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Abstract

Simulated spectrometric observations of unresolved resident space objects are required for the interpretation of quantities measured
by optical telescopes. This allows for their characterization as part of regular space surveillance activity. A peer-reviewed spacecraft
reflectance model is necessary to help improve the understanding of characterization measurements. With this objective in mind, a novel
approach to model spacecraft spectral reflectance as an overall spectral bidirectional reflectance distribution function (sBRDF) is pre-
sented. A spacecraft’s overall sBRDF is determined using its triangular-faceted computer-aided design (CAD) model and the empirical
sBRDF of its homogeneous materials. The CAD model is used to determine the proportional contribution of each homogeneous mate-
rial to the overall reflectance. Each empirical sBRDF is contained in look-up tables developed from measurements made over a range of
illumination and reflection geometries using simple interpolation and extrapolation techniques. A demonstration of the spacecraft reflec-
tance model is provided through simulation of an optical ground truth characterization using the Canadian Advanced Nanospace
eXperiment-1 Engineering Model nanosatellite as the subject. Validation of the reflectance model is achieved through a qualitative
comparison of simulated and measured quantities.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The need for satellites by modern society is increasing
the number of artificial resident space objects (RSOs) in
Earth orbit (NASA Orbital Debris Program Office, 2014).
The importance of space surveillance, defined as the ‘‘rou-
tine, operational service of detection, correlation, charac-
terization, and orbit determination of space objects” (del
Monte, 2007) is also increasing. This is required to manage
these valuable space assets and to identify potential haz-
ards and threats to humans on Earth and in orbit.

It is common for spacecraft, regardless of their orbital
regime, to be beyond the diffraction-limitations of
ground-based optical telescopes tasked for space
http://dx.doi.org/10.1016/j.asr.2016.06.013
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surveillance. Typically on the order of 1 m, these telescopes
are unable to obtain any useful spatial resolution in images
(Luu et al., 2003). An example of an observation made
using such a telescope is shown in Fig. 1, which contains
four geostationary Earth orbit (GEO) satellites. These
appear as spatially-unresolved point sources indistinguish-
able from one another.

Characterization is the practice of learning more about
an object’s nature in order to distinguish it from others.
Characteristics of RSOs include: orientation, rate of
change of orientation, physical shape, and surface material
composition. Research into the determination of spacecraft
characteristics using unresolved observations has focused
on the analysis of light curves obtained by photometry
(Luu et al., 2003; Scott et al., 2008; Somers, 2011;
Bédard, 2013; Jolley, 2014). A broadband photometric
light curve is a plot of the magnitude of spacecraft
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Fig. 1. An image containing Anik-F1, -F1R, -G1, and Echostar 17 (Jolley,
2014).
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brightness, essentially a photon count, as a function of
time. Photometric variation has been used successfully to
determine the spin rate and spin axis of uncontrolled space-
craft (Somers, 2011), as well as to differentiate between co-
located satellites in the GEO ring (Scott et al., 2008).

The light gathered by optical space surveillance sensors
is reflected sunlight with spectral characteristics modified
by the spacecraft’s surface materials. Spectrometric varia-
tion is a change in spectral energy distribution (SED) as
a function of time, orientation, or both, and is indicative
of the surface composition of the object. Broadband photo-
metric light curves do not indicate spectrometric variation
while color-filtered light curves (products of color photom-
etry) provide insight into the spectral changes occurring
within the spacecraft’s reflection over time (Bédard, 2013;
Jolley, 2014; Bédard et al., 2014). These are produced by
filtering the spacecraft-reflected photons over specific wave-
length ranges. Unfortunately, while ideal for the surface
composition characterization of unresolved objects, mea-
surements of wavelength-resolved spectra are difficult to
obtain due to changes in spacecraft illumination and reflec-
tion geometry coupled with the limited size of space
surveillance-tasked telescopes. This results in poor signal-
to-noise ratios for these measurements (Bédard et al.,
2011). Regardless, numerous studies have been conducted
to determine the utility of reflectance spectra for unre-
solved spacecraft characterization (Luu et al., 2003;
Abercromby et al., 2006; Duggin et al., 2008; Hall, 2010;
Chaudhary et al., 2011; Bédard and Lévesque, 2014). While
none of these studies have demonstrated a marked level of
success by conclusively determining a spacecraft’s physical
shape or material composition (or both) solely through the
use of spectrometric measurements, they have provided
some insight into required a priori knowledge to differenti-
ate one spacecraft from another.

The optical ground truth characterization of a space-
craft, hereafter referred to as its ground truth, is the collec-
tion of such a priori knowledge including physical
dimensions, material composition, and the reflectance
properties of these materials (Abercromby et al., 2006).
This characterization is obtained in a laboratory and can
be photometric or spectrometric in nature (Abercromby
et al., 2006; Bédard and Lévesque, 2014). It serves as a
basis to which all photometric and spectrometric measure-
ments of the spacecraft in Earth orbit can be compared
(Bédard et al., 2011).

The method to obtain a spacecraft’s ground truth is to
illuminate it with a collimated light source and take mea-
surements using a far-field camera or spectrometer
(Bédard and Lévesque, 2014). Performed in a controlled
environment, this allows for the closest re-creation of the
conditions under which the spacecraft will be illuminated
and observed while in Earth orbit. The Canadian
Advanced Nanospace eXperiment (CanX)-1 Engineering
Model (EM) is a mock-up of the first spacecraft of the first
Canadian picosatellite program (Wells et al., 2002). Bédard
and Lévesque (2014) conducted an optical ground truth
characterization experiment with this spacecraft, measur-
ing its reflectance factor and bidirectional reflectance distri-
bution function for two illumination and reflection
geometry scenarios. At the conclusion of this experiment,
Bédard et al. (2011) highlighted three challenges that this
method presents:

1. Measurements must be made for as many different ori-
entations as possible to reproduce the expected illumina-
tion and observation geometries in orbit.

2. Larger spacecraft are more difficult to illuminate uni-
formly with a collimated light source and observe with
a far-field detector.

3. Access to a subject prior to launch can be difficult to
obtain, especially for extended periods of time.

The reflectance of a spacecraft is a combination of the
reflectance of its composite materials, with contributions
proportional to their relative abundance (Luu et al.,
2003; Hall, 2010). A method to simulate the ground truth
of a spacecraft, thereby avoiding the disadvantages of a
laboratory characterization, requires the spacecraft’s
computer-aided design (CAD) model and homogeneous
samples of its composite materials. Application of the
material reflectance characteristics to the CAD model
results in a simulated spacecraft ground truth
(Abercromby et al., 2006). This method avoids the difficul-
ties of the laboratory characterization as small material
samples can be manipulated easily, illuminated uniformly
with a collimated light source, observed with a far-field sen-
sor, and obtained for analysis with unimpeded access.

Current space-surveillance ability limits surface compo-
sition characterization to the interpretation of photometric



Fig. 3. The sBRDF of aluminum 6061-T6 for five illumination and
reflection geometries, collected using the goniospectrometer constructed
by Bédard et al. (2015).
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measurements. Accurate modeling is therefore required to
produce synthetic spectrometric observations that can be
used for interpretation, allowing for the characterization
of unresolved objects.

1.1. The spectral bidirectional reflectance distribution
function

The bidirectional reflectance distribution function is
defined by Nicodemus et al. (1977) as ‘‘the ratio of the
reflected radiance from a surface in a given direction to
the incident radiance from a given direction, as a function
of wavelength per unit steradian”. Schaepman-Strub et al.
(2006) introduced the term spectral bidirectional reflectance
distribution function (sBRDF) to highlight its dependency
on wavelength, k, emphasizing that it is a spectrometric
quantity. The sBRDF is a function of the six angles
(Nicodemus et al., 1977) shown in Fig. 2. Illumination
angles are denoted by subscript i and reflection angles are
denoted by subscript r. hi and hr are the polar angles mea-

sured from the surface normal vector, ~N , to the illumina-
tion and reflection vectors, ~vi and ~vr, respectively. /i and
/r are the azimuth angles measured from an arbitrary axis
in the surface plane, usually defined by the illumination
vector (Bass et al., 2010), though this is not the case
depicted. Finally, xi and xr are the solid angles of the illu-
mination source and reflection beam. This relationship is
provided in Eq. (1) (Nicodemus et al., 1977; Schaepman-
Strub et al., 2006):

f r hi;/i; hr;/r; kð Þ ¼ dLr Ei; hi;/i; hr;/r; kð Þ
Li hi;/i; kð Þ � cos hi � dxi

sr�1
� � ð1Þ

where f r hi;/i; hr;/r; kð Þ is the sBRDF and Li and Lr are the
incident and reflected radiance, respectively. An example of
a material sBRDF for several illumination and reflection
geometries is provided in Fig. 3.
Fig. 2. The illumination and reflection geometry of an infinitesimal area,
defined by its surface normal vector.
1.2. The broadband bidirectional reflectance distribution

function

The broadband bidirectional reflectance distribution
function (BRDF), a term first used by Bédard et al.
(2015), is an integration of the sBRDF over a wavelength
range, thereby making it a photometric quantity. Eq. (2)
provides the relationship between the BRDF and sBRDF
(Bédard et al., 2015):

f r hi;/i; hr;/rð Þ ¼
Z k2

k1

f r hi;/i; hr;/r; kð Þ � dk sr�1
� � ð2Þ

where f r hi;/i; hr;/rð Þ is the BRDF.
The term ‘‘BRDF” has been used in many ways by dif-

ferent authors, often with confusion. Bédard et al. (2015)
established the naming convention of spectral and broad-
band BRDF to promote their differentiation. In keeping
with this convention, the spectral BRDF is denoted as
sBRDF and the broadband BRDF simply as BRDF for
the remainder of this paper.

1.3. Previous work

Two developed products that model spacecraft spectral
reflectance and are referenced in published literature are
the Time-domain Analysis Simulation for Advanced
Tracking (TASAT) system, and the Digital Imaging and
Remote Sensing laboratory’s Image Generation (DIRSIG)
system. TASAT was designed at the U.S. Air Force
Research Laboratory to simulate tracking and imaging sys-
tems to assess system performance and design (Riker et al.,
1992). DIRSIG was developed at the Center for Imaging
Science to produce radiometric images that are spectral
in nature with radiance ranging from the visible to long
infra-red (Schott et al., 1999). Both TASAT and DIRSIG
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are unavailable in the public domain, leaving the validity of
their modeling approaches in question as they have not
been subjected to peer review. As the authors could not
assess the strengths and weaknesses of these software prod-
ucts directly, their validity was inferred through published
details of their inputs and products.

TASAT is a modular set of routines that model ground-
based and space-based optical systems. It considers the rel-
ative geometry between the illumination source, target, and
observer, as well as the absolute radiometry, atmospheric
effects, and sensor capabilities (Duggin et al., 2008).
TASAT is capable of producing physically-accurate images
of complicated subjects, such as spacecraft, using their
CAD models and the BRDFs of their surface materials.
Two notable uses of this product are presented here: the
first by Luu et al. (2003) to generate spacecraft reflectance
spectra, and the second by Hall et al. (2012) for the identi-
fication of spacecraft materials from unresolved spectra.

The TASAT satellite materials database was referenced
as a source of material BRDFs in both publications. Some
examples of the contents of this database were provided by
Hall et al. (2012), who depicted the BRDF of LORD
Aeroglaze

�
A276 white paint and aluminum 5457-H116

for a wavelength of 600 nm at a single undefined illumina-
tion angle. Data pertaining to the total number of wave-
lengths, and illumination and reflection geometries
contained within the TASAT material BRDF database
was not provided. The hemispherical reflectance of these
materials was shown for a wavelength range between
400 nm and 1200 nm. These included discontinuities whose
presence suggests incomplete reflectance data, though they
were unexplained by the author. Based on this evidence,
there is indication that the TASAT material BRDF data-
base is not complete, and raises questions concerning the
validity of TASAT-simulated quantities.

Hall mentioned that the measurements contained within
the database were fit to the Beard-Maxwell theoretical
BRDF model, implying that this was a requirement for
their use. This model was intended to specifically simulate
painted surfaces by considering the combined contribution
of a specular component produced by a top layer (the
paint), and a subsurface scattering component of the mate-
rial below (Maxwell et al., 1973). Reasoning for its use with
aluminum 5457-H116, which is not a painted surface, was
not provided. The Beard-Maxwell BRDF model is known
to decrease in accuracy for materials that are more specular
(Duggin et al., 2008) due to a subsurface scattering compo-
nent (Maxwell et al., 1973), though the point at which this
model breaks from measured results could not be found in
published literature. It is unclear how many BRDF mea-
surements the BRDF model was fitted to. The requirement
for fitting the measurements contained in the TASAT
material BRDF database to a theoretical model provides
further confirmation that it is incomplete.

Luu et al. (2003) measured the reflectance spectrum of
the Galaxy V spacecraft seven times over the course of
one evening and compared simulated TASAT spectra for
the same scenario. The measured Galaxy V reflectance
spectra varied over time, with some observations exhibiting
spectral features that were absent in others; however, the
TASAT-simulated spectra were devoid of these features.
No quantitative analysis was provided, and a qualitative
analysis was difficult due to differences in the presentation
of results. That said, there was little variation between indi-
vidual simulated spectra, notably due to the absence of dif-
ferentiating spectral features. In fact, the spectra were so
similar that it was difficult to tell that seven were presented
in the same figure. Based on these results, it is clear that the
reflectance quantity produced by TASAT did not vary with
changes in spacecraft orientation, implying that the mate-
rial spectral reflectance was not a function of illumination
and observation geometry. Specifically, BRDF, and there-
fore sBRDF, intensities did not vary nor did spectral fea-
tures shift with changes in geometry, as was
demonstrated by Bédard et al. (2015). Fig. 3 portrays the
variation in sBRDF intensity with changes in geometry
for aluminum 6061-T6; it should be noted, however, that
the absorption feature at about 800 nm does not shift.
Bédard et al. (2015) did show that the spectral features of
triple-junction photovoltaic (TJPV) cells shift with changes
in geometry, and attributed this phenomenon to thin-film
interference. Conversely, while the TASAT results pre-
sented by Hall et al. (2012) indicated that the relationship
between spectral reflectance and geometry was considered,
the simulated spacecraft reflectance spectra possessed low
fidelity, leaving uncertainty about the precise behavior of
spectral features.

Based on the analysis of published details of the inputs
and products of TASAT, the inferred weaknesses of the
system are its spacecraft material BRDF database, which
appears to be incomplete, and its use of theoretical BRDF
models, which are not capable of accurately representing
all material types. The fact that not all TASAT-simulated
spacecraft reflectance quantities change with variations in
illumination and reflection geometry also raises concerns
about the accuracy of the system.

DIRSIG is a collection of data input files and sub-
models originally designed to simulate remote-sensing ima-
gery, emphasizing the inclusion of radiometric processes
that affect spectral image formation. It is capable of render-
ing images of arbitrarily complicated surface shapes, such
as CAD models, provided the BRDF of their surface
materials.

An example of modeling spacecraft reflectance using
DIRSIG was recently published by Bennett et al. (2014).
Material BRDFs were empirically fitted to the Ward
(Ward, 1992) empirical BRDF model. This model was
developed to be used to describe reflectance measured by
a gonioreflectometer, a photometric device, and is
wavelength-independent. Bennett et al. (2014) presented
the measured BRDF of multiple materials as a function
of degrees-off-specular, along with their fitted Ward
BRDF, though the model did not appear to accurately rep-
resent the measured BRDF of some materials, specifically
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the solar cell. Bennett et al. (2014) indicated that in order to
better represent material reflectance they ‘‘are working
toward using [BRDF] measurements directly without hav-
ing to use a fit model”, though further details were not pro-
vided. It is unclear how DIRSIG is able to employ the
wavelength-independent Ward BRDF to model spectral
reflectance of spacecraft, which was shown by Bédard
et al. (2015) to be wavelength-dependent.

The use of DIRSIG by Bennett et al. (2014) provided
radiometric images of a spacecraft, although it is unclear
whether spectra could be produced by the system in its cur-
rent form; none were presented as a product of the simula-
tion. This lack of simulated spectra, combined with
DIRSIG’s use of wavelength-independent BRDF models,
leaves the system’s quantitative accuracy in question.

1.4. This work

A spacecraft reflectance model that is available in the
public domain and has been validated through peer-
review is necessary to help improve the understanding of
characterization measurements for space surveillance. The
following research has been conducted with this overarch-
ing goal in mind.

A novel approach to use a priori knowledge of a space-
craft’s physical characteristics and material composition to
model its spectral reflectance, effectively simulating its opti-
cal ground truth characterization, is presented. Spacecraft
spectral reflectance is modeled in two ways: first by measur-
ing the sBRDF of homogeneous spacecraft materials for a
range of illumination and reflection geometries, and devel-
oping an extended empirical sBRDF database using simple
interpolation and extrapolation techniques, thereby avoid-
ing the use of BRDF models while simultaneously main-
taining physically-accurate reflectance characteristics; and
second, through the use of triangular-faceted CAD models
to determine the proportional contribution of each homo-
geneous material to the overall spacecraft sBRDF. This
approach not only permits the simulation of quantities that
are measured by optical telescopes, such as photometric
light curves, it enables the analysis of the underlying spec-
trometric data. This allows for the interpretation of the sur-
face composition of unresolved objects for space
surveillance characterization.

A demonstration of spacecraft spectral reflectance
model is provided through simulation of an optical ground
truth characterization. Such an experiment was conducted
by Bédard and Lévesque (2014) using the CanX-1 EM
nanosatellite as the subject. Validation of the reflectance
model is achieved through a qualitative comparison of sim-
ulated and measured quantities.

2. Aim and objectives

The aim of this research was to develop an approach to
model the spectral reflectance of a spacecraft as an overall
sBRDF. This would be accomplished by determining the
sBRDF of each homogeneous material on the spacecraft
through the illumination and reflection geometry of its
respective facets, and calculating the contribution of each
material to the total reflectance. The following objectives
were established to achieve this goal:

1. Measure the sBRDF of homogeneous spacecraft materi-
als for a range of illumination and reflection geometries.

2. Develop empirical sBRDF look-up tables for all illumi-
nation and reflection geometries from measurements.

3. Develop a scheme to mathematically represent complex
spacecraft with multiple surface materials.

4. Derive an algorithm to calculate the overall sBRDF of a
spacecraft.

The success of the experiment would be assessed by sim-
ulating quantities equivalent to those measured by Bédard
and Lévesque (2014) during the CanX-1 EM optical char-
acterization experiment. Specifically, this would be per-
formed through qualitative comparison of:

1. The simulated sBRDF of the +X side of the CanX-1
EM and the measured reflectance factor.

2. The simulated BRDF of the CanX-1 EM and the mea-
sured photometric light curve.

Comparison of simulated and measured quantities is
qualitative as they are not equivalent: the sBRDF and
reflectance factor, while both spectral in nature, are differ-
ent quantities, as are the BRDF and photometric light
curves. That being said, the sBRDF and reflectance factor
are both spectral quantities whose features are expected to
be similar, while photometric light curves are products of
the BRDF and should demonstrate similar behaviors.

3. Modeling spacecraft spectral reflectance

This section outlines the approach to model spacecraft
spectral reflectance using empirical sBRDF data. It begins
by describing how the sBRDF of homogeneous spacecraft
materials was measured for a range of illumination and
reflection geometries, followed by the method to develop
empirical look-up tables from these measurements. Next,
the mathematical representation scheme by which space-
craft, composed of multiple materials and possessing com-
plex surface features, is provided. The section concludes by
deriving an algorithm to calculate a spacecraft’s overall
sBRDF, considering its illumination and reflection geome-
try, as well as the proportional contribution of its compo-
nent materials.

3.1. Measuring the sBRDF of homogeneous spacecraft

materials for a range of illumination and reflection

geometries

The illumination and reflection geometry presented
in Fig. 2 was modified to enable simple measurement



Fig. 5. The goniospectrometer sensor was mounted on a goniometer stage
to obtain ‘‘from-illumination plane” reflection geometries that were
unobtainable using the system originally constructed by Bédard et al.
(2015).
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acquisition and to streamline the development of empirical
look-up tables. This modified geometry, shown in Fig. 4,
references the ‘‘illumination plane”, the plane defined by

the illumination and surface normal vectors, ~vi and ~N ,
respectively. The specular reflection vector,~vs, and the pro-
jection of the reflection vector onto the illumination plane,
~vr;proj are also critical. The three key angles of this geometric
system are the illumination polar angle, hi, the ‘‘difference-
in-polar” angle, Dh, and the ‘‘from-illumination-plane”
angle, /. The solid angles, xi and xr, are removed as the
illumination source and reflection beam are considered
points for this modification.

The ‘‘difference-in-polar” angle, Dh, is located between
~vs and ~vr;proj: this angle is negative if it is on the ~vi side of
~vs, as shown in Fig. 4, and positive if it is opposite. The
‘‘from-illumination-plane” angle, /, is the angle located
between~vr and the illumination plane. Regardless of which
side of the illumination plane this angle is located on, it is
positive. This makes the assumption that material reflec-
tance is isotropic on either side of the illumination plane.
This modification in the illumination and reflection geom-
etry means that the sBRDF is now a function of these
angles: f r hi;Dh;/; kð Þ.

The sBRDF of each homogeneous spacecraft material
was measured using the goniospectrometer constructed
by Bédard et al. (2015), modified to obtain ‘‘from-illumina
tion-plane” reflection geometries by mounting the sensor
on a goniometer stage, as recommended by Willison
(2015). Fig. 5 depicts the placement of this component
within the overall system.

The sampling scheme to measure a material’s sBRDF
for multiple illumination and reflection geometries is
shown in Fig. 6. It was developed following the sampling
recommendations of Willison (2015), considering that the
goniometer stage was manually operated: adequate
Fig. 4. The modified illumination and reflection geometry. Note that the
Dh shown is negative.
sampling of the sBRDF would be achieved, while the
amount of time and effort required to do so would be
reduced. It is important to note that Fig. 6 depicts the posi-
tioning of a spectrometer’s sensor within the reflection
beam, not different points on the material sample within
the illumination beam. The center of the sensor’s field of
view remains fixed on its point of rotation, located at the
center of the illumination beam on the material sample.

The scheme is followed by fixing hi and changing the Dh
and / values, achieving a total of 28 unique illumination
Fig. 6. The sampling scheme used to measure the experimental sBRDF
for one hi value. The location of specular reflection, hs;/sð Þ, and key
reference points are indicated. Note that the reflection beam exhibits a
difference in shape with respect to Dh on opposite sides of specular.



Fig. 7. A flow chart of the process to measure a material’s sBRDF.
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and reflection geometries. The reference points are located
where the reflectance becomes indistinguishable from noise
and is therefore considered zero. This sampling scheme was
observed for five hi values, resulting in a total of 112
sBRDF measurements taken per homogeneous spacecraft
material, a number that is relatively low considering the
infinite number of possible illumination and reflection
geometries. A flow chart of the process to measure a mate-
rial’s sBRDF is provided in Fig. 7.

An example of the range of reflection geometries that
results from using this sampling scheme is provided in
Table 1: in this case, aluminum 6061-T6, for hi ¼ 50�.
The measured BRDF associated with the illumination
and reflection geometry range is shown in Fig. 8.

3.2. Developing empirical sBRDF look-up tables for all

illumination and reflection geometries from measurements

The development of an empirical sBRDF look-up table
that accurately represented material reflectance, from rela-
tively few measurements, required the establishment of uni-
form illumination and reflection geometries to enable the
use of simple interpolation and extrapolation methods.

First, the maximum /max used to measure the sBRDF of
a material, /max;material, between all hi values was deter-

mined. An array of 21 uniformly-spaced / values was gen-
erated, where d/ ¼ /max;material=20. This number was

considered reasonable as it enabled angular fidelity while
ensuring that resulting look-up tables were moderate in
size. Linear interpolation established the spectral reflec-
tance for all / contained in this array, for each measured
hi;Dh, and k. In the case of aluminum 6061-T6, while
/max in Table 1 was 2:1�;/max;material ¼ 2:5� at hi ¼ 30�.
The linear interpolation occurred for all / between 0�

and /max;material, where d/ ¼ 1:25�.
Next, the minimum Dhmin and maximum Dhmax used to

measure the sBRDF of a material, Dhmin;material and
Dhmax;material, between all hi was determined. An array of
21 Dh values was generated with 0� at the median, where
dDhmin ¼ Dhmin;material=10 and dDhmax ¼ Dhmax;material=10.
This treatment was required as the shape of the reflection
beam could be different on opposite sides of specular with
respect to Dh, as shown in Fig. 6. Linear interpolation
established the spectral reflectance for all Dh contained in
this array, for each measured hi and k, for all /. The
Dhmin;material and Dhmax;material of aluminum 6061-T6 were
�46� and 51�, respectively, at hi ¼ 30�.

Finally, cubic smoothing splines were fitted to the
sBRDF for each /;Dh, and k as functions of hi. These
splines were used to interpolate and extrapolate the
sBRDF for all integers between 0� and 90�, inclusive.
Fig. 9 presents the BRDF of aluminum 6061-T6 contained
in the empirical look-up table resulting from the interpola-
tion and extrapolation of the measured sBRDF for
the same illumination and reflection geometry range as
Fig. 8.
3.3. A scheme to mathematically represent complex

spacecraft

Spacecraft are represented using triangular-faceted
computer-aided design (CAD) models based on the
STereoLithography (STL) format, where matrices define



Table 1
The reflection geometries used to measure the sBRDF of aluminum 6061-
T6, for hi ¼ 50�. Reference angles, where no sBRDF measurement was
made, are shaded.

Fig. 8. The measured BRDF of aluminum 6061-T6 for hi ¼ 50�.

Fig. 9. The BRDF of aluminum 6061-T6 for hi ¼ 50�, contained in the
empirical look-up table.

Table 2
The four matrices of a CAD model facet.

Matrix Name Description Example

V Vertices Vertex coordinates 0 0 0
0 0:5 0:5
0 0:5 �0:5

2
4

3
5

F Facet Vertex connection 1 2 3½ �
N Normal Unit vector 1 0 0½ �
C Color RGB values 1 0 0½ �
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facet characteristics. Table 2 provides details about these
matrices along with examples.

The red–green–blue (RGB) values are manually added
to the STL files after their export from CAD software as
this information is not natively incorporated. The material
composition of a facet is defined by its RGB values.
3.4. An algorithm to calculate a spacecraft’s overall sBRDF

Overall spacecraft sBRDF is determined using a geo-
metric approach. The illumination and reflection geometry,
hi;Dh;/ð Þ, of each of the model’s triangular facets is first
determined. The sBRDF of each facet’s material,
f r hi;Dh;/; kð Þmaterial, is obtained from its respective empiri-
cal look-up table using its geometry and RGB values by the
following algorithm:

RGB ! hi ! Dh ! / ! f r hi;Dh;/; kð Þmaterial
Eq. (3) shows how individual facet contribution to the
overall sBRDF is calculated using the area of its orthogo-
nal projection to the reflection direction, a2D;facet.

f r hi;Dh;/; kð Þfacet ¼ a2D;facet

� f r hi;Dh;/; kð Þmaterial sr�1
� � ð3Þ

The overall spacecraft sBRDF is calculated by calculat-
ing the sum of all facet sBRDFs and dividing the result by
the total orthographic area of the spacecraft, as shown in
Eq. (4):

f r kð Þspacecraft ¼
Pn

j¼1f r hi;Dh;/; kð Þfacet;jPn
j¼1a2D;facet;j

sr�1
� � ð4Þ

where n is the total number of triangular facets contribut-
ing to the spacecraft’s reflectance. The summed sBRDF is
divided by the total orthographic area of the contributing
facets to normalize the result, ensuring that magnitude is
independent of spacecraft size. The final product is the
overall spacecraft sBRDF with respect to the illumination
and reflection vectors.



Fig. 11. The CanX-1 EM CAD model.
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4. Comparing quantities simulated using the spacecraft

spectral reflectance model with those measured during the

CanX-1 EM optical characterization experiment

The experiment set-up and procedure reproduced that
of the ground truth characterization experiment by
Bédard and Lévesque (2014). A CAD model of the
CanX-1 EM, shown in Fig. 10, was constructed as the engi-
neering CAD model could not be obtained. Scaled pho-
tographs were used to determine the dimensions of the
CanX-1 EM’s features.

The spacecraft CAD model, depicted in Fig. 11, was
constructed with measurement specifications to half a mil-
limeter. It is comprised of 698 triangular facets represent-
ing one of three materials: aluminum 6061-T6, Emcore
TJPV cell, and LORD Aeroglaze

�
A276 white paint. The

aluminum and solar cell, respectively in red and blue, were
applied to the CAD model as these were the component
materials of the spacecraft. The paint was applied to the
remaining surfaces as its reflectance was spectrally uniform:
its inclusion would not cause destructive interference with
the spectral characteristics of the other materials.

Two observation scenarios were outlined within the
characterization experiment. Simulations were developed
to re-create these scenarios as closely as possible.

In the first simulation, the sBRDF of the CanX-1 EM’s
+X side was simulated for four specular reflection geome-
tries: the illumination and reflection vectors,~vi and~vr, were
contained within the xy-plane with a phase angle separa-
tion of b ¼ 5�; 30�; 60�, and 90�. The angle between the
þx-axis and ~vi was equivalent to the angle between the
þx-axis axis and~vr. Fig. 12 provides a visual representation
of this scenario.
Fig. 10. The CanX-1 EM.
The second simulation started with the CAD model pos-
sessing an initial rotation of 25� about the þz-axis. It was
then rotated 360� about the �z-axis in increments of 1�.
The sBRDF of the CanX-1 EM was simulated after each
rotation increment and integrated to produce the space-
craft BRDF. The xy-plane contained ~vi and ~vr with a
fixed-phase-angle separation of b ¼ 10�, where the angle
between the þx-axis and ~vi, and the angle between the
þx-axis and~vr, was 5�. This scenario is presented in Fig. 13.
4.1. The simulated sBRDF and measured reflectance factor

The simulated sBRDF of the +X side of the CanX-1
EM for the first scenario is shown in Fig. 14, while the
Fig. 12. The simulation scenario of the +X side of the CanX-1 EM.



Fig. 13. The fixed-phase-angle simulation scenario of the CanX-1 EM.

Fig. 15. The measured reflectance factor of the +X side of the CanX-1
EM for four illumination and reflection geometries, for wavelength range
350–1000 nm (Bédard and Lévesque, 2014).
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reflectance factor measured by Bédared et al. is shown in
Fig. 15. Both the sBRDF and reflectance factor possess
similar spectral characteristics including prominent fea-
tures in the 600–800 nm range that shift towards shorter
wavelengths with an increase in b. These features and their
behavior are characteristic of Emcore TJPV cell, as demon-
strated by Bédard et al. (2015). The presence of this mate-
rial in both quantities was expected as the +X side of the
CanX-1 EM is dominated by it.

While aluminum 6061-T6 is also present on the +X side
of the spacecraft, its characteristic 800 nm absorption fea-
ture does not appear in the simulated sBRDF. This is
because the sBRDF of the solar cell is greater than that
of the aluminum for specular reflection geometries.
Fig. 14. The simulated sBRDF of the +X side of the CanX-1 EM for four
specular reflection geometries, for wavelength range 450–1100 nm.
Fig. 16 shows how this characteristic feature becomes visi-
ble as reflection geometries move away from specular. Note
that the y-axis of Fig. 16 is logarithmic to enable viewing
the overall spacecraft sBRDF for this range of illumination
and reflection geometries.

The magnitude of the sBRDF increases with an increase
in b. This was also an expected phenomenon based on
the conclusions reached by Bédard et al. This is not
Fig. 16. The simulated sBRDF of the +X side of the CanX-1 EM for four
reflection geometries that frame specular, for wavelength range 450–
1100 nm.
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demonstrated by the reflectance factor as it is essentially a
normalization: its calculation removes information con-
cerning the relationship between illumination and reflec-
tion geometry and reflectance magnitude.

While a quantitative comparison of the sBRDF and
reflectance factor was not possible, one would undoubtedly
indicate that the wavelength of the characteristic spectral
features of each quantity are not equivalent. This is because
the Emcore TJPV cells are not perfectly flat, nor are they
flush to the surface of the spacecraft, as shown in
Fig. 17. These characteristics were not represented by the
CAD model.
Fig. 18. The simulated BRDF of the CanX-1 EM, initially rotated 25�

about the +z-axis, for a fixed-phase-angle scenario where the CAD model
was rotated 360� about the �z-axis in increments of 1�, where ~vi and ~vr
were fixed at b ¼ 10�.
4.2. The simulated BRDF and measured broadband

photometric light curve

The simulated BRDF for the fixed-phase-angle simula-
tion is shown in Fig. 18, while the broadband photometric
light curve measured by Bédard et al. is shown in Fig. 19.
Both the BRDF and light curve possess similar character-
istics including a specular peak separation of 90� due to
the cubic nature of the CanX-1 EM. Each peak presents
a directional-diffuse base with a thin specular feature. This
indicates that the spacecraft is composed of at least two
materials, one of which is more specular than the other.
The CanX-1 EM is known to possess Emcore TJPV cell
and aluminum 6061-T6: Bédard et al. demonstrated that
the solar cell is highly specular while the aluminum is more
directional-diffuse. The discontinuities in the spacecraft
BRDF, located to the left of all specular peaks, were pre-
sent in the aluminum 6061-T6 empirical look-up table.
They are the result of extrapolation of the sBRDF for
Fig. 17. An image of the CanX-1 EM clearly shows that the solar cells are
not flat nor flush to the spacecraft surface; flat and flush solar cells would
appear bright white in this image taken at specular. The ‘‘non-flatness” is
demonstrated by the left cell, which exhibits specular reflection predom-
inantly on the top right and none on the bottom left. The ‘‘non-flushness”
can be seen when comparing the difference between the reflection of the
left cell with that of the right (Bédard and Lévesque, 2014).

Fig. 19. The measured broadband photometric light curve of the CanX-1
EM, initially rotated 25� about the +z-axis, for a fixed-phase simulation
where the CAD model was rotated 360� about the �z-axis in increments of
1�, where~vi and~vr were fixed at b ¼ 10� (Bédard and Lévesque, 2014).
illumination polar angles close to 0�, well below the
smallest illumination angle that could be measured by the
laboratory apparatus without obscuring the illumination
beam, hi ¼ 30�. The look-up tables of Emcore TJPV cell
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and LORD Aeroglaze
�
A276 white paint did not contain

these discontinuities as the smallest measured hi was 10�.
The ordering of spacecraft sides observed during the

simulation was +X!+Y!-X!-Y. The X-sides exhibited
greater specular reflectance and lesser directional-diffuse
reflectance when compared to the Y-sides. All four sides
are known to possess the same coverage of Emcore TJPV
cell; however, the solar cells on the X-sides are arrayed hor-
izontally as opposed to vertically, as on the Y-sides. The
horizontal orientation causes both cells to glint in unison,
while they glint sequentially in the vertical orientation,
resulting in specular peaks with lesser magnitude. The vari-
ation in directional-diffuse reflectance is due to the differ-
ence in aluminum 6061-T6 coverage: the X-sides have less
aluminum than the Y-sides.

The broadband photometric light curve does not depict
the same specularity as the BRDF. This is because mea-
surements were made with a model rotation angle incre-
ment much greater than the 1� of the simulation, leaving
uncertainty in the shape of the light curve. Additionally,
the surfaces of the actual spacecraft are not perfectly flat,
causing a wider model rotation angle range of specular
reflection. Finally, the pattern seen in the alternating
BRDF peak magnitudes, as well as the zero reflectance
between the peaks, is not observed in the light curve. This
is attributed to the non-flush Emcore TJPV cells and the
presence of features and diffuse materials on the surface
of the spacecraft that were not represented on the CAD
model.

5. Conclusion

The validity of modeling a spacecraft’s spectral reflec-
tance as an overall sBRDF, generated using its CAD model
and the empirical reflectance of homogeneous samples of
its surface materials, has been demonstrated. While the
comparison of simulated quantities with those from an
actual optical ground truth characterization experiment
was only qualitative, it is clear that this approach produces
more valid results than the TASAT and DIRSIG systems
based on the contents of published literature. The empirical
material reflectance database developed as part of this
approach is spectral in nature and complete for all
illumination and reflection geometries, thus avoiding the
dependency on theoretical BRDF models that have
demonstrated a limited ability to model the spectral reflec-
tance of different material types. Modeled spacecraft reflec-
tance has also been demonstrated to be a function of
illumination and reflection geometry using this approach,
which was not consistently exhibited by the TASAT and
DIRSIG systems.

This approach has three notable limitations. Primarily,
the development of empirical look-up tables from sBRDF
measurements requires extrapolation for illumination
angles that can not be measured, due to physical
constraints of laboratory apparatus. This extrapolation
introduced discontinuities for more directional-diffuse
materials, as opposed to more specular ones. Investigation
into the reduction of these negative extrapolation effects is
required. Replacing the manual goniometer stage with a
motorized one would enable full automation of the
goniospectrometer system, allowing for many more mea-
surements to be made, thereby reducing extrapolation
error and removing the requirement for interpolation.
Next, cautious use of CAD models as subjects should be
observed as their physical features are arguably ‘‘perfect”,
whereas actual spacecraft possess minor imperfections that
noticeably change their overall BRDF. A strategy to add
these imperfections into the calculation of overall space-
craft reflectance requires development. Finally, spectral
reflectance was assumed to be isotropic, which is not the
case for more complex materials. Incorporation of aniso-
tropic reflectance is an important consideration that must
be made, especially when modeling more complex
spacecraft.

Despite these limitations, it is clear that this approach to
model spacecraft spectral reflectance shows more promise
to simulate quantities that can be measured by optical tele-
scopes than previous attempts to do so. The fact that it
does so spectrometrically will eventually allow for the inter-
pretation of the surface composition of unresolved objects
for space surveillance characterization, a capability whose
demand increases with the population of RSOs.
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