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E.O0 Executive Summary

At this time, most ephemeris generators available to the public require the user to
have a strong understanding of astronomical coordinate systems and the celestial
sphere. In general, current ephemeris databases calculate the positions of celestial
bodies in a spherical coordinate system. Most people, however, are familiar with the
Cartesian coordinate system and find spherical coordinates hard to understand. As
such, the current ephemeris databases are difficult to navigate, understand, and apply.

The goal of this project is to create a user-friendly ephemeris generator for the
earth and moon with both numerical and visual output. Another goal is to create a
stable platform for further investigations of earth-moon-sun interaction. To avoid the
instabilitesof N-Body si mul ations and the probl ems assc
positional calcul ations ar €his maasheeded tbroughKepl er
calculating positions at specific intervals using trigonometric functions. The final
program is written in DarkBasic, and has an interface layout similar to common
software. Because of this, an ephemeris generator has been created that bridges the
gap between high powered scientific and amateur investigation, satisfying the need for
an accurate generator that is easily utilized and installed on a home computer. At the
time of this writing no other ephemeris generators are known to have visual output while

providing a stable environment for further research.
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1.0 Introduction
1.1  Purpose
Due to the apparent lack of user-friendly ephemeris generating software, this project
develops an accurate mathematical model of the sun-earth-moon system and applies it
to a program with numerical and visual output. The visual output aides the amateur in
understanding the numerical ephemeris data, and also serves as a base for future
studies. Current ephemeris software generally outputs in spherical coordinates®, yet
most people are more familiar and comfortable with Cartesian coordinates. As such, all
output data is in Cartesian coordinates.
1.2 Scope
To reduce complications, only the sun-earth-moon system is modeled. This assumes
that the earth-moon system
receives no interference from other
bodies in the solar system and
farther reaches of space. To
further simplify the calculation
process, the assumption is made
that the sun has infinite mass
compared to the earth-moon

system. Figure 1.1, courtesy of Dr.

@ < Approx. size of Earth

Elizabeth Kallman, provides a good [Ege[VR M
visual representation of why this assumption was made. This assumption also allows a

perfect heliocentric coordinate system to be created; otherwise, the system would
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originate at the barycenter of the sun-earth-moon system. Baseline calculations will be
synchronized with the J2000 coordinate system to easily compare with other ephemeris
data.

1.3  Computer Program

The final program is written with the DarkBasic Programming Tool. This language is a
modified form of Basic that compiles in C++. It is well suited to this project because it
provides good visual modeling along with the ability to perform complex mathematical
calculations. The final program has been created from scratch and required the input of
all team members. Because of the complex calculations involved with the mathematical
model, and the nature of three dimensional computer programs, the final program is the

result of work between project mathematicians and programmers.
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2.0 Project Proposal
This project develops a three-step process for the creation of an accurate model of the
sun-earth-moon system. At this time, there is a need by amateurs and professionals
alike for a user-friendly ephemeris generator that can also serve as a baseline for other
work. As such, this model shall be functional as an ephemeris generating software and
will be able to be applied to other investigations involving the sun-earth-moon system.
Step one creates the various mathematical functions utilized in calculating the orbit at
specific intervals. This will be performed with the assistance of the Microsoft Excel
spreadsheet program, and the functions will be validated through a singular orbit
calculation. Step two incorporates the functions developed in step one into a simple
looping computer program. This allows for quicker calculations, self-adaptation, and
visual output. During this step, the orbital calculations will be tuned to a finer degree of
accuracy. Step three will build on step two by forming a user interface infrastructure
around the calculation program. This final program will fulfill the need for an accurate
ephemeris generating software which outputs visually and numerically and can be

utilized for further astronomical studies.
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3.0 Analytical Methodology
3.1  Mathematical Development
Due to the need for an accurate and stable ephemeris generator, it was decided to
create a model of the system rather than a simulation. Generally, a simulation is a
recreation of spatial interactions, such as velocity, momentum, and acceleration due to
gravity, whereas a model makes calculations based upon physical constants.
Simulations are not only more complicated, but they are also more likely to become
unstable and develop anomalies. A properly executed model, however, will always
perform consistently: a major advantage in developing a stable environment for other
studies. Although some accuracy is lost, the consistency, dependability, and simplicity
of a model more than makes up for this when compared to the inherent instability of a
simulation.
To understand the development of this model,
The first, and most cruci al for this model,
ellipses, at one focus of which the sunissitu at ed . 0 The second | aw st
vector joining each planet with the sun descr
for a given time period the orbiting body fAsw
third | aw st at eesmeanilidtamees of thebplarets wom the $un are equal
to the squares of their tfmes of revolution a
Put simply, t he model was devel oped to fulfil
onto a mathematical ellipse. This was accomplished by finding the radius, r, between
the sun, f;, and the body, P, for any given angle, d, on the ellipse. Figure 3.1 provides a

clear visual representation of an elliptical orbit, while also showing the geometric center
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of the orbital ellipse, line AB,t he semi maj or axis | engt h, a, an
geometric center, c. Note that in this model, peri hel.
d=180, or ~ radians.
ellipse equation must be modified
r ¢ in order to solve for r. By doing so,
A C fi
_ [ / it is found that
) | r =% (For a full
Figure 3.1 solution, see Appendix I)
This now allows for the calculation of position at any predefined interval, perhaps one-
half of a degree. The smaller the intervals, the bettertheell i pseds resol uti on
ultimately, the more accurate the orbit.
At this time it should be noted that, as opposed to popular belief, the earth does not
directly orbit the sun. The earth and moon share a common center of mass, which will
be referred to as EMCOM from now on, and it is that point which actually orbits the sun.
The earth and moon make much smaller orbits around EMCOM. If, as in this project,
the goal is to have a heliocentric coordinate system, the positional calculations are
performed by splitting the computations into two systems and solving each one
i ndependentl| y. Using the radius function des

sun can be found. This is already in a heliocentric coordinate system so no further
computations are required. The earth-moon system is only slightly more difficult to
solve. The desired outcome is for the earth and moon orbits to be defined around
EMCOM, that is, with EMCOM as the origin. The difficulty is that current databases

descri be totbital paraneters m relation to the earth® a geocentric system.
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EMCOMOG s | ocati on bet ween t he earth and

masses and the total system mass that can be multiplied by the earth-moon radius at

any interval to find EMCOMO6s di stance from the chosen

the earth and EMCOM and the moon and EMCOM are found. The angles can remain
the same, but it must be noted that the earth and moon will always be 180° opposed to
each other. For a better understanding of the above process, see Figure 3.2 or
Appendix |. Note that the above processes resulted in the determination of a radius at a

specific angle. These are polar coordinates and must be converted to Cartesian

mo O n

body

coordinates. Recalling Figure 3.1and t hat d=0 occurs at peri hel

positions can be found through

Foarth oo the simple trigonometric
- e | functions,
earth M T M earth-moon
Earth earth moon
M X = Cc0osd
r = moon r
oo Meanh+ Mmoon earirmoon Moon y = r Sine
|
EMCO \ Since the model assumes an
isolated, sun-earth-moon system,
the angle of the ecliptic can be

l'earth-moon

Figure 3.2 . )
9 considered relative and set to

zer o, so EMCOMG6s z position also assumes

orbital plane, however, should be taken into account. That means the previously

calcul ated radi. become the absol ut &ithrthed i i

absolute radius held constant, the true x and y positions projected onto the xy plane

change as the angle of the absolute radius is changed. A horizontal radius projection of
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the absolute radius onto the xy
plane must be found, as in Tabsolute

Figure 3.3. This is a cosine

function where Z Position

=T cosy,

rhorizontal absolute

Y Position

The x and y positions can then X

X Position

N

Thorizontal

be calculated through the

d>
standard method,

Figure 3.3

X= rhorizontal COS@Z

Y = l'orizontal SINGs

These calculations were performed in a spreadsheet program with intervals of less than
one degree. It is interesting to note that this solution method is bound by observable,
guantifiable data, and that it came about by a unique split-solution method by intervals.
This method was completely developed from scratch. For a detailed mathematical
solution, see Appendix I.

3.2 Orbital Calculator

As mentioned above, all calculations were first performed in a spreadsheet program.
After the calculation of a single EMCOM orbit (one year) it was decided that the project
required a more flexible program to perform calculations. A DarkBasic computer
program was written which incorporates all of the mathematical models. A flowsheet of
the programdébs operation can be seen in
intention for this program to have any user input or visual output. However, it was later
decided to incorporate visual output to augment numerical output and to allow the user

to input a start year for better validation of long-term calculations. The start year should
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Figure 3.4
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Orbit
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A

B O
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Earth's
Orbital Period
Lunar
Orbital Period

Lunar
Orbital
Inclination

Paosition Cale

Pasition Cale

not be confused
with a date

chosen to begin

ephemeris data,
rather, it
calculates future

orbital parameters
and applies them
to the model. The
flexibility of this
program exceeds
expectations and
has allowed for
the calculation of
various long-term
cycles such as
precession  and
orbital recession.

Simply put, the

program is SO

flexible that it allows for a level of self-adaptation. Almost all functions are contained in

a do loop, so the arrangement of calculations is not as critical as in other programs.

Nevertheless, functions requiring input from previous calculations are placed towards
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the end of the loop and initial calculations are performed near the beginning.
Troubleshooting was done by observing and searching for both visual and numerical
inaccuracies. Problems were solved through hand calculations, which were then added
to the program, and a recheck performed for similar results between the hand
calculations and computer calculations. This program bridges the gap between the
mathematical solution methods and the final ephemeris program to be described next.
3.3  User Interface

The user interface combines with the orbital calculator to create a three dimensional
program that can be utilized by having basic home computer skills. It allows for a high
degree of user control and interaction that the orbital calculator does not and cannot
provide. The user interface layout is similar to current Windows type applications, with a
menu bar at the top of the screen, a data window with three tabs to select the display of
certain information, and a media player-like start/stop control. Along with the ability to
fast-forward, rewind, and pause, the user is able to save ephemeris data to printable
text files, reload ephemeris data, and reset the program to its default start values.
Except for formatting, the numerical output of the user interface is comparable to the
orbital calculator. The only numerical input is the ephemeris start date (which can either
be the current date and time or a custom date). All mouse action and button selection is
also program input and the output is a change in the environment on the screen. For
example, if the user selected the fAFileo butt
opening of the file menu and the appearance of another selection of buttons. Since the

user interface is a program designed to allow the user to interact with the orbital
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calculator, proper functioning is validated through trouble free operation of the program,

not mathematical comparison.

Specifically designed for this project, the user interface incorporates single line string
writing to the softwareds file management
organized files to be written, which in turn is helpful for the user. The program performs
numerous repetitive calculations, so it naturally incorporates a repeating loop. A do loop

was chosen for its effectiveness and ease of operation. The final performance of the
program is reliant on several computer resources. To function correctly, the user
interface requires a minimum of 64 MB of RAM, DirectX 7.0, and a Windows operating

system.
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40 Results
4.1  Computer Calculations
With a project such as this, the results of the computer calculations do not necessarily
impact the overall final results of the project. Basically, the numerical accuracy of an
ephemeris generator does not affect the functioning and stability of the program. This
means the orbital calcul atorés operation dire
while the User Interface affects the final function. This two-program solution method
greatly reduces the stress on each individual program and results in a much finer piece
of software. As such, the results of the computer calculations will be discussed in two
parts.
4.1.1 Orbital Calculator
As discussed in a previous section, the orbital calculator incorporates all of the functions
originally created in the spreadsheet program. Because of this, the orbital calculator
outputs the same data as the excel sheet and hand calculations. Once the long-term
changes in orbital parameters were incorporated into the program, the calculator began
to continually change and adapt its orbit calculations. Because the calculator was only
intended to bridge the gap between calculations and the final user interface, only the
current year and positional data is outputted.
Even though the program successfully incorporated the equations from excel, it was not
immune to problems and programming flaws. The first major problem occurred while
creating a function for calculating and counting the current year. During the first few
orbits, all appeared to operate correctly. However, after roughly five orbits, the year

counter would begin to count backwards at an exponential rate. Eventually, it was
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concluded that the problem was caused by some remaining code from a previous

version of the counter creating negative interference for a crucial variable. The problem

was solved by deleting the offending lines of code. The second problem had been

occurring since the first version of the orbital calculator was written but went unnoticed

for a long period of time. It was finally noticed that when EMCOM had made a full orbit
(d=360A), t he earth and mo o n woul d Aj umpo t
experimentation with different variables, it was found that the glitch was caused by a

DarkBasic wrapvalue c o mmand whi ch reset the interval, d
value of 360. This was causing the earth and moon to reset to their start positions and

not continue in their orbit. The wrapvalue command was deleted and the problem was

solved. The final problem encountered was the most difficult to solve and was known

as the Afirst yearo glitch. The glitch Dbecan
start date beyond 3000 A.D. For EMCOMG6s firs
the reference year 2000. In the following orbit, however, the parameters were correctly

calcul ated for the current year, so a | arge
Then, during the following orbits, the orbital parameters were recalculated at an

exponential rate resulting in an inaccurate and unstable model. It was found that

various lines of code in the year counter were adversely affecting the functions

calculating the current orbital parameters. A reassignment of variable names finally

solved the problem. No other problems have been encountered and the orbital

calculator functions extremely well.
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4.1.2 User Interface

Once a result has been reached using the interface, there are several functions
available to manipulate the data. The user has the option to save the information, to

print it as hardcopy, or the possibility to reset the interface. Unlike other ephemeris data,

the interface outputs in a simple, easy to understand format. The functions built into
DarkBasic allow for a limited file manipulation platform, but by combining those
functions with a graphical user interface, the same functionality can be had as major

brand software (such as Microsoft office). The most common, and overlooked, problem
encountered was the fdfofffbyoyomem@oerraogmrocdhes f
operators are not used correctly. When an internal variable, x, should not be equal to

zero, the conditional statement reads,

if x>1 then x=x-1

However, if the statement reads

if xO01 -then x=x

then eventually x will be set equal to zero. This became a problem when trying to divide

by x. Another problem encountered was creatin
p a r it tekecconcept of making images move independently at gradual speeds. This was
overcome by appl yi ng preset values to a dimension
values to move the menu options up and down.

4.2  Graphs, Tables, and Figures

This report incorporates a number of visual aids which were used throughout the project

to analyze data and check for correct program function. Other visual aids, such as the

program screenshots, are included to provide a better understanding of the visual

Sun-Earth-Moon 13 March 29, 2009



quality of the programs. Figure 4.1 is a screenshot of the original excel spreadsheet.

Note the one-degree interval calculations. Later calculations, on sheets whose tabs can

@] File Edit View Insert Format Tools Data ‘Window Help Type a que:
NGRS B] 9 A - @ [l w10 x| B U |EEI=ES %= mo A B
=) 5 A =D5/C5
£ ] c D E F g H [ ==
1 | Interval (Degrees) | Interval (Radians) | Denominator | N or | Sector Radius (km) | Sector Radius (m) | Arc Length?| Arc Length |[Avg. Sector Radius|
2
3 0 0 1.01670E-+00 [1.48459E+08 1.46020E+08 1.46020E+11 1.96033E+16| 1.40012E+18 1.46020E+08
4 1 0.017453293 1.01670E+00 [1.48453E+05 4B020E+18 1.46020E+11 1.96035E+16| 1.40012E+08 1.46021E+08
5 2 0.034906585 1.01669E-+00 |1.48459E+08 4B022E+18 1.46022E+11 1.96039E+16| 1.40014E+18 1.46022E+08
5} 3 0.052359878 1.01668E+00 |1.48459E+08 4B023E+18 1.46023E+11 1.96044E+16| 1.40016E+18 1.46025E+08
7 4 0.06981317 1.01666E-+00 |1.48459E+08 1.46026E+08 1.46026E+11 1.96052E+16| 1.40019E+08 1.46028E+03
8 5 0.087266463 1.01664E+00 |1.48459E+08 1.46029E+08 1.46028E+11 1.96062E+16| 1.40022E-+18 1.46031E+08
9 6 0.104719755 1.01661E-+00 [1.48459E+08 1.46033E+08 1.46033E+11 1.96074E+16| 1.40026E+08 1.46036E+08
10 7 0.122173048 1.01658E+00 [1.48459E+08 1.46038E+08 1.46038E+11 1.96088E+16| 1.40031E+08 1.46041E+08
11 8 0.13962634 1.01654E+00 [1.48459E+08 1.46043E+08 1.46043E+11 1.96103E+16| 1.40037E+18 1.46046E+08
12 ) 0.157079633 1.01649E-+00 |1.48459E+08 1.46050E+08 1.46050E+11 1.96121E+16| 1.40043E+08 1.46053E+08
13 10 0.174532925 1.01645E-+00 [1.48459E+08 1.46056E+08 1.46056E+11 1.96140E+16| 1.40050E-+18 1.46060E+08
14 11 0.191986218 1.01639E+00 [1.48459E+08 1.46064E+08 1.460B4E+11 1.96162E+16| 1.40058E+18 1.4606BE+08
15 12 0.20943951 1.01634E-+00 [1.48459E+08 1.46072E+08 1.46072E+11 1.96185E+16| 1.40066E+08 1.46077E+08
16 13 0.226892803 1.01627E+00 [1.48459E+08 1.46082E+08 1.46082E+11 1.96210E+16| 1.40075E+18 1.46086E+08
17 14 0.244346095 1.01620E-+00 [1.48459E+08 1.46091E+08 1.46091E+11 1.96238E+16| 1.40085E+08 1.46097 E+08
18 15 0.261799388 1.01613E+00 [1.48459E+08 1.46102E+08 1.46102E+11 1.96267E+16| 1.40095E+08 1.46107E+08
19 16 0.27925268 1.01605E+00 |1.48459E+08 1.46113E+08 1.46113E+11 1.96298E+16| 1.40106E-+18 1.46119E+08
20 17 0.296705973 1.01597E-+00 [1.48459E+08 1.46125E+08 1.46125E+11 1.96331E+16| 1.40118E+18 1.46131E+08
21 18 0.314159265 1.01588E-+00 [1.48459E+08 1.46138E+08 1.46138E+11 1.96366E+16| 1.40131E+18 1.46144E+08
22 19 0.331612558 1.01579E+00 |1.48459E+08 1.46151E+08 1.48151E+11 1.96402E+16| 1.40144E+08 1.46158E+08
23 20 0.34906585 1.01569E-+00 [1.48459E+08 1.46165E+08 1.46165E+11 1.96441E+16| 1.40157E+08 1.46172E+08
24 21 0.366519143 1.01559E+00 [1.48459E+08 1.46180E+08 1.46180E+11 1.96481E+16| 1.40172E+18 1.46187E+08
25 22 0.383972435 1.01548E+00 | 1.48459E+08 1.46195E+408 1.46195E+11 1.96524E+16| 1.40187E+08 1.46203E+08
26 23 0.401425728 1.01537E+00 [1.48459E+08 1.46211E+08 1.46211E+11 1.96568E+16| 1.40203E+08 1.46219E+08
27 24 0.41887902 1.01526E+00 |1.48459E+08 1.46228E+08 1.46228E+11 1.96614E+16| 1.40219E+18 1.46236E+08
28 25 0.436332313 1.01514E-+00 [1.48459E+08 1.46245E+08 1.46245E+11 1.96661E+16| 1.40236E+8 1.46254E+08
29 26 0.453785606 1.01501E-+00 [1.48459E+08 1.46263E+08 1.46263E+11 1.96711E+16| 1.40254E+08 1.46273E+08
30 27 0.471238893 1.01488E+00 |1.48459E+08 1.46282E+08 1.46282E+11 1.96762E+16| 1.40272E+18 1.46292E+08
3 28 0.488692191 1.01475E+00 [1.48459E+08 1.46301E+08 1.46301E+11 1.96815E+16| 1.40281E+08 1.46311E+08
32 29 0.506145483 1.01461E+00 [1.48459E+08 1.46321E+08 1.46321E+11 1.96870E+16| 1.40310E+18 1.46332E+08
33 30 0.523598776 1.01446E+00 [1.48459E+08 1.46342E408 1.46342E+11 1.96927E+16| 1.40331E+18 1.46353E+08
34 31 0.541052068 1.01431E+00 [1.48459E+08 1.46363E+08 1.46363E+11 1.96985E+16| 1.40351E+08 1.46374E+08
hel 27 N EEAENE2R1 A N1AMEFENN 11 AQARQFNQ 1 AR2QEFND 1 ARREF 11 A Q7NARFE L] 1 ANATAELND 1 AR2QATE N2 v,
W <« » WNEMCOM { EMCOMequations 4 Moon { EarthMoonSysternl 4 EarthMoonSystern2 4 HelioCentricSystern / 1( |
Ready

Figure 4.1
be seen on the bottom left portion of the image, were performed using smaller intervals.
To check that data and the correct functioning of the radius equation, a graph was made
of all calculated radii between zero and 360 degrees. Since the path described by an
ellipse is basically a modified circle, the graph was expected to output a modified sine or
cosine curve. Figure 4.2 shows the results and validates correct functioning of the
radius equation. To double-check these results, the spreadsheet data was exported to a
Microsoft Notepad document. That document was then incorporated into a two

dimensional GnuPlot graph. As can be seen in Figure 4.3, the data correctly defines an
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elliptical orbit.

Once the Angular Position vs. Distance From Sun
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X=TrCcosY and
y=rsind Figure 4.3

equations. Upon completion of the orbital calculator, positional data for one year was
exported to Notepad and incorporated into a series of two and three-dimensional
GnuPlot diagrams. Figures 4.5 and 4.6 show the results. Observe how the moon
performs a series of loops about EMCOM which look like flower petals. This is not how
the moon truly orbits EMCOM, and the error is due to different scale factors between the

earth-moon orbit and the EMCOM-sun orbit. Figures 4.7 and 4.8 show the results of
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