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ABSTRACT

Technological advancements in autonomous robotics, including autonomous vehicles,
have created new opportunities for innovative solutions to many everyday challenges. The im-
pact of integrating robotic agents into real-world applications may be significantly enhanced
by leveraging advancements in multi-agent autonomous systems. However, the coordina-
tion required in multi-agent systems demands complex motion planning to deconflict actions
and prevent collisions of vehicles moving at increasingly high speeds. This thesis explores
the application of multi-agent reinforcement learning (MARL) to autonomous robotics by
teaching a central controller to navigate multiple agents across various environments without
collisions. The simulated scenarios range from simple, obstacle-free environments to complex
environments with obstacles configured to form narrow passageways or represent other com-
plexities in dense urban environments. The findings demonstrate the potential of MARL to
achieve high accuracy in navigating these different environments, highlighting the method’s
flexibility and adaptability across diverse settings and the resulting implications for applying
MARL to real-world scenarios.
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Chapter 1

Introduction

Technological developments in the field of autonomous robotics continue to unlock new
opportunities for novel solutions to ordinary problems. Specifically, multi-agent coordination
of autonomous systems greatly scales the potential impact of integrating robotic agents
into real-world scenarios. A major barrier to deploying such advancements remains the
complex motion planning required for autonomous agents to avoid static obstacles and other
simultaneously moving agents while moving at increasingly high speeds. Motion planners
for multi-agent systems often rely on some form of predefined rules or fixed algorithms that
can limit the system’s adaptability and scalability in diverse environments. Such approaches
frequently struggle to handle complex real-world scenarios with dynamic uncertainties. This
work explores the application of multi-agent reinforcement learning to teach autonomous
agents to complete navigation tasks without colliding with one another or other objects.
The developed architecture incorporates flexible mechanisms enabling the model’s potential
application across a wide range of scenarios.

1.1 Background and Motivation

Various industries currently rely on automated robotic systems to carry out tasks previously
completed by humans. For example, warehouses use robots to sort and package goods, doc-
tors use medical robots to assist in surgery and perform precise movements, and households
own robotic vacuum cleaners that move throughout the house [1], [2], [3]. Such autonomous
systems limit human exposure to laborious, mundane, or dangerous tasks while increasing
efficiency. Many of these examples incorporate easy solutions to avoid collisions with objects
or humans: either 1) they are equipped with a simple object detection system that prohibits
the robot from moving too close to obstacles, or 2) the robot is placed in or constrained to
an area in which it is not at risk of collisions. However, the additional complexity associated
with dynamic robots, especially in multi-agent systems, requires a far more sophisticated
and robust approach to avoiding collisions.
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1.1.1 Autonomous Mobility in Dynamic Environments

In the context of this work, a dynamic environment refers to conditions that unpredictably
change over time; this could either mean moving obstacles - which could include other agents
- or significant variations in terrain between system uses. The mobility of autonomous
robotics in dynamic environments challenges autonomous systems, requiring adaptation to
continuously unfolding scenarios. Common examples of such robots include autonomous
vehicles such as self-driving cars and unmanned aerial vehicles (UAVs, or drones). The high
speeds at which such vehicles operate and the dynamic environments they must navigate
add complexity to the required motion planning. Compared to simple robots for unchanging
automated tasks in largely static environments, these motion planners must rely heavily on
more sophisticated decision-making algorithms - typically reliant on artificial intelligence -
to complete tasks safely without the need for direct human intervention. Many autonomous
vehicles are equipped with standard collision avoidance systems capable of avoiding static
obstacles, but coordinating interactions for multiple agents proves to be a much more difficult
task.

1.1.2 Multi-Agent Systems

Multi-agent systems refer to a group of agents that interact in some form within a given
environment. There are two main types of multi-agent robotic systems: competitive and
cooperative. Competitive multi-agents work against each other, such as in a two-person
video game. Cooperative agents, on the other hand, work collaboratively or in harmony to
accomplish their goals, such as a drone swarm.

Path planning for multi-agent autonomous systems is far more complex than planning for
a singular agent. Cooperative multi-agent planning requires some knowledge or prediction of
where the other agents plan to move next or some coordination between the agents regarding
where each agent will move to avoid a collision. Furthermore, suppose the agents are fully
autonomous and reacting to some unfolding environment. In that case, these decisions must
be made in real-time with severe consequences for mistakes as the vehicles may move at high
speeds with only short notice of other fast-approaching agents.

The complexity of motion planning for multi-agent systems exponentially increases when
scaling the system for an increased number of agents. For example, if an agent has four
possible actions to take at each moment, there are only four possibilities of what action may
occur. However, if two agents each have four possible actions, sixteen different combinations
of actions could take place at any given moment. Likewise, the number of actions available
to an agent at each moment exponentially scales the total action combination possibilities
in a multi-agent system, whereas a single-agent system increases linearly. The scalability of
multi-agent systems is the primary reason why many traditional methods used for single-
agent motion planning are insufficient in multi-agent scenarios. However, alternatives such
as machine learning-based methods, specifically reinforcement learning, offer potentially far
superior methods for handling the additional complexity present in multi-agent systems.
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1.1.3 Multi-Agent Reinforcement Learning

Machine learning (ML) leverages data to make predictions and is categorized into super-
vised learning, unsupervised learning, and reinforcement learning (RL) [4]. The difference
between unsupervised learning and supervised learning is data labeling; supervised learning
has labeled data, and unsupervised learning does not. The focus of each method is typically
myopic. RL deviates from such traditional ML methods by focusing instead on far-sighted
sequential decision-making. RL’s learning process mimics the process of human learning
through trial and error, making RL an attractive method for training robots to more closely
imitate human decision-making.

Multi-agent RL (MARL) refers to using RL techniques to train multiple agents within
an environment to make decisions autonomously while accounting for the actions of other
agents. Broadly, there are two types of training and execution: decentralized and centralized.
The kind of training determines whether agents train independently or together. Likewise,
the type of execution determines whether each agent makes individual autonomous decisions
or if a centralized controller assigns actions to each agent. Decentralization offers greater
autonomy and scalability, while centralization facilitates easier coordination and implemen-
tation.

Successful demonstrations of MARL show potential for multi-agent autonomous vehicle
collaboration in achieving complex tasks in a way that is adjustable to various possible sce-
narios. Rather than being constrained to predefined coordination strategies, MARL allows
agents to learn optimized policies for the specific task and environment in which the system
operates. The emergent behavior from MARL systems can adapt to dynamic and uncer-
tain environments, making it a robust approach to solving real-world problems where the
application’s conditions may be unpredictable.

1.2 Problem Statement and Objectives

Deploying multi-agent autonomous robotics within uncertain and dynamic environments
relies on complex motion planning systems to avoid collisions among agents and obstacles.
Traditional approaches that integrate fixed algorithms or model-based strategies limit the
system’s flexibility and scalability. RL offers a promising approach to multi-agent motion
planning that allows for robust coordination strategies optimized for each specific task and
environment in which they operate. This work applies an RL approach to multi-agent
autonomous robotics by teaching a centralized controller to direct multiple agents across
various scenarios to complete tasks without collisions. The experiments are conducted in
simulation with the potential for many different real-world applications.

1.2.1 Aim of Thesis and Contributions

This thesis will demonstrate the value and limitations of applying RL to multi-agent au-
tonomous robotic scenarios. The primary goal is to teach multiple agents within an en-
vironment to successfully navigate without colliding with other moving or static obstacles
or agents. This research will highlight the advantages of MARL over more traditional mo-
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tion planning techniques by applying a MARL algorithm to diverse environments, thereby
showcasing its adaptability and robustness.

The work contributes to the field by demonstrating the ability of MARL to handle numer-
ous complex environments with differing sizes, number of agents, and obstacle configurations.
Furthermore, this work offers a unique capability for a central controller to direct agents from
every possible starting location within an environment rather than merely solving one set
of fixed paths. Lastly, this research showcases the flexibility of the proposed method to
retrain and adapt to different scenarios, enhancing the potential applicability across diverse
real-world situations.
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Chapter 2

Literature Review

In robotics, motion planning refers to determining a viable path for a robotic agent free
of collisions given the robot’s position in an environment and the surrounding obstacles [5].
Multi-agent motion planning extends this concept to coordinate the movement of two or more
agents, ensuring collision avoidance between agents and obstacles. Given the complexity of
the field, much of the research on multi-agent motion planning focuses on a sub-problem
known as multi-agent pathfinding, often accomplished by representing the problem on a
graph. Rather than focusing on the dynamics of the robots, such as speed or mechanics, the
emphasis shifts towards finding optimal paths for each agent.

The primary objective of pathfinding algorithms is to compute the optimal path between
two points or nodes [6]. The performance metrics of such algorithms are typically based
on the speed of search, the quality of the results, and the computational resources of pre-
processing - metrics that may often work against each other and must be carefully balanced
in order to achieve overall optimization.

Traditional planning methods for single-agent systems are well-established, such as Dijk-
stra or A* [7]. However, efforts to directly translate such approaches to multi-agent systems
often face scalability challenges due to the additional degrees of complexity associated with
coordinating multiple agents [8]. The development and recent popularity of deep learning
and RL are enhancing research in motion planning [9]. Applying these tools as alternatives
to conventional planning techniques for multi-agent pathfinding enables a more robust model
that is capable of effectively handling dynamic scenarios.

A comprehensive exploration of the existing literature in this field provides insight into
the limitations of traditional motion planning methods for multi-agent systems and demon-
strates the potential advancements that may be achieved by employing a MARL approach
instead. This chapter is organized to first compare traditional pathfinding methods with RL
algorithms by providing an overview of each. Subsequently, it shares successful applications
of deep RL for multi-agent pathfinding, showcasing the possibilities of such methods. Table
2.1 summarizes each method’s pros and cons.
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2.1 Traditional Pathfinding Methods

Traditional pathfinding methods such as graph search algorithms and sampling-based al-
gorithms efficiently determine optimal paths for single-agent systems [9]. However, they
may not be best suited for multi-agent systems due to the additional complexity inherent in
multi-agent pathfinding.

2.1.1 Graph Search Algorithms

Graph search, or graph traversal, algorithms explore the vertices and edges of graphs to solve
problems [10]. They are often used to search for an optimal path or to determine whether a
path exists [9].

One of the most common examples of graph search is the pathfinding algorithm, Dijkstra
[9]. Dijkstra solves the shortest path problem using edge weights on a graph, exploring every
option from the starting point and updating the shortest distances as it goes on [11]. The
algorithm maintains a priority queue of unprocessed vertices to explore until all options are
examined and the optimal path is determined.

Researchers have demonstrated the success of Dijkstra’s algorithm in robot path planning.
For example, Wang et al. use Dijkstra to prove that a robot can solve a maze of barriers
[12]. Likewise, Dhulkefl et al. leverage the Dijkstra algorithm for UAV path planning where
the shortest path includes traversing from start point to end point while navigating static
obstacles most efficiently [13].

Although Dijkstra’s algorithm is recognized as one of the best pathfinding algorithms,
it often requires significant computation time, making it challenging to meet the needs of
real-time path planning [14]. Additionally, the classic version of Dijkstra focuses solely on
the shortest path, meaning it often requires additional algorithms to consider other prob-
lem dimensions, such as dynamic obstacles. Most applications of Dijkstra involve some
"improved" variation of the original algorithm, or it is combined with other methods to
account for additional complexities. For example, a "relaxed" version of Dijkstra, created
by Ammar et al., improves the scalability of Dijkstra to larger grid environments, which
shows decreased computation time [15|. Researchers have verified this improved version in
successful demonstrations of intelligent robot path planning [16]. However, the majority of
applications remain single-agent systems.

Similarly, the A* (A-Star) algorithm derives from Dijkstra and introduces a heuristic
function to estimate the cost of nodes that speeds up the search [7]. A* is considered an
improvement of Dijkstra because it can find the shortest path more quickly than Dijkstra,
providing superior performance in terms of runtime efficiency. However, A* also has limi-
tations, such as an inability to avoid dynamic obstacles, including other agents, and having
sensitive parameters, such as the accuracy of the heuristic function [7], [17].

Although pathfinding algorithms such as Dijkstra and A* exhibit strong performance in
certain scenarios, they are ultimately not the best-suited solution for a multi-agent dynamic
system due to their limited adaptability and capability to handle complex agent interactions
relative to other algorithms [9]. While Dijkstra and A* are effective for solving shortest path
problems on smaller scales, they are poor candidates for multi-agent dynamic environments
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due to their inability to sufficiently account for agent interactions and inherent computational
complexity, limiting their ability to scale to larger scenarios.

2.1.2 Sample-Based Algorithms

Sample-based approaches offer certain advantages over graph search methods when applied
to high dimensional and complex problems [18]. Sample-based algorithms explore a given
environment through random sampling to generate paths [9]. While the paths generated are
often suboptimal, sample-based algorithms have the advantage of being able to generate mo-
tion plans more quickly because they are computationally efficient, making them a superior
candidate for robotic motion planning methods [19].

One example of a sampling-based algorithm is rapidly-exploring random tree (RRT),
which constructs and optimizes a tree-like structure of nodes using randomly sampled posi-
tions and constantly checks to determine whether the path of the new position is obstacle
free [9], [19]. While the original version of RRT was limited in its ability to converge to an
optimal solution, Karaman et al. proposed an improved approach, RRT*, that nearly guar-
antees convergence to an optimal solution by leveraging asymptotic optimality [19]. Under
this more advanced approach, the algorithm converges as the number of iterations or samples
approaches infinity, ensuring the solution quality improves over time.

Successful demonstrations of RRT include simulation path planning for unmanned surface
vehicles [20]. Similarly, RRT was used to solve path planning for forming underwater gliders
in ocean environments [21].

While sample-based methods such as RRT are computationally efficient for pathfinding,
they are designed for single-agent systems. Sampling-based algorithms are susceptible to
the curse of dimensionality [22|. They become computationally expensive as the number of
agents to account for increases and are slow to react in addressing dynamic obstacles such as
other agents [9]. The limitations of traditional pathfinding algorithms, including both graph
search and sample-based approaches, highlight the need for comprehensive motion planning
algorithms for dynamic environments, especially multi-agent environments.

2.2 Reinforcement Learning Approaches

Recent deep learning and RL developments have steered researchers away from conventional
methods. This shift is motivated by RL’s superior demonstrated performance in handling
complexity, making RL a strong option specifically for autonomous vehicles [9]. Deep learn-
ing, like machine learning, is a subset of machine learning. Deep learning uses layers of
neural networks to process input data and extract information [4]. This section discusses
two major types of RL that, when combined with deep learning, show significant promise in
robotic motion planning: optimal value RL and policy gradient RL.

RL solves motion planning by associating actions taken by an agent with rewards and
penalties. For example, using RL for pathfinding involves assigning values to areas on a
map. If an agent reaches an area identified as its goal location, it may receive a numerical
reward, but if the agent crashes, the agent’s score is penalized. Additionally, the agent may
receive a penalty for every second it takes to reach the goal, encouraging the agent to take
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the shortest path. The agent learns how to navigate an optimal path through trial and error
by finding and taking actions that maximize the attainable rewards.

2.2.1 Optimal Value RL

An example of optimal value RL is a deep Q-learning network (DQN). In DQN, the agent
constantly evaluates the potential future reward of any available action and then selects
the action that maximizes the expected value. Bellman’s equation serves as a fundamental
component of RL, providing the formula to estimate the rewards of each action [4]. Bellman’s
equation calculates the value of an action by determining what the immediate reward of that
action is plus the expected value of all future rewards in light of that first decision.

One of the most notable examples of the application of DQN is playing Atari games.
Mnih et al. present a deep learning model that, without adjustments, plays seven Atari 2600
games at an expert level [23|. Such results show the adaptability of RL to excel in various
use cases.

However, DQN can be very sensitive to parameters such as the learning rate, the discount
factor of future rewards, the exploration rate, the batch size, and the network update fre-
quency. Therefore, DQN can require careful tuning to achieve optimal performance, which
often involves significant time and effort invested into experimenting with different settings
in order to achieve the desired results.

2.2.2 Policy Gradient RL

Alternatively, policy gradient RL uses neural networks to generate a probability distribution
known as a policy to select actions [9]. The policies are optimized to maximize expected
return using gradient descent [24].

Proximal policy optimization (PPO) is a powerful type of policy gradient method pro-
posed by researchers at OpenAl in 2017 and is currently considered state-of-the-art in RL
[25]. PPO is generally less sensitive to parameters than DQN and other notable algorithms,
making it a more robust and user-friendly approach for RL tasks.

As it has rapidly gained traction in recent years, researchers have found various ap-
plications in which PPO outperforms other common methods. For example, researchers
demonstrated UAV path planning and obstacle avoidance using an enhancement-based PPO
[26]. In this work, Huang et al. demonstrated how a PPO-based method could achieve UAV
decision-making under various uncertainties, such as searching for targets while avoiding
obstacles.

Overall, PPO currently leads the way in terms of performance for multi-agent RL al-
gorithms. PPO is easy to implement, requires relatively little parameter tuning, and is
generalizable to many potential applications. However, like most traditional methods, PPO
was still designed for single-agent scenarios, so some extension is necessary for multi-agent
applications if the system is not entirely centralized [27]. However, with such extension,
researchers have demonstrated strong performance of PPO even in multi-agent scenarios.
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2.2.3 RL for Multi-Agent Pathfinding

There is a substantial amount of recent research exploring applications of deep RL for multi-
agent pathfinding problems. For example, in terms of DQN, Xu et al. used deep RL,
specifically DQN;, to solve multi-agent pathfinding in an intelligent warehouse scenario [28].
This work demonstrated successful generalization and performance even when the problem
scale increased. Similarly, Yang et al. used DQN for multi-robot path planning for an
unmanned warchouse dispatching system [29].

Additionally, Park et al. demonstrated an implementation of PPO for multi-agent
pathfinding while avoiding dynamic obstacles [30|. Likewise, Zhan et al. improved PPO
for application in a multiple-UAV application [27]. Finally, Zheng et al. used PPO to build
an autonomous collision avoidance system for planning in a complex multi-ship environment
and integrated the PPO system with other algorithms [31].

Such examples show the motivation of many recent researchers to apply deep RL to multi-
agent pathfinding problems. Whereas conventional pathfinding methods fail to account for
agent interaction, many RL algorithms are designed to handle such complexity and are thus
better fits for multi-agent scenarios.

2.3 Conclusion

Deploying multi-agent autonomous robotics requires multi-agent path planning that decon-
flicts collisions within a given environment and among multiple agents. Due to the limitations
of conventional single-agent pathfinding algorithms to account for agent interactions, espe-
cially in dynamic or uncertain environments with multiple agents, alternative methods are
necessary for multi-agent systems. Integrating RL with more traditional methods has re-
sulted in significant advancements in pathfinding for autonomous robotics. The emergence
of RL techniques offers an adaptable solution to complex and dynamic environments, making
it an attractive option for autonomous agents, specifically those with mobility in uncertain
environments. In particular, PPO currently leads the field in terms of high-performing RL
algorithms that are user-friendly and easily generalized. The current literature demonstrates
that PPO is a promising technique for multi-agent pathfinding in various complex environ-
ments.
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Table 2.1: Comparison of pathfinding approaches

Algorithm | Type Pros Cons
. Traditional:
Dijkstra Graph Search
Solves shortest path. High computation time.
Demonstrated success in Focuses solely on
robot path planning. shortest path.
Limited scalability to
larger environments.
A Traditional:
Graph Search
Finds shortest path Does not always handle
faster than Dijkstra. obstacles well.
Performs well on runtime Sensitive to parameters.
efficiency evaluation.
Traditional:
T
RR Model-based
Nearly guarantees Does not scale well to
convergence to optimal complex multi-agent
solution. problems.
Relatively fast motion
planning.
RL:
DQN :
Q Optimal Value
Capable of learning Sensitivity to
complex policies. parameters.
Demonstrated success in Requires careful tuning
various applications. for optimal performance.
RL:
PPO Policy Gradient

Less sensitive to
parameters than DQN.

Robust and user-friendly
approach.

Requires

improvement /extension
for multi-agent
application.
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Chapter 3

Problem Formulation

This work applies an RL approach to various autonomous multi-agent scenarios within sim-
ulated environments to demonstrate the robustness of such an approach to real-world ap-
plications. The problem is formulated as follows: a central controller directs two or more
agents to navigate a given environment, modeled through a two-dimensional grid space. The
controller is tasked with assigning a sequence of actions to each agent, representing direc-
tions in which the agents can move, and leading the agents from their start locations to
their goal destinations. This must be done while avoiding any collisions with obstacles or
between agents. A collision occurs when an agent shares the same grid space at the same
time as another agent or an obstacle. The controller learns an optimal policy of successfully
directing both agents to their goals without collisions using an RL algorithm. The policy
adjusts along the way in training based on feedback given to the controller through trial
and error. This process is repeated and evaluated across various scenarios, each with unique
grid arrangements and a differing number of agents, to demonstrate the robustness of the
RL approach. This chapter discusses the custom environment built to simulate various use
cases and describes the designed scenarios in detail.

3.1 Custom Environment

The scenarios for the training and testing simulations are designed using a custom environ-
ment built in OpenAl Gym - an open-source platform designed to advance research in RL
[32]. OpenAl Gym offers diverse pre-built environments with varying ranges of environment
complexity, allowing users to develop and test their preferred RL algorithms in simulated
scenarios.

3.1.1 Pre-Built Environment Examples

An example of such an environment available in OpenAl Gym is the "Cart Pole" environ-
ment, as seen in Figure 3.1. The Cart Pole problem is one example of a typical starting point
when learning RL. OpenAl’s environment for the Cart Pole problem serves as a platform
where researchers can practice RL methods on this problem.

In the Cart Pole environment, the agent is a cart moving along a frictionless track while
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Figure 3.1: Cart Pole Environment. Source: OpenAl Gym [32].

Figure 3.2: Frozen Lake Environment. Source: OpenAl Gym [32].

balancing a pole [32]. The agent’s objective is to continuously move left or right at the
correct times to maintain the balance of the pole through the force of the cart’s movement.
If the pole falls, the episode terminates. The agent is rewarded for every second it maintains
the balance of the pole, incentivizing the agent to take actions that lead to that desired
behavior.

The agent has a discrete action space involving two possible actions: move left or move
right. The observation space of this environment is known as a "box," which refers to an
array of values denoting different aspects of the observation within relative upper and lower
bounds [32]. In the example of the Cart Pole, the cart’s position, the cart’s velocity, the
pole’s angle, and the pole’s angular velocity have a defined left and right limit. At any given
moment, the observation provides an array of values representing each feature’s current
status.

Alternatively, an observation space can be discrete. In a discrete observation space,
the agent can be located at n possible locations such as 0, 1, ..., n-1 [32]. An example
of an OpenAl Gym environment with a discrete observation space is the "Frozen Lake"
environment as seen in Figure 3.2.

In this example, the agent is an elf whose objective is to find a toy on a frozen lake while
avoiding falling into any holes. This environment takes place on a 4x4 two-dimensional grid.
There is a discrete observation space of sixteen unique locations the elf may reside at any
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moment, representing each of the sixteen grid squares. The action space is discrete and
contains four actions the elf can take: up, down, left, or right.

The elf is rewarded for reaching the toy, which occurs when it takes the correct sequence
of actions to navigate from its starting grid square to the toy’s grid square. The elf is
penalized for falling into any holes along the way, which occurs if the elf moves into the same
grid square as a hole. Therefore, the rewards and penalties incentivize the elf to navigate to
the toy without falling into a hole.

3.1.2 Custom Environment Design

In addition to the pre-made environments available within OpenAl Gym, users can make
their own custom environments to suit their specific research needs [32]. This may be done
either by modifying existing environments or designing one from scratch using the available
Gym functions and object classes.

Much like the Frozen Lake example, the custom environment built for this research
consists of a two-dimensional grid. There is one "goal" location associated with each agent,
similar to the toy in the Frozen Lake example. These goal locations remain fixed while the
agents move.

Travel time is divided into discrete time intervals, or timesteps [33]. At each timestep,
agents can take one of two types of actions: stay or move. "Stay" means the agent remains
in the exact location for one timestep. "Move" means the agent moves from its current
location (a grid space) to an adjacent grid space.

An episode consists of a series of timesteps in which agents take actions and receive corre-
sponding rewards or penalties while navigating to their respective goals. A reward system is
designed for each scenario, incentivizing or penalizing actions within the environment based
on predefined criteria, such as penalties for collisions or rewards for reaching a goal.

The termination conditions are 1) the agents each find and remain in the grid space
of their respective goals until all agents in the system reach their goal, at which point the
episode ends, or 2) the episode times out after a predetermined number of timesteps that
the agents are given to search for their goals. Collisions that occur do not cause the episode
to terminate; if a collision occurs, the agents involved in the crash receive penalties but can
continue their search for their goal.

During an episode, the actions, rewards, termination status, and an updated observation
of each agent’s location are collected after each timestep. The environment is reset if the
specified termination conditions are met and a new episode begins. When an episode resets,
the obtained rewards for each agent are set to zero, and the (x,y) coordinates of each agent
are reset to their starting locations. In both training and testing, these starting locations
are randomly selected.

Once a pre-specified number of training timesteps are run, the performance of the learned
policy is evaluated over a series of predefined testing episodes. This is done by averaging
the rewards earned over several episodes. The intended behavior in each scenario is for the
agents to navigate to their respective goals without colliding with obstacles or each other.
Thus, an optimal policy would result in rewards corresponding to this desired behavior.
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3.1.3 Custom Environment Action Space

In each timestep, every agent has five available actions to select: move up, down, left, right,
or stay. Agents cannot move diagonally across the grid. Therefore, the total number of
possible action combinations a controller may select from to assign discrete actions to agents
becomes 5", where n represents the number of agents.

Therefore, the custom environment incorporates a multi-discrete action space; each agent
has a discrete action space - one of five actions - and the total actions assigned by the
controller at any time will involve multiple of these discrete actions because there is one
for each agent. For example, a sample of the action space could give [2 3], where the first
agent is assigned action 2 (interpreted as moving one grid space down) and the second agent
is assigned action 3 (interpreted as moving one grid space left). The interpretation of the
action numbers is defined before training begins within the custom environment and remains
the same through training and testing.

Additionally, the custom architecture of this environment specifies that any action that
would cause an agent to move off the grid is treated as if the agent chose to stay. For
example, if the agent starts in the top left corner and decides to move up, the agent remains
in the exact grid location for the next timestep. This keeps all agents within the defined
bounds of an environment space, similar to a drone reaching the perimeter of a forbidden
airspace. If programmed safely, a drone will remain hovered in place if the pilot attempts to
move the drone into a restricted airspace. To model such behavior, a decision to move off
the grid is replaced with the action "stay." Given that there is a penalty for each timestep it
takes to reach the goal, the controller learns that the action to stay by attempting to move
off the grid is not part of the optimal solution.

3.1.4 Custom Environment Observation Space

An observation provides a snapshot of each agent’s location within the environment. While
the observation space of the custom environment is also multi-discrete given the distinct grid
spaces that agents can occupy, the observation space is of "box" type. This is so that the
lower and upper bounds can be defined based on the grid size, which can change depending
on the scenario, unlike the number of actions available, which always remains 5 per agent.
The observation consists of each agent’s x and y coordinates, represented as the agent’s
position relative to its goal. For instance, an observation sample of a scenario with two
agents could give [-3 1 2 4], where the numbers correspond to [x1 y2 x2 y2|. Therefore, the
first agent is three grid squares to the left of its goal and one grid square above it. Assuming
no obstacles, the agent could reach its goal by taking three steps right and one step down.
Likewise, the second agent is two steps to the right of its goal and four steps above it. The
second agent could reach its goal by choosing to move left twice and down four times.

3.1.5 Custom Environment Reward System

The reward system values are determined through iterative testing during the system design
phase. The reward system allocates +100 to each agent that reaches its goal. If the agent

28



departs from the goal before the episode terminates (when all agents reach their goal), the
agent loses that 100 points. The agent can regain the points when returning to the goal.

Furthermore, each crash penalizes each agent by -35. Therefore, if two agents crash into
each other, the overall system sees -70, but if the agent crashes into an obstacle, it is only
-35.

Additionally, each agent’s action, including the action to stay, incurs a -1 penalty to
encourage time efficiency. The only way to stop incurring this time penalty is for the agent
to reach and remain at its goal location. This encourages the agents to travel to their goal as
quickly as possible and remain at their goal while waiting for the other agents in the system
to reach their goals.

At the end of each timestep, each agent’s rewards or penalties are summed to acquire an
overall system reward for the central controller. That total reward is returned as feedback
to use in the RL calculations to improve the policy.

3.1.6 Flexibility in Design

The custom environment’s architectural design includes flexible mechanisms that allow the
user to define any grid size at the beginning of training, which also determines the size of the
observation space’s upper and lower bounds. The user may also specify the number of agents
and goals (one per agent). Lastly, the number and locations of obstacles may be altered for
each individual scenario. After receiving these various inputs, the environment populates
a two-dimensional grid world with the defined numbers and arrangement of agents and
obstacles. The environment can be modified for different scenarios to rearrange the numbers
or locations of obstacles and agents to test for various situations.

3.2 Scenarios

Using the custom environment, there are four scenarios to which this model is applied: an
obstacle-free airspace, a narrow passageway, dense urban terrain, and a scaled grid and
agents. Table 3.1 summarizes the key differences between each scenario. In training for each
scenario, the agents’ various starting locations vary so that the controller may explore all
possible routes within that scenario and ensure the agents can traverse to their goal from
any initial position. The goal locations remain the same throughout training and testing.

Table 3.1: Summary of scenarios

Scenario | Grid Size | Agents | Obstacles | Maximum Rewards | Minimum Rewards
1 <7 2 0 176-198 -144,000
2 10x10 2 54 169-192 -144,000
3 10x10 2 34 167-197 -144,000
4 15x15 3-5 0 250-497 (-215,965) - (-360,000)

29



3.2.1 Scenario 1

The first scenario simulates two UAVs traversing an obstacle-free airspace to return to their
base after completing missions at differing locations, necessitating in some instances that
their paths cross. The custom environment is formulated as two agents with randomized
starting locations within a 7x7 grid without obstacles, as shown in Figure 3.3.

In application, the user could define the real-world size of each grid cell as the desired
distance each UAV should maintain from one another while flying. For example, if the UAVs
must remain at least 5 feet apart, then such a grid could be overlaid onto a map where
the scale of each grid space represents a 5x5 foot area in the real world. Assuming that
the agents travel to the center of a grid space when choosing a location to move to, this
formulation assures that the agents will learn to remain at least 5 feet apart.

The destinations of each agent remain the same regardless of starting position. The
intended behavior is for each agent to travel a path within an optimal time from any given
starting point without colliding with the other agent. While the routes of the agents may
eventually cross, they do not collide so long as they do not share the same grid square at
the same timestep.

The total rewards per episode awarded to the overall system for learning the optimal
behavior - each agent taking the most efficient path to its goal without collision - varies
based on each agent’s starting position since the agents are penalized for every step taken to
reach their goal. The range of possible rewards for each scenario guides the analysis of how
well the policy performs during simulation testing.

In this scenario, an agent’s highest possible reward is 99. An agent receives 99 by receiving
+100 for reaching its goal and losing -1 for taking one step to achieve it. Thus, the maximum
reward per episode for two agents is 198.

The lower range the system could achieve while still behaving optimally is 176 overall -
88 per agent. This would transpire if each agent started six steps away both vertically and
horizontally, as first visualized in Figure 3.3.

Alternatively, the lowest possible reward the system could receive for the worst learned
policy is -144,000 per episode. This would occur if the agents started one step away from each
other, chose to crash, and remained crashed for all 2,000 timesteps before the episode timed
out and terminated. In this instance, each agent would receive a -35 penalty for crashing
and a -1 timestep penalty for each of the 2,000 timesteps, for a total of -144,000.

3.2.2 Scenario 2

The second scenario simulates a situation where two autonomous vehicles come upon a
narrow tunnel or passageway wide enough for only one agent to pass through at a time.
The environment consists of two agents on a 10x10 grid with obstacles arranged to form an
open trail or tunnel only one grid square wide, as shown in Figure 3.4. The agents can start
anywhere within the narrow passage or on the side opposite of their goals.

The desired behavior is for the controller to decide and execute a way for the agents
to traverse through the narrow passageway without colliding with one another or the sur-
rounding walls while minimizing travel time. Depending on each agent’s starting and ending
positions, this may include choosing to have one agent "stay" for one timestep to allow the
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Figure 3.3: Scenario 1 - Two UAVs returning to their base

7]

Figure 3.4: Scenario 2 - Two agents navigating a narrow passage

other to go first. The range of maximum rewards for optimal behavior in this scenario is
169-192.

3.2.3 Scenario 3

The third scenario replicates an environment in which two delivery robots must navigate
a dense urban environment to reach their pre-specified locations where they are tasked to
deliver their packages. The environment consists of two agents on a 10x10 grid with 34
obstacles, as shown in Figure 3.5. Similar to solving a maze, the agents must explore the
environment in training for the controller to find the optimal routes for their tasks while
avoiding collisions with one another or the terrain. The range of maximum rewards for
optimal behavior in this scenario is 167-197.
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Figure 3.6: Scenario 4 - Three agents navigating to their base

3.2.4 Scenario 4

The final scenario involves a 15x15 grid without any obstacles. In each trial, every agent
must travel to its own goal without colliding with other agents. The number of agents is
varied between 3 and 5 to explore the scalability of the approach. Figure 3.6 provides an
example including just three agents. The range of maximum rewards for optimal behavior
in this scenario is 250-497 because it is dependent on the number of agents incorporated.
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Chapter 4

Methodology

This chapter outlines the methodology for this research, which revolves around a central-
ized approach to control using the RL algorithm proximal policy optimization (PPO). An
overview of RL and the PPO algorithm and a discussion of centralization are provided. The
system architecture is discussed along with the specific RL techniques and details regard-
ing the training and testing of the RL models. Table 4.1 provides a reference for certain
terminology used throughout this chapter.

4.1 Reinforcement Learning (RL) Approach

According to [34], RL is defined as the "fundamental science of optimal decision-making."
RL differs from other types of machine learning because it does not interact with datasets
but with environments that depict real-world scenarios.

The basis of RL involves an agent interacting with an environment and receiving contin-
uous feedback through rewards or penalties for its actions [34]. This cycle is visualized in
Figure 4.1. The agent learns a behavior, known in RL as a policy, 7w, through trial and error
by taking actions that maximize its rewards.

The agent’s position within the environment is known as the state. At time ¢, the agent
in state s; takes action a; to receive reward Ry, in state s, 1 [34].

»
»

State R g Action
s ewar
¢ R, =

)
<

Figure 4.1: Reinforcement learning cycle
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Table 4.1: Reinforcement learning terminology

Terminology | Symbol | Description

Observation - Information perceived by the agent about the en-
vironment
State S The current position of the agent relative to the
environment
Action a The decision or move that the agent makes at a
particular state
Reward R Feedback from the environment indicating the de-
sirability of an action
Discount Factor ¥ A value between 0 and 1 representing the scaled

value loss of obtaining rewards in the future as
opposed to the present

Policy s A strategy that the agent employs to determine
actions based on states
Callback Method - A function called at specific points during the
training process to evaluate the policy
Warm Start - Starting the training process with pre-existing
knowledge

Gamma, 7, is the discount factor that determines the value of future rewards [34]. When
gamma is closer to 0, the reward is discounted more, so reaching that reward later on
decreases its value. If gamma is closer to 1, rewards maintain a relatively higher value even
if they are not achieved until later. Therefore, the discounted reward received at time ¢ from
taking action a; is represented as

,that (5t7 3t+1) (4-1)

The accumulated rewards over all timesteps are given by

D 4 Ray(s1,5011) (4.2)
=0

where v is a real number between 0 and 1 [35]. The optimal policy, =, is the strategy that
selects the actions that maximize these cumulative rewards in Equation 4.2. Finding such a
policy requires some form of policy search, such as policy gradient methods.

4.1.1 Policy Gradient Methods

A policy search in RL aims to find a policy 7 that maximizes Equation 4.2 [36]. Policy

gradient methods are one type of policy search algorithm that estimates the gradient of the

cumulative rewards to iteratively improve the policy [37]. Table 4.2 summarizes the terms

used within the following two subsections surrounding the topic of policy gradient methods.
Common gradient estimators take the form

g=E; |Vylog We(at|5t)fit (4.3)
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Table 4.2: Policy gradient terminology

Terminology

Symbol

Description

Policy gradient methods

Gradient Estimators

Advantage Function

Trust Region Policy Optimization (TRPO)

Trust Region

Probability Ratio

KL Divergence

Proximal Policy Optimization (PPO)

Clipping Function

Actor-Critic Architecture

Na)Y

r(0)

KL

A subset of RL policy search al-
gorithms that estimate the gradi-
ent of the expected cumulative re-
wards to improve the policy iter-
atively

A mathematical technique used
to approximate the rate of change
of a function, such as the ex-
pected cumulative rewards in pol-
icy gradient methods

A measure of how advantageous
it is to select a specific action at
a given state

A policy optimization method
that constrains the divergence be-
tween the old and new policies
within a trust region

A defined area within which the
policy can be updated without
causing large changes

A ratio of the probability of se-
lecting action a; given state s; un-
der the new policy as compared to
the old policy

A measure of the difference be-
tween the new and old policy after
an update used in TRPO

A type of RL policy gradient
method that uses a clipping func-
tion to restrict policy updates

A function used in PPO to di-
rectly cap the size of policy up-
dates

An RL architecture with two net-
works: an actor network for ac-
tion selection and a critic network
for value estimation
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where ¢ is the estimated gradient, [E; represents the average of expected rewards, A, is an
estimator of the advantage function which indicates the quality of an action given the current
state, 6 denotes the policy parameters such as the neural network weights and biases, and
Vg logmg(as|s:) is the gradient of the logarithm of the current policy mg(as|s;) [25], [36].

Before the trust region policy optimization (TRPO) method - an RL technique preceding
PPO - the primary challenge for policy gradient methods was finding the right step size to
update the policy. TRPO addressed this by constraining the divergence between the old and
new policies into a trust region. A trust region constrains the magnitude of policy updates
within a defined region of the current policy to ensure a stable learning process.

The probability ratio, r,(6), is defined as

mo(a|sy)

TOo1a (a’t|5t)

ri(0) = (4.4)

where 7y is the current policy and m,,, is policy before the update [25], [36]. This gives
the probability of selecting action a; given state s; under the new policy compared to the
old one. TRPO uses the ratio to maximize the objective function of expected cumulative
rewards obtained by a policy subject to a policy update size constraint, giving

L(§) = Et [Mﬁt] = Et [rt(e)flt} subject to Et [KL[7g,,4(-[5¢), mo(+|s¢)]] <6
oo (] St) (4.5)

where KL measures the divergence between the old and new policy, means any action,
and § represents the trust region size [25], [36]. Therefore, when ¢ is small, the constrained
difference between the old and new policy is insubstantial [36]. Although TRPO can ensure
consistent and stable policy improvement, the constraint imposed can be computationally
inefficient.

non

4.1.2 Proximal Policy Optimization (PPO)

The specific type of RL algorithm used in this research is PPO. PPO offers an alternative
to TRPO that is more computationally efficient through its use of a clipping function [36].
"Clipping" refers to the technique used in PPO to restrict policy updates. PPO learns a
policy by iteratively optimizing a clipped surrogate objective function

LEHP(9) = E, [mm (rt(G)At, clip(r,(6),1 — ¢,1+ e) At)} (4.6)

where the lower and upper clipping ranges are denoted by 1 - € and 1 + € [25], [38]. The
hyper-parameter € € (0, 1) controls the range within which policy updates are clipped.

Much like the trust region in TRPO, the purpose of the clipping function in PPO is
to constrain the magnitude of policy updates by clipping the probability ratio to prevent
excessively large changes. The difference is that TRPO constrains the objective function
through the KL divergence measure in Equation 4.5, whereas PPO uses "clipping" to directly
impose a cap on the objective function, as seen in Equation 4.6.

PPO is more computationally efficient than TRPO because it uses only first-order op-
timization [25]. Additionally, PPO is more data efficient than TRPO, performing multiple
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epochs of mini-batch optimization per data collection, as opposed to TRPQO’s single policy
update per data cycle [25], [38].

To stabilize training, PPO uses an actor-critic architecture [36], which involves two net-
works: an actor and a critic, both typically represented as neural networks. In this architec-
ture, a policy network (the actor) is responsible for selecting actions according to the current
policy. A value network (the critic) estimates the value of the selected actions. The critic’s
evaluations refine the actor network iteratively and, thus, the policy. In PPO, the critic’s
estimation is used to calculate the advantage function, A, which is then used to inform the
policy update, which is constrained to update within the bounds of the clipping range.

4.2 Centralized Learning

Using the PPO algorithm, this research adopts a centralized RL approach to control. Whereas
some forms of traditional Multi-Agent Reinforcement Learning (MARL) may refer to agents
that learn independently and communicate with one another to coordinate actions, this re-
search introduces a "meta agent," which refers to a central controller that oversees agents’
actions within the environment. Although the algorithm solves multi-agent scenarios, the
central controller learns to coordinate the actions of each agent, ensuring conflict-free in-
teractions and task completion. This approach transforms the problem into a complex
combinatorial problem solved by RL rather than classic versions of MARL that may use
decentralized learning or execution.

At each timestep, the controller receives information about the location of each agent
and then, based on that information, assigns the following action for each agent. Each
agent then takes the assigned action and receives the corresponding reward. The actions’
outcomes are centrally processed by summing all rewards received in each timestep by all
agents. Therefore, performance is measured relative to the system as a whole by evaluating
the controller’s policy based on how all agents are collectively performing. Leveraging a
centralized process is advantageous because it ensures shared information among all agents in
the system, minimizing the need for communication between agents and improving decision-
making efficiency.

4.3 Simulation

The simulation for both training and testing is carried out using Stable Baselines3, a software
library containing RL algorithms, including PPO, compatible with OpenAI Gym [39]. This
work uses Stable Baselines to create and train models. After the model is trained, the best
policy is identified, saved, and evaluated.

Table 4.3 presents two PPO model parameters built in Stable Baselines, which are ex-
plored for model tuning throughout this work. For a comprehensive list of all parameters
provided by Stable Baselines, refer to Table A.1 in the appendix.
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Table 4.3: Stable Baselines PPO model parameters

Parameter Description Default Value

gamma, Discount factor for future rewards 0.99
total timesteps The total number of timesteps the model trains for NA

No Disregard
current policy

Evaluate policy

Save policy as Has training
Yes the new best —»-( reached x total
policy time-steps?

over z
evaluation
episodes

the best policy?

- -

No

Figure 4.2: Callback function process

4.3.1 Training Process Enhancement: Callback Method

This work leverages two main techniques to enhance the training process: a callback method
and warm starts. First, Stable Baselines’ evaluation callback method is used to customize
the policy evaluation during training [39]. The importance of a callback method comes from
PPO’s tendency to converge and diverge repeatedly. Therefore, this evaluation callback
method monitors the controller’s performance during training to ensure that the best policy
discovered throughout training is saved and selected for subsequent training or testing.

The callback function works as follows: after a certain amount of timesteps, training
is temporarily paused to evaluate the current policy the model has learned thus far. The
performance is evaluated by averaging the overall system’s obtained rewards over a specified
number of episodes. If the performance of the policy is higher than any previous recorded
performance, the current policy is saved as the new best policy. If the performance is not
higher than the best performance thus far in training, that policy is ignored, and the previous
benchmark remains.

A flowchart illustrating this process is shown in Figure 4.2, where z represents the total
timesteps the model trains for, y is the number of timesteps the model trains for in between
each time the callback function is called, and z refers to the number of episodes over which
the current policy is evaluated during the callback function. The model performance is tested
at the end of this process using the best policy found during the callback evaluations.

Table 4.4 presents the parameters used for the evaluation callback. The evaluation fre-
quency represents how often the callback method is called during training. For example,
a parameter of 250 means the policy is evaluated after every 250 training timesteps. The
number of evaluation episodes refers to the number of episodes over which the policy is
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evaluated.

Table 4.4: Stable Baselines evaluation callback parameters

Parameter Description

eval freq How many timesteps the model trains for in between policy evaluations
n_eval episodes How many episodes over which the policy is evaluated

The number of evaluation episodes is dependent on many factors. First, it depends on
whether a full or partial evaluation will be run. Since there is a trade-off between training
time and performance, this work tests both full and partial evaluations. Second, the number
of possible unique episodes differs per scenario. For instance, in a 10x10 grid with two agents
without obstacles, there are 9,506 unique combinations of starting locations. This number
is derived from the following equations:

(# of vertical grid spaces) x (# of horizontal grid spaces) = total grid spaces (4.7)

(total grid spaces) — (# of goal locations) — (# of obstacles) = total potential locations
(4.8)
(total potential locations) x (total potential locations — 1) = # of unique combinations
(4.9)
where an agent cannot start on the same grid cell as another agent or a grid cell containing
an obstacle or goal. Therefore, when incorporating the values from the 10x10 grid with two
agents (each with one goal) and without obstacles into Equations 4.7 and 4.8, Equation 4.9
gives 9,506 total unique combinations.

Using Equations 4.7, 4.8, and 4.9, Table 4.5 presents the number of unique starting
combinations of each of the scenarios described in Section 3.2 in the Full Evaluation column.
An important exception to note is the number of combinations for a full evaluation of Scenario
2; for this scenario, the starting locations of the agents must be within or above the narrow
passage on the grid, limiting the number of unique combinations. This is because Scenario
1 already covers learning to navigate an environment without obstacles, so there is no value
in showcasing how the agents can find their goals when starting below the narrow passage.
Likewise, in Scenario 3, the agents can only start in rows 2-10 since row 1 contains only goal
locations and zero obstacles.

Additionally, the last column gives the value of one-fourth of the total number of unique
combinations per scenario. These values will be used when conducting a partial evaluation
during the callback function rather than using every possible combination. The exception for
this is Scenario 4, which uses 100 fixed evaluation episodes, given the exponential increase
in complexity that each additional agent brings.

In a full evaluation, the parameter n_eval episodes from Table 4.4 will equal the value
in the Unique Combinations column. This means that the current policy will be evaluated
over every possible combination of starting locations when the callback function is called. In
a partial evaluation, n_eval episodes will equal the value in the Partial Evaluation column,
meaning that the policy will be evaluated over the number of partial evaluation combinations.
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Table 4.5: Unique combinations per scenario

Scenario | Grid Size | Agents | Obstacles Full Eval Partial Eval (25%)
1 <7 2 0 2,162 540
2 10x10 2 54 650 163
3 10x10 2 34 3,080 770
4 15x15 3-5 0 48,180 - 49,062 *100

The evaluation callback occurs within an environment separate from the training. This
is important because, in the training environment, the starting locations of the agents are
randomized at the reset of each episode using a discrete uniform distribution. As a result, the
controller learns to direct the agents from any potential starting points. However, randomized
starting points should not be used when evaluating policy performance because a time-based
reward penalizes each agent for each step it takes to reach the goal. For example, if one of
the agents starts one step away from the goal in one episode but takes three steps to travel
there, it will lose three points. It will lose five points if it starts five steps away in the
next episode and travels directly to the goal. Even though the agent behaves optimally in
the second scenario, the model will evaluate the first scenario as the better policy because it
achieved higher rewards than in the second scenario. Therefore, the evaluation episodes must
be standardized to compare identical episode resets and thus require a specialized evaluation
environment.

Standardizing the evaluation episodes used in the callback function is most important
in a partial evaluation because it ensures that the same set of evaluation episodes are used
each time the policy is evaluated rather than selecting the episodes at random each time.
Generating the episodes used in a partial evaluation involves a "while" loop that, while the
list does not exceed 25% of the total unique combinations for that scenario, randomly selects
starting locations using a discrete uniform distribution, checks to ensure the coordinates do
not conflict which each other or obstacles and, assuming there is no conflict, appends that
combination of starting locations to the list.

Standardizing fixed evaluation episodes also ensures that all unique combinations are
evaluated during a comprehensive evaluation rather than selecting a number of random
episodes to fit the number of total combinations, which would leave to chance that some
combinations remain unused while others are used multiple times. Generating an exhaustive
list for all unique combinations of starting locations involves iterating over each free x and
y location for each agent.

4.3.2 Training Process Enhancement: Warm Starts

In addition to a callback method, iterations of "warm starts" are used to enhance training.
For example, the agents are first trained in an obstacle-free environment before training
multiple agents to navigate an obstacle-filled environment. The agents learn how to navigate
to their goals without colliding with one another. Once the controller masters this task,
obstacles are slowly introduced in stages. After mastering each stage, the policy is saved
and loaded into the new, more complex environment. Breaking the complexity of training
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into such modular chunks enhances the overall system performance by allowing the agents
to learn one task at a time. These warm starts improve training efficiency by decreasing the
total training time needed to learn comprehensive scenarios.
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Chapter 5

Results

The results showcase that PPO performs well across a variety of scenarios. The algorithm
successfully adapted with minimal parameter tuning to solve all given environments contain-
ing up to three agents with generally high accuracy levels. The best policies across each of
these scenarios range from 93-100% accuracy.

Integrating several RL techniques, such as callback methods and warm starts, dramati-
cally enhances the training process, leading to better performance in less time. Results with
and without such enhancements are provided.

Limitations to this approach are also found, such as an inability for the method to
converge to 100% accuracy in Scenarios 2, 3, and 4. However, a policy can achieve perfect
accuracy after moving Scenario 2 onto a smaller environment, referred to as Scenario 2B.
Additionally, the environments within Scenario 4 containing more than three agents cannot
reach successful policies.

5.1 Scenario 1: Two UAVs in an Obstacle-Free Airspace

Scenario 1 represents the environment of two agents navigating an obstacle-free 7x7 grid,
as first illustrated in Figure 3.3. Seven distinct policies are trained with unique parameter
settings to illustrate the impact of such features on overall performance. A baseline policy,
Policy A, demonstrates the ability of such an approach - PPO with additional training
enhancements - to solve the environment with high accuracy quickly. Policies B through G
showcase the impacts on performance by adjusting aspects of the baseline method. Table 5.1
summarizes the parameter changes of Policies A through G and the resulting performance.

5.1.1 Baseline Policy - Policy A

Policy A uses a callback method with a partial evaluation containing 540 evaluation episodes
- 25% of the total 2,162 unique combinations - as calculated in Table 4.5. The parameter
eval freq, as described in Table 4.4, is set to 2,000, indicating that 2,000 training steps take
place between each evaluation callback.

Policy A is trained for 2,000,000 total timesteps, which took 2.28 hours. An optimal
policy satisfying all 540 specified evaluation scenarios was found without any alterations to
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Figure 5.1: Scenario 1 Policy A performance results over 540 fixed evaluation episodes

the default parameters of the Stable Baselines PPO model. Policy A generalizes beyond the
540 specified evaluation episodes with 99.8% accuracy.

Figure 5.1 shows the results of the 540 evaluation episodes included in the partial evalu-
ation of the callback method. These are all episodes with a unique combination of the two
agents’ starting locations. These combinations are not randomized each evaluation period,
meaning the same 540 instances are used each time the callback function is called and the
current policy is evaluated.

The slight variation in attainable rewards is explained by the difference in starting loca-
tions since the agents are penalized for every step they take to reach the goal. The range
of maximum rewards for optimal behavior is 176-198, as provided in Table 3.1. Given these
bounds, Figure 5.1 shows that the controller’s policy directs the agents to their goals without
collisions with 100% accuracy because the total rewards per episode all fall between 176 and
198.

Testing Policy A beyond the 540 fixed evaluation episodes used in training involves 1,000
randomly reset episodes. The random reset uses the same random generation used to reset
non-evaluative episodes in training. In these instances, the goal locations still remain fixed.
However, the starting locations of each agent are randomized when reset at the beginning of
each episode to test the generalization of the policy. Figure 5.2 provides the results of 1,000
iterations of randomized testing episodes.

Any episode reward falling below 176 indicates a crash between agents (-35 per agent per
crash) or that a non-optimal route was taken. Therefore, as seen in Figure 5.2, the policy
learned to direct the agents to navigate an optimal route, regardless of randomized starting
points, without any collisions among agents, over 998 of the 1,000 total episodes. In the two
instances of crashes, the agents still made it to their goals and received their reward but
were also penalized for their crash, which is why the reward for those two episodes totaled
around 122 (+100 each for the goal, -35 each for the crash, -4 each for the steps taken).

This generalization gives an accuracy of 99.8% as opposed to the 100% accuracy of the
partial evaluation episodes. The drop in accuracy is expected as the policy chosen at the
end to use in testing is the one that performed the best over those specific 540 episodes.
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Figure 5.2: Scenario 1 Policy A performance results over 1,000 randomized testing episodes

Therefore, the evaluation episodes should see perfect performance, whereas the randomized
episodes may contain imperfections.

It would be possible to achieve 100% accuracy if every possible unique combination out
of the 2,162 possible were used in the callback evaluation. However, that would signifi-
cantly increase the training time. Therefore, there is a trade-off between training time and
performance.

5.1.2 Full Evaluation with Increased Training Time - Policies B, C,
and D

Policies B, C, and D train with the same parameters but different training strategies to high-
light a trade-off between accuracy and training time. The differences in achieved accuracy
are compared to the performance given more training versus less training.

First, a new policy, Policy B, was run with all of the same parameters, except the evalua-
tion callback now included all 2,162 possible starting location combinations rather than the
previous 540 episodes. This comprehensive evaluation indicates that every 2,000 episodes,
as specified in eval freq, the current policy is evaluated over 2,162 episodes, meaning the
training will take much longer. Learning an optimal strategy is much more complex because
it requires a policy that solves all 2,162 unique episodes.

Policy B trained for 2,000,000 timesteps again, but this time, the training took 5.66 hours
rather than 2.28 hours. Figure 5.3a shows the policy performance over 1,000 randomized
testing episodes. As seen in the graph, the policy did not yet achieve 100% accuracy, even
though the policy was supposed to account for every possible starting combination. Instead,
the policy achieved 99.1% accuracy. This drop in performance is because it is far more
complex to train a policy capable of solving 2,162 variations rather than 540. Therefore,
reaching 100% accuracy requires more training.

The graph’s cyclical nature is explained by how the list of starting locations was gen-
erated. An iterative process was used to exhaust each agent’s 2,162 unique combinations
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Figure 5.3: Scenario 1 Policies B, C, and D performance results for a comprehensive evalu-
ation with differing training lengths

of (x,y) locations. Therefore, as each agent’s x or y location increased, it incrementally in-
creased or decreased the distance from the goal, incrementally shifting the maximum possible
rewards for optimal behavior.

Similarly, the same process was repeated using a comprehensive evaluation of every
unique combination for the callback method, but this time, the policy (Policy C) trained
for 4,000,000 timesteps. This training took 15.16 hours. However, the policy still did not
achieve 100% accuracy, as shown in Figure 5.3b. Instead, there were five crashes, giving an
accuracy of 99.5%.

Finally, training the same callback method of a complete evaluation for 6,000,000 timesteps
reached 100% accuracy, as shown in Figure 5.3¢ with Policy D. This training time took 20.13
hours. This policy ensures optimal behavior over every possible combination of agent starting
locations.

5.1.3 Partial Evaluation with Decreased Training Time - Policy E

To illustrate the impact on the accuracy of decreasing training time, Policy E was run using
the same baseline parameters with a partial evaluation of 540 episodes. However, this time,
the policy only trained for 500,000 timesteps over 0.70 hours rather than 2,000,000. Unlike
Policy A, Policy E did not perfect the 540 evaluation scenarios. As shown in Figure 5.4a, the
performance included five episodes with crashes over the 540 episodes. Furthermore, when
generalizing to 1,000 randomized testing episodes, Figure 5.4b shows that the performance is
lower than Policy A, reaching an accuracy of only 98.4%. The results of this policy are still
relatively good, but it does include 16 crashes. However, the training time was significantly
less than Policy A, showcasing the trade-off between training time and performance.

5.1.4 Using Randomized Evaluation Episodes - Policy F

Another comparison for Scenario 1 compares the use of randomized evaluation episodes in
the callback method instead of fixed evaluation episodes as done previously. As described
in Section 4.3.1, using fixed scenarios is essential given the context of the reward system
because different starting points give different maximum or minimum rewards. If randomized
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Figure 5.5: Scenario 1 Policy F performance results over 1,000 randomized testing episodes

episodes are used during the callback, the agents could get a "lucky" reset that gives them
a higher attainable reward, such as starting right next to the goal. Even if they take a few
wrong steps, it could still be a higher reward than if the agents start at the farthest possible
locations and behave optimally. If the two situations were compared, it is possible that the
policy for the favorable starting point would be selected as the best policy when the behavior
was sub-optimal.

To analyze such a phenomenon, Policy F is trained using 540 again episodes for a partial
evaluation. However, the 540 episodes in this training do not remain fixed between evaluation
periods.

The train time for 2,000,000 timesteps took 2.15 hours. The performance of Policy F over
1,000 randomized testing episodes is shown in Figure 5.5. There were seven crashes, giving
an accuracy of 99.3%, which is lower than the baseline (Policy A), indicating the importance
of fixing the evaluation episodes used in the callback method.
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5.1.5 Training without a Callback Method - Policy G

The last comparison for Scenario 1 compares policy performance without a callback method.
As described in Section 4.3.1, the advantage of a callback method is that it captures the
most successful policy found throughout training rather than using whatever is most recent
at the conclusion of training, which could lead to selecting a sub-optimal policy.

To demonstrate this, Policy G was trained, but no callback method was used. Therefore,
the training of 2,000,000 timesteps only took 0.65 hours because the policy did not stop to
evaluate every 2,000 training steps over 540 or 2,162 episodes as done in previous training.

Figure 5.6 shows the policy over time throughout training. The graph shows the repeated
divergence, as previously mentioned. Additionally, the graph shows that the last recorded
policy gives a value of around 186 rather than the highest value recorded, around 189. Since
these values are averaged over several episodes, three reward points could indicate several
additional collisions.

Only randomized episodes are used to test this policy since no specific evaluation episodes
are tied to it. Figure 5.7 shows the performance of 1,000 iterations of randomized testing
episodes. There were 982 successful episodes where the agents reached their goals without
crashing, giving an accuracy of 98.2%. There were two episodes involving crashing. The
rest of the unsuccessful episodes have rewards in the negative thousands, meaning that
the agents either stayed in place or searched the grid without finding their goals until the
episodes eventually timed out, incurring the maximum time penalties. Therefore, although
the accuracy is similar to other policies, the unsuccessful episodes were far worse than those
of other policies.
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Table 5.1: Summary of Scenario 1 policy comparisons

Policy | Eval. episodes | Timesteps | Callback | Eval. type | Time (hrs) | Accuracy (%)
A 540 2M Yes Fixed 2.28 99.8
B 2,162 2M Yes Fixed 5.66 99.1
C 2,162 4M Yes Fixed 15.16 99.5
D 2,162 6M Yes Fixed 20.13 100
E 540 500k Yes Fixed 0.70 98.4
F 540 2M Yes Random 2.15 99.3
G N/A 2M No N/A 0.65 98.2

5.2 Scenario 2: Two Vehicles in a Narrow Passage on a
10x10 Grid

Scenario 2 involves two agents traversing through a narrow passageway on a 10x10 grid,
as illustrated in Figure 3.4. A significant difference from Scenario 1 is that the baseline
policy for Scenario 2 incorporates a warm start. As explained in Section 4.3.2, a warm start
enhances training by iteratively increasing complexity; in this case, the policy first trains in
an obstacle-free environment before incorporating obstacles.

It is important to note that the successful policies learned for Scenario 1 cannot be used
as a warm start for Scenario 2. Even though the first scenario encompassed two agents and
an obstacle-free grid, the different grid dimensions prohibit the policy transfer. In order to
import a previous policy into a new environment, the observation space of each environment
must be the same size.

A limitation to this work is found through multiple trials with varied parameters. The
policy with partial evaluation training does not reach 100% accuracy over fixed evaluation
episodes, regardless of the length of training time. Likewise, the policy training with a full
evaluation does not converge to 100% accuracy over randomized evaluation episodes, even
after training for up to 40,000,000 timesteps over 42.60 hours.
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Figure 5.8: Scenario 2 Policy A performance results over 163 fixed evaluation episodes

5.2.1 Baseline Policy

Like Scenario 1, the baseline policy, Policy A, trains using a partial evaluation for the callback
function with 2,000 training timesteps occurring between each callback. As calculated in
Table 4.5, a partial evaluation for Scenario 2 involves 163 starting combinations - 25% of the
650 total unique combinations. Even though the grid is larger than Scenario 1, Scenario 2
incorporates obstacles. Since agents cannot start in a grid space with an obstacle, there are
fewer unique combinations where agents can start at the reset of an episode.

Policy A began as the pre-trained policy for a 10x10 obstacle-free grid with two agents
so that the agents could first learn how to navigate around one another and avoid collisions
before considering obstacles. The policy trained for 7,000,000 timesteps, taking 16.52 hours.
This policy achieved 98.7% accuracy in the pre-training for the two agents reaching their
goal locations without collisions.

Next, Policy A continued training but now with the obstacles that form a narrow passage.
The training involved a partial callback evaluation for 2,000,000 timesteps, which took 1.08
hours. However, as shown in Figure 5.8, a policy capable of solving all 163 fixed evaluation
episodes was not found. Instead, five episodes contained collisions.

This process was repeated with the warmed policy continuing to train for 4, 6, and 8
million timesteps. However, a more successful policy than Policy A was not found. Additional
trials varied the discount factor, gamma, and the agents’ reward for collisions. However, these
changes did not improve the policy’s performance, indicating a limitation of the approach
not yet found in Scenario 1.

5.2.2 Full Evaluation

Similar to the partial evaluation results, training a policy with a comprehensive callback
evaluation to achieve a higher accuracy was unsuccessful. Using the same warm start at
the partial evaluation, Policy B trained using a comprehensive evaluation callback for many
variations of timesteps ranging from 4 to 40 million, taking between 3.62 and 42.60 hours.
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Figure 5.9: Scenario 2 Policy B performance results over 1,000 randomized testing episodes
after a varying number of continued training timesteps following a pre-trained warms start

Three examples of results are shown in Figure 5.9, with Figure 5.9c showing the best results
the policy converged to. The non-linear increase in performance with increased training is
attributed to the inherent randomness in training, such as starting locations upon episode
resets. Although an accuracy as high as 99.3% is achieved, the policy did not ever converge
to 100% accuracy, even after 40,000,000 training timesteps over 42.60 hours.

The inability of the policy to converge to a perfect solution, regardless of how long it
trained for, exposes a limitation to this approach brought about by the complexity of the
scenario.

5.3 Scenario 2B: Two Vehicles in a Narrow Passage on a
7x7 Grid

Scenario 2B moves the narrow passage configuration onto a 7x7 grid rather than a 10x10
grid to explore a lower-complexity version of the scenario. Since the grid dimensions are
the same as Scenario 1, the best policy from that scenario can be used as a warm start,
alleviating the need to pre-train a new policy on an obstacle-free 7x7 grid.

As calculated in Table 3.1, the maximum rewards for optimal behavior on a 7x7 grid with
two agents range from 176-198. The penalty found to work best for this scenario was -5 per
agent. This value was found through trial and error by testing multiple iterations of a policy
with varied reward values and analyzing which values produced the lowest crash frequency.
Although a minor penalty can make it difficult to tell on a plot whether a collision occurred,
collisions were logged separately to track performance accurately.

The baseline policy, Policy A, achieved 100% accuracy over the fixed evaluation episodes
and generalized to 98% accuracy over randomized testing episodes. Using a comprehen-
sive evaluation, Policy D was able to find 100% accuracy over all unique combinations of
episode starting locations. The comparisons made with differing training times and callback
evaluation strategies are all summarized in Table 5.2.
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Figure 5.10: Scenario 2B Policy A performance results

5.3.1 Baseline Policy

A partial evaluation for a narrow passage configuration on a 7x7 grid yields 77 combinations -
25% of the 306 total unique possibilities. Using the policy found in Policy D from Scenario 1
as the warm start, Policy A continued training for 1,000,000 timesteps, which took 1.78 hours
to achieve 100% accuracy. The results for Policy A over the 77 fixed evaluation episodes are
shown in Figure 5.10a, with all episodes placing above 176 reward points and zero collisions
logged. Taking this policy and generalizing it to 1,000 randomized testing episodes resulted
in 20 episodes containing collisions, giving 98.0% accuracy, illustrated in Figure 5.10b.

5.3.2 Full Evaluation with Increased Training Time - Policies B, C,
and D

Next, the trade-off between accuracy and training time was explored by training policies
with comprehensive callback evaluations and increased training time. Policy B, C, and D
used the same warm start as Policy A, but each trained using a full rather than partial
callback evaluation for additional timesteps. A full evaluation of this scenario comprises 306
possible combinations of starting locations.

Policy B trained for 3,000,000 timesteps (not including the warm start pre-training),
taking 5.56 hours. When testing Policy B on all 306 unique episode configurations, there
were 102 episodes containing 816 total crashes, yielding a 66.6% accuracy for a collision-free
episode. The results for Policy B are displayed in Figure 5.11a, with the cyclical nature
attributed to how the 306 starting combinations are enumerated.

Policy C trained for 6,000,000 additional timesteps after the warm start over 12.58 hours.
While Policy C showed improvement over Policy B, the policy still did not achieve 100%
accuracy over the comprehensive evaluation episodes. As seen in Figure 5.11b, Policy C
reached 85.9% accuracy, achieving 263 perfect episodes but also containing 43 episodes with
342 total collisions.

While a natural progression would showcase Policy D training for a longer time than
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Figure 5.11: Scenario 2B Policy B, C, and D performance results for a comprehensive eval-
uation

Policy C to achieve 100% accuracy, Policy D outperformed both Policy B and Policy C with
less training time. Policy D trained only for 2,000,000 timesteps over 5.38 hours before finding
a successful policy capable of achieving 100% accuracy over all 306 evaluation episodes. The
results are provided in Figure 5.11c. While unusual, the randomness inherent to the training
method, such as randomized starting locations in training or random policy initialization
weights, means the policy may stumble onto more successful solutions earlier than expected.
Since the policy continues building off that success, it can more quickly converge to an
optimal solution.

5.3.3 Partial Evaluation with Decreased Training Time - Policy E

Policy E further explores the time versus performance trade-off by reducing the training
timesteps from the Policy A baseline of 1,000,000 (not including the pre-training) to 250,000
timesteps for a partial callback evaluation. Training Policy E for 250,000 timesteps took
only 0.15 hours but achieved only 12.9% accuracy over the 77 fixed evaluation episodes with
536 total collisions, as shown in Figure 5.12a. Policy E generalized to 16.7% accuracy as
presented in Figure 5.12b, which contained 2,136 total collisions.

5.3.4 Using Randomized Evaluation Episodes - Policy F

Policy F demonstrates the importance of using fixed evaluation episodes within the callback
evaluation to maintain a consistent performance measure across policies. Policy F trained
for 1,000,000 timesteps, as did Policy A, but Policy F’s callback evaluation episodes were
a randomized set of 77 episodes each time the policy was evaluated. As a result, Policy F
did not achieve 100% accuracy over a set of 77 randomized evaluation episodes. Instead,
after training for 0.43 hours, Policy F performed with 16.5% over 1,000 randomized testing
episodes as presented in Figure 5.13.

5.3.5 Training without a Callback Method - Policy G

To compare the baseline, Policy A, against a policy that trains without a callback evalua-
tion method, Policy G is trained for 1,000,000 timesteps without any pause for evaluation.
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Figure 5.12: Scenario 2B Policy E performance results
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Figure 5.14: Scenario 2B Policy G performance results over 1,000 randomized testing episodes

Therefore, the policy evaluated where it ended after the one-millionth timestep rather than
saving the most successful policies along the way. The policy found after the one-millionth
training timestep is the policy saved and called upon for testing. The training took 0.38
hours and achieved 40.7% accuracy, but the 593 unsuccessful episodes contained 68,962 total
collisions, as shown in Figure 5.14.

Given PPO’s tendency to diverge and converge repeatedly, the ending policy is likely
not the best. Therefore, the training may have been as successful as the baseline Policy A.
However, Policy A recorded the optimal strategy when found, while Policy G relied on the
most recently attempted policy.

5.3.6 "Cold Start" Policy - Policy H and I

The last comparison for Scenario 2B illustrates the process enhancement of using a warm
start. In these iterations, there was no environment change; all training occurred in an
environment with obstacles.

Policy H trained for the same timesteps as Policy A but did not utilize a pre-trained
warm start. The 1,000,000 training timesteps took 10.4 hours and achieved 0% accuracy
over 1,000 testing episodes, as seen in Figure 5.15. The extreme training time taken to train
for 1,000,000 episodes is due to the complete lack of success; rather than both agents finding
their goal and ending an episode after 5-10 steps, the agents could not master this behavior,
dragging out each episode near the maximum amount of timesteps before timing.

Furthermore, Policy I also compares the process without a warm start but by training
for the same cumulative number of timesteps of both the pre-trained warm start (6,000,000)
and the continued training of the baseline, Policy A (1,000,000). Therefore, Policy H trained
for 7,000,000 total timesteps without an environment change for a warm start, which took
78.75 hours. The results for Policy I are presented in Figure 5.16, demonstrating the 21.1%
accuracy that Policy I achieved over 1,000 testing episodes.

The top line on the plot depicts episodes where agents were able to reach their goals,
although it is hard to distinguish which of them included collisions given the scale of the
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Figure 5.15: Scenario 2B Policy H performance results over 1,000 randomized testing episodes
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Figure 5.16: Scenario 2B Policy I performance results over 1,000 randomized testing episodes

y-axis. However, only those without collisions are included in the accuracy percentage. The
middle line depicts episodes that reached the maximum timesteps without agents reaching
their goals, incurring the maximum penalty for time. Lastly, the bottom line represents
episodes where agents repeatedly crash and incur time penalties, maxing out the possible
penalties. The results from both this policy and Policy H showcase that the complexity of
the narrow passage scenario is too difficult to learn without a warm start.

5.4 Scenario 3: Two Delivery Robots in a Dense Urban
Environment

Scenario 3 involves two delivery robots navigating a dense urban environment, as Figure 3.5

illustrates. Like the narrow passage on a 10x10 grid in Scenario 2, the dense urban environ-
ment scenario uses the same obstacle-free pre-training as a warm start since both scenarios
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Table 5.2: Summary of Scenario 2B policy comparisons

Policy | Eval. episodes | Timesteps | Callback | Eval. type | Time (hrs) | Accuracy (%) | Warm Start
A 7 1M Yes Fixed 1.78 98.0 Yes
B 306 3M Yes Fixed 5.56 66.6 Yes
C 306 6M Yes Fixed 12.58 85.9 Yes
D 306 2M Yes Fixed 5.38 100 Yes
E 7 250k Yes Fixed 0.15 16.7 Yes
F T 1M Yes Random 0.43 16.5 Yes
G N/A 1M No N/A 0.38 40.7 Yes
H 77 1M Yes Fixed 0.65 0.0 No
I 7 ™ Yes Fixed 78.75 98.2 No

share the same observation space - a 10x10 grid. However, rather than only leveraging one
warm start, the baseline policy for Scenario 3 incorporates several warm starts to increase
the complexity iteratively. This is done by incorporating 10% of the obstacle-filled grid per
training cycle to allow the policy to learn how to navigate the field of obstacles one row at
a time.

The baseline policy for Scenario 3, Policy A, involved ten warm starts in total to reach
97.7% accuracy over the partial fixed evaluation episodes, generalizing to 97.2% accuracy
over 1,000 randomized testing episodes. Using a comprehensive evaluation, Policy B trains
for longer than Policy A and achieves 98.0% accuracy over all 3,080 possible starting com-
binations.

5.4.1 Baseline Policy

To train the baseline policy for Scenario 3, Policy D from Scenario 1 is leveraged as the warm
start for obstacle-free navigation on a 10x10 grid. Policy A for Scenario 3 then involves
continuing that training while incorporating the obstacle-filled grid 10% at a time.

In Phase 1 of Policy A, the previous pre-trained policy from Scenario 1 was copied. Next,
Phase 2 of Policy A trained on an environment that only incorporated obstacles within the
top row on the grid. All other rows remained obstacle-free as in the environment for Scenario
1. The agents could only start within the top row of the grid in both the randomized and fixed
evaluation episodes. For Phase 3, the next row of obstacles was added to the environment for
Policy A to learn. In this iteration of training, agents could start anywhere within the top
two rows of the grid - the rows that contained obstacles. This process continued in Phases
3-10 until all rows of obstacles were incorporated to form a complete environment.

While the policy from Scenario 1 copied in Phase 1 leveraged a comprehensive evaluation,
Phases 2 through 10 utilized a partial evaluation - 25% of the total possible combinations.
The number of evaluation episodes increased as the phase number increased since the agents’
starting locations must be located within rows with obstacles incorporated. Therefore, a
partial evaluation for Phases 2-10 contained between 10-770 fixed evaluation episodes.

The training details per phase for Policy A are provided in Table 5.3. The non-linear
progression for training is explained by the differing increase in complexity brought about
by each phase since both the number and placement of obstacles are unique to each row. As
seen in Table 5.3,

After training for a combined total of 57.8 million timesteps over 78.05 hours, Policy
A achieved 97.7% accuracy over the 770 fixed evaluation episodes making up the complete
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Table 5.3: Scenario 3 Policy A training phases

Phase | Training Timesteps (million) | Training Time (hours)
2 0.1 0.03
3 0.2 0.08
4 4 4.21
) 4 2.49
6 2 1.95
7 5 5.83
8 29 43.57
9 10 14.64
10 3.5 5.25

Total 57.8 78.05
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Figure 5.17: Scenario 3 Policy A performance results

environment, as shown in Figure 5.17a. Generalizing Policy A to 1,000 randomized testing
episodes revealed 97.2% accuracy, as shown in Figure 5.17b. This means that the agents
could navigate the maze of obstacles, regardless of starting position, and reach their goals
without collision 97.2% of the time.

5.4.2

To compare the accuracy versus training time trade-off, Policy B leveraged a comprehensive
warm start through each phase. The number of evaluation episodes for a comprehensive
evaluation ranged from 42 to 3,080 episodes. As seen in Table 5.4, Policy B trained for 61.6
million timesteps in total, which took 140.04 hours. As a result, Policy B achieved 98.0%
over the 3,080 comprehensive evaluation episodes.

Full Evaluation with Increased Training Time - Policy B
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Table 5.4: Scenario 3 Policy B training phases

Phase | Training Timesteps (million) | Training Time (hours)
2 0.1 0.05
3 2 1.69
4 4 2.36
) 5 3.27
6 2.5 4.73
7 5 5.45
8 26 67.58
9 9 28.63
10 8 26.28

Total 61.6 140.04

5.5 Scenario 4: More than Two Agents

Scenario 4 explores the scalability of this approach by experimenting with the number of
agents and the grid size. Three policies are trained to direct three, four, and five agents
using a 15x15 obstacle-free grid,

In addition to the expanded grid size, increasing the number of agents exponentially
scales the number of unique starting locations. A partial evaluation using only 25% of the
total unique combinations would range from 2,698,410 to 128,827,490,220 fixed evaluation
episodes. Furthermore, learning to navigate the actions for three or more agents is an
exponentially more complex task as compared to learning to navigate two agents. Therefore,
rather than using the same approach from previous scenarios for the evaluation callback, the
training for Scenario 4 uses a partial evaluation with 100 episodes, regardless of the number
of total unique combinations.

Additionally, the maximum number of timesteps within an episode was increased to 5,000
to allow additional time for the controller to explore and find a successful solution. Likewise,
the crash penalty was lowered to -20 to incentivize exploration since more collisions will
naturally take place with more agents moving around the grid.

With these adjustments to the training approach, the environment containing three
agents reaches 93.9% accuracy among 1,000 randomized testing episodes. However, the
environments containing four and five agents reach 0% accuracy after training for over seven
days. These results indicate that this approach is insufficient for environments containing
more than three agents without further adjustments to the method.

5.5.1 Three Agents

A policy without any warm starts trained to direct three agents on a 15x15 obstacle-free
grid for 10,000,000 timesteps. This training took 9.97 hours to complete and achieved 95.0%
accuracy over the 100 fixed evaluation episodes, containing ten total collisions. This perfor-
mance generalized to 93.9% accuracy over 1,000 randomized testing episodes. The results
for this policy are provided in Figure 5.18
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Figure 5.18: Scenario 4 policy performance results for three agents on a 15x15 grid

5.5.2 Four Agents

Similarly, a new policy trained to navigate four agents on a 15x15 obstacle-free grid for
10,000,000 timesteps. However, this training took 172.43 hours because the controller could
not find a successful policy. Instead, each episode lasted until the maximum number of
timesteps was reached (in this case, 5,000), and the episode terminated, unlike other scenarios
where the controller quickly learned a moderately successful policy and episodes terminated
after a few timesteps.

The policy here achieved 0% accuracy over the 100 fixed evaluation episodes and 0%
over the 1,000 randomized testing episodes. These results can be seen in Figure 5.19. The
two distinguished rows formed in 5.19a differ in how many agents reached their goal within
each episode. The line around -10,000 indicates that two agents reached their goals while
the other two each incurred a -1 timestep penalty for 5,000 timesteps until the episode
terminated. The line around -15,000 indicates that only one agent reached its goal while the
other three did not. Any interim points represent episodes that contained either repeated
collisions between agents or an agent reached its goal after some time delay, during which it
incurred a time penalty. While the lines are more challenging to see in 5.19b given the scale,
the points on the bottom of the graph represent repeated collisions among two agents until
the episode terminated after 5,000 timesteps.

5.5.3 Five Agents

Finally, a new policy was trained to assign deconflicting actions to five agents on a 15x15
obstacle-free grid for 10,000,000 timesteps. Similar to the four-agent scenario, the training
took 181.05 hours, and the policy achieved 0% accuracy over both the 100 fixed evaluation
episodes and the 1,000 randomized testing episodes. These results are provided in Figure
5.20. As in the four-agent scenario, the lines at each additional -5,000 indicate how many
agents reached their goal per episode, and the interim points represent either repeated col-
lisions or goals reached after some delay in time.
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Figure 5.19: Scenario 4 policy performance results for four agents on a 15x15 grid
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Chapter 6

Discussion

The results obtained from the experimental scenarios provide important insights into the
effectiveness of utilizing a centralized approach with PPO for multi-agent reinforcement
learning across diverse environments. This discussion summarizes the findings from each
scenario, evaluates the performance resulting from differing training strategies, addresses
the limitations and implications of this work, and identifies areas for future research.

6.1 Scenario Performance

The chosen approach resulted in various levels of performance across the experimental sce-
narios. The highest accuracy levels across all policies within a scenario occurred in Scenario
1, which is reflective of the relatively low level of complexity compared to other scenarios.
Alternatively, the lowest accuracy levels were found in Scenario 4, indicative of the expo-
nentially increased complexity introduced by incorporating additional agents. Limitations
are found within Scenarios 2, 3, and 4, confirming that 100% accuracy cannot be reached
regardless of training time, as is achievable in Scenarios 1 and 2B.

6.1.1 Tradespace Explanation for Scenarios 1 and 2B

This discussion compares Scenarios 1 and 2B policies by visualizing a tradespace of training
time versus accuracy, as seen in Figures 6.1 and 6.2. Within these tradespaces, the utopia
point - the point with optimal value for both time and accuracy, is denoted by the yellow star.
The blue curve, known as the Pareto frontier, represents the optimal policies. A "dominated
solution" is a point that is beaten out by another point with better values for both time and
accuracy, shown in orange. Points that reside closer to the utopia point along the Pareto
frontier are the non-dominated solutions, shown in green.

6.1.2 Scenario 1

The primary objective of Scenario 1 was for two agents to navigate a 7x7 obstacle-free grid
and reach their respective goals without collisions. The results demonstrated that the policy
learned by the central controller was capable of mastering this task with up to 100% accuracy.
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Figure 6.1: Tradespace of Scenario 1 policies

As visualized in Figure 6.1, Policies A, D, E, and G reside along the Pareto frontier,
indicating they are all non-dominated policies. No other policies achieve better performance
than those options regarding both time and accuracy.

Policy G achieved the lowest accuracy among all policies within Scenario 1 at 98.2%
accuracy across 1,000 randomized testing episodes. This is because Policy G did not leverage
an evaluation callback strategy. Thus, the policy chosen for the testing episodes was the
last attempted policy during training, rather than using the best policy found and saved
throughout training as transpired with other policies. However, not using an evaluation
callback resulted in the least training time of any policy. Therefore, Policy G exists on the
Pareto frontier despite its low performance. Therefore, if less training time is valued far
more than accuracy, Policy G may be the best training strategy to select for an application.

Alternatively, Policy D achieved the highest accuracy, reaching 100% accuracy over all
2,162 unique combinations of starting locations for episode resets. This was accomplished
by leveraging a comprehensive evaluation within the callback strategy, which required more
training time than partial evaluations, such as in Policy A. Policies B and C also utilized a
comprehensive evaluation. However, the limited training time relative to Policy D prohibited
the policies from reaching 100% accuracy, highlighting the trade-off of training time versus
accuracy. Although Policy D required the most training time, it is a non-dominated solution
since it achieved the highest accuracy among all policies. Therefore, if 100% accuracy is
valued above increased training time, this would be the best training strategy to select in an
application.

While Policy G dominates in terms of minimizing training time and Policy D dominates
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in terms of accuracy, Policies A and E find a middle ground, with Policy A being the most
balanced among all non-dominated policies. Policy A falls along the Pareto frontier after the
sharp increase in accuracy associated with additional training time but before that increase
begins to plateau. Therefore, without strongly favoring one metric over the other, Policy A
is the recommended training approach for any application.

6.1.3 Scenarios 2 and 2B

The task of Scenario 2 is for the controller to direct two agents on a 10x10 grid through
a narrow passage. However, after training for up to 40,000,000 timesteps, 100% accuracy
could not be reached over the partial evaluation episodes. This indicates a limitation in
the approach where a level of complexity was reached that prohibited the controller from
perfectly mastering the task. Scenario 2B moved the task onto a 7x7 grid, decreasing the
complexity, which then resulted in a policy reaching 100% accuracy.

As illustrated in Figure 6.2, the same four policies as in Scenario 1 - Policies A, D, E,
and G - reside on the Pareto frontier, representing the non-dominated solutions. However,
unlike Scenario 1, the two extreme points on either end - Policies H and I - are not on the
frontier. Although Policy I trained for longer than Policy D, it did not reach the 100%
accuracy accomplished by Policy D, which means that Policy D dominates Policy I in both
metrics. Likewise, Policy H had the lowest accuracy levels even though it trained for longer
than Policy E, meaning that Policy E dominated Policy H.

As in Scenario 1, Policy A represents an optimal training strategy that balances time
and accuracy. If accuracy is more valued than training time in a given application, Policy
D should be selected since the increased training time led to 100% accuracy. Alternatively,
if the training time metric is more critical, Policy E should be selected because it requires
decreased training time from the baseline strategy.

6.1.4 Tradespace Findings

Together, the tradespace diagrams show that Policies A, D, E, and G are the non-dominated
solutions for both Scenario 1 and Scenario 2B. This implies that these four training strategies
are optimal for either environment. In choosing a training strategy for an application, one
of these four should be selected based on the relative value placed on training time versus
accuracy. Policies B, C, F, H, or I should not be chosen as other options dominate them in
both time and accuracy metrics.

In either environment, Policy A is the recommended training strategy if there is not a
strong preference towards one metric over the other. If accuracy is strongly valued, then
Policy D would be the recommended training strategy. Alternatively, policies E or F would
be better-suited solutions overall where training time is weighted relatively heavily.

6.1.5 Scenario 3

The objective for Scenario 3 is for the controller to navigate the agents through a maze
simulating a dense urban environment. Splitting the training into ten phases of warm starts
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Figure 6.2: Tradespace of Scenario 2B policies

allowed the controller to learn and solve the environment one row at a time, resulting in an
accuracy of 97.2% for a partial evaluation and 98.0% for a comprehensive evaluation.

Similar to Scenario 2, the comprehensive evaluation was unable to achieve 100% accuracy
after training for up to 61.6 million timesteps in total, reflecting a similar limitation where
higher levels of complexity are involved that make it too difficult for the controller to reach
perfection. The time versus accuracy trade-off is reflected by the fact that Policy B, the
comprehensive evaluation strategy, trained for nearly double the amount of time (140.04
hours) as Policy A, the partial evaluation strategy (78.05 hours), for only a 0.8% increase in
accuracy. Therefore, unless the training time is trivial for an intended application, Policy A
is the recommended approach for training in an environment such as Scenario 3.

6.1.6 Scenario 4

The objective of Scenario 4 is to test the controller’s ability to direct three, four, and five
agents at a time without collision on a 15x15 grid. A successful policy was found for the
three-agent scenario with 93.9% accuracy. However, the policies for the four and five-agent
scenarios achieved 0% accuracy after more than seven days of training. The results illustrate
that while this approach can scale to include a larger grid size with three agents, this method
may not be well-suited for four or more agents without further adjustments to training.
One way of employing this approach for a scenario requiring four or more agents could be
to treat each agent’s incorporation as an additional warm start. However, continuing training
after a warm start requires each iteration of training to maintain the exact observation space
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dimensions, and adding new agents typically changes those dimensions. Therefore, a warm
start could be implemented by starting each episode with all but two agents already at their
goals. Once a successful policy is found for those two agents, a third agent could begin
starting from a non-goal location. This process could be repeated, allowing the controller to
build upon the knowledge acquired from navigating the next lowest number of agents until
all desired agents have been incorporated.

6.2 Limitations

Limitations for this approach were revealed in Scenarios 2, 3, and 4, where the controller
was unable to learn a policy capable of achieving 100% accuracy. If the controller were
only responsible for learning a fixed route from the same set of starting locations, such a
limit would most likely not have been reached. However, these scenarios reached a level of
complexity that was too difficult for a policy to perfectly master the task for every unique
combination of agent starting locations.

Furthermore, Scenario 4 uncovered another limitation: the inability to continue using a
25% partial evaluation with an increased number of agents. Each additional agent exponen-
tially scaled the number of unique starting combinations. Therefore, for a scenario involving
three or more agents, it is not reasonable to use a 25% partial evaluation because the train-
ing would take far too long and likely never converge to a policy capable of solving so many
variations in starting positions. Although a smaller percentage of evaluation episodes could
be used for a callback evaluation, this might lead to less generalizability beyond the fixed
episodes, lowering the value of employing such a strategy for a real-world application.

6.3 Implications for Real-World Applications

This work provides insight into the value of applying RL to multi-agent scenarios for real-
world path deconfliction of autonomous robotics. When considering this approach, essential
characteristics include the size of the intended environment, the number of agents, and
whether solving one path is desired or, alternatively, paths from every possible starting
position. The results indicate that this method can learn to solve a larger obstacle-free
grid with higher accuracy than one with obstacles. However, limiting the grid size when
incorporating obstacles allows the controller to achieve perfect results.

Furthermore, unlike other pathfinding algorithms discussed earlier, this approach is most
valuable for its flexibility in solving various environments with few minor adjustments. This
is especially valuable when the system can be pre-trained with warm starts and re-trained
for the additional complexity required for a specific task in connection with that application.
For instance, maintaining pre-trained policies for agents navigating multiple sets of different-
sized environments will decrease the training time necessary when the obstacle configuration
of a particular task is added.

Additionally, this approach works best when limiting the number of agents to three or
less. Otherwise, alternative methods, such as the proposed version of an iterative warm
start approach or a decentralized approach to learning, may be better suited to limit the
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exponential scaling of complexity associated with incorporating additional agents.

Lastly, such limitations were found because the objective task was for the controller to
solve the environment for every possible combination of agent starting locations. If the only
task were for the controller to solve one path from fixed starting locations, such a limit to
complexity would not have been reached, and the approach likely could have handled much
larger environments with far more agents and obstacles.
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Chapter 7

Conclusion

This research aims to demonstrate the application of RL for the navigation of multi-agent
autonomous robotic systems in dynamic and uncertain environments. This conclusion sum-
marizes the key findings, limitations of the approach, contributions to the field, implications
for real-world applications, and areas for future work.

7.1 Summary of Key Findings

This research demonstrated the effectiveness of applying a centralized RL approach using
PPO to multi-agent environments. The results illustrate the value of such an approach for
environments containing up to three agents with differing obstacle configurations.

The experimental scenarios encompassed a range of complexity, from simple obstacle-
free scenarios to environments containing a complex configuration of obstacles. Throughout
these simulations, the centralized MARL approach learned successful policies with up to
100% accuracy in simpler scenarios. In more complex scenarios, accuracy decreased slightly,
revealing the impact of additional complexity and indicating a need for adjustments to the
training method to reach 100% reliability.

Various training strategies were explored, illustrating the prominent trade-off between
accuracy and training time. Comprehensive evaluation callbacks resulted in the highest
accuracy but required the longest training time, while partial evaluations reduced training
time but were less accurate. Incorporating warm starts proved to be an effective way to learn
higher complexity scenarios, but it also lengthens training time relative to simpler scenarios
that do not require a warm start. A thorough analysis of the various training strategies
identified several optimal strategies for an application based on the user’s relative valuation
of training time versus accuracy metrics.

Additionally, the research tested the scalability of this approach by incorporating three,
four, and five agents at a time into a larger environment than the two-agent scenarios and
found that current training strategies are insufficient for environments with more than three
agents. However, the method’s ability to adapt to various environments with minor adjust-
ments suggests that advancements to expand the system could be made with further tuning
in future work.

Most importantly, the results highlighted the adaptability of RL for the coordination
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of multiple agents across diverse scenarios, which is where this approach derives its most
significant advantage over traditional pathfinding algorithms. The method’s flexibility en-
sures that MARL can be applied to a wide range of real-world applications, enhancing its
practicality as a tool that can be maintained and deployed as needed for various operations
as they arise.

7.2 Limitations

While this research showed promising results for applying MARL to multi-agent autonomous
systems, certain limitations were identified. First, achieving 100% accuracy in scenarios
with increased complexity proved challenging, indicating a need for further refinement of
the method or alternative approaches. Additionally, further adjustments are necessary to
transform this approach into one capable of handling environments containing more than
three agents. However, the specific enhancements identified, such as iterative warm starts to
incorporate agents one at a time, could very well be the solution to advancing this approach
beyond its current limitations.

7.3 Contributions to the Field

This thesis advances the field of multi-agent autonomous robotics by providing insight into
the effectiveness and limitations of applying centralized RL with PPO for navigation within
diverse multi-agent scenarios. The proposed framework illustrates how leveraging training
measures such as warm starts and evaluation callback strategies can significantly enhance the
performance of such a tool. Lastly, this work identifies optimal training strategies and offers
recommendations based on a user’s relative preferences regarding training time and accuracy,
contributing valuable guidelines for implementing RL for multi-agent environments.

7.4 Practical Implications

Leveraging a centralized RL approach for multi-agent coordination provides a robust solu-
tion for dynamic and unpredictable environments. The flexibility inherent in this approach
makes MARL a practical tool for various industries, such as the military or emergency re-
sponse, where real-time coordination of autonomous systems is needed on a case-by-case
basis. Furthermore, incorporating warm starts enhances the flexibility of this approach be-
cause it allows the owner of such a tool to maintain generically trained policies upon which
further training with more specific features can occur as the opportunity arises, limiting the
training time needed to prepare for other operations. Such versatility is particularly valuable
for applications requiring rapid deployment for operations involving changing conditions.
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7.5 Opportunities for Future Work

Opportunities to further this work include incorporating moving obstacles to represent other
vehicles that must be avoided within the environment that are not controlled by this system.
Additionally, moving this work into a three-dimensional environment would be more real-
istic for many use cases, particularly aerial vehicles, expanding the potential for real-world
applications. Likewise, incorporating a continuous rather than discrete action space would
add greater flexibility in application and more closely represent vehicle movements within
an environment. Lastly, further testing the scalability of this approach by limiting the com-
binations of starting locations for which the controller must solve would provide insight into
the viability of this approach for more complex scenarios when numerous combinations are
not necessary.
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Appendix A

Comprehensive List of Stable Baselines
PPO Parameters

Table A.1: Comprehensive list of Stable Baselines PPO parameters [39]

Parameter Description
policy The policy model to use (MlpPolicy, CnnPolicy, .. .)
env The environment to learn from (if registered in Gym,

learning rate
n_steps

batch size
n_epochs
gamma

gae lambda

clip_range
clip_range vf
normalize advantage
ent coef

vf coef

max_grad norm

use sde

sde sample freq

rollout buffer class

rollout buffer kwargs

target ki

can be str)

The learning rate, it can be a function of the current
progress remaining (from 1 to 0)

The number of steps to run for each environment per
update

Minibatch size

Number of epochs when optimizing the surrogate loss
Discount factor

Factor for trade-off of bias vs variance for Generalized
Advantage Estimator

Clipping parameter

Clipping parameter for the value function

Whether to normalize or not the advantage

Entropy coefficient for the loss calculation

Value function coefficient for the loss calculation

The maximum value for the gradient clipping
Whether to use generalized State Dependent Explo-
ration (gSDE) instead of action noise exploration
Sample a new noise matrix every n steps when using
gSDE

Rollout buffer class to use

Keyword arguments to pass to the rollout buffer on cre-
ation

Limit the KL divergence between updates
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stats  window size
tensorboard log
policy kwargs

verbose
seed

device

_init_setup model

Window size for the rollout logging

The log location for tensorboard

Additional arguments to be passed to the policy on cre-
ation

Verbosity level

Seed for the pseudo random generators

Device (cpu, cuda, ...) on which the code should be
run

Whether or not to build the network at the creation of
the instance
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