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Summary

Spatial communication analysis tools are incredibly useful resources to have when planning a space
mission. Every single mission that leaves Earth needs a way to send its data back down and every mission’s
requirements on how that will be accomplished is different. Being able to analyze how existing assets can
provide services independent of a specific mission can be key in that process. Most current commercial
software packages contain spatial analysis capabilities but go about the analysis in a way that is not the most
efficient and can skew the results provided. NASA’s Space Communications and Navigation (SCaN)
Strategic Center for Networking, Integration, and Communications (SCENIC) seeks to solve this problem
and provide analysis capabilities by using both internally developed and open-source software. This allows
incredible flexibility and customization and hugely reduces licensing costs. Using MATLAB®
(MathWorks®) and Orbit Determination Toolbox created by Goddard Space Flight Center, SCENIC is able
to perform many node-based functions currently. Analysis utilizing the spatial tools in SCENIC allows a
meaningful analysis of the capability of communication network assets in a way not seen in current
commercial software packages. This paper discusses the verification activities associated with generating
the spatial grid point definition utilized in these analysis capabilities within the SCENIC user interface (Ul).

Nomenclature

FOV field of view
SCaN Space Communications and Navigation
SCENIC Strategic Center for Networking, Integration, and Communications

ul user interface

Symbols

A area

Axy.z X, Y, or z coordinate of A vertex

a segment length (across from vertex a)
b segment length (across from vertex b)
Bxy.: X, Y, or z coordinate of B vertex

c segment length (across from vertex c)
Cxy.z X, Y, or z coordinate of C vertex

D distance

Oyy.z coordinate set of the centroid of a triangle
S half perimeter of a triangle

“Pathways Intern at NASA Glenn Research Center
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1.0 Introduction

The necessity for proper spatial analysis of communication systems is a pressing problem. When
designing a system or performing system analysis, it is not always known what existing assets can
provide to a new mission or how they can be improved to better serve the network. This is where spatial
analysis becomes an incredibly useful tool. Spatial analysis does not require the engineer to have full
knowledge of what the new elements will look like prior to analysis, but allows them to analyze the
capability of the system, visualizing and producing data for what the signal will be like when projected
onto a volume of altitude around a body.

Various commercial software packages for space systems analysis currently have this capability, but
there are several downsides to how spatial analysis is implemented in commercial software packages. In
order to generate the spatial volume of analysis interest to perform the analysis over, most commercial
software generates a grid of points around the body where each point is a vertex on a rectangle, laid out
similarly to latitude and longitude over a body. Though this type of grid is by far the easiest to implement,
it creates several problems. The first of these problems created by using a square grid is oversampling of
data at the poles. Attempts are made to solve this issue by applying a weighting factor to the grid of points
that is dependent on the cosine of the latitude. While this does solve some of the problems of the unevenly
clustered points, it does not fully provide a solution, as the weighting causes the points and the north and
south poles to be zero. The Space Communications and Navigation (SCaN) Strategic Center for
Networking, Integration, and Communications (SCENIC) seeks to solve these existing problems by
utilizing an icosahedral grid that is generated in MATLAB® (MathWorks®) with user-defined parameters
and then feeding that grid into the spatial analysis tools (Figure 1). This not only cuts down on software
costs, as commercial packages can be costly, but also enables high flexibility and customization of current
and future capabilities.

The spatial capabilities of SCENIC affect nearly all areas of its communications analysis abilities.
Besides communications, SCENIC performs orbit and trajectory propagation with tools that support both
of those functions, as it is important to not only analyze the communications capabilities of these space
systems but also to be able to know their current state. This knowledge provides better communications
data and enables some capabilities such as line of sight, which gives the user the ability to know when a
spacecraft is visible to their antenna and the window of time they have to communicate with it. In the
future, all of these capabilities will be enabled on into the SCENIC user interface (Ul).

SIS

Figure 1.—Spatial analysis tool grids. (a) Most commonly
used grid in spatial analysis tools where convergence of
points at poles is easily visible. (b) Strategic Center for
Networking, Integration, and Communications’ proposed
solution with no visible convergence of points at any
location on sphere.
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2.0 Methodology

The process to create the grid of points over which to do the analysis was driven by the desire to
create the aforementioned grid easily, quickly, and in a way that resulted in the most evenly spaced grid
of points as possible. This led to the utilization of an existing function, icosphere (Refs. 1 and 2). While
another function was originally considered, the initial function was found to have some slight
inconsistencies in the location of the points, which is described later in this paper. While the source of
these inconsistencies is unknown, it may be due to reliance on a separate subdivision function, which may
not have been the most accurate. This drove the search to find a different function. This function relies on
an existing MATLAB® (MathWorks®) definition of an icosahedron and projects the vertices onto a unit
sphere (Figure 2), outputting the new coordinates of the vertices. Depending on the desired resolution of
the grid, it subdivides each triangular face into four new faces by bisecting each side of the initial
equilateral triangle (Figure 3).

The output of this initial function contained the vertices of each triangular face. Though this is a
feasible way of creating the grid, it was decided to perform the analysis over a grid of points made up of
the centroids of each face for user friendliness. This was accomplished by sorting the vertices into faces
and then looping over each face with the centroid formula (Eq. (1)) to yield the centroid of each face in
Cartesian coordinates and sorting them into separate X, y, and z matrices before concatenating them into a
larger matrix containing the Cartesian coordinates for each centroid.

Axy,z +Bxyz+Cxy,z
3

A-A-A

Figure 2.—Example of icosahedron full subdivision up to second subdivision.

M)

Ox,y,z =

Figure 3.—Example of icosahedron face division up to second subdivision.
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From there, the points were then converted into latitude and longitude (while being kept a unit radius)
so the user could more easily specify a set of latitude and longitude coordinates to constrain the analysis.
A script was then created to verify that the points generated by the function were that of an icosahedron.
The function was verified by calculating the area of each face and comparing it to the areas of the other
faces. This was accomplished by sorting each face into A, B, and C vertices and then calculating the
distance from A to B, B to C, and A to C by using the distance formula (Eqg. (2)) looping over all faces.

2 2 2
D=\/(XA—XB) +(ya-vYe) +(za—128) @)
Finally, the area for each face was calculated by using Heron’s formula (Ref. 3) (Egs. (3) and (4)).

S_a+b+c
2 ©)

Az\/s(s—a)(s—b)(s—c) @)

Here, Heron’s formula is used because of the ease it offers when calculating the area of each triangle
given the side lengths, which were previously calculated. Since each triangle is not a right triangle but an
isosceles, it is logical to use side lengths, which were already calculated, instead of using the base length
and the height, which cannot be found with a single computation.

In the initial icosahedron, it can be assumed that the triangles are equilateral, as the definition of a
regular icosahedron describes. Each vertex is equidistant from the five other vertices, so the assumption
can be made that all 20 faces would have the same area. After the first subdivision, that assumption can
no longer be made. The icosahedron created is no longer regular, because during the first subdivision,
some vertices still touch the initial five other vertices but some (the new vertices) touch six other vertices
(Figure 4).

This creates an icosahedron of isosceles triangles instead of equilateral triangles with an increasing
number of differing side and area lengths with an expanded number of subdivisions.

Figure 4.—lIrregular icosahedron with
some vertices neighboring five other
vertices (red highlighted) and some
neighboring six (green highlighted).
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This creates an icosahedron of isosceles triangles instead of equilateral triangles with an increasing
number of differing side and area lengths with an expanded number of subdivisions.

The output files for the function were saved in .mat format to push into the subsequent functions so
that run time could be improved. In the .mat files, the data is contained in the form of a structure to allow
it to be compiled into the Ul and make each data set inside the .mat file able to be referenced inside of the
subsequent functions. Stored inside the .mat files is the latitude and longitude of each point as well as the
surface area of each face, so in the cases where the latitude and longitude is constrained and only part of a
face is visible if the centroid point is not within the user-specified area, the entire face will be rejected.
However, if the centroid is inside the specified area, the entire face is accepted and analyzed.
LineOfSightGrid is the first subsequent function that uses the generated grid points. Through
LineOfSightGrid, the portions of the grid that are visible over the desired simulation timeframe are
computed to allow the user to be able to analyze the geometric visibility of their communication assets.
The grid is edited inside the Ul through the following user-selectable parameters:

o Central body the grid is projected around

o Desired number of grid points

e Maximum and minimum latitude, longitude, and altitude
o Number of grid layers (delta altitude)

o Whether the antenna is omnidirectional

o Field of view (FOV) size

e FOV shift

These parameters allow the user to completely customize the desired grid type of grid and how the
analysis is done. This level of customization allows the user to determine the true capability of their
system without having to know exactly what ground stations are required.

3.0 Results

The results of the area test were output into a structure and then copied to Excel for easy viewing and
compiling of results. The grid generation function was tested through the third iteration (1,280 faces) due
to the sheer amount of data that would have to be gathered after the third subdivision. The results of the
area check can be viewed in the appendix.

Originally, it was anticipated that each face would have the same area. In the process of calculating
the area of each face to check that assumption, it was shown that this was indeed not the case, due to the
fact that after the first subdivision, the grid created can no longer be considered a regular icosahedron. If
that had been true, there would have been no need to apply weight to any of the points as there would
have been no clustering, as seen on the right sphere in Figure 1(b). Given that the faces are not of equal
area, some clustering will still occur. To combat this, some weighting was applied to the points. This
weighting is a function of the grid body’s radii and the surface area associated with each centroid face
grid. Even though weighting was applied, the distortion is still much lower than that seen with a square
grid (Figure 1). Overall, the weighting of the icosahedral grid is much less intensive than the weighting
that is required for the square grid to be statistically accurate. While there are existing grid configurations
that offer less distortion, such as the hexagonal grid (Ref. 4) and spiral grid (Ref. 5), the triangular
subdivisions are the most attractive in terms of ease of implementation as well as computation time.
Should the hexagonal method be implemented, the sides would need to be trisected as opposed to
bisected, adding more operations to the already computationally heavy program. The spiral method of
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generation, while attractive, has not been researched enough to be considered a viable method at the time
of publication. Even though they may not provide the most accurate analysis of each of the current
methods, the triangular subdivisions also offer an advantage in that the weighting of the points allows the
icosahedral grid to be better than the spatial analysis capabilities most commercial software packages
include.

It was also anticipated that with an increasing number of subdivisions, the icosahedron’s total surface
area would converge to the total surface area of the sphere it was approximating. This was reflected well
in the data and was tested for two different cases: a unit sphere and a sphere of radius 2.

In order to compare the two functions to each other, the z-axis points were plotted and compared. It
can be observed in Figure 5 that there is some deviation in the placement of the points as compared to
Figure 6, which is what was expected. This unexpected result pushed the search for a better method and
one was found that generated the expected result (Figure 6).

The second function found, though more accurate, took longer to generate the desired amount of
points. In order to make the functions relying on this one faster, .mat files were generated of each of the
different numbers of points, allowing each of the subsequent functions to simply call a .mat file with the
user’s specified number of points and load it into the workspace. For verification purposes, visualizations
were created of the grid projected around Earth of each of the datasets tested, as seen in Figure 7. In this
graphic, it can be observed that the points are not only being added but also pushed out to increase the
radius of the icosahedron to create a more spherical, ergo, more accurate model.
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Figure 5.—lInitial results of plotting z coordinates of centroids (from first function
explored) where points are clearly asymmetrical.
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Figure 6.—Plot of z coordinates of centroids from second function explored exhibiting
clear, expected symmetry.

Figure 7.—Visualization of grid points projected over Earth in original and next three subdivisions
(a) 20, (b) 80, (c) 320, and (d) 1,280.

4.0 Conclusion

With the added weighting, the grid can be considered to be a valid approach to this method of
analysis. Because the Space Communications and Navigation (SCaN) Strategic Center for Networking,
Integration, and Communications (SCENIC) is so versatile, accommodating many lunar and planetary
bodies as well as different grid resolutions (number of grid points), the exact weighting of the points is
not linear. Within the subsequent functions, it is defined as a function of grid resolution as well as the
radius of the body the grid is projected around.

The .mat files and supporting code developed will be used in SCENIC’s upcoming spatial analysis
capabilities. It has already been used in testing these capabilities (through LineOfSightGrid) in Spatial
Availability and Latency and will continue to be used in the future as new spatial analysis capabilities
come out, such as the Spatial Dilution of Precision. The .mat files allow the subsequent functions to work
independently without reliance on a separate function to generate the grid over again every time they are
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run, and they also allow updates to the type of grid to take place without too many major changes to the
subsequent functions.

There are a few opportunities for future work with this grid, one of the main ones being expanding the
amount of options available (not only the triangular-faced icosahedral form). The other types of grid
options available, such as the hexagonal or spiral grid (though requiring more backend work), might
allow for an even more meaningful analysis.
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Appendix
A.1l Icosahedron Approximating Sphere of Radius 1

Figure 8 to Figure 11 show the face number and corresponding surface area for various icosahedron
face counts and Table | to Table 1V list the surface areas for the corresponding face counts.

15

10 -

Number of faces

0479
Area

Figure 8.—Face number and the corresponding surface area for a 20-face icosahedron
approximating a unit sphere.
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40 |

Number of faces

20 +

0.139 0.165
Area

Figure 9.—Face number and the corresponding surface area for an 80-face icosahedron
approximating a unit sphere.
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Figure 10.—Face number and the corresponding surface area for a 320-face
icosahedron approximating a unit sphere.
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Figure 11.—Face number and the corresponding surface area for a 1,280-face icosahedron
approximating a unit sphere.

TABLE |.—TOTAL SURFACE AREA
OF THE 20-FACE ICOSAHEDRON
APPROXIMATING A UNIT SPHERE

Surface area
1c0Sahedron.........c.coveeeeveiieireieeenens 9.575

NASA/TM—2018-219993 10



TABLE II.—TOTAL SURFACE AREA
OF THE 80-FACE ICOSAHEDRON
APPROXIMATING A UNIT SPHERE

Surface area

TABLE I1l.—TOTAL SURFACE AREA
OF THE 320-FACE ICOSAHEDRON
APPROXIMATING A UNIT SPHERE

Surface area

TABLE IV.—TOTAL SURFACE ARE
OF THE 1,280-FACE ICOSAHEDRON
APPROXIMATING A UNIT SPHERE

Surface area

25

20

15

10

Number of faces

1.915
Area

Figure 12.—Face number and the corresponding surface area for a 20-face
icosahedron approximating a sphere of radius 2.

A.2  Icosahedron Approximating Sphere of Radius 2

Figure 12 to Figure 15 show the face number and corresponding surface area for various icosahedron
face counts and Table V to Table VIII list the surface areas for the corresponding face counts.
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Figure 13.—Face number and the corresponding surface area for an 80-face
icosahedron approximating a sphere of radius 2.
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Figure 14.—Face number and the corresponding surface area for a 320-face
icosahedron approximating a sphere of radius 2.
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Figure 15.—Face number and the corresponding surface area for a 1,280-face
icosahedron approximating a sphere of radius 2.

TABLE V.—TOTAL SURFACE AREA
OF THE 20-FACE ICOSAHEDRON
APPROXIMATING A SPHERE OF RADIUS 2

Surface area

TABLE VI.—TOTAL SURFACE AREA
OF THE 80-FACE ICOSAHEDRON
APPROXIMATING A SPHERE OF RADIUS 2

Surface area

TABLE VII.—TOTAL SURFACE AREA
OF THE 320-FACE ICOSAHEDRON
APPROXIMATING A SPHERE OF RADIUS 2

Surface area

TABLE VIII.—TOTAL SURFACE AREA
OF THE 1,280-FACE ICOSAHEDRON
APPROXIMATING A SPHERE OF RADIUS 2

Surface area
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