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1 List of Acronyms

2D / 3D

two dimensional / three dimensional
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Application Programming Interface
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Central Processing Unit
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GLSL

OpenGL Shading Language

GPU

Graphics Processing Unit
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Lunar Impact Flash
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Jet Propulsion Laboratory
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National Aeronautics and Space Administration
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Open Graphics Library

PoV

Point of View

RAM

Random Access Memory

RGB

Red, Green, Blue color model

VAO

Vertex Array Object

VBO
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2 Abstract

The frequency and distribution of meteoroids and other small bodies within our solar
system is an important and active research field. Various models exist to quantify our
cosmic backyard. These models are in constant need of verification by means of data
acquisition. One important data source could be the observation of Lunar Impact Flashes
(LIF). For this reason, European Space Agency (ESA) initiated the NELIOTA project
in February 2015. It monitored the lunar surface using the 1.2 m Kryoneri telescope in
the northern Peloponnese, with the first phase of the project concluding in 2021. Since
the start of the project, there have been 165 confirmed observations of impact events [1].
Impacts on the lunar surface have garnered great interest in the history of astronomy,
but are also very di Ccult to observe. This led to the development of a Flash Detection
Software (FDS) to aid astronomers in confirming LIF observations. This work describes
the development of a LIF simulation tool, which was developed alongside the FDS. The
simulation tool is designed to create an accurate visual representation of the lunar surface
under dilerent observation conditions. The code was written in Python and OpenGL
was used to create the 3D scenes. The simulation is intended to help astronomers with
testing the FDS, but it can also assist them in setting up their optical equipment for LIF
observation. First test runs of the FDS using the LIF simulation yielded positive results.
For further details on how to use the simulation, please consider reading the user manual
[2], which can be downloaded via GitHub [3].



3 Introduction

In the 21st century, the increased accessibility of space ight infrastructure has led to an
ever expanding network of satellites. Currently, there are around 5000 satellites in Earth
orbit as of April 2022. This, combined with increased potential of missions to the moon
and beyond in the near future requires an accurate assessment of the threat caused by
meteoroid and asteroid impacts. Even small objects of the sporadic background ux have
a huge destructive potential, because of their high velocity of several kilometers per second.
Lunar Impact Flashes (LIF) provide important data points to improve the understanding

of meteoroid ux densities in our solar system. Therefore, there is an increased interest
in detecting LIF through direct observation.

However, even given the right equipment, detecting LIF can be a serious challenge due
to a set of natural and technical di culties. For example, excellent conditions are only
given once per month during new moon, because of the vast amount of scattered sunlight
from the illuminated part of the lunar surface during other phases. Additionally, it can
be di cult to distinguish real impact events from false detections caused by satellites,
hot pixels and other sources of interference. To aid astronomers in overcoming these
challenges, the European Space Agency (ESA) has chosen to fund the development of a
Flash Detection Software (FDS), which helps verifying candidate impact ashes. This
master thesis describes the development of a Lunar Impact Flash simulation tool, which
was developed alongside the ash detection algorithm. It is designed to help astronomers
in their endeavor of observing LIF by creating a visually accurate simulation of the lunar
surface, including simulated impact events.

The simulation was developed with two principle use cases in mind. The rst use case is
to help astronomers set up their optical equipment. The user could set up their camera
in front of a monitor and try recording the impact ashes. The second intended use case
Is testing the aforementioned detection algorithm. The simulation includes the option to
save a video le on which the detection algorithm can be tested. It also includes various
post processing e ects which are designed to realistically simulate di erent observation
conditions.

At rst this work is going to brie y discuss the history of lunar observations in chapter 4.
Then, the basics of graphical programming with Python and OpenGL are outlined. After
this, the two main intended use cases for this simulation are shown. The main part of
this work is found in chapter 7, where each component of the simulated scene is discussed
in detail, including geometry and lighting calculations. At last, the rst results of testing
the FDS with the LIF simulation are presented before giving a nal outlook.



4  Scienti ¢ background

In this section the necessary scienti ¢ background is brie y explained. The book Lunar
Meteoroid Impacts and how to observe them [[4] by B. Cudnik functions as a source for
this section.

4.1 Brief history of lunar surface observation

In Galileo Galileis pamphlet Siderius Nuncius , published in 1610, the reader could nd
pencil drawings of the surface of Earths natural satellite. These drawings, shown in gure
1, were the result of the rst astronomical observations done via telescope, which proved
that the moons surface is anything but smooth. Back then, one could only speculate
about the origins of the visible craters.

Throughout history, the knowledge of our astronomical neighbor has increased due to ever
more sophisticated observational tools. Anyone familiar with the lunar surface knows it
bears testament to its history of violent collisions with various smaller bodies of our solar
system. However, actually observing an impact event turns out to be rather di cult.
For one, observing a smaller impact on the illuminated part of the lunar disk is virtually
impossible, which means that ideal conditions for observing impact events only arise once
per month, around new Moon. Various other factors, such as stray light and atmospheric
conditions, e.g. clouds also severely limit the detection possibilities. Last but not least, in
a time before digital cameras, the only option was direct observation by telescope. Most
lunar impact events are very faint and short lived, which makes detection very challeng-
ing.

Not to be deterred, in 1947 the newly founded Association of Lunar and Planetary Ob-
servers (ALPO) started actively looking for possible impact ashes. Indeed some as-
tronomers claimed to have witnessed lunar impact events as early as 1941. However it
was only in 1999 during the Leonid epoch in November when the rst scienti cally proven
observation was made by B. Cudnik et al, an event which he describes in his book [4].
Since then, multiple live observations of LIF have been made. Because of this, we know
that impact events are not only part of the moons past, but of its present. The objec-
tive of initiatives like NELIOTA, launched in February 2015 by ESA and the university

of Athens, is to monitor lunar impact events. Based on their observational data it is
possible to make assessments about the number and distribution of small Near Earth
Objects (NEOs). The characteristics of LIF are further explained in subsection 4.2 and
the NELIOTA program is brie y described in subsection 4.3.



Figure 1: Half Moon drawing by Galileo Galileo from his 1610 pamphlet Siderius Nuncius

4.2 Lunar Impact Flashes

Back in the 1940s, when astronomers began looking for lunar impact events in earnest,
they were unsure if direct impact events of small meteoroids can even occur on the Moon,
due to the possibility of lunar meteors. The idea was, that meteoroids burn up in the
lunar atmosphere, similar to meteoric phenomena on Earth. Today it is known that the
Moon's atmosphere is too thin to generate enough friction to produce a meteor. So, when
the rst LIF observation was con rmed in 1999, it was known that the light was generated
through a direct impact of a meteoroid. But how does that happen?

By the most recent de nition, a meteoroid is a small interplanetary object in the size
range of a few m up to 1 m. Smaller objects are classi ed as space dust and larger
objects are called asteroids. Meteoroids either move alone through interplanetary space
as part of the background ux or as part of a meteoroid stream. Streams contain objects
of similar speed and direction, that originate from the same source object, e.g. a comet
in case of the Leonid stream. Meteoroids can move at incredibly fast speeds, in the area
of several dozen km / s.

High velocity meteoroids naturally carry a high kinetic energy. When they collide with
the Moon, they release part of their kinetic energy as light in the visible spectrum. These
LIF can be seen from Earth under the right conditions. The light emission of an impact
event happens in the order of milliseconds in the visible spectrum. The infrared radiation
lasts a little longer, up to several seconds.

Besides emission of light, the impact also creates a crater on the lunar surface. Depending
on the position it can also create dust clouds and rising dust plumes [4]. These e ects
are of secondary importance for the purposes of this thesis and are so far not included in
the simulation.



4.3 NELIOTA

NELIOTA [1] is a joint activity by ESA and the National Observatory of Athens. It

was launched in February 2015 with the purpose of observing LIF and thereby get to
know more about the distribution and frequency of NEOs. The rst observation phase
started in 2015 and ended in 2021. The observation site is called Kryoneri observatory,
after the Greek town it is located in. As of November 2022, more than 240 hours of
lunar observation has been conducted and more than 189 TB of images have been saved.
During this time, 165 impact events have been con rmed. Their impact locations can be
seen in gure 2. The details of each validated event, including their brightness, duration
and time of impact can be found on the NELIOTA website [1]. Other than images of

Figure 2: The locations of the lunar impact events detected by the NELIOTA project. Image
source: [1].

iImpact events, the NELIOTA project yielded information about the size and mass of the
impactors as well as the temperature of the LIF. The scientic ndings, statistics and
more information about the observation methods can be found in the related publications
listed on the NELIOTA homepage [1]. In the context of this work, potential users of the
LIF simulation could use the NELIOTA data on impact event duration when setting up
the parameters of their simulation in order to produce a realistic scenario. The maximum
duration of the LIF observed by NELIOTA can be seen in gure 3. The duration of
simulated LIF can be set via the schedule le. More information about the schedule le
and the other user parameters can be found in the LIF simulation user manual [2]. This
work now continues with the some important basics of Python and graphical programming
in chapter 5.



Figure 3: The maximum duration of the LIF observed by NELIOTA, plotted with the Origin
software. Data source: [1].

5 Graphical programming with Python and OpenGL

This chapter describes the essentials and necessary terminology of graphical programming
with Python and OpenGL. Most of the following explanations are abbreviated versions of
those found in the book Developing Graphics frameworks with Python and OpenGL [5]
by L. Stemkoski and M. Pascale. This chapter only summarizes the necessities to explain
the technical background of the LIF simulation. This chapter also does not illustrate how
to use the simulation. Detailed information regarding the usage and set up can be found
in the user manual [2] in the appendix.

5.1 Python

Python is a widely popular general-purpose programming language that is used by a large
number of organizations, corporations, research institutions etc. for a variety of tasks.
This project was completed using Python 3.9 and PyCharm as integrated development
environment. Python incorporates multiple standard libraries that add useful function-
alities and commands that can be used as a foundation for new projects. Additionally,
it allows the import of third-party libraries, some of which were essential for this simu-
lation, e.g. PyOpenGL, NumPy or PyGame. For a list of necessary libraries and their
installation commands consider reading the user manual [2].
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This simulation was designed with an object-oriented, speci cally class-oriented program-
ming approach. This highly modular structure was chosen in order to encourage potential
future upgrades of the simulation, as the existing classes can easily be extended for new
functionalities. Classes in Python provide an easy opportunity to store and group data
and code. This is useful, because for a realistic model, both data (e.g. the geometrical
data for the moon model) and functions (e.g. Rotation/Translation functions) need to be
combined. This thesis will follow the most popular naming convention, where data inside
of a class are referred to as attributes, while functions in a class will be called methods
from now on. The classes can be understood as blueprints for the objects in the scene,
while the objects themselves are instances of specic classes. For example, the moon
model object is an instance of the Mesh class, which contains the necessary attributes
to render it and methods to change its appearance or position. The process of creating
each aspect of the simulation is explained in detail in chapter 7. Before that, this chapter
continues with the basic concepts and terminology of graphical programming.

5.2 Computer graphics basics

This section will cover the basic terminology of graphical programming that is necessary
for understanding how the LIF simulation functions on a technical level. The primary goal
of this thesis is developing an accurate simulated view of the lunar surface by creating a
three dimensional (3D) scene. A scene is a virtual model that may contain objects, their
material properties, light sources, a virtual camera and more. This is then converted to
a two dimensional (2D) view. This process of building an image out of data is called
rendering.

On a technical level, rendering creates a 2D array of pixels from the given 3D data. The
visual quality depends among other things on the resolution, i.e. the total number of pixels
in the array. The color of each pixel depends on the scene data and can be described by
displaying its (R,G,B) values. These values show the amount of red, green and/or blue
that is contained in the pixel, represented by a number between 0 and 1. 0 means the
color is absent from the pixel and 1 corresponds to 100 % color intensity. An example
of a simple 3D scene showcasing di erent geometries and colors can be seen in gure 4.
The appearance of scene objects in the nal image depends on multiple factors. Most
importantly, the position and orientation of scene objects relative to the virtual camera
play a role, since the scene is rendered from the point of view of the camera. Another
factor are light sources that cause a shading e ect, where objects appear dark if they
are not directly hit by the light. There are also textures, 2D images that can be wrapped
around the surface of a 3D object to change its look. An example of an Earth texture can
be seen in gure 5. Lastly, there are also post processing e ects, where lters are applied
to the 2D image before it is displayed.

11



Figure 4: A 3D scene created with OpenGL containing di erently colored boxes, a sphere and a
coordinate system in the background.

The next important term is data bu er . In computer graphics, a data bu er is part of

a computer's memory that functions as transitory data storage. Pixel data speci cally
is stored in so called framebu ers, which are part of the video Random Access Memory
(RAM). The framebu er itself can be a collection of multiple distinct bu ers. When
rendering a 3D scene, there are two necessary bu ers: The color bu er and the depth
bu er. The color bu er stores the (R,G,B) data for each pixel. The depth bu er stores
information about the distance of scene objects to the virtual camera.

Furthermore, the goal of this thesis is an animated scene, where multiple LIF can be
observed on the lunar surface within a given time. This requires displaying multiple images
per second, so that the user interprets it as a uid motion. Each image in an animation
is called a frame and the number of Frames Per Second (FPS) of this simulation was
chosen to be 60, the standard for most computer monitors.

For modern computers today, graphical calculations are done by a Graphical Processing
Unit (GPU). These GPUs can run programs called shaders that perform the di erent
computations of the rendering process. Important examples of shaders are the vertex
shader and the fragment shader, which will be explained in section 5.3. There are various
shading languages with their own programming interfaces for GPU-based applications.
For this simulation, OpenGL was used as Application Programming Interface (API),
which uses the OpenGL Shading Language (GLSL). More on OpenGL can be found in
section 5.4.
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Figure 5: A simple sphere with an Earth texture wrapped around it. Texture source: [6].

5.3 The graphics pipeline

The graphics pipeline is a model that conceptualizes the steps of the rendering process,
starting from the 3D geometry data and ending with a 2D image. There is no single
standard for the graphics pipeline, since its steps depend on the hard- and software that
is used. The model presented here is outlined in the tutorial book [5] and describes four
stages of rendering real-time graphics using OpenGL (see gure 6).

Figure 6: The graphics pipeline for rendering with OpenGL, from the tutorial [5].

5.3.1 Application stage

At the start there is the application stage. Here a window or canvas needs to be created,
where the graphics will be displayed and from which the framebu er reads the scene data.
In this simulation the PyGame library [7] is used to generate the window within the Base
class. This class not only initializes the window but also the main program loop, which
re-renders the scene at 60 FPS for a live simulation.
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The second part of the application stage is reading and sending the necessary scene data to
the GPU, for example vertex attributes or image data for textures. In computer graphics,
geometric primitives are constructed out of multiple vertices. A vertex is a type of data
structure that contains position data (in our case a 3D vector) that represents one speci ¢
point. Vertices can also hold other information about the point in addition to its location,
like color data. Importantly for this simulation, vertices hold texture coordinates, which
connect the vertex to a speci ¢ point on the image used as texture and a normal vector. A
normal vector is a vector that points in the direction perpendicular to a surface, which is
used for lighting calculations in OpenGL. These di erent types of data stored in a vertex
are called vertex attributes and together they describe the appearance of the geometric
shapes in the scene.

In the GPU, vertex attribute data are stored in Vertex Bu er Objects (VBOs) and texture
data are stored in texture bu ers. Finally, the code from the vertex and fragment shaders
have to be sent to the GPU. The vertex shader code includes attribute variables that
need to be associated with the attribute data of the VBOs before rendering can begin.
These associations are handled by Vertex Array Objects (VAOs). The contents of the
vertex and fragment shaders are explained in greater detail in the following subsections,
alongside the next stages of the graphics pipeline.

5.3.2 Geometry Processing

In the previous subsection the term vertex was introduced, a data structure that includes
position data among other attributes. Vertices are grouped into geometric primitives
which themselves can be grouped together to create more complicated geometric shapes.
The collection of vertices, lines and faces that make up a 3D object is called a mesh. An
example mesh can be seen in gure 7. In the geometry processing stage of the rendering
process, the vertex shader comes into play. The vertex shader is a program run by the
GPU that dictates the nal position of each point in the scene by performing a set of
transformations. For example, the collection of points that de ne a 3D object may be
transformed, so that the object in the scene appears to be rotated, in a di erent position,
with changed size and so on. This is called model transformation. Another example is the
view transformation. If the scene has a virtual camera, like the LIF simulation does, the
location of each object must be expressed in a reference frame related to the camera, so
that the scene is rendered from its Point of View (PoV). For this reason, the coordinates
of all the object in the scene are converted to coordinates relative to the camera. The
nal example is the perspective projection, where the area visible to the virtual camera

is aligned with the space rendered by OpenGL. This space is also called the clip space.
It is a cube-shaped region that contains all objects with coordinates between -1 and 1.
Anything outside this space is not visible in the nal image. It is in this frame of reference
that the nal point positions are expressed.
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Figure 7: An example mesh of a sphere, made out of triangles that are created by grouping
vertices. The color data used for the faces is stored in the vertices.

In addition to these transformations, the vertex shader can contain more code and calcu-
lations, depending on the object. The combined data is then sent to the fragment shader,
which is discussed in the next stage of the graphics pipeline.

5.3.3 Rasterization

The rasterization process begins after the vertex shader nalized the positions of all
vertices. In this stage the GPU has to calculate which pixels need to be activated given
the vertices of the geometric primitives (e.g. triangles for the moon model) in the scene.
For each pixel that is inside the area of a geometric primitive a fragment is generated.

A fragment is a data structure that stores the coordinates of the associated pixel. In a 3D
scene a pixel can correspond to no fragment, but also to multiple fragments, for example
if there is one object behind another from the cameras PoV. For this reason fragments
also store a depth value, to determine whether one primitive is partially or completely
blocked from view by other primitives. This data is only saved in the fragments for now,
the visibility question itself is resolved in the pixel processing stage (5.3.4).

If vertices in the scene contain information other than their positional data (e.g. color)
it is also sent from the vertex- to the fragment shader. The fragment shader is the
program that handles any calculations regarding the appearance of the fragments that
are to be rendered. The color of any fragments between vertices with a given color value
is interpolated with a weighted average, given the distance to the next vertex.
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This is of minor importance to this simulation, since the color values of the moon model
are determined by the overlaying texture le and the vertex color of the simulated LIFs
is set to be white. The in uence of texture les on the nal image (among other things)
is described in the following subsection.

5.3.4 Pixel processing

The nal stage of the graphics pipeline begins once the rasterization of the 3D scene is
complete. Its main purpose is to calculate the nal color value of each pixel in the nal
image. After any vertex color data has been sent from vertex shader to fragment shader,
it ends its journey by contributing to the nal color of the fragment and their associated
pixel. Other than fragment color, there are multiple other data sources that come into
play during pixel processing.

In this simulation, a texture is used to create a realistic view of the lunar surface. The
texture contributes to the nal color of a given pixel through color sampling of the as-
sociated location. The location on the texture image is stored in the form of texture
coordinates in the vertices, as described in subsection 5.3.1. Another in uence are light
sources, in the case of this simulation both ambient and directional light, which simulate
earthshine and sunlight, respectively. These may brighten or darken the nal pixel color,
depending on the strength and, in case of directional lighting, the direction of the light
and the orientation of the surface hit by the light. The GPU also handles depth calcula-
tions in this stage. After the color of a fragment has been con rmed, its depth value is
compared to the current value in the depth bu er. If the value of the current fragment

is smaller, it replaces the current depth bu er value. It then also overwrites the old pixel
color, making the older fragment color no longer visible (given that the object in front is
completely opaque).

This concludes the description of the rendering process for now. The nal look of the
simulation is still subject to change due to post processing where the scene is re-rendered
to apply di erent visual e ects. These di erent e ects are brie y described on a technical
level in section 7.4. Additionally, the user manual [2] contains a guide on how to use and
customize each e ect with their associated user parameters.
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5.4 OpenGL

The main goal of the LIF simulation software is producing an accurate simulated view of
LIF on the lunar surface. The OpenGL API provides useful functions and tools to create
a realistic 3D scene. This section brie y outlines the most important functionalities in
the context of the LIF simulation. A complete list of functions and extensions can be
found on the Khronos group website [8].

OpenGL is a cross-language API, which can be used to render scenes with 3D objects,
lighting and more. For the project the binding PyOpenGL was installed to use OpenGL
with Python. When writing the code of the vertex- and fragment shaders, GLSL has to
be used. This language is a C-style language and its syntax is therefore quite di erent
from Python. For example, when declaring functions or variables the data type must
be specied alongside the function/variable name. In the simulation, the vertex- and
fragment shader codes are stored as string variables inside of the Python classes and then
sent to an empty shader object created with the OpenGL function glCreateShader . Once
the shaders are created, the program is initialized and the rendering process can begin.
Lastly, there are three main data types in GLSL, integer, oating point and boolean
values, which are used for most user parameters. Particularly useful are the vector data
types with up to 4 entries, where each entry consists of a oating point number. The
vector types are used in the vertex- and fragment shaders to store positional and color
data of the objects in the scene. Lastly, there is the sampler data type used for texture
data.

This concludes the chapter on the basics of graphical programming. The next chapter lays
out the agreed upon goals for the LIF simulation and its two main intended use cases.
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6 Functionalities and use cases

This chapter outlines the agreed upon functionalities of the LIF simulation and brie y
describes its two main intended use cases. For a more detailed look at the two use cases,
including a step by step guide of the simulation set up, consider reading the user manual
[2]. At the start of development, a program architecture was designed to summarize
the most important features that were planned for the simulation. This diagram can be
seen in gure 8. The diagram is read from left to right, with di erent paths converging

Figure 8: The program architecture of the LIF simulation, which outlines the main intended
functionalities.

to the central program le, where LIF are generated. The upper left path describes
user input via a schedule le. Each simulated LIF that is generated by the program
can be modulated according to di erent parameters, speci ed in the schedule le. This
includes the location, time, brightness and duration of each impact event. The bottom left
path describes additional user parameters, which are set via the con guration le. Here,
the user can change a multitude of settings, from observation time to various camera
parameters, all of which in uence the nal look of the simulation. A comprehensive list
of all user parameters can be found in the user manual [2]. To adequately generate the
view of the moon for a given date / observation site combination, NASA's JPL horizons
service is queried via the get_moon_geometry routine by D. Koschny [9]. This inquiry
Is represented in the diagram via the central left path.

Then, as indicated in the center of the diagram, the impact ashes are to be generated.
Before the simulation is displayed, it may be re-rendered with certain post processing
e ects. The simulation has two main output functionalities. The rst option is a live
view of the simulation in real time. The second option is to save the simulation as an AVI
video to a folder set by the user in the con guration le.
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Not all functionalities shown in gure 8 have been realized due to time constraints. For
example, the LIF schedule is not being generated automatically according to an input
parameter. So far it is a simple CSV-le, which can be edited by the user per hand.
Another example is the conversion of the LIF brightness, shown in the top right of gure
8. A calibration of digital number to magnitudes has not been implemented as part of this
thesis. This chapter now continues with the two main use cases, before the development
of the simulation is described in chapter 7.

6.1 Testing camera equipment

The rst use case is testing camera equipment to be used for LIF observation. For this,
the simulation should be started with a mounted camera pointing in direction of the
display window. To simulate di erent observation conditions, the user can enable post
processing e ects, such as the atmosphere or cloud e ect. Any e ect simulating camera
e ects should be turned o, e.g. the blur or vignette e ect. After enabling/ disabling the
corresponding parameters in the con guration le, the user can then schedule a list of
simulated impact events and check if they were properly captured. The camera footage
could then also be used for testing the FDS tool, which is the primary goal of the second
use case.

6.2 Testing FDS

The second use case is testing the FDS, by feeding it with a video generated by the LIF
simulation software. The user can enable a video mode, which causes the simulation
to save the frames of the simulation as BMP les and later converts them into an AVI
video le. This considerably slows the simulation, so a realistic live view is no longer
possible. For user convenience, the con guration le includes a parameter that, if enabled,
automatically deletes all frames in the target frame folder, so only the video remains as
output. Here the use can also choose to enable the camera oriented post processing e ects
via the con guration le, before scheduling a list of LIF events. This concludes the chapter

on the basics of graphical programming. In the next chapter the process of creating a
simulated view of the lunar surface, including LIF, is explained.
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7 Lunar Impact Flash simulation

In this chapter the process of creating a LIF simulation with Python and OpenGL is
described. It will focus on the technical details and modules that make up the program.
The classes and functions outlined in the tutorial book Developing Graphics frameworks
with Python and OpenGL [5] provided the basic framework for this simulation. For more
information about the usage of the simulation, please consider reading the user manual
[2]. The basic terminology of Python and graphical programming can be found in chapter
5.

The framework used for creating a 3D scene is organized in a tree-like structure, with
parent and child nodes. A node represents objects of the Object3D class in the code.
The content of this class is described in greater detail in subsection 7.1.2. The specic
nodes of the tree are extensions of the Object3D class, starting with the scene class as
the root node. The scene node tree is visualized in gure 9. Another extension is the
Mesh class, which represents objects that are rendered on screen, e.g. the Moon model.
The Mesh class itself is made up of the Geometry class and the Material class, which
contain necessary information for the mesh object. Apart from the Moon, the LIFs are
also instances of the Mesh class. The details of creating the Moon and LIF models are
explained in section 7.2. Other examples of Object3D class extensions are objects that
alter the appearance of the scene, whilst not being rendered themselves, like the virtual
camera and lighting objects. Details about these can be found in section 7.3. Before the

Figure 9: Basic node tree of the simulation, with the Scene class as the root node. All objects
seen here are extensions of the Object3D class.

details about creating the Moon model can be discussed, some necessary programming
groundwork is discussed in section 7.1.
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7.1 Base classes

This section focuses on the classes that contain basic functionalities that are required for
the more advanced classes of the simulation.

7.1.1 Matrix class

In order for the program to accurately simulate observation conditions, the objects in the
scene need to be able to allow for various geometrical transformations, such as rotation and
translation. Especially the Moon model, camera and lighting objects will be frequently
altered in terms of position and orientation, depending on the observation date and time.
These transformations are realized as static methods in the Matrix class and can be easily
accessed by importing the Matrix class where it is needed. The matrices are created by
using the python library Numpy. The translation and rotation matrices of this class are
shown in gures 10 and 11. When looking at the transformation matrices shown in this

0 1
10 0ty
010ty§
01t
0001

Figure 10: Matrix used to perform translations, with coordinate o sets ty, ty, t, as input pa-
rameters. Source: [5].

subsection, the question might arise why 44 matrices are used to manipulate 3D objects.
The mathematical reason is that, in order to achieve a coordinate o set/ translation of a
3D object, a 4D matrix has to be used. This is because of the way matrix multiplication
functions, as shown in equation 1:

0 1 01 O 1 O 1
1 0 O ty, X X+0+0+ ty, X + ty
010 tyg E@ygza)0+y+0+ty§=%y+ty§: (1)
0 1t, Y4 0+0+z+1t, zZ+ 1,
0 00 1 1 0+0+0+1 1

This is the mathematical reason why 4D matrices are so common in 3D computer graphics.
Since a 4D matrix can not be multiplied with a 3 1 location vector, the objects in the
scene have an additional location coordinate, often called tsecomponent, which is set to

1. For simplicity, the objects in the scene are still described as 3D objects throughout this
thesis. In addition to translating and rotating objects in the scene, the camera perspective
needs to change according to the user parameters, e.g. eld of view. This is accomplished
by the projection matrix, which describes the visible region in the scene. The projection
matrix is shown in gure 12.
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Figure 11: Matrices used to perform a Rotation around the x, y and z-axis (left to right), with
rotation angle as input parameter. Source: [5].

It features the parameters near distanca, far distancef , eld of view angle a and aspect
ratio r. The near and far distances determine the nearest and furthest distance from
the camera. Any object outside these borders will not be visible in the nal scene. The
(vertical) eld of view parameter in uences the perceived size of the objects on screen.
Finally, the aspect ratior is the relation of width to height of the scene. In the simulation,
the eld of view parameter is changeable by the user via the con guration le. Another

0; 0 0 0:L
r tan( = 2)

% R o§
o o
0 0 1 0

Figure 12: The projection matrix, which describes the visible region of the scene. It features the
parameters near distancen, far distanced, eld of view and aspect ratior. Source: [5].

useful tool used for the camera object is the makeLookAt method. The method is used
to make the target object point in the direction of another object in the scene. This
method is not described in greater detail, because it is rather extensive while only playing
a small part in the nal simulation. It is used to reset the camera when switching between
di erent observation settings. A detailed description can be found in the tutorial book
[5]. This chapter now moves on with the next important class, the Object3D class.
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7.1.2 Object3D class

The Object3D class forms the basis for many components of the simulation. In the
following, the term object speci cally refers to instances of the Object3D class or its

extensions, such as the camera. The class contains three key items. First, &4matrix

to store position, orientation and scale of the object itself. This matrix is called the

transformation matrix in the following and can be seen in gure 13. Secondly, a list of

0 1
dij; a2 a3z My

dpy dpp Qo3 m2§
ds; dzz asz M3
0 0 0 1

Figure 13: Transformation matrix of an object in the simulation. The 3x3 a&; submatrix in
the top left corner symbolizes rotation and scaling and them; subvector represents translation.
Source: [5].

references to its child objects. At last, it includes a reference to its parent node. Also
included in the class are various functions to transform or acquire information about the
selected object. The most important functions are described here. First, there are the
add and remove functions, to add/remove parent or child references. Then there are
the setPosition , setDirection and getPosition , getDirection function pairs. They
are used to set/get the position or directional data of the transformation matrix of an
object. When the set functions are called, the new position/direction data is applied to
the Transformation matrix and the object instantly changes to its new position/direction.

In the simulation, these are used to relocate the camera according to the observation data
supplied by the user. Additionally, all geometrical transformations from the Matrix class
(described in 7.1.1) have been imported here, so objects in the scene can be translated and
rotated. These rotations can be applied locally, in their own coordinate system or globally,
meaning the coordinate system of the root scene object. A typical use case of the rotation
functions is the rotation of the directional light, to accurately simulate the illumination

on a given date. This concludes the section on the basic coding groundwork for the
simulation. The following sections outlines the advanced components of the simulation,
starting with a model of the Moon.
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7.2 The Moon model

This section explains the design of the Moon model in the code. The Moon model is
an instance of the Mesh class combined with a texture and a normal map. In computer
graphics, a mesh is the representation of a 3D object made up of multiple vertices and ge-
ometric primitives. A rst version of the Moon model without lighting or post-processing

e ects can be seen in gure 14

Figure 14. A screenshot of the program showcasing the spherical Moon model with a texture,
but without lighting and post-processing e ects.

The Mesh class needs information about the shape and appearance of the object to be
rendered. These data are provided by the Geometry and Material classes, respectively.
Both of these classes are explained in the subsections 7.2.1 and 7.2.2. Information about
the texture of the Moon and its normal map can be found in subsection 7.2.3.

7.2.1 Geometry

The Geometry class includes multiple methods to add attributes to the vertices of an ob-
ject or change the attribute data. As described in section 5.2, vertices are the points/data
structures that make up a geometric object. Attributes are the di erent types of data
stored in a vertex, e.g. positional data. The 3D object is moved in the scene by trans-
forming this positional data.

This basic Geometry class is extended by the Parametric Geometry class, which lays the
groundwork for creating the lunar sphere by the process of parameterization. Creating a
parametric surface in 3D includes two parameters, calladand v and a parameterization
function called S, which will be supplied later. At rst, points on the function must be
generated. To generate these points, we need to supply input parameters to the class,
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namely the start and end points of theu and v parameters and their resolutionr. Now
the width of the segments, called u and v respectively, is calculated. The width is
de ned as the distance between two points on the function. This is done using formula 2,
from the tutorial book [5]:

— Ustart r Uend: (2)
Now the class iterates over both parameters to form a 2D array of points, with the limit
given by the resolution. The range oli and v has been set td0; 1] and the resolution
to 64, meaning the parameters take 64 evenly spaced values ranging from 0 to 1. This
means that they form a square with 64 64 vertices. These vertices are then grouped into
triangles. The resulting surface is transformed according to the parameterization function
S(u;v), shown in equation 3, also found in the tutorial [5]:

0 1
R sin(u) coqv)
S(u;v) = %D R sin(v) X 3)
R coqu) cogqv)

It creates a hollow sphere with constant radiufk. A screenshot of the resulting sphere,
already combined with the material class to form a mesh can be seen in section 5.3 in
gure 7. The function S(u;v) is not de ned by the Geometry class itself, but supplied by
the Sphere_geometry class extension, which means that the base class can be used as a
framework for creating other parameterized surfaces.

The last major task of the Parametric_geometry class is generating the normal vectors
that are used for light calculations. A normal vector is a vector that is perpendicular to a
given object. In this case it is a vertex normal vector, which stands perpendicular on its
associated vertex. It is obtained by using a small triangle, de ned by three poinR®1, P2
and P3. SinceP1is on the parameterized surface, it can be said th&1 = S(u;v). The
points P2 and P 3 are at very close distancé = 0:0001to P 1, so thatP2 = S(u+ h;v) and
P3 = S(u;v+ h) Then, the cross product of the vectorg, = P2 Plandpg=P3 P1
is calculated to obtain the normal vectorn. A graphical representation of this calculation
can be seen in gure 15. More information about lighting can be found in the viewpoint
and illumination section 7.3. This chapter now moves on to the Material class, which
completes the Moon mesh.
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Figure 15: Graphical representation of normal vectors made with inkscape, used for lighting
calculations later.

7.2.2 Material

The main function of the Material class is to compile the vertex- and fragment shader
codes and initialize the program. Like the Geometry class, it functions as a framework and
is designed to be extended for various use cases. For example, the shader codes themselves
are supplied by the class extension Lambert_material, named after the lighting model of
the same name. This section covers the basic content of the Material class and the vertex
shader code used for the Moon material. The details about the fragment shader code,
including textures and lighting are described in the sections 7.2.3 and 7.3.
First, the class handles the storage of so called uniform variables. Uniforms are global
shader variables used in GLSL. They are used in the vertex- and fragment shaders but
their value never changes (hence the name) and they can be of any data type. The base
class also includes methods to initialize and add more uniforms.
The most important uniforms for now are the model-, view- and projection matrices. They
are used in the vertex shader code to calculate the position of each vertex. In the vertex
shader the positional data is assigned to the built-in OpenGL variable gl _Position . This
is done using equation 4, from the book [5], which features the aforementioned uniform
matrices:

gl_Positon =P V M ¢p: (4)

The model matrix M stores the current location, orientation and scale of the Moon object.
The view Matrix V is the inverse of the transformation matrix (shown in gure 13) and
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describes the placement of the Moon relative to the camera. The projection matrix
(shown in gure 12) determines the visible region of the scene. The nal parameter
necessary is the vertex position vectop, which holds the initial position data for each
vertex.

To conclude the vertex shader code, the and v coordinates of each vertex and the vertex
normal data are assigned to variables to be sent to the fragment shader, where the lighting
and texture calculations take place.

7.2.3 Texture and normal map

This subsection explains the steps of adding a texture and a normal map to the spherical
Moon model. A texture is a 2D image that added to a surface or wrapped around a 3D
object to change its appearance. Normal mapping is a technique of creating the illusion
of highly detailed surface without increasing the geometric complexity of a scene object.
This is done by saving the normal vector alignment data of a lunar surface model with
high visual delity and overlaying it over the basic spherical model of this simulation.
This creates the illusion of a rough lunar surface without changing the Moons geometric
model. The normal mapping e ect has a high angular dependency. The e ect is strongest
if the angle between the cameras pointing direction and the lunar surface is close t6.90
This is typically the case, since for most potential users the observation site is on Earth.
The Moon texture and normal map have been created based on NASA data and were
downloaded from richardandersson.net [10]. Both images are displayed in gure 16.

Figure 16: The texture and normal map used for the Moon model. Source: [10].
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The Texture class includes all necessary methods and functions to create a texture object.
When called, it takes the location of the texture image as input parameter. The two most
important methods load the image data from a le and then upload it to the GPU. In the
last method a mipmap is generated by an OpenGL function to scale the image size to t
the size of the Moon model. Mip mapping is a common technique in computer graphics
to improve image quality and is not explained further here. A description can be found
in the tutorial book [5].

In the code, the texture data is applied in the fragment shader before the nal image
is rendered. The fundamental unit of a texture is called texel. The texels are retrieved
using the OpenGL function texture . The normal map is also applied to the model in
the fragment shader by combining it with the normal vector data that was sent from
the vertex shader. The user can adjust the in uence of the normal map on lighting by
the bump_strength parameter, among others. More information about the adjustable
parameters can be found in the user manual [2].

7.2.4 Lunar Impact Flash model

The model of the LIF is also an instance of the Mesh class, meaning it takes geometry
and material data as input. Just like the Moon model, the LIF model is made out of
multiple vertices that constitute its geometry. However, the geometry of the LIF is set

to be rectangular, which makes the underlying class Rectangle _geometry much lighter,
since it does not require parameterization. The width and height of the rectangle have
also been set to be equal, making it a square. The size of this square can be changed by
the user via the lif_size parameters,.

The choice to simulate Lunar impact ashes with a rectangular geometric object seems
to be odd on rst glance, since in reality LIF events are no physical object, but energy
released as light after a meteoroid collides with the lunar surface. So why not use the
lighting models in OpenGL to simulate LIF? The answer lies in the fact that light sources

in OpenGL are not physically rendered. Light can only be seen through the interaction
with the normal vectors of other geometric surfaces in the scene. This makes a mesh,
with easily adjustable shape and color the better choice for this simulation. The square
shape was chosen, because LIF events are so small when observed from Earth, that they
appear to be pixel sized. The width and height have been set to 1 pixel per default, no
matter the width and height of the program window. A screenshot showcasing the LIF
model can be seen in gure 17.
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Figure 17: A screenshot of a pixel-sized simulated Lunar Impact Flash near the terminator. The
LIF is visible in the center right side of the image.

The geometric calculations necessary to achieve a pixel sized LIF are explained in the
following. At rst, the height and width of the display window must be expressed in
OpenGL coordinates. So far, the window dimensions were set by the user in terms of
pixels when creating the display using the PyGame library. To calculate the window
height h, the following equation 5 is used. It includes the angle of viewand the distance

to the Moon's center in OpenGL coordinates!:

h=2 d tani: (5)

The geometric idea behind this equation is shown in gure 18.

Figure 18: The parameters used to calculate the window height in OpenGL coordinates, using
angle of view and distance to the center of the Moon modet.
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With this, the window width w in OpenGL coordinates can be calculated, using the pixel
height h, and width w, and equation 6:

W,
w=h —£;

(6)

P
Finally, the height and width of the LIF in OpenGL coordinates is calculated using the
LIF size s, and the equations 7 and 8:

h

he = s h_p’ (7)
w

WL = S Wp (8)

The Material class used for the LIF model also features vertex- and fragment shader
code, however they are also much simpler than the Moon model, because the model does
not include a texture or lighting calculations. The vertex shader also includes the vertex
position calculations seen in equation 4 and this time is also reads in the vertex color data
and assigns it to a new color variable, which is sent to the fragment shader. The color
data for each simulated LIF is set directly by the user via the schedule le. The user is
given two options for the LIF color. The rstis essentially constant brightness, where the
LIF maintain a constant RGB color value for their entire lifetime. The second option is
exponentially decaying color, shown in equation 9:

Cit = Cstar €Xp( t): 9)

Here the color of the LIF C_ decays exponentially over time. The decay starts from
the initial value Cgqx and its speed is modulated by the decay constant, which is set

in the user manual. Using this function, the color of the LIF is updated 60 times per
second via the main simulation loop. This concludes the section on the construction of
the Moon model. The user manual [2] contains more information about the schedule le
parameters. This chapter continues with the camera setup and lighting.

7.3 Viewpoint and illumination

This section illustrates the code for positioning the virtual camera as well as the illumi-
nation model used for the simulation. While the camera has no body that can be seen
on screen, its position and orientation determine what is visible to the simulation user.
At rst the coordinate system of the scene is presented in subsection 7.3.1. The contents
of the Camera class are brie y described in subsection 7.3.2. After this the lighting is
discussed. The basic Light class is an extension of the Object3D class, which means a
light object can also be transformed regarding position, direction or color. The Light
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