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Abstract

Life on earth displays an explosion of creativity and diversity. One single run
of evolution has managed to create both photosynthesis, flight and human intel-
ligence; and is still presenting us with new solutions to the problem of survival
and reproduction on earth. This capability for never-ending creation of novel
organisms is what the field of open-ended evolution is trying to replicate.

In this work, we will explore the Paired Open-Ended Trailblazer (POET)
algorithm, which belongs to the field of open-ended evolution. POET is a coevo-
lutionary algorithm seeking to endlessly generate problems of increasing difficulty
and their increasingly complex solutions through the enforcement of a minimal
criterion and goal-switching. Previously POET has been shown to generate and
solve complex problems in robot locomotion control and general game-playing
environments [21] [29]. Challenges that were solved in the robot locomotion envi-
ronment were found not solvable by direct optimization or direct-path curriculum
building.

We apply POET to a new type of reinforcement learning environment and
combine POET with NeuroEvolution of Augmenting Topologies (NEAT) for the
first time. The novel environment serves as an exciting new playground for ex-
ploring POET’s ability to create and solve problems of increasing complexity.
At the same time, NEAT allows artificial neural network controller topology to
increase in complexity incrementally.

Our model is shown to generate a diverse curriculum of increasing complexity
while solving many of the generated challenges. During the model’s coevolution-
ary runs, we observe open-ended tendencies, if there are any. We also impor-
tantly perform an ablation study to investigate essential POET components like
the minimal-criterion and goal-switching. Excitingly, we find that some parts of
the POET algorithm seem not to be as important as previously believed.
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Sammendrag

Livet pa jorden vitner til en eksplosjon av kreativitet som har skapt et enormt
mangfold av ulike organismer. Ved hjelp av ett lgp med evolusjon har egenskaper
som bade fotosyntese, flyvning og menneskelig intelligens oppstatt. Selv om evo-
lusjon har fylt verden med utallige komplekse skapelser, stopper den ikke der.
Evolusjon fortsetter & presentere oss med nye svar til spgrsmalet om overlevelse
og reproduksjon for hver eneste generasjon. Denne egenskapen for tilsynelatende
uendelig skapning av nye utfordringer og deres lgsninger er hva feltet apen evo-
lusjon forsgker a etterligne.

Masteroppgaven utforsker algoritmen Paired Open-Ended Trailblazer (POET)
som tilhgrer feltet apen evolusjon. POET er en ko-evolusjonser algoritme som
sgker & uendelig generere problemer med gkende vanskelighetsgrad og deres stadig
mer komplekse lgsninger. Vi anvender POET i et nytt forsterkende leeringsmiljg
og kombinerer POET med NeuroEvolution of Augmenting Topologies (NEAT)
for fgrste gang. Det nye miljget fungerer som en spennende ny lekeplass for &
utforske POETs evne til & skape og lgse problemer med gkende vanskelighets-
grad, mens NEAT lar topologien til de kunstige nevrale nettverks lgsningene til
& gradvis kompleksifiseres.

Ved & bruke var modell blir en mangfoldig leereplan med gkende kompleksitet
generert, samtidig som den lgser mange av de genererte utfordringene. Under
de ko-evolusjonere kjgringene observerer vi konvergens og apne egenskaper om
det er noen. En ablasjons studie er ogsa utfgrt for & undersgke viktige POET-
komponenter som minimal-kriteriet og malbytte. Et spennende funn er at noen
komponenter i POET-algoritmen ikke ser ut til & veere sa viktige som tidligere
antatt.
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Abbreviations

- ANN - Artificial Neural Network

- EE - Environmental Encoding

- EC - Environmental Characterization

- RL - Reinforcement Learning

- MDP - Markov decision process

- POMDP - Partially observable Markov decision process
- EA - Evolutionary Algorithm

- GA - Genetic Algorithm

- ES - Evolutionary Strategies

- NE - Neuroevolution

- NEAT - NeuroEvolution of Augmenting Topologies
- HyperNEAT - Hypercube-based NEAT

- ES-HyperNEAT - Evolvable Substrate HyperNEAT
- MCC - Minimal Criterion Co-Evolution

- POET - Paired Open-Ended Trailblazer
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Chapter 1

Introduction

Finding a genuinely open-ended algorithm has not yet been achieved. Several
attempts have been made, but none of them are able to emulate nature’s ability
of seemingly never-ending creativity. Most work in artificial intelligence today
focuses on minimizing a loss function through machine learning techniques such
as gradient descent and backpropagation. These methods have given us impres-
sive tools for challenges like image classification, natural language processing,
and robotics. However, traditional machine learning approaches converge to-
wards a single solution and are not capable of significant further learning and
improvement. Instead, approaches focused on open-endedness would like to see a
continual discovery of new problems of increasing complexity and their solutions.
Mimicking how evolution provides a never-ending stream of novel answers to the
question of survival and reproduction.

Data has been the key to creating increasingly complex machine learning
models throughout machine learning history. Tech companies and researchers
have an unquenchable thirst, as each new data point may improve the perfor-
mance of their models. Therefore, a natural question was whether the algorithms
themselves could generate the data needed. During the last decade, the machine
learning community has achieved remarkable breakthroughs by using methods
that can do just that. Self-play is one such approach, generating data by mak-
ing the model play against itself. For example, through solely using self-play
AlphaZero was able to beat the previous chess world champion Stockfish [21].
Generative adversarial networks produced similarly impressive results for image
classification by making two neural networks compete in a zero-sum game [9].
These two approaches draw inspiration from evolutionary biology, igniting an
arms race between artificial neural networks.

The Paired Open-Ended Trailblazer (POET) algorithm was created to gener-
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ate and solve problems of increasing complexity in an attempt to achieve open-
endedness [29]. Previously the POET algorithm has been successfully used to
generate curricula for robot locomotion automatically, and general game-playing
[29] [25]. It is a novel coevolutionary algorithm that employs two interlocked
populations, a population of environments and a population of agents. By evolv-
ing the two populations in parallel, it generates its curriculum automatically.
Through the use of a minimal-criterion and optimization of agents, the two pop-
ulations gradually shift toward greater complexity.

1.1 Goals and Research Questions
Goal Ezxplore the Paired Open-Ended Trailblazer algorithm

Research question 1 How important is the minimal-criterion in the Paired
Open-Ended Trailblazer algorithm?

Research question 2 How important is the transfer component of the Paired
Open-Ended Trailblazer algorithm?

Research question 3 Is the Paired Open-Ended Trailblazer algorithm combined
with Neuroevolution of Augmenting Topologies for agent optimization able
to solve Super Mario Bros levels of high difficulty?

Research question 4 Does the Paired Open-Ended Trailblazer algorithm facil-
itate learning better than direct optimization for reinforcement learning?

1.2 Research Method

The research methodology of this project is an analytical process. The reasoning
will be based on the knowledge and data found by using the structured literature
review protocol.

1.3 Structured Literature Review Protocol

This section presents the structured literature review protocol used to find rele-
vant literature. Section 1.3.1 describes the search process for identifying literature
to be considered. Section 1.3.2 describes the selection criteria used to decide if a
research article should be included.
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1.3.1 Search process

Two approaches were applied to discover relevant material. The primary strategy
was to use the search engine Google Scholar. When searching for material, the
keywords Open Ended Evolution, Coevolution, Minimal Criterion, Neuroevolu-
tion and Paired Open Ended Trailblazer were used. The second approach was to
discover material by exploring research articles cited by material found through
Google Scholar.

1.3.2 Selection Criteria

Literature is deemed relevant if it satisfies the inclusion criteria (IC) and the
quality criteria (QC). The following criteria were used to select research articles
from the search process.

IC The research article focuses on a relevant application or method within
open-ended evolution

QC Statements and claims in the article should be supported by results or a
source

QC The authors are critical to their own results

1.4 Contributions

The master’s thesis has four main contributions. The most significant contri-
bution is the study of the minimal-criterion and goal-switching in the Paired
Open-Ended Trailblazer (POET) algorithm. An ablation study was performed
to determine whether the algorithm’s minimal criterion and transfer mechanisms
are necessary. During the ablation study, different thresholds for the minimal-
criterion and transfer frequencies were also explored to determine how they affect
the coevolutionary process.

The work also contributes by applying POET to a new problem domain.
There have been limited previous applications of POET. In this work, we use
POET to successfully solve challenging control problems with maze-like charac-
teristics while at the same time introducing adversaries. Problems solved and
generated by POET for the new problem domain were found to pose a signif-
icant challenge even for advanced human players. We also contribute by using
the Neuroevolution of Augmenting Topologies (NEAT) for agent optimization in
POET. To our knowledge, this is the first time POET has been combined with
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an optimization method that searches for artificial neural network topology and
connection weights at the same time.

Previous work drawing inspiration from POET by Uber Al labs and Google
DeepMind has utilized vast computing resources [25] [29]. In this work, we ex-
plored using POET with limited resources by studying how resources should be
distributed. We also explored whether POET is applicable when employing a
limited amount of agent-environment pairs. The knowledge accumulated in this
work may be used to guide future works where large-scale distributed processing
is not available.

The final contribution is a POET framework implemented in Java. The
framework will be available in a public git repository which can be found at
https://github.com/jakobvaa.



Chapter 2

Background Theory

2.1 Machine Learning

Machine learning is a field of study focusing on allowing computers to learn by
themselves. The field is seen as a part of artificial intelligence, which attempts to
demonstrate intelligence through machines. Machine learning has been applied to
many problems, like medicine, robotics, speech recognition and computer vision.

By learning from data, the machine learning algorithms can improve their
performance in solving a set of tasks. The algorithms learn from training data
to build a model which is used to make predictions or decisions without being
explicitly programmed. The machine learning model is similar to a mathematical
function. When given a value x, it outputs a value y, like the function y=f(x). The
model gradually improves through experience from training data or interaction
with simulated environments to output better predictions or decisions.

Machine learning approaches are often divided into three categories depending
on the nature of the feedback available to the algorithm. Supervised learning
concerns the problems where the algorithm can learn from input data and their
desired outputs. The model attempts to approximate a function that maps input
data to their correct output. Unsupervised learning concerns problems where only
input data is available, the algorithm having to discover structures in the input
without knowing its correct label. Reinforcement learning is the last category,
which concerns problems where the program has to learn from interacting with
an environment.



6 CHAPTER 2. BACKGROUND THEORY

2.1.1 Reinforcement Learning

Reinforcement learning is machine learning that focuses on how software agents
should act when interacting with an environment to maximize its cumulative
reward. The field is also studied in many other disciplines, like control theory,
simulation-based optimization, and game theory. In reinforcement learning, the
agents are typically evaluated in environments represented by a Markov decision
process. An example of reinforcement learning is autonomous driving, where an
agent must learn to control a vehicle through trial and error.

2.2 Markov decision process

In mathematics, a Markov decision process (MDP) is a control process with
discrete-time steps. It provides a mathematical framework for decision-making
problems where the outcomes result from stochasticity and the decisions of the
decision maker. They are used in many disciplines, like robotics and automatic
control.

A Markov decision process consists of 4 different components, a set of states,
a set of actions available from each state, a state transition function, and the
reward function. In reinforcement learning, the state transition function or re-
ward function is unknown. Through interaction with a simulator which can be
formalized as an MDP, the reinforcement learning agent learns how to maximize
its cumulative reward.

The system dynamics of some decision processes are assumed to be determined
by an MDP, but the agent can not fully observe the underlying state. Such
problems are called partially observable Markov decision processes (POMDP).
When working with a POMDP, the goal is to find an action policy that returns
the optimal action without certainly knowing the current state. Typical examples
of POMDPs are robot navigation problems and planning under uncertainty.
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2.3 Artificial Neural Networks

Artificial neural networks (ANN) are computing systems that are inspired by
biological brains. An ANN consists of nodes that are linked through weighted
connections. The nodes are the artificial equivalent of a neuron, while the con-
nections correspond to synapses. Instead of transmitting an electrical signal to
the next neuron, the nodes transmit a numerical value through the connections.
A small neural network with a few nodes and connections is in itself not very
expressive. However, by using one hidden layer, neural networks are universal
function approximators by Cybenko’s theorem [5].

Xy b
\H .-/.--_ \-. .-/..-_ \-.
X —w— 5 > f —>y
w3 N N
/
X4 W

Figure 2.1: A perceptron. Input values are multiplied by their corresponding
weight, then the sum of all weighted inputs is calculated along with the weighted
bias. The sum is passed into the activation function, outputting a value y.

Figure 2.1 displays a single perceptron. Perceptrons are the building blocks
of artificial neural networks. A perceptron is a single node with incoming con-
nections which maps an input vector to an output value. Every input value is
multiplied by its corresponding connection weight. Afterward, the sum of every
weighted input value and the bias is calculated and passed into an activation
function. This simple computing unit can do linear classification, meaning it can
decide if a vector belongs to one of two classes.
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input layer hidden layer 1 hidden layer 2 output layer

Figure 2.2: Example of a fully connected deep neural network. Deep neural
networks with an input layer, two hidden layers, and an output layer. Typically
deep neural networks have more than two hidden layers.

Perceptrons are typically arranged in layers that are connected. Figure 2.2
displays a fully connected neural network with four layers. Fully connected neural
networks are a common choice of topology, where every node in each layer is
connected to every node in the next layer of the network. The layers are separated
into three parts, the input layer, hidden layers, and the output layer. Input data,
for example, an image, is sent into the input layer, and the result of the input
layer is passed on to the next layer. The result of each layer is calculated until
the output layer produces an output. The output is typically some prediction,
for example, whether an image contains an owl or not.

Training of neural networks is typically done through supervised learning,
utilizing large amounts of training data.

2.4 Deep Learning

Deep learning is a part of a family of machine learning methods that are based
on artificial neural networks. Deep learning architectures have been applied with
major success in several different fields. Architectures such as deep neural net-
works, recurrent neural networks, and convolutional neural networks have been
applied to computer vision, drug design, and board games with great success [14].

The adjective deep in deep learning refers to using multiple layers in the neural
network. It was early shown that perceptrons are not capable of being a universal
classifier, but if a network contains a non-polynomial activation function and a
single hidden layer of unbounded width, it can represent any function.

Deep learning generally uses backpropagation and gradient descent to improve
the artificial neural network. Through backpropagation, the gradient of the loss
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function is calculated, while gradient descent is used to optimize ANN weights
through incremental steps in the opposite direction of the gradient. The loss
function in backpropagation is a function of the models parameters which de-
termines how incorrect the model is in its prediction. Through backpropagation
and gradient descent, the model is gradually improved by changing the weights
incrementally towards a less incorrect model. For this to work, the loss function
has to be differentiable.

There is no specified limit to how many hidden layers an ANN needs to have
to be classified as a deep neural network, some would consider a network with one
hidden layer as deep. However, the trend of deep learning is that the networks
are getting deeper. When most refer to deep learning today, they usually refer
to a network with more than a few hidden layers.

2.5 Genetic Algorithm

Genetic algorithms are search methods belonging to the class of evolutionary al-
gorithms. Methods belonging to the field of evolutionary algorithms are inspired
by Charles Darwin’s theory of evolution, where individuals with favorable char-
acteristics are able to survive and reproduce [6]. Genetic algorithms use the idea
of natural selection to evolve a population of genomes. After successive gener-
ations of selecting genomes with desirable characteristics for reproduction, the
population evolves towards optimal solutions. Genetic algorithms are typically
used to find high-quality solutions for optimization and search problems.

In genetic algorithms, each individual of the population is represented by a
set of genes, the genotype. The genome is mapped into a phenotype, which is
how the genome is expressed in the environment. This is inspired by how DNA
is indirectly mapped to the features of an organism.

Every generation candidate solutions of the population are selected for repro-
duction, based on how fit they are combined with stochasticity. Each individual’s
fitness is determined by how good of a solution the phenotype is to the problem
being optimized for. When an individual is selected for reproduction, its genome
is recombined by crossover and possibly mutation. A simple example of mutation
in genetic algorithms can be to flip an arbitrary bit of the genetic sequence by
some low probability.

2.6 Neuroevolution
The machine learning field has mainly focused on deep learning in recent years,

where the training of neural networks is done through stochastic gradient descent
and backpropagation. The field of neuroevolution is an alternative approach
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using evolutionary algorithms to optimize artificial neural networks. By using
algorithms inspired by evolution, the methods can discover connection weights,
hyperparameters, and topology at the same time. Neuroevolution also has the
added benefit of not utilizing a loss function, making it well suited for reinforce-
ment learning where no differentiable loss function is available.

The simplest form of neuroevolution is conventional neuroevolution (CNE).
The topology of the neural network is fixed, and only the weights of connec-
tions are evolved. Individuals are subject to mutation and crossover to generate
offspring as in a simple genetic algorithm. A method called speciation is also
often applied, which is used to maintain diversity in the population. CNE can
fine tune each weight independently, resulting in high-performing policies if they
exist within the policy space of the fixed topology neural network [4].

2.7 Neuroevolution of Augmenting Topologies

Biological brains do not have a static topology. Through evolution, it changes
with every generation. Through neuroplasticity it changes during a lifetime of
learning and forgetting. By augmenting topology, we may better imitate evolu-
tion’s discovery of biological neural networks. The success of the convolutional
neural network architecture is an example of how important topology is. By al-
lowing topology to be discovered by the search process, structures like convolution
might arise without using human intuition and craftsmanship.

Neuroevolution of augmenting topologies (NEAT) is a genetic algorithm that
searches for artificial neural network topology along with connection weights [24].
As such, it represents an advance from methods that only optimize weights. Con-
trolling topology allows NEAT to scale the complexity of the network to match
that of the problem. Problems of low complexity are likely to require few hidden
nodes, while more complex problems would require the network to increase in
complexity. The NEAT algorithm is based upon three key components: tracking
genes through historical markings to allow crossover of topology, speciation to
protect the new structures, and incremental complexification of network topology
from minimal initial structures.

NEAT is initialized by creating a population of minimal neural networks with
zero hidden nodes. New nodes and connections are then introduced incrementally
as structural mutations occur.
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Genome (Genotype)

Node Node 1 |Node 2 |Node 3 |Node 4 |Node 5
Genes |sensor |sensor |sensor |output |Hidden

Conneet. |In 1 In 2 In 3 In 2 In 5 In 1 In 4

Genes Out 4 Out 4 Out 4 Out 5 Out 4 Out 5 Out 5
Weight 0.7 |Weight-0.5 |Weight 0.5 |Weight 0.2 |Weight 0.4 | Weight 0.6 | Weight 0.6
Enabled DISABLED Enabled Enabled Enabled Enabled Enabled
Innov 1 Innov 2 Innov 3 Innov 4 Innov 5 Innov 6 Innov 11

Network (Phenotype)

Figure 2.3:  An example of a NEAT genotype to phenotype mapping. The
artificial neural network has one input layer, one hidden node, and one output
node. Seven connections are specified in the genotype, but only six are activated.
This is because gene number two is disabled. The historical markings are stored
as an innovation value in each connection gene. Figure from "Evolving Neural
Networks through Augmenting Topologies" by Stanley 2002 [24].

Figure 2.3 displays NEAT’s mapping from genotype to phenotype. Each
neural network of the population is directly encoded by a genome consisting
of connection genes. The connections genes refer to two node genes that are
connected. Node genes encode input nodes, hidden nodes, and output nodes
of the neural network. There are two different types of mutation, mutation of
weights and topology. When a connection weight is mutated, it is perturbed by
chance, as in other neuroevolution approaches. When the topology is mutated,
either a node can be added to the genome or a connection. To minimize the
mutation’s initial effect, the weight of the new connection is 1.

As the individuals of the population are mutated, the neural network com-
plexifies into topology of different sizes and structures. To be able to crossover
the topology of the neural networks, historical markings are used. Whenever a
new gene is added to a genome, a global innovation counter is incremented and
stored along with the gene. This innovation number is called a historical mark-
ing. When the crossover of two networks is performed, the historical markings
are used to line up genes. Two genes with the same historical marking must
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represent the same structure as they are derived from the same ancestor gene.
Figure 2.4 displays the crossover of two genomes.

A population of diverse neural networks of differing topology may form through
mutation and crossover. However, topological innovations are often not retained,
as they may reduce fitness. Smaller topologies optimize faster as the search space
is reduced, and adding new nodes or connections may decrease fitness initially.
Therefore speciation is applied to protect innovation. Speciation allows neural
networks to compete within their own niches instead of competing with the en-
tire population. By using speciation, topological innovations are protected and
given time to be optimized. To determine which neural networks are in the same
species, the historical markings are used to determine how similar the network
topologies are.

Through mutation of connections, NEAT is able to evolve recurrent neural
networks. Recurrent networks are not directed acyclical graphs like feedforward
neural networks, which represent reactive controllers without state. On the other
hand, a recurrent neural network has an internal state due to the recurrent con-
nections. The state may serve as a memory that is useful for exploring partially
observable Markov decision processes (POMDP). For example, in the challenging
Atari 2600 game Montezuma’s Revenge, it is useful for an agent to remember its
previous actions. The recurrent connections have also previously allowed NEAT
to solve non-Markovian problems like pole balancing [8].

NEAT has been applied to a variety of game domains, for example, control-
ling a team of robots in the NERO game and controlling a simulated car in
The Open Car Racing Simulator [3]. The algorithm was also applied to general
Atari game playing, which is a challenge where agents learn how to solve many
different games. For general game playing, NEAT outperformed indirectly en-
coded neuroevolution methods like HyperNEAT for low-dimensional, noise, and
object representations [10]. However, NEAT was found to struggle with high-
dimensional input.
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Figure 2.4: Example crossover of two genomes. Although Parentl and Parent2
are different, historical markings can be used to tell us which genes line up with
which. Matching genes are inherited randomly, while disjoint and excess genes
are inherited from the more fit parent. In the example, equal fitness is assumed.
Therefore disjoint and excess genes are inherited randomly. Figure from "Evolv-
ing Neural Networks through Augmenting Topologies" by Stanley 2002 [24].
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2.8 Co-Evolution

Co-evolutionary algorithms typically refer to evolutionary algorithms where two
or more populations are evolved simultaneously with coupled fitness [20]. The al-
gorithms are divided into two categories, competitive and cooperative co-evolution.
In competitive co-evolution, the fitness of an individual in one population is based
on direct competition with individuals from another population. While in coop-
erative co-evolution, interacting individuals fail or succeed together.

2.9 Minimal Criterion Co-Evolution

Minimal-criterion coevolution (MCC) evolves two populations in parallel while
enforcing a minimal-criterion on each individual [2]. Due to the minimal criterion,
MCC does not fall into the traditional competitive or cooperative coevolution
categories. This means that individuals are not rewarded based on the success
or failure of others.

For an individual of one population to be eligible for reproduction, it has to
satisfy a minimal-criterion with regard to the other population. An example of
minimal-criterion co-evolution could be to evolve a population of maze problems
in parallel with a population of maze solvers while enforcing a minimal-criterion
on each population [2]. For a maze to be allowed to reproduce, it would have
to be solved by at least one maze solver. Likewise, a maze solver would have to
solve at least one maze to be eligible for reproduction.

There is no ranking among individuals which are able to satisfy the minimal-
criterion. Therefore MCC stores the populations in a fixed-size queue, where
individuals are ordered by time of insertion. To select the next individual for
reproduction, an indexing number points to the individual next in line. After
an individual has created an offspring, the child might be able to satisfy the
minimal-criterion. If the minimal-criterion is satisfied, the offspring are added to
the fixed-size population queue, pushing out the oldest individual if the queue
is full. The intention of pushing the oldest individuals is to drift the population
towards greater complexity. Through this setup, MCC ensures that every indi-
vidual satisfying the minimal-criterion is allowed to reproduce at least once. The
agnosticism of the selection method is intended to keep many divergent paths
open simultaneously without convergence, as long as they satisfy the criterion

[2].
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2.10 Paired Open Ended Trailblazer

Minimal-criterion coevolution (MCC) was shown to continually generate novel,
diverse, and increasingly complex maze problems along with their solutions in a
single run which might hint at open-endedness [2]. However, there is no force for
optimization within each environment in MCC. This means there is no pressure
to improve a solution after it satisfies the minimal-criterion.

The paired open-ended trailblazer (POET) algorithm aims to replicate the
open-ended nature of evolution by evolving a set of increasingly complex prob-
lems while optimizing their solutions in parallel. The algorithm draws inspiration
from the minimal-criterion coevolution (MCC) algorithm by evolving a popula-
tion of environments and a population of individuals in parallel while enforcing
a minimal-criterion. In MCC, a problem is accepted into the population if it is
solved by an individual of the other population; in POET, a problem is instead
admitted if it seems likely to be a valuable stepping stone and solved after op-
timization. The intention is to create a swifter path toward solving increasingly
complex challenges.

The fundamental algorithm of POET is simple. A population of environments
and a population are evolved in parallel, the environments stored in a fixed-size
queue. When the algorithm is initialized, a simple environment (e.g. a flat obsta-
cle course) and a single agent (e.g. a random weight vector used as parameters
for an artificial neural network) are added to their respective populations. These
two initial individuals are paired, making up an agent-environment pair. During
evolution, a list of environment-agent pairs is maintained at all times, consisting
of several environments paired to each their own agent.

Each iteration of the POET main loop has three main tasks that are per-
formed. The first task is to generate new environments. Every n generations,
POET attempts to generate new environments from currently active environ-
ments and add them to the environment population. The second task is to op-
timize agents for their paired environments. Fach paired agent is optimized for
their respective environment every generation. The last task is to transfer agents.
Every k generations agents are attempted transferred, if successful replacing the
currently paired agent.

The generation of new environments is key to the curriculum-building prop-
erties of POET. To add a new environment, an individual environment queue is
selected. The environment, which is an environmental encoding, is then mutated
by random perturbations. The encoding of an environment could, for example,
be a parameter vector describing the probability of different types of obstacles
in an obstacle course. If the agent paired with the parent environment is able to
satisfy a minimal-criterion for the new environment, it is added to the population
and paired with a copy of the agent. The job of the minimal-criterion is to make
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sure that the environments added are not too hard and not too easy.

By ensuring that the environments are of appropriate difficulty, the curricu-
lum that emerges is intended to be smooth and well-calibrated for further learn-
ing. The minimal-criterion of POET is not as strict as the criterion of MCC.
MCC demands every solution to solve at least one of the environments and every
problem to be solved by at least one solution. In POET, the minimal-criterion
is determined by agent progress towards solving an environment. An example
minimal-criterion could be that agents need to at least achieve thirty percent of
the maximum performance and no more than eighty percent of maximum per-
formance. The idea is that if the agent is not able to achieve thirty percent, it
indicates that the environment is too difficult to be explored at this time. If the
agent achieves more than the upper limit of the minimal-criterion, it indicates
that the level is too easy and will not enable further learning significantly.

When an agent is able to satisfy the minimal-criterion for a mutated environ-
ment, it is added to the environment population. Environments are stored in a
fixed-size queue, putting a threshold on how many environments are optimized
for simultaneously. When new environments are added to the queue, the oldest
environments are removed to make room. The queue allows all environments to
be explored equally as long as they have been admitted into the curriculum by
satisfying the minimal-criterion. This means that environments do not disappear
unless it is necessary, giving agents time to optimize for their paired environments
and allowing skills learned to be transferred to other environments.

Every generation of the POET loop optimizes all agents. The goal is that
every agent should improve towards solving their paired environment. Previ-
ously the optimization has been done through Evolution Strategies (ES), but
any reinforcement learning algorithm can be applied [29]. The objective of the
optimization is to maximize the performance achieved by the agents. Any perfor-
mance measure can be used, for example, to maximize the distance traveled for
an agent in an obstacle course environment or a simulated car for autonomous
driving.

The last important part of the POET algorithm is the transfer step. Be-
haviors learned in one environment may be used as a stepping stone to progress
toward solving another environment. Therefore agents are every k generations
attempted transferred, replacing worse performing agents with the best agent for
each environment. This may also allow the search process to escape from local
optima, a common problem in machine learning. To decide which agents should
be transferred, all agents are evaluated against all active environments. Each
environment is then paired with its best-performing agent.

The POET algorithm is also easily parallelizable due to both optimization of
agents and transfer of agents being independent operations. This allows POET to
scale by utilizing the ongoing growth in available computing resources. Previous
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Figure 2.5: Agents evolved in the bipedal walker environment with the POET
algorithm. The figure first shows how the agent is stuck in a local optimum at
iteration 400, not having learned how to stand upright yet. The POET algorithm
mutates the environment and optimizes the agent for the child environment where
an obstacle is present. To overcome the obstacle, the agent learns a better walking
gait. When the agent is transferred back to the parent environment, the behavior
is improved. This shows us how environments may be used as stepping stones
to achieve better performance on other problems than the one being optimized
for. Figure from "Paired Open-Ended Trailblazer (POET): Endlessly Generating
Increasingly Complex and Diverse Learning Environments and Their Solutions"
by Wang et al. 2019

work has applied POET to the 2D bipedal-walker environment while harnessing
the computing power of 256 parallel CPU cores [29].

2.11 Super Mario Bros

Super Mario Bros is a platform game developed by Nintendo and is one of the
most influential video games of all time. In Super Mario Bros the player takes
the role of Mario, guiding him through levels of varying difficulty.

Super Mario Bros gameplay involves moving the player-controlled character
Mario through a two-dimensional obstacle course. The level is viewed from the
side as shown in Figure 2.6. At each timestep, the player can activate five different
moves making up a total of 32 (2°) actions. The moves which can be activated
are jump, sprint/fireball, left, right, and down.
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Figure 2.6: Mario level containing three different types of obstacles and one type
of enemy. To solve the level, the player has to move the Mario character from
the left part of the level to the flagpole on the right-hand side. As the player
can only see part of the level, the flagpole is not visible yet. The camera follows
Mario, and as Mario moves to the right, more of the level is revealed.

To solve a Mario level, the player has to control Mario from the left side of
the level to a goal flag on the right-hand side of the level. While moving through
the level, Mario faces a rich variety of obstacles and adversaries that must be
overcome.

The Mario game is a partially observable Markov decision process (POMDP).
This means that the underlying process is an MDP, but the entire game state can
not be observed. A player can observe a sliding window that is centered around
the Mario character. As Mario moves to the right, the camera follows along,
gradually revealing more of the level.

2.11.1 Levels

The game levels of the Super Mario Bros game can vary from simple to extreme
complexity. Some levels even pose a great challenge to trained human players.
The levels can be seen as a composition of many small challenges, which together
can represent complex problems. There are three main challenges a Mario level
consists of, gaps, adversaries, and obstacles.
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The first challenge is gaps in the floor of each level. If Mario were to fall into
a gap, the game would end. Jumping across a gap may be challenging, depending
on the surrounding parts of the level. A level may consist of several gaps placed
throughout the map. These gaps may have differing lengths, the longest gaps
requiring the player to time when it jumps precisely. In Figure 7?7 the second
level contains a gap which Mario can fall into. Some Mario levels consist of one
large gap, with no floor to walk on. On these levels, the player has to navigate
across blocks floating in the air. These levels pose a major challenge to expert
players when combined with adversaries.

The second problem a player has to overcome is adversaries. Super Mario
Bros has several types of adversaries which have different behaviors. There are
five different types of adversaries, each with its own game mechanics. The five
types are Goombas, green turtles, red turtles, spiky turtles, and the piranha
plant.

The simplest form of adversary is the Goomba. The Goomba only walks
horizontally at a slow speed. If a Goomba hits a wall, its direction changes, and
it starts to walk in the other direction. Goombas may be killed by jumping on
top of it, removing it from the game. If Mario were to walk into one, Mario
would die. There are three types of turtles, red, green, and spiky turtles. Each of
the three turtles has different movement patterns and game mechanics, actually
making them into three very different adversaries. What’s important is that red
and green turtles introduce an interesting game mechanic that may be used to
the player’s advantage or demise. If Mario jumps on top of a red or green turtle,
the turtle shell is left on the ground. By running into the shell, Mario may use it
as a straight projectile to kill all adversaries it collides with. However, if Mario
is hit by the fast-moving shell, Mario dies. The last adversary is the Piranha
Plant. The piranha plant is an enemy which occasionally protrudes from some
pipe obstacles. For a human player, this obstacle is easy to surpass; in most
cases, the player can wait for the plant to disappear and then cross the pipe.

An extra layer of complexity is added to the game by enhancing some adver-
saries. Turtles and goombas may be augmented with wings, which makes their
behavior harder to predict. Their movement changes from going back and forth
horizontally to jumping around sporadically. Facing a winged enemy may be a
hard challenge to overcome, even for an intermediate player.

The third problem faced by a Mario player is obstacles. There are three
different forms of obstacles; blocks, pipes, and hills. Block obstacles are often
placed together with other blocks in levels of the original Super Mario Bros
game. However, the blocks are often not as intelligently placed in procedurally
generated levels. By combining several blocks, the player may have to move past
stairs, walls, maze-like dead ends, or blocks floating in the air.

Pipes are obstacles similar to wall obstacles as they must be overcome by
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jumping. These may be hard to get past if it is enhanced with a Piranha Plant,
making it significantly harder to get past. A player may also get stuck if it runs
too close to the pipe, as the player cant jump past the rim if it stands too close.
Hills are the last obstacle Mario faces. Most Mario levels have a ground on the
bottom of the level that the player walks on. However, this ground floor does not
have to be horizontal, some levels have ground floors where the height varies.

In conclusion, Mario levels challenge the player with many sub-problems of
varying difficulty. Each obstacle and enemy in itself is not very hard to get
past, but when many are combined, they may present a grand challenge of great
complexity even for an expert-level human player.

2.11.2 Mario AI competition

The Mario AT Championship was a series of competitions for reinforcement learn-
ing and procedural content generation [27] [28]. It was hosted yearly between 2009
to 2013, where the years 2009 and 2010 sparked the most enthusiasm in the AI
community.

As a result of the competition, there is an extensive framework called the
Mario AI Framework. The framework is based upon Infinite Mario Bros, an
open-source clone of Super Mario Bros created by Markus Persson.

The Mario Al framework is a community-driven open-source implementation
of Super Mario Bros in Java. The framework includes not only the Super Mario
Bros game but also different types of level generators and a large library of Mario
levels to explore. This makes the framework excellent for training reinforcement
learning agents where a large curriculum of varying difficulty or level generation
is required.

2.11.3 Challenges for Al

Several features make the Super Mario Bros game particularly interesting from an
AT perspective. The most important aspect is the very rich and high-dimensional
environment representation. When a player observes the game, it can only see
a small part of the current level with the camera following Mario. Even though
it is only possible to observe part of the level, the observations include dozens of
objects such as enemies, blocks, and collectible items. The environment consists
of both static and dynamic parts. The static part, such as pipes, blocks, and
coins, are laid out in a 15 by 15 grid, whereas moving objects such as enemies
move at pixel resolution.
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Figure 2.7: Four Mario levels of increasing difficulty are displayed. The first
level is very simple, an agent would just have to learn to walk to the right. The
second level is of intermediate difficulty, introducing block obstacles, gaps, pipes,
and simple enemies. The next level is a hard level, challenging Mario with 3
different enemies in a small space. The last level displayed is of extreme difficulty
and would require a Mario player to use planning and timing. For the player to
achieve a max score, Mario has to walk from the left on the map to the right and
touch the flag, as displayed in the third image. If Mario falls into a gap, touches
an adversary, or comes in contact with a flaming rod, the level ends, and the
player has to start over.
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Chapter 3

State of the Art

3.1 Open-Endedness

The focus of evolutionary computation has traditionally excluded the pursuit of
open-endedness, in contrast to the more philosophical questions posed by the
artificial life community [23]. Recently a new class of algorithms focusing on
abandoning objectives has spurred some interest. Novelty search is one of these
approaches which tried to take a step toward open-endedness [15] [16]. By not
using an objective function, it instead searches for novel behaviors in an attempt
to create a divergent process. The approach did not produce excellent results,
as it spent a lot of time searching through uninteresting parts of the solution
space. Novelty search is also dependent on creating a measure of novelty that is
non-existent in nature. Even though novelty search might be flawed, abandoning
the objective function serves as an interesting perspective.

Inspired by novelty search, new methods focusing on using divergent pres-
sure along with objective functions were introduced. Quality diversity was one
such method, using a behavioral characterization to measure novelty while at the
same time searching for high-quality solutions through an objective function [19].
Similarly, the Multi-dimensional Archive of Phenotypic Elites method has pro-
duced valuable results, such as creating robot walking strategies [18]. Common
to all of these techniques is that they require an archive of previous behaviors to
determine which individuals provide novel discoveries.

In nature, there is no novelty measure or archive. There is only one fun-
damental constraint; survive long enough to reproduce. Minimal-Criterion Co-
Evolution (MCC) introduced the idea of combining the coevolution of two in-
terlocking populations with the use of a minimal-criterion [2]. It was tested by
coevolving a population of mazes and a population of agents, gradually shifting
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both populations towards greater complexity. The minimal criterion constraining
the population being that each maze has to be solved by one agent, and every
agent has to solve at least one maze to be part of the problem and solution popu-
lations. By enforcing a minimal criterion, a proliferation of diverse problems and
solutions of varying complexity was shown to emerge from a single run without
using any behavioral description or archive.

In MCC, there is no other requirement for an individual to be allowed to
reproduce than satisfying the minimal-criterion. The algorithm does not fall into
the traditional competitive or cooperative coevolution categories but is related.
Individuals are not rewarded based on the success or failure of others; instead,
satisfying the MC is enough to qualify for reproduction. A notable observation
is that this means there is no ranking among individuals. Therefore a selection
method free of bias is needed. A method from alife using a fixed-size queue in the
artificial life world of Chromaria provides such a bias-free selection method [22].
Agents and environments are stored in each its queue, called the parent queue,
ordered by the time they were able to satisfy the minimal-criterion. When the
queue is full, the oldest individuals are pushed out of the queue. The intention
being to shift the populations towards greater complexity as new individuals
are added. The queue’s agnosticism intended to allow the algorithm keep many
divergent paths open simultaneously [2].

3.2 Goal-Switching

An important question is how evolution can explain the speed at which the present
complexity of life arose [13]. Current simulations of evolution are known for
having problems with scaling to high complexity. Simulations mimic natural
evolution by using nature-inspired tools such as replication, mutation, and selec-
tion. A logarithmic slowdown typically arises, the simulation of evolution taking
longer and longer to increase fitness. The same slowdown is observed in adaption
experiments with bacteria when the environment is constant [1].

In nature the environment faced by organisms is continually changing. Previ-
ous studies has indicated that temporally varying environments can affect several
properties of evolved systems such as robustness, evolvability [7] and modularity
[17]. In particular, switching between goals that share common sub-problems has
been shown to generate systems of modular structure [11].
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Figure 3.1: Fitness landscape displaying trajectory of fixed goal evolution and
evolution using varying goals with common sub-problems. a) When evolution
uses a single fixed goal, it tends to get stuck in local optima for a long time.
b) Using varying goals during evolution provides a continuous positive gradient
by alternating fitness landscape. The population follows a trajectory until it
reaches global maxima, which exist in close proximity for both goals. Figure
from "Varying environments can speed up evolution" by Kashtan 2007 [12].
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By temporally varying goals sharing common sub-problems, the speed of evo-
lution was increased compared to evolution under one fixed goal when using a
genetic algorithm for the prediction of RNA structure [12]. Furthermore, it was
found that using varying goals with common sub-problems provided the most
benefit when the final goal was hard to reach. The findings may suggest that
varying goals is key to speed up an evolutionary process, while using goals with
common sub-problems may encourage modularity to arise in solutions found.

Goal switching seems to be a powerful tool to speed up an evolutionary pro-
cess. Temporally switching goals may allow the search to escape local fitness
maxima, a common challenge for optimization methods. By progressing towards
solving one environment, solutions may experience progress towards solving other
environments, at least when they share common sub-problems.

The Paired Open-Ended Trailblazer algorithm (POET) [29] employs goal-
switching and minimal-criterions. There are two features of POET functioning as
goal-switching mechanisms. First, the transfer of agents between environments
switches the goal of the agent that is transferred. The second feature is the
mutation of environments. When environments are mutated, a goal-switching
mechanism is provided by replacing old environments with mutated environments
in the environment population. Agents that are best able to show progression
towards solving the newly generated problem are copied and then paired with
the new problem. Thus switching the goal for the newly paired agent. One of the
goal-switching mechanisms of POET has previously been shown to be essential
for the algorithm to solve problems of greater complexity [29]. When transfer
was removed, the search process could not solve as challenging problems for the
2D bipedal walker environment.

3.3 Mario

The game Super Mario Bros (SMB) is capable of representing diverse problems
of varying difficulty. At the same time as SMB levels can be trivial to solve,
generated game levels can be of extreme difficulty. Some levels may even seem
impossible to solve for expert human players. Hard levels of the recently released
Super Mario Maker game can serve as an example of hard levels created through
procedural content generation (PCG).

Level generators for SMB like Ben Weber’s award-winning level generator
receive a parameter vector consisting of probabilities for game objects and the
maximum values of different game features [28]. The parameter vector is essen-
tially an indirect encoding of Mario levels of the same complexity. By combin-
ing indirect encodings along with SMB’s ability to represent levels of both low
and extreme difficulty, Mario provides an excellent playground for reinforcement
learning and coevolution.
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4.1 Introduction

The model is inspired by the Paired Open-Ended Trailblazer (POET) algorithm
described in section 2.10. For agent optimization, the model uses Neuroevolution
of Augmenting Topologies (NEAT) to learn agent policy, further described in
section 2.7. The environments are represented by indirect encodings of game
levels for Super Mario Bros.

4.2 Agent-Environment pairs
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Figure 4.2: Environment queue of size four, each environment paired to an agent
sub-population. (1) The algorithm has been initialized, and the environment
queue contains a single environment paired to an agent sub-population. (2) Two
new environments have been added successfully, but the environment queue is not
yet full. (3) Four environments have been added successfully since initialization.
Environment E; has been pushed out of the queue.

The model maintains a fixed-size queue of environments during evolution. In
the queue, the environments are ordered by how long they have been part of
the environment population. When the environment queue is full, and a new
environment is added, the oldest environment is removed from the population.
As new environments are of increased difficulty due to the enforcement of a
minimal-criterion, the environment population shifts towards problems of greater
complexity.

In the POET algorithm described in section 2.10 each of the environments in
the environment queue is paired to a single agent. In this work, every environ-
ment is paired with an agent sub-population instead. This is due to using NEAT
for optimization instead of evolution strategies. When an agent sub-populations
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paired environment is removed from the queue, the sub-population is removed
from the agent population. A new agent sub-population takes its place, making
the size of the total agent population stay constant. The mutation of environ-
ments is further explained in section 4.4.

During evolution, agent sub-populations do not interact directly with other
agent sub-populations. Instead, they are optimized for their paired environ-
ment independently. However, when transfer attempts are made, agent sub-
populations compete for survival. The best agent sub-population replacing the
previously paired sub-population.

4.3 Initialization

Figure 4.3: environment and agent population after initialization. The environ-
ment population contains one environment. The agent population contains one
agent sub-population. Environment E; is paired to agent sub-population A;.

To initiate the algorithm, a simple environment is first generated. The initial
environment is represented by an indirect encoding which is added to the environ-
ment population. All later environments will spring from the initial environment
by mutating the environmental encoding.

The second step is to create an initial agent sub-population and pair it with
the environment. Each agent is an artificial neural network of minimal topology
which is evolved by using NEAT. After the agent sub-population has been paired,
it is added to the agent population. More agent sub-populations will later be
added as new environments are admitted to the environment population. All
agent sub-population have the same size, equal to the total agent population size
divided by the length of the environment queue.

After the initialization of agents and environments, the main loop begins.
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4.4 Environment Mutation
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Figure 4.4: Periodically mutated environments are added to the environment
population if the agent population is able to satisfy the minimal-criterion. (1)
A mutated environment is attempted to be added while the environment queue
is not full. The mutated environment Es’ is the child environment of Es. (2)
Agent sub-populations are evaluated in Eo’. Aj is able to satisfy the minimal-
criterion for Eo’. (3) Aj is duplicated, creating A;’. Agent sub-population A’ is
paired to E5’. A; and A;’ will diverge as they are optimized for their respective
environments.

Every n generations an attempt to mutate and add new environments is per-
formed. If one of the agent sub-populations is able to satisfy a minimal-criterion
for the level, it is added to the environment population and paired with the
sub-population.

First, an environment is selected from the environment population randomly.
Random perturbations of the environmental encoding are then used to generate
several candidate environments. Many of these environments are likely too hard
or too easy for the agent population, making the agents explore parts of the prob-
lem space unlikely to further learning. Therefore a minimal-criterion is enforced.
If an agent sub-population is able to show some progress towards solving a candi-
date environment and the environment is not too easy, the environment is added
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to the environment population and paired with the best agent sub-population. To
determine if an environment is too easy to be explored, agents must not achieve
more than a certain performance threshold. For example, for an obstacle course
environment the performance threshold could be that agents should not be able
to progress further than half of the new obstacle course.

When an agent sub-population is able to satisfy the minimal-criterion for a
new environment it is paired to the environment. The pairing means that the
agent sub-population is duplicated and added to the agent population. After the
duplication, the sub-populations will diverge as they are optimized for each their
respective environment.

Due to the fixed-size queue of the environment population, environments will
sometimes be pushed out of the population along with their paired agent sub-
population. This occurs when the environment mutation is able to add new
environments, and the queue is full. Since the environments are ordered by how
long they have been in the population, the oldest environments are pushed out
of the queue to make space for the new environments.

4.5 Optimization

Agent sub-populations are optimized independently for their paired environment
during every generation.

Each agent sub-population is optimized through evolution. First, every agent
is evaluated against its paired environment using a single-objective fitness func-
tion. The fitness of each agent being the distance traveled towards the end of
the game level. After all agents are evaluated, NEAT is used to select agents
for reproduction. When agents have been selected, the genomes are subject to
crossover and mutation. Crossover mixes genes of each parent genome to create
a child genome. By using NEAT historical markings, a crossover of both neural
network parameters and neural network topology of the two parent individuals
is performed. The resulting child genomes are then mutated, genes randomly
perturbed to introduce variation to the agent population. NEAT also uses spe-
ciation to protect innovations, as new topologies are unlikely to be applicable
immediately. A further explanation of NEAT is provided in subsection 2.7.

The goal of the optimization step is to make each agent sub-population
progress towards solving its paired environment.
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4.6 Transfer
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Figure 4.5: Transfer of agent sub-population. (1) Initially, three agent sub-
populations are paired to each environment. (2) A transfer attempt is made, and
A, is determined to show more progress towards solving Eg than its previously
paired agent Asz. (3) Aj is removed from the agent population, and a copy, As’,
of Ay is made. A’ is then paired to Es.

Every k generations agent sub-populations are attempted to be transferred
between environments. When the transfer step is finished, every environment is
paired to the agent sub-population showing the most progress towards solving
each environment.

To determine which agent sub-population should be transferred, every agent is
evaluated against all active environments. The agent sub-population containing
the best agent for each environment is then paired with each respective envi-
ronment. This allows skills that are learned from other environments to provide
progress toward solving other environments. If an agent sub-population is able
to be transferred, a copy of the agents is made, and they are added to the agent
population. The previously paired agents are removed but not necessarily lost
immediately, as they might be transferred and paired to another environment.

By allowing skills to be transferred from one environment to another, we
might speed up the evolutionary search process. One environment might be used
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as a stepping stone toward solving another. Goal switching may also help the
agent population get out of local optima for some environments, replacing stuck
agent sub-populations.

4.7 Environment

Environments in the environment population are represented by an indirect en-
coding. The indirect encodings are used to generate the actual environment in
which agents are evaluated in. Such an indirect encoding is called an environ-
mental encoding (EE), used to generate the environmental characterization (EC).
The encoding may also be interpreted as the environment genotype, indirectly
encoding the environment’s phenotype. Using an indirect encoding has several
practical benefits, such as searching in a smaller problem space and allowing
environments to be easily mutated in a coevolutionary setting.

An environmental encoding can, for example, be a parameter vector that
defines properties used to generate the environmental characterization. When
new environments are added to the environment population, the environmental
encoding of the parent environment is mutated. Each EE gene has a probability
of being mutated, adding a random perturbation to the allele. By combining
mutation of environmental encodings and minimal-criterions, the environmental
population will gradually shift towards more complex problems as agents improve
their policy.

4.7.1 Mario

We will explore the model through the Super Mario Bros game for this work.
Mario provides an excellent test-bed as the Mario Al Framework is implemented
in Java and has several level generators used for content generation. Java allows
us to parallelize the evaluation of agents easily, utilizing POET’s property of scal-
ability through parallelization. The level generators of the Mario Al Framework
can be used to generate environments by using a parameter vector that indirectly
describes Mario levels.

Level generator

To generate Mario levels, the winning content generator from the 2009 Mario Al
competition by Ben Weber is used [28].

The level generator takes in a parameter vector defining probability of game
obstacles, enemies, and other game objects. Using the parameter vector, a Mario
level is generated.
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Parameter Value
Gap Range 10
Ground Max Height 5
Pipe Minimum Height 2
Coin Height 5
Chance Platform 0.1
Chance End Platform 0.1
Chance Block Coin 0.1
Chance Coin 0.1
Chance Block Power-Up 0.1
Chance End Hill 0.05
Chance Hill Change 0.05
Chance Change Gap 0.1
Chance Block Power-Up 0.1

Table 4.1: Environmental encoding parameters that stay static during the co-
evolutionary cycle. The parameters do not affect the difficulty of game levels
generated and are not subject to mutation.

Some parameters like obstacle and enemy probability significantly affect the
difficulty of generated levels. Other parameters affecting game objects like coins
are not as essential and mostly add noise to each generated level. Therefore some
parameters were chosen to be static, while parameters assumed to affect difficulty
significantly were chosen to be part of the environment genotype.

The environmental encoding used to generate each level is the combination of
static level generator parameters defined in table 4.7.1 and the dynamic param-
eters of the environment genotype defined in section 4.7.1.

Environment genotype

The environment genotype consists of genes corresponding to parameters of the
environmental encoding. Parameters that are part of the environment genotype
are considered parameters that control the difficulty of generated levels. Each
gene corresponds to a vital game property, for example, the maximum height of
pipe obstacles or the probability of spawning an adversary on a game tile. Table
4.7.1 defines the genes of the environment genotype, their initial value, mutation
step size, and mutation probability of each gene.

Mario levels are desired to be as simple as possible when the algorithm is first
initialized. Therefore genes of the initial environment genotype have the value of
zero. As the genes control difficulty, the environment characterization generated
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Parameter Initial Value Mutation Mutation P
Max Gap Obstacle Count 0 1 0.3
Max Gap Obstacle Length 0 1 0.3
Max Pipe Obstacle Height 0 1 0.3
Max Turtle Enemy Count 0 1 0.3
Chance Winged Enemy 0.0 N(0.01, 0.0025) 0.3
Chance Block Enemy 0.0 N(0.01, 0.0025) 0.3
Chance Hill Enemy 0.0 N(0.01, 0.0025) 0.3
Chance Enemy 0.0 N(0.01, 0.0025) 0.3
Chance Pipe Obstacle 0.0 N(0.01, 0.0025) 0.3
Chance Hill Obstacle 0.0 N(0.01, 0.0025) 0.3
Chance Hill Change 0.0 N(0.01, 0.0025) 0.3

Table 4.2: Environment encoding parameters that are subject to mutation. Each
gene in the genotype corresponds to a parameter that controls the difficulty of
generated Mario levels. As the value of each gene increases through mutation,
the difficulty of the environmental characterization increases. Mutation step size
and mutation probability were determined during preliminary testing in section
5.2

from the environmental encoding is of the lowest possible problem complexity.

During some generations new environments are created through mutation
as described in section 4.4. When an environment is said to be mutated, it is
the environment genotype which is mutated. If a probability gene is chosen for
mutation, it is incremented by a value chosen from a Gaussian distribution. The
mutation step size and mutation probability of genes are defined in table 4.7.1
and were chosen during preliminary testing in section 5.2. The combination of
the static level generator parameters and the mutated environment genotype is
then used to generate a new level that is added to the environment population.

4.8 Agent

At each game tick, the agent receives the observable game state as input and then
chooses an action in response. The agent can choose to activate five different
moves (Jump, Sprint/ Fireball, Left, Right, Down), making up a total of 32 (2°)
possible actions for every time step.
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Figure 4.6: The agent observes a seven-by-seven grid centered around the Mario
character. Figure from "The 2009 Mario AT Competition" by Togelius [28].

4.8.1 Observation

The observable game state is a seven-by-seven tile grid centered around Mario
displayed in figure 4.6. Each grid has a binary value indicating if the grid contains
a game object or not. The representation was chosen as it is the previously
used game representation for Mario AI competitions [26]. The Mario game is a
partially observable Markov decision process, which means that the underlying
process is a Markov decision process, but the entire state can not be observed.

4.8.2 Controller

The agents are artificial neural network controllers that determine which action
to take for every game state. The artificial neural networks receive a vector of
length 41 as input and output a vector of length 5. The output vector determines
which action to take.

Hidden nodes of the neural network use sigmoid activation. The output nodes
use step activation, as each of the five moves (Jump, Sprint/ Fireball, Left, Right,
Down) are binary choices for each game step. Combining the five binary choices
makes up a total of 32 possible actions.
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Node activation
Output activation

Hyperparameter Value
Input Nodes 41
Output Nodes 5

Sigmoid function
Step function
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Table 4.3: The agents are artificial neural network controllers. The network has
41 input nodes and five output nodes. A sigmoid function activates hidden nodes
while a step function activates the output nodes.
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Chapter 5

Experiments and Results

The experiments in this chapter seek answers to the research questions posed in
section 1.1.

Section 5.1 defines initial hyperparameters, the presentation of experiments,
and how to interpret their results. Section 5.2 describes the preliminary testing
that was performed to test default hyperparameters. Section 5.3 introduces the
experiments. The experimental setup is explained in section 5.4. Finally, the
experiments and their results are presented in section 5.5 and 5.6.

5.1 Introduction

The following section describes how the experiments are presented and how to
interpret them.

5.1.1 Experimental parameters

curriculum POET generated
stop criterion 1000 generations
runs 50
minimal-criterion [0.0, 0.1, 0.2]

Table 5.1: Example experiment: Experimental parameters

Experimental parameters of an example experiment is presented in Table 5.1.
The value pairs in the Table are experimental parameters describing how the

39
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experiment will be executed. In an experiment, all combinations of experimental
parameters will be used.

In the example experiment described in Table 5.1 there are three settings
of experimental parameters, each set applying a different minimal-criterion. In
this experiment POET generated curriculum will be used with a floor minimal-
criterion of 0.0, 0.1, and then 0.2. Each coevolutionary run will last for 1000
generations until terminated and repeated 50 times for each minimal-criterion.

5.1.2 Hyperparameters

Hyperparameter Value
Agent population size 256
Agent sub-population size 64
Environment population size 4
Minimal-Criterion (0.21, 0.85)
Mutate environment 20 generations
Max levels added 2
Transfer frequency 30 generations

Table 5.2: Default POET hyperparameters

In addition to experimental parameters, there are default hyperparameters
for each experiment. The default hyperparameters are determined by adopting
knowledge from previous work and through preliminary testing. Results of some
experiments are used to alter default hyperparameters. If a default hyperparam-
eter is altered, it will be stated clearly, and the new value will be defined in the
subsequent experiment’s experimental parameters.

Hyperparameters for the NEAT were taken from the work on MarI/O by Seth
Bling, which applied NEAT to the Mario environment. The NEAT hyperparam-
eters are static over all experiments and displayed in Table 5.3.

Default POET hyperparameters are also adopted from previous work in the
bipedal walker domain [29]. In the bipedal walker domain, a preference-based
fitness function was used, consisting of several objectives. In the Mario envi-
ronment, the fitness of an agent is decided only by one objective, the distance
traveled. In the bipedal walker experiments, the fitness function can take on
values between 0 to 230. For an environment to be admitted to the environ-
ment population, an agent must achieve fitness between 50 and 200 to satisfy the
minimal-criteiron. When mapping the minimal criterion onto our fitness func-
tion, we get the minimal criterion (0.21, 0.85), meaning that the agent population
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must solve more than 21 percent of the new level and less than 85 percent. The
default POET parameters are shown in Table 5.2.

Hyperparameter Value
Input Nodes 41
Output Nodes 5

Node activation Sigmoid function
Output activation Step function
Hidden Nodes 10000
Delta Disjoint 2.0
Delta Weights 0.4
Delta Threshold 1.0
Mutate Connections Chance 0.25
Perturb Chance 0.9
Crossover Chance 0.75
Link Mutation Chance 1.0
Node Mutation Chance 0.5

Bias Mutation Chance 0.4
Step Size 0.1
Disable Mutation Chance 0.4
Enable Mutation Chance 0.2
Stale Species 15

Table 5.3: NEAT hyperparameters

5.1.3 Results

Results which are presented in tables are based on the data from the best individ-
uals of the final populations when reaching the stopping criterion. The presented
values will be the mean over all runs executed. Values presented in graphs will
also be the mean value over all runs, where the number of runs will be presented
in the experimental parameters of the experiment. The standard deviation (SD)
is also represented along with mean values.

Some experiments are dissimilar in nature, some requiring quantitative anal-
ysis and some qualitative. Therefore, in Phase 1 of the experiments, results will
be interpreted quantitatively. Phase 2 will, on the other hand, be interpreted
both quantitatively and qualitatively.

Some results are presented with p values to show that the results are statis-
tically significant. When there are two or more independent groups, a One-Way
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ANOVA test is used to determine significance. If p-value < 0.05, the results are
considered statistically significant.

5.2 Preliminary Testing

The model is subject to a large number of parameters. For the POET algorithm,
it is essential to find parameters that allow the population of environments to
gradually increase in difficulty. If the minimal criterion is too easy to satisfy for
the agents, there will likely be less progress toward solving complex problems.
On the other hand, if the minimal-criterion is too hard to satisfy, there might
be no clear trajectory through the fitness landscape as problems are too hard to
learn from. This would occur if, for example, the agent population would not
have to show any progress towards solving an environment before admittance
to the curriculum. Likewise, if the criterion allows environments that the agent
population is already able to solve into the curriculum, the algorithm would be
exploring parts of the problem space of little interest.

The default POET hyperparameters found in subsection 5.1.2 were subject to
testing before starting the experiments. Most runs of the coevolutionary system
were able to run without facing any problems. However, the algorithm occa-
sionally faced premature convergence due to the inability to satisfy the minimal
criterion when generating new environments. It was concluded that it was too
hard for the agent population to satisfy the floor of the minimal-criterion, 0.21,
during the early stages of the coevolutionary algorithm. Therefore it was decided
to reduce the floor of the minimal-criterion to 0.1. After these minor adjust-
ments, there was no problem with premature convergence. Final default POET
hyperparameters are displayed in Table 5.4.

Hyperparameter Value
Agent population size 256
Agent sub-population size 64
Environment population size 4
Minimal-Criterion (0.1, 0.85)
Mutate environment 20 generations
Max levels added 2
Transfer frequency 30 generations

Table 5.4: Default POET hyperparameters after preliminary testing
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5.3 Experimental Plan

Experiments are divided into two phases. The first phase explores the compo-
nents and features of the POET algorithm. Importantly it performs an ablation
study of the minimal criterion and goal-switching. The second phase explores
convergence and artifacts generated by the model when it is allowed to run for
a long time. Table 5.5 describes each phase and its experiments, along with the
purpose of each phase.
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Phase 1: Explore components of the POET algorithm

Experiment 1: Investigate how the amount of environment - agent pairs
affects performance. Is there any merit in dividing the agent population into
several sub-populations and optimizing them independently?

Experiment 2: Investigate the effect of transfer on the co-evolutionary
process. Is the transfer of agent sub-populations necessary?

Experiment 3: Explore how the difficulty of the minimal criterion affects
the coevolutionary process. What is the importance of minimal-criterions in
an automatic curriculum-building process?

Phase 1 will determine the importance of the minimal-criterion and goal-
switching in the POET algorithm. We will also explore whether exploring
several environments in parallel improves the search process.

Phase 2: Explore the open-ended properties of the model
in the Mario environment

Experiment 4: Explore convergence and artifacts generated by POET.
Does the coevolutionary algorithm converge? How complex are the problems
that are generated and solved during each run?

Experiment 5: Does late-stage agents forget previously learnt be-
haviours? How well does the agent population fare when they are introduced
to problems the population has previously solved?

Experiment 6: Is NEAT capable of solving complex environments solved
by the model through direct optimization? Does POET provide any benefit
compared to direct optimization?

Phase 2 explores artifacts created by the POET algorithm to determine the
complexity of environments and their solutions. Convergence of the evolu-
tionary search is also studied to see if there are any signs of open-endedness.

Table 5.5: Experimental Plan
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5.4 Experimental Setup

All experiments are executed using a single AMD Ryzen 7 5800H processor and
16GB of RAM. Experiments use the default hyperparameters defined in section
5.2 combined with experimental parameters. If the experimental parameters of an
experiment overlap with default hyperparameters, the experimental parameters
are applied.

A measure of difficulty has been made to measure the agent populations’ pro-
gression towards solving more complicated problems. The measure is based upon
the environmental encodings, where each gene corresponds to either difficulty
of game obstacles or the difficulty introduced by adversaries. Four environment
genes determine how many objects of certain types are to be spawned or their
difficulty, for example, the maximum amount of gaps gene. These genes have
larger values and mutation step sizes than genes controlling game object prob-
ability. To avoid the genes determining max values overshadowing probability
genes, they are downscaled by a factor of 100. The max gap length gene, max
turtle count gene, gap length gene, and max pipe height gene are divided by 100
in the difficulty measure. The resulting environment difficulty measure:

dif ficulty = 0.01xmaxGapLength+0.01xmazTurtles+0.01xgapLength+0.01x
pipeH eight+pWinged+pBlock Enemy+pHill Enemy-+pEnemy+pPipe+pHill

5.5 Experimental Phase 1
Phase 1 of experiments will determine the importance of minimal-criterions and
transfer in the Paired Open-Ended Trailblazer (POET) algorithm. We will also

study whether optimizing for several environments in parallel enables the search
process to solve problems of greater complexity.

5.5.1 Experiment 1

curriculum POET generated
stop criterion 1000 generations
runs 10
agent population size 256
environment population size [1, 2, 4, §]

Table 5.6: Experiment 1: Experimental parameters
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Experiment goal: Investigate how dividing the agent population into sub-populations
affects progression towards solving complex environments. Is there merit to di-
viding the agent population into several sub-populations and optimizing them in-
dependently?

Introduction

Experimental parameters are presented in Table 5.6. The experiment has four dif-
ferent settings, each using a different environment population size. The maximum
size of the environment population dictates the size of agent sub-populations, as
the agent population is divided equally between each active environment.

When POET was first introduced, it was applied with massive paralleliza-
tion over 256 CPU cores, each experiment running for ten days [29]. In this
experiment, we investigate how agent populations should be divided into agent
sub-populations when working with limited computing resources. The results
may be used to choose an agent sub-population size that provides NEAT with
enough diversity when combined with POET. It will also determine how many
environments should be used for experiments 2, 3, and 4.

One of the experimental parameter settings utilizes an environment queue of
length 1. Results of using a single environment can be used to determine whether
dividing agent optimization into several smaller parallel search processes is ben-
eficial.

Hypothesis 1 An environment population of size one is expected to get stuck
in local optima, hindering progression towards solving complex challenges

With only one environment, transfer between environments will not be possi-
ble. As a result, it will be harder for the agent population to escape local fitness
optima.

Hypothesis 2 Dividing the agent population into small sub-populations will
perform poorly

The largest environment population size will divide the agent population into
eight sub-populations of 32 agents. Small agent populations will likely struggle
with having enough diversity to progress significantly.

Results

Results are presented in Table 5.7. The results indicate that the agent population
is capable of satisfying the minimal-criterion for problems of greater difficulty
when there is a moderate number of environments. However, the results are not
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Environment population size | Difficulty Mean | Difficulty SD
1 0.24 0.21
2 0.38 0.31
4 0.39 0.18
8 0.21 0.15

Table 5.7: Experiment 1: Results

statistically significant (P = .18). The high standard deviation is likely caused by
the use of few runs and occasional premature convergence. It was observed that
a few runs are still unable to show any progression, failing to add mutated levels
to the environment population from the beginning. If the coevolutionary process
was able to show some minor progression towards solving the initial environment,
the environment population would start to shift towards more complex problems.

Even though the results of difficulty achieved is not statistically significant,
there are clear trends to explore in Figure 5.1, Figure 5.2 and Figure 5.3. Figure
5.1 displays the environment population’s ascent towards consisting of problems
of greater complexity. When the environment population difficulty increases, it
means that the agent population is improving too, as they are able to satisfy the
minimal-criterion for problems of increasing complexity.

Using an environment population of sizes 2 and 4 seems to enable the agent
population to satisfy the minimal-criterion for the most demanding environments.
At first, there seems to be little difference between the two population sizes, one
dividing the agent population into two sub-populations of 128, the other four
sub-populations of 64. However, there is a clear distinction when the difficulty
and levels solved are observed together. Even though the agent populations
can satisfy the minimal-criterions for environments of the same difficulty, an
environment population of size 4 enabled the algorithm to solve more than 30
problems on average. At the same time, an environment population of size two
could only solve five environments. Using an environment queue of size four seems
to outperform the other choices significantly if solving levels is desired along with
satisfying problems of increased problem difficulty.
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Hypothesis 1 states that using an environment population of size one will per-
form poorly due to being stuck in local fitness optima as transfer is unavailable.
Figure 5.1 and Figure 5.2 supports the hypothesis. When we observe the environ-
ment population difficulty, we can see that the difficulty slope is less steep than in
other groups. This is due to the agent population more rarely being able to sat-
isfy the minimal-criterion for new environments. The evolutionary system is also
only able to solve a few environments during each run when a single environment
is used. When there is only one environment, it might be replaced before the
agents are able to solve the problem, as the environment is frequently replaced.
The other factor is that there is no transfer available which might hinder it from
escaping fitness plateaus.

Utilizing eight parallel environments allows the search process to solve most
levels. However, these problems are much less complicated than the ones solved
by the model using four environments. Hypothesis 2 states that dividing the
agent population into many small agent sub-populations will perform poorly.
Results displayed in Figure 5.1 support the hypothesis, as the runs using an
environment population of size 4 achieve a steep environment difficulty slope while
simultaneously solving a comparable amount of environments to other groups.

There are several other interesting observations to make from the experi-
ment results. Figure 5.3 presents how often transfers are successful. Transfer
does not seem to play an important role, as successful transfers do not occur
often. The results suggest that transfer frequency is not the most important
POET component. Experiment 2 in subsection 5.5.2 will explore transfer fur-
ther. Another observation is that environment population difficulty seems to be
increasing linearly. This means that the agent population is able to satisfy the
minimal-criterion consistently for new environments, even though the difficulty
is increasing. One could hope this was an indication of an open-ended process, a
more likely explanation being that algorithm has not converged yet. Experiment
4 will explore convergence further in subsection 5.6.1.

A strange observation can be made from Figure 5.1. Something happens
to successful transfers around generation 450. Suddenly the successful transfer
frequency of environment population of size four decreases. When the run with
environment population of size 8 reaches generation 700, the same decrease seems
to occur. Looking at Figure 5.1, it seems that the transfer success decreases when
the difficulty reaches 0.2, indicating that transfers become harder at a high level
of complexity. Even though the transfer success frequency decreases, it does not
seem to affect the increase of level complexity. Further indicating that transfer
is not the most critical factor of POET, at least when used with NEAT. These
results will not be heavily interpreted, but it is a curious finding.
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When selecting environment population size for the remaining experiments,
the most important measure is the complexity of the environment population.
POET aims to drift the two populations towards increasingly hard problems and
their solutions in parallel. Figure 5.1 shows that both an environment population
of 2 and 4 provides the best drift towards solving complex problems. Therefore
one of them should be selected for further exploration. Figure 5.2 provides a
valuable result that may be used to determine which of the settings should be
used. Four parallel environments create significantly more solutions to problems
introduced while exploring problems of the same complexity as two parallel en-
vironments. Being able to solve problems is desired, as reinforcement learning
attempts to create solutions for problems and not just satisfy a minimal-criterion.
Because of this distinction, an environment population of size four is selected for
further experiments.

Conclusion

Dividing the agent population into several parallel agent sub-populations which
are optimized independently seems to enable the model to satisfy the minimal-
criterion and solve environments of the greatest complexity. Dividing the agent
population into four agent sub-populations of size 64, independently optimiz-
ing each sub-population for their paired environment, was the best division of
agents. Findings suggest that transfer might not play a significant part in the
coevolutionary process. Instead, it is more likely to be environment mutation and
the fixed-size environment queue that drifts the populations towards increased
complexity.
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5.5.2 Experiment 2

curriculum POET generated
stop criterion 1000 generations
runs 10
agent population size 256
environment population size 4
agent sub-population size 64
transfer frequency [0, 5, 10, 20, 40, 80]

Table 5.8: Experiment 2: Experimental parameters

Experiment goal: Investigate the effect of transfer on the coevolutionary pro-
cess. Is the transfer of agent sub-populations necessary?

Introduction

One of the main components of the Paired Open-Ended Trailblazer (POET) al-
gorithm is transfer of agent sub-populations. By occasionally replacing agent
sub-populations with a superior sub-population, behaviors learned in one envi-
ronment allow the agents to progress at solving another environment. This means
that an environment may be used as a stepping stone toward solving previously
challenging environments.

The question of transfer frequency is a question of exploration versus ex-
ploitation. How long should an agent sub-population be optimized for its paired
environment before its attempted replaced? This experiment will explore the
effect of transfer on the progression towards solving challenging problems. It will
also explore whether transfer is necessary for the POET algorithm. The exper-
iment’s results will also determine the transfer frequency used in the remaining
experiments.

Hypothesis 1 Low transfer frequency is expected to perform slightly worse,
as transfer may not be used to avoid local optima as frequently

Although POET has the means of getting out of local optima by goal switch-
ing through adding new environments, not having the opportunity to transfer is
expected to slow down the search for agents capable of solving complex problems.

Hypothesis 2 Frequently transferring solutions will hinder progression

When transfer is performed frequently, agent sub-populations will be replaced
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more frequently. As a result, there will be less diversity in the agent population, as
agent sub-populations are not given time to diverge by optimizing independently.

Results
Transfer Frequency | Difficulty Mean | Difficulty SD
0 0.32 0.18
5 0.33 0.21
10 0.21 0.18
20 0.28 0.22
40 0.36 0.18
80 0.25 0.22

Table 5.9: Experiment 2: Results

Table 5.9 presents the average difficulty achieved and standard deviation by
transfer frequency. There was no statistically significant difference between the
experimental parameter groups (P = 0.51). A transfer frequency of 20 means
agent sub-populations are transferred every 20 generations.

Figure 5.4 and Figure 5.5 displays the average environment population dif-
ficulty and environments solved by generation. Unlike results from subsection
5.6.2, there are no clear differences between trends of the experimental parameter
groups. What is striking is their similarity. Transferring agent sub-populations
every five generations explores the same environmental complexity as no transfer
at all. There is no large difference in the number of environments solved by the
two groups. These findings support the findings of experiment 1 in subsection
5.6.2, transfer does not seem to be an essential component of POET. Transfer
does at least not play a major role when POET is applied in the Mario environ-
ment when agents are optimized by Neuroevolution of Augmenting Topologies
(NEAT).

Transfer every ten generations perform considerably worse than transfer every
20 and every five generations. It would be expected to be a correlation between
increasing or decreasing transfer frequency and environment population difficulty,
but there does not seem to be one. This further supports the hypothesis that
transfer does not improve performance considerably. Which setting of transfer
frequency performs best seems to be random.

Figure 5.6 shows that frequent transfers increase the accumulated successful
transfers. This is expected, as more attempts to transfer are executed. Never-
theless, despite many successful attempts, there is no apparent improvement in
environments solved or environment population complexity achieved. The find-
ings further support that transfer does not affect the search process significantly.
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It should be noted that transfer is an expensive operation, evaluating all sub-
populations against all environments to find the agent sub-population most suit-
able for progressing towards solving each environment. For example, a transfer
frequency of 5 would perform 5 * 4 x 256 = 5120 additional environment evalu-
ations every five generations. This is costly as evaluation often is expensive for
reinforcement learning environments.

Hypothesis 1 expected that using a low transfer frequency would perform
worse than other transfer frequencies, as transfer could not be used to escape
local optima for agent-environment pairs. Figure 5.4 and Table 5.9 disproves the
hypothesis. On the contrary, using a low transfer frequency of 1 transfer every 40
generations was able to satisfy minimal-criterions for environment populations of
greatest difficulty. Hypothesis 2 stated that using a high frequency would hinder
progress toward solving difficult environments. The hypothesis was wrong; using
a high transfer frequency performed similarly to other frequencies. Hypothesis
1 and 2 were based on previous work in the 2D bipedal-walker environment,
where transfer of agents was found to be of great importance for POET to solve
problems of high difficulty [29].

Transferring every 40 generations was able to explore problems of the highest
complexity. The results might seem to be due to chance, as there does not
seem to be a significant difference between applying different transfer frequencies.
However, transferring every 40 generations is selected for further experiments. It
was chosen because it achieved the highest environment population difficulty, and
the expensive transfer mechanism is rarely used.

Conclusion

Results of the experiment indicate that there is no meaningful distinction be-
tween different transfer frequencies when combining POET with NEAT in the
Mario environment. Removing transfer enables the agent population to satisfy
the minimal-criterion and solve environments of comparable difficulty as runs uti-
lizing the most frequent transfer frequency. The findings support the findings of
experiment 1. Transfer does not seem to play a major part in the coevolutionary
process.

Transfer has previously been shown to be an essential component of POET
to solve complex problems for the 2D bipedal walker problem using Evolution-
ary Strategies for optimization [29]. The results of this experiment contradicts
previous findings, posing the question whether transfer always is necessary.
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5.5.3 Experiment 3

curriculum POET generated
stop criterion 1000 generations
runs 10
agent population size 256
environment population size 4
agent sub-population size 64
transfer frequency 40
minimal-criterion roof 0.85
minimal-criterion floor [ 0.0, 0.1, 0.3, 0.5 |

Table 5.10: Experiment 3: Experimental parameters

Experiment goal: FEzxplore how the difficulty of the minimal criterion affects
the coevolutionary process. What is the importance of minimal-criterions in an
automatic curriculum-building process?

Introduction

The minimal criterion is an essential component of the model. It is used to decide
whether a problem should be admitted into the environment population or not.
By making sure that problems admitted into the curriculum are not too easy
and not too hard, it presents the agent population with problems that may serve
as an effective stepping stone. The intuition is that if a problem is too hard,
agents will not be able to progress and gets stuck. On the other hand, if the new
environments are too easy, it will not enable further learning as all agents can
already solve each problem.

The minimal-criterion has two parts, a floor, and a roof threshold. A roof
threshold of 0.85 will be used for all runs, which means that if an agent sub-
population is able to progress 85 percent of the distance towards the obstacle
course goal, the environment is too easy. We will explore the use of different
minimal-criterion floors, which determine how hard a problem can be to be ad-
mitted into the environment population. Using a minimal-criterion floor of 0.0
means that agents do not have to show any progression towards solving environ-
ments that are added to the environment queue.

In this experiment, we will explore how hard an environment should be to be
admitted into the environment population. We will also investigate if a minimal-
criterion is necessary to shift the environment population towards consisting of
more complex problems.
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Hypothesis 1 If all environments are admitted into the population, no mat-
ter how hard they are to solve, the coevolutionary process will converge faster

As the environment population will consist of problems that the agent pop-
ulation has shown no progression towards solving, the performance achieved is
expected to be stunted. Agents would likely get stuck and presented with chal-
lenges that seem impossible to solve. For example, using no criterion may result
in agents which have not yet learned to jump being introduced to challenges
where the agent must jump over several gaps while simultaneously avoiding ad-
versaries and overcoming obstacles.

Hypothesis 2 A large minimal-criterion is expected to slow down the pro-
gression towards solving complex problems

When the minimal-criterion is large, for example, demanding an agent sub-
population to at least solve half of the problem before admitting it into the
population, the model will perform poorly. If the floor criterion is too large, sim-
ple problems will be explored, and the population will drift more slowly towards
increased difficulty. It might also be hard to add new environments to the pop-
ulation, as the mutation has to create an environment of similar difficulty and
characteristics as previously presented environments.

Hypothesis 3 The minimal-criterion used in previous experiments is ex-
pected to perform well

As the parameter search in preliminary testing and results of previous ex-
periments selected the existing minimal-criterion of 0.1, runs using the minimal-
criterion are expected to perform well
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Results
Minimal-Criterion | Difficulty Mean | Difficulty SD
0.0 1.14 0.12
0.1 1.09 0.38
0.3 1.01 0.37
0.5 0.73 0.43

Table 5.11: Experiment 3: Results

Table 5.11 presents the resulting mean difficulty and the standard deviation.
The results are determined not statistically significant (P=0.14) by using an
ANOVA test for the four experimental parameter groups.

Using Table 5.11 there are three main observations to be made. First, there
does not seem to be a significant difference in mean difficulty achieved using
minimal-criterion values 0.0, 0.1, and 0.3. The second observation is that having
no minimal-criterion has a low standard deviation compared to the three other
groups. Finally, the third observation is that a minimal-criterion of value 0.5
performs considerably worse than the three other groups, which may confirm
hypothesis 2.

Hypothesis 1 proposes that convergence will occur more rapidly when no
minimal-criterion is applied. If the experiment finds no rapid convergence, it
would question the value of employing a minimal-criterion in the POET algo-
rithm. When inspecting Figure 6.3 and Table 5.11 at first it might seem that
removing the minimal-criterion achieves the best results. Upon further inspection
of Figure 5.8 we can see that removing the minimal-criterion makes the algorithm
converge faster as it cannot solve new environments. It should be kept in mind
that when there is no minimal-criterion applied, the difficulty of the environment
population will keep increasing linearly infinitely, as all mutated environments
are added as long as the environment is not too easy. Since there is no minimal-
criterion stopping too hard environments from entering the population, the diffi-
culty keeps increasing even though agents show no progress towards solving each
new environment. Agent populations of experimental parameter groups using a
minimal-criterion are, on the other hand, able to show some progress towards
solving each environment, displaying that the agent population is improving.
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The runs using a minimal-criterion of the value of 0.3 is able to solve new
environments at a high difficulty. When the minimal-criterion is non-existent,
the algorithm stops showing progress towards solving levels at an earlier gener-
ation while exploring levels of comparable difficulty. The convergence shows us
that minimal-criterions help POET generate an effective curriculum, allowing the
algorithm to solve problems of increased complexity.

Hypothesis 2 is less important but might serve as valuable knowledge for fu-
ture works. Hypothesis 2 proposes that a too large minimal-criterion will slow
the progress towards solving more complex problems. Figure 6.3 has a clear
difference between a minimal-criterion of 0.5 and the other hyperparameter set-
tings, confirming the hypothesis. It is a result of mutated environments having
to be of low difficulty for the agent sub-populations to be able to solve half of the
level. An interesting observation is that using a high floor threshold of 0.5 solves
fewer environments than the runs using a threshold of 0.3, even though the lower
threshold explores and solves environments of significantly greater difficulty. The
results indicate that the criterion has introduced the agent population to a better
curriculum, enabling the agent population to solve more challenging problems.

Hypothesis 3 was incorrect. It was expected that the minimal-criterion of 0.1
would achieve good results, as other hyperparameters have been selected while
using it. However, figure 5.8 shows that the criterion performs equally to using no
criterion. The findings imply that the criterion selected during the preliminary
testing enforced a too low threshold on agent environment progression.

Figure 5.9 shows the levels solved combined with the progress towards solving
the active environment population. The rugged graph is due to removing old
environments in the environment mutation step.

For further experiments, one minimal-criterion differs from the rest. Using
a floor minimal-criterion of 0.3 allowed the algorithm to both increase problem
complexity, while at the same time solving many of the generated levels. There-
fore a minimal-criterion of 0.3 will be used for further experiments in section
5.6.

Conclusion

Removing the minimal-criterion created a worse curriculum than a moderate
minimal-criterion, displaying the importance of introducing the agent population
to environments of appropriate difficulty. Employing a too high minimal-criterion
equally resulted in stunted performance, slowing down the speed of evolution
towards solving complex challenges. For further experiments, a minimal-criterion
floor of 0.3 was selected, as it enabled the agent population to solve problems of
the greatest complexity.
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5.6 Experimental Phase 2
Phase 2 explores artifacts created by the POET algorithm to determine the com-

plexity of generated environments and their solutions. Convergence of the evolu-
tionary search is also studied to see if there are any signs of open-endedness.

5.6.1 Experiment 4

curriculum POET generated
stop criterion 4000 generations
runs 5
agent population size 256
environment population size 4
agent sub-population size 64
transfer frequency 40
minimal-criterion (0.3, 0.85)

Table 5.12: Experimental parameters

Experiment goal: Explore convergence and artifacts generated by POET. Does
the coevolutionary algorithm converge? How complex are the problems that are
generated and solved during each run?

Introduction
One of the goals of minimal-criterion coevolution and the Paired Open-Ended
Trailblazer (POET) algorithm is to move towards an open-ended algorithm. The
desire is to create something akin to evolution, seemingly indefinitely creating
new problems and solutions of increasing complexity. Therefore it is vital to ex-
plore when convergence occurs. Surprisingly results from previous experiments
show that the agent population is able to satisfy the minimal-criterion for prob-
lems of linearly increasing complexity. One could hope that the combination of
gradual topological complexification of neural networks, goal-switching, and the
shift towards harder problems resulted in some form of open-endedness. How-
ever, the reason is more likely because the coevolutionary algorithm has not yet
had time to converge.

This experiment will allow the coevolutionary algorithm to run for a long
time. The long run-time will allow us to observe progression towards solving
problems of great complexity and explore the levels qualitatively.
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Hypothesis 1 The increase in environment difficulty will converge

As the mutated environments become more challenging, it is expected that
the agent population will fail to satisfy the minimal-criterion. When the pop-
ulation fails to satisfy the criterion, the increase in environment difficulty will
stagnate.

Hypothesis 2 Complexification of neural network topology for the agent
controllers will slow down

Hypothesis 3 Late-stage generated levels will be challenging for experienced
human players

The experiment is divided into four parts. Part 1 explores the convergence of
the coevolutionary algorithm. Part 2 explores neural network controllers and the
development of their topology. In part 3, we qualitatively explore levels solved
from different generational stages of the coevolutionary runs. Part 4 will let two
advanced human players and one intermediate player attempt to solve the most
complex environments generated and solved by the model.

Part 1

Figure 5.10 displays average environment population difficulty for each run. After
running the algorithm for 4000 generations, the environment population difficulty
still increases linearly. These results prove hypothesis 1 false. The results are sur-
prising, as this means the agent population is able to satisfy the minimal-criterion
for environments of linearly increasing difficulty. Possibly the process has not yet
converged, needing more time to fail to satisfy the 30 percent progression thresh-
old for new mutated environments.

Even though the coevolutionary process has not yet converged with regard to
satisfying the minimal-criterion for new environments, it has started to converge
with regard to solving environments. Figure 5.11 shows that after about 1000
generations, environments are being solved less frequently. It is a possibility that
as environment difficulty increases, the agent sub-populations need more time to
optimize for each environment to solve it. Therefore not as many environments
are solved, as environments are replaced before the agent population can solve
them.
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Surprisingly, the environment population difficulty is still increasing linearly.
We believe the most likely reason is that more generations are required to observe
the convergence of environment complexity. There are other possible reasons,
but they do not seem to explain the results. One possible reason might be the
algorithm exploiting one of the genes of the environment encoding. Perhaps a
mutation of platform probability makes the levels less difficult at late-stage gener-
ations, as it might change environment characterization obstacle structure. This
would result from wrong assumptions during the selection of genes for the envi-
ronmental encoding and intricacies of the selected level generator. By qualitative
inspection of late-stage solved levels, it does seem that platforms are occasion-
ally being exploited to reduce environment characterization difficulty slightly.
For future work, selecting a maximum value for platform probability would be
recommended if working with Ben Weber’s level generator.

The platform exploit would not be enough to explain why the environment
population difficulty is still increasing linearly. The more likely explanation seems
to be that the agent population can still satisfy the minimal-criterion for envi-
ronments of linearly increasing difficulty.

Conclusion
After 4000 generations, the environment population difficulty is still increasing
linearly, which means the agent population is able to satisfy the minimal-criterion
for increasingly complex problems. We believe there is no convergence observed
with regard to environment complexity, as there have not been enough genera-
tions for the agent population to fail satisfying the minimal-criterion frequently.
Concerning the convergence of new solved levels displayed in Figure 5.11
we do not deem it to be of considerable importance. Preferably the algorithm
would be able to solve levels that are generated at a higher difficulty, but the
minimal-criterion has no such demand; it only requires the minimal-criterion to
be satisfied for environments of increasing difficulty. As long as the environment
population difficulty increases, the agents are improving due to enforcing the
minimal-criterion.
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Part 2

So far, we have focused on environmental difficulty. The environmental difficulty
is a reflection of the agent population’s behavioral complexity due to the satis-
faction of the minimal-criterion. In this part, we will study the topology of each
agent’s artificial neural network to explore structural complexity. Figure 5.13
and Figure 5.12 display the average amount of connection genes and amount of
nodes in the phenotype of the top performing agent of each agent sub-population.
Three runs were selected to be displayed in Figure 5.13 to make the data more
easily interpreted and investigate results of particular interest. An entire plot of
Figure 5.13 is available in the appendix.

Hypothesis 2 proposes that the growth of neural network topology will slow
down during the coevolutionary process. The number of agent connection genes
displayed in Figure 5.12 may initially seem to support hypothesis 2, as the genome
size increases linearly. However, the genome contains activated and deactivated
connection genes, meaning that the phenotype likely has fewer connections and
might show tendencies towards convergence. Figure 5.13 displays the average
number of nodes in the phenotype of each agent. We can observe that, as opposed
to connection genes, the amount of nodes in the phenotype starts to converge,
which supports hypothesis 2. Unfortunately, data for the number of edges in the
phenotype is unavailable. It would be interesting to see if the number of edges
started to converge similarly to the number of nodes.

There are other interesting observations to be made from Figure 5.13. The
average number of nodes in the neural network controllers starts with 46 nodes
for all runs due to 41 initial input nodes and five output nodes. Hidden nodes are
incrementally added to the topology, increasing structural complexity. The aver-
age number of hidden nodes seems to trend towards 20, resulting in networks with
a total of 66 nodes. Even though the number of hidden nodes stops increasing,
the agents continue to satisfy the minimal-criterion for challenges of increasing
difficulty, which likely means that the behavioral complexity is increasing.

Figure 5.13 displays results from three different co-evolutionary runs. The first
run increases the number of hidden nodes until generation 1500, where it starts to
remove hidden nodes, which displays how NEAT attempts to discover minimal
network structures. The second run has some curious peaks after generation
2000. We believe these to be a result of NEAT’s use of speciation. There is a
species in the agent population with a much larger number of hidden nodes than
the rest of the species. Occasionally the species become best at solving one of the
environments and cause a large increase in the average amount of nodes. These
findings show us the value of protecting innovation through speciation.
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Figure 5.14: Environmental characterization of two levels generated and solved
during the first 100 generations

Part 3

This part will explore some of the levels solved through qualitative analysis. We
will also try to determine level complexity through gameplay by experienced
human players. Table 5.13 can be used to interpret the environmental character-
izations displayed in Figure 5.14, Figure 5.15 and Figure 5.16.

Game object Value
Ground X

Air -
Platform %
Coin

Pipe t
Adversary g kry
Winged Adversary | G, K, R, Y
Goal F

Table 5.13: Game objects of the environmental characterization

During the run of the coevolutionary algorithm, diverse challenges of increasing
difficulty are generated and solved. Previous experiments have shown that the en-
vironment complexity is increasing according to the difficulty measure introduced
in section 5.4. To confirm that the difficulty of the environmental characteriza-
tion is increasing, and not just the measured difficulty, we will explore some of
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the solved levels.

Levels generated from the first 100 generations of all five runs were explored.
Two were selected and displayed in Figure 5.14. Levels from early-stage genera-
tions were all found to be of similar difficulty and complexity. While each level
is simple to solve, they are all composed of different sub-problems.

The levels displayed in Figure 5.14 serve as a good example. The first level
challenges the player with hills and one block obstacle. Many coins are spawned
in the space above the ground, serving as noise that does not significantly affect
level difficulty. The second level is a little more challenging than the first, intro-
ducing a single simple adversary and a gap. It seems that the levels generated
and introduced into the environment population provide diverse challenges of
comparable difficulty during the first 100 generations. The comparable difficulty
results from the minimal-criterion, only allowing challenges of suitable difficulty
into the curriculum. The diversity of the challenges is due to the population of
environments, keeping several curriculum paths open for exploration.
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Figure 5.15: Environmental characterization of two levels generated and solved
during the first 1000 generations. The first level consists of many challenging
gaps and obstacles, while the second level contains many adversaries and some
obstacles.

Levels displayed in Figure 5.15 were generated and solved during the first 1000
generations. The two levels pose very different challenges to the player. The first
level consists of many obstacles and difficult gaps to cross, while the second level
is owing its difficulty to a large number of adversaries. To a human player, the
levels would provide a significant challenge, as the two levels are much harder
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than the most difficult levels of the original Mario game. From a procedural
content generation perspective, the levels are both unique and would provide the
player with interesting challenges to overcome.

-ttg--XXXXtttttttt|tt

XXXXXXX-===| | || | |o-- --r----gKK---Ky-
XXXXXXX0--tt|tt]|-tt-ttgytt-G----yKGyttttrk-ttog- - XXXXXXXXXXXttetetee ettt ]| tt LR EHRHININNANS
XXXXXXX--gtt|tt | %ttt et XXXXKXKXXKXXXXXXXKXXX EEXXXXX S
XXXXXXX - -XXXXXX | | XXX XXtt | ttttXXX XXXXXXXXtttttttt|te| | ]] X XXXXXXXXXXXX XXXXTEEEEEtt | ttEttttttt--XXXXXXX| Tttt ]| | tt] [ tETEXXXXXXXXXXXX
XXXKXXX -y XXXXXX | | XXXXXXXXXXEE | £ EXXXXXKXXXXXXXXXt ettt | et ] || | XXXXXXXKXXXXXXXXXXXXEEEEEEEE [ TEHEEEEtttgGXXXXXXX| thtt] | |tt] | ttttXXXXXXXXXXXX

m---tt--tt-Y--tthhtthht thhtt! tthttehtttttt! tt t t tt X) XXX
LUK CAHTLRIEHEE ] [T [ [T [Tt ] || ]]1ee]ee] [eeeete| ||[11ee][]1ee][]]1Te][1Te]] ] IXXXKXXXXXXXKXXXXKXX

XXXXXXXXX -
XXXXXXXXX - -
XXXXXXXXX- - - -~
XXXXXXXXX---0- |
XXXXXXXXX--g-- |

HEXXOOOKKXIORKKKORKKKKXXXXKKKXXXX XXX XXXXXXX X XXOOXKKIOXXKKKKXXXXKKX

|
| EEXXKXXRKXKKXXKKXX KKK KX KKXXKXXKKXXKKXXKXXKKXXKXXXKXXKXXX

I
H XXXX
H X XXXXXX X XXXX X XXX XXXXXXXX XXXXXXX XXXX X XXXX XXX X
i XKXK

X XXXXXX XXXXXXXXX X XXXX X XXXXXX X XXXX XXXXXXXXX XXX XX

Figure 5.16: Environmental characterization of two levels generated and solved
after 2000 generations.

Lastly, we explore some levels solved by the model after 2000 generations. The
levels of Figure 5.16 would challenge any human player. We tested the levels on
two advanced human players, none of them were able to solve the levels imme-
diately. After several attempts one of the advanced players was able to solve the
first level. The second player described the levels as too hard and chaotic due to
the extremely large amount of enhanced and regular adversaries.

If the levels solved by the model were to be used for human play, the levels with
a lower difficulty might provide more exciting gameplay than the levels solved
after 2000 generations. Obstacles such as gaps are not as common in generated
levels anymore, as gaps and obstacles seem to be mastered during the first 1000
generations. Thus, new levels added to the environment population have few
gaps and obstacles because they no longer provide the agent population with a
challenge. Actually, gaps might make the levels easier to solve for the agent, as
there are fewer adversaries spawned due to the gaps. As a result, levels contain an
extreme amount of adversaries, which only seem solvable by employing strategies
to lure out adversaries or use non-human precision. Comparing the solved levels
to hard levels of the original Super Mario Bros game, each tile was about five
times more likely to spawn an adversary. The adversaries spawned were also
much more likely to be enhanced by wings, making the adversaries harder to get
past.
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While exploring the environments solved after 2000 generations, a few levels
were surprisingly found to be deceptive by having dead-ends. However, such
levels seemed rare and were likely generated by the level generator and solved by
the agents by chance.

One of the reasons the first level of Figure 5.16 was chosen to be displayed is
because it contains the platform exploit mentioned in part 1 of this experiment.
In the middle of the level, there is a platform on top of the map. All enemies
in the area are spawned on top of the platform, which reduces the difficulty.
However, having platform probability as part of the environmental encodings is
not a big problem due to the minimal-criterion. If levels are too easy to solve
due to, for example, too many platforms, the level would be discarded and would
never enter the curriculum. Thus, showing how a minimal-criterion can be used
to ensure that only problems of interest are explored and why minimal-criterions
might be used as an effective tool for automatic curriculum building in machine
learning.

The complexity of the game levels increases along with difficulty measured,
suggesting that the difficulty measure is accurate. Levels produced by the envi-
ronmental encodings of comparable measured difficulty are diverse and consist
of different combinations of sub-problems. Some are challenging due to obstacles
and adversaries. Others are challenging due to many adversaries concentrated in
small areas. Even though it does not seem to be a problem yet, the expressiveness
of the level generator bounds the complexity of generated game levels. At some
point, the levels generated can not contain any more adversaries and there is a
limit to how difficult obstacle combinations the generator can create. If open-
endedness were the goal, there is a need for unbound possibilities of problems of
increasing complexity. Mario is a game where levels can be highly challenging. If
the space of all Mario problems were explored, there could arise levels with more
maze-like characteristics and levels which require high-level planning. However,
if the agents continue to learn, the expressiveness of the procedural content gen-
erator will likely become a problem.

Conclusion

Levels solved by the coevolutionary algorithm from different stages were explored.
The levels were found to be diverse and of increasing complexity. Levels of the
same measured difficulty were unique and consisted of different combinations of
sub-problems. Environments generated and solved after the first 2000 genera-
tions were found to be of considerably greater difficulty than the most difficult
levels of the original Super Mario Bros game.
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Figure 5.17: Three players were challenged with fifteen levels solved by the model
after 2000 generations. All players were given three attempts at solving each level.
The progress displayed is the best performance achieved by each player. Only
five of the fifteen levels were solved by the players.

Part 4

From each of the five runs of Part 1, three levels that were solved after 2000
generations were selected. Two advanced players and one intermediate player
were then used to determine the problem difficulty of the fifteen levels. Each
player was given three attempts at solving each level.

Figure 5.17 displays the results of the game-play. The players solved only
five of the fifteen levels, confirming that the solved environments are highly chal-
lenging. The players fail to show progress at solving some of the levels, barely
satisfying what would be the minimal-crtierion for the agent population.

An interesting observation is that the intermediate player seems to fail close
to the minimal-criterion for all levels. The second advanced player also fails to
progress further than the criterion for some levels. Levels generated and admitted
to the curriculum may slightly increase in difficulty after the criterion of 0.3, due
to the selection process of candidate environments.

From a content generation perspective, the players were engaged and found
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the levels exciting and unique. The players were surprised by the difficulty posed,
as there was an extreme amount of adversaries compared to traditional Mario lev-
els. The combination of winged enemies, walking enemies, and projectiles gave
the levels slightly maze-like characteristics, requiring human players to plan and
time their actions carefully. The two advanced players started using a waiting
strategy to lure out adversaries. The agents are unlikely to have discovered such
an advanced trick, but for the human players the levels seemed impossible to
solve without using it.

Conclusion of experiment

A long run was carried out to explore convergence and artifacts generated by
the coevolutionary algorithm. The algorithm was found to not converge with
regard to the environment population difficulty achieved, which is used to esti-
mate environment complexity. As the environment difficulty increases, it means
that the agent population is able to satisfy the minimal-criterion for increasingly
hard problems. However, the coevolutionary algorithm converges with regard to
solving new environments.

The neural network topology of agent controllers was explored. It was found
that the number of hidden nodes for each neural network trended toward 23
hidden nodes while the connection genes grew linearly. Some of NEAT’s com-
ponents, for example, speciation and minimal network structure, are reflected in
the results.

Levels generated by the coevolutionary algorithm were then explored. The
levels produced were, as expected, found to be of incrementally increasing com-
plexity but also great diversity. We then used levels from late-stage generations
of the runs to challenge two advanced players and one intermediate player. Com-
bined, they were only able to solve five of the fifteen levels, displaying that the
environments solved by the model are highly difficult.
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5.6.2 Experiment 5

curriculum POET generated
stop criterion 4000 generations
runs 10
agent population size 256
environment population size 4
agent sub-population size 64
transfer frequency 40
minimal-criterion (0.3, 0.85)

Table 5.14: Experiment 5: Experimental parameters

Experiment goal:

Does late-stage agents forget previously learned behaviors? How well does the
agent population fare when they are introduced to problems the population has
previously solved?

Introduction

Starting from minimal neural networks, NEAT gradually complexifies network
topology to create minimal neural network solutions. The feature may allow us
to discover a topology that is good at solving Mario problems. Furthermore,
small networks are less likely to overfit and may incentivize learning behaviors
that are helpful towards solving all Mario problems.

In this experiment, all agents of the last generation are evaluated against
Mario levels solved during the coevolutionary run. The results will indicate
whether the agent learns general behaviors and to what degree it forgets pre-
viously learned behaviors.

Hypothesis 1 The agents will show the most progress towards solving early
generated levels due to low difficulty

Results

Figure 5.18 shows the average progression towards solving previously solved levels
by the final agent population. The agent population is, on average, unable to solve
any of the levels, as knowledge likely is forgotten. The phenomenon is a known
problem in machine learning, called catastrophic forgetting. Single agents might
be able to solve some environments, but the average agent progress is displayed.
We can observe that the agent population shows some progress towards solving
each level, suggesting the agents learn some behaviors that help solve all levels.
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Figure 5.18: progress towards solving previously solved levels by the final agent
population. The agent population shows the most progress toward solving early-
stage levels. After 750 generations, the population displays similar progress to-
wards solving each level, even though levels are of vastly different difficulty.

The first levels generated and solved are shown the most progress towards solv-
ing, confirming hypothesis 1. The result was expected due to the low difficulty
of the levels. Interestingly the agent population shows similar progress towards
solving levels from all generations after 750 generations. First, this might seem
to result from the levels being of the same difficulty. However, findings from
experiment 4 in section 5.6.1 determine that levels solved from different stages
are of vastly different difficulty.

Conclusion

The agent population retains some previously acquired knowledge, suggesting
that some behaviors learned are helpful towards solving all Mario problems. How-
ever, the agent population at large is far from solving previously solved levels.
Some agents in the population may be able to solve previously solved environ-
ments, but the average performance was observed.
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optimization NEAT direct
curriculum high difficulty level
level count 15
stop criterion 2500 generations
runs 1
agent population size 256

Table 5.15: Experiment 6: Experimental parameters

5.6.3 Experiment 6

Experiment goal: Is NEAT capable of solving hard environments solved by the
model through direct optimization? Does POET provide any benefit compared to
direct optimization?

Introduction

In this experiment, we will determine if POET allowed the search process to solve
Mario levels of greater problem complexity than NEAT is capable of solving alone.
Fifteen of the most challenging levels solved by the model are selected randomly
from a run of experiment 4. All levels were solved between generation 2000 and
generation 2500.

We use NEAT to optimize agents utilizing a population of 256 individuals
over 2500 generations for each level independently. The results will indicate
whether POET’s goal-switching and minimal-criterion mechanisms have allowed
the agents to solve problems of greater complexity.

Hypothesis 1 NEAT will not be able to solve all challenging problems solved
by the model

The curriculum building of POET is expected to have allowed the agent pop-
ulation to use levels of increasing difficulty as stepping stones, allowing it to solve
more complicated problems by avoiding local optima.



5.6. EXPERIMENTAL PHASE 2 75

1.0
-
0.8
|
sg”().ﬁ- r |
= ; EI [
w
g [ | |
=
5 0.4 1 ¢ — e i
: T
! LU
1 [ r |
=
0.2 1 |
e
0-0 T T T T T T
0 500 1000 1500 2000 2500

generation

Figure 5.19: Agent population progress towards solving each of the fifteen levels.
Each line represents 2500 generations of NEAT optimization for a single environ-
ment.

1.0 BN NEAT
W NEAT+POET

0.8

0.6

progress

0.4 1

0.2 7

0.0 -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

level

Figure 5.20: All fifteen levels were solved by POET combined with NEAT after
a total of 2500 generations. The progress displayed by NEAT is over fifteen runs,
one run used for each level. The fifteen runs make up a total of 37500 (15 * 2500)
generations. Through direct optimization, NEAT was able to solve five of the
fifteen levels.
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Results

Figure 5.20 shows us how many environments NEAT was able to solve through
direct optimization. NEAT solved five of the fifteen levels by using 2500 gener-
ations for each independent problem. Figure 5.19 shows that NEAT is close to
solving three more problems but is far from solving the remaining seven prob-
lems. We can also observe that direct optimization spends much time in local
optima, often stuck for many generations. At these fitness plateaus is where
goal-switching may be a helpful tool.

After 2500 generations NEAT is sometimes able to solve one complex problem.
During the same 2500 generations, the combination of NEAT and POET solved
fifteen problems of comparable difficulty. Before solving the fifteen environments,
the model generated a diverse curriculum of increasing complexity and solved
many of the environments generated. The resulting agent population is also
likely to have more robust and modular properties due to goal-switching. These
findings suggest that using goal-switching and minimal-criterions for coevolution
can work as an effective automatic curriculum builder for reinforcement learning.

Conclusion

Fifteen challenging levels solved by the model were selected for exploration by
NEAT. Through direct optimization, NEAT solved five of the environments by
using 2500 generations for each independent problem. However, using POET
for curriculum building seems to be a fruitful endeavor. After the same num-
ber of generations, the combination of POET and NEAT solved at least fifteen
problems of comparable difficulty. At the same time, the model builds a curricu-
lum of incrementally increasing complexity while solving many of the problems
generated.



Chapter 6

Conclusion

The research goal, research questions, and results are evaluated and discussed in
section 6.1. The contributions of the thesis are revisited in section 6.2. Finally,
future work is proposed in section 6.3.

6.1 Results and Discussion
Goal Ezxplore the Paired Open-Ended Trailblazer algorithm

The master’s thesis has explored the Paired Open-Ended Trailblazer algorithm
from different angles. In the first experimental phase, we studied essential com-
ponents of the algorithm to determine how they affect the coevolutionary pro-
cess. Optimization of agent sub-populations in parallel, the minimal-criterion,
and transfer frequency was emphasized. An ablation study was executed for each
component to investigate whether they are necessary parts of the algorithm. Dur-
ing the ablation study, we also explored how the components affected the model’s
performance.

In the second phase of experiments, open-ended properties of POET are ex-
plored. The algorithm was allowed to run for a long time, observing conver-
gence of environment population difficulty and environments solved by the agent
population. During each run, we focused on the difficulty of the environment
population, as it reflects agent behavioral complexity when a minimal criterion is
enforced. While POET runs, environments of increasing difficulty and their agent
solutions are generated. The artifacts generated from the coevolutionary process
were studied to learn more about their properties. Solved environments were
explored using qualitative analysis, human gameplay, and direct optimization to
determine their complexity and characteristics.

7
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Experiments were conducted while utilizing limited computing resources. Pre-
vious works with POET have utilized large amounts of parallel CPU cores. In
this work, we explore the use of POET while employing a smaller environment
and agent population. The knowledge accumulated may be used to guide future
work where large-scale distributed computing is not available.

Research question 1 How important is the minimal-criterion in the Paired
Open-Ended Trailblazer algorithm?

The importance of the minimal-criterion was explored in subsection 5.5.3. An
experiment was conducted to determine how difficult an environment should be to
enter the environment population. The effect of removing the minimal-criterion
was also studied.

Experiments concluded that removing the minimal criterion caused the co-
evolutionary algorithm to converge faster, as when the criterion was removed,
the agent population displayed less progress towards solving new environments.
By using a moderate minimal criterion, the agent population was able to show
the most progress toward solving complex problems. The results indicate that
the minimal criterion is an essential component of the POET algorithm.

Even though the minimal criterion was determined to be an essential part
of the algorithm, enforcing a too large minimal criterion had a negative impact.
Only environments posing a minor challenge to the agent population are admitted
into the curriculum when the threshold is too large. As a result, the agent
population solved fewer environments while the environment population difficulty
increased more slowly. The results show that the minimal criterion should be
selected carefully as it significantly impacts the coevolutionary process.

Research question 2 How important is the transfer component of the Paired
Open-Ended Trailblazer algorithm?

Transfer has previously been found to enable POET to solve harder problems
[29]. Experiments in subsection 5.6.2 and 5.5.2 suggests otherwise. Transfer does
not seem to play a major role, as transfer frequencies were found not to affect
results achieved.

There are several reasons transfer might have been found to be of little im-
portance. First, it was observed that the transfer mechanism rarely succeeded,
indicating that behaviors learned in one environment are not easily transferable to
another. The second reason is the small environment population utilized. In this
work, environments are more frequently replaced as the environment population
queue is smaller than in previous works. As goal-switching is provided through
adding new environments, it might have reduced the importance of transfer.
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We conclude that transfer is not always essential to the POET algorithm.
Sometimes the transfer mechanism is only functioning as a computationally ex-
pensive superfluous operation. Even though transfer is rarely used, the process
does not get stuck in local-optima, and environment population complexity in-
creases while new problems are solved.

Research question 3 Is the Paired Open-Ended Trailblazer algorithm combined
with Neuroevolution of Augmenting Topologies for agent optimization able
to solve Super Mario Bros levels of high difficulty?

Based on results from qualitative analysis of game levels, the difficulty measure,
and human gameplay, we conclude that POET combined with NEAT can generate
and solve Super Mario Bros levels of very high difficulty.

A Mario level of high complexity is a problem consisting of several obstacles
combined with many adversaries. A problem of such difficulty is likely to provide
a challenge for any human player. Experiment 4 in subsection 5.6.1 explored
levels generated and solved by long runs of the POET algorithm. To determine
the complexity of solved environments, they were explored qualitatively and by
human players of different skill levels.

The problems solved by POET were determined to be of increasing com-
plexity and great diversity. Early stage solved levels consisted of few obstacles
and adversaries, providing the agent with simple problems. On the other hand,
late-stage levels had extreme amounts of adversaries while at the same time intro-
ducing the agent to obstacles. Challenging levels solved by POET were found to
be significantly more complex problems than levels of the original Mario game.
For example, each game tile was found to be about five times more probable
to spawn an adversary than the most challenging levels of the original game.
The adversaries were also much more likely to be enhanced, making them more
unpredictable.

It should also be noted that the levels explored in experiment 4 are only those
solved by POET. The levels of the environment population during late stage
generations are of much greater difficulty. Even though the agent population
solves few problems at this stage, the agents show considerable progress towards
solving them as they satisfy the minimal-criterion for each environment.

After qualitatively exploring game levels, experienced human players were
used to determine the difficulty of solved problems. Three players of different
skill levels were used, two advanced players and one intermediate player. The
problems solved by POET proved to be very hard, challenging the players with
too many adversaries while requiring the player to overcome difficult obstacles.
The best advanced player could only solve four of the fifteen challenging problems
solved by POET. We conclude that the model is able to solve Super Mario Bros
levels of considerable difficulty.
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Research question 4 Does the Paired Open-Ended Trailblazer algorithm facil-
itate learning better than direct optimization for reinforcement learning?

Neuroevolution of Augmenting Topologies (NEAT) was able to solve one-
third of the complex problems solved by POET through direct optimization.
The results suggest that the automatic curriculum-building abilities of POET
enable agents to learn more complex behaviors.

Experiment 6 in subsection 5.6.3 uses NEAT to optimize agents directly for
challenging problems solved by our model. After 2500 generations, NEAT was
sometimes able to solve one of the hard problems. After the same number of
generations, the combination of POET and NEAT solved at least fifteen problems
of comparable difficulty. At the same time, the model builds a curriculum of
increasing difficulty while solving many of the environments generated. It should
be noted that the model uses some extra evaluations in the simulated environment
for goal-switching components.

The research question is intended to determine whether POET enables agents
to solve problems of greater difficulty. We conclude that using POET facilitates
learning better than direct optimization for the reinforcement learning environ-
ment Super Mario Bros when using NEAT for agent optimization.

6.2 Contributions

There are several contributions within this work. The most significant contribu-
tion is the study of minimal criteria and goal-switching in the Paired Open-Ended
Trailblazer (POET) algorithm. An ablation study was performed to determine
if the minimal criterion and transfer are necessary parts of POET. During the
ablation study, the use of different minimal criteria and transfer frequencies were
also explored to determine how they affect the coevolutionary process.

The work also contributes with the application of POET to a new problem
domain. There have been limited previous applications of the algorithm; in this
work, we use POET to successfully solve control problems for an obstacle course
environment containing adversaries. Challenges solved and generated by our
model for the new problem domain were found to pose a significant challenge
even for advanced human players. We also contribute by using the Neuroevolution
of Augmenting Topologies (NEAT) genetic algorithm for agent optimization in
POET. This is the first time POET has been combined with an optimization
method that searches for neural network topology and weights that we know of.

Previous work drawing inspiration from POET by Uber Al labs and Google
DeepMind has utilized vast computing resources [29] [25]. In this work, we ex-
plored using POET with limited resources by studying how resources should be
distributed. We also explored whether POET is applicable when employing a
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limited amount of agent-environment pairs. The knowledge accumulated in this
work may be used to guide future works where large-scale distributed processing
is not, available.

The final contribution is a POET framework implemented in Java. The
framework will be available in a public git repository which can be found at
https://github.com/jakobvaa.

6.3 Future Work

The most significant example of open-endedness that we know of is evolution.
Organisms resulting from evolution use an indirect encoding for their genotype;
DNA. Therefore it would seem valuable to explore the use of indirect encodings
when trying to imitate an open-ended process. Direct encoding approaches like
Neuroevolution of Augmenting Topologies employ a one-to-one mapping between
parameter values of the neural network and its genetic representation. A disad-
vantage of one-to-one mappings is that parts of the solution that is similar must
be discovered separately. Indirect encodings may allow the reuse of information,
resulting in compact genetic representations. For future work, it could be in-
teresting to use an indirectly encoded neuroevolution approach along with the
Paired Open-Ended Trailblazer algorithm.

During the master’s thesis, research and development were put towards inte-
grating the indirectly encoded ES-HyperNEAT and HyperNEAT neuroevolution
methods with POET in Java. The use of HyperNEAT would enable the agents to
learn from high-dimensional input like raw-pixel data [10]. Most of the integration
is finished, but the objective had to be abandoned because of time constraints
and the scope of the master’s thesis. The project integrating ES-HyperNEAT
and HyperNEAT with POET can be granted by request.
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Figure 6.1: Experiment 3: Transfer success by generation. Transfers are more
common when agents have shown little progress towards solving each environ-
ment.
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Figure 6.2: Experiment 4: Average amount of nodes in the phenotype for the top
agents of each agent sub-population for each individual run.
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Figure 6.3: Experiment 6: Average amount of connection genes for each agent by
generation. Fach line represents one run of direct optimization by Neuroevolution
of Augmenting Topologies for a unique hard environment.
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Figure 6.4: Experiment 6: Amount of nodes in the phenotype of the best per-
forming agent for each level by generation. Each line represents one run of direct
optimization by Neuroevolution of Augmenting Topologies for a unique hard en-
vironment.
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