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Abstract

Context. This thesis investigates a new method utilizing the tessellation
and stream-out capabilities of Direct3D to procedurally generate lightning
bolts on the GPU.
Objectives. To the human eye, lightning bolts seem random. This means
that such an effect could be randomly generated in real-time to remain re-
alistic and diverse.
Methods. Utilizing only the GPU Pipeline stages with tessellation in-
cluded, this project is presenting a new, innovative and modernized method
to dynamically generate lightning bolt effects for many different applica-
tions. The implementation is made in an empty 3D project using Direct3D
in Visual Studio. This thesis contains an experiment where test subjects
evaluated and graded the lightning bolts generated using this method.
Results. Results show that lightning bolts can be generated exclusively on
the GPU and indicate that a high level of realism can be achieved while
doing so.
Conclusions. It shows that different detail factors plays a big role in how
realistic the lightning bolt is perceived.
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Glossary

This thesis assumes the reader to be familiar with computer graphics and pos-
sesses basic knowledge about programming.
CPU - ”Central Processing Unit”. The heart of every computer. Can do most
kinds of calculations.
GPU - ”Graphics Processing Unit”. A processor optimized for graphics calcula-
tions.
Graphics Pipeline refers to all the sequential steps that is executed by the
GPU and is used to create the final raster image that is viewed onto the display.
Henceforth may only be referred to as ”pipeline”.
Shader - The shaders are the sequential steps that form the pipeline. The dif-
ferent steps are created for different kinds of calculations. A few commonly used
are the Vertex Shader, Geometry Shader and the Pixel Shader.
Tessellation in graphics programming is a pipeline stage that converts low-detail
surfaces into higher-detail ones by subdividing the surface in run-time.
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Chapter 1
Introduction

To simulate real world elements has always been an important part of video games
and other computer graphics to increase the sense of immersion for the player.
Lightning is a powerful natural weather phenomena that occurs when an electri-
cal charge is released between two points and electricity travels through the air to
create a lightning bolt. Lightning is essentially static electricity just like we are
familiar with in our daily life, but on a much greater scale [1]. To the human eye,
lightning bolts behave randomly, and no lightning bolt is like the other. So how
can such an effect be generated, where no lightning bolt is the same yet each with
a realistic look and good visual appeal? Lightning generation techniques exists
in previous work, but non that seem to use a full GPU implementation with the
tessellation stages. Since the tessellation stages are fairly new in Direct3D, it is
an up to date modernized implementation.

Since lightning is just electricity traveling through the air behaving like all elec-
tricity does in air, the technique covered in this thesis can be applied to lots
of other electricity effects beyond the weather phenomena lightning, like magi-
cal spells, broken power lines and so on. Lightning come in many forms, and
there are four common types of lightning discharges. These are cloud-to-cloud,
cloud-to-air, cloud-to-ground and ground-to-cloud lightning [2]. This thesis will
mainly treat cloud-to-ground lightning since it is very familiar to people and also
because it gives a really powerful effect when it gets close to us. The other types
of lightning behaves similarly, but with different start- and endpoints, hence why
the technique in this thesis should be applicable for those too.

1.1 Aims and objectives
The aim of this thesis is to develop a new, innovative and modernized method
to generate realistic lightning bolts in real-time utilizing the tessellator and the
stream-output stage in a GPU based approach. The stream-output stage will
generate and store vertices, and the tessellator will treat line-primitives. To
get good visual appeal, volume lines will be generated from an extra geometry
shader. The project will focus on 3D. This thesis aims to invent a method that
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Chapter 1. Introduction 2

utilizes the GPU as much as possible and relieve the CPU. It also aims to be
dynamic, meaning that given any two points in 3D space, a lightning bolt should
be generated between them. This project is done in association with six other
students to make a player presentation and video introduction to a local hockey
team called Karlskrona Hockeyklubb, KHK. The project will ultimately aim to
implement said technique into that introduction video.

1.2 Research Questions and Hypothesis
This thesis will investigate how a graphics pipeline utilizing the tessellator and
the stream-output stage can be designed and used to achieve realistic real-time
generated lightning bolts. The following questions aims to be answered in this
thesis:

1. Can a lightning bolt path be fractionalized and generated using the tessel-
lation stage?

2. Is it possible to generate a lightning bolt path using only the GPU pipeline?

3. What level of realism can be achieved with a lightning bolt generated ex-
clusively on the GPU?

The hypothesis is that the tessellator in fact can be utilized to fractionalize a
lightning bolt and generate a new random lightning bolt path. It is also believed
that only the GPU pipeline can be utilized to generate the path, and that a high
level of realism can be achieved while doing so.

1.3 Methods
With results from an experiment, the project will be evaluated to find out if the
project succeeded and bring an answer to the questions and hypothesis. The
experiment is a user study that consists of test subjects grading different aspects
of lightning bolt images generated by this technique. The user study focal points
are realism, first impressions and in what context such a lightning bolt could be
utilized. The experiment will consist of two parts, the first treats overall first
impression, and will include no references of real lightning. The second part will
treat lightning bolt structure and will include two authentic lightning bolt images
for comparison.

Whether or not the tessellator stage can be used in the creation of lightning bolts
will be evaluated in the result section of the report. The same applies to whether
or not it is possible to generate a lightning bolt path using only the GPU pipeline.
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1.4 Limitations
Since each lightning bolt is so very different from another and come in many
forms, the experiment will not be able to reference each and every structural
type of lightning.



Chapter 2
Related Work

Even though there are a few different methods to generate lightning effects, none
of them utilizes the tessellator stage in the pipeline.

In 1994, Reed and Wyvill wrote a paper on a lightning bolt generation system
using a particle system. Their aim was to render aesthetically pleasing lightning
for images [2]. Their work is aimed towards offline application and image ren-
dering and is CPU based, but provides useful imagery and properties of lightning.

NVIDIA have an SDK demo paper on lightning bolt generation and rendering,
which uses a fractal L-system in the geometry shader to create line segments and
binding them with billboards [5]. An L-system (Lindenmayer System) is a recur-
sive system to create self similar structures and fractal-like forms. This method
puts the calculations on the GPU, which relieves the CPU to do other computa-
tions, just like the one in this thesis. NVIDIAs technique does however not utilize
the tessellation stage of the pipeline.

Jersild has published a method on his blog on how to generate lightning effects
in 2D. Jersild uses an L-system to generate the lightning bolts [4]. Even though
Jersilds work is in 2D, the same technique could be applied in 3D with some
modifications. This technique relies on the CPU to work, but the same L-system
can be replicated in shaders, just like NVIDIA proved in their work [5].

4



Chapter 3
Background

In this chapter the main techniques and concepts used in this thesis will be
explained.

3.1 Tessellation
Tessellation capabilities includes three new pipeline stages and was introduced
in Direct3D 11. Tessellation divides low-polygonal surfaces into high-polygonal
ones. The tessellator stage is not a shader stage and is not programmable itself.
The tessellation occurs between the associated hull- and domain shaders. The hull
shader defines the input patch and control-points that the tessellator can handle,
and the domain shader manages the tessellator output domain [8]. Tessellation is
commonly used in games to increase surface density to achieve higher detail mod-
els by hardware, which put load from the CPU to the GPU. Due to the flexibility
of the tessellator, its common to base it on camera range. This implies that mod-
els far away are tessellated less and ending up with a lower polygon division and
lower load on the hardware. The closer the camera gets to the object, the more
detail reveals and therefore it is often used as an optimization feature. It’s often
used in combination with height- or displacement maps to achieve greater detail
up close. With tessellation activated, the patch primitive type must be input
into the input assembler. Patch primitives can also be used without tessellation,
but with tessellation included it is a requirement. The tessellator is not capable
of handling the traditional primitives such as point, line or triangles. The patch
primitives can range anywhere from 1 to 32 control-point patches [10].

3.2 Stream-Output
The possibility to stream out data from the geometry buffer back to the CPU has
existed since Direct3D 10. With the stream-out stage, we can call one geometry
buffer to output what ever we want, and then store that output in a vertex buffer
in the memory, to be used in the input assembler again in a secondary pipeline
setup [6]. The stream-output data can also be read by the other programmable
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Chapter 3. Background 6

shader stages [9]. The stream-output stage occurs after the vertex or geometry
shader, and before the rasterization stage. See Figure 3.1.

Figure 3.1: An illustration of the graphics pipeline with the stream-out stage
utilized. Image courtesy of MSDN https://msdn.microsoft.com/en-us/
library/windows/desktop/bb205121%28v=vs.85%29.aspx

https://msdn.microsoft.com/en-us/library/windows/desktop/bb205121%28v=vs.85%29.aspx
https://msdn.microsoft.com/en-us/library/windows/desktop/bb205121%28v=vs.85%29.aspx


Chapter 4
Implementation

This chapter will treat the implementation of the project.

The first essential data we will need for the generation is a start and an end-point.
This allows us to choose exactly where in the scene the lightning bolt should be
created. Ultimately a user should be able to click out the points, but since it is
not necessary for this project to work, two hard-coded points in a simple vertex
buffer will do as a first input into the pipeline. The system aims to be as dy-
namic as possible, so given any two points, a lightning bolt should be generated
between them. Since we are going to utilize tessellation, the input assembler
needs a control-point patchlist as an input primitive type. Because we only need
a start and an end-point we are inputting a two control-point patchlist primitive.

At this point, a start- and end-point is being passed into the pipeline. The vertex
shader will just pass the vertices, as transformations will be applied later on. The
next stage in the pipeline is the tessellation. The first part of the tessellation is
the hull shader. The hull shader for this purpose is being designed to handle lines,
called "isolines" in the tessellation stages, and therefore the domain type is set to
isoline. It is receiving a two control-point patchlist from the vertex shader, which
is the line that constructs the lightning bolt path that also will be tessellated.
At this stage, the tessellation is not tweaked any further. To start off we just
tessellate the line and interpolate the tessellated points between the start and
end-point.

Once the line has passed the tessellation stage and the domain shader, it is time
for a geometry shader that gives the line thickness, so it is not just one pixel thick.
Two kinds of line-expanding geometry shaders are created. One that emitted a
camera-facing billboard per line segment, and another one that emitts a cuboid
per line segment. While the billboard geometry shader only emits two vertices
per line vertex, and a total of two triangles per line segment, the cuboid geome-
try shader emits four vertices per line vertex, and a total of 12 triangles per line
segment. Given a lightning with 16 segments, each tessellated into four parts, the
billboard geometry shader emits a total of 256 vertices and 128 triangles. The
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Chapter 4. Implementation 8

float randomizes(in float2 uv)
{

float2 noise = (frac(sin(dot(uv, float2(12.9898,
78.233)*2.0)) * 43758.5453));

return abs(noise.x + noise.y) * 0.5;
}

Figure 4.1: The random algorithm used in all shader stages

cuboid geometry shader on the other hand emits a total of 512 vertices and 768
triangles. While only a straight line is being created, both shaders resulted in a
similar output. So the cheaper billboard one is used further on. The pixel shader
at this point will just color the thick line solid white.

The next step is to offset the tessellated vertices, so it looks more like a lightning
bolt structure. To do this, the vertices will get a new random offset in the hull
shader after they have been interpolated between the points. Random numbers
are not easy to obtain in computer graphics, and it is especially hard in HLSL
shaders, due to the lack of a pseudo random algorithm [7]. In this project, ran-
domization plays a big role in the positioning of joints. When the lightning path
is randomly generated, it should not change per frame. Like a lightning bolt,
it connects a leader between the ground and cloud, and once the the leader has
been connected, all the current flows through that main leader in a massive dis-
charge [2]. So either the randomly placed vertices had to be stored in a vertex
buffer from the creation, or the randomization had to be the same for each vertex,
each frame. While the vertex buffer method would be a reasonable way to go, it
would not be fit for use with the tessellator that in run-time would change the
number of vertices per segment, and hence give them new positions. So a random
position per vertex is desirable, but it should be constant for each frame and ver-
tex. So how is the ”same randomization per frame” achieved? The randomization
needs to be based on something constant. There is a few variables that is constant
for each vertex; the vertex position and the vertex index. A combination of these
are sent into an arbitrary random algorithm. The utilized algorithm was found
in the open source code of a game modification [11]. See Figure 4.1. The random
algorithm works, but it became obvious that every new randomized position was
on one side of the original branch segment. This was due to each randomization
ending up in the [0, 1] range, i.e. on the positive side. What is desirable is a
random position in the [-1, 1] range. The issue was resolved by adding a clamping
method to put the value in the right range. See Figure 4.2. To add flexibility, a
scale factor is added in the shader, with which the random output is multiplied,
so that the lightning joints offset easily can be tweaked.
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As of now, if we were to generate two lightning bolts on the exact same position,
both start- and end position, they would end up exactly the same. So another
random variable that is not constant to each lightnings position, but for each
lightning generation is needed. This is why a randomized number is obtained in
the initialize function on the CPU, and sent in to the pipeline whenever a new
lightning bolt is created.

Figure 4.2: Before (left) and after (right) adding the clamping method. The
orange line represents the original lightning direction

As the lightning now got its main leader randomized and set, the next challenge
is to create the branches that lightning typically shoot out. To do this, a recur-
sive system like the one Jersild proposes is desirable [4]. It is concluded that the
tessellator is not suitable to create new vertices for branches, and that a base
structure of the lightning with branches should be generated before the tessella-
tor. This will at the same time overcome the tessellators limit of 64 tessellations
on the whole lightning structure. With a pre-generated lightning base structure,
the tessellator will be able to tessellate each base lightning segment up to 64
times. A decision has to be made whether to calculate this base structure on
the CPU or the GPU. Since a full GPU and tessellation approach is intended, it
would kill the purpose if it was done on the CPU.

After coming to the conclusion to build the lightning base structure with a new
geometry shader, the pipeline is redesigned so that the first pass only contains a
vertex and a geometry shader for stream-output. In the second pass the whole
pipeline is utilized with the new base structure as input with tessellation acti-
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Figure 4.3: The lightning base structure without tessellation

vated, and the line-expanding geometry shader. The geometry shader that can
generate and output the lightning base structure with branches to a Stream-
output vertex buffer is created. The stream-out geometry shader is taking the
original start and endpoints as inputs, and uses a recursive function to create new
lightning joints and append them one at a time to build the base structure. See
Figure 4.3. The new joints are then streamed out as double vertices at each joint
except the first and the last one to create individual line segments between them.
This enables the tessellator in the second pass to treat each base structure line
like it treated the whole lightning line before, where each line in the base struc-
ture has a start and an end-point. The reasoning behind appending one joint
per loop, and not per line segment was to make the random positioning of the
joints easier, because both the last vertex in the previous line segment and the
first vertex in the next line segment must end up on the same random position.
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But this approach had a major drawback. It made it difficult to make the recur-
sive function go deeper than one branch level. As a quick fix, a second branch
level was hard coded per loop. This means that we could get as many levels of
branches as we liked, but had to code them in. Because it is based on a recur-
sive loop, it would be desirable to dynamically being able to change the depth
and branch levels. But with some value-tweaking and tessellation using this ap-
proach, the lightning structure is looking really good at this stage. See Figure 4.4.

Figure 4.4: The lightning structure with tessellation of factor 4

Next up to finalize the lightning is the glow. To achieve glow, the pipeline is mod-
ified further to first render the lightning bolt to a separate render target, to later
be applied in the blur pixel shader. With a 7x7 filter kernel in the pixel shader,
the lightning image is completely blurred, and at last, the original not blurred
lightning is added on top of that, so that a sharp lightning structure is achieved
with a glow effect around it. See Figure 4.5. This also enables us to control the
color of the glow and the color of the lightning separately. With many authentic
lightning images as reference, the main leader is bright enough to look completely
white, while the glow around it can range between white, blue, purple and yellow.
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Figure 4.5: The lightning structure purple glow applied

4.1 Artifacts
Both the billboard and the cubeoid geometry shaders looked good from a dis-
tance, but with billboards, there were certain angles and close up ranges that
looked bad and the visual artifacts at each joint of the lightning structure be-
came more severe. See Figure 4.6. The cubeoid geometry lightning was always
constant, independent from camera distance and angle. Therefore, the cuboid
geometry shader will be the one used further on, but the option for a billboarded
lightning remains for applications where performance is important.

Due to the fact that the joints are not actually connected, the visual appearance
of the connections can be problematic. Originally the cube or billboard vertices
were emitted at each vertex exact position which resulted in small gaps where
the joints were bending. The narrower the angle, the bigger gap. To reduce the
problem, an overlap offset value is added in the geometry shader which displaces
the vertices further along the segment direction to the desired length. If too much
overlap is added, the opposite problem emerges. The value can easily be tweaked
to reduce this artifact to meet the most visually pleasing level. The artifact is
also being reduced by adding glow and viewing the lightning from a distance. See
Figure 4.7.
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Figure 4.6: A close up lightning path from below using the billboard geometry
shader (Left) and the cuboid geometry shader (Right)

Figure 4.7: Illustrating joint artifacts without overlap (left) and with some overlap
(right)



Chapter 5
Method

To evaluate this system an experiment in form of an user study is conducted.
This impirical method type was chosen due to the fact that it is the people that
will perceive the lightning bolts in the end and interpret them as realistic or not.
Therefor, it is the peoples opinion that matters the most.

The user study is made up of two parts. The first part contains five images, one
viewed at a time, with glow and color applied. Each image is accompanied with
a couple of general first impression gradings for the user to evaluate. It is about
the generated lightning images as a whole. See Appendix A. At this stage, the
test subject has no other reference to real lightning than what is in their mind.
What is hoped to achieve here is the users first general impression, to what they
personally think is realistic and not. The first impression is important because
often when lightning strikes occur in a game or as a quick effect in a movie, the
user will most likely not sit and compare that effect with real authentic lightning
images initially.

The second part is not about the wholeness but about the generated lightning’s
structure. More specifically the realism of the main leaders structure and the
realism in the lightning branching. In this part, glow and color is excluded. In
this part the test subject is presented a total of 12 images. Each viewed one at
a time, but this time each image contains two reference images of real authentic
lightning. These images have been modified to remove all kinds of surroundings
and color, so that the full focus is on the lightnings structure. See Figure 5.1.
The second part is introduced with a briefing about what the subject will be see-
ing and grading, and some clarification on which part of the lightning is which.
See Appendix B. Each lightning bolt in the second part has different attribute
combinations like tessellation factor, amount of branching and the length of the
branches. Some lightning bolts with excessive amount of tessellation was included
to represent unrealistic lightning bolts to increase credibility of the experiment.
Each image is followed by a couple of questions regarding the structure of the
lightning bolt. These questions can be found in Appendix C. For all lightning
examples included in the experiment, see appendix D.

14



Chapter 5. Method 15

At the end of the experiment, the participant were asked to fill a form regarding
age, gender, experience with computer graphics, if they have actually encoun-
tered lightning and if and how often they watch movies and play video games.
This information is gathered to confirm that the test subjects are familiar with
computer generated graphics.

Figure 5.1: The modified images of authentic lightning for structure comparison



Chapter 6
Results

This chapter presents the results from the conducted experiment.

There were 21 participants in the experiment with ages ranging from 20-29. All
of which were students at Blekinge Institute of Technology, Sweden. 3 females
and 18 males participated. The user study was held at the same computer and
on the same screen for each participant.

Where the test subjects was asked to grade the lightning strikes from 1-5 or 1-10,
an average score has been calculated. The average score is rounded to one deci-
mal.
In the first section, the lightning bolt that struck the participants as most realistic
was example 1.5 with an average score of 3.6 of 5. See Figure 6.1.
71.4% thought this example was suitable both for realistic video-games and as an
effect in a 3D animated introduction film.

The most intense of the five was lightning bolt 1.4 with a score of 4.3 of 5. See
Figure 6.1.
57.1% thought this example was suitable for a realistic video-game and 76.2%
thought it was suitable as an effect in a 3D animated introduction film.

The example with the most intense color was also lightning bolt 1.4 with a score
of 4.3 of 5. It had a deep purple color. See Figure 6.1.

In part two, regarding the structure of the generated lightning, the one with the
highest realistic path score was lightning bolt 2.6 with the score 4.0 of 5.
71.4% thought this example was suitable both for realistic video-games and as an
effect in a 3D animated introduction film.

The example with the most realistic branching was lightning bolt 2.3 with a score
of 3.9 of 5.
90.5% thought this example was suitable for a realistic video-game and 85.7%
thought it was suitable as an effect in a 3D animated introduction film.

16



Chapter 6. Results 17

The example with highest visual appeal is also lightning bolt 2.3 with an average
score of 7.9 of 10. See Figure 6.2.

The example with the lowest visual appeal is lightning bolt 2.4 with an average
score of 2.9 of 10. This example had an excessive amount of tessellation with a
factor of 14.
4.8% thought this example was suitable for a realistic video-game and 0% thought
it was suitable as an effect in a 3D animated introduction film.

Figure 6.1: The lightning bolt with highest rating of intensity and color intensity
(left) and the lightning bolt rated as most realistic (right)

6.1 Tessellation Factors
The different lightning bolts in part 2 of the experiment were generated with
different tessellation factors. For results regarding realism sorted by tessellation
factors, see figure 6.3. For results regarding visual appeal, see figure 6.4. In cases
where the same tessellation factor was used to more than one generated lightning
bolt, an average score has been calculated.
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Figure 6.2: The lightning structure that struck the test subjects as most appealing
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Chapter 7
Analysis and Discussion

After the experiment had been conducted, the third question of part 2 was dis-
carded and its results was furthermore disregarded. The question was; ”How is
the amount of branching?”. It is discarded due to its different point system from
the others. In all other grading questions in the experiment, a 1-5 or 1-10 scale
score system was used and the higher score meant better. In this specific ques-
tion, a 1-5 scale score system was used and 1 meant too low, 3 meant normal, and
5 meant too high. Several test subjects reported the shift in grading as confusing,
which might have lead to unreliable results. The overall results has been con-
cluded to be valid without this specific question due to the fact that the previous
question covered the same area. The previous question was; ”How realistic is the
branching?”.

To answer the first questions of the thesis we need to break it up into smaller
portions. Firstly, the lightning in this project was built using lines. Since the
tessellator is compatible of working with isolines, this was not an issue. This
project has proven that the tessellation stage can in fact fractionalize a lightning
path.

Secondly, the project provides a method to generate a lightning path directly
within the domain shader, right after the tessellation occurs. The domain shader
seems on the other hand incapable of producing new lines as branches too sprout
out from the main lightning path itself, something that is desirable to create a
whole realistic lightning bolt. This issue was resolved using stream-out with a
second geometry shader, and passed into the tessellator. Thus staying within the
boundaries of a GPU based approach and confirming the hypothesis and that the
answer to the first question is yes. A lightning bolt path can be generated using
the tessellator. This proves at the same time the second hypothesis and answers
the second question, that it is possible to generate a lightning bolt path using
only the GPU pipeline.

Lastly, can it be done realistically? Analysing the results of the conducted exper-
iment, it becomes obvious that some lightning structures was more popular than

20



Chapter 7. Analysis and Discussion 21

others. The lightning bolt path perceived as most realistic was lightning 2.6 with
the score 4.0 of 5. That can be converted to a realism rate of 80%. So it seems
that a highly realistic, but not completely realistic lightning path can be achieved
with this method, using this configuration. The lightning path perceived as most
realistic was tessellated with a factor of 5. Lightning 2.3 scored highest regarding
realistic branching with the score 3.9 of 5. The same lightning also scored highest
in terms of visual appeal with the score 7.9 of 10.

Given the experiment results, the golden recipe for the most realistic looking
lightning using this method seems to be a lightning that is made up of 16 seg-
ments, that each has been tessellated with a factor of 5, and branches with a
length between three and six segments. For a lightning bolt generated with these
properties, see figure 7.1.

When sorting the scores after tessellation factor, a clear trend emerges. Too low
tessellation does not seem to look realistic or appealing, and the same goes with
too high tessellation factor. The sweet spot for a realistic main leader structure
seem to be ranging from a factor of 3 to 5. While the branches seemed most
realistic at one higher factor of 4 to 6. Regarding the general visual appeal of the
lightning, tessellation factors 4, 5 and 6 seem to top the list.

The last two questions in each part of the user study, regarding whether or not
the lightning bolt was suitable for video games and 3D animated introduction
films, was throughout the experiment very similar to the answers relative to each
example, except on lightning bolt 1.2. On lightning bolt 1.2, 28.6% answered
Yes to if it was suitable for realistic video-games, while 61.9% answered No. On
the same example, 66.7% answered Yes to if it was suitable as an effect in a 3D
animated introduction film, while 19% answered No. This is possibly due to the
fact that it was the only lightning bolt with a yellow/orange color to its glow,
which could lead one tho think it is not suitable for any realistic applications,
while an effect in a 3D animated introduction film can have any color because it
is meant to be artistically pleasing. The same lightning bolt also got an average
score of 3.6 out of 5 regarding the color intensity.

7.1 Experiment Design
After the experiment was completed, the design should be discussed from what
was learned. A few things in the experiment could have been improved, like the
comparison images. During the test, these two authentic lightning bolts were
the only references the test subject had with real lightning. One that completely
lacked branches and the other with a very special kind of branching. See Fig-
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ure 5.1. The reasoning behind this initially was that the first image would mainly
represent the main leader path, and at the same time visualize that some light-
ning bolts have very little to no branching. The second image would visualize that
some lightning bolts also can have a large amount of branching. This reasoning
was poorly described in the experiment, which could result in the test subject
being confused and only reference tho these two images, as if they were the only
kind of lightning bolts that existed, and would not draw an in between. And
in this case, many of the generated lightning bolts would have been that in be-
tween. For an example of a common lightning structure with a more similar kind
of branching that might have been more suitable as comparison, see figure 7.2.

Both of the comparison lightning images also had a main leader that was fairly
straight downwards. While in reality, lightning bolts can travel miles sideways
before hitting ground. See Figure 7.3. This could potentially have affected the
test subjects to dismiss some of the generated lightning bolts as unrealistic.

The experiment design could also have been entirely different. Since it is authen-
tic lightning that is desirable by this method, the experiment could have consisted
of a mixture between generated and authentic lightning bolts, for the participants
to grade, not knowing which was which. This would have been beneficial, firstly
to see if the participants agreed to that the authentic lightning bolts actually
looked realistic as a reference, but also how much the results differed from the
generated ones. This way the question regarding realism could have been more
clearly answered.

Yet another interesting experiment approach could have included a lightning that
only showed up a fraction of a section at the participants command. At the
current stage, the participants could examine each structure for minutes if desired,
but since lightning strikes in reality are only visible for a short period of time,
this different approach could have been topical.
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Figure 7.1: A lightning bolt generated using the most preferable properties from
the user study results
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Figure 7.2: An authentic lightning bolt that might represent the generated ones
in the experiment more clear. Image courtesy; user Skeeze at https://pixabay.
com/sv/blixtnedslag-strejken-natt-storm-659914/

Figure 7.3: A lightning bolt that visualizes a varying path. Im-
age courtesy; user Lizard Lick at http://se.freeimages.com/photo/
a-rip-in-the-sky-1189708

https://pixabay.com/sv/blixtnedslag-strejken-natt-storm-659914/
https://pixabay.com/sv/blixtnedslag-strejken-natt-storm-659914/
http://se.freeimages.com/photo/a-rip-in-the-sky-1189708
http://se.freeimages.com/photo/a-rip-in-the-sky-1189708


Chapter 8
Conclusions and Future Work

A lightning structure can in fact be frationalized and generated using tessellation.
While also utilizing the stream-output stage, this thesis proves that it is possible
to generate lightning bolts using only the GPU pipeline. Using a GPU-based ap-
proach can also generate high level of realistic lightning bolts, but possibly even
better than shown here learning from this thesis and the conclusions listed below.

For any future project, the following conclusions has been drawn; After the im-
plementation of this technique, a tessellated and randomly generated lightning
bolt had been achieved. But the technique was not fully satisfying due to its non
flexible approach regarding branch amount and depth (branches on branches),
and how hard it is to obtain good random values in shaders. To a future project,
the usage of compute shaders to obtain random values on the GPU should be
investigated. After this implementation it has been concluded that possibly bet-
ter results can be achieved with a slightly different approach that is based on
the current one, while using either the GPU or the CPU. Even if the GPU must
stand as a the only generator with stream-output, and even if the tessellator
must remain in the pipeline to generate and tessellate the lightning bolt, a pos-
sibly better approach for generation could be utilized, that will be explained next.

The said reason to instantly append double vertices at each joint except for the
first and last position was that it would make it easier to position the two vertices
of each joint at the same randomized position. This restriction could have been
avoided if a list of vertices was first created in the stream-out geometry shader
itself, and modified within the shader point by point just like Jersild did in his
method, to later be appended and streamed out simultaneously to the stream-out
vertex buffer, with double vertices on each joint except for the first and the last
one. This would open up for a more dynamic algorithm.

In this case, it is relevant to discuss if a GPU-based approach is worth it. To
create a lightning structure is not a heavy calculation on the CPU nor the GPU.
But with the GPU based approach, multiple stages are added. An additional
geometry shader is added, which streams out data back to the CPU, to then be

25
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inputted back into the pipeline again and into the three tessellation stages. In
these extra stages of the pipeline, each vertex is calculated and given a random
(but static) position every single frame. If we were to generate it on the CPU
instead, the whole lightning bolt would have been generated one time, during
one frame. It could then be stored in a directly accessible and modifiable ver-
tex buffer, to be sent into the graphics pipeline directly as line strips or line list
topologies. Either way, a lightning bolt is often not something that sticks around
for a longer period of time, and depending on the usage of the lightning bolts,
the generation per frame should not be a performance effecting problem.

If the tessellator is being skipped, we can either pass on a whole lightning line
structure as a single object to the cube emitting geometry shader, or we can pass
on a linelist with adjacency. Knowing the position of both the previous and the
next vertex relative to each line-segment provides the possibility to chamfer the
joint connections to completely avoid artifacts up close. This implies turning the
segment cubiods into prismoids. See Figure 8.1. This is what Rideout did in his
article [3].

It is believed that the experiment design layout beneficially can be different in
a future project, with a completely different approach where authentic lightning
bolts are mixed with generated ones. Both regarding the visual part, and the
structure part of the experiment.

Figure 8.1: Visual representation of a chamfer method for a future project. Image
courtesy; Philip Rideout at http://prideout.net/blog/?p=61

http://prideout.net/blog/?p=61
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Appendix A
Experiment Part 1 Example

Figure A.1: The first portion of the part 1 example of the experiment
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Figure A.2: The second portion of the part 1 example of the experiment



Appendix B
Experiment Part 2 Introduction

Figure B.1: The instructions and clarifications the test subject was presented
before part 2
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Appendix C
Experiment Part 2 Example

Figure C.1: The first portion of the part 2 example of the experiment
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Figure C.2: The second portion of the part 2 example of the experiment



Appendix D
All Experiment Images

Figure D.1: All included lightning bolt images from part 1 of the experiment
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Figure D.2: Lightning bolt images 1-3 from part 2 of the experiment
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Figure D.3: Lightning bolt images 4-6 from part 2 of the experiment
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Figure D.4: Lightning bolt images 7-9 from part 2 of the experiment
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Figure D.5: Lightning bolt images 10-12 from part 2 of the experiment
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