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Abstract

Within video game development, it is common to employ Procedural Content Gen-
eration (PCG). PCG is the act of letting a computer instead of a human designer
create digital content. An important issue within PCG is how to increase the quality
of the content that these generating algorithms produce. This thesis investigates the
creation of cohesive 2D game worlds using procedural content generation, aiming to
give an impression of what techniques and algorithms are suitable for this domain
and how they can be used and modified. This is done through the implementation
of a PCG system that generates a galaxy containing a multitude of solar systems
populated with planets which the user can explore in a game. Some of the genera-
tion techniques explored are: cellular automata for generating cave systems, noise
functions for generating heightmaps, L-systems for generating trees, and Markov
chains for generating names. The individual systems produce good results overall,
and interact moderately well with each other to create a cohesive world. The gen-
erated planets are however not particularly visually distinct within a specific planet
type. The dilerkent generation techniques used are evaluated and reflected upon to
give a better understanding of their strengths and weaknesses.

Keywords

Procedural Content Generation, PCG, Level design, Game development



Sammandrag

Inom spelutveckling ar det vanligt att anvanda sig utav Procedurell Generering,
aven kallat PCG fran engelskans ‘Procedural Content Generation’. PCG innebér att
man later en dator skapa digitalt innehdll, istéllet for att lata en mansklig utveck-
lare gora det manuellt. En viktig utmaning inom PCG ar att uppratthalla kvalitén
hos innehallet som algoritmerna genererar. Denna rapport undersoker skapandet
av sammanhangande 2D-spelvarldar genom att anvanda PCG, med malet att ge
en uppfattning om vilka tekniker och algoritmer som kan vara passande for detta
specifika doménet, samt hur de kan anvandas och modifieras. Detta gors genom att
implementera ett PCG-system som genererar en galax med en stor mangd solsystem
med planeter som spelaren kan utforska i spelet. Nagra tekniker som undersoks &ar
celluldra automater for att generera grottsystem, brusfunktioner for att generera
hojddata, L-system for trad och Markovkedjor for namn. De individuella systemen
producerar innehall som till stort anses tillfredsstéllande, och de interagerar relativt
val med varandra for att skapa en sammanhangande véarld, &ven om den visuella var-
itaionen inom specifika planettyper kan anses nagot bristfallig. De olika teknikerna
som anvands utvarderas och reflekteras kring for att ge en battre forstaelse om dess
styrkor och svagheter.
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1

Introduction

This chapter introduces what Procedural Content Generation is, what it is used for,
and some of the issues of interest that exist within the eld. The purpose of this
thesis, as well as more speci c goals and delimitations, are also explained.

1.1 Background

Ever since their inception, the potential scope of video games has steadily increased
and so has the amount of content that is needed. This situation led to developers
trying to nd ways to facilitate the creation of said content. Could they get the
computers to create content of a quality on par with or exceeding that of human
designers, which would potentially save them both time and money?

Procedural Content Generation (PCG) refers to this algorithmic creation of digital
content. Developers de ne algorithms and rules - often including some randomness
- which the computer then follows, to output some form of content. PCG has been
used for a long time in both video game development and Immaking; this project's
focus will lie on the creation of games. In games, the content generated by PCG
can come in many forms, such as level geometry, story, weapon attributes, music,
textures and so on [1, p. 1].

The main attraction of PCG is that a computer can create things magnitudes of
times faster than a human designer. By leveraging the computational power when
creating content, a lot more content can be created within a speci c time-frame.
A game designer then no longer needs to hand-craft each level, which can be a
very time-consuming task. As a result, content can be created more cheaply and
e ciently. It also enables games to have a much broader scope than with traditional
methods. Once the algorithms are developed, a virtually in nite amount of content
can be produced, making it theoretically possible to provide a player with an in nite
amount of new experiences.

There are however still substantial di culties to tackle when designing PCG meth-

ods, and many of them can be summed up as to how to be able to produce content
of the same quality as hand-crafted content [2, pp. 64-65]. De ning what consti-

1



1. Introduction

tutes high-quality content in games is quite tricky. What factors lead to enjoyable
gameplay varies strongly from game to game [1, p. 6], and therefore, it is di cult
to de ne a general set of good qualities for content generation. PCG techniques are
merely tools and must be modi ed and adapted to suit the needs of every individual
project to produce the desired result.

In a game where the player can move freely in any direction, it might be acceptable
for the levels to include large pitfalls since the player can y over them. However,
in another game where the player has a limited jumping distance, it is of utmost
importance that the pits have a maximum width or an alternative way to proceed
through the level. Limiting the output space of the generating algorithms in this
way to exclude bad content can, however, be a di cult balance to strike. Placing
too rigid restrictions may risk good content also being excluded and thus lowers the
variation while placing too relaxed restrictions can allow low quality or unplayable
content into the result.

This ties into another considerable di culty regarding PCG: making the content
visually distinct and expressive [1, pp. 6-7]. Even if the actual output space of the
generation is ample, the players may not always perceive the variation as great [3].
If a lot of the produced content is functionally identical with only minimal parts of
the content di ering, it will not actually be perceived as being varied.

There have been many games made that heavily use PCG when designing their
worlds. Two such games are Terraria [4] and Starbound [5]. Both of these games
generate vast, tile-based 2D worlds including both a varying surface and cave sys-
tems. The details as to exactly how they generate their worlds is however not readily
available to the public, which means that if one is interested in developing some-
thing similar, the next best course of action is to start from a published non-speci ¢
generation method and start modifying it to t the speci cs of the project. By doc-
umenting how this can be done, and the issues faced and solved, future developers
might be able to speed up their development and avoid having to deal with similar
problems.

1.2 Purpose

The purpose of this project is to, through the use of a diverse selection of procedural
content generation techniques, investigate possible ways of generating cohesive but
varied environments suitable for exploration and adventure-like side-scrolling games.

1.3 Goal

In order to fully be able to satisfy the purpose, the program that is to be implemented
should be a generator for a complete game world. This game world should contain
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individual side-scrolling 2D levels with exploration possibilities. It should also be
possible to show considerable variation between the 2D levels, and representing the
levels as di erent planets could provide this opportunity. To make the game world
cohesive, the planets should be contained in solar systems within a galaxy.

It is important for the levels to be varied and distinct, yet they should still give the
impression of belonging to the same world, which is also the reason for having three
layers of content. The idea is that each layer should depend on its parent layer; for
example, a solar system sets parameters for its planets such as temperature, gravity,
how well it is suited for life and so on. The appearance and design of a planet should
then vary based on these parameters, which can provide a greater sense of cohesion
in the game world.

1.4 Delimitations

To better be able to focus on the study of procedural content generation, it was
decided that the number of gameplay elements implemented in the game should be
severely limited. The player will not be able to do more than move around and look
at the di erent levels generated; no interactive elements will be included, nor will
there be a story to the game and sound and visuals will be kept very simple.

Furthermore, the parameters that in uence the generation of a level will be kept
to a small amount, due to two primary reasons. The most important reason is
to showcase how multiple independent parameters could work together to create a
multitude of unique levels. The second reason is simply to limit the scope so that
the project can reasonably be nished on time.

Most things in the game will not be generated with the aim of full scienti ¢ accuracy.

In part, this is because a real galaxy contains many things that are, quite frankly,
not that interesting, such as empty solar systems or barren rocky planets. If the goal

Is to generate a varied and interesting world, strictly following reality will actively
hinder instead of help. However, realism to some degree can be useful, in the sense
that it can make the player more immersed in the game. The game will on occasion
try to mimic realistic concepts, but genuinely simulating real situations can take
much time. There are simply not enough resources to provide full realism. The
focus will instead be on using PCG in a way that can produce content that would
seem reasonable to a player.

1.5 Games Using Procedural Content Generation

Considering the long history of PCG in games, it is impossible to provide a compre-
hensive list of all games which have used PCG, and how they have used it. However,
it is important to present a brief overview of which games have been especially im-
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portant in the history of PCG in games, which this section aims to provide.

Figure 1.1: A screenshot from Rogue, showing the generated dungeons. Image by
Artoftransformation under the license of CC BY-SA 3.0, via Wikimedia Commons.

One of the rst games that featured PCG heavily was Rogue [6], which was released
in 1980. In Rogue, the player explores a randomly generated dungeon, like the one
seen in gure 1.1. The fact that the dungeons were randomly generated made it
possible to play the game many times, with each playthrough being unique. The
popularity of the game spawned an entire sub-genre, called Roguelikes, where the
focus is on exploring randomly generated dungeons. The act of generating dungeons
was quickly adopted by genres aside from roguelikes, with the Diablo [7] series being
perhaps the most famous example.

In 1984, Rescue on Fractalus! [8] was the rst title to use fractals to generate
the mountains for their rst-person space-shooter, a technique that since then has
become widely adopted for creating terrain in general.

In later years, games started using PCG in many more ways than before. The Elder
Scrolls IV: Oblivion [9] does not simply generate dungeons but instead used PCG
to help create vast swaths of land that the designers could use as a starting point
for creating their world. The space game EVE Online used PCG to generate their

playable universe consisting of over 7 800 star systems. In Borderlands [10], all of
the guns which players collect have randomly generated attributes, forcing players

to make the best use of what they get. Minecraft [11], on the other hand, generates
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every single piece of a 3D world which the player can explore and interact with by
destroying parts of the world and building new things.

Figure 1.2: A screenshot from Terraria, a 2D game containing large procedurally
generated worlds.

Finally, two games which helped inspire this project, Starbound and Terraria also
make heavy use of PCG to generate large 2D worlds which players can explore. The
worlds created are lled with di erent environments to explore, in which the player
can ght and collect di erent resources. Figure 1.2 shows an example of such an
environment.

These game examples are but a glimpse of the enormous amount of games which use
PCG and the varying amounts of contents which can be generated, but hopefully,

it will give some insight into the di erent possibilities of PCG and in which ways it

has been used.
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Theory

This chapter provides the theory that is relevant to both the process and result of
this project. Some fundamental concepts and terms commonly used in procedural
content generation are introduced to provide a basic understanding of some of the
iIssues that have to be addressed in PCG. It also covers a few common methods and
algorithms for PCG that have been used or are of other importance to this project.
Lastly, some general methodologies for software development are presented.

2.1 O ine and Online Generation

There are two general approaches to PCG, known as o ine and online generation
[12, p. 173]. Oine generation means that all the content is created, evaluated
and nalised before the product is released. It is used in a way that helps designers
create content which is too di cult or time-consuming to create manually. As an
example of this, in an interview, Gavin Carter from Bethesda explains how their,
at the time, new procedural content generation for terrain and trees signi cantly
sped up the development of environments for The Elder Scrolls IV: Oblivion [13].
Another common practice for o ine generation is to create an initial level structure
which serves as a template that human designers can then improve upon and nalise
afterwards [12, p. 173].

Online generation, on the other hand, is done during run-time of the program. An
advantage of this is that new content, like levels, can be generated almost endlessly.
For example, a world can be expanded as the player approaches the end of it, as
can be seen in Mojang's Minecraft. Similarly, Diablo generates new dungeons as the
player progresses through the game and Borderlands generates di erent weapons
as the player defeats enemies. Online generation also makes it possible for the
generated content to be adapted to the player's actions in real time. This could
mean generating more di cult levels for more skilled players [14] or generating new
content based on the player's preferences [15].

An important aspect that sets the two approaches apart is the fact that online

PCG needs to be fast so that it is not detrimental to the game experience. This
limits the complexity of the algorithms which can be used to generate content, and

6



2. Theory

by extension, the complexity of the content which can be generated. Since oine
generation does not su er from that issue, much more complex algorithms can be
used.

Furthermore, when generating content, some sort of content validation is necessary
to ensure that it is of at least acceptable quality. With oine generation, the
developers themselves validate the content and can even make alterations if the
generated content has some aws. However, this is not possible when using online
generation, which means that the content must be validated automatically.

2.2 \Validation Approaches

When designing a content generator, it is important to have a way to ensure that
the generated content is valid. The criteria for what content is valid are de ned by
the game designers and can vary in complexity. They can be simple things such as a
requirement that the end of the level is reachable, or more nuanced like controlling
the di culty of one area. The criteria can also vary in strictness: the termsnecessary
content and optional content are used to describe how strict a criterion is. For
example, having bonus treasure chests in a region might be optional content while
there being a path to the goal is necessary content [1, p.8]. When it comes to
making sure that the game follows the necessary criteria, there are a few di erent
approaches.

The rst is the constructive approach, where the generation is done only once and
is considered done when the content has been generated. This approach requires a
generator that can only produce valid results, which means that the possible results
are limited [12]. One di culty of this approach is to limit them in a way that does

not exclude valid results.

The second approach is called generate-and-test. There are di erent ways of doing
this, but the common concept is that there are two components to the generation:
a generating program and a test function [12]. When a result has been generated,
it is inputted to the test functions which determines whether it is valid or not. If
the result is not good enough, the generating program is used again, to produce a
di erent result. This process is then repeated until there is a satisfactory result. One
variation, called search-based, grades each result on a scale and then uses it to a ect
the generating program, resulting in an evolutionary algorithm that successively
becomes better and better [12].

2.3 Markov Chains

One way of generating a variety of content such as text, game levels [16] and music
[17] is through the use ofMarkov chains[18]. A Markov chain is a nite state
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machine, meaning that it consists out of a set of states among which it can transition
between. The process is stochastic, and has no memory of any previous states, and
each transition can be traversed with some xed probability.

An important aspect of using Markov chains for generating content is the N-gram

[19, Chapter 6], which is ann token long sequence which de nes how much infor-

mation is stored in each of the Markov chain's states. For example, if the tokens are
letters, then a 2-gram (bigram) is a sequence of two letters, while a 3-gram (trigram)
is a sequence of three letters. Any word could then be split up into a set of n-grams.
If the word "gram' were to be split into a set of 3-grams, the two states would be

‘gra’ and ‘ram', and the only transition would be from “gra’' to “ram.

N-grams have proven to be one of the greatest strengths of Markov chains, as they
make it possible to automatically build the set of states and transitions by analysing

a sequential set of tokens and recording the successor for a speci ¢ n-gram each time
it appears. On the other hand, since it is an entirely stochastic process, it is hard
to fully control the output. The output can be a ected by changing the analysed
token set, but it is hard to know the exact e ects of the change.

2.4 Formal Grammars

Formal grammars[20, Chapter 2.2] are another technique which has proven to be
very useful for generating a variety of content in games [1, p.97]. Just as how a
grammar describes what is considered a valid sentence in a natural language such
as English, in the eld of formal grammars, all valid strings are de ned by a set of
production rules.

Production rules describe all the possible ways a string (state) can be transformed
into another string (state) and a set of production rules de ne a grammar. This is
perhaps best explained with an example. A simple grammar can be created with
two production rules, where the string on the right-hand side describes what the
string on the left-hand side is replaced with.

1. A! B

2. B! AB
The string on the left-hand side can be a subset of the current state string of the sys-
tem. Assume that the starting point of the string is A, then the rst few expansions
of this grammar could look as follows.

1. A

2. B (Rule 1 used on letter 1)
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3. AB (Rule 2 used on letter 1)

4. AAB (Rule 2 used on letter 2)

5. ABB (Rule 1 used on letter 2)

6. AABB (Rule 2 used on letter 2)
This process can then go on inde nitely.

One of the advantages that formal grammars o er is that developers have a large
degree of control over the results. They get to decide what the production rules are
and what the probabilities of using them are. Unfortunately, this is also one of the
disadvantages as it requires that developers manually design grammars, which can
be a highly time-consuming process.

241 L-systems

A more speci ¢ type of grammar which is used readily for PCG is the Lindenmayer
system (L-system) [21], which is most commonly used for generating various kinds
of plants but has also been used to generate a city [22] and music [23]. What sets
L-systems apart from an ordinary grammar is that it makes use of parallel rewriting,
that is, all of the replacements for the iteration are done concurrently.

Some common variations on the L-system astochastic L-systemscontext-sensitive
L-systemsand parametric L-systems[21, Chapter 1] which can be used individually
or in conjunction. Stochastic L-systems simply add an element of randomness to the
rules, for example, there may be two production rules associated with one string,
with one of the production rules being chosen at random. In context-sensitive L-
systems, the rules can depend on the context in which they are to be applied. For
instance, if "A' can be replaced by "B' only if there is a 'B' before the "A', the L-
system would be context sensitive. Parametric L-systems introduce the ability to
pass parameters to each symbol which can then be used both by functions operating
outside the L-system such as a drawing method, or by the production rules to either
decide whether the rule will be applied or the production rule could modify the
parameters.

2.5 Binary Space Partitioning

Binary space partitioning (BSP) is a way to split some space into partitions. It
works by recursively subdividing the space into two smaller parts until some stop
criterion is ful lled for each subspace [1]. It has many uses and is relevant to this
project for its use in dungeon room placement.
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Dungeons are a common element in digital games, where they are most often en-
closed environments and encourage exploration [1, pp. 31-32]. One common dungeon
type is the so-calledrooms and corridors which is made up of a set of rooms con-
nected by corridors. BSP can be used to divide a dungeon map into non-overlapping
areas, which can then be used to place rooms of varying sizes. In this case, the stop
criteria can be a maximum room size where the recursion stops when the size of the
space goes below the threshold.

2.6 Cellular Automata

Cellular automata are a widely studied computational model [1, p. 42]. They can
be described as a large number of cells updating their states by using simple and
identical rules as a function of the states of their neighbouring cells. The concept of
cellular automata was rst introduced by John von Neumann and Stanislaw Ulam

in the 1950s and gained much popularity in 1970 when John Conway introduced
his Game of Life at a conference [24]. Conway's game of life is one example of a
cellular automaton and it featured a matrix where each cell could have one out of
two di erent states represented by zero and one. In this game cells with the state
zero were considered dead while cells with value one were considered alive. Every
time step the state of each cell is updated by following two simple rules: a cell
dies if it has too many living neighbours (overpopulation) or if it has too few living
neighbours (under population) and a cell becomes alive if it has precisely three alive
neighbours. If none of the rules are ful lled, the state of the cell remains the same.

What makes this game, and cellular automata in general, interesting is the varied
type of interactions that can arise from simple rules. It can appear as if the cells
have some central coordination, even though they are just updated according to
their local interactions with other cells. This self-organising property that arises

from local interactions is commonly seen in nature, for example in ant colonies
[25], and makes cellular automata well suited for emulating many di erent kinds of

naturally occurring systems. For example how forest res spread [26] or how rock is
eroded to create caves.

Cellular automata can be modi ed by changing the birth and death limits, or by
changing which neighbours are taken into account when updating the state of a
cell. The number of possible states can also be changed; making it possible to
perform more complex actions than simply switching between two states [1, p. 42].
Cellular automata have been proven to be able to generate relatively good-looking
cave systems. This is done by applying the rules for a number of iterations on an
initially randomised grid of cells representing either cave walls or open spaces [27].

10
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2.7 Terrain Generation

Terrain and landscapes play an important role in many games, as they can provide

both scenery and gameplay opportunities [1, p.57]. The use of procedurally gen-

erated terrain has been prevalent in games for a long time, with one of the earliest

examples being ‘Rescue on Fractalus!" , where fractal algorithms were used to create
terrain dynamically during runtime [28].

One simple and very common way of representing a terrain is through the use of
heightmaps(or height elds), which essentially is a set of data containing height
values for the surface [29, p.71]. A way of generating procedural terrain is to
introduce noise into such a height map. While simply randomising each height
value in most cases will not result in anything that can be used as terrain, there are
several di erent methods using noise for constructing more suitable environments
[1, p.59]. Two noise algorithms are explained below, as well as how to make the
terrain more natural-looking by utilising fractals.

2.7.1 Value Noise

A simple way of generating a height map, value noise simply randomises the heights
of a number of starting points and then interpolates between them. The starting
points are set at a constant distance from each other, and that distance can be
adapted for the speci c situation. The range of the height randomisation can also
be set to a suitable value [1, pp.60-61].

The interpolation is done using a slope functios. For any point p in between the
starting points, the nearest starting points are given weights according to a chosen
function s(d), whered is the distance fromp to the starting point. If a point pis
1/10th of the way between lattice pointa and lattice point b, the height at p will be

(1 s(1=10)) height(a) + s(1=10) height(b) [1, p.60]. The shape of the function

s is what determines the shape of the terrain, and thus the choice of function has a
signi cant e ect on the result. Common functions to use are linear, cosine, or cubic
functions [30]. A linear function will create straight lines and sharp tips, a cosine
will have a rounded result, and cubic functions will produce slopes with varying
S-shapes depending on the coe cients used. The cubic functions can be said to
have the best results, but are also the slowest [30]. As can be seen in gure 2.1, the
cubic function produces a smoother curvature compared to the jagged lines of the
linear function.
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2. Theory

(a) Linear interpolation. (b) Cubic interpolation.

Figure 2.1: Value noise using di erent interpolation function. The linear interpo-
lation clearly results in sharper lines, and can be considered less natural than the
more rounded cubic interpolation.

2.7.2 Perlin Noise

Perlin noise works in a similar way to value noise. The di erence is that instead of
generating random heights, the starting points get assigned randastopes[1, pp.61-
62], while their heights are all set to the same value. Then the points in between are
given a height based on the surrounding starting point slopes. The height at point
p is calculated by, for each surrounding starting point, calculating what the height
of p would be if it were only a ected by that single starting point. That is done
through a simple calculation of the slope's value times the distance from that point.
If the slopes are two- or more-dimensional, this means using the dot product of the
slope vector and the distance vector. Then, the di erent calculated heights pfare
interpolated into a single value in the same way as the heights are interpolated in
value noise [1, pp.61-62].

Perlin noise is a more complex algorithm than value noise is, but since the compu-
tations can be optimised in various ways, it is not necessarily much more computa-
tionally heavy than value noise is [30].

2.7.3 Fractal Noise

One e ect of using noise functions is that the outputted terrain is very smooth and
uctuates at very noticeable frequencies because of the lattice spacing. Real terrain,
however, has variation at multiple levels, meaning that it has large mountains and
valleys, but as one looks closer, the same pattern occurs at a much smaller scale,
causing roughness to the surface. A way to achieve this e ect is through the use
of fractal algorithms [1, pp.62-64]. Due to their simplicity and computational

e ciency, fractal algorithms are a common approach for generating realistic looking
terrain, especially in game development [31].
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Figure 2.2: Fractal terrain created by adding multiple generated heightmaps to-
gether, which are in this instance generated using the midpoint displacement algo-
rithm.

The idea is that multiple heightmaps are created at di erent scales and are then
blended together. Initially, the large-scale properties are created with the high
intensity or amplitude of the noise function, and each following step the intensity is
decreased while the frequency is increased, as illustrated in gure 2.2. Hence, any
noise function can be considered a fractal noise algorithm if used in several passes,
but there are also other approaches to creating fractal terrain [1, p.63]. One of the
most simple and widely used is callechidpoint displacement[30].

Midpoint displacement works by initially placing two points and considering a line
segment stretching between them. The line is then split in half, and the centre point
is displaced randomly with some maximum intensity. This step is then recursively
repeated with each newly created line segment with a decreased displacement factor.
This process is further repeated until some terminating condition is met, such as if
a line segment is considered too short.

2.8 Diusion Limited Aggregation

Di usion Limited Aggregation (DLA) [32] is a sort of crystallisation simulation.
The algorithm starts with some initial structure, which is usually just a single point
(particle). New patrticles are then added, and do a random walk until they stick
to the already existing structure. After a particle gets stuck, it becomes possible
for other particles to stick to it, e ectively expanding the structure. This tends to
create crystal-like, branching structures as illustrated in 2.3.
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Figure 2.3: Example of a 2D DLA structure' by Alexis Monnerot-Dumaine under
the license of CC-BY-SA-3.0

DLA can be used to create the structure of a galaxy as is done in EVE Online [33].
The more random crystal-like structure could be a good t for irregular galaxies,
and with this method, the stars can be ensured to be connected and within some
minimum distance of each other.

2.9 Methodology

Beyond common issues in PCG and technical background to specic algorithms,
it is also important to re ect upon how one approaches the development phase of
a project. There are many di erent examples of software development processes,
where some examples of established methodologies are Scrum [34], Waterfall [35]
and extreme programming [36].
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The Waterfall model follows more traditional design principles where much time
is spent planning at the start of the process. This approach made sense in the
production of physical products, where the model originated, since many criteria
about the product have to be identi ed and specied early on in the process, but
has later been viewed as an archaic practice not well suited for software development
[37]. The reason for this is mainly that requirements for the product change much
more often in software development. This problem is something which the agile
development process tries to address.

Scrum is a software development framework that is part of the family of agile de-
velopment processes. It has a strong focus on working e ciently in small teams
with short iterations from one to four work weeks called Sprints. At the start of

every Sprint, a Sprint meeting is held where the previous Sprint is evaluated and
the features to be implemented in the coming Sprint are decided upon and planned.

Extreme Programming is another software development framework whose lead prin-
ciple is that if there is a development practice that is good, then that practice taken

to the extreme is even better. For example, code review, the practice of team mem-
bers reviewing each others code, is considered to be a good practice and taken to the
extreme this means that code review is done continuously throughout the project in
the form of pair programming.
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Process

This chapter aims to describe the general process of this project, explaining all of
the decisions that were made, as well as the reasons for why they were made. As this
project has gone through a very iterative process, it is di cult to express the entire
chain in chronological order while keeping coherency among the di erent technical
parts. Therefore, this chapter has been split into four pseudo-chronological stages.

3.1 Planning Stage

The rst stage of the project was to gather an understanding of the eld of procedural
content generation in games, and to formulate a plan regarding what the project
would focus on, both concerning goals and what problems would need to be solved.

3.1.1 Field Review

The project started by researching PCG in general and gaining a basic understanding
of the most common PCG algorithms so that it would be easier to discuss any speci ¢
ideas which anyone had. Further research was then done to explore how PCG has
been implemented previously and how each algorithm is best used. By now, a clear
trend had been noticed. Most of the research either focused on a particular type
of content, e.g. terrain, quests, puzzles, or was at the other end of the spectrum,
focusing on content generation in general. Also, much of the research seemed to be
focused on generating levels for platformers, with a lack of research which focused
on generating cohesive game worlds or generating di erent types of content and
combining them.

The lack of research regarding those aspects, and a shared interest in a few algo-

rithms, which are described in Chapter 2, led to the idea of a more speci c style of
game, ultimately leading to the nalised purpose of this project.
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3.1.2 Game Plan

Initially, several di erent game ideas were considered, stemming from the fact that
PCG is versatile and can be implemented in some capacity into pretty much any
genre. Eventually however, the game idea was steered towards a space exploration
game, since that could provide the opportunity to show several di erent environ-
ments. The idea was to create a galaxy composed of stars surrounded by planets.
The player would then travel between these di erent planets and explore their dif-
ferent environments.

Generating a full galaxy to explore seemed like a good t for the project for several
reasons. Firstly, because it could showcase the power of PCG in the sense that
creating so many stars, planets and levels by hand would be a herculean e ort, but
can be done in a few seconds by a computer. The task of distributing the stars
and planets alongside the generation of the individual planets would also open up
interesting but separate problems to solve. Additionally, for the di erent planets

to feel distinct a lot of variety would be needed, allowing for many di erent PCG
methods to be implemented.

There was some discussion about whether the gameplay on the individual planets
should be displayed in a side view or seen from above. Both methods have several
potentially interesting problems and opportunities for PCG, but eventually it was
decided upon a side view. A side view makes it easier to in an intuitive way show
planet surface altitudes and also allows for the player to explore both the surface and
the interior of planets in a single screen. These attributes were the main reason for
why a side view was chosen, because solving the issue of generating planet surface
altitudes and cave structures seemed like interesting problems to tackle.

Another element that was early decided should be implemented was a set of galactic
parameters. These parameters were planned to be things such as sun size, planet
gravity, wind speed, and similar things. The idea was that these parameters should
be generated in di erent stages and a ect the content generation of other systems.
Some parameters would be created on their own for the galaxy, which would then
in uence the parameters created for the solar systems which would then nally
in uence the planets. The question of exactly what most of these parameters would
be and how they would a ect generation was left until later, because the team
was not yet sure exactly how modi able the di erent generating algorithms would
be. However, one parameter that was fully de ned at this stage was thalien
presence This would would represent the spread throughout the galaxy of an old
alien civilisation. One solar system in the galaxy would be appointed as their home
system, and the closer a solar system was to that home system, the more alien
remnants should be found on the planets within that system.
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3.1.3 Problem Identi cation

After the game idea had been established, a discussion was held about what the
most important issues concerning the project were. Creating a game as described
in 1.3 was separated into making the three stages: galaxy, solar system, and planet,
and then connecting these.

Regarding the galaxy, there were two crucial aspects: properly placing the stars
in the galaxy and generating the attributes of each star. The placement of stars
should be done in a way that feels natural to the player and is suitable for gameplay
in a nished game. For example, to avoid making it tedious to navigate from star
to star, they should not be placed too far away from each other, but an otherwise
seemingly realistic galaxy was deemed appropriate. The stars' attributes would be
used to create variation on the planets, and should be chosen based on that. At
this stage, there were no decisions made yet about exactly which variables would
be included, but examples such as alien presence, size, temperature, and age of the
star were brought up. It was also considered important to name the stars so that it
would be easy to distinguish between them.

The solar systems similarly needed to place planets and generate attributes for them.
Here too the placement should feel natural to the player, creating a need for at
least partial realism, and be suitable for gameplay. Attributes that were considered
for the planets were temperature, ability to sustain life, size, and humidity. Of
these some would depend on the star's attributes, but not all. The way that the
star's attributes a ected the planets should also be done in ways that could provide
interesting variation, for example by having several parameters depend on each
other.

The planets are where most of the gameplay would take place as well as where the
di erent variables should show their e ects. What these e ects should be was not
decided yet but some possibilities included surface structure, appearance of caves,
amount of buildings and amount of vegetation. It was planned that the decisions
on what to include should be made later on.

What was decided at this stage was that as the player should be able to explore
both above and under the planet surface, there should be e ects of the parameters
clearly visible in both areas. This should include e ects on the terrain as well as

on the inclusions of various points of interest such as spreading re, vegetation, or
decorative objects.

3.1.4 Choice of Methods and Tools

This project dealt with many, largely separate, issues which made it easy to divide
the work into smaller parts and allowed team members to work in parallel. When
choosing development process the waterfall strategy was quickly dismissed, as it
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is not very suitable for software development. The team instead used an agile
development process inspired by Scrum, where tasks were assigned on a weekly
basis. Each week, the team evaluated the work which had been done the week
before and set goals for the following week while keeping upcoming deadlines for
the project in mind. All issues were split into as small tasks as possible to facilitate
this work ow. In order to keep track of the tasks an online planning board called
Trello was used. Google Drive was used to share various documents within the group
e ciently, and Slack was used for online communication.

Both version control and code sharing were accomplished by using Git [38] through
GitHub [39]. It was also planned that code reviewing would be enforced through
Git. Before any changes were to be committed to the code base, someone other than
the author was supposed to review the code. It quickly became apparent that this
was more of a burden than initially estimated. Because the di erent members of the
team worked on such di erent parts of the code, other people's work was hard to
review. The time required to get a deep enough understanding of the written code
to be able to point out issues was often deemed too great to a ord.

To help alleviate this problem, the team moved more towards the practice of pair
programming. This was inspired by extreme programming. By working together
when designing systems and writing code, there is always at least two people there
to spot any potential issues. In this way something akin to the e ect of continuous
code reviewing can be achieved, hopefully reducing the number of revisions needed.

3.2 Base Implementation

During the next part of the project a plan had been formed, and the initial ground-
work of the project started up. The goal was to get the di erent core components of
the system up and running as quickly as possible so that a foundation which could
be demonstrated and expanded existed.

3.2.1 Code Architecture and System Design

Due to the team's shared experience with the language, Java [40] was chosen as
the programming language for the development of the product. Furthermore, it
was decided that the game development toolkit LibGDX [41] should be used for its
tools regarding window handling, input and especially its graphics framework. This
framework was chosen because the team had previous knowledge of it and thanks
to its simple to use graphical methods. The functionality of LibGDX was expected

to heavily facilitate the development phase of this project; project structure would
also have to be built with their integration in mind. Though the project is heavily
constrained regarding game mechanics, it was decided that some basic physics would
be needed in order to demonstrate it adequately. Thus, it was later decided that
LibGDX's physics framework Box2D and lighting engine Box2DLights should also
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be included.

Before any actual implementation could start, an overall system architecture had
to be decided. A few common architectural design patterns were discussétbdel-
view-controller (MVC), a pattern which is commonly used to separate logic from
view data [42], was among the most discussed patterns out of those, though it was
decided that this project should not follow MVC to a full extent. The motivation
for this was that within LibGDX, it is customary for game objects to include both
model and graphics data. LibGDX o ers its own architectural solutions in their
framework, however, it was decided that those should not be used either in order to
ensure that the architecture could be tailored to this project, to not be limited by
their implementation. Both MVC and LibGDX's architecture however inspired the
nal architecture.

Since the project would have at least three di erent stages, it was necessary to have
an architecture that supported smooth transitions between them. As those stages,
in this case, are arranged in a hierarchical order, it would also be necessary for the
state in each stage to be preserved between transitions. If a player were to return
to the galaxy after visiting a particular solar system, everything should be exactly
as the player left it, without any extra processing. Since the transitions between
these stages would always happen hierarchically (e.g. planet to solar system or vice
versa, never planet to planet), it was decided that the stages should be stored in
a stack-like data structure. By doing this, it would be easy to create or remove
stages while preserving parent stages' states and never having to store more than
one instance of each unique stage at any given time.

For this storage system to work, all generation had to be deterministic. What this
means is that given the same initial input parameter to a generator, it should result
in identical output. If this requirement was not upheld, then every time a specic
planet or solar system was revisited, it could have changed drastically for no reason
since each stage is regenerated from scratch every time it is visited. While our
generators aren't deterministic, they all base their randomness on Java's random
class which is deterministic. Thus we can ensure determinism by initialising each
random instance with the same seed each time.

Each level (at the planet stage) was represented by a matrix containing data for
all tiles, since that would enable quick access to each tile in the level, making it
easy for di erent generators to modify the level at speci c coordinates. Another
approach could have been to have tiles as individual objects which keep references
to their neighbours, which would make it possible to have a dynamically sized level,
but would make it slower to access speci c tiles and would use more memory.
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3.2.2 Game Mechanics

In order to adequately showcase the generated content, a few basic gameplay me-
chanics had to be implemented.

The game started with a view of the galaxy, showing a multitude of stars. In order to
navigate the galaxy and solar systems, controls were implemented to make it possible
to move the camera and select individual stars and planets. A player character was
created for exploration of the individual levels. This character can y around the
levels freely but is a ected by a constant gravity which pulls it downward.

The LibGDX library Box2D was used for physics handling on the planets, which
requires speci c collision forms to be speci ed for all objects that should be solid and
interact with each other. Initially, an individual collision box was stored for every
tile present on a level, which worked ne with small levels. However, as soon as the
level size was increased, memory issues appeared. This issue was solved by instead
only storing collision boxes in an area around the player which was updated as
needed. The rst implementation of this solution simply stored a matrix of collision
boxes, which was emptied out and re lled every time the player moved between two
tiles. Even though this design did not have an especially noticeable performance
impact with the area size used, the system was redesigned to increase scalability
and performance.

The optimisation was done so that instead of updating the full matrix every step,
only one row or column was updated at a time. When the player moved one step in
a direction, the collision boxes for the tiles that the player moved too far away from
were replaced with new collision boxes for the tiles that the player was approaching.

3.2.3 Galaxy

The rst issue was to decide what aspects are important when generating a galaxy.
Due to the potential gameplay and generation being considered more important than
realism, the generation need only be semi-realistic. There are several classi cations
of galaxies but one of the most common and perhaps widely recognised is the spiral
galaxy, so this was chosen as the model [43]. Limited research has been found
regarding this topic, but there are several other, similar algorithms available for
generating a spiral galaxy, for example, Evan's work [44].

There is also research done in creating large-scale game worlds e ectively with an
implementation of a galaxy generator similar to the above implementation [45].
While creating a full-scale galaxy could be done using Carpenter's work, doing so
would probably take too much time and be out of scope for this project. At the
same time, the need for a large galaxy is not great since exploring it would take too
much time for the player and though maybe not preferable, a new one can always
be generated.
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The implementation in this project is based on Evan's idea but adapted for two
dimensions which could be done without much trouble. A core is generated with
2-6 arms spread out evenly around it with each star rotated around the centre to
create a swirl e ect. The result is a fairly realistic looking spiral galaxy as can be
seen in gure 3.1.

Figure 3.1: A generated spiral galaxy

The next issue was to implement some variation to the generated stars. This was
done while keeping in mind both what is suitable for the game as well as some
realism. Again, what most players would recognise was chosen and implemented
with some degree of realism, e.g. the types of stars and their mass and temperature.

This is also when the aliens, and their presence throughout the galaxy, was imple-

mented. A random solar system was picked as the alien home planet, and then the
level of alien presence for each solar system was set based on that. Lower presence
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further from their home planet was desired, but at the same time, either extreme
(none or max presence) should sometimes occur even if the star is close or far away
from the alien origin as this would showcase how varying levels of alien presence
a ect the generation of planets without forcing the player to travel long distances.

3.2.4 Solar System

The generation of the solar systems, like the generation of the galaxy, did not have
to be very realistic. The important part was that it did not actively seem too
unrealistic. Due to this, the model for the solar system was kept as simple as
possible, with little to no scienti ¢ basis behind the design choices. The reasoning
behind this decision is that the solar systems and their planets serve as no more
than a vehicle for level selection. Furthermore, since the purpose of the project is
not to generate scienti cally valid solar systems, it was deemed unnecessary to waste
valuable time on any physics simulation.

As a result of this choice, there are many phenomena that can be seen in the real
universe which were deemed unnecessary. For example, it was decided that neither
black holes nor star systems with several stars orbiting each other should be included.

Furthermore, some simpli cations to the model were merely done because they

would not be conducive to the game idea. For example, it was decided that no gas

giants should be included as they cannot be conventionally explored.

With all that in mind, it was decided that the solar systems should consist of a single
star with at the very least one planet orbiting it since there would be no point to a
solar system with no planets to explore. Figure 3.2 shows an example of a generated
solar system.
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Figure 3.2: An example of how a generated solar system can look. The sun is in
the middle, surrounded by planets of di erent types. Planets outside the view of
the screen are shown by markers along the edge of the screen.

3.2.5 Surface

Surface generation was considered a key focus since the surface would be what the
player rst sees on a planet. Thus, there needed to be a signi cant amount of varia-
tion for the surfaces, to make planets distinguishable and provide opportunities for
exploration. The goal during this stage was to get a functioning terrain by beginning

to test a few methods. A review of the research eld revealed that noise functions,
especially fractal noise functions, are a common way of generating terrain. This
because they can create somewhat realistic-looking terrain without being too com-
putationally heavy. Many are also quite simple to implement. Three oft-mentioned
noise functions were tested: midpoint displacement, value noise, and Perlin noise.

For this rst version, value noise and Perlin noise were done in a single pass only.
The implementations were not perfect at this point; they could generate a surface,
but they were not polished. The Perlin implementation, in particular, was not
implemented correctly. Figure 3.3 shows the sharp, unnatural turns it produced at
this time.

24



3. Process

Figure 3.3: An example of the unnatural look of the Perlin noise algorithm, re-
sulting from a faulty implementation.

No decision was made at this stage about how to use these algorithms. Some
possibilities that were discussed were to choose one and use only that in the nal
product or use two or three and change which was used based on what the planet's
parameters were. Perhaps one would be more suitable for a windy planet than the
others. It was decided that the algorithms should be tried out and evaluated for
usefulness later.

The surface generation also needed an interface with the cave generation. They
both had access to the same level grid object, so they needed to be compatible. To
keep them as separate as possible, it was decided that the surface would take care of
everything above a surface level that was set for the Level. In this way, they were not
dependent on what the other did and could be executed in any order. However, this
total separation led to some problems and needed to be changed later (see section
3.3.4).

3.2.6 Caves

Another very important part of the levels are the cave systems. Cellular automata
are a common way to generate caves, and for this project, an online tutorial [46]
was used as a starting point for the implementation. The algorithm described is a
simpler version of Conway's game of life. In Conway's game of life a living cell can
die both from starvation (too few alive neighbours) and from overpopulation (too
many alive neighbours), but in the simpler version, the overpopulation criterion is
removed. Instead, a cell becomes alive if enough of its neighbours are alive and
it only dies if there are too few neighbours that are alive. If there is a di erence
between the birth limit and death limit, then the state of the cell does not change
if its number of live neighbours is between the two limits. This led to fairly good
results, as shown in gures 3.4 and 3.5.

25



3. Process

Figure 3.4: The earliest implementation of a cave.

Figure 3.5: A slightly improved cave with a player character, although still pro-
ducing narrow passages.

3.2.7 Name Generation

A decision was made to generate names for stars and planets, in order to make
them easily distinguishable from each other. This also provided the opportunity to
investigate another type of generation.

As mentioned in Chapter 2, both Markov chains and formal grammars can be used to
generate text, and by extension, they can also be used to generate names. Therefore,
the rst order of business was to decide on which method to use.

The primary requirement for the name generation was that it must be able to
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generate a considerable number of names due to the immense number of stars and
planets that are generated. Fortunately, this requirement was all that was necessary
for a decision. While the fact that formal grammars need to be designed by hand
does ensure that all the generated names are of high quality, it does make it much
more di cult to generate a large set of names. Markov chains, however, only need
to analyse a training string to be able to generate an extensive set of names which
makes it a much more appropriate approach to this problem.

Since the theory behind Markov chains is relatively simple, an n-gram Markov chain
could be implemented quickly and without any issues. More speci cally, n was set
to two as this provided a good balance of quantity and quality.

However, some issues still needed to be solved. One of the most important issues was
the di culty of nding good input data to be analysed. In the end, this proved to

be the most challenging issue as experimentation was necessary to nd a set of data
that resulted in output that felt tting for astronomical objects. A set consisting

of the names of Roman deities, Roman place names and constellations resulted in
output which was, for the most part, satisfactory.

3.3 Feature Completion

During this phase of the project, most of the work was put into combining the
di erent existing systems into a more cohesive whole and re ning them from their
initial implementations into something better.

3.3.1 Parameters

At this stage, work began on the parameters that should in uence the generation
of planets. This work consisted mostly of deciding which parameters should be
included and how they would depend on each other.

The parameters were discussed in two layers, for the stars and for the planets. The
stars were given a few parameters: alien presence, temperature, mass, and state,
with state meaning whether the star is a white dwarf, a regular star, a giant, or a
supergiant. These types of stars were chosen as kinds of stars that players would
likely recognise.

The planets were given a larger number of parameters: size, temperature, gravity,
humidity, wind speed, and alien presence. These were chosen based on what seemed
likely to be possible to integrate with the level generation and give a noticeable
result. The planets were also given planet types, which included ice planet, verdant
planet, desert planet, and lava planet. A planet's type was calculated based on
its temperature and humidity, and di erent tilesets were made to distinguish be-
tween the types. The aim was also that later, the level generation would take the
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parameters into account in a way that would further di erentiate the planet types.

3.3.2 Caves

The caves up to now had been quite narrow and di cult to navigate. To solve this,
di erent values for the automata birth and death limits were tried, as well as the
initial distribution of wall and space tiles, but this made little di erence. What
did help was including more neighbours in the calculation of each cell, making a
cell depend on all cells within two tiles in each direction. This is commonly done
in cellular automata, and it helped make it easier to ne-tune the death and birth
limits since the granularity became greater.

Earlier, the caves had had a very strict area in which they were generated. This led
to a sharp line where the surface generation began, and the mountains in that part
of the map had no caves, as can be seen in gure 3.6. It was decided that the caves
should be made to go up all the way to the surface and to do that, the interface
between the surface generation and cave generation was changed. Instead of having
the algorithms operate on separate parts of the map, the surface generation was
now done rst and simply marked tiles close to the surface. The caves were then
generated on all tiles below the marked ones.

Figure 3.6: A clear distinction can be seen between the caves and the mountainous
surface.

Cave openings were also implemented during this stage. At rst, the idea was to
create the surface rst and then mark spots that should be made into openings to
the caves on it. Then the cave generation should be done in such a way that it
would always generate reasonably large connected systems from the opening spots.

At rst Diusion Limited Aggregation (DLA) was considered for this speci c cave
generation, which would guarantee paths leading away from the opening. DLA's ten-

28



3. Process

dency to create branches seemed promising for creating paths in the caves. However,
this approach proved to be quite a time costly procedure due to the random walk
element of the algorithm. It would frequently freeze the game for several seconds
during the level generation, so another approach was needed.

The new approach was to generate the caves before the openings, and then make
openings in suitable places. This was done by nding a random point on the surface,
then checking whether there was a large enough cave beneath it. Given the random
element, repeating this until the preferred number of openings had been made could
theoretically result in long computation time, so the number of tries was limited to
200.

The question of how many openings there should be on a planet was left until later.

3.3.3 Parallax Background

A simple solution to further create a sense of immersion to the planet's surface was
to implement basic parallax scrolling backgrounds, a technique which many games
have employed since the early 80's. Introduced in 1982 with Irem's Moon Patrol
[47], parallax scrolling is a technique where di erent speeds are assigned to di erent
elements of the background and the foreground [48]. Basically, elements which are
further away from the player move more slowly, which creates an illusion of depth
and more realistic movement in an otherwise at 2D scene.

The idea, in this case, was to generate mountains in the distance, which in itself was a
fairly straightforward task as multiple algorithms for terrain generation were already
implemented. To keep it simple, it was decided that the number of background layers
should be limited to two in this implementation. To preserve performance, it was
decided that each parallax should not generate in nite terrain, but instead only
produce repeatable chunks as this was believed not to make a noticeable di erence
to the player. Thus each layer is made out of two images at the size of the game's
resolution that are always drawn beside each other. This is shown in gure 3.7.
As one image distances o on one side of the screen, it is moved to the other side
preventing any gaps in the background.
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Figure 3.7: An early version of parallax backgrounds, where both images are set
at the same average height.

Initially, the layers only tracked the camera's horizontal movement. This did not
look very pleasing, so a slight vertical tracking was also included. At this point,
some artefacts started to appear. For example, it was noticed that the terrain was
generated at a di erent altitude depending on the algorithm, causing the parallax
to look misplaced at times. Furthermore, there was no requirement at this time that
the terrain had the same altitude at the start and end position, and thus sharp edges
could occur at the point where the image was repeated. This led to the realisation
that the terrain generation needed to be refactored. After this was nished, the
angles of the slopes near the start and the end of the images were similar enough to
look natural.

3.3.4 Surface

At this stage, the work done on the surface revolved around xing bugs and adapting
it to other systems, most notably the caves and the parallax. The bugs in Perlin
were xed so that it also produced acceptable terrain.

The parallax system needed to use the surface algorithms several times and needed
them to be able to mesh together without any noticeable seam. Value noise and
Perlin noise did not necessarily end and begin at the same height, see gure 3.8. To
x this, the terrain was simply set to always start and end at height 0. Midpoint
displacement already did this from the design of the algorithm, and value noise was
well suited for this simple x since it works by interpolating between random heights
either way. Perlin was a bit more complicated since it works by slopes, merely setting
the height to O could still result in a very bad match-up of slopes as two heightmaps
were joined, see gure. This was resolved by setting the slope at the rst and last
point to zero as well.
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Figure 3.8: The ends of the surface segments used for the parallax did not match
up.

The noise functions used for the surface all generate heightmaps, which means that
more irregular terrain formations, such as raised plateaus or cave overhangs are
improbable or impossible. Finding another way to include features such as these
was discussed, however, the only relatively simple method found was to create chunks
of terrain with these features and then placing them during the generation. This
solution was judged as being too focused on handcrafting for this project and was
therefore not included.

Another extension to the terrain generation could be to simulate erosion, which
usually works by dissolving material from slopes in the terrain and transport it
downhill. This often smooths out the surface, enhances steep slopes and creates a
atter base, which may result in a more realistic looking terrain [49]. It can however
also be used to do the opposite to create more elevated plateaus [30]. It is not
clear how well erosion would have tted into this project, as the smallest unit in the
terrain is a tile which is quite large. As it was uncertain how the result would look,
and it was expected that integrating erosion could be very time consuming, it was
set aside for more highly prioritised features.

The nal work done on the surface during this stage was that the planet types

were made to a ect which surface algorithm would be used. No other use of the
parameters was implemented yet.
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3.3.5 Rooms Underground

At this point, a rudimentary cave generator was implemented, but it did not gener-
ate anything particularly interesting yet. Many games in the roguelike genre have
dungeons that consist of only rooms connected by corridors [6], and that is how the
idea of combining natural looking caves with arti cial rooms inside of them rst
came up.

At rst rooms of random sizes were simply placed at random in the cave, which
meant that rooms could overlap, something that often did not look very good.
Instead of facing the problem of classifying if an overlap is inappropriate or not
head on, the problem was circumvented by not allowing any overlap at all which
was achieved by using Binary Space Partitioning to divide the map into smaller, non-
overlapping, parts where it is certain that rooms can be placed without creating any
overlaps. This partitioning also allowed the rooms to be grouped in small clumps
instead of being more evenly spread out. This choice was made because it seemed
more realistic and perhaps more interesting.

The next big challenge with creating rooms was the creation of reasonable doors.
Since the rooms are placed in an already existing cave, the doors should be opened
so that the room is reachable from the rest of the cave and so that the player can
get deeper into the cave system. Preferably, there should be doors in the room that
lead to all di erent openings in the surrounding cave, but there should not be any
doors which lead straight into a cave wall. The di culty lay in identifying unique
cave rooms so that only one door is opened to each of them. This is because it does
not generally make much sense to have two doors right next to each other that lead
to the same place.

At rst simply making a xed number of doors for each room was tried. It worked

by simply choosing a wall block at random and if it had a large enough cave outside
it, it was removed together with one of its wall neighbours. This approach led to a
few problems however. First of all it was possible for doors to end up far too close
to each other and lead to the exact same cave, which does not make much sense and
looks quite bad.

3.3.6 Surface Buildings

To make the surface more interesting and to showcase the presence of aliens on
the planet more, it was decided that buildings should be added to the surface. A
seemingly simple solution was to nd at areas and create rectangular rooms on
top of these, with doors on each side to allow the player to access them. Building
several rooms on top of each other was done to create several oors for each building
and running the algorithm more than once enabled smaller rooms to be built on
top of already existing rooms to create tower-like structures. All of this was scaled
depending on the level of alien presence on the planet. Low alien presence generated
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some basic structures to resemble a small colony while higher levels generated both
taller and more numerous buildings to resemble a city of some sort.

Due to the nature of the surface generating algorithms, most structures were gen-
erated on top of hills or at the bottom of valleys, as most other spots were not at
enough. The severity of this problem is dependent on which surface algorithm is
used, which in turn depends on what type of planet it is. Another problem was that
the rooms only have one shape which means there is little variation in the result.
While the generation still had some problems it was deemed good enough to focus
working on other parts instead.

3.4 Expanding and Polishing the Game

During this stage, most of the key features that had been planned from the start had
been brought into working order. What was left was to properly use the parameters
from the galaxy and solar system to adjust how the planets looked. Other than
that, some extra features such as re and decorative items were brought into the
game. This stage also held a fair amount of bug xing and refactoring.

3.4.1 Parameters

At this stage, the properties of planets on the solar stage were changed to depend
both on the parameters from the galaxy stage and on each other. This change was
made to increase the cohesion in the game world by attempting to give more reason
behind the values.

Afterwards, the work with parameters mostly consisted of actually integrating them
with the other systems on the planet, which unfortunately proved to be di cult. The
problem was using the parameters in a way which could give noticeable variation in
the generated content beyond choosing di erent planet types or surface algorithm
etc.

3.4.2 Game Mechanics

As the project progressed, a few additions and improvements were made to the basic
game mechanics. The upwards force applied to the player character was no longer
constant as the player pushed the up key. Instead, the force gradually increased as
the up key was kept pressed, up to a maximum force. This change made the controls
feel a bit more natural, similar to an engine working its way up to maximum power,
and made it easier to ne-tune the player's altitude. In addition to this, the gravity
that the player is a ected by was changed from a constant value to one based on
the gravity generated for the current planet. Furthermore, to facilitate debugging,

a debug mode was added. While not very extensive, it enables zooming in and out,
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so that it is easier to see the whole level or minor details, and the ability to break
blocks, to be able to traverse the level in a faster manner.

Figure 3.9: The player character in a cavern close to the surface, with sunlight
spilling down into the cavern.

In order to make the game a bit more visually interesting, the lighting engine
Box2DLights was implemented into the game, as seen in gure 3.9. It had the
added bene t of enhancing the exploratory part of the game. By only being able to
see that which was lit up by the sun or the player character's light, it made it more
tricky to nd a way through the dark cave systems.

Figure 3.10: The main menu of the game, with an input eld for a seed.
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Up until this point the galaxy was always generated from the same initial randomi-
sation value, also called a seed. To more quickly be able to try out di erent seeds
and to give a less abrupt introduction to the game after start-up, a menu screen was
added, see gure 3.10. In this menu screen, the player can enter any arbitrary string,
which is then parsed into a seed. The menu made it possible to generate galaxies
based on di erent seeds while still including the ability to reproduce the same galaxy
again thanks to the deterministic generation of the system in an intuitive way.

3.4.3 Fire

The procedural content generation discussed so far has been focused on static en-
vironments and play areas, i.e. things that do not change over time. However, it
might be interesting to explore systems which are dynamic and change over time,
for example, having some re that spreads while the player is exploring the level.
Simulating how re spreads by using cellular automata is an established method [26]
and was therefore used for this purpose.

The basic idea of how it would work was that re would be able to start some-
where in the cave during runtime randomly and would then spread by using cellular
automata. Unlike in Conway's Game of Life, there was no reason for cells to die
due to overpopulation as in this case that would represent re being extinguished
because of too much re nearby, which did not seem very reasonable. In the game
of life cells also die because they have too few neighbours; this could certainly be
implemented to some extent to represent res dying out because they are not hot
enough. However, this did not seem like a good rule either, since res often start
from a small spark and then spread to become very big. Instead, it might be more
reasonable to let a cell die after burning a certain amount of time, representing the
re running out of fuel in that cell. Finally, a rule that allows the re to spread was
required. In Conway's Game of Life, that rule is simply that any cell with precisely
three alive neighbours also becomes alive. That did not seem suitable for res since,
as mentioned, res can spread from a single starting point.

Other options considered was to have the limit at one or two alive neighbours.
Regardless of which of these options are chosen, it was deemed a good idea to
introduce some uncertainty and give the re a certain chance to spread if able. This
was to make sure the re does not spread too fast, which is also a good idea from a
gameplay perspective since it would be quite boring if the re always spread across
the entire map if it starts somewhere. The advantages of spreading with just one
alive neighbour could be that it is realistic in the way that there does not need to

be a large re for it to spread, but the downside is that the re can spread in a very
irregular way as can be seen in gure 3.11.
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Figure 3.11: In this gure the re has a chance to spread to a cell if that cell has
at least one neighbour that is on re. The re is moving upward and in the middle
there is a rather large line of re that by chance got ahead of the rest.

If the re only spreads to a cell if that cell has two or more neighbours that are
burning, then it looks more like in gure 3.12. The re stays more grouped and
spreads in more of a wall shape which was considered more realistic and is why this
option was implemented.

Figure 3.12: Inthis gure cells need two neighbours on re to start burning. Here
the movement of the re is more cohesive.
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3.4.4 Trees

At this point, the above-ground portion of the levels was mostly empty, aside from
the occasional building. One of the ideas which were proposed to remedy this was
to generate some vegetation for the levels since that could be appropriately done
with PCG [1, p. 73].

The development of the tree generation went through many changes. At rst, simple
trees were generated with a recursive method as this was very simple to implement.
However, this approach quickly proved not to be very exible, and it was di cult

to generate di erent kinds of trees with it aside from the very simple tree seen in
gure 3.13

Figure 3.13: Recursively generated tree.

As a result, the recursive approach was scrapped in favour of L-systems. Initially,
L-systems were ignored because of their perceived complexity relative to time. How-
ever, since this appeared to be the industry standard, with plenty of information
available, it was deemed worth the e ort in the end albeit with some compromises
to simplify the development. A majority of the examples illustrated in The Algo-
rithmic Beauty of Plants by Prusinkiewicz and Lindenmayer, [21] are rendered in
3D, with only a few of the examples beinf rendered in 2D. Since implementing the
system in 3D seemed much more involved than doing it in 2D, it was decided to
limit the implementation to 2D even though it would limit the strengths of the gen-
eration. Furthermore, only the simplest kind of L-system was implemented, neither
stochastic, nor context-sensitive nor parametric aspects were planned to be included
due to their increased complexity.
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Since L-systems are a kind of formal grammar, it was rst necessary to implement a
system which can hold a set of rules and use them to expand a string. After that, the
graphical aspects were implemented. With this in place, it was possible to generate
trees based on grammars. However, a speci c grammar always generates the exact
same kind of tree, so variation between individual trees had to be accomplished
elsewhere. Variation was achieved by introducing variables which govern the way in
which an individual tree grows. Since time was limited, only a few variables were
added, for example, initial height and width, height and width contraction and a
rotational angle, although it is possible to have much more speci ¢ variables. All of
these are chosen within an interval which had to be manually con gured since most
values do not lead to satisfactory results. In fact, a signi cant amount of time was
spent ddling with both the graphical aspects of the trees as well as the variable
intervals since it was di cult to make everything satisfactory. More experience with
LibGDX and OpenGL might have made this process simpler.

At this point, the actual tree generation was nished, however, since all trees were
rendered directly in the level the trees came with a rather hefty performance loss.
By rendering each tree to a texture and then simply rendering the texture instead,
it was possible to decrease the computational complexity of the trees drastically.
After this, the tree generation was considered satisfactory and thus nished.

3.4.5 Surface

The surface had been almost completed for a while, but during this stage, some
more bugs were handled. Perlin was not smooth, in many places one single block
would be either one step above or below its neighbours, which was determined to be
a problem. It was solved by simply using a smoothing function on the result, setting
every point to the average of itself and its two neighbours. Other than that, Perlin
and value noise both had troubles with their end sections. Since both methods work
by calculating the heights of most points by the two nearest x points, they both
needed to have a x point at the end of the level. Because of rounding issues, this
meant that the nal segment could be shorter than the others, sometimes much
shorter. In some cases, this led to abrupt height di erences (as seen in gure 3.14)
since the algorithm would be trying to t the same height change into a smaller
lengthwise distance. This problem was avoided by removing the second to last
x point. The last segment would then be longer than most others, not shorter,
resulting in more drawn-out height di erences instead which resulted in much less
noticeable seams between the endpoints and their neighbouring point.
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Figure 3.14: Small, steep bumps in the parallax, which were xed in this stage.

In this stage, the Perlin noise and value noise algorithms were also redone to use
several passes, for an approximation of fractal noise. This led to the results looking
more natural.

Other than xing bugs, the nal adjustment to the surface was to involve the planet's
parameters more in deciding how the surface would look. All three algorithms were
made to make gravity a ect the height of the peaks. Midpoint displacement was also
made to use the wind speed to determine the roughness variable: higher wind speeds
meant less rough terrain, emulating the stone being smoothed by the elements.

3.4.6 Liquids

Initially, a water system was to be implemented using cellular automata, with each
cell containing their level of water. Research has shown that it is possible to use
cellular automata to create both complex models of liquids as well as simpler im-
plementations which are more suitable for use in games [50][51]. During the devel-
opment of the water system, it became apparent that it could be reused for liquids
in general if some parameters were changed. In this project, it could be suitable for
both water, lava and perhaps some uid alien substance.

Using a simpler implementation, a cell would be one game block in size. Each cell
would then update its values depending on the previous state of the system and a
few rules. This presented a few problems; since each cell updates purely depending
on the previous state, more than one cell could ow into the same cell and create
an over ow of water. Handling this could be done by returning the extra water to
the neighbouring cells on the same height coordinates. Another problem was how
the water would ow in discrete steps, i.e. one tick empty, one tick lled, which

is very unnatural. Allowing cells to update depending on the current state would
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partly solve this, but the problem would still be present if the cells were updated in
the wrong order. How the water would be displayed when owing down sides was
another problem.

Without a clear solution at the time, a di erent approach to the water system was
explored. Creating a water cell for each “pixel' in the game could create a smoother
simulation. At the same time, allowing the cells to update on the current state of
the system while making the di erent directions of movement into separate steps
further smoothed out the simulation. As a result, all cells rst tried to move down,
and then if they had not moved, they tried to move sideways. Keeping the direction

of a cell when moving sideways also created a more coherent movement, i.e. each
cell has a sideways direction stored to stop it from moving back and forth between
two cells.

Figure 3.15: Block-based water cells, showing some issues of over ow and visual
representation.

Figure 3.16: "Pixel-based' water falling and spreading out.
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While this system created a more realistic and smooth simulation in most cases (see
gure 3.15 compared to 3.16) it still had some glaring problems that could occur if
water spawned in certain ways. This system also presented a scaling issue. A game
block full of water would be 64 cells, with each of them being frequently updated.
Solving this could be done by either not updating cells outside some distance of the
player, or by marking stable cells not to be updated unless changes to the terrain
occur. With limited development time left and problems with both scaling and the
movement of the uid, the liquid system was not included in the nal product.

3.4.7 Tile System

As was explained in section 3.2.1, the data structure of a planet level consists of
a large matrix, where each cell of the matrix holds the information for one tile of
the game world. Initially, this tile data was just a very simple index system. For
example, if a cell contained the number one, that tile would be a cave-rock tile, and
if it contained a 3, it would be a dirt tile. All of those tiles were de ned arbitrarily,
and this system worked well on a small scale. However, it was quickly shown not
to be exible when new tile types were added to the game. In this system, each
time a new tile type was added, extensive changes had to be done in the code. For
example, even when simply adding another kind of simple, solid tile, it was necessary
to update the line of code where collision detection is done, adding the tile's number
so that its type is included in the collision detection.

To x this issue, the system was redesigned. Instead of the matrix holding numbers,

it instead holds references to prede ned tile types. These tile types each have a
number of tags associated with them which other systems can access. These tags
can be things such as Solid, Diggable, Background or other such attributes that
di erent systems might care about. This change makes it possible for any system
which depends on tile types to simply check if the tile has the relevant tag. As a
result, it is much simpler to add new types of tiles, as all that needs to be done is to
create new sets of tags describing them. In the same way, if a system is interested
in a speci ¢ set of tiles, one need only create a new tag describing the tiles and add
it to them.

Additionally, even though much more data can be accessed from each cell in the
matrix, not much more memory is used. Each entry in the matrix is merely a
pointer to an enum de nition; there is no class instantiation happening.

3.4.8 Decorative Iltems

In order to increase the number of things to nd on the di erent planets, a system
was designed for adding decorative foreground and background images to the levels.
Some examples of such items are shown in gure 3.17. This system was implemented
by adding an additional matrix to the level data class. This matrix had a list for
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each tile in the world, and that list then contained decorations to be drawn there.

It quickly became apparent that certain decorations needed to be linked to certain
tiles, since if they were not, owers could start oating mysteriously in the air if
the ground beneath them was removed. The link would ensure that the decoration
would be removed along with any of the linked tiles in case the tile was destroyed
(for example by a generator modifying the world after a decoration has been placed).
The linking was implemented by letting each decoration store the tile positions they
are dependant upon, and then get noti ed whenever a tile is destroyed. If the
destroyed tile matched one of the ones the decoration was linked to, it removes itself
from the decoration list containing it.

Considering that many decorations might be added, it was deemed important that
the process of creating and adding new decorations is as simple as possible. This
was achieved by requiring, at most, width and height of which the decoration is
dependent on. This width and height simply state which other tiles around it the
decoration is dependent on. An extra pass during the level generation then goes
through the level to nd suitable spots for them. For example, owers are placed
with a certain percentage chance above every grass tile on temperate planets.

Figure 3.17: A few decorative items such as rocks and owers on the ground.
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Results

This chapter presents the results of the project, divided into four di erent aspects
of it. Firstly an overview of the nished game and its mechanics. Following that the
underlying code structure and architecture is explained in more detail. The same is
done for all of the di erent PCG systems of the project. The chapter nishes with
the thoughts and conclusions about the di erent PCG algorithms.

4.1 Astroarchaeology

Figure 4.1: One example of a generated galaxy

As the game starts, the user is prompted with a text eld asking for a name for the

galaxy that will soon be generated. The submitted string is hashed into a seed for
the generation, meaning that a speci c name will always result in the same galaxy
being generated without the need for any data storage. As the seed is submitted,
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the user is presented with a spiral galaxy containing a few thousand stars, ranging
from white dwarfs to erce supergiants, all with uniquely generated names. Figure
4.1 shows the entirety of one such galaxy. Somewhere is the origin of an ancient
alien civilisation, and the remains from their colonisation can be found scattered
around the galaxy.

Figure 4.2: One of the many solar systems found in the galaxy

Each star constitutes the centre of its own solar system (see gure 4.2), where a
few types of planets have the possibility of existing. Closest to the warm sun, ery
magma planets are usually found, with black ashes covering the rough surface. As
the temperature decreases further away from the star, cold and rocky planets with
a subarctic setting are more often encountered. In between, where the temperature
allows for it, more welcoming planets can be found. Most commonly those contain
dry deserts with sand dunes stretching away into the horizon, but if there is an
atmosphere with high humidity in place, verdant planets may also be found.

As the user hovers over a star or a planet with the cursor, an information screen

appears, displaying all necessary data about the celestial object in question, such
as temperature, gravity and mass. To provide visual feedback, the planet hovered

over is also highlighted. As the stars are always displayed at high brightness and

are often clustered close together, stars are instead slightly enlarged when hovered
over.
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(a) Lava (b) Verdant

(c) Desert (d) Snow

Figure 4.3: The di erent environments the player can encounter

When the user clicks on a planet, the planet is immediately generated from scratch.
The player undertakes the duty of controlling a robot named "Rover' which falls
from the sky onto the surface of the visited planet. The world is divided into an
invisible grid, where a single type of terrain occupies each square in the grid. The
surface varies depending on the climate of the planet, from smooth dunes to vast,
rocky mountains. Figure 4.3 shows the possible climates. Parameters such as wind,
humidity and gravity may also a ect the nal, more subtle properties of the surface.
As the player starts exploring the surface, he or she may encounter alien structures
given that they have once colonised the planet. The structures can vary from small
houses to tall skyscrapers with several oors. The player may also nd a cave
opening, serving as an entrance to the world beneath the surface, where they may
explore the connected cave systems.

4.2 System Architecture

In this project, the game development library LibGDX was used as the initial start-
ing point for the system architecture. LibGDX provides some architectural tools,
and for this project a simple architecture with inspiration from those tools was
crafted. The di erent game parts are divided into di erent stages (i.e. Galaxy, So-
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lar system and Planet), where each stage is composed by its own theoretical MVC
pattern, though it is not separated in di erent components as traditional MVC
suggests. Instead, each stage is composed of three primary methods - one for ini-
tialisation, one for logic updates and one for rendering. Data is kept on a per-stage
basis (model), decisions as to how the model should be drawn is handled in the
rendering call (view), and modi cations to the model are made through the update
method (controller).

Stages are managed through a stack-like data structure as illustrated in gure 4.4,
which stages can be added to and removed from from anywhere in the system. As
stages from a game perspective are hierarchical, any data needed for, e.g. a planet
is passed through the constructor from its parent solar system. When a stage is
appended or pushed on to the stack, it is automatically initialised, and the topmost
stage is always considered active.

This approach makes transitions between the di erent levels very smooth. When
the player wants to return from a solar system to the galaxy, the active stage is
just popped, and the player is returned to the state where he/she left the galaxy
without any extra processing needed. Furthermore, this also means that content
does not need to be loaded into memory until the player visits it, and as the content
Is generated through PCG, it does not have to be stored on disk either. This allows
for a theoretically near in nite set of content to be included.
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Figure 4.4: A UML diagram showing the architecture behind management of
stages

As with most games, a game loop is running at all times. In this project, the game
loop is provided by LibGDX, and acts as a controller, triggering logic updates and
draw calls sequentially for the active stage. The non-active stages receive no such
updates and are such simply kept paused until they become active again.

The tile data for the planet stage is kept within a large matrix, where each cell of the
matrix corresponds to a position in the game. Each of these cells holds a reference
to one speci c tile-type, as well as a set of decorations. For modularity, each tile
type can be associated with speci ¢ properties through a set of "tags' A tile can, for
example, be classi ed as “solid’, meaning that physics will be applied to it, so that
the player, light, et cetera will collide with it. Another tag may decide whether or
not the tile should be drawn as back- or foreground.

The procedural content generation happens during the initialisation phase of its
associated stage. Dierent generators are run one after another, modifying the
data of the newly created stage. In the galaxy and solar stages, only a single
pass is done, but the planet stage has a lot more generators implemented. The
planet worlds are generated in the order of surface, caves, cave wall decoration,
underground rooms, surface buildings, trees, ground- and ceiling-decoration. All of
these are implemented as separate generators. It is very easy to expand this system
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to include more alterations or additions to the level generation. An additional pass

can be added by simply creating a new class that modi es the data in some new
way, and letting it have access to the stage data at a good spot in the generation
order (if for example windows should be added to buildings, it would be wise to do
it after buildings have been added to the level).

4.3 Procedural Content Generation Approaches

In this section, the nal implementation of the generators and their results are
described more in depth.

4.3.1 Name Generation

The name generation is done with a simple implementation of Markov chains using
n-grams. By using a string containing the names of constellations, Roman deities
and Roman names of places, the generated names feel like somewhat appropriate
names for astronomical objects. Below are some examples of names which can be
generated with this dataset.

" Langulum

Garegius

" Album

Rumna

Cernax

Sces

Because of the immense number of objects which are generated, it was of particular
interest to nd out how many of the generated names are unique. This aspect was
tested by generating a large number of names at once, noting whenever a name is

repeated. The results of this can be seen in table 4.1. Note, however, that these
numbers are approximate since it is a random process they can vary a bit.
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Table 4.1: Amount of uniqgue names and duplicate names generated

Names Generated Unique Names| Duplicates | Percentage duplicates
100 100 0| 0%

1000 950 50 | 5%

10 000 8078 1922| 19.2%

100 000 64 186 35 814| 35.8%

1 000 000 461 482 538 518| 53.8%

Based on the results, it can be surmised that as the number of generated names
increases so does the relative amount of duplicates. This trend can be expected
to be stable as there is a nite amount of hames which can be generated, so at
some point, N0 more unique names can be generated. However, considering that the
amount of unique names generated keeps increasing, and most likely keeps increasing
as more names are generated, it seems unlikely that there would be a problem with
running out of unique names.

4.3.2 Galaxy and Solar System Generation

The idea of the galaxy generation follows Evans' implementation applied to a two-
dimensional environment [44]. A circle of stars is generated in the centre, with two
to six arms spread out evenly. The stars are spread out within the core and arms
following a Gaussian distribution. Finally, each star is rotated around the centre
scaling with the distance to the centre, with stars further out being rotated more.
Figure 4.5 shows an example of this.

Each star then has properties generated in a separate data class which can be passed
along to the solar system generator when the player decides to visit that solar sys-
tem. This data includes the position in the galaxy, star classi cation, temperature,
mass, name and level of alien presence. Each property is randomised with the distri-
bution being semi-realistic. The presence of aliens is generated through a Gaussian
distribution that is scaled to the distance to their home planet which is a randomly
selected star. The result is a sort of linear fade of the level of presence from the
home planet while also producing some outliers.

The implementation is fairly lightweight and fast since it mostly used two-dimensional
positions that are created and manipulated and all other generation is delayed until
needed when the player chooses to explore a solar system. The size of the generated
galaxies is around a few thousand stars, which is more than enough to showcase the
variation of solar systems and planet levels.
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Figure 4.5: A galaxy with several spiral arms.

The solar system generation is also relatively simple. Starting with the selected star
in the middle and randomly creating between 1-10 planets orbiting it at varying
distances. Like the stars, each planet has a separate data class with its properties.
This data includes their position, name, size, gravity, temperature, humidity, wind
speed, planet type and alien presence. These properties are in uenced both by their
parent star's properties but also by each other to some extent. For example planets
closer to the star tend to be lava planets while the stars furthest away become ice
types instead, as can be seen in gure 4.6.

Figure 4.6: A solar system, with lava planets closer to the sun and ice planets
farther away.
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4.3.3 Surface Generation

The surface generation of the game is done using three di erent terrain generation
algorithms: midpoint displacement, value noise and Perlin noise. Which algorithm

is used depends on the type of planet, and in some cases the wind speed of the
planet as well.

Midpoint displacement is used for lava planets, as well as ice and green planets with
low wind speeds. The roughness is automatically ampli ed for lava planets, and
humidity causes further adjustments to the roughness in order to emulate erosion to
some extent. The initial amplitude which is allowed depends on the gravity, though
the actual height of the surface is not particularly deterministic. This happens
partially because the obtained amplitude is never speci ed, but also because the
surface may re-scale if the mountains are high enough to exceed the boundaries of
the level. This was an easy solution to allow for greater variance to the roughness
parameter.

Value noise is used for ice and green planets with high wind speed. The algorithm
Is done in several passes, with each pass halving the amplitude and doubling the
frequency of the noise function. The gravity of the planet sets the range of the X
points' heights (and thus the amplitude of the terrain) for the rst pass. The ratio
between the planet's gravity and the maximum possible gravity is multiplied with
the adjustment range for the amplitude, which means that when a planet has very
high gravity the amplitude is increased. Value noise is used for planets that are not
supposed to look mountainous, and as such this adjustment range is set to a rather
low number. The distance between the x points of the rst pass depends on the
planet's width. This gives larger planets wider hills, although all planets will have
about the same number of hills.

The Perlin noise is done similarly to the value noise. It is used for desert planets.
The distance between the initial points is a ected by the planet's size, and the

height of the peaks is a ected by the gravity of the planet. Since Perlin noise does
not directly use height variables, the height was manipulated by changing how steep
the slopes could become.

The algorithms have all been adapted for use only for the mentioned planets, for
example, Perlin noise can only produce smooth, dune-like hills and midpoint dis-
placement is always prone to mountains. See gure 4.7 for examples of the di erent
terrains produced.
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(a) Value noise

(b) Perlin noise

(c) Midpoint displacement

Figure 4.7: The results of the three di erent surface generation algorithms.

4.3.4 Cave Generation

As mentioned in section 3.2.1 the level is represented by a matrix of tiles, represent-
ing earth, cave and air. However, in this section, only whether a block is passable or
solid will be considered. To generate the caves a cellular automaton is used. For the
purpose of this automaton, passable tiles are considered to be alive and solid tiles
to be dead. Some special case elements have also been inserted into the algorithm
for this project, such as cave openings and some cleanup. The algorithm works as
follows:

1. Each cell in the level matrix that is marked as mountain, is with a 50 %
probability set as either passable or solid.
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2. For each tile: if the tile has more than3 birthlimit alive neighbours around
it in a 5x5 square or if it has more thanbirthlimit alive neighbours in a 3x3
square around it then the tile becomes alive. Else, if the tile has less than
3 deathlimit alive neighbours in a 5x5 square or less thasheathlimit alive
neighbours in a 3x3 square then the tile dies. Otherwise the tile does not
change state.

3. Cleanup step where some degenerate behaviour can be detected and handled.
In this case that means handling checkers patterns by killing alive cells whose
closest vertical and horizontal neighbours were all dead and vice versa.

4. Step 2-3 are repeated 7 times

5. Depending on how large the planet is, between 2 and 8 cave openings are set
into the surface by rst nding a random surface tile, then checking whether
there is any large cave beneath that tile. If there is, a chunk of mountain is
removed; otherwise another random surface tile is found.

6. Step 2-3 are repeated 7 more times to smooth the openings into the rest of the
caves.

It was found that the algorithm worked well for birthlimit =5 and deathlimit = 3.

How many times step 2-3 are repeated has a dramatic e ect on the end result. If
no repetitions are done at all the cells states will all have the same random values
they were assigned in step 1. Figures 4.8, 4.9 and 4.10 show how the caves appear
after three, nine and fteen repetitions respectively.

Figure 4.8: Cave after doing just 3 iterations of step 2-3. After three iterations
there are a lot blocks connected diagonally and a lot of checker patterns. The cave
paths are also narrow and resemble an earlier implementation in gure 3.5
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Figure 4.9: Cave after doing nine iterations of step 2-3. After nine iterations the
cave paths have widened a lot and there are some larger rooms. The walls are also
much smoother.

Figure 4.10: Cave after doing fteen iterations of step 2-3. After fteen repetitions
not much changed after the rst nine.

As can be seenin gure 4.8 and 4.9 there is a substantial di erence between nine and
three iterations. After nine iterations the checker patterns have disappeared, and the
walls are generally much smoother, which is, of course, a signi cant improvement.
Between nine and fteen iterations, however, not much has changed. This shows
that the con guration in the gure is somewhat stable after nine iterations and that
the number of iterations run after that does not matter very much.

4.3.5 Cave Rooms
Rooms from an alien civilisation can be found within the cave systems, as in gure

4.11. They are always found in small groups that are distributed uniformly through-
out the cave. Binary space partitioning is used to divide the world into smaller spaces

54



4. Results

where about 2-4 rooms can t. Some of these spaces are chosen randomly with the
probability being proportional to the alien presence of the planet. The chosen spaces
are then further split with BSP until they contain su ciently small subspaces tting

for individual rooms. Rooms are then placed in each subspace, and as a result, a
room is always grouped with at least one other room.

Figure 4.11: An example of rooms created in the caverns, clumped together by
their partitions.

The positioning of the doors is chosen by taking a random wall block from the room
walls and nding all of the other wall blocks that are “connected' to it, meaning
there is a short path outside the room that connects the blocks to each other.
After identifying the entire wall strip which the original wall block is a part of, two
neighbouring blocks in the strip are removed to create an opening.

The algorithm for identifying a strip of blocks that are connected works as follows:

~ Start with one block and check if its neighbour block outside the wall is free
(the player can walk there).

If it is not free return the list of found blocks so far.
" If it is free then it adds itself to the list of found blocks and recursively does

the same for its neighbouring blocks that are part of the wall.
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In essence, the algorithm returns the list of blocks that are in a line and that have
empty space outside the room the whole way. The upside of this algorithm is that
it is fast, but the downside is that if there is a single block in the way it can split a
strip into two, even though they lead to the same large room very quickly.

4.3.6 Surface Buildings

Rooms were also built on the surface of the planets. To avoid creating rooms embed-
ded too much in the ground, an algorithm for nding suitable building spots on the
surface is used. A suitable area is de ned as a minimum width of 14 blocks that are
all within three blocks vertically. Rooms are then created in these areas randomly
depending on the amount of alien presence on the planet. It is also possible to
generate buildings with more than one oor by adding a room on top of a room and
connecting them with a door at the bottom of the new room. This is done by doing
several passes of the room creator, which can then create tower-like structures.

(a) Lava planet

(b) Desert planet

Figure 4.12: Surface rooms generated on high alien presence planets.
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Figure 4.13: Doors to a room being blocked by terrain.

The number of rooms which are generated on the surface is highly dependent on
the terrain of the planet which can be seen in the di erence between the number
of buildings in the erratic lava and smooth desert planets in gure 4.12. As can be
seen here, most buildings on large alien presence planets become towers due to the
few spots available to build for the algorithm. Lastly, there is still a problem with
some rooms being generated with their doors blocked by the surrounding terrain as
seen in gure 4.13.
4.3.7 Tree Generation
L-systems are used to generate various kinds of trees. The following six L-systems,
either taken directly from The Algorithmic Beauty of Plants[21] or slightly modi ed
versions of grammars therein, were implemented.
Grammar A:

" F! FF

o X F[X]+X]+HF[+F[+X]XL]-X
Grammar B:

" F! FF

XU FA[X]+X]+F[+FLX]-X
Grammar C:

"~ F! FF

* X1 F[+XL][-XL]FX
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Grammar D:

1. F! FF

2. X1 F[+XL]F[-X]+X
Grammar E:

~ F F[+F+F[-F-][F]

Grammar F:

" F! FF-[-F+F+F]+[+F-F-F]

Here, F means that the tree is built on, L means that a leaf is placed, + and -
represent a rotation, clockwise and counterclockwise respectively, [ means that the
current location and orientation is pushed to a stack and ] means that a location
and orientation is popped from the stack.

What kind of tree each grammar yields can be seen in Fig. 4.14

@)

(d)

(b) (©)

(e) (f)

Figure 4.14: The six di erent trees resulting from the di erent grammars.
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The trees are included on two types of planets, the Earth-like planets and the ice
planets. While the same kind of trees can be seen in both types of planets, the trees
do not have any leaves on the ice planets.

Figure 4.15: One variant of the trees that can be generated

The amount of variation between di erent individuals of the same type of tree varies
from grammar to grammar and is acceptable for the most part. It was enough that
none of the trees looked too alike at all times, as that would look too arti cial, and
this was avoided. An example of variation within one type of tree can be seen in
gure 4.15.

4.3.8 Fire system

The nal implementation had a matrix that spanned all blocks in the level, where
an integer denoting if the cell is currently burning was saved. Each time the re
updated there was a small chance that a random cave cell would catch on re. Every
update the age of all cells that were currently burning were also increased by one,
and if they passed a certain threshold, ve, in this case, they burnt out. After that
each cell with at least two neighbours that were on re had a certain probability to
catch on re, signifying that the re is spreading. Because two cells needed to be on
re for the re to spread, a neighbour was also ignited whenever a re started at a
random place in the level. If a cell had recently burned out, it was impossible for it
to start burning again for a while, representing a depletion of fuel. The probability
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that a random cell ignites was increased when planets got warmer, and the same
was true for the probability of the re spreading. There was also a small chance that
re could spread to wall tiles where the player cannot walk. When this happened,
the wall would be turned into a cave tile, which meant the res slowly eroded the
level.

Due to the dynamic nature of the system, it is di cult to properly show the results.
However, in Fig. 4.16, the way in which a re might spread can be seen in a set of
time-lapse photos.

(a) (b) (c) (d)
Figure 4.16: Fire spreading out, from left to right

4.4 Observations and re ections

This section covers di erent strengths, weaknesses and other things of note regarding
the di erent procedural content generation methods implemented in this project.

4.4.1 Name Generation

The name generator provides satisfactory results for the purpose. It generates a
large number of unique names, and it is simple to change what kind of names are
generated by changing the data set. This is incredibly useful if there is a particular
kind of style which is sought after in the naming sense.

There are, however, some minor issues which need to be taken into account and
most of them arise from the fact that the name generation is a random process.
For example, it is possible that the generated name is gibberish, a possibility which
gets more probable as more names are generated. At least two things can be done
to minimise the risk of generating gibberish. First of all, it is advisable to avoid
mixing di erent languages in the input string as this seems to have signi cantly
increased the occurrences of odd names being generated. Furthermore, it is likely
good practice to include some form of validation or extra control when generating
names, for instance, not allowing too many vowels or consonants in a row.
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Another problem which arises from the random process, and lack of control over
the output, is the fact that inappropriate words can be generated. This problem
occurred on several occasions, but was not considered a problem in this project, as
it is being done solely for research purposes, but is likely something which has to
be considered in many other projects. The best solution to this problem is likely to
keep a list of words which are unacceptable, and cross-referencing with it each time
a name is generated.

Furthermore, some interesting aspects were noticed when experimenting with the
data set. At one point, Roman emperors were included in the dataset, an addition
which resulted in a large number of the generated names to end with -us, as itis a
common ending in Roman names. As a result, some transitions became much more
likely to happen than others, introducing a clear bias in the random generation.
This problem can be avoided by simply manually removing the o ending names
from the data set, but with an extensive data set, it might be dicult to gauge
which the o ending words are. If this is the case, the problem can likely be solved
by implementing the Katz back-o model [52], which "backs o' to a lower n-gram
under certain conditions, for example, if a speci c transition is extremely common,
or there is only one possible transition due to a lack of data. The generator could
then back-o to a lower n-gram if the transition to -us, or any other transition, is
too likely.

4.4.2 Galaxy Generation

For generating spiral galaxies or objects of similar shape, the method used in this
project is straightforward, quick and gives good results. If a more non-standard
form of a galaxy is wanted, Di usion Limited Aggregation could be used instead

as long as the slower calculation time is not an issue. DLA would create a galaxy
with a more crystalline shape, while still having a dense central core with arms that

branch out and become thinner as they move away from the centre.

4.4.3 Level Generation

The two most prominent methods used in the generation of the level terrain are
noise functions and cellular automata.

Something which can prove to be frustrating when working with these methods is
the fact that both noise functions and cellular automata are very di cult to control.

For example, the cellular automata that are used for caves are considered to work
well in this particular con guration; however, when the variables of the algorithm
are tweaked just a little bit, the results can be wildly di erent. When one rule is
changed, it a ects all tiles in the whole system, making it hard to predict what
results they will give. The same is true for the noise functions used to generate the
topography. Height restrictions, frequencies and fractal repetitiveness can often be
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modi ed, and may with high probability result in di erent levels of steepness and
more or less rough terrain. However, due to the unpredictability of noise, it also has
to be highly constrained to minimise the risk of generating improper results, which
of course also limits the output range.

On their own, there is only so much that can be done with either of these algo-
rithms. Having one set of rules for each tile in the cellular automata or a single pass
of the noise function will always produce a somewhat homogeneous result. Thus
if more variation is wanted, a suggestion would be to post-process the generated
output. For example, start by generating a base terrain and then simulate erosion
and possibly carve out cave openings or run additional passes of the functions but
with di erent rules. All in all, those are trade-o s for the simplicity and speed of
the algorithms, and both of these approaches can be very useful to generate a good
starting foundation for di erent types of terrain.

4.4.4 Structure Generation

The rooms generated on the planet surface are rather small and often built on top
of other rooms. This is because the surface generally does not generate many at
areas, while the tops of any existing rooms are always at. The tower-like structures
can be quite interesting, but they should preferably be generated independently of
how the current planet surface happens to look. There is no justi cation for aliens
building more towers on uneven terrain as opposed to atlands. To keep the surface
interesting, the surface generation should be allowed to create as at or as uneven
terrain as needed. Instead, the building algorithm should modify the terrain more
if there are no suitable areas while a larger quantity of buildings is desired.

Increasing the allowed height di erence when searching could increase both the size
and amount of areas ful lling the minimal width, but this would create buildings
even more entrenched in the terrain which might not be preferable. To alleviate this
problem, the algorithm could instead nd more areas de ned by looser constraints
and then modify the areas to better suit buildings. This approach would more
accurately depict human behaviour in that we often build our foundations instead
of simply building where the ground is already optimal.

Another approach could be to randomly pick building spots and form the rooms
around the terrain instead of being perfect rectangles. This would force more var-
iled building shapes and be more interesting but could appear less realistic. The
algorithm for this might also be harder to implement in a way which produces good
enough results. A mix of building around the terrain and modifying it could produce
a better result.

To create more variation, several di erent simple algorithms could be used instead

of one more complex. This would create the problem of combining them though,
which might in itself be more complicated.
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With regards to the underground rooms, binary space partitioning was found to
be very useful to, quickly and e ciently, ensure that no overlap between di erent
segments occurs, while still allowing for all parts of the level to be used. Something
to keep in mind when using it, however, is that it can look very arti cial and obvious
where the partitions are if the partitions are lled to their edges. An example of
this can be seen in gure 4.11, where rooms are grouped in very obvious boxes.
To possibly alleviate this, try to reduce the size of the content within partitions to
better where the edges are.

445 Tree Generation

Due to the di culties which have been present throughout the development of the
tree generation, a few observations have been made. One of them is that L-systems
are the standard for a reason, and it is unwise to try and reinvent the wheel. Further-
more, it is recommended to have some knowledge of graphical programming when
trying to implement tree generation as it makes the process much more manageable.

Some other general problems were also noticed. First of all, it is di cult to design
grammars which result in visually appealing trees. This di culty is further exacer-
bated by the fact that most work about modelling trees with L-systems has been
done in 3D, resulting in a relative lack of known grammars which look good in 2D.
A s a result, a lot of time would be spent on trying to design adequate grammars,
or alternatively, designing a tool which aids in the modelling of L-systems such as
[53].

Secondly, there are a plethora of di culties with drawing the trees during run-time
which has had a major impact on the visual quality of the trees. One of these issues
is that it was di cult to introduce better colouration or texturing. Closely related

to this problem is the di culty of adapting the look of the trees to the graphical
style of the game.

Although it would not improve the problem of graphical style, the aesthetics of the
generated trees could be signi cantly improved by rendering them in 3D and then
projecting to 2D, both due to more complicated structures being possible to render
but also because there is a lot more information about L-systems in 3D. However,
depending on the complexity of the L-system, this is not something that can be
done during run-time.

All things considered, generating trees at run-time, at least in the way in which
it has been done in this project, does not appear to be a worthwhile e ort. It is
di cult to recommend it, mostly due to the di culty of making the generated trees

t in graphically unless the rest of the game is built around it. Instead, the creation
of a tool like SpeedTree [54] focused on 2D trees could be a good idea.

Another possible approach which was thought of very late into development and
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could not be tried would be to combine a fairly large number of pre-created art
assets for each type of tree and L-systems. By de ning an L-system which decides
how di erent art assets can be combined, it would be possible to generate a sizeable
amount of trees while still keeping to a speci ¢ graphical style. This approach could
perhaps work very well, though it would require a fair amount of manual work to
create the art assets.

4.4.6 Dynamical Systems

The implementation of res within the game worked moderately well. Fires are
started randomly and have an acceptable life-length on the map. The most sub-
stantial issue with the system is arguably how the res are started. The res simply
appear out of nowhere, which does not make much sense.

Something else that might have been improved is how the re spreads. As discussed
in 3.4.3 there are pros and cons for having the re spread with either just one
burning neighbour or requiring two burning neighbours. If there had been more
time, it might have been interesting to allow the re to spread with just one burning
neighbour, but to at the same time increase the probability of re spreading to a
cell the more burning neighbours that cell has. This could potentially provide the
advantage of allowing small res to grow, while still avoiding that res spread very
erratically. It would also naturally make sure that gaps in the re are avoided since
such a gap would have a lot of burning neighbours.

While the liquid system was scrapped, there were still some lessons to be had.
Increasing the amount of particles in the system did create better a simulation but
when doing so one has to keep in mind the increased performance cost and evaluate
if it's worth it. Depending on what the system is to be used for, this increase in
performance cost could be negated by not updating particles outside a certain range.

If the larger cell approach is kept, some solution to there being gaps in the ow is
needed. Regarding the graphical problem of water owing downwards, a solution
found online later was to display those cells as if they were full of water but instead
scaling the intensity of the colour to the amount of water.

The approaches found certainly work for some cases but in this project the result
was not satisfactory.
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Discussion

In this chapter, both the developed systems and the methodology employed through-
out the course of the project are evaluated, potential ethical and social aspects of
the project are analysed, and potential future work is discussed.

5.1 Results Evaluation

The purpose of this project is deemed to have been ful lled. During the course of this
project, a way of generating cohesive 2D levels has gradually emerged, generating
many key features of the levels of similar games.

With that said, there are still many issues remaining. It can, for example, be con-
cluded that even though each planet is uniquely generated, the perceived variation
is still insu cient. It proved very di cult to provide a broad output range of sub-
stantial di erences to the environment. The most signi cant variety arguably comes
from the di erent planet types that were de ned. These are of course based on sev-
eral procedurally generated parameters, such as temperature, gravity and humidity.
However, the planet types still needed to be explicitly speci ed and also needed
much manual handcrafting. Creating more planet types should preferably be taken
care of by the system itself, though it would probably, if at all possible, require
substantially more PCG algorithms, and another validation approach.

Furthermore, one of the stated goals of this project was to use the mentioned param-
eters to create a chain of events that de ned the outcome of the di erent planets.
This also proved very di cult and was poorly executed throughout the entire de-
velopment phase. This was due to multiple reasons. Perhaps the most substantial
reason for this is the fact that no consideration for the parameters was made when
choosing which algorithms to implement. It was, therefore, challenging to integrate
the parameters in the generation during the later phase of the project.

Also, it proved to be a rather complex task to make reasonable values for the param-

eters. For an extended period of time, due to debugging reason, those parameters
were generated more or less completely randomly within unreasonable ranges. At a
late stage, some attempts were made to resolve this by changing how the parameters
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were generated. Although the maximum and minimum values are now better, some
values are still simply normally distributed around some xed mean with no regard
to any other parameters. This is somewhat of a letdown compared to the grand
visions at the beginning of the project of having a multitude of parameters working
together and logically depending on one another.

5.2 Evaluation of Methodology

While a formal methodology was devised early on, it was not followed ardently
throughout the entire project. In particular, code reviewing was quickly down-
prioritised as it was considered less important than getting more things implemented.
Features were often reviewed by the group and tested for obvious bugs, but more
extensive testing was not considered a top priority. This was most likely the right de-
cision, considering that the purpose of the project was to try out di erent techniques
and not to create a polished product.

Assigning tasks on a weekly basis proved advantageous due to several reasons. The
weekly evaluation of the progress, more speci cally, discussing how the work for the
past week had gone was especially constructive. This process made it possible to
identify any possible future problems with a task early on, making it easier to know

if the task had to be dropped or approached di erently. It also made it easy to
request for help on a task if it was more di cult than expected.

However, the task assignment was not always very formal, and several times there
were no clearly de ned goals for the week. At the same time, the scope of tasks
and estimation of how much time they would take were kept simple. For example,
many times work on a larger task would begin by letting one member work on it for
a while so they could evaluate the task better next week.

This was at times bene cial since it meant that the team knew what needed to
be done and could spend time working rather than planning it. However, at other
times, the lack of structure made it di cult for members to know what exactly they
could work on, or how they should try to solve a task. If an assignment is too small,
it is possible to have nothing to do at the end of the week, and without a clear goal,
it could be more di cult to nd motivation.

In general, a more structured approach might have been helpful in some situations,
such as when a team member did not know what to do. However, the weekly
evaluative meeting and the fact that the team was eager to work together meant
that any issues which arose were handled relatively quickly. Generally, the best
thing about the team's methodology was the close communication about the work
itself.
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5.3 Validity and Generalisation

All of the results presented in this thesis are in no way an objective truth. There
were no user tests done to judge whether content was suitable or good. Many of the
conclusions and re ections which are given here are simply subjective thoughts from
the development team about the di erent systems and generation techniques. This
IS not to say that the results are meaningless, there are reasons given for the di erent
conclusions, but one should keep in mind that no rigorous scienti ¢ validation has
been conducted.

Little research has been found prior to the writing of this study on how to generate
this type of environments with all parts woven together. Though the approach that
this project has taken in doing this is probably far from the best solution, this study
may provide useful insight into what to think about when attempting a similar
project. It also discusses several specic algorithms that can be considered when
generating di erent types of content, both for games but possibly also other types
of applications.

5.4 Ethical and Social Aspects

While this project is of a pretty small scope from a big picture perspective, if PCG,
in general, develops enough it could cause some issues.

One concern about PCG is if it could eventually replace traditional content creators
entirely and result in unemployment. However, as Shaker et al. argue in their book,
“content generation, especially embedded in intelligent design tools, can augment the
creativity of individual human creators' [1, p. 3]. They argue that PCG will overall
create a greater good by allowing smaller teams or individuals to create content-
rich games without worrying about the busy-work. This thesis should have also
made it clear that PCG is not simply a matter of pushing a button which generates
perfect worlds, there is still much work needed to be done in designing the content
generation and tuning it to speci c purposes. This means that game development
can continue to evolve in new ways, without necessarily creating a net loss of work
opportunities.

While it was not a major concern in this project, since it will not be released to the
public, it is worth noting that the random nature of most PCG techniques makes

it possible for o ensive content to be generated. As discussed in 4.4.1, there is a
risk that inappropriate names will be generated for the planets and stars. Similarly,
when generating caves, there is a risk that o ensive symbols or imagery will appear.
Disallowing certain words can be done easily, however, disallowing certain patterns
in the cave generation is much more di cult.

Already with today's quality of games, some people become addicted to them with
no regard to the outside world. In this way, it could be feared that if PCG comes to
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surpass handmade content and games started o ering an endless amount of quality
experiences, perhaps this would worsen the issue with game addiction? However,
sti ing the quality of media or prohibiting the development of PCG does not seem to
be the right way to tackle the issue. Instead perhaps if such a correlation is found,
more development could be put into developing systems to identify and restrict
excessive gaming.

5.5 Future Work

While a fair amount of progress has been achieved during the course of this project,
there is still a lot more which could, and should, be done in the future.

During the project, using cellular automata to emulate the behaviour of re was
explored and an example of such a system was implemented. However, the model
implemented was quite simple and it would certainly be interesting to explore this
to a larger extent. For example a more complex stochastic approach that varies the
probability that a cell catches on re with how many burning neighbours that cell
has.

Some topographical features of surface terrain cannot be expressed with a single
heightmap. For example, cli s with overhangs could add an interesting touch to the
environment. This could perhaps also be used to create more smooth transitions
into the underground, as opposed to the vertical fall-pits encountered in this imple-
mentation. How this can be done without the use of pre-de ned assets would be
interesting to see, and could possibly be studied in a future project.

In a more general sense, one large issue that this project did not manage to solve
was how to create meaningfully varied content. This is an important aspect of PCG,
and more research should be conducted on how to achieve noticeable variation in
generated content.

5.5.1 Improving the Game

First of all, an extensive amount of work should be focused on trying to increase
not only the amount of variation in the generated levels but also in nding ways in
which to make the generated levels more interesting. This might entail generating
more interesting terrain such as clis and crevasses, more varied caves or better
integrating the underground rooms with the caves and connecting them better to
other rooms.

Furthermore, it would be worth nishing the development of the liquid system and
then explore how it could be used to generate more interesting and varied levels. For
example, it would be possible to include lakes, seas and rain which could a ect the
levels. Some other examples would be possibly including an oasis in desert planets
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or liquid lava deep in caves or on the surfaces of lava planets.

Additionally, there is plenty of potential to also generate other kinds of content which
are not present at the moment, such as various non-player characters (NPCs) or
narrative content, to name just a few examples. Procedurally generating narrative
especially has great potential, particularly for exploration based games where it
could be a central feature. While the most obvious application of procedurally
generated narrative is dialogue for NPCs, many other things can be done. Perhaps
the most bene cial type of narrative which could be generated is environmental
narrative of some sort, where the game world itself tells a story.
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