LUNAR NAVIGATION

Improving PVT Estimation
for Safe Lunar Landing Missions

The advanced navigation architecture explored combines
multi-sensor fusion and resilient PVT techniques.
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oon exploration has emerged
as a significant frontier in the
era of space commercializa-

tion in recent years, with many public
and private entities showing grow-
ing interest and investment in lunar
missions. This increase in lunar and
cislunar activities has prompted out-
standing initiatives promoted by NASA
and the European Space Agency (ESA).
Historically, lunar missions have relied
on deep-space Earth ground-segment
infrastructures to obtain accurate
knowledge of the spacecraft trajectory,
but today, many studies are being con-
ducted to demonstrate improvements
in user position, velocity and timing
(PVT) estimation enabled by a naviga-
tion constellation around the Moon.
The objective of this study is to describe
an approach that uses sensor-fusion
techniques based on a tightly-coupled
Extended Kalman Filter (EKF) to in-
tegrate lunar GNSS-like one-way
ranging (OWR) signals with a wide range

of on-board observables, such as inertial
measurement units (IMU), altimeters, two-
way ranging (TWR) with an orbiter in
Elliptical Lunar Frozen Orbit (ELFO) and
visual-based navigation (VBN) techniques
for estimating both the spacecraft state
and the receiver clock bias and drift, in
different phases of a lunar landing at the
Shackleton Rim. The VBN algorithms ap-
plied are based on seleno-referenced, high-
fidelity lunar images (from 30m/px to 5m/
px) generated through the Visual Scenario
Generator (VSG) module that’s integrated
in the Interactive Mission Modeling,
Visualization/Validation (IMMV?) tool,
developed in the Telespazio Concurrent
and Collaborative Design Facility (C2DF).
MMV? implements various functionalities
in a digital twin for mission digitalization
(MDT), end-to-end testing and validation.
Finally, a preliminary measurement outlier
rejection strategy was implemented in the
loop, as the recent lunar lander missions
have demonstrated the importance of iden-
tifying and rejecting incorrect measure-
ments that could cause mission failure.

The Era of Future

Lunar Exploration Missions

The growing number of initiatives pro-
moted by NASA, ESA and other space
agencies underline a concerted effort to
expand our understanding and resource
use of the lunar environment. One of
the principal objectives is to realize a

lunar communication and navigation
constellation around our natural satellite
to support future robotic and human
exploration missions, such as Artemis
(1] and Argonaut [2]. These services also
will support the birth and development
of the future “Lunar Economy” in terms
of space tourism and, for example, the
possibility of using lunar resources on
site, which makes exploring other planets
in the solar system cheaper and easier.
Guaranteeing accurate position per-
formance is a pillar of such initiatives.
The challenge today is to exploit a navi-
gation constellation to improve navi-
gation accuracy performance. Because
only a few navigation satellites will be
available in the cislunar environment
in a first phase, it is fundamental to
demonstrate the integration of these
observables with other sensors’ mea-
surements, such as IMUs, altimeters,
TWR measurements and VBN (Figure 1).
The navigation constellation con-
sidered is composed of four spacecraft
placed on four ELFOs with a 24-hour
orbital period. The selection of orbital
parameters was optimized to guarantee
good navigation geometrical perfor-
mance on the South Pole, the primary
target for future lunar missions.

Mission Scenario:

Landing on lunar South Pole

The study considers a landing trajec-

tory that starts from about -75° latitude,

covering a total angle of around 30° and
lasting about 22 minutes. The trajec-
tory profile was generated following the
guidelines of the reference trajectory of
the ESA's Argonaut lander [2] starting
from a LLO and reaching a high gate ar-
rival (HGA), proceeding with an almost
vertical descent toward low gate arrival

(LGA) and then until touchdown on the

Shackleton Rim (Figure 2).

The following assumptions/choices
were made:

o Aninitial LLO at an altitude
of about 15 km until the
beginning of the first descent
maneuver toward the HGA.

« An HGA at an altitude of about 2
km and a LGA at approximately
150 m in the International
Celestial Reference Frame (ICRF).
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The trajectory segment from the HGA
to touchdown was divided into three
segments, with the lander performing a
finite maneuver at different thrust levels
to simulate modulation of the engine
during the terminal descent phase in
each. For both the ballistic and maneu-
vered segments, the following forces were
considered to propagate the dynamics:
« Gravitational force exerted by the

main body, calculated using the

LP150Q lunar gravity model, which

considers spherical harmonics.

up to degree and order 150.

o Third-body effect generated
by the Earth and the Sun.

« Solar Radiation Pressure (SRP),
calculated with a solar luminosity
of 3.828e+26 W, a lander area
of 20 m? and a coefficient of
reflectivity, Cr, equal to 1.

In the maneuvered segments, a constant
thrust level of 11.622 kN was considered
until reaching the HGA, followed by three
finite maneuvers with thrustlevels of 2.851
kN, 2.786 kN, and 2.704 kN, respectively.
A specific impulse of 300 s was considered
for the calculation of consumed fuel. The
lander has an initial wet mass of 2,500 kg
and a dry mass of 1,200 kg.

Shackleton Rim was selected for the
landing site based on studies of its average
annual exposure to solar illumination
providing the most plausible location for
lunar landing. It’s also one of the most
promising landing sites identified by
NASA for the future Artemis missions [3].

Synthetic Data Generation

Through the IMMV? Tool

The IMMV? tool has been developed
within the Telespazio Research and
Innovation Laboratories (R&I Labs) [4,
5] and provides a co-simulation realistic
virtual environment for mission digitaliza-
tion, 3D modeling and end-to-end (E2E)
testing and validation, known as mission
digital twin (MDT). The tool harnesses
state-of-the-art technologies, using the
unreal engine (UE) platform for realistic
rendering, synthetic data generation and
virtual reality (VR) interactivity to provide
a complete fault analysis, detection and
exclusion mechanism for system robust-
ness analysis through an advanced sensor
fusion of multiple synthetic data. MDT

is fundamental in an era when complex
space-based missions demand high safety
margins and low risk levels and where it is
becoming imperative to foresee all possible
unexpected system behaviors that could
lead to mission failure.

For this work, the visual scenario
generator (VSG) module generated the
fully synthetic images and altimetry used
for the VBN algorithm and altimetric
information. By merging VSG capabilities

and a bilateral real-time co-simulation
that exploits the user datagram protocol
(UDP), named Ping-Pong, between the
UE5 and a backend simulation environ-
ment, it is possible to import time-defined
custom trajectories and attitudes powered
by a specific space dynamic propagator
build up in the backend environment
(e.g. for the lander dynamics simulation).
Asaresult, VSG allows the extraction of
georeferenced optical/LiDAR images and
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other synthetic observables in different
conditions. This is crucial to generate
vast, fully synthetic datasets to train Al-
powered technologies (e.g. VBN) or build
up high fidelity mission DT.

The lunar DEM was generated using
topographic data collected by the Lunar
Reconnaissance Orbiter (LRO) Lunar
Orbiter Laser Altimeter (LOLA). Using
integrated maps at different resolutions
(30m/px to 5m/px), the process gener-
ated high fidelity meshes of the lunar
region of interest [6]. VSG functionalities
are summarized in Figure 3.

Multi-Sensor Fusion

Functional Architecture

« The proposed multi-sensor fusion
navigation architecture is shown
in Figure 4 (left). The part of the
scheme reported in the upper
part and highlighted with a blue
rectangle represents a simplified
view of the VBN block. The lower
part highlights the other sensors
and observables that feed the
navigation filter (yellow block) to
obtain the estimation of both the
spacecraft state and the receiver
clock bias and drift (green block).

+ The VBN is integrated in the
existing navigation architecture
with the navigation constellation
observables and additional sensor
measurements to provide an
accurate estimate of the lander
position along all the different
phases of its trajectory.

» The methods of integrating
GNSS-like signals with inertial

navigation system (INS) estimates
and information from other
sensors can be classified in two
main approaches: loosely coupled
and tightly coupled. In this work,
the limited number of navigation
satellites makes it unlikely for

the first approach to provide a
PVT estimate. A tightly coupled
integration scheme was chosen as
the optimal method to incorporate
satellite measurements with the
remaining sensors (Figure 4, right).

VBN, Absolute Module

The VBN module [7, 8] uses topographical
markers, specifically craters, and cor-
relates them with an extensive catalogue
[9] to achieve high-precision navigation.
This module demonstrates robust resil-
ience against errors in initial position
estimation, due to its reliance on globally
identifiable features. Its absolute working
mode operates independently of prior
image data or positional history, enabling
effective navigation even in “lost-in-space”
scenarios. The module operates in three
main stages: detection, matching and pose
estimation. Initially, high-resolution im-
agery from the spacecraft is input to a
deep learning (DL) based crater detector
[10]. Identified craters are matched to a
database of known craters using a match-
ing strategy. Finally, the VBN module
proceeds to pose estimation, where the
transformation from two-dimensional
to three-dimensional correspondences is
managed by solving a Perspective-n-Point
(PnP) problem [11]. Figure 5 illustrates
the VBN module architecture [8].

VBN, Relative Mode

In the final phases of descent, as the
spacecraft decreases its altitude, the
number of craters visible to the camera
diminishes significantly. Furthermore,
many of the detected craters are too
small to be matched with most existing
catalogues [9]. This issue is mitigated at
higher altitudes, where the visible craters
are more numerous and larger, and are
therefore surveyed in many available cra-
ter catalogues. To address this challenge,
as the altitude decreases above around
15 km, the proposed algorithm bypasses
crater detection and matching, instead
focusing on identifying and tracking
common surface features, such as rocks
and rilles, in a sequence of overlapping
image pairs captured along the trajectory.
By tracking these features from frame
to frame, the algorithm estimates the
camera's pose relative to its previous
position. The module unfolds across
three main stages: first, a fully convo-
lutional neural network, Superpoint,
[12] is tasked to detect keypoints in
two subsequent frames. Subsequently,
an attentional Graph Neural Network
(GNN), SuperGlue [13], leverages the at-
tentional mechanism of the transformer
architecture [14] to efficiently and re-
liably match corresponding keypoints
across the image pair. By exploiting the
resulting epipolar geometry, the relative
pose between the two viewpoints can be
retrieved (Figure 6, bottom). Altimeter
measurements are integrated in the pose
estimation pipeline to resolve the scale
ambiguity. Relative VBN module archi-
tecture is represented in Figure 6, top [8].
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Navigation Measures: On-Board

Sensors and NAVSATs Observables
Altimeter

When used in conjunction with a navi-
gation constellations’ one-way measure-
ments, altimeters can directly determine
the vertical position within a user-centered
East-North-Up (ENU) reference frame. In
this study, the altimetric measures have
been extracted by the synthetic environ-
ment reconstructed with the IMM V2 tool.
Because the tool provides both ideal and
altered measurements, the altimeter read-
ings have been post-processed by introduc-
ing additive Gaussian white noise to the
vertical component of the spacecraft. To
simulate the behavior of contemporarylaser
altimeter technology, the noise’s standard
deviation is adjusted proportionally to 1%
of the actual user height [1,15].

IMU

An accelerometer measures the non-
gravitational acceleration experienced
by the spacecraft. In this case, the acceler-
ometer is key to capturing the thrust ma-
neuvers accelerations. A comprehensive

accelerometer model typically includes
errors such as misalignment, cross-axis
sensitivity, sensor biases, and scale factor
errors. However, for this study, the model
has been simplified by combiningall these
errors into additive Gaussian white noise.
Although this model may underestimate
the impact of those errors in the initial
coasting phase, during the thrusting
phase the acceleration provided by the
thrusters is orders of magnitude greater
than the neglected biases. The noise’s
standard deviation is representative of
commercial high-fidelity accelerometers.
This simplification allows for decoupling
the orbital estimation problem from the
attitude estimation problem, as the ac-
celerometer readings are assumed to be
already expressed in the inertial reference
frame (specifically, the ICRF) used for
propagating spacecraft dynamics.

Navigation Satellites Observables

The one-way measurements obtained
from the j-th navigation servicer are de-
termined using the pseudorange §jand
pseudorange-rate . The pseudorange is
calculated using conventional time-of-
arrival (TOA) techniques (Equation 1):

pj=c (T +8t,~T; = 8t)) + €5, (1)

The pseudorange p; is determined
based on the geometric range, where ¢
represents the speed of light. It is com-
puted by considering the system time T,
at which the signal would have reached
the user in the absence of errors, the re-
ceiver clock bias 8t,, the system time T;

at which the signal left the servicer, the
offset of the servicer clock from the system
time 6, and the noise €5 y introduced
by various sources of errors including
interference effects, receiver noise, in-
strumental delays, multipath losses, and
relativistic effects. On the other hand,
the pseudorange-rate is obtained from
Doppler frequency measurements. It is
calculated by taking the difference be-
tween the nominal carrier frequency and
the received signal frequency (Equation 2):
pj=c Afﬁ +c(8t, —6t) +es, @
j
where the terms §t,, and 6.t] represent
the errors associated with the clock drift
of the receiver and servicer, respectively.
The terme st, encompasses the remain-
ing noises. To simplify the pseudorange
and pseudorange-rate equations, all the
error contributions can be combined
into single terms as in Equations 3 and 4:
Py =pj+b.+e, )
5j=ﬁj+dc+6pj (4)
where b.and d, denote the receiver clock
bias and drift, respectively, measured
in meters and meters per second. These
two terms are modeled using a two-
state clock model [16]. The frequency
deviation, which corresponds to the
clock drift, arises from two types of
noise: White Frequency Modulation
(WFM) and Random Walk Frequency
Modulation (RWFM). The resulting
clock bias is represented as a combi-
nation of Wiener noise and integrated
Wiener noise. The dynamical system that
simulates the evolution of these quanti-
ties is summarized in Equations 5 and 6.
The terms € and € ; represent Gaussian
white noises. Their standard deviation
can be adjusted accordingly to match
the Allan variance of the specific type of
receiver clock desired for the simulation.

b, =d, + e, (5)
d, = ¢, (6)

Within the navigation filter, the predic-
tion of pseudorange and pseudorange-rate
involves using the information transmitted
through the navigation message. This in-
formation is used to calculate the position

and velocity of the navigation constellation
satellites, as well as the corrections needed
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to synchronize the servicer clocks with
the system time. For Galileo and GPS,
the broadcast ephemerides are provided
in the form of 16 quasi-Keplerian param-
eters, which enable the computation of the
GNSS satellite states in the Earth-Centered
Earth-Fixed (ECEF) frame [17]. The spe-
cific structure and update frequency of
the broadcast navigation message are
yet to be determined. Consequently, the
residual errors in the predictions aris-
ing from the orbit determination and
time synchronization (ODTS) process
conducted on the ground, referred to as
signal in space error (SISE), are modelled
as simple additive Gaussian white noises.
It is assumed that the retrieved states of
the navigation constellation satellites are
expressed in the ICRF frame, as a proper
definition of an official Moon-Centred
Moon-Fixed (MCMF) frame is still not
available.

Two-Way Ranging with an

Additional Satellite in ELFO

Another source of observables investigated
in this study derived from TWR measure-
ments involving an additional ELFO or-
biter in a 12-hour orbital period. Unlike
OWR, TWR measurements provide range
and range-rate between the two spacecrafts
that remain unaffected by receiver clock
offset, thus offering a more reliable measure
compared to standard OWR observables.
In this simulation, a simplified TWR mea-
surement model, which does not include
remanent biases due to uncalibrated group
delays, is implemented. Specifically, the
range and range-rate quantities are com-
puted according to Equations 3 and 4 but
without the contribution of the clock bias
and drift. Although this simplification
might lead to an underestimation of the
actual errors, it provides an initial refer-
ence to improve in future studies. The
resulting measurements are forwarded
to the EKF and treated similarly to the
OWR pseudorange and pseudorange-rate.

Navigation Filter

The navigation algorithm used in this re-
search isbased on an EKF, which estimates
the user's inertial position and velocity,
as well as the receiver clock and drift. To
achieve precise estimation of orbital states,
a specialized orbital dynamical model is

Parameter Value

Position (x,y,z) 15m
Velocity (x, y, z) 0.15 m/s
Clock bias: 10 m
Clock drift: 0.1 m/s

Navigation constellation SISE (10)

Navigation constellation measurement rate

1Hz

Navigation constellation antenna H-FoV

20°

Altimeter noise (10)

1% of the height

Altimeter measurement rate 1Hz
IMU noise (10) 1ug
IMU measurement rate 1Hz

TWR SISE (10)

Position (x,y,z): 15m
Velocity (x, y, 2): 0.15 m/s

TWR measurement rate

0.1 Hz

Initial filter uncertainty (10)

Position (x, y, 2): 1 km
Velocity (x, y, z): 100 m/s
Clock bias: 100 m
Clock drift: T m/s

Filter rate

TABLE1 Assumptions used for the simulation and sensor settings.

1Hz

implemented, considering
the limited availability of
observables. A balance
between model accuracy
and computational effi-
ciency is achieved through
a compromise. The model
includes gravitational ac-
celerations from the Moon's
central gravity, the ]2 effect,
and Earth's third-body per-
turbation. Itis assumed that
dedicated look-up tables
or Chebyshev polynomial
coefficients can be stored
on-board or periodically
updated to compute Earth’s
position at the current

epoch. Additionally, mea-
surements from the IMU
are used to account for non-gravitational
accelerations, such as thrusting maneuvers.
The position and velocity components
of the state are discretely integrated using
an explicit Runge-Kutta (RK) integra-
tion scheme. Balancing integration order
with computational demands reveals
that, for a navigation filter running at
1 Hz, a simple two-stage Heun method
reduces propagation times by half while
maintaining negligible accuracy loss
compared to higher-order RK methods.
Conversely, the clock states are integrated
using a simple Euler model. The remain-
ing filtering steps follow traditional EKF

implementations, with the exception of
using the Joseph covariance correction
formulation to ensure the covariance
matrix remains positive definite. The
Mahalanobis distance check method is
implemented to reject any outliers in the
measurements, ensuring good robust-
ness against possible sensor faults [18].

Results

CASE 1:

Absolute VBN Algorithm Performance

The performance evaluation of the absolute
pose estimation algorithm is showcased
using a series of uniformly spaced images
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captured along the initial segment of the
landing trajectory, from 17 to about 14 km
of altitude. Each image was processed by
the absolute pose estimation algorithm,
which involved detecting craters, matching
them with the onboard catalogue, and
retrieving the pose by solving the cor-
responding PnP problem. The camera’s
boresight axis was assumed to point in the
nadir direction for the entire descent phase.
Table 2 reports camera specifications.

To optimize the number of detected
craters, the Sun elevation angle was
maintained at 14 throughout the image
sequence reported in [6]. Figure 7 depicts
an example of detected and matched
craters over a portion of the lunar surface
overflown by the lander.

Figure 8 illustrates the trend of the
total error and its components, both
horizontal and vertical, alongside the
number of detected and matched craters.
The selected lunar region serves as an
excellent test case for the algorithm, fea-
turing a diverse array of craters in terms
of size, density and distribution. At the
beginning of the trajectory segment, the
lander overflies an area with a scarce dis-
tribution of craters, resulting in increased
error. For approximately 10 seconds, the
number of matched craters is insufficient
to solve the associated EPnP problem [11].
Throughout the trajectory, an increase
in the number of detected and matched
craters corresponds to a general decrease
in the error level. An equal number of
matched craters does not always yield
the same error level. This discrepancy
is due to the presence of mismatched
craters and varying crater arrangements
within the images. In the final segment
of the trajectory, the reduced altitude no
longer allows for a sufficient number of
craters to be detected or matched with
the onboard database. Consequently,
it becomes necessary to transition to a
relative VBN algorithm. The absolute
VBN pipeline has yielded an average po-
sition error of 270.14 m, with a horizontal
component of 216.11 m and a vertical
component of 54.028 m.

CASE 2:

Relative VBN Algorithm Performance

The relative displacement and rotation
errors with respect to the ground were

the performance parameters considered.
The proposed algorithm was applied to
a sequence of images captured along a
portion of the reference trajectory, rang-
ing from 14 km to 2 km of altitude, im-
mediately following the absolute mode
of the VBN module. Both instantaneous
and mean relative displacement errors
along the trajectory were computed.

Throughout the testing procedures,
the same camera specifications reported
in Table 2 were adopted. Figure 9 shows
the time evolution of the error in the
relative displacement estimate, with its
horizontal and vertical components,
along the trajectory segment of inter-
est. The mean error is approximately
25 m, with horizontal and vertical
components of 22.39 m and 5.83 m,
respectively.

CASE 3:

VBN/IMU/Altimeter + 1 Navigation Satellite

Figure 10 (top) displays navigation per-
formance when the VBN measurements
are integrated within a navigation filter
that further leverages IMU and altimeter
readings. A summary of the adopted
simulation parameters and sensor set-
tings is reported in Table 1. In the initial
part, the filter struggles to reach con-
vergence because the altimeter readings
alone are unable to provide complete
observability of the state. However, as
soon as the absolute VBN position mea-
surement becomes available, the error
suddenly drops to a few hundreds of
meters. As the lander continues along
its descent trajectory, the absolute VBN
cannot provide any more information,
thus the filter starts using estimated

Pixel format 1024x1024
Field of view 90°
f-stop f/5.05
Effective focal length 6.013 mm
Entrance pupil diameter 1.19 mm
Detector size 7 um
Refresh rate 1Hz

TABLE2 Sensor specifications for the conducted test.
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velocity measurements. Throughout
this phase, the velocity error stabilizes
while the position error exhibits a linear
drift in time. Simulations have shown
using the relative VBN measurement
can reduce the final navigation error up
to 1 km with respect to the scenario in
which only the absolute measurements
are leveraged. Finally, once all the VBN
measurements become unavailable, the
position error keeps increasing because,
like the initial few minutes, the filter
does not have enough observables to
properly determine the lander state.

CASE 4:

VBN/IMU/Altimeter + 4 Navigation Satellites
To improve navigation accuracy, Figure 10
(center) reports the position error when
the previous architecture is further en-
hanced with one-way measurements from
anavigation constellation. Four naviga-
tion satellites are visible throughout the
landing trajectory. Because of the optimal
constellation geometry, once the filter has
reached convergence, the navigation error
is extremely small. The only exception
happens at about 4 minutes, when a peak
error of about 80 mis reached. However,
such sudden performance drop is caused
by the large thrust maneuvers performed
to target the desired landing site.

CASE5:

VBN/IMU/Altimeter + 1 Navigation
Satellite + TWR

The navigation constellation visibility pat-
tern gradually shifts throughout the day
as the navigation satellites move toward
the periselene of their 24-hour orbits.
Depending on when the initial landing
burn is executed, a different number of
navigation signals might be available. For
this reason, Figure 10 (bottom)

reconstruction of the trajectory due to
the much higher dilution of precision.
Additionally, after 9 minutes, i.e., when
the VBN measurements cease to be avail-
able, the position error gradually increases
because a single OWR satellite, together
with the TWR and altimeter readings, are
not enough to provide complete observ-
ability of the state. With this in mind, the
benefits of having a VBN solution are

investigates the scenario in
which only a single one-way
navigation signal is captured
by the on-board receiver.
However, at the same time, an
additional and more accurate
observable with respect to the
OWR signals is obtained by
performing TWR with a satel-
lite in a 12-hour period ELFO.
With this configuration, the
overall position error never
exceeds 200 m. However, it
isimportant to stress that the
actual error strongly depends
on the relative geometry of the

satellites with which OWR

and TWR are performed. If
they are closely aligned, the
information provided by the
two will not allow an accurate
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clearly evident during the first minutes
of the landing, where the position error
is consistently kept below 100 m.

Conclusions and Future Works

In this article, an advanced navigation
architecture based on multi-sensor fu-
sion, with the integration of different
measurements and VBN module, has
been presented showing the application
of the IMMV?tool, developed in the
Telespazio R&I Labs.

The IMMV?simulations highlighted
that a proper integration of OWR signals
provided by a lunar navigation constella-
tion, inertial sensors and VBN can guar-
antee good navigation performance fora
landing user. In particular, a combination
of VBN/IMU/altimeter and four naviga-
tion satellites can guarantee a position
error in the order of tens of meters. If only
one satellite is present, a combination
of OWR, VBN, IMU and altimeter can
guarantee good navigation performance
below 100 m until the absolute VBN pro-
vides measurements. As soon as relative
navigation is introduced, the position
error increases remaining below 1 km.

If this last configuration is integrated
with a TWR observable provided by an
ELFO orbiter in an optimal relative geo-
metrical configuration with respect to the
navigation satellite, the position error can
be mitigated and lowered below 200 m.

The VBN complete pipeline for both
absolute and relative mode were also
presented, and demonstrate an average
position error of 270.14 m, with a horizon-
tal component of 216.11 m and a vertical
component of 54.028 m in the case of
absolute VBN and 25 m, with horizontal
and vertical components of 22.39 m and
5.83 min case of relative VBN.

Finally, a preliminary measurement
outlier rejection strategy was imple-
mented to ensure good robustness
against possible sensor faults that could
cause a lunar landing mission failure.

Future works will focus on extend-
ing the lunar surface area to test sen-
sor fusion in other scenarios, such as:
orbiting users and/or surface rovers;
augmenting the synthetic image dataset;
testing the effects of varying illumina-
tion conditions on the VBN algorithm;
improving the navigation filter for the

final landing phase; creating a mixed
reality framework where the IMMV?
validates algorithm performance and
real-time capabilities together with a
Processor-in-the-loop (PIL) test setup;
and implementing FDE techniques to
improve the user mission resilience. 1§
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