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Abstract

Space weather is the field within the space sciences that studies how the Earth’s magneto-
sphere is influenced by the Sun. The Sun is constantly emitting dangerous radiation and
plasma which in some cases can affect or damage the systems on Earth. Scientists have
an interest in studying this interaction and therefore visualizations of space weather data
are useful. OpenSpace is an interactive software that visualizes the entire known universe
with real-time data. OpenSpace supports a range of different visualization methods and
techniques, for this work, the relevant visualization tools are field lines and cut planes.

GAMERA is a simulation model that simulates a wide range of situations where plasma is
subjected to the influence of magnetic fields, the simulations are based on curvilinear grids.
This project focuses on implementing data from GAMERA into OpenSpace. OpenSpace
already supports a variety of different simulation models, although none that uses curvi-
linear grids for the data. The curvilinear grid can adapt to the specific shape and geometry
of the data, allowing for more accurate data representation. The project aims to create a
pipeline for reading data files from simulation runs and visualize it as field lines and cut
planes.

The files used in this project contain data suitable for volumes and field lines. The method
was to first develop a reader to extract and manage desired data from HDF5 files in which
the simulation data is stored. The data used to visualize field lines is rendered with an
already existing component in OpenSpace. Secondly, a slice operation was developed to
extract cut planes from the files containing data for volume visualization, these are then
visualized with the help of a component for rendering cut planes which was developed
during this work. The work led to a pipeline that reads and manages simulation data from
GAMERA and the data is successfully visualized. However, there is room for improvement
in color rendering, robustness and level of user interaction during runtime.
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1 Introduction

This chapter gives an introduction to the master thesis where the aim is to integrate a new
type of simulation model into the visualization software OpenSpace. The model simulates
the way that the Sun affects the Earth’s magnetosphere. This phenomenon is called space
weather and the ability to trace and visualize magnetic field lines is important to support
research in this area. The primary problem is to construct a visualization pipeline to be able to
read, manage and visualize the data from the simulation runs. Lastly, the research questions
are presented.

1.1 Background

Space weather is the field within the space sciences that studies how the Sun is influencing
the heliosphere as well as the technological and societal impacts of Earth’s environment [1].
The heliosphere is the surrounding space between the Sun and its orbiting planets [1]. It can
cause damage to Earth-orbiting satellites and cause damage or destruction to global commu-
nication and navigation systems, affecting their reliability and accuracy [1]. Solar winds are
a part of space weather and are the constant flow of thermal particles from the Sun’s upper
atmosphere [2]. The main consequence of these is their ability to cause disturbance to Earth’s
magnetosphere and accelerate particles coming from the sun which can cause damage to
spacecrafts orbiting the Earth and global systems relying on frequency communication.

The magnetosphere, Earth’s magnetic field, plays a vital role in our planet’s habitability. It
shields our planet from harmful radiation and particles. Without the Earth’s magnetosphere,
the Sun’s continuous emission of solar particles might destroy our planet’s vital protective
layers of the atmosphere, which shield us from the Sun’s harmful ultraviolet radiation [3].

The impact that solar winds have on the magnetosphere can be simulated using a variety
of simulation models. OpenSpace1is an interactive software that visualizes the entire known
universe with some of these models included. Implementation of new models makes it easier
for researchers to collaborate in research even if they use different models. The software is

1For more information about OpenSpace, visit their website http://openspaceproject.com
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1.2. Motivation

compatible with multiple operating systems and it can be displayed on different devices such
as planetarium domes and desktop computers [4].

GAMERA, Grid Agnostic MHD for Extended Research Applications, is a magnetospheric
simulation model based on curvilinear grids developed by Dr. Slava Merkin[5]. The use of
curvilinear grids in the simulation model provides significant advantages when representing
data from the magnetosphere. These grids allow for a more accurate and realistic interpreta-
tion compared to conventional Cartesian grids. The curvilinear grids ensure that important
data points are preserved even when up-scaling the resolution, preventing the loss of crucial
information that may occur with Cartesian grids. As a result, the simulation model offers
a more comprehensive and precise depiction of the magnetospheric phenomena, enhancing
our understanding of this complex system. Models used in OpenSpace are today based on
Cartesian or spherical grids, the main focus of this project is to explore the possibilities of
integrating the curvilinear GAMERA model into OpenSpace. This work is done together
with the Community Coordinated Modeling Center (CCMC)1 team at NASA Goddard Space
Flight Center. Furthermore, the integration of the model is visualized with two different vi-
sualization techniques, field lines and cut planes.

1.2 Motivation

The visual representation of space weather in OpenSpace is an ongoing development. The
primary problem for this project is to find a pipeline to be able to import curvilinear grid-
based models into OpenSpace. GAMERA employs curvilinear grids, providing more accu-
rate representations compared to traditional Cartesian grids. Therefore, integrating GAM-
ERA into OpenSpace will improve data visualization, thus enhancing our understanding of
space weather. By bridging the gap between diverse modeling techniques, this project bene-
fits scientists and provides a valuable educational tool for a broader audience. This integra-
tion signifies progress in advancing space weather research and in ensuring the protection
of our planet and technological systems, all while providing more advanced visualization
capabilities.

1.3 Aim

A step in the right direction would be to find a solution to be able to import more differ-
ent types of simulation models. Initially, the project’s goal is to incorporate the curvilinear
GAMERA model into OpenSpace. It involves identifying how to best pipeline the simulation
model output from the simulation run to the data storage, interpretation, and visualization
of the data in OpenSpace. This will include simulation model research of the output, data
management, and visualization techniques.

1.4 Research questions

To support and realize the aim of the thesis, the following research questions have been for-
mulated.

1. Can data output from GAMERA simulation runs be integrated into OpenSpace in a
way that favors future integration of simulation models using the same file formats?

2. As of now, rendering planes in OpenSpace is done with pre-generated planes textured
with images. What advantages does it bring OpenSpace and its users to be able to
render a cut plane from a volume?

1Read more about CCMC on their website https://ccmc.gsfc.nasa.gov
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2 Theory

This chapter covers concepts that are related to the project, the fundamentals of space weather
as well as the earths surrounding environment is introduced. Additionally, visualization
techniques and terms are brought up. This information is needed to answer the research
questions and to give a complete understanding of the project. Previous research and work
that contributed to this project are also highlighted.

2.1 Earth’s surrounding environment

Space weather is the field within the space sciences that studies how the Sun is influencing
the heliosphere as well as the technological and societal impacts of Earth’s environment [1].
The heliosphere is the surrounding space between the Sun and its orbiting planets [1]. Solar
winds are a part of space weather and are the constant flow of thermal particles from the
Sun’s upper atmosphere [2].

Earth is enclosed by a geomagnetic field, the shielded space by the electric current is called the
magnetosphere. Furthermore, the inner boundary is called the magnetopause and the region
known as the bow shock represents the outermost boundary. At the bow shock, the solar
wind experiences a sudden reduction in speed and undergoes compression. An illustration
of the magnetosphere can be seen in Figure 2.1.

The main mechanism of energy transfer from the solar wind to the Earth’s magnetosphere is
magnetic reconnection, James Dungey explains the concept and its correlation to the Dungey
Cycle in his paper Interplanetary magnetic field and the auroral zones [6]. In a general context,
magnetic reconnection is a plasma process where two magnetic field lines pointing in oppo-
site directions split and connect with each other thus swapping directions simultaneously,
see Figure 2.2. This changes the topology of the field lines at the point of reconnection and
converts magnetic field energy to kinetic energy of charged particles. Reconnection in the
Sun’s magnetic field is the primary driver of space weather and it can also cause colossal so-
lar storms that bring large amounts of high energy particles and release them into the solar
wind [7]. Consequently, the solar wind carries part of the Sun’s magnetic field and initiates

3



2.1. Earth’s surrounding environment

magnetic reconnection with the Earth’s magnetic field which happens at the magnetopause
on the dayside.

Figure 2.1: A simplified graphic representation of the Earth’s magnetosphere. The black solid
circle represents Earth and the black lines are the magnetic field lines. The sun is positioned
to the left in relation to this image, leading to the dayside of Earth being the left side and the
nightside is located to the right. The solar wind flows towards Earth from the Sun.

Figure 2.2: A graphic representation of reconnection between two field lines flowing in op-
posite directions. When reconnection happens two field lines split open and connect to each
other, leading to them swapping directions simultaneously.

4



2.2. Field lines

2.2 Field lines

Field lines are a visualization tool used in the study of electric and magnetic fields, providing
an intuitive and informative representation of these phenomena [8]. From a visualization
perspective, field lines offer a means to visually trace the path and flow of the field throughout
space, allowing observers to gain a deeper understanding of the underlying dynamics. When
visualizing electric and magnetic fields, field lines can be used to represent direction and
strength visually.

To construct a magnetic vector field, vector arrows can be combined. The direction of the
magnetic field is symbolized by the direction that the vector arrow points to, this is valid for
any given position. The length of the vector corresponds to the magnitude of the magnetic
field. However, vector fields typically result in clusters. In this context, field lines are fre-
quently employed to enhance a vector diagram by providing continuity. Along a field line,
the tangent defines the direction of a vector at that specific point. Field lines provide a vi-
sual representation of the flow within a vector field, aiding in the comprehension of complex
systems [8].

To render field lines they have to be traced. This is done by placing a seed point in a position
on a vector field, with help from the seed point and its surrounding vectors the next point’s
position can be computed [9]. Field lines are then drawn by going in the direction of the
field vector from seed points. The process is illustrated in Figure 2.3. The specific comput-
ing methods used depend on the characteristics of the field and the level of accuracy that is
required. Helltegen[10] as well as Carlbaum and Novén[11] worked on the first implementa-
tion of field line tracing into OpenSpace, read more about the equation and methods used in
their papers.

Figure 2.3: A seed point is placed in a vector field and with help from the surrounding vectors
the next point position can be computed.

2.3 Volume slicing

Volumes are built up of cells with 8 corresponding corners, called vertices. In this thesis the
volumes are cubic and the data are cell-centered. This means that for every cell or every 8
vertices, there is one data point. To be able to view a section of this volume the volume can be

5



2.3. Volume slicing

cut into a two-dimensional plane. This allows the viewer to see the data inside of the object
[12].

Cutting is a domain-modeling technique that provides a way to map data from one source
domain to a target subdomain. This essentially means resampling data from one domain
to another. This operation has some strict properties, firstly the target domain is assumed
to be a subset of the source domain. It is never attempted to evaluate the source data set
outside the sampling domain. Secondly, the dimensionality of the target subset needs to be
equal to or lower than the dimensionality of the source subset [9]. Volume slicing is a cutting
operation that from a structured grid can extract a slice from the data, the most common use
of this method is to extract two-dimensional data sets from three-dimensional volumes and
then visualize the data with for example color mapping, isolines or streamlines. Generally,
the slice is defined as all grid points in a cross-sectional region of the three-dimensional data
set. Slicing a n-dimensional data set generates a n-1 dimensional data set, where n is the
number of dimensions. This means that slicing results in cells of a lower dimension while
the vertices keep the position they had in the three-dimensional space from the source data
set. An illustration of the volume slicing process can be seen in Figure 2.4. The resulting
two-dimensional slice can then be visualized with a two-dimensional visualization method
[9]. An example of a volume sliced in three different ways, visualized with color mapping
can be seen in Figure 2.5.

Figure 2.4: Graphical explanation of a cutting operation made on a three-dimensional volume
in a Cartesian grid. The slice is cut on the x-axis. The cut planes are visualized with color
mapping.

Figure 2.5: Three slices made on a three-dimensional volume. The three slices are cut perpen-
dicular to the x, y and z-axis respectively.
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2.4. OpenSpace

2.4 OpenSpace

OpenSpace is an open-source software application designed for interactive data visualiza-
tion and exploration, with a primary focus on space science and astronomy. The software is
built using C++ and OpenGL, with extensive utilization of GLSL shaders [4]. This technical
foundation allows it to provide real-time and interactive data visualization, allowing users to
navigate through space and personalize their visual experience. This software fosters inter-
disciplinary collaboration among scientists and offers a new approach to space-related explo-
ration. OpenSpace also plays an educational role, providing an engaging platform for users
to explore space and astronomy.

OpenGL is a fundamental part of OpenSpace’s rendering pipeline. It is primarily designed
for rendering graphics in a Cartesian coordinate system, consisting of rectangular or square
cells. It is not inherently suited for curvilinear grids, which represent data with irregularly
shaped cells. Handling curvilinear grids in OpenGL requires complex data transformation
and may involve custom shaders and rendering techniques, introducing additional complex-
ity compared to rendering Cartesian grids [13].

2.5 Curvilinear data structures

Curvilinear data structures are central to numerical simulations, scientific computations, and
data visualization. These data structures can be precisely adapted to the complex geometry
and properties of the physical domain being studied. Curvilinear data structures are impor-
tant for researchers and analysts because they can help accurately represent and work with
complex multi-dimensional spaces [8].

Curvilinear grids are a specific type of curvilinear data structure. Unlike regular grids such
as Cartesian grids, where the spacing between grid points is uniform and lines are straight,
curvilinear grids offer a flexible and adaptive approach to data organization.

An argument for the use of curvilinear grids i that the grid can efficiently avoid hanging
nodes. For example, using multiple levels of resolution in Cartesian coordinate systems can
cause problems at the boundary between the different levels of resolution. To approximate
the missing values at the borders, called hanging nodes, different implementation methods
can be used. However, this can cause visual artifacts due to a lack of coherence between the
different interpolation methods.

Figure 2.6: Different levels of resolution. Blue lines are boundaries between the resolutions
and the red dots are hanging nodes.
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2.6. GAMERA

A curvilinear grid can efficiently avoid hanging nodes as the grid lines smoothly transition
from one point to another, thereby ensuring that every node seamlessly aligns with its neigh-
boring nodes. The grid is defined using coordinate transformations that map a structured
reference grid onto a curvilinear domain. The coordinates of each grid point are calculated
based on the transformation equations, taking into account the specific shape and geometry
of the problem. The continuous and smooth nature of the grid eliminates the need for interpo-
lation or approximation between known values, resulting in accurate and visually coherent
representations. A curvilinear grid can therefore be customized based on the geometry of the
problem and a relatively small number of grid cells can be used to achieve a high resolution.

2.6 GAMERA

Magnetohydrodynamics (MHD) is the study of dynamic electrically flowing fluids. MHD
provides a framework for understanding the behavior of plasma in the presence of magnetic
fields, which is essential for analyzing and predicting space weather phenomena. GAMERA
(Grid Agnostic MHD for Extended Research Applications) is an MHD simulation tool for
simulating diverse magnetized plasma environments. This refers to a wide range of situa-
tions or conditions where plasma, the fourth state of matter consisting of charged particles,
is subjected to the influence of magnetic fields. These environments can occur naturally in
astrophysical phenomena such as stars, galaxies, and space plasmas. The term "diverse" un-
derlines a variety of conditions that can be present in these environments and different com-
binations of plasma parameters such as density, temperature, magnetic field strength and
configuration, particle species and external influences.

GAMERA is designed to have easy-to-use code and implements multi-dimensional MHD
simulations in arbitrary non-orthogonal curvilinear geometries [5]. Curvilinear coordinates
are a system for Euclidean space where the grid does not have consistent unit lengths and
may not be orthogonal i.e. the coordinates are skewed.

Figure 2.7: Visualization of the curvilinear GAMERA-grid type. The unit on the X- and Y-axis
are the Earth’s radius (Re). The grid shows Earth positioned at (0,0) with the sun to the right.

To preserve the benefits of the curvilinear grid but transfer the data to a Cartesian grid,
triangular-shaped cloud interpolation can be used.
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2.7. Triangular-shaped Cloud interpolation

2.7 Triangular-shaped Cloud interpolation

Triangular-shaped cloud interpolation in a three-dimensional domain is a sophisticated
method employed for estimating values within a volumetric data set. It is a valuable tool
when dealing with spatial data irregularly distributed in three dimensions. This technique
involves partitioning the three-dimensional space into tetrahedral elements and assigning
weighted coefficients to each vertex, which provides a universal and adaptive approach to
three-dimensional interpolation.

One of the characteristics of triangular-shaped cloud interpolation is the ability to achieve
not only seamless transitions between data points but also the preservation of continuity
in both the interpolated values and their derivatives. This while still ensuring an accurate
representation of for example gradients and slopes within the three-dimensional data set.
This interpolation method effectively models the complex topological relationships inherent
in three-dimensional data, making it highly suitable for a range of applications [14].

In this context, second-order triangular-shaped cloud interpolation takes a step further by
employing quadratic functions within these tetrahedral regions, substantially enhancing pre-
cision, smoothness, and continuity. The quadratic interpolation methodology offers a consid-
erable enhancement in accuracy, particularly when the data is inherently curved or exhibits
higher-order features in the three-dimensional space. This attribute makes it a critical tool for
applications demanding the utmost precision, such as advanced scientific simulations and
immersive three-dimensional data visualization techniques.

2.8 HDF5

HDF51 (Hierarchical Data Format 5) is a data model, library and file format. It is designed
to store and organize large amounts of data. The file format supports a variety of data types
and has a hierarchical structure. Additionally, it has metadata management and offers a
comprehensive solution for managing and storing complex data, therefore it is well-suited
for simulation data.

An HDF5 file can be considered a container that organizes annotated associated data arrays,
groups and datatypes. These are also known as the HDF5 data sets, HDF5 groups and HDF5
datatypes objects. Finally, there is the HDF5 Attribute that annotates metadata associated with
the objects [15]. Every HDF5 file contains a root group that can contain other groups and
data sets. To navigate through this structure the user follows links and this is called traversal.
Link traversal from the root group generates the HDF5 information set graph, this is a rooted,
directed and connected multi-graph [15]. The graph operates as a map of how the connections
of the HDF5 objects are structured.

1Read more about HDF5 at the HDFgroup website https://portal.hdfgroup.org

9



2.9. Transfer functions in data visualizations

Figure 2.8: Diagram of what the hierarchical structure in HDF5 files can look like.

2.9 Transfer functions in data visualizations

Transfer functions in data visualization are a technique for assigning colors to numeric data
values. This mapping creates a connection between data and visual perception. Data values
are converted to locations in a color space, such as the RGB color model. These transfer
functions are particularly important in scenarios where complex data needs to be transformed
into a visual representation, often used in scientific and information visualization [16].

The technique is initialized by identifying the data attributes to be visualized. This is often
a quantitative or a categorical attribute. Additionally, the visualization property of the data
attribute is set. The visual property can be color, size, opacity, position, shape, and texture.
This is followed by a mapping definition that defines how the data values are mapped to
the selected visual property. To specify which data values to be mapped in the visualization,
a data range is defined where the values within the range are handled. The purpose of a
data range is to ensure that the mapped data is correctly normalized to the range of the color
gradient. Moreover, the actual values used for the data range should be determined by the
characteristics of the data and the intention of the visualization [16].

For instance, to identify a color mapping, a color table is defined that represents a range
of data values. For example, the color spectrum of colors from blue to red can be chosen
to visualize temperature data. Further, if mapping temperatures from 0°C to 50°C a data
range should be defined with 0 as minimum and 50 as maximum. Additionally, the transfer
function is applied to the data visualization, and the chosen associated mapping technique
transforms the data values into a visual representation.

To sum up, careful consideration of the selection of data attributes, visual properties, and the
mapping between them is critical to creating effective data visualizations that convey insights
to the user.
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2.10 Related Work

The following work is highlighted as relevant for the development of this project and there-
fore shortly described in this subsection.

GAMERA: A Three-dimensional Finite-volume MHD Solver for Non-orthogonal
Curvilinear Geometries

Slava Merkin, et al. [5], worked on developing a magnetohydrodynamic simulation model
for efficient simulation of plasmas in various contexts. The model involves the use of meshes
that conform to the true geometry of the system under consideration. The paper covers the
design and development of GAMERA and how it is designed to combine geometric flexibility
with high-order spatial reconstruction. It provides a description of the simulation code and
the numerical schemes as well as the implementation details. This model is a central part of
this work and therefore this paper is relevant.

Implementing an Interactive Simulation Data Pipeline for Space weather visualization

Berg and Grangiens [17] work covered the handling of and putting together new data for
visualization of coronal mass ejections in OpenSpace. Visualization techniques that were pre-
viously implemented were used together to visualize different volume data and field lines.
This together with a synoptic magnetogram of the earth gives a multi-layered visualization.
Another part of the work was to experiment with how to get new data into OpenSpace with
a less user-involved process and more generalized implementation. The priority for this was
volume data. As a result, they concluded a Space weather model visualization and how one
such model can be adapted to fit within the parameters of the OpenSpace project. This is
relevant work since the aim of this project is to include another new model implementation
to OpenSpace.
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3 Method

This chapter describes the techniques used for the development of this work. The con-
cept of how to pipeline the integration of the GAMERA simulation model is introduced.
This includes managing and reading model output, processing data, and visualizing it in
OpenSpace. The methods for validating the accuracy of data extraction and visualization are
described in Chapter 5.

3.1 Convert and study data

The curvilinear GAMERA model is initially represented in a curvilinear grid (read more
about GAMERA in Section 2.6 and curvilinear grids in 2.5). The provided data was con-
verted to a Cartesian grid before it was read into OpenSpace. The reason for this conversion
was that OpenSpace lacks support for a curvilinear grid. The data set was converted using
second-order Triangular-shaped Cloud interpolation. The interpolation method is described
in Section 2.7.

Converting data from a curvilinear grid to a Cartesian grid using triangular-shaped cloud
interpolation involved several steps. Initially, the curvilinear data grid was irregularly dis-
tributed in three-dimensional space and a tetrahedra was created by connecting the known
data points. Secondly, the assignment of weighted coefficients was applied to the four ver-
tices of the tetrahedra. The weighted coefficients were based on their relationship to the point
where the estimation of a value was desired. Following, a definition of a Cartesian grid with
evenly spaced points was initiated. For each point on the Cartesian grid, the interpolation
process calculated estimated values by considering nearby vertices and their weighted coef-
ficients. This process was repeated for all grid points, resulting in a structured Cartesian grid
from the original curvilinear grid.

To further understand the Cartesian grid data set’s content and structure, the computer pro-
gram MATLAB1 was used. Mainly to study the file and its HDF5 hierarchy structure de-
scribed in Section 2.8 and later to validate the data output throughout the process of integrat-

1Read more about MATLAB at their website https://www.mathworks.com/products/matlab.html
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3.2. Transfer function

ing the HDF5-file reader into OpenSpace. Reading the files before constructing a reader for
them was crucial in terms of accessing the desired data.

The data visualized with field lines does not include a full representation of the field lines sur-
rounding Earth, therefore the rendered images are not a proper representation of the whole
magnetosphere. The files lack data for field lines flowing from the south pole of the Earth out
on the nightside, this can be seen in the results chapter 4.

3.2 Transfer function

A transfer function was developed in order to map data values to color. In Section 2.9, transfer
functions in data visualizations are explained. A color gradient was created and converted
to a one-dimensional texture. In addition, three mapping keys were defined to specify where
in the data range a particular color should be applied. The color choices are based on a color
gradient existing in ParaView. The reason for this is to be able to compare this project’s result
to ParaView outputs. This is further discussed in the evaluation Chapter 5. The color gradient
used in this project can be seen in Figure 3.1.

Figure 3.1: A linear color gradient with three mapping keys. The key on value 0 has the color
RGB(59, 76, 192), 0.5 has the color RGB(221, 221, 221) and 1 has the color RGB(180, 4, 38).

Moreover, an equation for the mapping between the data values and the color was defined
and iterated for each data value in the data set. The equation’s lookup value is the resulting
normalized scalar value, and current scalar value is the current scalar data value from the
data set. The data range min and data range max is the minimum and maximum value of the
specified data range.

lookup value = (current scalar value ´ data range min)/(data range min ´ data range max);
(3.1)

During the iterative process, each lookup value was mapped to a color in the color gradient
texture. The transfer function was created to assign the low values with a blue color, larger
values assigned the color red and the intermediate values with the color white. This tech-
nique also enabled the user to specify a certain opacity for the color. This could be applied by
assigning a value to the alpha value a in the RGBa color model. As a result, a new texture was
created from the colors in the color gradient. These operations were primarily performed in-
side the vertex shader and the fragment shader. The vertex shader passed the data values to
the fragment shader. Subsequently, the fragment shader was responsible for the color map-
ping along with the determination of the final color for each pixel. This transfer function was
used both for rendering field lines and cut planes.

3.3 HDF5 reader for field lines

Since the software did not support data input in the HDF5 format a reader was developed
and added to the already existing field line state component. This was done with the use
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3.4. Read and slice volume data

of the C++ library HDF5 and the HDF5 wrapper Highfive. Initially, the reading component
required user inputs. The inputs were written in a file that was read in OpenSpace during
runtime and this enabled the possibility for the user to decide which data file to load and
what quantity. In addition, a color gradient with a data range was specified to be used for the
color mapping as mentioned in Section 2.9.

Furthermore, a reader was developed to take an input file, iterate down to the desired group,
which in this case corresponds to a time step, and iterate through all field lines associated
with the current time step. The field line points are three-dimensional coordinates that are
then stored as a long array. During this iterative process the number of points in each line is
saved, this provides a way to separate each line stored in the array containing all field line
points. When accessing a specific group, attribute or data set in the HDF5 files the name of
the object was required. This made the reader customized for files from GAMERA simulation
runs.

In addition to storing the points for all field lines, the data representing quantities for example
magnitude, density and velocity was stored as well as a time variable that decides when the
state shall be rendered in OpenSpace. The quantity data is later used for color mapping and
the time variable is the time-stamp for how many seconds the simulation has been running at
the point of registering the data for the current time step. All field lines for one specific time
step constructed a field line state, the reading of the field lines in each time step was iterative
done for all time steps in the file, resulting in several field line states. These states were then
combined into a field line sequence. This made it possible to sequentially render the field
lines in OpenSpace dependent on the time of the events that the simulation data represents
by using the time variable. The field lines were rendered by using the already existing field
line renderables.

3.4 Read and slice volume data

To read files containing data for the volumes, a reading component was implemented. Ini-
tially, the reading component required user inputs. This enables the possibility for the user
to decide which data file to load, which size unit to use, which axis to cut on, and on what
value on the axis. Moreover, the user also specifies what quantity to visualize. The different
quantities are named Bx, By and Bz which stands for the magnetic field density concerning
each respective direction. In addition, to be able to customize the cut plane’s colors for the
data represented with its transfer function, a color gradient was specified. Following that, the
user also needs to specify a data range.

The reading component was designed in a similar fashion as the reader developed for the
field lines, using similar methods to iterate down the HDF5 hierarchy tree to find the re-
quired data. The specified file containing the volume data was read to calculate the plane’s
dimensions and position for the specified axis.

Subsequently, slicing was applied to the volume. The volume consists of scalar values stored
in three-dimensional data types. Instead of loading and storing the whole volume and then
slicing it, the slicing operation was done when extracting the data from the file. The slicing
parameters are used to select what parts of the volume are going to be extracted and stored.
The fundamentals of the slicing operation are described in Section 2.3. The data in GAMERA
volume files are cell-centered, meaning for 8 vertices constructing a cell there is one data point
in the middle. One step length, a cell length in the volume grid, is two RE. One RE is equiv-
alent to the distance from the center of Earth to a point on or near its surface. This implies
that for one step length in the volume grid, there is only one data point. Because of this, it
is sometimes necessary to make two slices, one at the previous and one at the following data
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3.5. Render cut plane

points close to the specified cutting value. These two slices are then interpolated with linear
interpolation to give a reliable result for the slice. This operation is visualized in Figure 3.2.
The only exception is if the slice is made exactly on a set of data points, then no interpolation
is needed and only one slice is extracted from the volume. The interpolation was made with
linear interpolation between each point having the same index in the two slices. Overall, this
resulted in a cut plane represented by three nestled vectors where the index represents the
position of each data point that is stored. This process is repeated for all data sets storing the
quantities.

Figure 3.2: A volume with cell-centered data. Creating a specific slice involves making two
slices on either side of the specified location, utilizing the data points nearest to the desired
slice. These slices are then utilized to interpolate and generate the final cut plane through
linear interpolation.

3.5 Render cut plane

As previously mentioned, users had the ability to select the cut plane’s coloring based on a
color gradient in combination with a transfer function. To achieve the correct coloration of
cut planes according to the data values on the plane, a data-based texture was created.

Initially, the specified data set to visualize was read. To be able to handle the quantity
data as a texture it needed to be remapped from a three-dimensional data type to a one-
dimensional datatype. This enabled the data to be communicated as a single channel texture
to the shaders. The rendering process applies the bata-based texture to the cut plane. Each
texture coordinate with its corresponding data value was iteratively handled in the shaders.
In the fragment shader, each value of the data-based texture was normalized between 0 to 1
by scaling the value based on the data range values, as seen in Equation 3.1. In addition, the
shader applied the transfer function as described in Section 3.2.
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4 Results

This chapter shows images of the field lines visualized in OpenSpace as well as the cut planes.
The chapter highlights the resulting pipeline for reading data files from GAMERA simulation
runs and visualizing the data using new and already existing techniques in OpenSpace. The
data files provided by the GAMERA team do not include all field lines surrounding Earth,
therefore the images are not a proper representation of the actual magnetosphere.

4.1 Pipelines

The first part of the pipeline is the data conversion from a curvilinear grid to a cartesian
grid, this is done with Triangular-shaped Cloud interpolation. Continuing, the pipeline was
developed to open, read and extract data from the files provided from GAMERA simulation
runs. This resulted in a reader specifically developed to read output files from GAMERA
simulation runs. A separate reader is used for the files storing data used for the field lines
and the files storing data used for the cut planes. With the use of the c++ library HDF5 and
HighFive both readers work similarly, the component iterates through groups in the file and
extracts the desired data, only storing what the user asks for.

The other part of the pipelines differs more from each other, which can be seen in Figure 4.1
and Figure 4.2. The data used for field lines is stored in states, together these create a field
lines sequence that is rendered sequentially. For the data used for volumes, a slicing and
interpolation step is utilized before rendering the cut plane.

Figure 4.1: Pipeline for data conversion and handling for rendering field lines.
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4.2. GAMERA field lines

Figure 4.2: Pipeline for data conversion and handling for rendering a cut plane.

4.2 GAMERA field lines

The methods used to read field line data from GAMERA simulation runs into OpenSpace
resulted in an HDF5 reader that successfully read and stored the field lines to be rendered.
The images below show the rendered field lines from a data file that contains field lines rep-
resenting part of the Earth’s magnetosphere.

Figure 4.3: View of all fieldlines in a file representing a part of Earth’s magnetosphere ren-
dered in OpenSpace. The normal from Earth’s north pole is pointing upwards in these images
and the sun is on the right.
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4.3 GAMERA cut plane

A cut plane could successfully be derived from the GAMERA volume files. This was done
through a three-step method. The first step is to read the file containing the volume and
extract the corner vertices of the volume, the second step is extracting the desired data slices
from the volume and the last step is linear interpolation.

Figure 4.4: A OpenSpace rendered cut plane of Earth’s magnetosphere. The plane is cut on
the x-axis with the value x=0 and the Bx data set. Bx is the magnetic field density with respect
to the x direction of the magnetic field. The small solid circle is Earth and the normal from
Earth’s north pole is pointing upwards.
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Figure 4.5: A cut plane of Earth’s magnetosphere rendered in OpenSpace. The plane is cut
on the y-axis with the value y=0 and the By data set. By is the magnetic field density with
respect to the y direction of the magnetic field. The small solid circle is Earth and the normal
from Earth’s north pole is pointing upwards.
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Figure 4.6: A cut plane of Earth’s magnetosphere rendered in OpenSpace. The plane is cut
on the z-axis with the value z=0 and the Bz data set. By is the magnetic field density with
respect to the z direction of the magnetic field. The small solid circle is Earth and the normal
from Earth’s north pole is pointing toward the observer.
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5 Evaluation

This chapter presents the methods used to validate the actions taken during the project work
as well as the results. The reliability is based on comparing the data in OpenSpace with the
same data displayed in software such as Matlab and ParaView 1. Additionally, it is also based
on continuous discussions and statements from the experts at CCMC. Images of the field line
data visualized in OpenSpace side by side with the same data visualized in ParaView are
showcased. The chapter also includes images of the cut planes visualized in OpenSpace side
by side with the same cut planes created in ParaView. ParaView is the expert’s current choice
of visualization software for rendering data from GAMERA.

5.1 Discussions with experts

During the project, continuous meetings with the CCMC team at NASA and with Slava
Merkin were held. This allowed us to show the current development and results and there-
fore get feedback from the experts. In addition to these meetings, there was regular contact
through communication channels with Slava. Every accomplishment was presented to him
with images and he could give feedback on the results. Both the field line visualization and
the cut planes have through this method been confirmed to meet the expected outcome. In
addition, from the discussion with the experts, it could be stated that it is easier to explore
and interpret the data interactively by rendering a plane reduced from its volume.

5.2 Data extraction evaluation

The data was studied in MATLAB which provided a comprehensive way to present the con-
tent of the HDF5 files. The file structure was presented in a three structure and the data was
presented in a table form. When validating the volume slicing done in OpenSpace the same
slicing procedure was done in MATLAB. This was mainly done due to a lack of experience
handling HDF5 files and working with the HDF5-supportive libraries in C++ but, on the
other hand, good knowledge of working in MATLAB. This made it possible to print the data

1For more information about ParaView, visit their website https://www.paraview.org/
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values as a matrix from both OpenSpace and Matlab and compare sections of the values by
eye to identify any dissimilarities.

5.3 GAMERA field lines

In Figure 5.1 and Figure5.2 a comparison with the rendered field lines in OpenSpace and
ParaView can be seen. The two images are rendered with the same data properties, color
gradient, transfer function and opacity. The used color gradient and transfer function are
mentioned in Section 3.2. The values for the data range used for the field lines are 50 as the
minimum value and 150 as the maximum value. The camera is estimated to be in the same
position in both software when taking the pictures. There is a difference in the color per-
ception between the image from OpenSpace and the image from ParaView which is further
discussed in 6.3.

Figure 5.1: View of all field lines in a file representing a part of Earth’s magnetosphere, ren-
dered in OpenSpace to the left and in ParaView to the right. The normal from Earth’s north
pole is pointing upwards in these images.

Figure 5.2: Closer look on field lines in a file representing a part of Earth’s magnetosphere,
rendered in OpenSpace to the left and in ParaView to the right. In this image, the field line’s
topology is more distinct. The normal from Earth’s north pole is pointing upwards in these
images.
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5.4 GAMERA cut plane

In Figure 5.3, 5.4 and Figure5.5 a comparison with the rendered cut planes in OpenSpace
and ParaView can be seen. The three images are rendered with the same data properties,
color gradient, transfer function and opacity. The used color gradient and transfer function
are mentioned in Section 3.2. The values for the data range used for the cut planes are -
20 as the minimum value and 20 as the maximum value. The camera is estimated to be in
the same position in both software when taking the pictures. There is a difference in the
color perception between the image from OpenSpace and the image from ParaView which is
further discussed in 6.3.

Figure 5.3: A cut plane of Earth’s magnetosphere, rendered in OpenSpace to the left and in
ParaView to the right. The plane is cut on the x-axis with the value x=0 and the Bx data set. Bx
is the magnetic field density with respect to the x direction of the magnetic field. The normal
from Earth’s north pole is pointing upward.
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Figure 5.4: A cut plane of Earth’s magnetosphere, rendered in OpenSpace to the left and in
ParaView to the right. The plane is cut on the y-axis with the value y=0 and the By data set.
By is the magnetic field density with respect to the y direction of the magnetic field. The
normal from Earth’s north pole is pointing upward.

Figure 5.5: A cut plane of Earth’s magnetosphere, rendered in OpenSpace to the left and in
ParaView to the right. The plane is cut on the z-axis with the value z=0 and the Bz data set. Bz
is the magnetic field density with respect to the z direction of the magnetic field. The normal
from Earth’s north pole is pointing toward the observer.
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6 Discussion

This chapter highlights the methods of the work and how other alternative approaches and
solutions could have been beneficial to improve the results. Large parts of the pipeline for
integrating the simulation model GAMERA were new to OpenSpace and therefore time-
consuming to implement, this did not leave much time to explore different approaches. How-
ever, there are some parts of the methods that could be improved. The results were achieved
by using two different files for field lines and volume data respectively. The accuracy and
robustness of the methods used could be analyzed better if they were tested with a larger
diversity of data. The initial intention was to create a pipeline as general as possible for simu-
lation models using HDF5 file formats. This turned out to be challenging due to the structure
of HDF5 files and how the volume data from GAMERA simulations are stored. Another as-
pect that could be improved is error handling, as of now there are little to no solutions to
handle cases that are not supported by the pipeline.

6.1 Working with HDF5 files

The structure of HDF5 files is hierarchical which makes it suitable to organize and manage
data efficiently. HDF5 also supports a wide range of data types which enables complex data
structures and relationships. However, a disadvantage to this type of data storage file is the
lack of standardized data models. There is no universal standard for organizing and repre-
senting data within an HDF5 file which can lead to inconsistency and different variations of
how applications and file creators choose to structure the data. The way to access a specific
object is to get it by its name. This led to having to hardcode the names of the desired groups
in the reader components which is not preferred. Due to this, the reader is currently adapted
to read data files from GAMERA which opposed the goal to develop a reader that was gen-
eral enough to use with other simulation models. A solution to avoid the hardcoded names
could be to make it a changeable value for the user to set in the user input step. In that case,
the user could provide the hierarchical pathway to the data sets that are of interest for the file
that the user wants to read, this however opens up more room for user errors. It takes for
granted that the user knows the names and what objects the component needs to perform the
reading and slicing. However, it could be a possible solution for reading different types of
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HDF5 files that would work for more experienced users, and the required object names could
be documented and accessible to the user.

6.2 Cutting volumes

In the files containing GAMERA volume data, the data for the volumes are cell-centered, this
means there is no data on the outer edges of the volume. An interpolation step is included
when slicing the volume on coordinates where there are no data points. The interpolation
step takes a slice of the data points before and one slice of the data points after the desired
slice. This is not possible if the user wants to slice on one of the outer edges of the volume.
Due to this, there is no current support that allows the user to create a slice on the outer edges
of the volume. One solution to this could be to take the data from a slice made from the closest
set of data points. This would however result in incorrect visualizations. Another alternative
would be to predict the values that could have been before the outer edge. This could be done
with some algorithm that calculates the deviations and patterns between all the data points
in the volume. This is an idea that was not further explored because this problem was not
something that was prioritized to solve.

One step length, a cell length in the volume grid, is two RE. So there is a data point for ev-
ery two Re. Every slice in between these points is only an estimation computed with linear
interpolation and not scientifically exact values. This implies that the slices made through
interpolation are not as trustworthy as the slices made right on the data points. Linear inter-
polation was chosen for its simplicity and with agreement from the experts it would be suffi-
cient enough to estimate the missing values. Additionally, alternative interpolation methods
were never considered due to the limited time left of the project work. An evaluation of what
interpolation method would be best fitting for the data sets would be beneficial to get the
best possible interpolation resolution, in that case, the correctness of the cut planes could be
improved.

6.3 Results in OpenSpace and ParaView

When rendering field lines in OpenSpace and ParaView the same data properties were used
as well as an identical color gradient. When observing Figure 5.1 and Figure 5.2 there is
a slight difference in color perception. In the image from OpenSpace, the colors are more
vibrant and the white is overtaking a larger space in the middle of the group of field lines.
Whereas in the picture from ParaView, the colors are more muted and less white in the body
of the field lines. Developers of OpenSpace verified that this is a known issue when rendering
several field lines or trails on top of each other. A possible reason for this difference could
be that the two software have different techniques for blending in their rendering pipelines.
Another reason could be if ParaView renders the field lines dependent on depth and position
to other field lines whilst OpenSpace does not. ParaView’s depth-aware rendering may lead
to more accurate and visually appealing results. In contrast, OpenSpace’s approach, which
may not consider depth and position when rendering field lines, could result in differences in
color perception and visual artifacts, especially when multiple field lines overlap or intersect.
These differences relate to how the two software tools implement blending and depth sorting
in their rendering pipelines. The difference could also be a result of external aspects such as
different lighting, occlusion, and ambient in the rendering environment.

This color difference also applies to the rendering of the cut planes, as seen in Figure 5.3,
Figure 5.4 and Figure 5.5. The experts have confirmed that the result in OpenSpace is more
detailed and the appearance is as expected.
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6.4 Future work

Initially, there was an ambition to enable real-time interaction with the cut plane through the
graphical user interface. However, due to time constraints, this feature was not fully devel-
oped. The lack of tools for interacting with the rendered cut plane limits its usability and
purpose. If users could modify transfer functions and color ranges directly from the graphi-
cal user interface, it would enhance their comprehension of the data. In essence, this would
provide more opportunities to explore the data, improving the user’s ability to analyze and
understand it. Enabling users to interact with cut planes through the graphical interface not
only enhances the accessibility of complex data visualization tools but also expedites the re-
search and analysis process. A better understanding of data is a fundamental and valuable
aspect of research, and it can have several important benefits for researchers. One of the bene-
fits could be the ability for researchers to make more informed and evidence-based decisions.
Furthermore, when researchers understand their data well, they can communicate their find-
ings more clearly and effectively. An additional future extension to the work would be to
make it possible for the user to cut the volume during run time.

It could be beneficial to add the functionality to save cut planes in OpenSpace between runs.
This feature would entail the capability to preserve the rendered cut plane within the scene
during the rendering process, enabling users to make direct comparisons between different
cut planes within the same scene. Alternatively, an approach would involve the development
of functionality to store an image of the cut plane locally. This would provide users with the
means to save and access the cut plane visualization separately, thereby supporting further
analysis and examination of the data. By incorporating such functionality, OpenSpace would
enhance its capacity for facilitating in-depth data analysis and exploration, offering users in-
creased flexibility and options for studying and interpreting volumetric data sets. As a result,
this enables support for researchers in exploring various hypotheses and testing different sce-
narios. In addition, OpenSpace may be used in education or for collaborative research. The
capacity to save and share cut plane views could support educational purposes and collabo-
rative efforts, where users can discuss and learn from specific cut plane perspectives.

As of now the ways to cut the volume are limited to the cut plane being parallel with one
of the coordinate axes. In other words, the cut plane can only be oriented in a way that it is
perpendicular to one of these axes, and it can not be rotated or oriented at arbitrary angles.
This limitation restricts the flexibility for slicing or exploring the volume data from different
angles. It also limits the system’s ability to provide users with a broad view of the data. A
solution to this could be using a plane equation for identifying the cut plane. Furthermore,
this could allow users to gain unique insights and explore data from different perspectives.
This capability could be of value, especially in research scenarios where a more thorough
understanding of the data is the primary goal. Exploring how to enable the user to cut the
volume at every possible angle was neglected due to time constraints but this is interesting
to explore further as a future work.

Another way to visualize the volume data and make it more interactive for users could be
to render the full volume and then slice it during run time. Moreover, making a selection
on what data points shall be visible and not would enable the ability to choose specific posi-
tions of the volume to display or run during run time. This interactivity allows users to focus
on and visualize the data that is most relevant or interesting to them, making the visualiza-
tion more tailored to their needs and preferences. It would however lead to questions about
performance and render time if the input volume files are very large. This is because large-
volume data files contain a high amount of information, which demands more computational
resources for real-time slicing and rendering. The render time increases noticeably with the
size of the data set, potentially resulting in a less responsive user experience. Moreover, such
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operations can extend system performance, causing slower response times, potential system
lag, and decreased interactivity.

One aspect that needs improvement relates to the error handling and robustness of the com-
ponents. Not enough attention has been given to dealing with invalid user inputs and corrupt
files, which has resulted in potential system errors, crashes, and data integrity problems. A
possible solution is to implement a strong validation process for user inputs. This validation
system would act as a protective measure against the entry of incorrect data into the system.
When user inputs are not properly validated, there is a significant risk of introducing inac-
curate or inconsistent data, which can undermine overall data integrity. By implementing a
robust validation process, it can be ensured that only valid data is allowed to enter the system.
Furthermore, the reliability of the system and user experience can be enhanced. These im-
provements could minimize disruptions, ensure data integrity, and contribute to the overall
stability and dependability of the system.
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7 Conclusion

This chapter answers the research questions presented in 1.4. Through results, it has been
proven that it is possible to integrate the GAMERA simulation model into OpenSpace. With
the development of new components and the use of existing components data from GAM-
ERA simulation runs have been rendered in the form of field lines and cut planes. This
provides a new way for researchers to analyze and interact with the data from GAMERA
and has brought knowledge to what steps are necessary to pipeline the integration of a new
model into OpenSpace.

Can data output from GAMERA simulation runs be integrated into OpenSpace in a way
that favors future integration of simulation models using the same file formats?

The data output from GAMERA simulation runs are successfully read and visualized in
OpenSpace. Creating a component suitable for reading the data files was done by exam-
ining the hierarchy of the HDF5 file in an external software and based on that structure a
reader was built to access the data.

Considering there is no universal standard for organizing and representing data within a
HDF5 file, with the method used in this work it would be challenging and time-consuming
to make readers general enough to read files with different structures and object names. In
this case, it would possibly be achievable by restructuring the component in a manner that
requires the user to supply specific object names for the groups, attributes, and data sets in
the file. If other simulation models utilize the same names and structure for their data, the
reader can be used successfully for those files as well. In conclusion, it can be concluded
that a reader developed in this manner is not general enough to support other simulation
models that have different file structures. However, if further development was made to
facilitate more user inputs, large parts of the component can be used to favor development
for integrating simulation models using HDF5 files regardless of how the file is structured.
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As of now, rendering planes in OpenSpace is done with pre-generated planes textured
with images. What advantages does it bring OpenSpace and its users to be able to render
a cut plane from a volume?

There are several benefits to both the software and its users when it is possible to render
cut planes from a volume in OpenSpace. From the expert’s evaluation, this augmentation
stands as a pivotal stride toward enhancing the fidelity and precision of volumetric data
representation. This enhanced accuracy though the data-based texture, facilitates a deeper
understanding and analysis of the data, enabling users to extract more detailed information
and insights in research.

Secondly, by reducing the volume of a plane, it offers users the flexibility to adjust both the cut
plane’s position and orientation. This, in turn, enables a more precise examination of specific
areas of interest within the volume. Additionally, this facilitates the identification of com-
plicated patterns or correlations that cannot be detected by a traditional three-dimensional
rendering.

In addition, the cut plane functionality contributes to a wider range of scientific and teaching
functionalities within OpenSpace and will expand the software’s uses. This functionality can
be used by researchers and teachers to display slices of volumetric data sets, favor the com-
munication of research ideas as well and favor dialogue between collaborative teams. The
ability to render a plane from a volume in OpenSpace will further enhance the software’s vi-
sual capabilities, allowing users to experience more interaction and depth in their exploration
activities, and broadening the scope of applications for science and education.

Concluding Words

The project aimed to integrate GAMERA into OpenSpace by identifying a suitable pipeline
for data extraction, data management and visualization. Even though the ambition was to
create a pipeline general enough to favor the integration of other simulation models, which
was not achieved during this work, GAMERA has successfully been integrated. The result
is that data from the simulation runs can now be explored in the form of field lines and cut
planes.

In conclusion, the integration of the GAMERA model into OpenSpace represents a step for-
ward in space weather research, it enhances the ability to study and understand the complex
dynamics of the Earth’s magnetosphere and its interaction with solar winds. By offering
enhanced visualization techniques such as field lines and cut planes, this project benefits sci-
entists and provides a valuable educational tool for a broader audience. It equips us with
another tool and wider knowledge to better understand and minimize the impacts of space
weather on our technological and societal infrastructure.
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