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Playing two-player games using reinforcement learning and self-play can be challenging due

to the complexity of two-player environments and the potential instability in the training

process. It is proposed that a reinforcement learning algorithm can train more efficiently

and achieve improved performance in a two-player game by leveraging the knowledge from

the single-player version of the same game. This study examines the proposed idea in

ten different Atari 2600 environments using the Atari 2600 RAM as the input state. The

advantages of using transfer learning from a single-player training process over training

in a two-player setting from scratch are discussed, and the results are demonstrated in

several metrics, such as the training time and average total reward. Finally, a method for

calculating RAM complexity and its relationship to performance after transfer is discussed.

Results show that in most cases transferred agent is performing better than the agent trained

from scratch while taking less time to train. Moreover, it is shown that RAM complexity

can be used as a weak predictor to predict the transfer’s effectiveness.

ii



Part of the work described in the thesis has been published as:

Kimiya Saadat and Richard Zhao. “Enhancing Two-Player Performance Through Single-

Player Knowledge Transfer: An Empirical Study on Atari 2600 Games.” In: Proceedings of

the Twentieth AAAI Conference on Artificial Intelligence and Interactive Digital Entertain-

ment (AIIDE-24), Lexington, USA, November, 2024.

iii



First, I am deeply grateful to my supervisor, Dr. Richard Zhao, for his unwavering support,

guidance, and mentorship. I wouldn’t have been able to pursue my favourite area of research

and publish this work without his invaluable support.

I’m also thankful to my committee members, Dr. John Aycock and Dr. Hatem Abou-

Zeid, for their thoughtful feedback and insights, which helped shape this thesis into its final

form.

I would like to thank Amirhossein for being by my side every step of the way, offering

valuable feedback and much-needed emotional support. Finishing my thesis at its best

wouldn’t have been possible without his support. I extend my thanks to Parsa and Mahdi

for reviewing my thesis and sharing their helpful feedback.

Finally, I want to thank my parents, Shahnaz and Ali, for their support and encourage-

ment throughout my education. I’m truly grateful for everything they have done to see me

through this journey.

iv



To Amirhossein, for being the best player two one can imagine.

v



1.1 Reinforcement Learning in Multi-player Settings . . . . . . . . . . . . . . . . 1
1.2 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Markov Decision Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Reinforcement Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Agent-environment Interaction . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Episodic versus Continuous Tasks . . . . . . . . . . . . . . . . . . . . 9
2.2.3 Policy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.4 Goal of RL (Discounted Return) . . . . . . . . . . . . . . . . . . . . . 10
2.2.5 Value Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.6 Exploration versus Exploitation . . . . . . . . . . . . . . . . . . . . . . 12
2.2.7 Action-value Function . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.8 The Bellman Equations . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.9 Model-free and Model-based Training . . . . . . . . . . . . . . . . . . 13
2.2.10 On-policy versus Off-policy Training . . . . . . . . . . . . . . . . . . . 14
2.2.11 Temporal Difference Learning . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.12 Q-learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Deep Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Neural Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.2 Deep Neural Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Loss Functions and Optimization . . . . . . . . . . . . . . . . . . . . . 16

vi



Table of Contents

2.4 Deep Reinforcement Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.1 Deep Reinforcement Learning in Games . . . . . . . . . . . . . . . . . 17
2.4.2 Other Applications of Deep Reinforcement Learning . . . . . . . . . . 18
2.4.3 Deep Q-Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.4 Deep Q-Network Additions . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.5 Double Deep Q Networks . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5 Transfer Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.6 Transfer Learning in Reinforcement Learning . . . . . . . . . . . . . . . . . . 22
2.7 Atari 2600 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.7.1 Hardware and Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.8 Atari 2600 and Arcade Learning Environment . . . . . . . . . . . . . . . . . . 26
2.9 Use of Atari Environments in Reinforcement Learning . . . . . . . . . . . . . 27
2.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1 Details of Atari 2600 Environments and Games . . . . . . . . . . . . . . . . . 29
3.1.1 Atari 2600 Games Used . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 Atari 2600 Environments Used . . . . . . . . . . . . . . . . . . . . . . 30
3.1.3 Actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.4 Game Variation and Difficulty . . . . . . . . . . . . . . . . . . . . . . 36
3.1.5 Pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.1.6 Agent Indication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 The Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.1 Software Used and the Motivation . . . . . . . . . . . . . . . . . . . . 44

3.3 Transfer Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5 Atari 2600 RAM Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Preliminary Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Main Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2.1 Average Running Time . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2.2 Average Total Rewards Per Episode . . . . . . . . . . . . . . . . . . . 58
4.2.3 Percentage Change of the Areas . . . . . . . . . . . . . . . . . . . . . 64
4.2.4 The Atari 2600 RAM Complexity . . . . . . . . . . . . . . . . . . . . . 65

4.3 Additional Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3.1 Number of Steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3.2 Modifying Playfield Symmetry in the Entombed Environments . . . . 69

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.1 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2 Limitations and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

vii



Table of Contents

viii



2.1 An example of an MDP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Agent-environment interaction in reinforcement learning. . . . . . . . . . . . . 10
2.3 from . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 DQN architecture in a reinforcement learning setup. . . . . . . . . . . . . . . 19
2.5 An image of the Atari 2600 with a joystick . . . . . . . . . . . . . . . . . . . . 25
2.6 Atari 2600 joystick and paddles. Credit: Evan Amos, public domain. . . . . . 25

3.1 A screenshot of all the Atari 2600 environments included in the experiments . 35
3.2 An image of the PCAE emulator environment. . . . . . . . . . . . . . . . . . 41
3.3 The epsilon value decay during training . . . . . . . . . . . . . . . . . . . . . 43

4.1 Double Dunk: freezing the first layer only versus freezing the two first layers . 51
4.2 Mario Bros.: freezing the first layer only versus freezing the two first layers . 52
4.3 Space Invaders: freezing the first layer only versus freezing the two first layers 52
4.4 Tennis: freezing the first layer only versus freezing the two first layers . . . . 53
4.5 Boxing: freezing the first layer only versus freezing the two first layers . . . . 53
4.6 Pong: freezing the first layer only versus freezing the two first layers . . . . . 54
4.7 Flag Capture: freezing the first layer only versus freezing the two first layers . 54
4.8 Entombed Competitive: freezing the first layer only versus freezing the two

first layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.9 Entombed Cooperative: freezing the first layer only versus freezing the two

first layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.10 Surround: freezing the first layer only versus freezing the two first layers . . . 56
4.11 Double Dunk: training after transfer versus training from scratch . . . . . . . 59
4.12 Mario Bros.: training after transfer versus training from scratch . . . . . . . . 59
4.13 Space Invaders: training after transfer versus training from scratch . . . . . . 60
4.14 Tennis: training after transfer versus training from scratch . . . . . . . . . . . 60
4.15 Boxing: training after transfer versus training from scratch . . . . . . . . . . 61
4.16 Pong: training after transfer versus training from scratch . . . . . . . . . . . 61
4.17 Flag Capture: training after transfer versus training from scratch . . . . . . . 62
4.18 Entombed Competitive: training after transfer versus training from scratch . 62
4.19 Entombed Cooperative: training after transfer versus training from scratch . 63
4.20 Surround: training after transfer versus training from scratch . . . . . . . . . 63
4.21 The range of color in the RAM heatmaps . . . . . . . . . . . . . . . . . . . . 66
4.22 Heatmap visualizations of RAM complexity for the ten environments . . . . . 67
4.23 Space Invaders trained for 40000 steps . . . . . . . . . . . . . . . . . . . . . . 70
4.24 Space Invaders trained for 60000 steps . . . . . . . . . . . . . . . . . . . . . . 71
4.25 Details of the modified entombed environments. . . . . . . . . . . . . . . . . . 72
4.26 Modified Entombed competitive with an asymmetric maze. . . . . . . . . . . 73
4.27 Modified Entombed cooperative with an asymmetric maze. . . . . . . . . . . 74

ix



List of Figures

4.28 The relationship between RAM complexity and normalized difference of means
of rewards of last 100 episodes. . . . . . . . . . . . . . . . . . . . . . . . . . . 76

x



3.1 Action values and their meanings . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Number of meaningful actions in the selected environments in Atari 2600. . . 37
3.3 Environment details in Gymnasium (single-player) . . . . . . . . . . . . . . . 37
3.4 Environment details in PettingZoo (two-player) . . . . . . . . . . . . . . . . . 37
3.5 A summary of environment pre-processing steps before training. . . . . . . . 39
3.6 Hyperparameters used in training for both single-player and two-player games. 42
3.7 System specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1 Average run time for the ten Atari 2600 two-player environments . . . . . . . 58
4.2 Mean and standard deviation of total reward at the specified episodes . . . . 64
4.3 PC of areas of the total reward per episode. . . . . . . . . . . . . . . . . . . . 65
4.4 The RAM complexity and normalized difference of means for each environment 68

A.1 Atari 2600 game annotations . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.1 Python packages and their versions . . . . . . . . . . . . . . . . . . . . . . . . 90

xi



Symbol Definition

a Action

a0 Next Action

AI Artificial Intelligence

AEC Agent-environment cycle

Atari VCS Atari Video Computer System


 Discount factor

DQN Deep Q-network

DRL Deep Reinforcement Learning

GAN Generative Adversarial Networks

� Learning Rate

MDP Markov Decision Process

MP Markov Process

s0 Next State

RAM Random-access Memory

RL Reinforcement Learning

RMSProp Root Mean Square Propagation

s State

SGD Stochastic Gradient Descent

TD Temporal difference

TIA Television Interface Adaptor

xii



List of Symbols, Abbreviations, and Nomenclature

ALE Arcade Learning Environment

Weights and Biases W&B

xiii



1



1.1. Reinforcement Learning in Multi-player Settings

2



1.2. Hypothesis

3



1.4. Methodology

4



1.5. Overview

5



6



2.1. Markov Decision Process
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2.2. Reinforcement Learning

Figure 2.1: An example of an MDP. This MDP represents an student as an agent that can
be in different states like work, university, and video games. Transition to each state carries
different rewards that signify their value or cost.
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2.2. Reinforcement Learning
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2.2. Reinforcement Learning

Figure 2.2: Agent-environment interaction in reinforcement learning. This is Figure 3.1
from [13]�R.
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2.2. Reinforcement Learning

Figure 2.3: A screenshot of the game included in the game [14],
the values on top show the current score of each player.
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2.2. Reinforcement Learning
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2.2. Reinforcement Learning
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2.2. Reinforcement Learning
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2.3. Deep Learning
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�B�M�i�Q �� �?�2���i�K���T ���M�/ �i�?�2 �_���J �+�Q�K�T�H�2�t�B�i�v �K�2���b�m�`�2 �B�Mcalculate�ncomplexity�X

���H�;�Q�`�B�i�?�K �R���p�2�`���;�2�n�+���H�+

�R�,�7�m�M�+�i�B�Q�M�b�B�M�;�H�2�n�#�v�i�2�n���p�2�`���;�2�n�+���H�+�U�/���i���- �t�- �F�2�`�M�2�H�n�b�B�x�2�V
�k�, �b�m�K�n�p���H�m�2�b 

P x + �F�2�`�M�2�H�n�b�B�x�2� 1
i = x data[i ]

�j�, �`�2�i�m�`�M�b�m�K�n�p���H�m�2�b
�F�2�`�M�2�H�n�b�B�x�2

�9�, �2�M�/ �7�m�M�+�i�B�Q�M
�R�,�7�m�M�+�i�B�Q�M���p�2�`���;�2�n�+���H�+�U�/���i���- �/���i���n�b�B�x�2�- �F�2�`�M�2�H�n�b�B�x�2�V
�k�, �/�B�z�n�b�m�K �x�2�`�Q�b �r�B�i�? �b�?���T�2(data:shape[1])
�j�, �7�Q�x̀  0 �i�Q(data�nsize � kernel �nsize + 1) �/�Q
�9�, ���p�2�`���;�2 �b�B�M�;�H�2�n�#�v�i�2�n���p�2�`���;�2�n�+���H�+(data; x; kernel �nsize)
�8�, �/�B�z 

�
�data[x +

� �F�2�`�M�2�H�n�b�B�x�2� 1
2

�
] � ���p�2�`���;�2

�
�

�e�, �/�B�z �/�B�z2

�d�, �/�B�z�n�b�m�K �/�B�z�n�b�m�K+ �/�B�z
�3�, �2�M�/ �7�Q�`
�N�, �`�2�i�m�`�M �/�B�z�n�b�m�K

( �/���i���n�b�B�x�2� �F�2�`�M�2�H�n�b�B�x�2+1)
�R�y�,�2�M�/ �7�m�M�+�i�B�Q�M
�R�R�,�7�m�M�+�i�B�Q�M�+���H�+�m�H���i�2�n�+�Q�K�T�H�2�t�B�i�v�U�/���i���- �F�2�`�M�2�H�n�b�B�x�2�- �+�H�B�T�n�p���H�m�2�V
�R�k�, �`�2�b�m�H�i ���p�2�`���;�2�n�+���H�+(data; data:shape[0]; kernel �nsize)
�R�j�, �`�2�b�m�H�i �+�H�B�T(result; clip �nvalue)

�R�9�, �`���K�n�+�Q�K�T�H�2�t�B�i�v 
P 128

i =0 result [i ]
128

�R�8�, �?�2���i�K���T �+�`�2���i�2�n�?�2���i�K���T(result )
�R�e�, �`�2�i�m�`�M�`���K�n�+�Q�K�T�H�2�t�B�i�v�- �?�2���i�K���T
�R�d�,�2�M�/ �7�m�M�+�i�B�Q�M
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