthy. From the Explainable Artificial Intelligence (XAI) results in this thesis, it is
apparent that even if an agent manages to complete its goal approximately every time, this
is not enough to trust it. As long as the basis of the agent’s decision is different from what
human intuition says, it will be challenging to trust the agent. This can lead to a significant
roadblock for robotic DRL’s widespread acceptance. For more complex tasks than this, it
could even be challenging to determine what human intuition would be. These are some
of the reasons why more research into XAl for robotic DRL is needed.

Which properties should a simulation framework hold to make the transfer to the
real-world efficient for robotic deep reinforcement learning, and what can be done to
improve the efficiency of this transfer?

There are two features that simulation frameworks can have that are arguably more im-
portant than any else: the simulation speed, and the simulation accuracy. By simulation
speed, it is here meant how much faster than real-world speed the simulation can run,
and by simulation accuracy, it is meant how similar the simulated environment is to the
real-world environment. As mentioned throughout this thesis, the simulators PyBullet and
Gazebo has been used in this work. PyBullet showed a high simulation speed but was
lacking when it came to simulation accuracy. Gazebo, on the other hand, was accurate
compared to the real-world environment, but the simulation speed was very slow.

It may be that these two features are simply at odds with each other; for a simulator to
provide more accurate simulation, more calculations have to be made, which takes more
time. To do robotic DRL successfully by first training the agent in a simulator and then
transfer to the real world, both of these two features should be present. Unfortunately,
neither of the simulators used in this thesis had both of these features. In this thesis, this
was solved by first training with PyBullet, the faster simulator, and then transfer learning
in Gazebo, the more accurate simulator. This is a solution that can prove feasible but
requires some extra work compared to just training in a single simulator.

As mentioned during the answer to the last research question, dynamics randomization
could likely have been used to make the transfer from the simulator to the real world more
efficient. If this had been implemented, it is possible that the agent would only need to
train in PyBullet, and then be transferred directly to the real world.
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How can methods from XAI be used to interpret the results from this thesis?

For this thesis, the method from XAI that was used was SHapley Additive exPlanations
(SHAP). This method can explain how a DRL agent arrives at its decisions by show-
ing how the agent uses different states to decide what action to take. By using domain
knowledge, a human can see if the agent makes decisions based on reasonable states. In
this thesis, for instance, it was discovered that an agent trained on a reaching task uses
the z-coordinate of the goal to decide how to move a joint that does not influence the z-
coordinate of the end-effector at all. This, and other results, gave reasons for suspecting
that the agent did not decide on the actions based on reasons which follow human intuition.
After doing this experiment, the trust in the agent was decreased.

To use SHAP on a DRL problem, the user has to have a good deal of domain knowledge.
It may be unfeasible to understand how the agent ideally should arrive at its decisions
for tasks that are more involved than this reaching task. This leads to the conclusion that
SHAP is useful for DRL tasks where a human can understand how the problem should be
solved, and not that useful for more complex tasks. Nevertheless, even for more complex
tasks, it should be tried to use SHAP as a tool for a better understanding of how the task
should be solved.

6.2 Further work

There is much work that could still be done on this topic. It would be interesting to see
how the combination of SAC and HER would perform on the tasks in this thesis. Also,
it would have been interesting to see whether the method from The Ingredients of Real
World Robotic Reinforcement Learning [41] could be applied to an environment such as
this, which is somewhat more complicated than the one used in that paper. As already
mentioned in this chapter, it would also be interesting to see how dynamics randomization
could improve the results of transferring to the real world.

It can also be attempted to transfer the oscillating tasks created for this thesis to the real
world. This will likely be a challenging task because of the simulator to the real world gap.
If this is going to be done, a device that creates oscillations on the real-world manipulator
has to be made.

Computer vision can be used in this topic to detect the position of the lever. End-to-end
DRL could also be tried, where the images generated by a camera are directly mapped to
actions that the manipulator should perform. This can, for instance, be done by first using
Convolutional Neural Networks (CNNs) for feature extraction, and fully connected layers
afterwards.

Lastly, more methods from XAI could be used on this topic. For instance, the Linear
Model U-trees that are shown in the paper Toward Interpretable Deep Reinforcement
Learning with Linear Model U-Trees [42]. It was hard to find papers where XAI was
used for robotic DRL during the work on this thesis, so this is a subject that needs more
research.
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