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Abstract

This report will deal with the process of creating an example based procedural

distribution tool. This is accomplished within the Frostbite game engine editor, FrostEd.
The design of the tool is based on artist’s desires and wishes. By using actual placements
of objects in the editor as in-data, the tool provides the artist with an unmatched visual
feel for calibrating its properties and settings. Note that this is a unique technique and
was invented during the creation of this tool. The tool is based on a machine learning
approach. It creates a feature vector from the example placements for each type of
object. These vectors are then used to create statistical models which in turn are
used to generate new object placements. The process of determining the position and
rotation when generating an object is divided into two parts. A new concept called
[Feature Function| is utilized to provide each element in the population with a
probability to obtain a certain position and rotation.
For position dart throwing makes a first weed out. Simulated annealing helps avoiding
getting stuck in local maximas. And finally the Kolmogorov Smirnov Normality Test
evaluates the probability for each sample that the simulated annealing has provided. For
the second part multivariate distributions evaluate how the object is rotated according
to certain predefined vectors, such as the surface normal and the world-up vector. The
results were satisfying and proved that this new method works. The implemented tool
had a distribution time that scaled badly, but there are explanations to why and how
to solve this issue in the report.




Acronyms

2D Two-Dimensional. [4]
3D Three-Dimensional. [9]

CDF Cumulative Distribution Function. [[3]
CV Coefficient of Variation. [31]

ECDF Empirical Cumulative Distribution Function. [I3]

FF Feature Function. i, [7} [8 [(7{19) 2224} BT} B3} (1} 42} B4} 1} 52
FPF Feature Placing Function. [8} [0 [40}, [46]
FRF Feature Rotation Function. [9]

GUI Graphical User Interface.

HD High-Definition.

KS Kolmogorov Smirnov.

MPDF Multivariate Probability Density Function. [9} 10} (2]

SA Simulated Annealing.
ST International System of Units.

STD Standard Deviation.

UPDF Univariate Probability Density Function. [§] [9]

ii



Contents

I__Introductionl 1
MT Background| 3
eor 4

pling 4

[1.1 Random sampling] . .. . .. ... ... .. L 4
1.2 Poisson disk sampling| . . . . .. ... o o0 5
[1.3  Jitter grid sampling] . . . . . . .. ... 5

[2 Final sample]| 6
2.1 ECO - Teleologicall . . . . . . ... ... ... . 6
[2.2  Density function - Ontogenetic| . . . . . . . . .. ... ... ... ...... 6
2.3 Probability sampling - Ontogenetic| . . . . . . .. ... ... ... ...... 7
3___Feature function | 8
|3.1  Feature placing function| . . . . . . . . .. ..o oL o 8
8.2 Feature rotation tunctionl . . . . . . . . ... ... 9
3.2.1 Quaternions|. . . . . . . ... 10
4__Search heuristics| 10
4.1 Hill climbing] . . . . . .. . .. . 10
4.2 Simulated annealing| . . . . . ... ... L 11

[6 Test of normality| 12
b.1 Arbitrary test|. . . . . . . .. 12
b.2  Kolmogorov smirnov| . . . . . . . . . ... e 13
6__Artistic controll 14
6.1 Sampling areal. . . . . .. ... o 14
6.1. QUATE| . .« . v v v e e e e e e e e e e e e e e e e e e e e 14
6.1.2 A wvolumel . . ... ... .. . 15
................................... 15

[6.2 Tteration and workflow] . . . . . . . ... ... 15
B2T1 Seedl . . . . . .o 16

6.2.2 Treezel . . . . . . . 16
IV___Method 17

iii



[7 Preliminary study|

[8  Implementation|

[8.3 |Graphical User Interfacel (GUI)[ . . . . .. ... ... ... ... ... ...
8.4  Technical implementation| . . . . . . .. ... ... ... .. .........
[8.4.1  Dart throwingl . . . .. ... ... ... ... .

[8.4.3  Deciding which [FF[tousel . . . . . . ... .. o000
[8.4.4  Kolmogorov Smirnov|. . . . . . ... o oo oo
8.5 Freeze objects| . . . . . . ..

V__Resultl
8.6 Preliminary study| . . . . ... ... ... ...
8.7 TImplementationl . . . . . . .. ...
[8.7.1  Sampling area] . . . . .. ... L

[11.1 Optimization| . . . . . . . . . . . e
[11.2 Distribution fitting| . . . . . . . . . . .. ...

[A_Source codel

IA.1 Random sampling] . . ... ... ... .. ... ... ...
[A.2 Jitter grid sampling] . . . . . . .. ..
|A.3 Dart throwing|. . . . . . . . . . .
IA.4 Simulated annealing| . . . ... ... ... ... ... . o

[A4.1 Fliptunction| . . . . . . . ... .

[A.4.2 Acceptance funtion| . . . . . . . ..o Lo o Lo
IA.5 Random unit quaternion|. . . . . . . . . . ..o

v

17

17
17
18
19
21
21
22
31
33
35

38
38
38
38
40
42
o1

52
92
93

53

53
93
93



Figure 2: A forest generated by the final implementation of the tool. The feeling and
composition created by the different objects are based on the example area seen in figure

which is created by an artist.

Part 1

Introduction

Game worlds are increasingly getting bigger, which means that more [High-Definition| (D))
content needs to be created. Hiring more artists is not really an option since there is
today already a couple of hundred people working on a AAA-game (pronounced ”triple
A”). AAA is the classification term used for describing high quality games with a large
budget, the equivalent in the film industry would be a blockbuster. By implementing artist
friendly procedural tools, the game worlds can be created in a more efficient and quicker
way without losing quality.

The goal of this thesis was to create an artist friendly example based procedural distribution
tool. By using sample placements, there will be an increase in the amount of productivity
and control that the artist can achieve. The artist will be able to focus on the things that
are important, rather than creating similar areas over and over. To quote Ruben M. Smelik
et al.[I]: ”A simple set of input parameters or a few generation rules of the procedural
model yield a wide variety of models”. This leads to the questions:

e How can procedural methods be applied when creating a useful procedural distribution



tool which has the desired level of artistic control?
e How should a tool like that be designed?

The thesis has been delimited by criteria based on interviews carried out with artists. The
main focus is environments that can somehow be described by certain abilities. Like trees
getting clustered in nature, or trash getting collected close to the sidewalk. The artist
should be able to have good control over the objects getting created. They should also be
able to remove the things they do not like and get direct feedback to make iteration easy.
So a lot of earlier research in procedural content generation does not work very well for this
type of tool and workflow.



Part 11

Background

There are a lot of different methods for creating game worlds procedurally. This the-
sis started out with a very general direction. Many different areas were examined and
evaluated accordingly to what tools already existed inside FrostEd and to what seemed
exploratory. Three artists were interviewed about the chosen area, procedural object dis-
tribution. The questions dealt with how they felt about the distribution tools already
existing inside FrostEd today and what was requested from the new tool. These interviews
concluded that:

e Tools for placing smaller non colliding objects like ferns and gravel-rocks works well
and does what is desired.

e The object distribution tools that exists does not create realistic looking distributions
or areas when placing objects. They do not follow any specific pattern and that makes
them hard to use and predict.

And important aspects in general:
e Be able to iterate quickly to create a good workflow.
e Rotations often has to be altered later when procedurally distributed.
e Be able to align objects against the surface.
e In environments things are often clustered naturally.

e Key features of the environment are: Corners and slopes, material on the ground and
topography in general.

e A function for ”freezing” certain areas and redistribute the non-frozen areas.

e A high-quality foundation since there is often not enough time to place as many
objects as desired.

e Have presets since it sometimes can be hard to understand a tool with many input
parameters.



Part III

Theory

As an introduction to get a general overview of procedural creation see [I]. For an introduc-
tion to the different types of procedural methods and to the importance of artistic control,
see [2]. There were no actual papers about example based procedural tools found that
seemed appropriate for this task. But many of the methods involved to achieve the final
result has been researched individually and have papers dedicated to their solutions.

1 Sampling

To be able to compare different element placements, their positions are sampled in a discrete
[T'wo-Dimensionall space. Together these elements create a population. There are many
different ways of sampling an arbitrary amount of elements. The methods researched during
this thesis were random sampling, jitter grid sampling and Poisson disk sampling.

1.1 Random sampling

Random sampling, also known as stochastic sampling, samples elements with random po-
sitions. It is easy to implement but creates some unnatural clumping due to the nature of
choosing random numbers. This can be observed in figure 3] For further reading see [4] and
appendix [A] for source code.
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Figure 3: 200 elements uniformly sampled randomly. This method is computationally cheap
but ends up clumping the elements together if no bounding conditions are set.



1.2 Poisson disk sampling

Poisson disk sampling samples evenly distributed elements with a random looking feel.
This is achieved by sampling new elements around already added elements with a minimum
distance condition. This method is however computationally expensive and therefore time
consuming. Depending on the application, this might be more or less justifiable. The
elements in figure @ have been sampled using Poisson disk sampling. See [5] for further
reading and code implementation.
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Figure 4: Elements sampled with Poisson disk sampling. This method solves the clumping
problem seen in figure [3] but is computationally more expensive.

1.3 Jitter grid sampling

The grid will distribute the elements evenly, as shown in figure[5.al To get a random looking
feel, the elements positions are displaced from the grid, as shown in figure They are
both easy to implement and provide good performance. For further reading containing a
more detailed explanation, see [4]. See appendix for source code.
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Figure 5: Elements sampled using grid sampling. |5.b Elements sampled using jitter
grid sampling. Just by moving the elements a small distance a random feeling is created at
a much lower cost than by using poisson disk sampling.



2 Final sample

From the sampled elements representing the total population, only a few will be in the final
sample. This is achieved by using teleological or ontogenetic methods. A teleological method
is an accurate physical model of the environment, e.g. an eco-system. An ontogenetic
method is an attempt to reproduce natural results with arbitrary algorithms.

The distance between sampled elements can be utilized to avoid overlapping by re-sample
them until a shortest distance condition is met. Compare figure |§| and figure [3| and visit [4]
for a similar approach. There are other ways to achieve the same result by using 3D-meshes.
In that case bounding boxes, bounding spheres, ray-tracing or vertex-intersection are a few
of the methods that can be used for collision detection.
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Figure 6: 200 elements uniformly sampled randomly with a radius-distance collision condi-
tion. Avoiding elements intersecting is often desired to avoid 3D-meshes from getting too
close to each other.

2.1 ECO - Teleological

When sampling different species, every sampled element has a circle radius. Biologically
motivated rules make use of the interaction between the intersecting circles. In [§] the rules
are defined as: If the circles representing two plants intersect, the smaller plant dies and its
corresponding circle is removed from the scene. Plants that have reached a limit size are
considered old and die as well. For further reading visit [8] and [9].

2.2 Density function - Ontogenetic

By letting a continuous function affect the density, irregularity or regularity can be obtained.
These type of functions are however hard to control. See figure [7] and figure [§] for visual
results using density functions.
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Figure 7: A density function consisting of sin and cos elements. This shows that it is possible
to control the density of the elements but the feeling of randomly generated positions is
lost.

Figure 8: Poisson disk sampling, where the minimum distance is driven by Perlin noise. The
clumping of elements is great when placing grass and many other type of objects. Picture
taken from [5].

2.3 Probability sampling - Ontogenetic

Each element is assigned an individual probability value. This is achieved by letting them
get evaluated by a [FE| Briefly the idea is to let each element in the current sample get
evaluated by a that returns a value according to a specified task. In figure [9 a that
returns the distance to the closest element in the current sample has been used. See [3| for
a more detailed explanation.



Figure 9: The final sample of elements that has used a that returns the distance to the
closest element in the current sample. This[FF|replaces the need for having a radius-distance
collision condition.

3 Feature function

A [Feature Function| is a short function that evaluates each element in a sample sep-
arately and returns an individual value accordingly. This individual value corresponds to
what the takes into account. Note that this is a unique technique created for this tool.
In practice it is possible to let the [FF] calculate a value based on whatever is desired.

3.1 Feature placing function

The |[Feature Placing Function| (@ uses the position of the element in various ways to
determine a return value. In ﬁgurell__O the stone-elements (grey circles) have used athat
returns the distance to the closest tree-element (green circles). This is the individual value
used to evaluate how likely the element is to end up in the final sample. The evaluation
uses a|Univariate Probability Density Function| (UPDF]). The mean and [Standard Deviation)
are set by the artist or according to example element placements. E.g. the mean
distance to trees and the estimated differential in the earlier example.
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Figure 10: A final sample of stones (grey circles) that has used a which returns the
distance to the closest tree (green circles). The visualization creates a clear understanding
of how the positions of the stones are related to the positions of the trees.

3.2 Feature rotation function

The [Feature Rotation Function| (FRE) utilizes arbitrary [Three-Dimensionall (3D])-vectors
represented in world space to describe the rotation of an object. The vectors are transformed
into the local space of the examined object. This local representation can contribute to a
general perception of how the object is rotated compared to its X, Y and Z axes.

In figure [I1] the red arrow is represented in two different coordinate systems. In world space,
figure it is parallel with the objects green Y-axis-arrow. In it is represented in
the objects local space with different X, Y and Z values. So the basic idea of a [FREF] is
similar to the one of a [FPF] But instead of returning a single value to evaluate, it returns
a[3D}vector. To evaluate this vector, a[Multivariate Probability Density Function| (MPDEF)
is used instead of a [UPDE}




Figure 11.a Figure 11.b

Figure 11: World space coordinate system. Local space coordinate system. The
red arrow represents the world space up vector.

3.2.1 Quaternions

To be able to find rotations for the elements in the final sample that corresponds to the
earlier apprehended local vectors, random unit quaternions are utilized. The identified
world space vectors are transformed into the local space of the quaternion. Then the
[MPDEF] created from the mean of the examined objects local vectors, can return individual
probability values for each quaternion. This value represents how well it compared with the

vectors represented by the See appendix for source code.

4 Search heuristics

When examining the different samples and their element distributions, the goal is to find
the optimal global distribution. It is important to realize that there will be a large search
space if thousands of elements are going to be evaluated, whilst maybe only a few of them
will be in the final sample.

4.1 Hill climbing
The hill climbing algorithm starts out with an arbitrary solution to the problem. It then

tries to find a better solution by iteratively stepping forward. If a better solution is found,
it will be the new best solution. This is repeated until no better solution can be found. The

10



problem here is that the hill climbing algorithm is a local search algorithm, meaning it will
get stuck in local optimums. Depending on the initial state it may or may not find the best
solution. In figure the hill climber will get stuck in the local maximum.

objective function .
- global maximum

shoulder

e

local maximum
“flat” local maximum

=

state space
current
state

Figure 12: Hill climber algorithm getting stuck in a local maximum. Each used would
increase the probability of getting stuck in a local maximum.

4.2 Simulated annealing

[Simulated Annealing] uses annealing in metallurgy as a metaphor to describe how it
works. When annealing metal, the metal is exposed to heat above its critical temperature
which makes it possible to alter its physical properties. The metal solidifies as it cools and
adapts to its new form. This cooling process is simulated by a temperature variable. As
the algorithm runs, the temperature is slowly decreasing. The effect is that the higher the
temperature, the bigger the jumps in the search space. The algorithm is also likelier to
accept a worse solution than the current one. The gist from this is that local maxima’s and
minima’s can be avoided. This can be observed in figure where the [SA] jumps from 2
to 3 and from 4 to 5, even though they are worse solutions than the current ones. [SA] can
contribute to find an acceptably good solution within a shorter amount of time than an
exhaustive enumeration would. But it might not find the best possible solution.

11
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Figure 13: jump behavior. This is a computationally expensive way to find a good
solution, but badly needed for all the fall pits in the global space.

[SA] overview pseudocode:

1.
2.

3.
4.
d.

Set the initial temperature and solution

Start the loop that iterates on the algorithm. This loop will stop when either the
temperature is too low or when a good enough solution has been found.

Make a change to the current solution, small or big depending on the temperature.
Decide whether or not to move to the new state by using an acceptance function.

Decrease the temperature and continue looping.

For implementation details see [10] and appendix

5 Test of normality

To be able to know how well the current element distribution fits the [PDE a test is
performed. This is called a test of normality.

5.1

Arbitrary test

To compare the observed values against the UPDF|in a simple manner, the mean and [STD]
values are utilized as in equation

f(x) = (pdfsrean — observedysean)? + (pdfsiq — observedgyy)® (1)

12



This method does not work well if different {International System of Units| are used by
the different [FPFp. It also fails to know whether or not the elements are evenly distributed

accordingly to the Also only works well with a normal

5.2 Kolmogorov smirnov

The |[Kolmogorov Smirnov| (KS)-test calculates the biggest difference between a distribution
evaluated by the [Empirical Cumulative Distribution Function| (ECDF)), seen in equation
where I is the indicator function, and the [Cumulative Distribution Function| (CDF)), seen

in equation [3]

- number of elements < ¢ 1
Eu(t) = - = D I(mi<t) (2)

Cumulative Probability
o o o
£ [e2] (0]

o
o

Figure 14: The red line is the the blue line is the [ECDF| and the black arrow is where
they differ the most, the [KS|value. By looking at how similar they are, it is easy to see how

well the @ performed.

Figure [14] visualizes the [ECDF] the [CDF| and where they differ the most. The difference
is the value. The [KSttest is independent of what type of [SItunit and magnitude the
evaluated distribution is using since the [CDF] always returns a value between 0.0 and 1.0.
It also tries to make sure that the elements are distributed according to the For

more specific details see [I1].
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6 Artistic control

One of the most important things when creating tools is the artist’s workflow and experience
when using it. This is a complicated problem when using procedural content creation. To
be able to control and apprehend where the final element distribution will end up is not an
easy task. The result is often shaped by many stages.

6.1 Sampling area

The sampling area determines where the elements are sampled. This area is used as a high
level description controlled by the user.

To find the objects height positions in a space, each position is raytraced from above.
This is due to that the position of the element is originally defined in the plane. The
density affects the result in a very visual way. It is either defined separately, as in equation
[ or combined with a high level description.

number of objects

(4)

Density =
Y sampling area

See [13] for more high level description techniques and example based workflows.

6.1.1 Square

A square that represents where the elements will get sampled. See figure

Figure 15: The blue square indicates the sampling area. The red objects are generated from
elements.

14



6.1.2 A volume

When the sampling area is represented by a volume, there are some neat benefits. The
raytracing mentioned in can start out from the "roof” of the volume. This way objects
can get generated inside caves and such. The shape of the volume can also be altered. To
know how you are inside the volume visit [12]. They implement a check to see if a point is

inside a polygon in

6.1.3 Masks

The mask is painted on top of a terrain or object where the artist wants to generate new
objects. Masks are good at giving an indication about density and placing. See figure
10l

Figure 16: The color of the mask indicates the magnitude of density. Green indicates high
density, red indicates low density and blue indicates zero density. This is a very intuitive
and visual way of describing where the elements will end up.

6.2 Iteration and workflow

To be able to iterate when procedurally creating big areas, it is desirable to be able to
control what stays and what should be re-generated.

15



6.2.1 Seed

Normally the pseudorandom number generator uses a random seed. But the seed can be
predetermined and this would have the algorithm generate numbers in the same sequence
every time. This would ensure the elements to turn up on the same location each time,
even on different machines.

6.2.2 Freeze
This effect can be created by freezing the objects that you want to keep and then re-

generate the ones that you don’t want to keep. See in the method chapter for pictures
and workflow.
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Part IV
Method

7 Preliminary study

For a background read part The main idea at this point was to focus on the usability
and the workflow of the tool. This turned out to be difficult because of a plurality of factors
that are mentioned in section [A

An early decision was to ignore elements overlapping due to the observation studies per-
formed on maps that shipped with battlefield 4. A lot of objects were tucked into each
other, which reads into the need for elements to be able to be placed on top of each other
with mesh intersection as a result. Another observation from the maps was that objects
tended to be located near corners and slopes. Also certain rotations like stones rotated
away from bigger stones and a strong dependency of the normal and world up vector were
noticed.

8 Implementation

8.1 Overview

The final tool is based on a stratified sampling technique [3]. It divides the different types
of objects into separate groups referred to as strata’s. The strata’s are then generated in
a predefined order set by the user. This causes the strata’s to have different dependency-
possibilities between each other. For example: If trees and stones are two strata’s and the
trees are sampled first, they can only depend on themselves and the environment. The stones
are sampled second and can depend on themselves, the environment and the trees. This
can be observed in figure [17] where the trees cannot depend on the positions of the stones.
The sampling-order-dependency has a great impact on how the are structured.

17



Figure 17: The trees were sampled first, only depending on the distance to each other.
Secondly the stones were sampled, only depending on the distance to the trees.

[FFk provides the possibility to analyze example placements in a natural way. A clear
advantage over the other final-sample-deciding methods. Normal univariate [5] and normal
multivariate distributions are the only distributions implemented. The normal distribution
was used because of two reasons: It is a distribution pattern occurring in many natural
phenomena’s but also because of limited development time. See the section for a
discussion regarding this subject.

1 —(z—p)?

8.2 Execution order

The elements are randomly sampled and sent through the [FPFg where they obtain their
initial individual probability values. When using more than one [FPF} their probability
values are multiplied together into a total probability value. These total probability values
are then being normalized. Before entering the [SA|loop there is a weed out of the elements.
This weed out is performed by a dart throwing algorithm explained in section This
decrease in the element population affects[SA]and [KS|performance and results. [SA]combined
with is utilized to find a suitable final distribution of the elements. The [FRF] will then
decide the rotation of the final elements.

18



8.3 |Graphical User Interface| (GUI)

%= Procedural Distribution Tool = Misc
+ = CINL AL e Mame Tree_Pine_02

Density: entities / m*2 0,03
NumberOfCandidates 1053
NumberOfPlacements 10
Precision of Scattering 0,001
Amount of candidates to keep( 0,1 = 10% )
OffsetHeight
MaxUniformScale
MinUniformScale

= Tree Pine 02

Feature Functions

Tree Pine_02

FindEdges

SlopeTest

shortestDistanceBetween - Against: Tree_Pine_02

shortestDistanceTodClosest - Against: Tree_Pine 01 0 0
shortestDistanceTodClosest - Against: Tree_Pine_02 i} 0

RaytraceDistance - Against: Tree_Pine_01 273235 14,6062

Rotation Functions VarianceX VarianceY VarianceZ

Surface Normal J 001 0.01 0.01

World Up J| | 0.001 0.001 0.001

Surface Gradient | 0.2561 0.001 0.237
Direction 01231 0.0306 0.0662
Offset Function Mean Std

Offset ] 0.00025

Figure 18: The context pad on the left shows the different object-strata’s in the order they
will be sampled. The property grid on the right shows the different settings available for
the selected strata. The goal with the tool is that the artist should never have to worry
about or change these values.

The implemented can be seen in figure Notice how the second object contains
[FFE that depends on the object that gets sampled first. E.g. RaytraceDistance - Against:
Tree_Pine_01.

The workflow:
. Example object placements
° Select the objects and analyze them
° Mark the sampling area and start sampling
e RT.Bt The result
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Figure 19: The example placements. This is all that the artist have to create to control
how the resulting distribution ends up looking.

Figure 20.a Figure 20.b

Figure 20: Analyze the selected example placements. The resulting context pad
and property grid. By selecting the objects in the marked area and press analyze, the tool
will calibrate for all the [FPFf and [FRFf needed to recreate a similar area.
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Figure 21.a Figure 21.b

Figure 21: Mark the distribution area and start scattering. [21.bf The resulting
distribution.

8.4 Technical implementation
8.4.1 Dart throwing

This dart throwing algorithm was invented for this tool and is utilized to weed out elements
from the population. The algorithm is most likely to pick elements with a high probability,
but can also happen to pick elements with a low probability. This is essential so that later,
the population will be able satisfy the [UPDF}

The idea is to generate a random number between zero and the sum of all the individual
probability values. These values are added together into a total value, one at a time. When
the total value is larger or equal to the random value, the current element-index is returned.
The result ends up being that indices for high probability elements are most often returned,
but not always. See figure [22] for an example and appendix A: for source code.

totalValue:  0.25 0.75 1.0
0.25 0.5 0.25
Index: O 1 2

Figure 22: Illustrates an array containing 3 individual values. For random value = 0.7,
index 1 would have been returned.

21



Figure 23.a Figure 23.b

Figure 23: No dart throwing used. Dart throwing used only. The smallest green
dots obtained probability values from a ”distance to the closest tree” [FF] and were then
evaluated by dart throwing only.

8.4.2 [Feature Function|

Since this technique was invented for this tool, so was all of the implemented [FFs. They
reflect the specific desires of this tool, which is good to bear in mind.

Placing functions

There are two types of placing functions. The ones that can take the current strata
and other strata’s into account, these are called dependency functions. And there are the
ones that only take the environment into account these are called solo functions. When
the dependency functions perform calculations against its own strata, it is called a selfie-
dependency-function. This will affect how and when they are calculated. What needs
to be avoided in a selfie-function-case are calculations being performed against the element
currently being evaluated. E.g. if an element wants to find the shortest distance to any other
element in the current sample, calculations against itself would end up being devastating
for the result.

The [FFE are created using something called closures in the C# language. Closures make
it possible to have a list for each stratum with the [FPFg that they are going to use. The
closure also lets the function keep track of against which strata it is supposed to perform cal-
culations. The[FPFp will then be named " *FPF name* - Against: *name of strata*”.

It was a big challenge to get these [FPFp to work well together, but it is the key to make a
method like this produce good results. The individual probability values from each [FF] is
multiplied together as a total probability for each element. The tool settings in the property
grid can be set using example data or by hand. Adjusting the settings by hand can be hard
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when some [FFk do not use easily understandable units. This justifies example data analysis
and why it is something worth putting more effort into. These are the main implemented

[EPEk:

ShortestDistance

This is a dependency function. It calculates and returns the distance to the closest element
in the current sample. Only the positions of the elements are utilized. This function is used
when the distance between elements needs to be controlled. E.g. elements overlapping can
be avoided and it measures in meters.

Figure 24.a Figure 24.b

Figure 24: Example placings. Result.

ShortestDistanceTo4Closest

This is a dependency function. It calculates and returns the total distance to the four
closest elements in the current sample. Only the positions of the elements are utilized. This
function is used when clumping of elements is desired and it measures in meters.
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Figure 25.a Figure 25.b

Figure 25: Example placings. Result.

RaytraceDistance

This is a dependency function. It calculates and returns the distance to the closest earlier
placed strata-object-mesh. The difference between the RaytraceDistance and the Shortest-
Distance[FF]is that RaytraceDistance will cast a ray towards the strata-objects-mesh. If the
element is located inside the mesh, RaytraceDistance will return a negative distance value.
This ends up working similar to a signed distance field. The RaytraceDistance function is
computationally more expensive than ShortestDistance but will find the actual edge of the
earlier placed mesh. It measures in meters.

Figure 26.a Figure 26.b

Figure 26: Example placings. Result.
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FindEdges

This is a solo function. It uses the discrete Laplace operator seen in equation[f] to calculate
if the element is located near an edge or slope. It can separate between if a position is below
or above an edge.

Af('%@/) ~ (f(x_hay)+f($+h>y)+f($>y_h)
+f(@,y +h) = 4f (2,))/h* (6)

Figure 27: Example placings.

Figure 28: Result.
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SlopeAngle
This is a solo function. It calculates the angle between the normal and world up vector,
seen in equation |7} where the element is located. It measures in degrees.

1
f(z,y) = acos(worldup - normal) * 180
T

Figure 29.a Figure 29.b

Figure 29: Example placings. Result.

Rotation functions Arbitrary landmark vectors were used to identify the rotations.
These were apprehended by talking to the artists and by looking at levels from Battlefield
4. The conclusions drawn:

e The surface normal is important when aligning objects with the terrain.

e The World Up vector is important in cases when vertical objects ( e.g. trees ) are
located in slopes. Even though they are in a slope, they point almost straight up.

e It is important to be able to know how the object is rotated in general, not just how
aligned it is with the surface. To solve this, the gradient of the slope and direction
towards other objects was utilized.

The general happening for each object when analyzing example placements rotations, ended
up looking like:
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foreach object
Extract landmark vector in world space

Transform landmark vector into local space
end

N O UL WN

Create a MPDF from observed vectors

The general happening for each element in the final sample, when applying rotations, looks
like:

foreach quaternion
Extract landmark vector in world space

Transform landmark vector into quaternion local space

Let the MPDF evaluate the transformed vector

1
2
3
4
5
6
7 end
8

9

Use dart throwing to choose quaternion

It was made sure that there were enough quaternions that satisfied a rotation for the world
up vector. This was achieved by generating extra quaternions with a small random deviation
from the desired rotation. The more quaternions generated, the likelier it is to find a good
fit for the distribution. In the following [FRF}descriptions, only the current function is taken
into account when choosing which quaternion to use.

Surface Normal
This [FRF] transforms the surface normal into the local coordinate space of the object. In
figure the trees local up vector is aligned with the surface normal direction.

Figure 30: Example placings.
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Figure 31: Result.

WorldUp
This [FRF] transforms the World up vector into the local coordinate space of the object.
In figure the trees local up vector is aligned with the world up vector.

Figure 32: Example placings.
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Figure 33: Result.

Surface Gradient

This [FRF] transforms the surface gradient into the local coordinate space of the object.
In figure the shards rotations are depending on the surface gradient. They are perpen-
dicular to the world up vector and rotated away from the hill.

Figure 34: Example placings.
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Figure 35: Result.

Direction

This [FRF] transforms the direction against the closest object, from another stratum, into
the local coordinate space of the object. In figure the shards rotations are depending
on the direction towards the rock.

Figure 36: Example placings.
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Figure 37: Result.

8.4.3 Deciding which [FF]| to use

When using example placing’s there is a need for knowing if a [FF] is relevant. In this
case, a relevant [FF] would describe something that the artist have taken into account when
placing the objects. This is important mainly due to performance but also for avoiding
biased results. The most common technique to decide if a distribution is relevant is called
[Coefficient of Variation| (CV]). The [CV]is defined as the ratio of the standard deviation o
to the mean p as seen in equation

(8)

o
Cy = —
p
The [CV]is a dimensionless number, meaning it does not matter in which unit it has been
measured. And a lot of different [SItunits are used in the [FFg. The [CV] however, does not
work well when dealing with distributions that can have mean values close to zero. This

did not get solved during the thesis but propositions for solving this can be found in section
1.2

Simulated annealing

The [SA] is utilized as a global optimization algorithm to test out different combinations
of elements. Functionality for deciding if an element is in the current sample or not is
implemented. The temperature will affect how many elements that are switched each time
and randomly chosen elements are set as the initial current sample. When the [SA] starts,
a new sample is generated by a function that switches the elements. This switch-function
uses the current sample as a foundation for the new sample. The new sample is then first
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re-evaluated by the selfie]FPEE, then evaluated by the [KSHest and finally by an acceptance
function. If the new sample gets accepted by the acceptance function, it overwrites the
current sample. The [SA] also keeps track of the best sample that has occurred so far,
according to the [KSHest-value. In figure [38 the [SA]is running. The current sample is red,
the new sample is green and the best sample is blue. The new sample does not differ from
the current sample. This indicates that the new sample was accepted.

Figure 38: while testing different samples. Red are current sample, blue is the best
sample and green is the evaluated new sample.

Pseudocode for the [SAlalgorithm:

1 Set an initial current sample

2 while temperature > arbitrary value

3 Switch—function generates a new sample
4

5 The new sample is re—evaluated by the selfie —feature placing functions
6

7 KS—test evaluates new sample

8

9 if the new sample is accepted

10 set new sample as current sample;

11 if new sample > best sample

12 set new sample as best sample;

13 Decrease temperature;

14 end

15 end

Source code can be found in appendix A at: [A.4]
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8.4.4 Kolmogorov Smirnov

The [KSHest uses the total probability from each element as indata. The following figures
has used the [FEF] shortestDistance [8.4.2] with a mean p = 1,0 and [STD] o = 0,1. These are
measurements between visual result and the corresponding [KSHest values:

Figure 39.a Figure 39.b

Figure 39: Visual result - SA cooling constant = 0,1 - Final ks value = 0,632.
Visual result - SA cooling constant = 0,01 - final ks value = 0,217.

Figure 40: Visual result - SA cooling constant = 0,0001 - final ks value = 0,039.
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8.5 Freeze objects

The ability to freeze objects between re-sampling was implemented. After the initial sam-
pling, the objects that are desired for keeping can be frozen. Then when the sampling-button
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is pressed again, all of the objects except the ones that are frozen gets re-sampled.

Figure 45: Initial sampling.

Figure 46: Select objects to freeze.
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Figure 47: Frozen objects.

Figure 48: Result after re-scattering.



Part V
Result

8.6 Preliminary study
The obtained information from the preliminary study contributed to apprehend a deeper

knowledge and insight into procedural methods. Based on this study, the tool and vision
for the thesis could be justified.

8.7 Implementation
8.7.1 Sampling area

The example placings used can be seen in figure [I9] Here are the resulting final sample for
different sampling areas:

Figure 49: Total time: 2:44 minutes - Area: 432 m?.
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Figure 51: Total time: 50:30 minutes - Area: 1728 m?2.
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Figure 52: Measured from section m

8.7.2 Showcase

Edge finding
This example demonstrates how the [FPF| FindEdges can distinguish between positions
above and below edges.

Figure 53: Example placements.
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Figure 54: Result using FindEdges and SlopeAngle.

Rotation
This example demonstrates how the [FRF] Direction can identify and apply a rotation
depending on where another object is located.

Figure 55: Example placements.
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Figure 56: Result using ShortestDistanceTo4Closest, RaytraceDistance and Direction.

Pre-placed objects
The tool is able to use pre-placed objects and take them into account when sampling new
objects.

8.7.3 Observations and measurements

Dart throwing

In this example the tool was set to sample 5000 candidate elements and have 50 elements
in the final sample. The RaytraceDistance [FF| was used with a mean p = 0,2 and [STD| o
= 0,1.
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Figure 57.a Figure 57.b

Figure 57: Result when dart throwing set to keep 100% of the candidate elements.
57.bk Result when dart throwing set to keep 50% of the candidate elements.

Figure 58.a Figure 58.b

Figure 58: Result when dart throwing set to keep 10% of the candidate elements.
Result when dart throwing set to keep 2% of the candidate elements.
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Figure 59: Sampling time visualized for different dart throwing values.

Simulated annealing

In this example the tool was set to sample 5000 candidate elements and have 50 elements
in the final sample. The RaytraceDistance [FF] was used with a mean p = 0,2 and [STD] o
=0,1.

Figure 60.a Figure 60.b

Figure 60: Result when cooldown rate set to 0,1. Result when cooldown

rate set to 0,01.
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Figure 61.b

Figure 61.a

Figure 61: Result when cooldown rate set to 0,001. Result when

cooldown rate set to 0,0001.

Simulated Annealing
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Figure 62: Sampling time visualised for different cooldown rates.

Number of candidate elements
The chart in figure [63] visualize how the amount of candidate elements affects the sampling

time:
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Figure 63: Sampling time visualized for different amount of candidate elements.

Different |[Standard Deviation| values for [Feature Placing Functions

The [STD] values have a great impact on the results and do not always act as predicted.
A lower value generates less deviation from the mean value. But if the value is
too low; a lot of elements will obtain a zero probability value. This phenomenon can be
seen in figure where the [STD| value is very low. Here are a few pictures that show how
affects the value and the visual result:

Figure 64.a Figure 64.b

Figure 64: = 0,604 and [STD| = 0,001. = 0,26 and = 0,01.
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Figure 65.a Figure 65.b

Figure 65: [65.af [KS| = 0,12 and [STD| = 0,1. [65.b} [KS| = 0,14 and [STD| = 0,5.

Figure 66.a Figure 66.b

Figure 66: = 0,127 and = 1,0. = 0,15 and [STD| = 2,0.
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Figure 67: [KS = 0,14 and [STD| = 5,0.
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Figure 68: Chart visualizing the results.

Different variance values for [Feature Rotation Functions

Demonstrates how much the variance can affect the ability to find a good quaternion.
The only [FRF] used is the Normal:
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Figure 69: XYZ Variance = 0,001.

Figure 70: XYZ Variance = 0,5.
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Figure 71: XYZ Variance = 1,0.

Normal distribution close to edge

Figure and figure show the effects of using a normal distribution. A potential
problem is that the new objects gets placed inside the rock when the [STD] value increases.
With a normal distribution it is not possible to create a gradient of trees fading away from
the rock. This issue is mentioned in the future work section 1.2

Figure 72.a Figure 72.b

Figure 72: Trees using the RaytraceDistance against the rock. STD = 0,1
. STD = 0,5.
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8.8 Evaluation

It is hard to evaluate a method that can’t be compared with any equivalent existing method.
This evaluation will be based upon opinions and measured data that has been discussed
with various different people.

When using example placements, the artist does not need to know about all the properties
that each stratum has. This is a big advantage even though it is good to know about them
if small changes has to be made. From a workflow and artistic point of view, the tool is
a bit unintuitive. The [FEk contributes to a versatile tool and workflow. If an artist needs
the tool to take something new into account in the environment, the programmer can easily
add such a [FF] The different parts of the algorithm can each individually have a great
impact on the outcome, hence it is important not to neglect any part of it. The value,
the variance, the dart throwing, the [SA] cooling rate and the amount of candidate elements
generated will all have great impact on the final sample.

51



9 Discussion

9.1 Method

The final method is producing good results and proves that these new methods for con-
trolling how elements get generated works well. There are however some drawbacks in
performance visualized in figure

As stated earlier, the implementation of [FFk is a new solution for distributing objects
procedurally. Both the placing and rotation methods were invented for this tool. Because
of this a lot of effort was put into developing and testing these theories as how to implement
and find solutions for them. This meant that other parts had to suffer, which should have
had a greater impact on the problem statement. It has been difficult to produce an intuitive
tool with good workflow when so much was unknown about the method and solution from
the beginning.

The solutions for the encountered problems were though up along the way and there were
problems that were hard to foresee. An example would be when the [SA] and [KS| took too
long to produce good results, which lead to an implementation of dart throwing. But there
were also problems that could have been though about earlier. An example of this would
be that the rotations was not though about until after the was proven working. The
amount of different implementations and the versatile approaches have contributed to time
being consumed which in turn has led to little time for optimizations and fine tuning of the
tool.

There were some problems with the covariance matrices in regard to the MPDEF] If the user
changes the variance of a[MPDEF] the covariance matrix easily becomes non positive definite.
This could however probably be solved by scaling the whole covariance matrix.

The idea from the beginning was to create a good foundation for the artists to hone. A
lower [SA] cooling rate might produce better results, but the time increase is huge as seen
in figure Since the artist will still want to do changes afterwards, it might be better to
increase the cooling rate and still get an acceptable result.

Combinations of different [FFp can produce results that differ from the individual [FFk.
FindEdges combined with SlopeAngle can for example help each other to find edges with
flat tops, as seen in figure |54}

It is great with a tool that can cluster objects from a performance perspective since envi-
ronment artists today cannot create a thick forest if they want great detail.

Finally the tool and functions have been implemented in Cf which could affect the perfor-
mance as well.
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9.2 Result

The increase in time when adding strata’s and when enlarging the distribution area are the
biggest issues. Seen in there is an time increase in the order of 5 times per m? between

figure [49) and

10 Conclusions

Developing tools that are going to be used by someone else is tricky and the fact that they
probably have a totally different technical background does not help. This is why it is
critical to get input and opinions from the end user.

The problem statement was as following: How can procedural methods be applied when
creating a useful procedural distribution tool which has the desired level of artistic control?
How should a tool like that be designed?

The effort regarding workflow and getting artistic input was hard to maintain when so much
time and energy had to be put into developing the new technique. Also since no reports
were followed, the entire method was though up along the way. This led to a lot of testing
and research.

The level of artistic control is good. But for the artist to be able to do desired changes in
the tool; they need to understand quite well what is happening.

Because of the fact that the tool settings can be set and controlled in such a visual way and
without the artist having to calibrate anything, example based procedural tools should be
regarded as the future of procedural tools.

11 Future work

11.1 Optimization

The huge time increase when enlarging the area was mainly due to the global optimization.
Instead by dividing the sampling area into smaller individual areas, a local optimization
can be applied. Then by running the scattering algorithm locally instead of globally will
save a lot of computing power. The individual square areas should probably not be smaller
than the original example placements area.

11.2 Distribution fitting
By implementing distribution fitting instead of just using normal distributions, a few advan-

tages could be gained. When fitting a distribution the exact distribution would be obtained.
The tool would be able to mimic the example placements better. This would be able to
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solve the edge-problem with normal distributions mentioned and seen in[8.7.3] It would also
lead to the possibility that every distribution could be taken into account, hence the [CV]
would not be needed. A downside from a performance point of view is that all distributions
might still not be needed to create a good final sample.
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A Source code

A.1 Random sampling

//w width
//h height
public void Random ( int w, int h, int numOfSamples )

{

Random rnd = new Random() ;
for(int i = 0; i < numOfSamples; i++)
{

var x = rnd.Next( O, ;

)y
).

)

)
var y = rnd.Next( O, h
AddSample( x, y );

Listing 1: C* code for generating random samples

A.2 Jitter grid sampling

//w width

//h height

//d = displacement

public void Random ( int w, int h, int d, int rows, int cols )

{

Random rnd = new Random() ;

var xd = w/rows;

var yd = h/cols;

for(int y = 0; y < rows; y++)

{
for(int x = 0; x < cols; x++)
{

var dx = rnd.Next( -d, d );
var dy = rnd.Next( -d, 4 )
AddSample( x * xd + dx, y * yd + dy );

)

3

Listing 2: C¥ code for generating samples with a jitter grid

A.3 Dart throwing
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public int GeneralDartThrowing ( List<float> individualValues )

{

Random rnd = new Random() ;
var sum = individualValues.Sum () ;
var randValue = rnd.NextFloat ( sum );

float totValue = 0.0f;

int index = 0;
while (totValue < randValue && index < individualValues.Count - 1)
{
totValue += individualValues [index];
if (totValue < randValue && index < individualValues.Count - 1)
{
index++;
¥

return index;

Listing 3: C* code for dart throwing algorithm

A.4 Simulated annealing

A.4.1 Flip function

public void SimulatedAnnealingFlipFunction ( List<SampleExtension>
pSamples, int pNumOfPlacements, float currTemp, float startTemp )

{
float tempValue = currTemp / startTemp;

int countTotalFlips = 0;

while (countTotalFlips == 0) // Will always flip at least once.
{

foreach (SampleExtension s in pSamples)

{
float rndFlipValue = FastRandom.Instance.NextFloat ();
if ( rndFlipValue < tempValue && s.m_inScene )

{

s.m_inScene = false;

int rndIndex = FastRandom.Instance.Next ( O, pSamples.Count
)

while (pSamples[rndIndex].m_inScene)

{

rndIndex = FastRandom.Instance.Next ( O, pSamples.Count );
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}
pSamples [rndIndex].m_inScene = true;
countTotalFlips++;

}

Listing 4: C* code for the sample flip function

A.4.2 Acceptance funtion

public double AcceptanceProbability ( double currDistPoints, double
newDistPoints, double currTemp, double startTemp )

{
double tempValue = currTemp / startTemp; //Between 0.0 and 1.0
tempValue = Math.Pow ( tempValue, 2.0 );
// If the new solution is better, accept it
if (newDistPoints < currDistPoints)
{
return 1.0;
}
// If the new solution is worse, calculate an acceptance
probability
if (!(currDistPoints - newDistPoints < 0.0))
{
return 0.0;
}
return Math.Exp ( (currDistPoints - newDistPoints) / tempValue );
}

Listing 5: C* code for the acceptance function

A.5 Random unit quaternion

public static List<Quaternion> GenerateRandomUnitQuaternions (int
numOfGeneratedQuaternions)

{
Random rnd = new Random() ;
List<Quaternion> quaternionlist = new List<Quaternion> ();
var sphereRadius = 1.0;
int numOfQuaternions = numOfGeneratedQuaternions;
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for (int i = 0; i < numOfQuaternions; i++)
{
var thetaOl 2.0 * Math.PI * rnd.NextDouble ();
var thetal Math.Acos ( 1.0 - 2.0 * rnd.NextDouble () );
var theta2 = 0.5 * (Math.PI * rnd.NextDouble () + Math.Acos (
rnd.NextDouble () );

var x0 = sphereRadius * Math.Sin ( thetaO ) * Math.Sin ( thetal
) * Math.Sin ( theta2 );

var x1 = sphereRadius * Math.Cos ( thetaO ) * Math.Sin ( thetal
) * Math.Sin ( theta2 );

var x2 = sphereRadius * Math.Cos ( thetal ) * Math.Sin ( theta2
)

var x3

sphereRadius * Math.Cos ( theta2 );
Quaternion randomQuaternion = new Quaternion ( (float)xO,
(float)xl, (float)x2, (float)x3 );

randomQuaternion.Normalize ();

quaternionlList.Add ( randomQuaternion );

}
return quaternionList;
3
Listing 6: C! code for generating random quaternions. Formula from:

http://mathproofs.blogspot.se/2005/05 /uniformly-distributed-random-unit.html
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