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MULTISPECTRAL IMAGING SENSORS FOR ASTEROIDS RELATIVE NAVIGATION

Margherita Piccinin,*Gaia Letizia Civardi,/Matteo Quirino,fand Michéle Lavagna®

Abstract. Current missions to asteroids largely rely on visible imaging to perform relative navigation with
respect to the target surface. A consequence of observing the body in the visible band is the large influence
of illumination conditions, which could be mitigated by an imaging system working in other spectral
bands. This paper studies the possibility to exploit multispectral imaging sensors for improving spacecrafts’
relative navigation in proximity of asteroids. Realistic sensors models are considered and thermal images
are synthetically generated exploiting physics-based models. An optical navigation algorithm for pose
estimation is tested with visible and thermal images, proving the possible advantages of the multispectral
strategy.
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1. Introduction

Spacecraft relative navigation techniques in prox-
imity of asteroids largely rely on optical measure-
ments taken from mono-cameras. In fact such sen-
sors are passive and provide a wide operative range,
generally required by the mission’s operations. On
the other hand, the visible imaging requires an ad-
equate surface illumination to get fruitful measure-
ments, posing several constraints to the spacecraft
trajectories and operations.

Missions to celestial bodies typically carry other
sensors on board, working in different spectral bands
which could be exploited for navigation purposes.
The Rosetta mission carried VIRTIS-M (Visible In-
fraRed and Thermal Imaging Spectrometer, Map-
ping channel), an hyperspectral imager performing
0.25-5.1 um imaging spectroscopy on two separate
channels [11]. The Hayabusa 2 mission to asteroid
Ryugu, carried on board the TIR experiment, that
collected far to close range thermal images of the
surface in the Long Wave InfraRed spectrum, in the
range 8-12 um [20]. ESA’s Hera mission payloads in-
clude both the AFC camera for navigation and imag-
ing and the TIRI Thermal infrared imager (JAXA),
which will be used for the observation of the asteroid
night side [?].
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This papers investigates the advantages of em-
ploying imaging systems working in different spec-
tral bands for the purposes of on-board navigation in
proximity of asteroids.

The use of multispectral imaging today is present
in particular ground applications, such as detection
and tracking of targets in the agricultural and mili-
tary fields. The most common combination of cam-
eras for multispectral imaging is thermal and visual
[10]. Concerning relative navigation, thermal imag-
ing is proposed as a method to overcome low-light
conditions in visual odometry algorithms by means of
non-uniformity correction techniques [5]. Multispec-
tral Visual Odometry (VO) for unmanned air vehicles
has been presented and experimentally validated [4];
while other works consider a multispectral SLAM (Si-
multaneous Localization And Mapping) approach for
robot navigation [8;16], also confirming experimen-
tally [16] that the information added by the thermal
camera improves the performance of the monocular
SLAM approach (despite being used as independent,
non-stereo sensors). Different techniques for exploit-
ing the multispectral information exist, since the fu-
sion can take place at different steps of the process-
ing [15]. An option consists also in leaving the mea-
surements as separated inputs for the navigation fil-
ter, depending on the application.

In the space field, thermal images have been ex-
ploited in the JAXA Hayabusa 2 mission for enhanc-
ing the detection of markers placed on the asteroid
surface [19]. Such recent outcomes have highlighted
the possibility to exploit sensors working in the in-
frared band for navigation purposes, along side with
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a more classical sensor suite. Possible useful appli-
cations include vision-based GNC algorithms for ap-
proaching a target body, operations in the night or
in the dark area, but also moons and meteoroids de-
tection, markers tracing, landing site selection and
hazards detection.

This papers investigates the usefulness of employ-
ing a multispectral approach, exploiting images ac-
quired in the visible and images in the thermal spec-
trum, for the purposes of on board GNC in proximity
of an asteroid. An innovative navigation architecture
which exploits both Visible (VIS) and Thermal In-
frared (TIR) imaging is here presented. The paper
major contributions are the following:

e to assess the feasibility of exploiting current
imaging sensors technologies for the purpose of
multispectral-based asteroid relative navigation;

e to determine the mission scenarios in which the
multispectral approach produces the most signif-
icant improvements.

The paper is structured as follows. In Section 2,
photon and thermal detectors working principles are
introduced, presenting the models used for their suit-
ability study. In Section 3, the scene-sensor chain
architecture is presented, detailing the asteroids ther-
mal modeling and the multi-spectral images genera-
tion process. Then, in Section 4 a multispectral nav-
igation architecture for pose estimation in proximity
of asteroids is proposed. Possible application scenar-
ios are proposed in Section 5, with results shown and
analysed in Section 6. The conclusions are finally
presented in Section 7.

2. Sensors for multispectral imaging

In this section, the two major categories of sensors
used in space for asteroids imaging in the visible and
thermal spectral bands are presented.

In particular, Focal Plane Array (FPA) detectors
are considered, being currently the dominant tech-
nology for cameras. Such sensors can be divided into
two categories: photon detectors, that can work from
the VIS to LWIR bands and thermal detectors, which
work in the LWIR band, as shown in Fig. 1.

The main idea behind multispectral imaging con-
sists in collecting images in specific and distinguished
targeted spectral bands and exploit the differences
among images to obtain the algorithms performance
improvement.

e Thermal sensors typically present a smaller ar-
ray size compared to photon sensors and for this
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reason they are less prone to navigation. The
main disadvantage of using such sensors is their
small array size, and thus the low resolution of
available thermal images, which affects the per-
formances of the image processing features ex-
traction.

e Electro-optical sensors working in the visible
band are largely affected by the illumination con-
ditions [10]. Thermal sensors are less sensitive
to illumination and can be employed also in the
dark side if the body surface temperature is in-
side the instrument detection range.

e Thermal images have an advantage in optical
navigation compared with optical images, since
there are no other bright spots in the images such
as background bright stars, bad pixels, or irra-
diation of solar wind particles or galactic rays,
and there is no need to change the overexposure
when the target is seen from a single pixel unit
until a numerous pixel-sized body [19].

2.1 Photon detectors

Photon detectors convert the absorbed electro-
magnetic radiation directly into a change of the elec-
tronic energy distribution in a semi-conductor by the
change of the free charge carrier concentration. The
working principle of such materials consists in the
generation of a photocurrent proportional to the in-
tensity of the incident radiation. In particular, when
the material is exposed to impinging photons, if their
wavelength is inside the sensibility range of the mate-
rial, electrons can be moved from their valence band
to the conduction band, generating a current.

Sensor response Considering a point target in
first approximation, the number of photons incident
on the detector is computed as:

sz:Psun

depg(@] %Q [ﬁcﬂ teap 1]

where Py, the photon flux coming from the Sun at
the target body, r is the range target-camera, p is the
target reflectance, ¢ is the phase angle Sun-target-
camera. The function g(¢) models the reflection on
the target surface. The pixel response in DN is com-
puted as:

Tpz =1 - 2]

where G is the camera gain and 7 is the detec-
tor efficiency, computed based on the fill factor FF,
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Fig. 1: Typical detector materials [2] operational range along the spectrum.

the detector quantum efficiency QE and the optical
throughput 7e:

n= ﬁerE FF [3}

Sensor noise Background noise (expressed in DN)
is computed as the RMS of the noise sources: read-
out noise, dark current and shot noise [12] [9].

— 2 2 2
N = \/Oshot + Odark + Oread

(4]
= \/Nshot + (Ndarktewp)2 + NEead

Shot noise is modeled as a Poisson process, hence its
variance is equal to the mean: Ngpo = 1Py, /G.

2.2 Thermal detectors

Thermal detectors convert the absorbed electro-
magnetic radiation into thermal energy causing a rise
in the detector temperature.

A common type of thermal detector is an uncooled
microbolometer, made of a metal or semiconductor
material. Microbolometer sensors present numerous
advantages, such as the possibility to operate with-
out cooling system; thus, having reduced dimensions,
this technology is a promising option for deep-space
cubesats as well, thanks to the small dimensions of
such compact devices.

The working principle of a microbolometer consists
in applying a bias voltage to a film of thermo-sensitive
material through the readout circuit. If the thin film
is irradiated by infrared radiation and heated, its re-
sistance value is changed and the resistance changes
is converted to a current or voltage signal that can
be output by the readout circuit.

Sensor response The measurement provided by a
microbolometer is proportional to the incoming scene
radiation.
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The pixel response 7, in [DN] of the instrument
can be modeled as:

Tpe = Gpe L + Dy [5]

where L is the scene radiance and G and D are pa-
rameters determined experimentally during the in-
strument characterization. In particular, G is the
camera gain and D the camera offset, also known as
dark signal. The parameters can be determined ex-
perimentally by imaging a black body that occupies
the whole scene, at different temperatures. This pro-
cedure allows to retrieve the response of each pixel of
the array as function of the scene radiance. Due to
the non-uniformity of the detector, each pixel has a
different response and thus the parameters G and D
must be determined for each pixel (%, j). Typically,
the offset and sensitivity variations on the array are
quite relevant, thus during operations dark frames are
acquired to correct the response.

Scene radiance Ideally, the emitted scene radi-
ance L can be computed by means of the Stephan-
Boltzmann law as:

L. =eoT" [6]

where a = 4. Whereas, the incoming radiance ac-
counts for the view factor from the emitting body
(i.e. the target asteroid) to the detector pixels:

L=F, ,L. [7]

The view factor F,,_, between the asteroid and pixel
surfaces is:

1 (Aa * Sap) (A - Spa)
Fop=— Pl 2 g A, dA
ST

where #i is the surface normal, s;; = r; — r; is the
position vector connecting the points on surface i with
those on surface j and S is its magnitude S = |s;;|| =

18-
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Sensor responsivity The respounsivity (or sensi-
tivity) of a microbolometer array is defined as the
ratio between the detector output voltage variation
and the corresponding input temperature variation,
expressed in [DN/K]. This corresponds to the slope
of the response curve.

r(r) = &) o)

Using equations 5, 6 and 7 it turns to be:

R(T) = aGp,FeaT** [10]

From experiments, the sensitivity has been proved
to be quite homogeneous on the detector, thus it can
be approximated as independent from the (4, j) pixel
[7].

Sensor noise Microbolometers sensors are charac-
terized by the Noise Equivalent Temperature Differ-
ence (NETD), that is the minimum AT that the in-
strument can resolve. In particular, it corresponds to
the T difference that a signal equal to the temporal
noise (SNR = 1) would produce. It can be expressed
as:

Ny

NETD = —
R

where N, is the temporal noise ([DN]) and R the
camera responsivity ([DN/K]).

Experimentally, the NETD can be determined as
the difference in temperature between two side-by-
side blackbodies which, when viewed by the camera,
gives rise to a difference in SNR of 1 in the electrical
output of the two halves of the array. It is important
to highlight that the NETD depends on the instru-
ment f-number, the exposure time and the operating
temperature of the camera.

[11]

NETD = NETD(fnum; teacp7 Tcam) [12}

3. Scene-image chain for thermal imaging

3.1 Thermal images generation approach

While traditional rendering techniques allow to
generate visible synthetic images, analog tools for
thermal images rendering do not exist. The archi-
tecture shown in Fig. 2 has been employed for realis-
tic thermal images generation. From the asteroid and
space environment inputs, a thermal simulation of the
asteroid is performed, deriving the temperature dis-
tribution field at the trajectory epoch. An uncooled
microbolometer sensor is modeled, accounting for the
expected response from input radiation and the re-
lated NETD. A low-resolution temperature-image is
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used to mask a high-resolution rendered image of
the asteroid surface. TIR images are processed to
obtain a more representative appearance of the tar-
get asteroid. In particular, to match the expected
microbolometer physical response - proportional to
the radiation power absorbed by the detector pixels
- masks are exploited.

3.2 Asteroid thermal model

The thermal model is exemplified in Fig 3, con-
sidering the contributions of the incoming Sun heat
flux Q;,, the radiated flux @, and the heat transfer
towards the ground layers Q;:

Qin = Qout + Qs

[13]

The solar flux depends on the distance between
the Sun and the asteroid and on the incidence angle
¢ between the direction of the sun and the normal to
the heated surface:

2
Qu=5o(1- ) (20) coste) [
where Sg is the solar constant, A is the bolometric
Bond albedo and r is the distance to the Sun ex-
pressed in AU. The flux emitted from the asteroid at
the thermal equilibrium is commonly written through
the Stephan-Boltzmann law:

Qout = €oT? [15]
where € is the emissivity of the surface of the asteroid,
o is the Stefan-Boltzman constant and T is the tem-
perature of the asteroid. The heat flux at the surface
of the asteroid is linked to the the 1D temperature

gradient

Czs:_kaij1

5| [16]

being k is the conductivity of the ground of the aster-
oid. The x coordinate is taken in the radial direction,
positive downwards. The heat conduction equation is
then applied, in which a constant conductivity is as-
sumed for simplicity:

aT(t, )

oT(t,x
AU B A %)

Ox?

[17]

Finally, boundary conditions are set to complete the
model:

T(Oa (E) = f(lL') Ve [Ovls]
Tp(0,t) = QeutCin Y ¢ >0 [18]
Ty(ls,t) =0 Vt>0
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Fig. 2: Thermal images chain model.

Fig. 3: Heat exchange model.

Where T, denotes the partial derivative of temper-
ature with respect to the spatial coordinate z and
the skin depth [y is regarded as the depth of the
ground where an adiabatic assumption can be accept-
able. A numerical finite-difference technique is used
to solve the 1D heat conduction equation and an iter-
ative technique is used to solve the surface boundary
condition.

3.3 Microbolometer response model

Starting from the thermal sensor model presented
in Section 2, the following assumptions are made.
The responsivity is assumed homogeneous on the de-
tector, therefore for a specific scene temperature T':

R(T) = ali, j)G(i, j)T*) 1 [19]
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A mean value for « is taken, leaving the spatial de-
pendence on the gain only [7]:
G=R(T)/(aT*") [20]

The non-uniformity of the detector gain and off-
set are accounted for, exploiting data available in
the literature form experimental activities on space
microbolometers sensors for asteroids thermal map-
ping [7]. Such effects are important to be modeled
in case of the absence of non-uniformity corrections,
which may be the case for on board application be-
cause of re-calibration needs or limited computational
power reasons.

Thus the response is computed as:

r(T,i,j) = G(i,j)FeaT® + D(i,§) + N; [DN] [21]

where N, = R(T)NETD and F is a simplified ra-
diation view factor, for the case of emission from a
sphere of radius R to small flat surface at distance H:

e ()

4. Navigation architecture

22]

The vision-based navigation algorithm builds on
concepts of Visual Odometry (VO) and Visual-SLAM
(V-SLAM). Features are extracted and tracked from
the incoming image stream, while at the same time
a sparse 3D map of the asteroid is reconstructed and
used for navigation. A schematic outline of the algo-
rithm is presented in Fig. 4, while a brief summary is
here presented.

Feature detection A feature or keypoint is defined
as a point of interest in an image, usually in the form
of corners, blobs and lines. Among all the different

Page 5 of 12



72nd International Astronautical Congress, Dubai, United Arab Emirates, 25-29 October 2021. Copyright ©2021 by
International Astronautical Federation (IAF). All rights reserved.

Initialization only

Tl —— Triangulation

Algorithm g
ORB/SURF Lucas-Kanade EPnP & Ma Motion Refined
features tracking MSAC ® BA Pose

Pose

Fig. 4: Optical Navigation system overview.

feature extraction approaches, Oriented FAST and
Rotated BRIEF (ORB) [21] is exploited due to its
computational efficiency. To further improve the spa-
tial keypoint distribution over the image, adaptive
non-maximal suppression (ANMS) with suppression
via square covering (SSC) is employed [3], that is able
to enforce a better spatial distribution by jointly tak-
ing into account the keypoints strength and their lo-
calization. An upper bound of 400 features is then
set to constrain the computational burden.

Feature tracking Features are extracted from the
first frame and are then tracked on the subsequent
images using the pyramidal Lucas-Kanade algorithm
[6]. The number of tracked features tends to decrease
as the trajectory develops, therefore new keypoints
must be initialized. New features are merged with the
old ones that are still being tracked at the time of re-
detection, provided that they are sufficiently distant.

Motion Estimation In the main V-SLAM mod-
ule, motion estimation relies on correspondences be-
tween 2D tracked features and 3D map points. For
this reason, the map must be built and initialized to
bootstrap the algorithm. In the initialization mod-
ule, keypoints detected in the first frame are tracked
from the first frame through all intermediate frames
up to the actual second initialization frame. The es-
sential matrix is estimated through the 5-point al-
gorithm [18], that is nested within an MSAC [23]
routine for robustness purposes. The essential ma-
trix is then decomposed using Singular Value De-
composition (SVD), obtaining a rotation matrix and
a translation vector (up to scale). Landmarks can
be now triangulated using the relative pose informa-
tion. Once the 3D sparse map is initialized and the
2D features are tracked, for each incoming image a
set of 3D to 2D map to features correspondences is
retrieved and used to solve the Perspective-n-Point
problem (PnP). P3P [24] and EPnP [14] algorithms
are exploited to this aim. The P3P algorithm is com-
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bined with MSAC in order to remove outliers from
the initial set of correspondences. The resulting set
of Map-To-Frame correspondences is then fed to the
EPnP solver, that is a non-iterative solution of the
problem and is applicable both for planar and non
planar map point configurations. The last step is
represented by a Gauss-Newton iterative optimiza-
tion, which further refines the EPnP pose estimate.

Mapping When the map is first initialized, badly
triangulated landmarks must be pruned to preserve
localization performances. Landmarks must have a
positive z coordinate in the current camera frame,
which means that they are actually in front of the
camera and visible. Furthermore, an upper limit on
the distance from the camera is imposed, since far
away points tend to have a higher uncertainty. Each
time new keypoints are initialized, an attempt of tri-
angulation is made, using the previously stored pose
information. To make sure that the newly added
landmarks respect some quality standards, the an-
gle between the between the bearing vectors corre-
sponding to the keypoints observations and camera
poses must be greater than a predefined value. In
addition, the reprojection error of the candidate land-
marks must not exceed a defined error threshold.

Optimization Motion estimation is an error prone
step and it does not have sufficient accuracy in tra-
jectory reconstruction by itself. Besides, motion is re-
constructed in an incremental way, which means that
error tends to build up and exponentially grow as
the trajectory develops. To prevent the motion esti-
mation error from accumulating, Bundle Adjustment
(BA), that is an optimization technique, is exploited.
To reduce the computational load of the algorithm,
Motion Only BA is performed, meaning that only the
pose is optimized, keeping the 3D landmark coordi-
nates fixed.
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Fig. 5: Spacecraft inertial orbit with different illumi-
nation study cases.

5. Simulation scenarios

In this section, the selected simulation scenarios
are presented.

5.1 Orbital and mission scenario

The scenario under study is the one of asteroid
162173 Ryugu, for which numerous recent mission
data are available. The navigation architecture is
tested considering a keplerian circular orbit at 5 km
distance from Ryugu, with an inclination of 11°,
shown in Fig. 5. Please note that Ryugu’s mean di-
ameter is 870 m.

Four case studies are analyzed. The considered
cases differ only regarding the illumination conditions
(phase angle ¢) and asteroids thermal inertia I'. Such
parameters are in fact potential weaknesses of VIS-
only and TIR-only navigation and thus a potential
area of improvement with a multispectral approach.
The actual I" of Ryugu is employed in cases 1-3 and
a different one is chosen for case 4.

1. Low phase angle. In this case the s/c is on the
light side of the asteroid.

2. Intermediate phase angle. The s/c is looking
at the terminator.

3. High phase angle. The s/c is on the eclipse
side of the asteroid.

4. High phase angle 4+ high thermal inertia.

The s/c is on the eclipse side of the asteroid and
a high thermal inertia is assumed for Ryugu.
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Each arc has a duration of about 3 h and the consid-
ered sampling rate is 1 frame per minute, due to the
slow relative dynamics.

5.2 Sensors for multispectral imaging selection

Given the orbital scenario presented in section 5.1,
the grey-body emitted radiation (Planck’s law) and
the radiation reflected by the target at a 5 km dis-
tance is shown in Fig. 6. Reflectance and emissivity
coefficients for Ryugu are p = 0.02 and € = 0.9 from
the Hayabusa 2 mission data analyses [19] [13].

\

Reflected

= Emitted @ T, =150K|
——Emitted @ T, =172K
Emitted @ T, =194K|
Emitted @ T, =217K|
Emitted @ T, =239K]|
= Emitted @ T, =261K|
Emitted @ T, =283K
———Emitted @ T, =306K
Emitted @ T, =328K|
Emitted @ T, =350K|

10 \

0 2 a 6 8 10 12 U 16 18 20
Alpm]

Fig. 6: Radiation emitted and reflected from Ryugu
at 5 km.

The selected bands of interest for the multispectral
imaging are consequently the VIS and LWIR band,
being not overlapping and corresponding respectively
to the peaks of reflection and emission. The main
purpose of this paper is in fact to study the benefits of
exploiting imaging coming from well separated bands
and thus carrying different information.

The TIR and VIS cameras characteristics are re-
ported in Table 1. In particular, for the TIR the real
HW characteristics of Hayabusa 2 TIR payload have
been considered, while for the VIS sensor common
characteristics have been chosen, in order to have as
expected a wider array size and a similar but smaller
FoV (Field of View).

6. Results

The SLAM algorithm is tested on synthetic im-
ages: VIS images are generated by means of classical
rendering techniques, while TIR images are obtained
from the the asteroid surface thermal behaviour mod-
eling. Results are discussed in this section, examining
thermal simulation results, sensors response results
and optical navigation performances.
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Table 1: Cameras characteristics.

TIR
array size 344 x 260
FoV 16.7° x 12.7°
NETD 0.4 K
bit depth 12
detectable temperature 150 - 460 K
spectral band 8-12 uym
VIS
array size 1024 x 1024
FoV 10° x 10°
bit depth 8
spectral band 380-750 nm

6.1 Thermal simulation results

Ryugu’s thermophysical properties used for the
thermal analysis are reported in Table 2 [22]. The
asteroid shape model used is available from Hayabusa
2 mission data [1].

Table 2: Ryugu’s thermophysical properties.

Parameter Value Unit
Emissivity 0.9 -

Bond albedo 0.0146 -

Thermal inertia I' 225 Js12K—1m—2
Density 1192.8  kgm™3

Heat capacity 600 JK1

For each case study, the minimum and maximum
temperatures on the asteroid surface are approxi-
mately constant along the whole orbit, being in range
146 — 397 K. Such results are in accordance with the
actual Ryugu surface temperature, which is estimated
to typically range from 250 to 400 K during daytime
and down to 150 K during nighttime [20].

From the thermal simulations in cases 1-3, it has
been observed that the low thermal inertia causes fast
temperature changes on the surface as the asteroid
rotates on its spin axis. This means that the phase
angle is tightly related with the temperature field on
the surface.

6.2 Sensor response results

Microbolometer response result Representa-
tive data for the sensor model have been taken from
calibration experiments on microbolometer for aster-
oids observation [7]. In particular, the available non
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TIK]

Fig. 7: Temperature field, high Sun phase angle.

uniformity textures of responsivity and offset have
been tailored on the present study case. The tex-
tures are resized with TIR array dimensions; while
the offset and gain values are scaled according to the
TIR bit depth and operative detection temperature
range. The resulting detector response and offset val-
ues at the mean expected temperature are shown re-
spectively in Fig. 8 and 9.

Gain [DN m~2/W]
240.00

239.95
239.90
239.85
239.80
239.75

239.70

Fig. 8: Modeled detector gain for blackbody scene at
Tinean = 305 K. Base texture from literature real
sensor data [7].

An example of pixels’ responses with large differ-
ences in offset and sensitivity is shown in Fig. 10 for
the whole operative detection temperature range. As
it can be noticed, the non-uniformity effects can be
quite relevant. Thus, their modeling shall be included
for realistic thermal images generation. In fact, for
a real-time on board application, as the relative nav-
igation treated here, corrections might not applied
to images or they might degrade in time, becoming
potentially dangerous to the navigation.
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Fig. 9: Modeled detector offset for blackbody scene
at Thean = 305 K. Base texture from literature
real sensor data [7].
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Fig. 10: Pixel response examples.

Generated images FExamples of the generated
temperature field, VIS and TIR images are shown
respectively in Fig. 12, 11 and 13. What can be no-
ticed is the large appearance difference between the
VIS and TIR images, not only in relation to form
factor and resolution, but also in the brightness dis-
tribution and presence of features on different surface
areas. Possible improvements to the generation pro-
cess are the inclusion of different emissivity values of
the asteroids terrain and rocks and the computation
of the asteroid-pixel view factor Fj,_, from a shape
model, instead of the spherical approximation.

In cases 1-3, due to the very low inertial of asteroid
Ryugu, the phase angle has a relevant influence on
the thermal images as well. As a consequence, in
the low ¢ case, the TIR observes mainly the hottest
regions of the surface; while in the high ¢ the coldest
ones. Simulations have highlighted that due to Ryugu
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Fig. 11: Example of VIS camera image in the high
phase angle case.

Fig. 12: Example of temperature intermediate image
in the high phase angle case.

low thermal inertia, the thermal images in eclipse are
quite dark. Being large areas of the body neither
visible in the optical band, neither from the thermal
camera, both bands result to be not useful for optical
navigation in the high ¢ scenario. In fact, considering
that the simulated temperatures are in range 146 to
397 K and that Hayabusa TIR covers temperatures
in range 150 — 460K, but can work properly only in
the range 230 to 420 K [20], such result is in line with
the mission data.

For this reason, the 4th study case is considered,
which is identical to case 3, but consideres some ficti-
cious physical properties, as a higher thermal inertia,
which lead to hotter temperatures in shadow. In this
case, VIS images have a bad quality, but the asteroid
is observable with the TIR camera.
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Fig. 13: Example of TIR camera image in the high
phase angle case.

6.3 Optical Navigation results

Fig. 14 shows the reconstructed trajectory for the
two different sensing modalities, considering the low
phase angle case study. The trajectory is correctly re-
trieved by both the VIS and TIR mode, however VIS
images still provide the best results in terms of navi-
gation accuracy. The localization error always tends
to increase towards the end of the sequence, that is
a typical feature of any SLAM algorithms, since the
pose error accumulates despite BA. To quantify the

e
1000 + Ground Truth
—— SLAM-VIS
0L SLAM-TIR
I Ryugu
-1000 +
‘g -2000
=)
-3000 g
-4000 -
-5000 + e
-4000 -2000 0 2000 4000

x [m]

Fig. 14: SLAM results in the low phase angle case

navigation algorithm performances, the overall posi-
tion error is computed as:

ep = (2 —2)2 + (yi — 9:)% + (2 — 2:)2 [23]

TAC-21-66812

where Z,7,Z are the position components estimates.
The attitude error is instead computed following [17]:

I-ATA
eR = arccos (1 - 2574(2)) [24]

with A being the estimated rotation matrix. The
Root Mean Square Error (RMSE) is then reported in
Table 3 for each test case scenario. As previously
mentioned, since both VIS and TIR images in eclipse
tend to be quite dark, the vision-based navigation al-
gorithm cannot provide a meaningful solution. When
dealing with favourable illumination conditions, i.e.
low phase angle, VIS images still retain a clear ad-
vantage with respect to TIR ones, due to their wider
array size. However, considering a high phase an-
gle, VIS and TIR images lead to similar navigation
performances. In the fourth case a higher thermal in-
ertia for Ryugu’s thermal model, has been assumed,
which consequently led to a temperature field com-
patible with Hayabusa TIR capabilities even on the
eclipse side. In this last scenario, VIS images are still
too dark to be used for navigation purposes, while a
TIR-based localization solution becomes feasible.

Table 3: Localization error.

VIS

ep [m]  er [deg]
Case n.1 103.08 2.45
Case n.2 236.15 11.79
Case n.3 - -
Case n.4 -

TIR
Case n.1 173.81 3.49
Case n.2 280.25 12.43
Case n.3 - -
Case n.4 328.77 13.86

Concerning now the mapping performances of the
implemented SLAM algorithm, it can be noticed that
the best 3D sparse map is obtained using VIS images
with a high phase angle, despite the lower navigation
accuracy. The reason is that this illumination con-
dition makes it possible to extract features that are
more evenly spread on the asteroid surface, which in
turn translates into a spatially uniform map. Fig. 15
shows the output 3D sparse map. Please notice that
due to the selected camera FoV it was not possible to
reconstruct the whole shape.
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Fig. 15: 3D Sparse map

7. Conclusion

This paper studies the possibility to exploit mul-
tispectral imaging sensors for asteroids relative navi-
gation.

A vision-based SLAM algorithm is selected as rel-
ative navigation architecture and tested with visible
and thermal synthetic images. A physics-based ther-
mal imaging generation process is proposed, starting
from the asteroid thermal simulation up to the sen-
sor response. Results show that VIS and TIR sen-
sors contribute in different ways to navigation and are
both exploitable, offering an interesting opportunity
for relative navigation in close proximity of asteroids.
The obtained results highlight the superiority of VIS
imaging in terms of navigation accuracy, confirm the
feasibility of exploiting TIR imaging for vision-based
navigation. Different application scenarios in terms
of illumination conditions and body temperature are
critically compared.

The presented approach for relative navigation
based on VIS-TIR measurements is tested for an as-
teroid target, but it represents a promising option
for a wide set of applications, including other types
of targets. Future work will include the refinement of
the thermal model and the assessment of image-fusion
algorithms for improving the navigation performance.
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