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Abstract
Although the amount of light received by sensors on the ground from Resident Spga¢RS0OEC
in geostationary orbit (GEO) is small, information can still be extracted in the form of light curves
(temporal brightness or apparent magnitude). Previous research has shown promising results in
determining RSO characteristics such as shapeefectivity, and attitude by processing simulated
light curve data with various estimation algorithms. These simulated light curves have been produced
using one of several existing analytic Bidirectional Reflectance Distribution Function (BRDF) models.
These BRDF models have generally come from researchers in computer graphics and machine vision
and have not been shown to be realistic for telescope observations of RSOs in GEO. While BRDFs
have been used fBpace Situational Awaren&&A analysis anctharacterization, there is a lack of
research on the validation of BRDFs with real Haitsresearcls focused on comparing telescope
data provided by Applied Defense Solutions, as processed l@fidiagirPhotometry In-Frame
calibration (EPIC) sotware, with predicted light curves based on the Ashirarnmze BRDF and
two additional popular illumination models, AshikiBhiney and Coekorrance. | computed
predicted light curves based on two line mean elements (TLES), shape model, aitéude prof
observing ground station location, observation time and BRDF. The selected BRDFS provided
accurate apparent magnitude trends and behavior, but uncertainties due to lack of attitude information

and deficiencies in our satellite model prevented uslitaming a better match to the real data.



Introduction

1. Motivation
Light curves, the observed brightness of an object over time, have been used for estimating
properties of space objects. The use of light curves to estimate the shafgedrdteroids has
been studied id]Jand B]. The use of light curves, can be applied to small and/or dim objects in
high-altitudeEarthorbits (e.g. geosynchronous orbit) as well. The apparent magnitude of an RSO is
a function of its size, orientatjand surface material properties. Consequently, one should be able
to estimate these characteristics using appropriate algorithms.
Attitude estimation using light curve data was demonstrated by Wetterer3arid Laafes et al.
[4], light curve datis used to estimate the shape of an RSO along with its rotational and
translational states usinglaltiple Model Adaptive EstimatiddNIAE) algorithm. The MMAE
contained a bank of filters with different hypothetical candidate RSO shape models. iBg comput
the likelihood associated with each hypothesis, the MMAE could determine which of the candidate
shape models is most probable given the observdlidiwege works used simulated light curves
produced using one of several existing analytic Bidia¢&eaflectance Distribution Function
(BRDF) models. These BRDF models have generally come from researchers in computer graphics
and machine vision and have not been shown to be realistic for telescope observations of RSOs in
GEO. While BRDFs have beendiger Space Situational Awareness (SSA) analysis and
characterization, there is a lack of research on the validation of BRDFs with regards to real data.
No work has attempted to compare results from distinct BRDFs with the data obtained thru telescope
obsevationsof RSOs. This comparisatiows us to further understand these illumination models
and the scope of their abilityapproximate reality. This reseaichs at estimating light curves by

propagating a set of RSOs thru a specified time rangeeasfuien a particulgroundstation and
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comparing them witbbserved datlkiom that groundstation. This research is not only aiming at
studying the approximation of each BRDF model to the real data, but it also provides an opportunity
to compare thaccuacyof the three selected models with each other. Although no consensus has
been reached on which of the three BRDF models usedprettpse r i s t he oO0best o0,
at revealing which model best resenthkeseal data collected for our palbaciRSO cases and

propagation.

2. Theory

A. Simulation Overview

The simulation used in this work consistdight curve generatingodel Themodel propagates
the translational and rotational motion of RSOs, including effects due teduhdaranityd Ear t hd s
gravity field, thirdbody perturbations, solar radiation pressure (SRP),-gradignt torques and
atmospheric drag. In order to compute SRP and drag perturbations, each RSO configuration used in
the simulation was modeled as a convex syfstiatptates. The forces on each plate were computed
individually and summed to compute the total acceleration and torque on the RSO. Several different
shapes of RSOs can be simulated in the measurement generator, including flat plates, cuboids, and

hexagnal prisms (which are meant to approximate cylinders) as shown in Fig. 1.
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Hexagonal Pnism Rectangular Prism

Figure IRSO Modeled as a Collection of Flat Plates

The RSO state is used to generate simulated measurements of an RSO, including apparent
magnitude, right ascension, and dgadim. The right ascension and declination are angles that define
the location of the object of interest on the celestial sphere, as defined at the J2000 epoch. The
apparent magnitude of an RSO, as measured by an observer on the Earth, is a furetmmuof the
of radiant flux received by the RSO from the Sun and of the fraction of light that is reflected in the
direction of the observer. This fraction is computed by summing the amount of light reflected by each
of thenflat plates that form tHeody ofthe RSO model.

The simulation includes the capability to model three different possible attitude profiles for the
RSOs modeled. These attitude profiles are-magospinning, nagmointing, and supointing.
These profiles are modeled by calculasnggd moment on the spacecraft at each time step, which
is then propagated by a 6 degree of freedom propagator to cause the RSO model to point in the

direction indicated by the selected attitude pfeditehis particular research, only npdinting

12



sdellites were studiglth addtion, the estimation models estended Kalman filters (EKFs) to
process the simulated measuremditts.fundamental concept behind an EKF states the notion
that the true state is sufficiently close to the estimated ottee armdr dynamics can be accurate

enough to be represented by a linearizedffitst Taylor series expansin [

B. Apparent Magnitude Model

The oObrightnesso6 of a celestial object is ac
F, receivd at the sensor from the object. The radiant flux is the total amount of light energy of all
wavelengths that crosses a unit area oriented perpendicular to the direction of the light's travel in
unit time. It can be shown that an object's apparent ma&gnitucklated to the radiant flex

received from the object by

Q

aF
m=m,, -2.5log, o — @
OQ sun

where the apparent magnitude and radianofline Sun isn = 26.74and F,,, = 1368W/ n?
respectively.

Let a given RSO be represented as a seNdtabplates, as depicted in Fig. 1, where the
position vector of th¥ plater’, expressed iroby coordinates, is defined as the distance of the
plate's centesf-area relative to the RSO's cenfanass. The orientation of tfieplate with
respect to the body frame is represented by three orthogonal unit Wgctpesents the
direction normal to the plate amjl, u;, represent thaandvdirections, respectively, of the

plane, i.e., the plane formed by the plate.
In general, the radiant flux received from a RSO ts thuereflection of sunlight from the

illuminated surfaces of the RSO. As illustrated by Fig. 2, the geometrical configuration between the

13



Sun, object, and observer will determine the amount of reflected radiant flux received by the sensor,
which in turndetermine if the RSO is observable. In Fig. 2, the unit vectors that describe the inertial
orientation of th¢" plate have been transformed from body to inertial coordinates via the standard

transformation

Uy, :gl'(q?) TﬂJEJ , k muv @

whereT(qf’) is the inertialo-body transformation matrix (using quaternion parameterization) and

g’ is the RO's inertiato-body attitude quaternion. The direction to the Sun relative to the RSO is

represented by the unit Sun direction vector expressed in inertial coordinates and defined as

sun

i i
Fsun T ||

ui_l' r

sun

©)

wherer! andr' are the inertial position vectors of the Sun and RSO, respectively. The direction to

the observer relative to the@RS represented by the unit observer direction vector expressed in

inertial coordinates and defined as

4

wherer! is the inertial position vector of the Edv#sed observer. The unit Sun and observer
direction vectors form the Saohserver plane, as illustrated in Fig. 2. The unit half vetigects

the angley between the unit Sun and observer direction vectors and is defined as

14



up =0 5

From Fig. 2, it follows that thiesurface is illuminated by the Sun and a reflection occurs only

when the angle between the unit Sun direction veégtand the unit vector normal to the surface

u, ; is less than 90 degrees or (equivalently) when the dot product of these two vectors is positive
and greater than zero. Moreover, the reflection is observable by-dadeathbserver only when

the dot product between the unit observer direggotoru! and the unit vector normal to the
surfaceu, ; is also positive and greater than zero. If these two criteria are met for even dhe of the

surfaces, then the reflection geometry is such that this Bi&@rvable and a measurement is

obtained. Mathematically, this observability conghtismepresented by

©)

£1 (observabl ifx, O andx, ©
O s AN Gl

0 (not observabl else

oA T o T
wherex,; =g, @i, andx,; =g, g, .

i
uy, Up,j -
i A ; Sun-Observer
Ugun U, Plane
0/2 0/2 o -
7N /
/
£ -
L - N
Sun-Observer Y il
Plane 4
uu,j

Figure2 Reflection Geometry
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2.1 BRDF Models Summary
Bidirectional reflectance distribution functions are used to create RSO brightnegs BRIOEIs.
is deined as a ratio of reflected radigndacident irradianc&éhe BRDF for an object models the
amount of incident light which is refleldbg an object andtise sum of the specular and diffuse
reflections, which are both functions of its material gregeas well as the angles of incidence and
reflection of incoming |light. Thus, an RSOO0s
attitude. When defining a BRDF&6s reflected 1|

the incomingight source, the direction of the obserwsrthe halfway vect@between the light

source and the observer, and the surface normal diteclibase vectors are specified in Fig. 1

along with their corresponding angles as defined frasurthee.

Figure BRDF Reflection Vectorg|[

The BRDFmodels the amount of light reflected dgheplate, t, as shown in Figvidre specifically,
BRDF is defined as the ratio between reflected (@mwagtiadiance and incoming surface irradiance
[10]. The amount of directional radiance reflected by an object is defined as the sum of the specular

and diffuse reflections, which are both functions of its material properties, as well as the angles of
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incidence of the incoming irradiance. Thus, RSO apparent magnitude igpégtdgrd on shape

and attitude.
The measured radiant filixof thej™ Sunilluminated plate is related to the intensity of 'ﬁ‘ght

reflected in the direction of the observer and inversely proportional to the square of th8idistance

from the plate to the observer,

: Y

The distanc&’ from the plate to the observer, neglecting the distanc¢hie RSO centexf-

mass to the plate's cerpéiarea, is simply

dj = r; -I’i” (8)

The intensity of reflected Iigh’tj or radiance is proportional to the intensity of incident sunlight

L and the reflectance behavior of thaedep

L, =14, 9)

where’i is the BRDF. The intensity of sunlight light (irradialncm):ident upon a plate of

surface are is related to the solar radiant ffiax and he cosine of the incident angle,

L(,j = FsunAj gJiSU” TgJi”j (1(:»

17



N
Here &' B'vi has been used in place of the cosine of the incident angle. Finally, since multiple
plates could conceivably be illuminated and observable at a given time, it then follows that the

measured radiant flééof the RSO is given by

N Foo N T
F=aF =" a/ A &u
ST )

N < N)

whereNi( is the number of illuminated plates that meet the observability criteria defined in

Eq. 11. Itis important to note that this expression does not account for shadowing effects.

In the Ashikhmin and Shirley mod#] fhe apparent maitpde is computed for each surface of
the RSO and the value corresponding to the brightest magnitude is accepted as the magnitude
measurement. This is valid if and only if one surface of the RSO is illuminated and observable.
However, if more than one sfehe object is illuminated and observable, this model would be
inaccurate. In order to make the measurement model truly applicable to a wide variety of objects,
both resolved and unresolved, the model was modified to include the contributions of all
illuminated and observable reflecting surfaces.

The highly nonlinear nature of the specular reflectance term contained in the Ashikhmin and
Shirley BRDF made it less tractable for use in an EKF because the EKF requires the first order
derivative or Jacobiahthe measurement with respect to the estimated states. A modified version
of the Ashikhmin and Shirley BRDF was found in an unpublished paper by Ashikhmin and
Premozeq], where it was shown that the modified BRDF produced a better overall match to real

data. More importantly, it was observed that the spectral reflectance term in this modified BRDF
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model is of a form that is more amenable to computation of the analytic Jacobian of the
measurement. For these reasons, we used the Ashikhim and PremozesBitieH ahg], and

were able to derive, implement and validate the analytic Jacobian of the apparent magnitude

measurement model in our algorithms.

The BRDFdenoted by , which has units of inverse sterad{an$),and is decomposéuto a

specular component and a diffuse componeny.

r= o +y

12
Specular reflection occurs when light incident upon a surface appears to be focused in one
direction. In other words, there is a bright spot, cadleelcalar highlight, which is more readily

apparent on shiny surfaces. For the ideal reflector, such as a mirror, the angle dhéaqigeisce

the angle of specular reflection, as shown in Fig. 4.
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Figure4 Perfect ordealReflection . oeculaiReflection
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If R is the direction of the specular reflection‘\aigithe direction ahe viewer, then for an
ideal reflector (i.e., perfect reflection) the specular reflection is visible ofmyamdeénhcoincide.
For real objects, however, the specular reflectance can be seeh amdi ifdo not coincide,
i.e., it is visible over a range of values that form a cone albditéledon, as depicted in Fig. 4. In
general, the shinier the surface is the smallantieis for specular visibility. Consequently, a
specular reflectance model must have a maximum inténsitythtan intensity that decreases as a

function of@ the angle betwednhandV . The anisotropic specular reflection component in Eq. 12

is defined as

A g (6 ) Fr
T e w {a-wleo

13
wherez is the Phong exponent given by
0o g +nfve'ug
1- (gJ'h ﬁu'n) 14
and " is the Fresnel fraction given by
Fref = & -(1 &)(1 gjisun Tﬂ"li h) (15)

Moreover,"s and™ are parameters that represent the roughness of the reflectiiad ahagr

theuandvdirections, respectively, of theplane. For small valu(s[b =N :10), the material is like
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rough metal; whereas for large vame:srL :104) , the material is like a perfect mirror. In Eq. 15,

R represents the material's specular reflectance for normal incidend®s {héte

Diffuse reflection occurs when light incident upon a surface scatters isotropically (i.e., the same in
all directions) such that thgparent brightness of the surface to an observer is the same regardless
of the viewing angle. In other words, diffuse reflection is the reflection of light from an uneven or
granular surface such that the incident ray appears to be reflected in a nlinedisre
simultaneously, as illustrated in Fig. 5. The.aamertian diffuse reflection component is defined

as

€ & i T 56@(:3‘ éui‘Tui °
r,=2Ry R)g & Blan B g ¢ ("€ V8
& 2 ouU e "
¢

“HE ¢ (16)

whereRvis the diffuse albedo of the surface, wR&® < and a value of 1 represents total
reflectance (i.e., no absorption).
The simulation was origllyaset up with the AshikhmiRremoze BRDF, which is a modified,
simplified version of the Ashikhnirley illumination model. The AshikhiAremoze BRDF
differs from the AshikhmiBhirley model mainly in that it simplifies the denominator of the specula
term, and it allows for the use of an arbitrary normalized fupitjostead of a specidmisotropic
Phong function]]]. The AshikhmirfPremoze BRDF was selected for implementation in the original
simulation due to its spectral reflectance termg Beienable to computation of the artalgcobian

of the measurements.
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The other two models included in the simulation for thiscligi® analysis, Ashikhr8hirley and
CookTorrance, are commonly used BRDF models in computer gtaphicave been stvn to

provide accurate representations of their intended visual target. All three BRDF models incorporate
diffuse and specular reflectivity terms. While the specular term consists of the light reflected in a
specific direction, as displayed inS;ithediffuse term is composed of randomly scattered light, as

shown in Fige.
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Figure5 Specular Reflection Figure6 Diffuse Reflection

2.2 Ashikhmin-Shirley and AshikhnminPremoze BRDFs(standardize vector terms)
AshikhminShirley is an anisotropic BRDF model which provides good modeling of metals and
plastics, along with general purpose surfaces, and utlizes a Fresnel term to evaluate specular
reflectiviy. However, unlike Codkorrance, AshiknmiB hi r | ey ds model has bee
conserve energy through the implementation of alLambertian diffuse term [3]. It is
computationally expensive to evaluate, but due to its useful propertiestaedoetameters, the
AshikhminShirley model was selected as one of the BRDF methods for this research. Efjuations 1
and18display the specular and diffuse components of the AshiBhimiey BRDF, respectively.

The specular term consists of the tworpaterg€ and¢ , two Phongike exponents which control
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the shape of the specular lofje [for this researctt is equal t& .Y and’Y are parameters
which spegeduyl arher eof | ect aandtbeoadti f hosealr ef hec te
O6substrated under t h é&].Akhpuglcthete was expavsimentationgregardinr e s p ¢
the value of thedeur parameters, their selection was bas#tearalues used in the studied research

[5]. The F term, asvaluated by EG9, i's Schlickds approX¥ilmlaeti on t
Fresnel termOi s mat eri al 6s r ef | 3 &g anote, evhilathe Ashikinrnma | i n

Shirley uses Eq. 1 for its specular calculation, the AsRitampze changes the denominator term

WJIOT AGG D RO tod D G 0D ho I [6]

o) o]
L s o) 0 s
OF S ~——=—"00J0 (17)
” ) . 0 0]
bhw —p Y p p — p p — 18
O 0 - 0 p ©JO (19

2.3Cook-Torrance BRDF
The CookTorrance lighting model is one that is acceptable for a wide range of objects, being a general
model for handling rough material surfaces. Like the Ashighirigy model, the Codlorrance
method consists of diffuse and specular tesndefined by EQO and21, respectively. It is also
computationally expensive to evaluate, although the complexity behind {heraock method
allows for a more accurate and physicatigd specular reflection value through the use of a model
spedic Fresnel reflectance term. Looking at the diffuse term presente@®”Eg. the diffuse
reflectance, which is a value between 0 arjdThg specular term of the Ceb&rrance model

consists of a microfacet distribution term g2yj.a geometriterm (Eq23), and a Fresnel term (Eq.
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20). The distribution term provides information on the orientation of the microfacets, with similar
orientations on smooth surfaces and more diverse orientations on rough surfaces. This research used

the Beckmann sliribution, seen in EQ2 as the microfacet distribution term, wheisethe angle

betweerd andQ The geometric factor allows for the inclusion of shadowing amdslkilig effects

between the microfacets, and the Fresnel term, similar to the one observed with the-Skliriklymin

model, provides the speculdtection value, telling us which portion of the light was reflected and
which other was transmittel] The valueop ar amet ers | eft to the user

based on the studied research andréseitts and suggesti¢8ps

N (20
Y 2 0 @D

(@) - (22

O anF‘. C)O QF‘. C)O 0] (23?
"0 —p —— (24
Q¢ wJO p (29
S 26
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2.4 Satellite Solar Panel Rotation
Asidefrom establishing the bus faa#teach satellite, a close approximatidghe solar
panels waalso includedAlthough somedsic information regarding each satellite bus was found

online, the solar panel dimensions in the simulations are educated selections based on each model.

The idea behind the different facets of the shape model is to allow the bus to be nadir pointing

while keeping the solar arrays orthogonal to the sun vector. The simulation was modified to match

this attitude configuration.

A
|

rerar St Bk,

Sunlight

Figure 7Bus and Solar Panel Attitude
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3. Provided Telescope Data

3.1  Summary of Data
The data provided for thissearch was obtained from the company Applied Defense Solutions, after
the raw data observations was processed through their EPIC software. The raw data was collected
from different amateur observers and ranged in gadlttye telescopes used to colthetdata are
14106606 <class with Andor, Zyl a, or Fairchil d
Johnson R filter used primarily.

The EPIC software provides a .matddataining a wide range of fields, including the following:

sensor thesensor ID

site_lat site latitude

site_lon- site longitude

site_alt site altitude

son- RSO object ID (matches the object ID in the filename)

mat_time matlabformatted time

mjd - modified Julian date

jd - Julian date

ets- elapsed time in seconds

ra- right ascension (without aberration correction)

dec- declination (without aberration correction)

est_mag estimated visual magnitude

est_mag_uncerestimated visual magnitude uncertainty

eps- flux

zero_point estimated zero point

zp_sigma estimé&d zero point-sigma error

Zp_uncert estimated zero point uncertainty
is_frame_interpolatedrue/false whether or not frame statistics were interpolated
ra_stellar right ascension (with stellar and diurnal aberration correction)
dec_stellardeclnation (with stellar and diurnal aberration correction)

For this research, the data of interest include the sensor ID, the observation site datajates Julia

of observation, and of course the estimated visual magnitude, which is the data whilteetiil b

compared against the simulation results.
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3.2 Satellites of Interest

This research focused on fpatected GEO satellites: ANIK F1R (NORAB868), AMEL5
(NORAD: 28446), Galaxy 15 (NORAD: 28884), and GalaiQERAD: 29236).

Table 1 RSO Basic Information and Dimensions

Satellite Bus Model | Width x Launch | Dry # S P { SP Width x
Height x Mass (kg)| Mass Height(m)
Depth (m) (kg)
ANIK F1R Eurostar | 40.4x9x9 4500 2135 2 15x 10
3000S
AMC-15 A2100AXS | 75x3.5x%x| 4021 2050 2 10x 10
3.5
Galaxy 15 GEOStar2 | 4.2x4.2x%x| 2033 885 2 15x 10
4.2
Galaxy 16 LS1300 7.5x29x 4640 1859 2 10x 10
3.4

Satellite ANIK F1R was launchedSeptember 9, 2005 from Ba&konur Cosmodromwith a

launch mass of 4500kg and a dry mass of 213&té&lljite AMC 15 was launched on October 15,

2005 from th&aikonur Cosmodromeith a launch mass of 4021kg and a dry mass of 2050 kg.
Satellite Galaxy 15 was launched on October 13, 2005 f@uaha Space Centeisith a launch

mass of 2033 kg and a dry mass of 885 kg. Satellite Galaxy 16 was launched on August 18, 2006
from theSea Launch (Odyssey platfomvidh a lauch mass of 4640 kg and a dry mass of 1859 kg.

All five selected satellitesliit® a cuboid shaped bus model.

In order to model the satellite bus and solar panel, online research was conducted on all the satellites
of interest. A rudimentary descriptidithe satellite bus dimensions was obtained and included.

Due to the lack of information of the solar panels, an approximate size was selected for each bus
model.lt must be stated that the shape models used in MATLAB are not created from confirmed

engineeng detail, therefore they are only basic approximations to the actual satellites.
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Figure8 Bus and Solar Panel Shape Model
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3.3  Observation Locations

After reviewing and evaluating the EPIC reshiéigjdta obtained from these featellites
providedthe clearest and most distinctive observed light curves. In addition hihesedg were
obtained from apecific stations, MITRE_USAFAIlthough telescope data was provided from
four distinct observation statioMiTRE_USAFA, RMEO2C14HYPDorne,ral
RCOS14Westeros) oMyTRE _USAFA isused in this research due tositgnificantly better

observation results on the selected satellites.

Table 2 Observation Station Location

MITRE_USAFA
Latitude (degrees) 39.0067
Longitude (deges) -104.8819
Altitude 2162
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4. Simulation Configuration
To test the BRDF models, information on each of the RSOs was included in a MATLAB script and
processed by a measurement generating functio
based on the specified objectds provided prop
estimated shape model, expected attitude and size, among other parameters, were incorporated into
the simulation for each RSO and processed by the emeasugenerating function. Assumptions
were made based on basic knowledge or online research of each RSO in order to successfully
incorporate it into the simulatidn.order to find the correct nagiointingbus directiorfor each
satelliteexperimentain with the bus rotation was conducted using the Ashimanmoze BRDF,
rotating the angle from 0 to 360 degrees until an approximately close fit of the values resembling the
truth was found. Aerefore, discrepancies were expected between the simdlatetdal data due
to the lack of detailed available information on features such as attitude, absolute size of the RSOs,
and exact TLEs during the propagation time. This research assurpdmandjrorientation for all
of the RSOs, but rotation of tRSO about the nadir was required to find the best fit with the real
data. This orientation approximation as well as the limited accuracy of the TLEs are the driving factors
for the uncertainty in our models.
By including each RSGQdédata formfspecifintnte,i andithen gomparmg g a t
the results with the actual observed data, we were able to determine how accurately the BRDF models
approximate reality. The data was processed using the three described BRDF models, Ashikhmin
Premoze, Askihmin-Shirley, and Cook Torrance, providing a range of apparent magnitudes of each
RSO for the selected time frame. The resulting apparent magnitude was then compared with the

collected apparent magnitude values provideb 8y
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5. Results and Discussion
5.1 Satellite ANIK F1R
Simuations for ANIK F1Rwerecreated for one time intervabm theMITRE-USAFA
observation statiorfrigures9 through18 show that the three BRDFs are able to detect the general path of
the apparent magnitude, but the Cdakranceillumination model proved tbest match the data values
and direction. AshikhmiiPremoze rasts provided the next closespproximation while Ashikhmin
Shirley results deviated the most from the trittmust clarified that while the individual BRDF péot
show the minutes of data observation past the J2000 epochithneiedlve BRDF plots show the range

of minutes of the observation for a more accessible understanding of the actual observation time gap.
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5.2  Satellite AMG15

Simulations folAMC-15 were created for one time interval from the MITREAFA

observation station. Figurd® through48 show that the three BRDFs are able to detect the general path

of the apparent magnitude, but the Cdakrance illumination model proved to best nhetice data

values and direction. Ashikhmifremoze results provided the next clogggiroximation but in general

stay within the same values as #kghikhmin-Shirley resultswhich deviated the most from the truth.

must clarified that while the indigual BRDF plots show the minutes of data observation past the J2000

epoch, the alinclusive BRDF plots show the range of minutes of the observation for a more accessible

understanding of the actual observation time gap.
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Apparent Magnitude vs Time (normalized)
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Apparent Magnitude (normalized)
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Apparent Magnitude vs Time (normalized)
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