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Abstract
The research on flocking behaviour pioneered by Craig W. Reynolds has been applied
in both movies and video games. However, flocking is seldom used in the video
game genre of Tower Defense. Thus, the main purpose of this project is to develop
such a game and apply flocking behaviour as a core element in the gameplay. The
game is realised with the Unity game engine. The project is comprised of three
main activities. First, to create a serviceable video game with dynamic 3D-graphics
and audio. Second, to implement and compare different solutions for efficiently
simulating flocking behaviour in a correct manner. Third, to design the gameplay
with flocking in focus and reward the player for taking advantage of it. Playtesting
of the game shows that the majority of people who tried to play the game without
regard for the flocking lost. Conversely, almost all the people who played the game
with the flocking behaviour in mind managed to win. The end product1, albeit just
a proof of concept, succeeds in showing the potential in the idea of altering Tower
Defense gameplay by applying flocking behaviour.

Keywords: flocking; tower defense; boids; k-d tree; spatial hashing; game develop-
ment

1Link to trailer and download of the finished game: https://lmntz.itch.io/lmntz
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Sammandrag
Forskningen på flockbeteende av Craig W. Reynolds har använts i både filmer och
datorspel. Dock används flockbeteende sällan inom datorspelsgenren Tower Defense.
Huvudsyftet med detta projekt är att utveckla ett sådant spel med flockbeteende
som en väsentlig del av spelet. Spelet kommer att förverkligas med hjälp av Uni-
tys spelmotor. Detta projekt består av tre huvuduppgifter. Först, att skapa ett
funktionsdugligt datorspel med dynamisk 3D-grafik och ljud. För det andra så ska
flockbeteende implementeras effektivt och korrekt på ett antal olika sätt som sedan
kan jämföras med varandra. Slutligen så ska även spelet designas med flockings-
beteendet i fokus och spelaren ska bli belönad om de utnyttjar det. Testning av
spelet av fokusgrupper visade att majoriteten av spelarna som testade spelet utan
att ta hänsyn till flockbeteendet förlorade. Å andra sidan, de som spelade med
hänsyn till flockandet lyckades nästan alltid vinna. Slutprodukten2, även om det
enbart är ett koncepttest, lyckas det visa potentialen i idén om att förändra Tower
Defence-spelstilen genom att tillämpa flockbeteende.

2Länk till trailer och nedladdning av spelet: https://lmntz.itch.io/lmntz
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1
Introduction

Flocking behaviour has interested the scienti�c community for a long time. What
follows is relevant background information concerning our project of creating a Tower
Defence game that utilises �ocking behaviour.

1.1 Background

Nature is a complex system consisting of many individual actors such as birds,
insects and people [1]. When these actors come together and interact with each
other, new kinds of behaviour emerges. Large �ocks of birds can seem to be under
the in�uence of a hive mind, yet, its behaviour is simply the result of all individual
interactions.

1.1.1 Emergent Behaviours

Emergent behaviour is the phenomenon where many individual entities display com-
plex properties as a group even though each entity might only follow a simple set of
rules [2]. One example many are familiar with is the �ocking of birds. In this case,
there is no force that is guiding the �ock to act as it is, only many independent birds
acting on their own. The same applies to many other species of animals, like �sh in
a school or cattle in a herd. There has even been research done that indicates that
humans follow �ocking behaviour to a certain extent [3].

The study of emergent behaviours is important to be able to understand and repli-
cate natural behaviours. The need for realistic special e�ects in movies and games
is also an area of study that has pushed for the development of �ocking behaviour,
examples are the passengers inTitanic and armies inThe Lord of the Rings: The
Two Towers [4]. In order to achieve realistic behaviour in computer animations, so
called behavioural models can be used [5], which are discussed in the section below.

1.1.2 Computer Animation and Flocking Behaviour

In the domain of computer animation, as stated in [5], two approaches exist for
animating a group of actors. The �rst involves the animator in person animating
each actor manually. This becomes tedious when the amount of actors in the scene
grows. The animator is responsible for making each actor behave in a speci�ed way
along with the rest of the group. The second approach is to let the individual ac-
tors carry the responsibility of behaving correctly and to animate themselves. This
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1. Introduction

automates the process, relieving the animator of manually drawing each actor every
frame and of having to keep track of each character's state. The animator becomes
the director, who provides high-level instructions to the actors who themselves are
responsible for the minute details of their behaviour while obeying the animator's
commands.

The automated approach of animation is based on the concept of behavioural mod-
els [5], which has been applied by Reynolds [1]. Each actor is given a common,
often simple, set of rules to follow, that de�nes the actor's behaviour. This set
of rules is the behavioural model. The automated approach facilitates animation
of much larger groups. Some movies that have taken advantage of this areThe
Lion King and The Hunchback of Notre Dame[5]. However, it also presents an op-
portunity to observe emergent behaviours like �ocking in systems of multiple agents.

As demonstrated by Reynolds [1], �ocks can be simulated on a computer by util-
ising a behavioural model. The �ocking entities in the simulation are referred to
as boids, from `bird-oid object', which is the denotation that will be used here and
onward. Reynolds formulates three simple rules that each boid should follow: sep-
aration, alignment and cohesion. Separation is a boid's tendency to avoid crashing
into other boids. Alignment is the tendency to match the velocity of nearby boids.
Cohesion is the tendency to stay close to other boids. With only these rules the
boids follow each other in �ocks that closely resembles what you can see in nature,
like seen in �gure 1.1.

Flocking as described by Reynolds [1] can be used to solve the problem of individ-
ual boids ignoring the movements of their neighbours. This could cause unnatural
movement patterns in groups of boids where they bump into each other. Implemen-
tations of �ocking are thus relevant to those who wish to create realistic simulations
of intelligent moving agents, like crowd movement for city planning [3] [6]. It is also
relevant to developers of computer/video games, who require such implementations
to be e�cient as well as realistic. There has been implementations of �ocking be-
haviour in for example real-time strategy games (RTS) in which the characters are
moving in �ocks [7].

1.1.3 The Tower Defence Genre

A genre of games where �ocking behaviour has not been widely implemented or
tested yet is known as Tower Defence (TD). It contains games such asBloons TD
[8], Sanctum[9], Dungeon Defenders[10], and many more. All of these games have
di�erent takes on the genre, but the common elements between most of them are that
there are enemies that try to get from point A to point B and the player is tasked
with stopping them by building di�erent types of towers that destroy the enemies or
hinder their progress [11]. The enemies are often divided into waves/rounds, and the
player wins if they manage to defeat all of the rounds. The lose condition is usually

2



1. Introduction

Figure 1.1: Birds �ocking in the sunset.

that a certain amount of enemies reach point B. In some cases the player loses
when the �rst enemy reaches point B, but in other cases the player has Health/Hit
Points (HP) that re�ect how many enemies can reach point B before the player loses.
There are usually also economic aspects, where the player needs to earn currency by
defeating enemies to be able to purchase towers. One of the core gameplay aspects of
a TD game is being able to budget resources and �guring out which towers should
be bought and when. Another related core gameplay aspect is the strategy used
when placing towers to e�ectively stop the enemies.

1.2 Purpose

Considering that �ocking behaviour is scarcely implemented in Tower Defence games,
this presents an opportunity for investigation on the applicability as well as appro-
priateness of �ocking in such a game. The TD genre allows the player to directly
in�uence the �ocking behaviour by deciding the paths of the boids with the place-
ment of towers. Hence, the main purpose of this project is to develop a TD game
that utilises e�cient �ocking behaviour as AI for the enemies. Moreover, the pur-
pose of the �ocking is to add unique gameplay mechanics to the TD genre. This
purpose has been concretised into the following narrower purposes which are listed
in order of importance.

Implications of Flocking on Gameplay:Modify the �ocking rules and the gameplay
mechanics in such a manner that the player needs to regard the �ocking behaviour

3



1. Introduction

in order to conceive an e�ective strategy in the game.

Develop a Video Game:Create a serviceable video game with dynamic 3D-graphics
and audio, with the user experience in mind, by adopting di�erent common tech-
niques used in professional game development.

E�cient Flocking Behaviour: Implement and compare di�erent solutions for e�-
ciently and correctly simulating �ocking behaviour, to be able to have many enemies
in the game at once.

1.3 Related Works

While there seemingly has been little research done on implementing �ocking in a
Tower Defence games before, there has been other interesting utilisations of �ocking
in games and media. A big research topic nowadays is the application of AI together
with other emergent behaviours besides �ocking with the aim to create realistic-
looking simulations.

1.3.1 Flocking

Flocking behaviour, as �rst de�ned by Reynolds [1], has been applied in many dif-
ferent scenarios. In the paragraphs below several of these scenarios will be described.

Flocking is one kind of behaviour that can be implemented when working with
real-time particles [12]. However, there are also many other applications such as
simulating particles being a�ected by gravity or particles interacting with the envi-
ronment. What all of these concepts have in common is that rules will have to be
created to determine how the particles will act, and in most cases how they can act
in a way that is as realistic as possible. Drone [12] explains how a developer can
go about implementing di�erent kinds of behaviours for particles. In this project
the GPU will not be utilised for the �ocking behaviour, but other visuals like explo-
sions might use it which are often important aspects in making a game feel good [13].

Another way of utilising the �ocking behaviour was done by Daniel Shi�man with
his Swarm system [14]. He wanted to create a non-photorealistic rendering sys-
tem that could paint images in real-time resembling those of old American Action
painters. He was inspired by Reynolds' paper on boids and chose to use a �ock to
achieve his goal. This shows that �ocks can be utilised in di�erent ways than simu-
lating di�erent kinds of living beings, which means that the idea of a game utilising
�ocking seems more realistic. Allowing the boids in the game to have trails of parti-
cles behind them might even create some short lived works of art just like the Swarm.

The Moving Picture Company [15] managed to apply simulated �ocking behaviour
in order to render space battles in the movieGuardians of the galaxy. They based
the behaviour of their spaceships on the model presented by Reynolds [1], but also
enhanced it with new rules that allowed them to simulate dog �ghting and �ight

4



1. Introduction

paths. Adding new rules can change how the �ocking behaviour can be applied and
allow for a lot of interesting uses.

Research has been done previously in implementing �ocking behaviour in games.
Real-time strategy (RTS) is one genre that has had �ocking behaviour implemented
to test if the behaviour can help with natural movement [7]. Similarly to the Tower
Defence genre, RTS often requires characters to move from point A to point B, the
di�erence being that it happens when the player commands it instead of being a
constant. Therefore there is much that can be learned from these papers, even if it
is a di�erent genre.

1.3.2 Arti�cial Intelligence in Video Games

Research shows that a Tower Defence (TD) game can be improved with the help of
computational intelligence (CI) and how CI research in turn can be aided by being
implemented and tested in a TD game [16]. While this research is mostly about
how a game can evolve during gameplay to counter the players playstyle, it does
give an interesting look into how TD games can be used to test and improve types
of arti�cial intelligence (AI). In our project the developers themselves are in charge
of enhancing the AI of the boids to improve their �ocking and other necessary be-
haviour that is needed for the boids to be able to challenge the players. Just like in
the CI research a TD game gives the developers a good estimate of how well the AI
of the boids is performing, and where improvements need to be made.

There has also been research done on how emergent behaviours a�ect a game such
as Robocode [17]. Robocode is a game in which you program a virtual robot and
let it battle with other robots, like a digital version of Robot Wars. In this research
there is not a �ock of boids that a�ect each other and create an emergent behaviour
like �ocking, but instead an agent is given a list of actions that can be taken which
evolves into an emergent strategy for defeating an enemy. Some strategies that
evolved from this were:A robot that shot randomly, A robot that tailed other robots
and accurately shot them, A robot that avoided confrontation until the opponent ran
out of energy. This is a form of emergent arti�cial intelligence, which will also be
explored in this project with the boids individual behaviour creating the emergent
behaviour of �ocking.

1.4 Societal and Ethical Aspects/Considerations

As aforementioned this project will result in a video game. Thus keeping in mind
what kind of e�ect this game will have on its users is crucial. The type of content
that the game contains need to be taken into account to create a game which will
strive to not be a negative in�uence on its players. The following paragraphs will
discuss research that has been done regarding positive and negative e�ects of playing
games and how that knowledge was used in this project.

A heavily debated area of research is video games leading to aggressive and vio-
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1. Introduction

lent behaviour. A study was done [18] on the subject and comes to the conclusion
that there is some truth to video games having an e�ect on behaviour. However,
while the study shows that video games should be regarded as a factor to aggressive
behaviour it is not a big e�ect, and that it is directly connected to what kind of
game it is. For example, if there are pro-social aspects of a game, like �ghting for
a good cause, it will remedy some of the parts that might otherwise have a nega-
tive impact on a person's behaviour. The same can be said for cooperative games
according to the study, which help players work together to achieve a task. In the
game developed in this project the player will defeat/destroy/kill enemies, which is
a concern in this regard. The enemies however are not humanoids or animals and
most of the weapons available to the player have no counterpart in reality, which will
hopefully help mitigate any e�ects this game might have on the player's behaviour.

Addiction to video games is another thing to keep in mind when developing games.
Research shows that there are negative e�ects of excessive playing of video games
[19], but that it will not a�ect a large part of the players. However, it is important
to take this into account when developing video games so that it does not become
too addictive. In this project the game will not have much replayability, since it is
able to be �nished and will not have a high score. This means that addiction will
not be a big concern for the game.

There are no purely negative aspects to making games however, since games can
o�er a lot of di�erent valuable skills for humans. Playing certain types of games
can for example help improve the speed at which a human processes information
[20] and also helps improve spatial cognition [21]. The research done in these areas
show that video games can be a valuable tool for learning if utilised properly. In
the Tower Defence genre a large part of the gameplay is about learning to budget
resources and creating a strategy for how to place towers to achieve victory. Hence,
it is possible for the player to learn skills that they might be able to use later in
life.
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2
Problems

This chapter seeks to break down the project of developing a Tower Defence game
that utilises �ocking behaviour into a set of smaller problems. The problems related
to the implementation of �ocking behaviour will be presented in the �rst section
below. Following this, the problems pertaining to the development of the game are
addressed.

2.1 Flocking Behaviour

One of the goals in this project is to make the enemies in the game move as a
natural �ock. This problem requires the boids to follow behaviour such as keeping
a distance to other boids, avoid hitting obstacles, move towards some goal and all
this while moving in a natural way. In this section, these problems are discussed in
more detail.

2.1.1 Three Main Rules

As mentioned earlier, Reynolds describes three rules, see �gure 2.1, that together
make up the model of a �ocking behaviour [1]. However, creating an implementation
of these rules has not been a straight-forward task. The de�nitions given by Reynolds
does not describe how the rules should be implemented in detail, but rather how they
should behave and their purpose. Also the process of getting the �ocking behaviour
to feel right requires a great deal of experimentation and testing as it is hard to
predict how the boids will behave given a certain implementation of the rules.

Figure 2.1: The rules, Cohesion (l), Alignment (m), and Separation (r).

The three main rules are enough for the boids to work in a basic simulation, but
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for the rules to work in a game context even more rules are needed. First of all in
a game there exists non-boid obstacles, which the boids need to be able to avoid.
Secondly, in the case of a Tower Defence game, there needs to be a start position
and a goal position. The boids then need to be able to navigate from the start to
the goal position with no issues.

2.1.2 Obstacle Avoidance Rule

Obstacle Avoidance is an important rule to include in a Tower Defence game since
the boids should not clip through any of the towers or other obstacles that are in
their way. Therefore the boids need to be able to tell when they are about to collide
with an obstacle, and then steer away so that they do not collide. Reynolds writes
about this in his paper [1], where he writes about how interesting environmental
obstacles are and the e�ect they have on the boids. He talks about two di�erent
ways to achieve a type of obstacle avoidance, the �rst being theforce �eld concept
and the second being thesteer-to-avoidconcept.

The force �eld concept is straightforward, and it means that the non-boid objects in
the environment will have a �eld of sorts that repels boids that get to close [1]. The
�eld will grow stronger the closer a boid gets to the obstacle, which in most cases
gives a good and realistic behaviour for the boid. However, Renolds make it clear
that there are problems with this approach. If a boid is travelling in such a way
that its velocity is opposite the direction that the �eld, then then the �eld will only
slow it down instead of turning it away. There is also the issue of the �eld a�ecting
boids who have no reason to actually turn away from the object, since it might not
be right in front of them and therefore not a problem. Finally Reynolds also bring
up the problem of the �eld not feeling realistic in certain scenarios since it is only
really powerful when boids get very close. This can result in the boids bolting away
last second, instead of carefully planning their route which would be more realistic.

The Steer-to-avoid concept is the approach that Reynolds recommends. This ap-
proach entails that the boid has a vision and if it notices anything in front of it
within the range of its vision, then it will try to �nd a path that does not have
any obstacles by looking increasingly further to the right and left of itself. This
approach might be a bit more costly, since the boids will need to be able to �nd
paths around objects which will take some time to calculate, but overall it gives a
much more realistic look with boids that actually seem to plan ahead.

2.1.3 Path�nding/Goal Rule

Like mentioned previously, in a Tower Defence game the enemies need to be able
to go from a starting point A to a goal point B, �nding the best and most e�cient
path to do so. In some Tower Defence games the path is locked and the player is
unable to interact with it or block it, but in the case of this project and many other
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Tower Defence games the entire playing �eld is interactive as long as the enemies
have some way of going from A to B. If there is no possible path from A to B, it will
have to be dealt with. For example by allowing the enemies to bypass obstacles by
going over them or destroying random obstacles until a path can be found again.

To be able to go from point A to point B with no preset path, the enemies, referred
to as agents in this subsection, will need to be able to calculate what direction to
travel in to reach the goal. There are several solutions to this, but many of them
are agent based, meaning each agent individually calculates its own path without
considering other agents. This approach works very well if you have a small amount
of agents that move independently from each other, but with our intended number
of agents and the way they are interconnected through the �ocking, this approach
is not feasible. Instead the fact that every agent has the same goal will be used to
implement a goal-based path�nding algorithm.

A problem that is speci�c to �ocking is that the path �nding of the enemies will
need to be expressed as a rule. The boids can not stick to a linear path since then
the �ocking behaviour would be lost, so the path �nding will have to �t in with the
rest of the rules and be more of a inclination than a direct command.

2.2 Neighbour Problem

In order to calculate the result of the three rules, as well as other possible rules, each
boid must know the position and velocity of its neighbouring boids within a certain
radius. For a boid to know who its neighbours are it needs to ask every other boid if
they are neighbours, as �gure 2.2 shows. Ifn is the total number of boids, then each
boid also need to askn other boids. This leads to the total complexity ofO(n2).
This is a problem as e�cient �ocking behaviour is is one of the main purposes of this
project. However, the complexity can be improved by using di�erent data structures
to better manage the boids so not every boid needs to ask every other. The data
structures spatial hashing and k-d tree will be compared as two di�erent solution
for the neighbouring problem.

Figure 2.2: The neighbour search for a boid.
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2.2.1 Spatial Hashing

A data structure that was considered was spatial hashing. As described in [22],
spatial hashing is a method of projecting a 2D or 3D domain to a 1D hash table.
Visually it can be represented as dividing the area into a uniform grid of squares,
where each square represents a bucket in the hash table, as can be seen in �gure
2.3. The hashing function takes a boid's position as input to quickly,O(1), �nd the
index of its corresponding bucket. Then to �nd that boid's neighbors only adjacent
buckets need to be searched, which also can be found inO(1) time. The complexity
from using spatial hashing can be said to be linear [6], or more speci�callyO(k � n)
wheren is the total number of boids andk the maximum number of boids that the
search area can contain.

A problem with this data structure is apparent in the case of very concentrated
collections of boids. If a large number of boids were to converge in a small part of
the stage, the number of boids per square will still be very large. A way to negate
this problem is to use smaller squares. However, as noted in [23], spatial hashing
su�ers from a memory overhead, since memory is used for all buckets even if no
boid is present in it, which is bad for performance. So just decreasing the size of the
squares will not always lead to better results. The optimal square size will be the
one that has the biggest gain from being smaller relative to the performance lost by
the memory cost.

Figure 2.3: Visualisation of the spatial hashing data structure.

2.2.2 K-D Tree

A k-d tree is a type of binary data structure which in the 2-dimensional case di-
vides an area into rectangles [24]. Unlike spatial hashing which divides the area into
equally sized squares, the k-d tree can divide the area into smaller parts where the
concentration of boids is high. This means a low number of boids per part compared
to spatial hashing while still keeping the number of parts, and thus memory cost,
low. In the tree, each node represent a rectangular part of the total area. The tree
is constructed recursively by splitting every leaf into a node with two children if
a certain condition is met for that leaf, i.e. the leaf contains a certain number of
boids. The area represented by both children together form the area of the parent
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node. Boids are only stored in the leafs. How the result looks can be seen in �gure
2.4. In order to �nd the neighbours the tree makes a recursive search for all leafs
that coincides with the search radius and checks all boids in them.

The k-d tree approach however introduce di�erent problems. One important prob-
lem is that well balanced building and neighbour search have a time complexity of
O(nlog(n)) wheren is the number of boids [24]. This is somewhat greater than that
of spatial hashing. Another problem is the overhead caused by the recursive tree
construction.

Figure 2.4: Visualisation of the k-d tree.

2.3 Developing a Video Game

Solving the problem with the rules and the neighbour problem will result in an e�-
cient simulation of boids �ocking. However, since the goal is not simply to simulate
�ocking, this is not enough. The problem of using these boids in a meaningful and
interactive way through the use of the Tower Defence genre still remains. There are
several factors that need to be considered such as game dynamics, di�culty, colour
palette and the overall graphical style of the game. It is therefore important to
�nd a design that is well adapted to a computer game setting and helps the player
navigate and understand how the game works.

2.3.1 Tower Defence Genre

Since Tower Defence (TD) is a big genre there exists a lot of variations on the core
concept [11]. For example how the player interacts with the world. There might
just be a �xed top-down camera and the player only uses the mouse to place towers,
like in Bloons TD [8]. In another game the camera might be able to move around,
but the player still only uses the mouse. Games likeDungeon Defenders[10] uses
a third-person camera and games likeSanctum [9] uses a �rst-person camera, but
they both utilise a playable character that the camera is locked on. The player then
uses their character to traverse the map, placing towers, and defeating enemies with
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various attacks. The games where the default camera is not a "normal" top-down
camera often o�er an alternative view with this, or at least some type of map that
the player can use to get an overview, like in the previously mentionedDungeon
Defendersand Sanctum. The problem in this project is to determine the aspects of
traditional TD that will be utilised and which aspects need to be changed to allow
for �ocking to become a big part of the game.

2.3.2 Art Style Versus Performance

Another consideration that was made in this project was which art style should be
used, since a more realistic art style would be more computation heavy [25]. This is
because a more realistic art style requires the use of more polygons, and the more
polygons that are used the more time it takes for the Unity engine to render the art.
Therefore it would create a big problem since the �ocking algorithm itself is already
computation heavy. The Unity engine does all the rendering and calculations once
per frame, and the frame rate is the amount of frames that the Unity engine has
time to process within one second. If a frame takes to long to process, then the
frame rate will become lower and this will lead to a worse experience for the player
[26]. So by having boids that look like realistic birds the render time would be large
as well as the time to calculate their behaviour, which would result in a lower frame
rate with the same amount of boids or the same frame rate but with less boids.

2.3.3 User Interface

An important aspect of a game is the user interface (UI). The most common way for
users to interact with games these days is through a graphical user interface (GUI),
which is a subset of UI. There is also command line interfaces (CLI), but that will
not be used in this project. The user experience (UX) on the other hand is not as
clearly de�ned since it is a newer term, but can be though about as how the user
feels when they use the UI. UI and UX are therefore closely related, since a bad GUI
will almost always lead to a worse experience for the user. UX will be discussed in
the next section.

The problem is making sure that the GUI looks good and is easy to understand, so
that any user that uses it will enjoy their experience. In order to work e�ciently
with the UI, three main aspects have been considered: The art style, the colour
palette and the placement of elements.

Art Style: In order to make the game appealing to the eye and keep a uniform style
throughout the game the GUI needs to be created with an art style that matches
the art style used in the rest of the game. An example of this isBloons TD [8] where
the cartoon style GUI works well with the other elements of the game.

Colour palette: In order to make the GUI look good and be easy to understand
it is important to carefully consider what colours to use in the game. In the article
[27] the author discusses the use of colours in game to guide the player and make the
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gameplay intuitive, one example mentioned in the article isMirrors Edge [28] where
interactive surfaces are coloured red. In order to create a game which is intuitive and
interesting what colours to use and how to use them needs to be considered carefully.

Placement of GUI elements: In order to make the game intuitive and good
looking it is important to place each element of the GUI in an intuitive manner.
Tidwell describes in [29] why this is important and she also discusses how to think
when designing a layout. One of the things she mentions is that the "X" or cross
button often is in the top right corner of a window, but this is mainly a cultural
aspect.

2.3.4 User Experience

An important aspect in games is the user experience (UX) [29]. The user experience
is determined by many di�erent factors that need to be addressed, with the goal of
creating a game that feels good to play. Some of the most important aspects will
be described in the paragraphs below.

One of the largest contributors to how a player feels about the game is the camera.
The camera determines the player's perspective of the game environment. Haigh-
Hutchinson asserts that an e�ectively implemented camera should not be distracting
to the player and also aid the player in the game [30]. A key challenge here is thus to
implement camera behaviour that satis�es these criteria. On top of this, the camera
should respond to user input in ways that are obvious to the player.

The camera will support multiple di�erent views. For instance, the camera will
be able to provide an overview of the game level to facilitate the placement of new
towers and to provide easy access to modify existing towers. Additionally, it will
also sometimes follow the avatar of the player to display �rst person perspective.
Since there are several available camera modes, a way to change between these is
required, what Haigh-Hutchinson refers to as "transitions" [30]. Finally, there are
more speci�c problems like handling the camera when it is close to a plane which
can lead to the plane intersecting the projected image. The result is similar to when
the lens of a real camera is positioned just on the surface between water and the
air; you can see what is above and below the intersecting surface. That problem is,
according to [30], closely related to the problem of collision handling.

Besides the visual feedback that the player is given, another important aspect of
UX and the user immersion is the game audio [31]. The audio of a game means as
much as the theme of the game if not more [32], which means that the audio needs
to be carefully considered when developing the game. The problem is �nding the
audio that �ts with the game and gives the player a good experience.
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2.3.5 Implications of Flocking on Gameplay

The use of �ocking behaviour as a major gameplay component is one of the main
purposes of this project. The idea is that �ocking should enhance the normal Tower
Defence genre by adding more depth to the gameplay by promoting and encouraging
strategies that revolve around the �ocking. However the merge of this genre and
�ocking is not a straightforward process and there exists situations where these two
concepts clash and trade-o�s needs to be considered.

One such trade-o� is having a stronger path�nding rule versus having more nat-
ural �ocking. As seen in [33], normal TD strategies often revolve around restricting
the enemies movement. For the boids to be able to traverse these kind of environ-
ments e�ectively the path�nding need to be fairly strong. But this leaves less room
for the other rules to in�uence the boids movement and the �ocking will look less
natural.

2.3.6 Di�culty

The player should be able to win the game. On the other hand, the player should
still feel challenged. Research has shown that games are most fun and exciting when
they can challenge players [34]. If the game is too easy, they might get bored. On
the other hand, the same research shows that excessive challenge instead leaves the
player frustrated which, just like boredom, can make the player not want to play
the game again.

The degree to which the player wants to be challenged depends on the type of player
[35]. A casual player will play the game to relax or to have fun, whereas a hardcore
player is looking to be challenged to the limits of their ability. As demonstrated by
[35], there is some evidence suggesting that casual and hardcore players alike will en-
joy the game more if the di�culty is re�ective of their gaming experience. To target
both types of players, there needs to be a system in place that can alter the di�culty.

Two di�erent types of di�culty adjustment systems are discussed in [35], static
di�culty options and dynamic di�culty adjustment (DDA). Static di�culty op-
tions refer to when the player can choose between for instanceEasy, Medium and
Hard. DDA makes the di�culty adapt to the performance of the player during the
game session.

The di�culty of the game is dependent on many di�erent parameters. To name
a few, it is dependent upon the power/e�ectiveness of each tower, the speed and
health of the boids, and the available amount of money. In particular, the bene�t
that boids get from �ocking needs to be adjusted to an appropriate degree. The
problem is to �nd a balance between these parameters and to be able to adjust them
depending on the di�culty level.
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This chapter contains the theories, methods, and processes used to resolve and han-
dle the problems presented inProblems. First, the tools and development methods
will be described, then how the �ocking behaviour was implemented and tested.
Afterwards the di�erent visual and auditory aspects of the game will be discussed,
and �nally the gameplay aspects.

3.1 Tools

The main tool used in this project is the Unity engine [36]. The main reason the
Unity engine was chosen as a development tool was because a lot of documentation
exists and it is easy to start using for those who have not used it before [37]. It
also is also possible to change parameter values during game play which makes it
very e�cient for tweaking values. The version used was 2018.4.17f1 personal edition,
since at the time of version selection for the project this was the most recent with
long time support.

The programming language used for scripting was the object oriented language C#
and the programming language D. C# is used since it is the primary language for
creating scripts in the Unity engine. There will also be some code written in D,
which is a language similar to C++ [38]. D is used since the rules for the boids
and spatial partitioning will have to be optimised more than is possible with C#.
The D language, like C++, has much less overhead than C# [39], which leads to
code running faster and also leaves room for more optimisation. This optimisation
turned out to be necessary after the game was unable to handle a boid amount of
over the thousands without the game slowing down considerably when the �ocking
behaviour was implemented in C#.

3.2 Development Method

The development method that was chosen for this project was the agile method
Scrum [40]. This method was chosen since several members of the development team
has experience with it, and since using a agile method over the standard waterfall
method is heavily recommended to achieve greater software quality and to have a
stable development [41]. In scrum development is divided into sprints [40], and in
this project each sprint was two weeks long. The project also utilised a scrumboard
to track the progress of each sprint and the project as a whole.
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3.3 Minimum Viable Product (MVP)

An important step in development is determining what the Minimum Viable Product
(MVP) should be [42]. A MVP is as the name implies the absolute minimum that
has to be developed for the product to be able to represent the �nal product so that
it can be tested by stakeholders. Before starting development a MVP was created
for this project, and it looked like the following:

ˆ The player can view each level from a top-down view
ˆ One type of tower with the ability to attack enemies of the player
ˆ One type of enemy with the following properties:

� Enemies use �ock behaviour
� They are able to die, for example if they get hit by attacks from towers
� They are able to go from some point A to another point B
� They take less damage depending on the number of close neighbours.

ˆ The player can win/lose
� Win: Survive all waves
� Lose: Too many enemies reach point B.

ˆ One level with the following properties:
� Completely empty except ground
� Only one wave of enemies
� The player has unlimited resources to use in order to place towers on the

level.
ˆ It is possible to run a level with at least 100 enemies at a minimum frame rate

of 60 frames per second.
ˆ The graphical theme of the game is a minimalist art style.

However the MVP is not the same as the �nished product, which will be described
in the result. The MVP is the �rst prototype of the product, that can be seen as a
proof of concept and used for evaluation with testers.

3.4 Spatial Partitioning Data Structures

Spatial partitioning data structures are used in order to solve the problem ofO(n2)
complexity when calculating the three rules. These data structures divide an area, in
our case a 2-dimensional area into smaller pieces. When searching for the neighbours
of each boid you then only need to search in the adjacent parts of the data structure.
If the data structure is properly organised these parts will be very easy to �nd. To be
able to evaluate the di�erent spatial partitioning data structures, performance was
tested by having a 600x600 units area and seeing how many boids with a neighbour
search radius of 10 units could be simulated while maintaining a stable 60 frames
per second.

3.4.1 K-D Tree

The k-d tree was developed over three iterations. The �rst iteration was a "simple"
version written in C# without any thought of data orientation. New node instances
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were created each time a node was divided and the rule calculation iterated through
a list of methods implemented in di�erent classes. The performance was 800 boids.

This was improved by changing to a di�erent version of a k-d tree only storing
positions and reusing previously created nodes to reduce instantiation costs. This
was not written by us, but was found at Github [43]. On this job stack parallelism
was applied and the parallelism was optimized by starting the threads at the end of a
frame and collecting them again at the beginning of next. This last was particularly
e�cient, approximately doubled the frame rate. The way the rules were calculated
was also simpli�ed. Instead of calling methods of di�erent objects the rules were
written directly in the manager. The number of boids at 60 fps was approximately
2,800.

The last version was written in C++ with the k-d tree mentioned in the last para-
graph as outline. The Unity engine game object approach was changed to instead
use the Unity engine ECS entities. ECS is a data-oriented methodology of working
with Unity that seperates identity, data and behaviour [44]. The performance then
became 12,000. Since this version had best performance only this one will be de-
scribed in more detail.

The project by Github user viliwonka [43] was used as a reference for our im-
plementation, as mentioned previously. The reasoning behind this was that this
implementation used algorithms for building and neighbour searching that is easy
to implement and the code used a computationally cheap method to store and sort
the points, namely storing and sorting indexes of points instead of the points them-
selves. However, the choice was made to implement the k-d tree in C++ rather than
in C#. The reason for this was as mentioned in 3.1 that C++ has less overhead than
C#. Thus there was still work to be done translating the pre-existing C#-code into
its C++ counterpart. The reason C++ was chosen instead of D which was used in
spatial hashing was that the group members who worked on the k-d tree had more
knowledge about C++ than D and it has lower overhead than C#.

The algorithms used for building the tree can be described as recursive leaf splitting
using median of three as partition algorithm. It works as follows:

ˆ Create new node with no children containingstart and end. If end - start
< maxElementsPerLeafstop, otherwise continue.

ˆ Use some partitioning method to chose a coordinatepartitionAxis ,either x
or z, and a valuepartitionCoordinate .

ˆ Permute indexArray such that the following criteria becomes true:
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8i; start <= i < partitionPivot :
(3.1)

points[permutation[i]].partitionAxis < partitionCoordinate
(3.2)

8i; partitionPivot <= i < end :
(3.3)

points[permutation[i]].partitionAxis >= partitionCoordinate
(3.4)

ˆ Create the left child by jumping to 2 with start <- start and end <-
partitionPivot . When that is done create the right child by jumping to
2 with start <- partitionPivot and end <- end.

In order to �nd partitionAxis and partitionCoordinate in each node a type
of median of three algorithm was used. It should be noted that this was not used
by GitHub user viliwonka in his original tree. The reason this was chosen was
mainly because it required less information to be passed down in the tree but also
because previous tests of trees written in C# showed a very slight increase in search
performance when using median of three instead of binary splitting which was used
in the original.

3.4.2 Spatial Hashing

The spatial hashing implementation also had a few di�erent iterations and was
started after the k-d tree implementation when some problems with the way things
had been done became apparent. The �rst version of the spatial hashing algorithm
was also written in C# but introduced a shift from representing the boids in an
object-oriented manner to a more data-oriented manner where most of the data was
laid out in contiguous arrays instead of spread out in di�erent objects. This resulted
in being able to simulate 3,000 boids, but it is hard to say what part of the per-
formance gains came from the spatial hashing algorithm and what came from the
cache bene�ts of the data being more tightly packed.

The �ocking simulation was later rewritten in D to get the performance bene�t
of using a compiled native language. The result was that 5,000 boids could be simu-
lated at 60 fps, but pro�ling the performance showed that almost no time was spent
in the actual �ocking simulation, and that the simulation was instead bottle necked
by various other manipulations of the game objects.

To remedy this bottle neck, a version that used Unity engine's ECS was imple-
mented. Initially this switch resulted in being able to simulate around 17,000 boids
in the previously outlined test setting. With some parallelization and moving more
code to a native implementation, this version was eventually able to simulate 35,000
boids, and ultimately was the version that was used in the �nal product.
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3.5 Boid Rules

The boid rules are one of the main aspects of this project, since without them the
enemies would not be �ocking. The three main rules, Separation, Cohesion, and
Alignment, gives the correct �ocking behaviour while the Collision Avoidance and
Path Finding rules gives the behaviour necessary for a tower defence game to work.
Each rule calculates a separate acceleration vector for each boid, and each rule vec-
tor is then added together to create the actual new velocity of a boid.

When reading this section, it should be taken into account that aside from the
criteria for good �ocking the choices of rule calculation has in a number of cases
been based on subjective opinions such as if the �ocking posses "a natural look" and
it is speci�cally chosen to work well with the tower defence setting. If the reader
wishes to use �ocking behaviour in some context she or he is advised to test di�erent
approaches to determine what works best for that setting.

Before the discussion of the rules it is necessary to understand how the boids in
our implementation of �ocking handles the application of forces. Thus the way
boids behave when at large speed will be mentioned �rst.

3.5.1 Speed Restrictions of Boids

In order to avoid the problem of unnatural behaviour due to unlimited velocity
boundaries on the speed of the boids are used. When the speed of a boid exceeds
the upper boundary a friction force is applied. To be more precise, if the calculated
boid velocity v1 after applying acceleration during a frame has larger size than some
maximum speedSM ,i.e. jjv1jj > SM , the following was set:

v2 =
v1

jj v1jj
max(SM ; jj v1jj � af � t) (3.5)

wherev2 is the velocity after restrictions have been applied,af is a constant describ-
ing the amplitude of the friction force and� t is the time since the last frame. Thus,
if af is large enough, the boids will never accelerate to in�nity and the behaviour is
more natural.

In addition to the upper speed limit a lower limit is also usedSm . This can be
used to prevent unnatural behaviour such as if a boid of some reason where to stop.
In our testing however it has shown very little e�ect, as long as it is signi�cantly
lower than SM .

Of course, there are other ways to solve this problem, such as setting a hard upper
speed limit. The main reason 3.5 was chosen as the velocity restriction is that it
is easy to understand and implement, and it allows boids to be pushed faster than
SM by external forces. Because of its simplicity it is also simple predict how it will
work with other aspects of the game, such as the rules.
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3.5.2 Distance Functions Used for the Three Rules

This section will describe how the strength of the three rules are calculated with re-
spect to the distance between each boid and its neighbours. Some previously tested
and rejected methods are also mentioned.

The following function is used in order to calculate the strength of all three rules
(although alignment uses a slightly di�erent version also taking into account the
relative velocity, see 3.5.5 for more details).x is the distance vector from the boid
to a neighbour.

f (x ) =
ax

jjx jj=s+ jjx jj 2
(3.6)

Where a is the amplitude of the rule ands is the sensitivity.

These acceleration vectors are calculated for each neighbouring boid within a certain
radius, they are then superpositioned to create the �nal rule acceleration vector. Af-
ter all three rule accelerations are calculated, they are simply applied to the velocity
of the boid. This is then repeated for every boid

The reason function 3.6 has the termjjx jj=s in the denominator is in order to
prevent f (x ) from tending to in�nity as jjx jj �! 0 as well as controlling how sen-
sitive the function is to closer boids.

Note that jjx jj �! 0 =) f (x ) �! as and jjx jj �! 1 =) f (x ) �! a=jjx jj .
This shows how a higher value ofs increases the strength at close range but has
negligible e�ect at very long range. Ifas and ss are the parameters for the separation
rule and ac and sc are the parameters for the cohesion rule, then if they are chosen
such that asss > a csc the separation will be stronger at close range and ifas < a c

the cohesion will be stronger at long range. This way it is possible to give both rules
the same range while still preserving separation when close and cohesion when far
away.

In order to �nd a good shape of the distance function for the separation func-
tion f (x ) a number of di�erent functions were tested. The most notable one is the
following:

f (x ) =
ax

1=s+ jjx jj 2
(3.7)

The behaviour of this function is very similar to the behaviour of 3.6 at long dis-
tances, but will tend to zero asjjx jj �! 0. 1 The reason this function was not
used is because boids could "clump together" two and two when getting very near
each other. It is also obviously not natural behaviour if the avoidance tendency

1Naturally other aspects such as maximum strength will be a�ected if a and s are the same in
the two functions 3.6 and 3.7, but these aspects are not relevant since they can be counteracted
by balancing a and s.

20



3. Methods

disappears when getting to close to a neighbour. Tests were also performed where
3.7 was only used in the cohesion calculation, but unnatural e�ects that probably
was caused by the weak cohesion at close range occurred.

3.5.3 Separation

The separation rule on a boid is calculated by �rst determining for each of its
neighbours (i.e. all boids within a certain search radius) their di�erence in position
x and then uses function 3.6 to calculate the acceleration of the boid. Naturally,x
is the distance vector from the neighbour to the boid, otherwise the force would be
attractive.

3.5.4 Cohesion

The cohesion rule is implemented by having each boid determine its distance vectorx
to all boids within a certain radius. This time x is the distance vector from the boid
to the neighbour. The distance function 3.6 is then applied to all distance vectors
and the result of the calculations is superpositioned to create the total cohesion
vector.

3.5.5 Alignment

The alignment rule is calculated in a similar way as separation and cohesion, but
since the idea of alignment is to match velocity instead of position a slightly di�erent
function is used. ifx as before is the distance vector from the boid to its neighbour
and v is the relative velocity vector of the neighbour compared to the boid, then
the alignment rule has the following function:

f a(x ; v) =
v

jjv jj
aa

1=sa + jjx jj
(3.8)

Not much thought has been put in to this function except that the rule strength is
stronger for closer boids. Observe also that the rule strength does not depend on
the size of the relative velocity vectorv, only the direction. The reason for this is
that the rule behaviour became more coherent during testing, there is no theoretical
reason for this choice.

3.5.6 Rule Calculation Using Weighted Mean

The method for rule calculation which have worked best is to simply superposition
the results from the rule calculation on each neighbour, this is however not the only
way to calculate the rules. One of the main aspects of superpositioning is that the
rules become stronger the more neighbours are present. In one sense it is very natu-
ral for a �ocking agent to be more careful when surrounded with many neighbours,
but for rules like cohesion it is not an obvious choice.
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An attempted approach was to calculate the cohesion using a weighted mean of
forces from the neighbours. The function looks as follows:

f T (x ) =
P

n2 N wn f (x � x n )
P

n2 N wn
(3.9)

where N is the set of neighbours,f S is a function to calculate the force from one
neighbour,x n is the position of neighbourn and wn is a weight correlated to neigh-
bour n. To calculate wn an inverse distance function was used. The closer the
neighbour, the larger the weight. However, this was not used in the �nal product,
one of the main reason was that each boid could become "content" with just one
or two neighbours, not bothering to merge together into larger �ocks very often. It
is not certain, but it might also have been a contributing factor to a strange be-
haviour where a ring of boids formed at a distance around the rest of the �ock. The
mentioned ring only tended to be one layer of boids thick, but the distance between
them was very small.

3.5.7 Obstacle Avoidance

Obstacle Avoidance was initially implemented as the recommendedsteer-to-avoid
approach by having each boid check for any non boid obstacles in front of it within
a certain range. If any obstacle is found in the boids direct path, then the boid
will try to �nd a path which does not have an obstacle, It does this by alternating
looking left and right with larger and larger turns until it �nds a clear path. The
closer the boid gets to the obstacle, the bigger impact the clear path will have on
the boids actual velocity. The range of the rule can be adjusted, so that it can be
set to a distance that seem like a realistic view distance for the boids.

This approach worked well, but as more and more boids were added to the game, the
performance cost of the obstacle avoidance eventually got too big, and the simpler
force �eld approach was implemented. This new implementation means that each
occupied tile has a force pointing away from it. As boids get closer to the occupied
tile, the force pushing them away gets stronger. This approach turned out to be a
lot cheaper performance wise and has allowed us to simulate more boids at the same
time.

3.5.8 Path�nding/Goal Rule

The path�nding rule is implemented with the help of a grid. The entire map is
divided into a grid in the logic, and the goal is placed within a certain module of
this grid. This same grid is used for towers and for the di�erent obstacles on the
map. Although the grid is used to facilitate the path�nding algorithm, the enemies
should not look as if they are bound to the grid when moving.

The development of the path�nding algorithm was an iterative process which was
not �nalised until late in the project. From the start it was decided that an agent-
based approach to path�nding was not going to work due to the number of enemies
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and the dynamic nature of their movement. Instead, a goal-based algorithm was
used that assigns each tile a vector that corresponds to the direction an enemy
should move in to reach the goal. The initial version of this was split in two steps,
see �gure 3.1. First awavefront expansion algorithmwas used to calculate the man-
hattan distance from each reachable tile to the goal tile. Then every tiles vector was
set to point to the neighbouring tile with the lowest distance.

Figure 3.1: An example map(left) going through the di�erent steps (middle and
right) of the initial algorithm.

There were a few problems with this way of doing it. First was that since each
tile only looked at the immediate neighbours to set its vector, the movement was
limited to 8 di�erent directions. Another issue, related to the �rst one, was that the
enemies ended up always going diagonally until they were able to walk horizontally
or vertically to reach the goal. These issues made the movement of the enemies
look very unnatural. To remedy these problems, changes were made to both steps.
In the distance calculating step, the algorithm now kept track of the previous tile
of the wavefront expansion algorithm. The vector generation step then used that
information to look further back than just the immediate neighbours. When setting
a tiles vector, visibility checks were done through raycasting from the tile to the
previous tiles in the sequence leading up to it, and if a tile closer to the goal than
the immediate neighbours are is found, the vector would point to that tile instead(see
�gure 3.2).

Figure 3.2: Comparison between the old(left) and the new(right) approach on a
map without obstacles

When a boid then calculated its path�nding movement, it would simply check what
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tile it is in, and take the vector from that tile as its movement. The problem with
this approach was that there could be big di�erences between the tiles vectors,
and it was quite obvious when a boid had passed a tile border to another tile.
To �x this problem a bilinear interpolation between the vectors of the 4 nearest
tiles is now used as the movement instead. To maintain �ocking behaviour, the
path�nding behaviour is implemented as one of the rules a�ecting boids, so the
resulting movement is simply a suggestion instead of a demand which would leave
no room for �ocking.

3.6 Developing a Video Game

This section is about the solutions that were implemented to create a game that
adhered to common game techniques. To be able to achieve this a lot of di�erent
aspects needed to be addressed, and the choices and motivations is described in the
subsections below.

3.6.1 Art Style and Theme

As mentioned in the problem section the issue with choosing an art style was that
more intricate art styles take more time to render by the Unity engine than less
intricate art styles, which would result in fewer boids being able to be simulated
if the frame rate should stay constant. Therefore alow poly art style was chosen,
since a low amount of polygons take less time to render but still o�er some room
for creating a distinct style. After a low poly approach had been chosen the theme
was decided to be medieval fantasy, since it �t well with the low poly art style.
Illustrated below in �gure 3.3 are some of the assets [45] used as obstacles.

Figure 3.3: The assets used for obstacles in the game.

3.6.2 Graphical User Interface (GUI)

The GUI was created with an iterative process. The �rst draft of the GUI was simple,
as can be seen in �gure 3.4, and was was put in place for two reasons. Firstly, it
was to be able to test the functionality that was implemented in a straightforward
way. Secondly, it could be used as a way of testing how the player interacts with the
game to see what works and what does not. In the �nal versions of the GUI there
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is a clear resemblance to the original GUI even if it has improved a lot, because the
functionality that worked well in the original draft was kept in later iterations.

Figure 3.4: The �rst draft of the GUI.

Before the actual layout of the GUI was determined, several drafts on paper were
made and modi�ed with input from the entire team. An example of these drafts
can be seen in �gure 3.5. These drafts were then implemented in the Unity engine,
and the �nal layout of the GUI will be presented in the Results section.

One of the layout drafts which were considered can be seen in �gure 3.5. In this
draft all the information about the towers is kept on the left side of the screen while
a mini map is in the top right corner and di�erent options are placed in the bottom
right corner. Relevant information such as health and wave count is placed below
the mini map. However, the decision was later made to put the options button in
the top right corner together with the mini map since this would make the interface
more intuitive because of cultural aspects in games [29].

Figure 3.5: Paper draft of the user interface during gameplay.

The art style was also an element of discussion. As mentioned in 2.3.3 it is important
to use an art style in the UI that makes the functionality simple to understand and
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the game as a whole visually appealing. Since the objects in the game uses a low
poly art style it was decided to use a simple design with few small details. Another
reason to use a simple design was to decrease the work needed in this project. The
decision was made to use a cartoon art style with hard edges. How this later turned
out can be seen in 4.9.

Next the colour palette of the GUI was discussed. Based on the discussion of colours
in videogames in two articles [27] [46] some important conclusions were made. First
of all, there should be a clear di�erence in colour between the interactive parts of the
GUI and the background, furthermore the colours used in the interactive elements
should have a high value, in the HSV colour system, compared to the background
colours in order to catch the players attention. Secondly, the colours used in impor-
tant elements of the GUI should be grouped by functionality. In other words, the
same colour should be used in all elements which have a common functionality such
as closing a window, switch to a certain scene etc. This is in order to make the UI as
intuitive as possible, for example if the player wishes to close the current window it
can easily �nd the right button since it knows what colour the button should have.
The colour palette that was chosen can be seen in 4.9.

The �nal thing considered when developing the GUI was visual and auditory re-
sponse when using interactive elements. This is an important aspect of the interface
in order to make it easy for the user to understand all functionality that exists [29].
Visual response was implemented by making buttons and other elements grow in
size or change colour ,or both, when hovering over them with the mouse. A short
sound when clicking on buttons was added as auditive response.

3.6.3 Camera

The �les that represent a level in a game made with the Unity engine are called
"scenes" [47]. A Unity scene needs to contain at least one camera or else the player
will not see anything [48]. The camera object has a position and rotation which
can be altered dynamically by writing a script for it that uses functions from the
various Unity libraries. This forms the basis for working with the camera. In the
following paragraphs, the solutions to the problems explained in section 2.3.4 will
be presented.

To make the camera helpful to the player, it �rst and foremost provides the player
with a top-down perspective on the level. In this view, called pan mode, many
towers can be seen at once and manipulated in various ways. In contrast, the player
can also switch to inhabit the perspective of a person walking around in the level.
In that view, called FPS mode, the player does not have as good of an overview on
the towers. The camera can also be positioned at a place where it can capture the
entire level, and thus give the player an even better awareness of current events. For
pictures that demonstrate these aspects of the camera, see section 4.10.

Transitions between cameras can be implemented in multiple ways. One option
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