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Abstract

This thesis report presents a master’s thesis project in Media Technology by two students
from Linköping University, Sweden. The project was implemented in collaboration with
the Visualization Center C and Linköping University during the spring of 2021 resulting
in the creation and development of two spatiotemporal visualizations featuring air traffic
data in the OPENSPACE software. One visualization uses live, real-time, data provided by
The OpenSky Network through a Representational State Transfer Application Program-
ming Interface (REST API). The other visualization uses a static historical data set covering
aviation data during the COVID-19 pandemic that is mined from The OpenSky Network.
A major challenge during the implementation was handling the large amount of data in a
performant manner to avoid a reduced frame rate in the application. To solve this a mul-
tithreaded method is used in order to not interrupt the rendering while new data are be-
ing fetched to memory. OPENSPACE uses the Application Programming Interface (API)
OpenGL to render graphics, thus also enabling a shader pipeline to be utilized. Multiple
shaders are used to create the visualizations. The shaders’ purpose and implementation are
explained in detail for both visualizations.

The live data visualization features aircraft displayed by an anti-aliased trail of past po-
sitions while the historical data visualization animates pathlines that represents aircraft
with respect to time. The historical data visualization uses multiple Vertex Buffer Objects
(VBOs) to render data efficiently and without interruption to allow the animation to play
both forward and in reverse. The animation follows the time, time direction, and the speed
of which the time plays set by the user in OPENSPACE to play seamlessly. The color of
the pathlines are determined by continent to create a clustering effect without any pre-
processing or calculations on the Central Processing Unit (CPU). Furthermore, the data can
be filtered rapidly and in real-time by using Graphical User Interface (GUI) elements to
control the filtering and by performing the actual filtering on the Graphics Processing Unit
(GPU). The two visualizations enables user settings via their respective GUI. These settings
include changing the color, opacity, and line width to aid in exploration of the data.
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1 Introduction

The Universe is everything. If you are reading this you are a part of the Universe. Our planet,
planet Earth, is the third planet from the sun and is together with our solar system located
in the Milky Way, a galaxy that contain somewhere between 100 and 400 billion stars. This
is our home galaxy, and just a small fraction of the full Universe. Today very few people
have the opportunity to experience the Universe from space. Although, with state of the art
techniques in virtual reality and scientific visualization much of the known cosmos can be
experienced and appreciated digitally through OPENSPACE. OPENSPACE is an open-source
software that aims to visualize all known features of the Universe to the public to increase
public knowledge.

Human presence on Earth undeniably affects the planet, we leave traces of our existence in
many forms, some of which are visible from space. These traces can include satellites, space
debris, or interplanetary travel, but also air traffic on Earth itself. This master’s thesis project
investigates how air traffic data can be added to OPENSPACE using techniques in scientific-
visualization and therefore contribute with extended possibilities in exploration of planet
Earth.

1.1 Background

Many years ago, the dome film En varmare värld (A Warmer World) was produced in collabo-
ration between Visualization Center C and the Swedish Meteorological and Hydrological In-
stitute (SMHI). The purpose of the movie was to show the effects of climate change on planet
Earth. In one sequence of this movie, all air traffic in the northern hemisphere is shown at the
same time. This, however, was pre-produced material and was therefore rapidly outdated.
Adding visualizations of live and historical air traffic data to OPENSPACE would be a great
asset as it extends the possibilities to explore planet Earth and to further educate OPENSPACE

users.

The aviation industry is a major global actor with approximately 4.5 billion scheduled pas-
sengers for 2018 [1]. According to Air Traffic Action Group (ATAG) there are 1478 airlines
operating a fleet of more than 33000 aircraft connecting 3780 airports worldwide [2], not to
mention 58 millions of tonnes of cargo that is transported by air annually [3]. The Interna-
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1.1. Background

tional Civil Aviation Organisation (ICAO) is a specialized agency operating under the United
Nations (UN), and according to ICAO the amount of passenger kilometers traveled between
2009 and 2018 have more than doubled [3]. According to ICAO the industry also have a
growing revenue and a historical tendency to recover well from global crises [4]. The cur-
rently ongoing COVID-19 pandemic has affected the aviation industry with lockdowns and
travel restrictions on a global level. Since 2019, the total amount of passengers on flights has
been reduced by around 60% compared to 2020, hence being on a similar level as in 2011 [5].
A visualization of air traffic during this global pandemic might raise awareness and help to
understand the aviation industry and ultimately human behaviour.

Through The OpenSky Network a large portion of both historical and real-time air traffic data
are available [6]. This thesis investigates how this data can be utilized and visualized within
OPENSPACE.

1.1.1 OPENSPACE

OPENSPACE is a software designed for interactive data visualization of the entire known
Universe. It is in part funded by the National Aeronautics and Space Administration (NASA)
and aims to bring new visualization techniques to the general public. OPENSPACE presents
interactive and dynamic data from space missions, simulations, and observations in high
resolution. It is supported to work on numerous operating systems and on planetarium
dome displays while using the latest technologies in graphics for fast data throughput [7].
OPENSPACE is freely available, non-commercial, and open source thanks to generous sup-
port from NASA, the Swedish e-Science Research Centre, and the Knut and Alice Wallen-
berg Foundation. Just like its commercial predecessor, Uniview, OPENSPACE is developed
in collaboration between Linköpings University (LiU) and the American Museum of Natu-
ral History (AMNH). OPENSPACE was originally created to model space weather forecasting
in collaboration with NASA Goddard’s Community Coordinated Modeling Center (CCMC)
and has since expanded with the visualization of NASA’s New Horizon mission to Pluto and
ESA’s Rosetta mission and more [8].

A few of the goals of OPENSPACE include globe browsing techniques across spatial and tem-
poral scales to examine scientific campaigns on planets, including close up surface explo-
ration. Furthermore, OPENSPACE prioritizes visualization of dynamic simulations via inter-
active volumetric rendering for communication of astrophysics [9].

1.1.2 Planetariums & Dome Theatres

Planetariums and dome theatres are high resolution tiled displays used to show immersive
productions and real-time interactive shows for both entertaining and educational purposes.
Hayden Planetarium at AMNH in New York and the Dome at the Visualization Center
C in Norrköping are examples of such theatres. In a dome theater the audience can get a
full Virtual Reality (VR) experience of the known Universe without leaving Earth by using
OPENSPACE [10].

1.1.3 The OpenSky Network

The OpenSky Network is a non-profit association based in Switzerland that aims to improve
security, reliability, and efficiency of air space by providing open access of real-world air traf-
fic control data [6]. The network consists of sensors connected to the internet by volunteers,
industrial supporters, and academic organizations. The sensors utilize the Automatic Depen-
dent Surveillance-Broadcast (ADS-B) and Mode S technologies which provide detailed live
aircraft information over the publicly available 1090 MHz radio frequency channel.
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1.2. Objectives & Research Questions

1.1.4 Academia

Linköping University (LiU) is as mentioned one of the main partners of the OPENSPACE

project [11]. The university is leading in the field of scientific visualization and contributes
together with the Visualization Center C in Norrköping with research and development to the
OPENSPACE project [12]. Throughout the years many master’s theses and PhD dissertations
from around the globe have contributed to the project. Many of the master’s theses students
have a background in Media Technology and Engineering, a Master of Science education at
LiU, at campus Norrköping [13].

1.2 Objectives & Research Questions

The main objective for this thesis is to render air traffic data in OPENSPACE. Additionally, this
work aims to explore and implement a method to show how the flight traffic patterns change
over time and under special events such as the COVID-19 pandemic. Another main goal is to
create an educational and appealing visualization that is performance efficient and captivates
the audience, and to create a basis for future research. The implementation should general so
that it is achievable to extend the visualization techniques for other types of traffic data sets
in the future with only minor modifications. Moreover, all solutions should scale well as the
amount of data increases.

The target audience for the visualizations is foremost the general public, and secondly sci-
entists and future developers. The user should also be able to interact with the visualization
and filter the data with a given date and time, and by selecting an area of interest.

With the above mentioned aim in mind the following research questions were determined to
convey the implementation toward these goals and ensure an academic contribution.

• What steps are required to visualize air traffic data in OPENSPACE in a performant man-
ner?

• How can spatiotemporal air traffic patterns be visualized so that they can be compared
to one another?

• How can fast filtering of a large spatiotemporal data set be implemented in real-time?

• Can clustering be used to reduce cluttering for the specific data set? And what knowl-
edge can one gain from the clustering?

1.3 Delimitations

The implementation will primarily be focused on how to visualize air traffic on machines that
run the operating system Microsoft Windows. The main reason for this is that the last time
Apple added support for a new OpenGL version (4.1) was in 2013 with the launch of MacOS
X 10.9, “Maverick” [14]. As of March of 2021, the current version of OpenGL is 4.6. No special
consideration will therefore be taken to accommodate for MacOS users, it is however possible
that the implementation will run on MacOS machines.

The visualizations are created with some regard to the User Experience (UX) in mind. How-
ever, the topic of this thesis is not focused on UX and might thus not cover all necessary
theory to fully motivate design choices during the implementation.

The live data are not guaranteed to have fast access, see Section 2.1. The historical data set
is static, meaning it is manually downloaded and all available data might not be included in
the final version of the implementation. When the historical data set is updated the new data
have to be downloaded and processed for usage.
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2 Theoretical Background

This chapter presents the first part of the literature study providing theoretical background
related to the project which includes an introduction to the data and tools used during the
implementation, but also material that relates to techniques for visualization and rendering.

2.1 Real-time Data & the Historical Data Set

All data that are visualized is originally generated by The OpenSky Network. However, only
the real-time data are accessed directly from The OpenSky Network. The real-time data con-
sists of one state vector for each aircraft in traffic, see Table 2.1 for available properties and
descriptions. The data are available through a Representational State Transfer Application
Programming Interface (REST API) that is updated with new data every ten seconds and are
compatible with the JavaScript Object Notation (JSON) format. The state of air traffic varies
between updates and can potentially contain more or less state vectors (aircraft) than the pre-
vious. Furthermore, some values are missing and are signified as null in the state vectors
and needs to be accounted for. The OpenSky Network’s coverage is based on the location of
its sensors. For example Europe, North America, and Australia have good coverage while re-
gions such as Asia and South America have sensors scattered more sparsely. Africa has little
to no coverage for most parts of the continent and there is almost no coverage over the oceans
[15]. An image showing the area of coverage is presented in Figure 2.1.

The data used for the historical visualization is a collection of air traffic data from year 2019
to 2021 available in monthly batches. As of February 2021, there is only data for January in
2021. This data set is created by Olive, Strohmeier, and Lübbe and new data are periodically
added to the data set as long as the COVID-19 pandemic is ongoing [16]. The data, from here
on referred to as the historical data set, are a derived and cleaned subset of what is available
in The OpenSky Network’s full historical data set and aims to cover the ongoing pandemic
[6, 17]. The historical data set is provided as Comma Separated Values (CSV) files with the
features presented in Table 2.2. One particularly important feature of the data is the property
day. A flight is assigned a day based on the date of lastseen. This leads to that the file
for the upcoming month stores data for the previous, meaning that a flight taking off before
midnight the last day of a month and arrives the next day, in a new month, will be stored in
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2.1. Real-time Data & the Historical Data Set

Figure 2.1: The area where The OpenSky Network has coverage is marked in red. An area of darker
red color indicates a higher number of sensors in that area. Image sourced from [15].
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Figure 2.2: Number of flights per month in the historical data set.

the file for the new month. The number of flights contained in each monthly subset of data
can be seen in Figure 2.2.
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2.1. Real-time Data & the Historical Data Set

Table 2.1: Available parameters for the real-time data from The OpenSky Network.

Property Type Description
time Integer The time for which the state vector is valid.
states Array Holds the state vectors. See State Properties

below.
State Property Type Description
icao24 String ICAO 24-bit address of the transponder in

hex string representation.
callsign String Callsign of the vehicle (8 chars). Can be null

if no callsign has been received.
origin_country String Country name inferred from the ICAO 24-bit

address.
time_position Integer Unix timestamp (seconds) for the last posi-

tion update. Can be null if no position re-
port was received by The OpenSky Network
within the past 15s.

last_contact Integer Unix timestamp (seconds) for the last update.
This field is updated for any new, valid mes-
sage received from the transponder.

longitude Float WGS-84 longitude in decimal degrees. Can be
null.

latitude Float WGS-84 latitude in decimal degrees. Can be
null.

baro_altitude Float Barometric altitude in meters. Can be null.
on_ground Boolean Boolean value which indicates if the position

was retrieved from a surface position report.
velocity Float Velocity over ground in m/s. Can be null.
true_track Float True track in decimal degrees clockwise from

north. Can be null.
vertical_rate Float Vertical rate in m/s. Can be null.
sensors Integer[] IDs of the receivers which contributed to this

state vector. Is null if no filtering for sensor
was used in the request.

geo_altitude Float Geometric altitude in meters. Can be null.
squawk String The transponder code aka Squawk. Can be

null.
spi Boolean Whether flight status indicates special pur-

pose indicator.
position_source Integer Origin of this state’s position: 0 = ADS-B, 1 =

ASTERIX, 2 = MLAT.
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2.1. Real-time Data & the Historical Data Set

Table 2.2: Available parameters in the historical data set from The OpenSky Network.

Property Type Description
callsign String The identifier of the flight displayed on ATC

screens (usually the first three letters are re-
served for an airline: AFR for Air France,
DLH for Lufthansa, etc.)

number String The commercial number of the flight.
icao24 String The transponder unique identification num-

ber.
registration String The aircraft tail number (when available).
typecode String The aircraft model type (when available).
origin String A four letter code for the origin airport of the

flight (when available).
destination String A four letter code for the destination airport

of the flight (when available).
firstseen String The UTC timestamp of the first message re-

ceived by The OpenSky Network.
lastseen String The UTC timestamp of the last message re-

ceived by The OpenSky Network.
day String The UTC day of the last message received by

The OpenSky Network.
latitude_1 Float The first detected latitude of the aircraft.
longitude_1 Float The first detected longitude of the aircraft.
altitude_1 Float The first detected altitude of the aircraft.
latitude_2 Float The last detected latitude of the aircraft.
longitude_2 Float The last detected longitude of the aircraft.
altitude_2 Float The last detected altitude of the aircraft.
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2.2. Coordinate Systems

2.2 Coordinate Systems

OPENSPACE uses a scene graph to keep track of relations of transformations. Each node in
the graph has a certain transformation applied to it that is relative to the parent node trans-
formation. This can be used to easily model relational transformations such as orbits around
objects etc. All coming sections assumes that the transformations are relative to Earth.

The data uses the World Geodetic System (WGS) to describe positions of the aircraft while
OPENSPACE defines positions locally by an Earth-Centered Earth-Fixed (ECEF) coordinate
system. ECEF is a Cartesian coordinate system with origin at the mass center of Earth. WGS
is a three-dimensional reference system that uses latitude and longitude to describe a posi-
tion on the surface of the Earth by using lines parallel with, and orthogonal to, the equator
respectively. The third dimension is altitude and is the height to or from a reference point, e.g.
the Earth’s surface. Latitude describes how far north or south a location is, with zero degrees
latitude being the equator, thus dividing the globe in a northern and southern hemisphere.
Longitude describes how far west or east a location is with zero degrees longitude being
the International Earth Rotation and Reference Systems Service (IERS) Reference Meridian
(IRM), located 102 meters east of the Greenwich prime meridian, thus dividing the globe in a
western and eastern hemisphere.

The three-dimensional ECEF Cartesian coordinate system determines a position with the dis-
tance from the origin along all of its axes. The axes are usually named x, y, and z and are
organized as an ordered triplet. With the origin in the center of a sphere, the x and y-axes
intersects the surface of the sphere representing Earth at the equator with the x-axis pointing
to 00 latitude and 00 longitude. The z-axis intersects the poles, north being the positive di-
rection. This means that in order to go from one system to the other a conversion is needed.
An example of a point located in a two-dimensional WGS space and ECEF coordinates at the
same time can be seen in Figure 2.3.

Figure 2.3: A comparison of the WGS and ECEF coordinate systems. The red dot simulates a position
on the surface of the globe described by both (x,y,z) in ECEF-coordinates and by latitude (φ) and
longitude (λ) in WGS.

As mentioned, the positions for the aircraft use three-dimensional WGS coordinates using
latitude (φ), longitude (λ), and altitude (α). To convert to the local coordinate system that is
an ECEF system based on Cartesian coordinates (x,y,z) from WGS coordinates Equation 2.1
can be used. This requires that the x-axis is aligned to the intersection of the prime meridian

8



2.3. Visualization Techniques

and the equator, i.e. where latitude and longitude equals zero. The z-axis must also be aligned
with the poles of the Earth. In OpenSpace Earth is approximated by a sphere, therefore only
a single radius is used for the calculations. In reality Earth bears a closer resemblance to a
triaxial ellipsoid.

κ = h + r + α

x = κ ¨ cos(φ) ¨ cos(λ)

y = κ ¨ cos(φ) ¨ sin(λ)

z = κ ¨ sin(φ)

(2.1)

In Equation 2.1 r denotes the radius of the sphere that approximates Earth while h denotes
the surface’s height from sea level at the position and α is the altitude from the surface to the
aircraft. The notation κ is the distance from the aircraft to the center of the Earth and latitude
and longitude is denoted by φ and λ respectively.

2.3 Visualization Techniques

Referring to the objectives in Section 1.2, the aim of this thesis is to investigate how move-
ment trajectories of aircraft can be visualized in an three-dimensional environment using
spatiotemporal data. The following section describes useful features in visualization and pro-
vides a backbone for design choices made during the implementation.

2.3.1 Spatiotemporal Visualization & Analysis

The term spatiotemporal, is often used in the context of data analysis and visualization. The
first part of the term, spatio, refers to space and the second, temporal, refers to time. The spa-
tial component of the term is dependent on the data but the temporal component will always
be time. According to Buschmann, Trapp, and Döllner the research field of visual analysis
have evolved in the scope of spatiotemporal visualization and analysis [18]. This is due to
systems combining techniques within scientific visualization, data mining, and interaction.
Furthermore, they state that visualizations of movement trajectories in a geographical con-
text is a key area of research. Some challenges associated with this area of research is the
complexity of the data, not compromising user flexibility and interaction due to a large data
set. Detecting and communicating the spatiotemporal aspects is also a challenge. In the scope
of this thesis, spatiotemporal refers to methods within the research field of visualization that
focuses on expanding the human understanding of the temporal aspects of complex data,
meaning for example the order of events or where something occurred [19]. Spatio is in this
context related to the geographical aspects of the data set, i.e. latitude, longitude, and altitude.

2.3.2 Interaction

User interaction with the visualizations happens by enabling the camera to move freely in
the OPENSPACE environment to view the three-dimensional visualization from any direction
and distance. This feature is already implemented in OPENSPACE. Filtering of data is an in-
teraction often used to enable exploratory data analysis and to reduce visual clutter as well as
to direct the user’s attention to the selected items. Filtering can also limit the number of ob-
jects to be processed and rendered, thus improving the performance [18]. User interaction is
an additional challenge as the time for computation might increase when the time for interac-
tion and rendering is added together which might result in worse performance, and therefore
worse user experience according to Hurter et al. [20]. A system must be as responsive as pos-
sible for a good user experience and usability as high latencies may hinder the user’s ability
to interact with the scene.

9



2.4. Computer Graphics

2.3.3 Color & Opacity

The movement of objects, specifically the movement of many objects, at the same time tends
to give none or very little insight to the user. Opacity can be an important feature in visualiza-
tions of large data sets, see Figure 2.4. Figure 2.4 presents a subset (less than 10%) of a larger
data set containing trajectories of cars in the city of Milan [21]. The authors Andrienko and
Andrienko also state the importance of different intervals when comparing temporal data
and Persson suggests using different colors to distinguish the different intervals if they are
presented in the same view [21, 22].

(a) Full opacity. (b) 5% opacity.

Figure 2.4: Approximately 14100 trajectories of cars in the City of Milan on Monday, 2 of April in
2007 with different opacity. Image sourced from [21].

The way humans perceive information is influenced by color, making color choices an im-
portant aspect of visualization [23]. Well chosen colors may help to distinguish data and
represent patterns in a clearer way, but can if chosen poorly, do more damage than good.

2.3.4 Interpolation

Data usually contain discrete data points collected by sampling at a specific rate. The values
in between the data points are unknown and are therefore approximated [24]. This is called
interpolation, and an important feature of interpolation is that the function passes through
all data points. There are numerous interpolation methods available, each with advantages
and disadvantages depending on the application area and the characteristics of the data. As
the data set is sampled with some temporal resolution the values need to be interpolated to
be perceived as continuous. The position of an aircraft between measured points in time can
be approximated by interpolation.

2.4 Computer Graphics

Computer graphics is a broad and diverse sub-field of computer science and refers to tech-
niques for creation, storage, rendering, and manipulation of models and images [25]. In the
scope of this thesis, the aim is to create images from non-image data sources to create visual-
izations.

10



2.4. Computer Graphics

A single international airport can have approximately 10000 departures and arrivals per
month which can quickly result in performance issues for real-time rendering applications
[18]. For scalability reasons this issue must be addressed. Buschmann, Trapp, and Döllner and
Hurter et al. suggests an approach to resolve this issue by taking advantage of the Graphics
Processing Unit (GPU) [18, 20]. Additionally, Hurter et al. recommend using Vertex Object
Buffers (VBOs) [20]. A VBO is an OpenGL method to upload vertex data to the GPU. An-
other common buffer object in OpenGL is a Shader Storage Buffer Object (SSBO). This type
of buffer can be used to retrieve data back from the shader programs. OPENSPACE already
uses an OpenGL pipeline for rendering which can be utilized to increase performance by fast
calculations due to efficient cores in a parallel architecture.

2.4.1 Shader Programs

Shader programs are parts of the programmable steps in the OpenGL pipeline. They are usu-
ally a rather short snippet of code that runs in parallel on the GPU. This thesis will make use
of three kinds of shaders, namely vertex-, geometry-, and fragment shaders. These shaders
creates a pipeline in which data are passed through to generate and display images on the
screen. Vertex shaders processes each vertex individually and outputs a single vertex. A ver-
tex shader have vertex attributes as input, these are per-vertex data specified by the user.
Geometry shaders are optional shaders that takes a single primitive as input and can out-
put multiple primitives. It has the unique ability to create new geometry on the fly using the
output of the vertex shader as input. Fragment shaders takes a single fragment as input and
generates a single fragment as output. A fragment is generated for each pixel covered by a
primitive and contains interpolated per-vertex output values [26].

2.4.2 Aliasing

Aliasing is a common problem in computer graphics causing jagged lines due to rasterization.
Rasterization is the process in which primitives is transformed to a two-dimensional raster
image [27]. The rasterization occurs before the fragment shader programs execute and can
cause an aliasing effect. The issue of aliasing can be reduced with the help of anti-aliasing
techniques such as gradually decreasing the opacity of the lines towards the edges to create a
smooth line [28]. This anti-aliasing technique is applied in the fragment shader as this is the
last programmable stage post-rasterization.

2.4.3 Occlusion culling

Occlusion culling, or sometimes called Z-culling, corresponds to rendering techniques that
can be applied to increase performance in scenes with multiple objects. Occlusion culling
consists of detecting and removing objects from the scene that is not visible to the viewer
[29]. This might include objects that are outside the view-frustum or hidden behind opaque
objects. By discarding fragments that are hidden behind other objects in the scene the render-
ing can be sped up.

11
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2.5 Multi-threading

Modern operating systems can run multiple programs simultaneously, i.e. execute multiple
processes at the same time, where each process contains one or more threads [30]. It is the
underlying structure of the Central Processing Unit (CPU) that makes this possible. As the
clock frequency of today’s processors are starting to approach the maximum possible speed,
due to something known as the power wall, a single processor is not always enough for
heavy computations. The power wall states that for a single processor, power can not increase
further without the use of advanced cooling systems on account of the power dissipation
issue [31]. The solution is to use more processor cores that execute simultaneously. In order
to dynamically load chunks of data to memory, multiple threads that run in parallel can be
utilized. Each thread performs a set of instructions sequentially, making multiple threads
execute in parallel. By utilizing this approach, the main thread that handles the rendering is
not interrupted by time consuming tasks, such as loading or parsing new data.
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3 Related Work

This part investigates other applications that are visualizing air traffic and previous publi-
cations and theses related to OPENSPACE. This chapter, together with Chapter 2 provides a
foundation of which the implementation of the resulting visualizations are based on.

3.1 Air Traffic Visualizations

There are multiple online applications for both real-time aviation tracking and historical vi-
sualizations of air traffic on a global level. One such application exists on The OpenSky Net-
work’s website, as mentioned in 1.1.3. The visualization on this website consists of aircraft
represented as icons on a map. Clicking on a flight displays additional information and its
trajectory. A screenshot of this visualization is presented in Figure 3.1a, here zoomed in on
Northern Europe.

Another similar application is Flightradar24 which provides a visualization of global air traf-
fic. It has a similar appearance to the application on The OpenSky Network’s website where
the aircraft are represented on a map with a small icon of the aircraft’s model. The visual-
ization is available on web browsers and as applications for iOS and Android devices [32].
A screenshot of the visualization is presented in Figure 3.1b. Clicking on a flight presents
additional information as well as a trail of the flight.

Buschmann, Trapp, and Döllner have created a visualization of air traffic by using the trajec-
tories of the aircraft in order to identify hot-spots, patterns, and to help air traffic controllers.
They also discuss useful ideas on how to filter the data and how to create a density map of
flight patterns given a temporal focus, i.e. a time interval. The density map is created with
the help of a GPU pipeline and alpha blending [18].

FiberClay, a system created by Hurter et al., has the ability to render the trajectories of air
traffic data collected from The OpenSky Network’s available data set in virtual reality [20].
Hurter et al. gives valuable insights such as the importance of animations to allow users to
effectively explore data and the advantages of General Purpose computing on Graphics Pro-
cessing Units (GPGPU) techniques.
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(a) A screenshot of the visualization on The OpenSky Network’s website.

(b) A screenshot of the visualization on Flightradar24’s website.

Figure 3.1: Two screenshots of similar 2D visualizations of air traffic. Figures 3.1a and 3.1b is zoomed
in on Northern Europe.

3.2 Previous OPENSPACE Publications & Theses

OPENSPACE is mainly written in C++ using the OpenGL API to render two- and three-
dimensional vector graphics but also use a few other programming languages such as
OpenGL Shading Language (GLSL) for programming the shaders, and Lua for scripting.

In OPENSPACE a dynamic scene graph is used to tackle the difficulty of visualizing astro-
nomical data with varying scales in distance, size, and resolution to keep a high numerical
precision. A scene graph is a data structure where objects in the scene are attached to nodes.
Each node may have a parent and can also have child nodes, hence providing a hierarchy
of nodes. Each node has a transformation component that consist of subcomponents in the
form of translation, rotation, and scale, as well as a Renderable subcomponent. Each sub-
component is optional and relative to the parent node. A Renderable is a C++ class that
renders to screen and are created using a factory pattern [7]. Axelsson et al. writes that the
camera in OPENSPACE automatically attaches and detaches to the nodes in the scene graph,
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3.2. Previous OPENSPACE Publications & Theses

thus making it dynamic, and uses the attached node as the new coordinate origin in order to
ensure high numerical precision [33].

The visualizations presented in this thesis are related to one parent node, Earth, consequently
adding child nodes of Earth to the scene graph. The scene graph nodes are constructed from
.asset files in which parent relations and transformations are described using the scripting
language Lua. Bock et al. describes that OPENSPACE uses modules to allow easy integration
of new functionality without requiring knowledge about all of the OPENSPACE software [7].
Modules are self-contained units of C++ classes used for data management and rendering
that respond to user input.

OPENSPACE uses a single unified time to synchronize data sets. The rate at which time pro-
gresses is changeable and can range from real-time to tens of thousands of years per second
[7]. The time is represented as the number of seconds since the 2000-01-01 epoch, also known
as the J2000 epoch, in double floating point precision. This results in «10300 representable
years with nanosecond accuracy that is according to Bock et al. enough for astrographics data
[7], and thus certainly enough for air traffic data.

A master’s thesis by Fransson and Olsson presents interesting details in how orbits and trails
have been implemented for space debris within OPENSPACE [34]. The presentation of the
shader pipeline and implementation steps for a fading trail are particularly interesting for
visualizing aircraft. Furthermore, Fransson and Olsson use VBOs to render thousands of
space debris pieces in the OPENSPACE environment. Roughly the same methodology can
be used to construct VBOs of aircraft data. The thesis from Fransson and Olsson also de-
scribe the pros and cons of an implementation based on one individual scene graph node
per data set, hence using a similar approach to how individual orbital trails are represented
in OPENSPACE but for multiple orbits. The result is consistent draw times when visualizing
space debris in OPENSPACE. Fransson and Olsson render their orbits by making numerous
calls to glDrawArrays instead of making one call to glMultiDrawArrays. Changing to
glMultiDrawArrays could potentially increase performance as it decreases the overhead
associated with multiple draw calls. Due to this, our master’s thesis will investigate how the
two methods differentiate in terms of performance when rendering air traffic data.

A Property object is a concept used in OPENSPACE to enclose user-changeable settings, and
automatically provide information to the GUI. This is achieved by using metadata that is
included in the Property [7]. A few different master theses have come upon the task of im-
plementing different GUIs for OPENSPACE. Eskilson has paved way for implementing GUIs
in OPENSPACE by creating a desktop user interface framework [35]. This enables rapid pro-
totyping of GUIs by using reusable components such as calendars, input fields, tooltips, etc.
This has, since its creation, been used by several developers during their own master’s theses
and will also be used during this thesis work to allow user interaction with the visualization.

All the above information about OPENSPACE is relevant to this master’s thesis in order to
create visualizations in the software. More specifically, a new module, Renderable objects,
GUI elements, and .asset files needs to be created and the OPENSPACE time utilized.
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4 Implementation

The implementation can be divided into two main parts, one for each data-visualization. The
real-time- and historical visualizations are rendered as one individual scene graph node re-
spectively, as suggested in Section 3.2. The two visualizations are contained in one module
and are created as two Renderable objects. These two Renderable objects visualize the
data as trails and pathlines respectively. The pathlines are used for the historical data visu-
alization and are interpolated with respect to the time in OPENSPACE to create an animation
that updates the pathlines as the aircraft travel from their origin to their destination. More-
over, a third Renderable object is created in the same module for displaying the spatial
boundaries that the user can filter the data with.

Multi-threading is used and implemented with the C++ header library <future> which is
a high-level abstraction of the C++ header <threads>. Furthermore, the library JSON for
Modern C++ is used to manipulate and use JSON files in C++.

This section presents details in the implementation of the resulting visualizations. Some im-
plementation steps were tried, tested, and later discarded. For such accounts, see Chapter
6.

4.1 Implementation of Real-Time Aviation Data

When visualizing the real-time data, an update is triggered if the amount of time since the last
update exceeds ten seconds. An update means fetching the latest available data containing
the last detected position for each aircraft. The data are loaded directly to memory via a HTTP
request to the REST API and then parsed from a string to JSON format.

Downloading and parsing data are time consuming operations that are executed during run-
time. The time for parsing to JSON does not affect the performance significantly, but down-
loading slowed down the program and caused a drop in frame rate each time an update
was triggered. To solve this issue, synchronised downloading was used only once, when ini-
tializing. All subsequent downloads and parses of data are executed on a new thread, see
Figure 4.1. By utilizing a separate thread for the time consuming operations there is no inter-
ruption on the main thread that handles the rendering. Creating a new thread is done with
a call to std::async with the launch policy std::launch::async. This call is stored in
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4.1. Implementation of Real-Time Aviation Data

Figure 4.1: Asynchronous data loading on a separate thread.

a std::future object which can be used to check the status of the task and to get the re-
turning value from the task using std::future::get(). From here on this method will
be referred to as an asynchronized approach. Note that updating the VBO must be executed
on the main thread as there is only one OpenGL context. Updating the VBO once the new
data are loaded to memory is performed fast enough to not cause any interruptions in the
rendering.

4.1.1 Vertex Buffer & Rendering

The aircraft are represented as short trails following the previous positions of the aircraft. The
length of each trail is decided by the number of vertices used, one vertex corresponds to one
past position of an aircraft. With every new update the oldest stored position of an aircraft is
removed and a new position is added unless the new position’s latitude or longitude contain
a null value. The trails are stored in a doubly-linked list (std::list) within a hash table
(std::unordered_map). The list is initialized with default values that are later filtered out
in the shader programs. The aircraft’s unique icao24 identifiers, presented in Table 2.1, are
used as keys in the hash table. The hash table performs both insertions and accesses in O(1)
time on average. The trails are updated with each new API request. This causes the trails to
grow as new data replaces the initial default values.

Once data are available in memory it is copied to a vertex buffer with the function call
glBufferData and the per-vertex attributes presented in Figure 4.2. These values are then
passed to the shader programs. In Figure 4.2, n denotes the length of the trail while m de-
notes the total number of vertices in the vertex buffer and k denotes the total number of
aircraft which is also the number of primitives. The total number of vertices m is equal to
m = n ¨ k. Once the buffer is filled with data it is rendered as GL_LINE_STRIPs by calling
glMultiDrawArrays. The last argument in glMultiDrawArrays specifies the number of
drawn primitives, in this case k. This is equivalent to calling glDrawArrays k times but
reduces the overhead associated with multiple draw calls.

Once new data are fetched it is once again copied to the vertex buffer using the same strategy
as described above.

4.1.2 Shader Pipeline

The data are passed to the shader programs as vertex data in the form of VBOs and are passed
through three shaders (vertex-, geometry-, and fragment shader) before being rendered on
screen. A schematic image of the shader pipeline is shown in Figure 4.3 along with the steps
performed in each shader. More information on each step is discussed further in the coming
subsections.
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Figure 4.2: The per vertex attributes layout in the vertex buffer for k aircraft containing n vertices
each, giving a total of m vertices.

Figure 4.3: The shader pipeline for rendering the live data. The data are passed through three shaders
before rendering.

Filtering Data

As the vertex attributes pass through the shader pipeline some validation is required. The rea-
son for this is that the data sometimes contain false information in terms of either erroneous-
or null values which can lead to strange output such as extremely deviating trail positions.
The filtering is executed in the geometry shader, where false values are detected and not sent
further in the shader pipeline. The null values are detected by comparison and to deter-
mine if a value is erroneous or not the distance traveled between two points is compared to
a threshold value representing an upper bound of reasonable travel distance. The distance is
measured using the Haversine formula in Equation 4.1. The Haversine formula calculates the
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4.1. Implementation of Real-Time Aviation Data

great circle distance between coordinates of latitude and longitude. This means that the for-
mula can measure the distance that an aircraft travels as if projected onto the Earth’s surface,
see Figure 4.4.

d = 2 ¨ R ¨ arcsin

(
c

sin2(
φ2 ´ φ1

2
) + cos(φ1) ¨ cos(φ2) ¨ sin(

λ2 ´ λ1

2
)

)
(4.1)

In Equation 4.1 the notations φ and λ denote the latitude and longitude respectively and the
subscript denotes which pair of coordinates it belongs to. R denotes the radius of Earth and
d the distance between the coordinates along the curvature of Earth. If the distance exceeds
some threshold the line strip is discarded and not rendered at all, which is also the case if
either the latitude or longitude of an aircraft is null. It is also possible for the user to filter
the data spatially by setting boundaries for latitude and longitude, which is further described
in Section 4.3.

Figure 4.4: The great circle distance between two airborne positions represented by the red arrow. The
dotted red arrow represents the actual trajectory of the aircraft.

Anti-Aliasing & Fading

The final step before rendering the lines on screen is to fade the edges of the lines to avoid
aliasing. This issue is addressed in the fragment shader as this is the last programmable step
post-rasterization before rendering to the screen.

The anti-aliasing is achieved by comparing the line width to the distance between a line’s
center and the coordinate of the fragment. The center of the line has an opacity factor of one
multiplied by the alpha channel of the fragment while the edge is multiplied by an opacity
factor of zero. Every fragment between the line center and the edge gradually decrease in
opacity the further away from the center they are located. The trails are also fading out the
further they are from the most recent aircraft position. Each vertex in a trail is assigned an
alpha value that decreases based on its index within the trail. The alpha values of a fragment
is interpolated between two neighboring vertices in the fragment shader before being multi-
plied by the anti-aliasing opacity factor. These steps make the trails fade in two directions.
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4.2 Implementation of Historical Aviation Data

The historical data are visualized by an animation that follows the time in OPENSPACE, thus
following the direction of time set by the user.

The raw data are available in monthly batches as CSV files and was split into smaller subsets
storing the data on a daily basis in smaller CSV files to reduce memory requirements and
to speed up loading. A semantic image of the file structure is shown in Figure 4.5. With the
data split in smaller files, new data can be fetched and visualized faster as it contains less
flights, usually fewer than 100 thousand, see Figure 2.2 for comparison. As discussed in Sec-
tion 2.1, the raw data for the flights belongs to the month of lastseen. With the data split
into files by day, the data for each flight are now stored under the day of lastseen. The file
storing the next day’s data can therefore hold information about the current day visualized
in OPENSPACE. For example, flights taking off before midnight and landing after midnight
will be stored in the file for the day after midnight. This is an important feature to account
for when implementing an animation that should run seamlessly from one active day to the
next.

Figure 4.5: The directory structure used for storing the data. The folder named Data is the root folder
followed by years, months, and lastly days at the bottom layer.

4.2.1 Vertex Buffer & Rendering

A flight is represented by a pathline from the first to the last detected position for each aircraft.
To account for the fact that data related to a single date in OPENSPACE can be stored in two
different files, three VBOs are constructed. The first VBO is filled with data from the current
active day in OPENSPACE while the second VBO stores data for the next day, these two VBOs
are rendered to the screen. The third VBO contains data for the day after the next. The reason
for using three VBOs is that two VBOs are needed to render all flights for the current active
day because of how the data are organized. The third VBO is utilized when a new day starts,
i.e. it is already loaded with data and is ready to be rendered immediately. As a new day starts
the first VBO no longer contains relevant data and can be used to fetch new data while the
second and third VBOs are being rendered. These stages are visualized in Figure 4.7. Once
again, an asynchronous approach is used, see Figure 4.1, to fetch new data on a different
thread in order to not interrupt the rendering. This process starts over each time a new day
starts, thus cycling through which VBOs are active, and is comparable with a sliding window
algorithm.

The VBOs are constructed from the data presented in Table 2.2 where each flight is con-
structed from two vertices with the position of the properties latitude_1, longitude_1,
latitude_2, and longitude_2. Both firstseen and lastseen are also sent as at-
tributes for later use in interpolation and filtering in the shader programs.
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Figure 4.6: The per vertex attributes layout in the vertex buffer for k flights containing two vertices
each, giving a total of m vertices. Note that firstseen and lastseen will have the same values
for the first and second vertex if they belong to the same flight.

Once data is available in memory it is copied to a vertex buffer with the per-vertex attributes
according to Figure 4.6. These values are available in the shader pipeline. In Figure 4.6 m
denotes the total number of vertices in the vertex buffer and k denotes the total number
of flights. The total number of vertices m is equal to m = 2 ¨ k. When the date changes in
OPENSPACE new data are loaded to one or all three of the VBOs depending on whether one
VBO already contains the data to be loaded or not. The flights are drawn on screen using two
calls to glDrawArrays using GL_LINES, one call for each VBO.

4.2.2 Shader Pipeline

The shader pipeline of the historical visualization follows the same general structure as the
real-time visualization with a few differences, see Figure 4.8. The exceptions are that the ge-
ometry shader of this visualization interpolates and creates new vertices along the curvature
of the earth between the origin and destination. This is commonly known as subdivision. The
interpolation between two pairs of latitude and longitude follows Equation 4.2. The pathlines
are interpolated to create an animation that follows the time in the software. Furthermore, the
colors of the pathlines are determined by interpolation between pre-defined colors for each
continent, for details see Table 4.1. The exceptions are the aircraft’s current position and ori-
gin. The vertex at the current position is set to white and fully opaque while the vertex at
the origin is fully opaque. This highlights the two positions. To reduce cluttering the rest of
the pathlines are gradually more transparent towards the center of the pathline. Since the fil-
tering is performed on the GPU in the geometry shader a SSBO is used to communicate the
actual number of rendered flights back to the main program.
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4.2. Implementation of Historical Aviation Data

Figure 4.7: The stages before, during, and after a new day starts. The example assumes that time moves
forward. Stage one presents the current active buffers before a new day starts. Stage two represents a
shift in day, thus triggering a shift in active buffers. These stages are repeated whenever a new day
starts, cycling through the buffers. Stage three represents a state comparable to stage one but with
different active buffers. The data, presented as lines above the buffers, holds information of flights that
were active the previous day.
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Figure 4.8: The shader pipeline for rendering the historical data. The data are passed through three
shaders before rendering.

a =
sin((1 ´ f ) ¨ δ)

sin(δ)

b =
sin( f ¨ δ)

sin(δ)

x = a ¨ cos(φ1) ¨ cos(λ1) + b ¨ cos(φ2) ¨ cos(λ2)

y = a ¨ cos(φ1) ¨ sin(λ1) + b ¨ cos(φ2) ¨ sin(λ2)

z = a ¨ sin(φ1) + b ¨ sin(φ2)

φi = atan2(z,
b

x2 + y2)

λi = atan2(y, x)

(4.2)

In Equation 4.2 f denotes the fraction along the great circle path between starting point (φ1,
λ1) and ending point (φ2, λ2) where f = 0 corresponds to the starting point and f = 1
corresponds to the ending point. The notation δ is the angular distance d/R where d is the
Haversine distance according to Equation 4.1 between the two points and R is the radius of
the globe. The pair (φi, λi) denotes the resulting latitude and longitude along the path.

The data contains no information about the altitude of the aircraft and are thus projected
to the surface of Earth. This would lead to only partially visible pathlines as the depth test
for the pathlines fail if they are further from the camera than the surface. This is inevitable
given a limited number of vertices to approximate the arc along the curvature of Earth’s
surface. In order to render the pathlines on the surface of the Earth the OpenGL context
is set to always render the pathlines (thus ignoring the depth test) with the function call
glDepthFunc(GL_ALWAYS). This, however, makes all pathlines visible, even those that
should be occluded by Earth. To solve this, a manual occlusion culling approach is required
to find and discard fragments that should not be visible. This was achieved by calculating
the distance from the camera to a point on the surface of Earth that is tangential to Earth, see
Equation 4.3 and Figure 4.9.

L =
b

D2
cÑE ´ R2 (4.3)

In Equation 4.3 DcÑE denotes the distance from the camera to Earth’s center and R denotes
the radius of the sphere, i.e. Earth. The resulting value L is the distance from the camera to
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the tangent point on the sphere and is used to determine if a fragment is hidden from the
camera or not by comparing L with the distance between the camera and the fragment. If
L is greater than the distance between the camera and the fragment, the fragment is hidden
and thus discarded. This can be seen in Figure 4.9. This functionality is only enabled if the
Renderable object for Earth is also enabled.

Figure 4.9: A two-dimensional schematic representation of fragments that are visible or hidden from
the camera view. All fragments on the green circular arc are visible to the camera view, the distances to
these fragments from the camera are less than or equal to L. All fragments on the red circular arc are
hidden from the camera view, the distances to these fragments from the camera are greater than L.

Table 4.1: Color coding for each continent.

Continent Color
Europe Blue
Asia Red
Oceania Yellow
Africa Cyan
North America Green
South America Magenta

Filtering Data

The data passed to the shader programs are not validated, which is the case with the real-time
data. The reason behind this is that the data set containing the raw data is pre-processed and
contain predominantly clean data. Just as with the real-time visualization, the user can filter
the data spatially and is discussed in more detail in Section 4.3. The data are also temporally
filtered in order to only display flights that are active, thus discarding flights that have either
landed or not yet taken off. The filtering is performed in the geometry shader, see Figure 4.8.

4.3 Spatial Filtering & User Interaction

Spatial filtering was implemented in order to allow users to select an area of interest using
boundaries for latitude and longitude. By drawing the boundaries in a separate Renderable
object and performing the actual filtering in the shader of each visualization it is possible
to switch between visualizations without having to reset the boundaries. This means that
the filtering is applied to both visualizations and remains as time changes in OPENSPACE.
Filtering is performed in the geometry shaders of the visualizations by removing vertices
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representing aircraft outside the filtering area. Performing the filtering on the shader-side of
the program allows for real-time filtering. The boundaries used to visualize the filtering area
uses a similar shader setup as the historical visualization. Because of the similarities, Figure
4.8 can be seen as a reference.

The boundaries are visualized by red lines spanning through the minimum and maximum
latitude and longitude set by the user. Initially, the boundaries are sent to the shaders as
a single primitive (GL_LINES), which is then subdivided in the geometry shader to create
lines that follow the curvature of the Earth, similar to the pathlines for the historical data
visualization. The level of subdivision is limited by the hardware of the system, resulting in
a limited number of output vertices. The lines are rendered on the surface of the Earth and
follows the same strategy as the historical data visualization to perform occlusion culling, see
Equation 4.3 and Figure 4.9.

Furthermore, GUIs are added to each of the visualizations to allow interaction as well as to
control the spatial filtering. The GUIs allow users to change parameters that are applied in
real-time to create visualizations that best suits the users’ needs in exploration of the data.
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5 Results

The results are two spatiotemporal visualizations that visualizes air traffic data in
OPENSPACE. The user can perform real-time spatial filtering and change between the visu-
alizations without having to reset the boundaries for the filtered area. The real-time data are
visualized by short anti-aliased fading trails that represents both the position and the flight
direction of an aircraft, and enables the user to see the current state of global air traffic. The vi-
sualization of the historical data animates flights by interpolation from its origin to its current
position in relation to the current time in OPENSPACE following the shortest path. The histor-
ical data visualization enables users to investigate the global air traffic before and during the
time of the COVID-19 pandemic.

5.1 Visualization of Real-Time Aviation Data

The live data visualization is presented in Figure 5.1. The visualization is dependent on the
level of zoom to give the user a clear understanding of the direction of the aircraft. Further-
more, the GUI is displayed to the left in Figure 5.1c. The first data load is executed on the
main thread, giving a small performance penalty when the live air traffic data is fetched and
parsed for the first time. All subsequent data loading is performed on different threads giv-
ing no interruptions. Initially, the trails are short but as time progresses and new data are
fetched the trails’ length increase to a maximum of ten past positions. The user is therefore
recommended to wait a short time for the trails to fully build before drawing any conclusions.
Usually new data are fetched asynchronously every ten seconds. However, the time can vary
depending on the current API load that The OpenSky Network REST API is subjected to at
the time. The anti-aliasing on the trails is visible in close-up view in Figure 5.1a.
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5.1. Visualization of Real-Time Aviation Data

(a) A close up view without GUI elements over the English Channel featuring live aircraft.

(b) A view of northern Europe featuring live aircraft.

(c) A zoomed out view of southern Europe featuring live aircraft. The GUI is visible to the left
in the image.

Figure 5.1: Figures 5.1a to 5.1c presents three different views for different times of the real-time vi-
sualization in OPENSPACE. The red trails represents aircraft and in Figure 5.1c the GUI for the
visualization is left visible.
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5.2. Visualization of Historical Aviation Data

5.2 Visualization of Historical Aviation Data

The historical data visualization features animated pathlines from a flight’s origin to its des-
tination following the shortest path. A result of visualizing the shortest paths is that flights
seem to travel over the poles, which might not always be accurate. The color of the pathlines
are determined by its origin- and destination continent, e.g. by looking at Figure 5.3, flights
from North America have a green color that changes to blue when approaching Europe or to
magenta when approaching South America. As time progresses or regresses in OPENSPACE

the flights’ positions are updated to create an animation. To further highlight the aircraft’s
current positions during animation the end of the pathlines is set to white, while the rest of
the pathlines are gradually more transparent towards the center. An example of this can be
seen when looking over the Atlantic Ocean in Figure 5.3b. The white color also highlights
aircraft in areas of dense air traffic. Since the pathlines between continents have different col-
ors the user can deduct the flights’ routes even when the time is paused in the OPENSPACE

environment. The color mapping of the continents also act as a form of clustering to reduce
clutter and ease navigation. The animation of the flights makes it possible for the user to note
the direction of flights and to discover densely trafficked areas. Additionally, it is possible to
see patterns in air traffic as day changes to night and vice versa but also to see changes in
patterns from one day to another. A use-case where two dates, one year apart, at the same
time of day, are compared and can be seen in Figure 5.2. Figure 5.2a shows the air traffic on
April 12th, 2019, before the COVID-19 pandemic started and Figure 5.2b shows the same day
a year later. This day has the lowest amount of data recorded during the pandemic.

If time in OPENSPACE is fast forwarded the animation plays accordingly. However, if time
progresses too fast it is possible that the new data loading can not keep up, which may result
in delays when displaying the flights. Going from a forward time direction to reverse results
in a short interruption while data are fetched to memory as all three VBOs need to be updated.
Changing time direction from reverse to forward does not cause any interruption as the VBOs
already contain two of the three dates, the third date is loaded asynchronously.

(a) Air traffic over southeast Asia in April 12th, 2019. (b) Air traffic over southeast Asia in April 12th, 2020.

Figure 5.2: A comparison of air traffic between April 12th, 2019 and the same date a year later showing
the effect of COVID-19 pandemic on air traffic.
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5.2. Visualization of Historical Aviation Data

(a) A close up view of North America.

(b) A view of Europe.

(c) A zoomed out view.

Figure 5.3: Three different Figures of the historical flight visualization.
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5.3. Spatial Filtering & User Interactions

5.3 Spatial Filtering & User Interactions

The GUI enables the user to choose the color, width, and opacity of the trails in the real-time
data visualization, see Figure 5.5a. The GUI also indicates the number of live aircraft on the
entire planet for the real-time data visualization, see Figure 5.5a. In the GUI of the historical
data visualization the user can change the opacity of the pathlines and see the number of
rendered flights in OPENSPACE even after filtering, see Figure 5.5b.

The spatial filtering is performed in real-time and causes no interruption in frame rate. The
boundaries used to spatially filter the data are determined by the user by using four ad-
justable fields, two for latitude and two for longitude, see Figure 5.5c. The boundaries for the
spatial filtering are represented by colored lines that are set to red by default, see Figure 5.4.
If the chosen filtering area is large the lines become jagged as the vertices are too few. This is
caused by a hardware limitation in the geometry shader of the boundaries, which limits the
number of outputted vertices. Changing between visualizations does not change the filtered
area in order to aid exploration of a particular area of interest.

(a) Spatial filtering applied to the live data visualiza-
tion.

(b) Spatial filtering applied to the historical data visu-
alization.

Figure 5.4: One Figure for each visualization displaying the spatial filtering. The color of the bounding
box is red by default but is here changed to magenta using the GUI to distinguish the boundaries from
the live data visualization.

To further investigate the performance of the rendering process a comparison between two
types of OpenGL draw commands was performed, the results can be seen in the graph in
Figure 5.6. The graph compares the average computation times between multiple calls to
glDrawArrays and one call to glMultiDrawArrays to render the same number of aircraft,
for an increasing number of aircraft. When the number of glDrawArrays calls is small, less
than 100, the time difference is insignificant but as the number of calls increases, so does the
difference. The test was carried out on a system with Intel Core i7-8700 @ 3.2GHz, 6 cores, and
12 logical processors and with OpenGL version 4.6 and a NVIDIA GeForce RTX 2060 GPU.
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5.3. Spatial Filtering & User Interactions

(a) The GUI of the live data visual-
ization

(b) The GUI of the historical data vi-
sualization.

(c) The GUI of the spatial filtering.

Figure 5.5: The available GUIs for the two visualizations and the filtering boundaries.
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6 Discussion

This chapter discusses the resulting visualizations, how they were implemented in
OPENSPACE, and future work related to the thesis. Additionally, the work is discussed in
a wider context from an ethical viewpoint.

6.1 Implementation

The trails of the real-time data visualization are constructed from a varying number of ver-
tices after filtering which means that it is impossible to count the exact number of rendered
aircraft. OpenGL provides methods to count basic primitives such as GL_LINES, but not
primitives such as GL_LINE_STRIP. One way to solve this could be to use regular GL_LINES
from two positions of the trail and then creating the trails from passed attributes containing
the rest of the positions on the geometry shader. A SSBO could thus be used just like for the
historical data visualization to communicate the number of rendered aircraft back to the main
program.

The resulting historical data visualization was implemented in an investigating manner to
avoid performance issues, stutters, and long loading times. Initially, the data were visualized
without any animation, motivated by the idea that the user should be able to display and
compare two or more temporal intervals to gain knowledge, using a single view. Comparing
intervals of this nature was, however, rather hard due to clutter and similar flight routes
between intervals. Originally, one month of historical data at the time was visualized, as the
raw data are provided in monthly subsets. Loading data for large temporal intervals, such as
months, resulted in long loading times which caused lag and a decrease in frame rate. This is
expected to be a consequence of the sheer size of the data. Pre-processing the data into smaller
subsets solved the lag, but distinguishing one day from another using the visualization was
still difficult, even when colors were added based on the amount of traffic. Another issue was
that no insight in how the air traffic varied during the day could be gained, thus leading to
the conclusion that an animation was necessary.

At one point, anti-aliasing was applied to the historical data visualization, as our initial idea
was to reuse techniques from the implementation of the live data visualization. As a bonus,
this would let the user decide the width of the pathlines, similarly to the real-time visualiza-
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6.1. Implementation

Figure 6.1: Flights traveling outside the spatial filtering boundary. A consequence of assuming the
shortest possible route between two positions inside the filtering area.

tion, without experiencing aliasing. These ideas, however, resulted in clutter and significantly
reduced performance and was therefore retracted, the line widths are no longer adjustable
and no anti-aliasing measures are taken. To avoid aliasing the line widths are set to one pixel
wide.

One can question the use of interpolation for the historical data visualization as interpolation
between values are not measured, simply approximated. In order to achieve the results that
are presented in Section 5.2 we have assumed that flights always travel the shortest possible
distance between two locations, thus justifying linear interpolation between points. This as-
sumption might be dangerous to make in another context, such as in air traffic control where
exact positions are required, but for our purpose it is necessary. A consequence of this as-
sumption is that flights can seem to travel outside the filtering area if both its origin and
destination positions are inside the filtering area but the route for the shortest path crosses
a boundary, see Figure 6.1. A solution to this problem could be to discard all fragments that
are outside the filtering area in the fragment shader. The visible parts of the pathlines would
thus remain the same as in the current visualization.

The OpenSky Network provides an API request containing a bounding box for the live data,
thus achieving spatial filtering. Since the API calls are slow this method is disregarded for
performance reasons in favor of performing the filtering in the shaders on the client-side.

The alternative to the assumption that flights always travel the shortest path would be to use
historical state vectors that are either mined from The OpenSky Network’s live data REST
API or accessed from The OpenSky Network’s historical database. This approach requires
an approved account from The OpenSky Network. The state vectors contain all necessary
information, such as all detected positions along the route and would lead to a more accurate
visualization. The downside of this approach would be the increased amount of data.

The type of clustering used in the historical data visualization is solely based on spatial coor-
dinates. Another approach would be to cluster nearby flights to draw a thicker pathline where
traffic is dense and replace individual flights. The animation would then change the thickness
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6.2. Results

of the pathlines as time progresses or regresses. This would require much pre-processing and
might not be achievable without decreasing the frame rate.

Additionally the line strips are drawn using the call glMultiDrawArrays. The alternative,
to call glDrawArraysmultiple times, proved to be slower for the data sizes tested and scales
worse than glMultiDrawArrays as the data size increases.

6.2 Results

The resulting visualizations presented in Chapter 5 are data driven, meaning that what can
be visualized is dependent on the specific data set. One can argue that no data set is perfect,
and examples of limitations in the data can be found in both visualizations. In the data for the
real-time visualization there is no information about the positions for origin and destination
airports, resulting in that we can only show the current position of the aircraft. A workaround
would be to use a lookup table and linking the callsigns available in the data set to the airports
for origin and destination, hence giving us the opportunity to use a similar visualization
method for both the real-time- and the historical data. As past positions are not available
in the REST API the trail needs to be updated when new data are available. The OpenSky
Network offers one hour of past state vectors to those with an approved account, we applied
for approval but did not receive one in time for this thesis work. If given approval, the past
state vectors could be loaded initially to create the entire trail at once. This would also allow
the users to manipulate the time in OPENSPACE to explore the data up to one hour into the
past, reloading the entire trail when needed and being able to create an animation where the
trails update as time progresses, similar to the historical data visualization.

The data used for the historical visualization hold information of the positions for origin
and destination at two specific times referred to as firstseen and lastseen respectively
throughout this report. Between these timestamps no information of the positions of the air-
craft exists and an interpolation strategy is used to calculate the current position based on
Equation 4.2. Because an interpolation strategy is used to draw the aircraft the visualization
should only be used to mediate an overview of the state of air traffic, individual aircraft po-
sitions do not necessarily reflect the reality other than its origin- and destination airports.

If the user fast forwards, or rewinds, the time in OPENSPACE too fast it is likely that the load-
ing of new data can not keep up. While playing time at a rate of one hour per second or less
there are no issues when loading new data. Playing the time at a faster rate than approxi-
mately twelve hours per second might cause some issues such as delays in the animation.
These delays might make it difficult to compare multiple large intervals of time or other sce-
narios when it is desirable to play the time at a faster rate. One way to solve this would be to
use multiple independent views, each featuring the historical visualization with individual
time contexts and control, or to layer multiple historical visualizations on top of each other.
The latter was briefly tested as described in 6.1 with unsatisfying results. It might, however,
be a possible approach if explored further.

After pre-processing och splitting the data into subsets by days some deviations were de-
tected. The data contained in the files for the 21st and 22nd September of 2019 have very
few flights compared to adjacent days. The air traffic in those two days are lower than any
day in April 2020 when the lowest air traffic is detected, as a result of the COVID-19 pan-
demic. Therefore, we suspect the data for these two days to be either faulty or partial and no
conclusions should be drawn without further investigation.

The OpenSky Network’s coverage will ultimately decide if any conclusions can be made.
The oceans lack coverage which means that both the live- and historical data visualization
will show flights that disappear or appear some distance out at sea, this does not necessarily
mean that the aircraft has crash landed or lifted at that position. It is simply the first or last
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6.3. The Work in a Wider Context

detected position. This can also be the case in areas with sparsely placed sensors such as in
certain parts of Asia or in Africa. As The OpenSky Network grows and more areas are covered
by sensors, more flights will be detected. A growing network may lead to some unfortunate
conclusions that air traffic has increased at a faster rate than expected, when it is really a
combination of more (or even less) air traffic and the fact that more aircraft are detected by
the growing network.

Clutter was a main concern throughout the project when visualizing the pathlines. The reason
being the large amount of data in the more urban areas. To address this, the endpoints of
the pathlines are opaque in order to highlight the origin and current position, particularly
needed in densely trafficked areas. To avoid clutter, the midpoints are slightly transparent.
Furthermore, color mapping is implemented based on origin- and destination continents for
the historical data visualization to further avoid cluttering.

The test conducted to compare the two calls, glDrawArrays and glMultiDrawArrays,
clearly states that the better alternative for our application of the two is
glMultiDrawArrays. This result might not apply to all implementations as it was per-
formed with our specific parameters, e.g. our VBO layout and our primitive type.

6.3 The Work in a Wider Context

The data used in this thesis as well as OPENSPACE is open-source, making it accessible to
anyone. Anyone includes professionals and hobbyists, both of which can use our work for
educational purposes. To draw any conclusions regarding the air traffic using any of the vi-
sualizations in OPENSPACE one should only view areas with good coverage. For example,
Africa has little to no coverage which means that the visualizations show very few flights in
Africa which might not reflect the reality. The visualizations created have user changeable
parameters such as color and opacity to accommodate for people with poor eyesight and/or
color blindness. The visualizations should not be used to replace precise measurements.

The OpenSky Network receives signals from military aircraft [36]. Neither of the visualiza-
tions provide any information on individual aircraft and we therefore argue that our work
can not be used for any form of warfare, terrorism, or espionage.

6.4 Future Work

During this project a number of topics have been detected as more interesting to further
expand on regarding the visualizations. Such examples could be to optimize the code to in-
crease performance as well as carrying out extensive testing to ensure robust and secure code.
This would potentially allow users in OPENSPACE to play the time even faster while viewing
the historical data visualization without experiencing any delays. Furthermore, it would be
of interest to explore if a more traditional clustering method could be used to draw thicker,
but fewer, pathlines where traffic is dense. If this is successful, individual aircraft might be
replaced with this approach, thus changing the visualization entirely. It is also unclear if the
user would experience that the time in OPENSPACE changes without the feedback that move-
ment of the individual aircraft provides. Moreover, it would be a great addition to be able to
add multiple independent views for easier comparison between different spatial and tempo-
ral contexts since comparing multiple intervals in the same view is likely to result in clutter.

Domestic flights are usually shorter than longer, cross continental, flights and can therefore be
represented using less vertices. This is not addressed in the current implementation but is an
area of improvement. In the current implementation all historical flights are visualized using
a set number of vertices. This number is set to represent cross continental flights without be-
ing interpreted as jagged, causing lots of unnecessary vertices used for the shorter pathlines.
This can be improved by instead choosing the number of vertices used based on a flight’s
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6.4. Future Work

distance in order to reduce the total amount of vertices without decreased visual quality of
the visualization.

This thesis has not investigated different file formats to store the historical data and simply
uses the same format as the original data. It would be of interest to explore if using another
format could reduce loading times.

The historical data set has a big limitation in being static and only provide data for a few
years. The full historical data set can be accessed for free over an SQL-like query interface
but require an account and an approval from The OpenSky Network administrators. Once
again, because the approval took extensive time a decision was made to use the static data
and focus on the visualization which was the aim for the thesis. In a perfect world we suggest
sourcing a non static data set with better coverage, faster access, and the same parameters for
both real-time and historical data, if such data set exists. This would pose new problems that
need to be solved regarding the sheer size of the data. However, it might not be necessary to
distinguish between live- and historical data and thus only use one visualization technique. If
full access to The OpenSky Network data is granted, the full historical data could potentially
be used for this purpose together with the live data.

We argue that the most urgent work to be done is to perform user evaluations of both visu-
alizations. Performing user evaluations might give insight on whether the visualizations are
educational and visually appealing and thus decide if these goals are met. The user evalua-
tions could potentially lead to drastic changes in the visualizations and provide new insights
and research questions that needs further investigation.
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7 Conclusion

This master’s thesis report investigates how air traffic data can be visualized in OPENSPACE,
resulting in two interactive visualizations, one showing real-time data, and one that enables
exploration of global aviation data during the COVID-19 pandemic. Together the visualiza-
tions contributes to the OPENSPACE software with the possibility for users to further deepen
their knowledge about mankind’s presence, and its impact on planet Earth, as well as pro-
viding a base for future research and development.

7.1 Summary

From the theory, the experimental methodology, and the results, we present the following
conclusions to the research questions presented in Section 1.2.

- What steps are required to visualize air traffic data in OPENSPACE in a performant man-
ner?

To keep the program running without delays or a drop in frame rate we suggest using an
asynchronous approach for the more time-consuming operations such as loading and pars-
ing data. With this strategy, data can be stored in memory in advance. Furthermore, costly
operations on the CPU should be avoided if possible, prioritizing a GPU based implementa-
tion to take advantage of the parallelism of the GPU. The live data visualization suffers no
interruptions as the data loading is performed asynchronously on another thread. The his-
torical data visualization is interrupted briefly if the user changes the date by more than one
day. This brief interruption is a result of multiple new dates of data having to be loaded to
memory. However, while playing the time at a reasonable speed there are no interruptions in
the historical data visualization. For applications with a similar VBO layout and with thou-
sands of primitives to draw we suggest using glMultiDrawArrays over glDrawArrays
to reduce overhead and speed up the rendering process.

- How can spatiotemporal air traffic patterns be visualized so that they can be compared to
one another?

A pathline animation, as the one used for the visualization of the historical data, can show
both temporal and spatial patterns. As the time period covered by the historical data visual-
ization is rather short it is not possible to draw any concrete conclusions regarding long time
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7.2. Final Thoughts

spatiotemporal change in air traffic. However, the COVID-19 pandemic impact on air traffic
is prominent when exploring the data using the historical data visualization. It is possible to
detect changes in air traffic by the hours of the day when the animation plays. Identifying
patterns over shorter periods has proven to be an easier task.

When considering spatial patterns, the shortest path assumption should be taken into ac-
count. There are some limitations associated with the context in which the visualizations are
created. One such limitation is that OpenSpace only provides one single view. Identifying
patterns over shorter periods of time is possible in this one view. Larger periods of time, or
periods of time far apart are more difficult to compare. The reason being the limitation in both
the playback speed and only having a single view. One possible solution to this would be to
use multiple views to visualize multiple spatiotemporal contexts at once, thus allowing easy
comparisons over arbitrarily large periods of time.

- How can fast filtering of a large spatiotemporal data set be implemented in real-time?

Fast and seamless real-time filtering is possible by executing spatial filtering in the shader
programs that run on the GPU. By utilizing a separate Renderable object to display the
boundaries, and perform the actual filtering in the shader program of each visualization,
the user can filter by an area of interest and move between visualizations without having to
reset the boundaries. The drawback of this is that all data items exist in memory regardless
of whether they are being rendered or not. The true number of rendered aircraft, even after
filtering, can be displayed in the GUI by using an SSBO to communicate from the shader
program back to the main application if the number of vertices per rendered primitive is
constant.

- Can clustering be used to reduce cluttering for the specific data set? And what knowledge
can one gain from the clustering?

Clustering can and is used, to some extent, in the visualization of the historical data. With
that said, a rather manual strategy is used. The method implemented is mapping a color to
each continent as a form of spatial clustering, providing the user with the possibility to gain
knowledge of flights’ destinations and departures without tracing individual pathlines by
simply interpolating the color between continents.

If a traditional clustering method is to be implemented we argue that it should execute in par-
allel, either on the GPU or the CPU, to keep up with the frame rate and not cause interruption
in the rendering process.

7.2 Final Thoughts

The main objective set out for this thesis was to render air traffic data in OPENSPACE. It has
been achieved by using trails and pathlines to create two spatiotemporal visualizations. They
can be used to gain knowledge of the current state of air traffic and to identify historical pat-
terns in a global perspective. We believe that the implementation scales well with growing
data sets and that it is general enough to extend with different traffic data. Additionally, we
argue that both visualizations are visually appealing and educational, more so the visual-
ization of the historical data as it allows more exploration of the data. Thus, satisfying the
goals set for this thesis. However, because both of these measures are subjective, evaluation
is needed. We would have wanted to conduct the user evaluations mentioned in Section 6.4
to get a definitive answer on whether our goals are satisfied or not. That being said, we are
content with the work and would argue that it can be used as a foundation for further devel-
opment.
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