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Abstract

The lunar ambitions of NASA's Artemis program spellout multiple crewed missions to the Moon and later
to Mars. The ESA Terrae Novae 2030+ exploration sategy roadmap aims to enable Europe’s participatiornn
the first crewed exploration mission to Mars. Yet,missions to deep space still pose significant chatiges in
terms of crew autonomy. As missions will become |Iger and more distant, the operations and sustainality of
such structures in stressful isolation conditionsanstitute a high level technological and human chknge. The
objective of Spaceship FR team at CNES (Centre Nathal d’Etudes Spatiales - FRANCE) is to develop
innovative technological bricks for the future Moonand Mars bases, thanks to technologies and skiltsf its
network of partners: academia, laboratories and indistries. To prepare, plan and design the future mions,
Spaceship France project develop a digital twin ofhe Moon. With this software, the future operationteams
will plan the exploration activities, for example b find the shortest illuminated path for rovers, orthe base
placement near in-situ resources according to envdnmental constraints. Once the various digital eq@ment
are integrated in the tool, operational teams andstronauts will be trained thanks to virtual reality for surface
exploration and management of the base. This toolillvalso be used to support the lunar operations.tiwill be
used for assistance to satellites involved in thariar missions for efficient communication, navigatn, mission
and infrastructure support, or for alarm systems involved in radiation and micrometeoroids alert. Findly, for
surface operations, this tool will support rover hadling and human operations and automatic rover
exploration. Hypercube, use by this tool, is a cubef data gathering various information to feed theligital twin.
These data can be provided by Digital Elevation Moels (DEM), catalogs, for example of ephemeris, dyndc
maps like illumination maps, static maps like mateials location or slope map, digital twin of buildirgs and
equipment, and results of various simulations. Thipaper aims to present the strategy of developmewnf such
a digital twin and the Hyper Datacube to feed it. 1 also gives a status of the development and testsne with
the first version the tool.
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Acronyms/Abbreviations

2D/3D Two Dimensions/3 Dimensions

CNES Centre National d’Etudes Spatiales

Csv Coma-Separated Value

DEM Digital Elevation Model

ESA European Space Agency

ExPeRT Exploration Preparation, Research and Te@ogy
GDAL Geospatial Data Abstraction Library

JSON JavaScript Object Notation

JPL Jet Propulsion Laboratory

LISE Lunar Integrated Shelter for Exploration

LOLA Lunar Orbiter Laser Altimeter

LRO Lunar Reconnaissance Orbiter

IMG Image format

NASA National Aeronautics and Space Administration
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PNG Portable Network Graphics
TIFF Tag Image File Format
VR Virtual Reality

1  Introduction

The goal of NASA's Artemis program [1] is to sendltiple crewed missions to the Moon beginning ir220to
build a permanent base. After testing the vari@chrologies necessary to live on the surface ofMben, the
objective is to transfer them to Mars. France digthe Artemis Accords on June 7, 2022 [2]. Frascalso member
of ESA and patrticipates in the Terra Novae 203@gpam [3]. In this program, the ExPeRT (Exploratitmeparation,
Research and Technology) team integrates, cooedinahd manages the development of studies anbiegies for
future Exploration missions to low Earth orbit, Moand Mars destinations. In the ExPeRT programSieceship
projects teams network work on innovative technig@gcomponents for future Moon and Mars basesA4]part of
this network, CNES created the Spaceship Frangeqti]. The French team works on seven techiceds: Habitat,
Robotics, Life Support Systems, Human Health & &enfince, Energy, In-Situ Resource Utilization, &ndital
Technologies [5]. The objective is to provide atjwor of the landed assets as well as innovativéesys to CNES
space partners starting in 2025 anticipating th&rmeof humans to the Moon. CNES aligns with NASAfgtegy to
offer technologies and landed systems for Moon imniss allowing thorough testing before their evahtuansfer to
Mars.

To help teams to design missions and execute apeahbctivities, Spaceship France team envisiortetvelop a
digital twin of the Moon. This first version of digl twin of the Moon is a virtual and interactiimitation of lunar
surface and its characteristics. This numeric mgdtiers geographic, topographic and environmelatal to analyze
and simulate lunar environment. This digital twigncbe used for several concrete situations asidocaf lunar
infrastructures or plan missions. These missionsdcoe either robotic exploration or human expliorat

To create a digital twin of the Moon is a complagk. The first step was to build a numerical Moba acale of
1:1. Such a model is useful to know what the tareaid landscape looks like at a given locationnticgate where
LISE (CNES lunar habitat) [7] will be deployed hetSouth Pole of the Moon around Shackleton Crater.

One way to create such a simulation is to use gramngines, which are well known and used in thmigg
industry. However, these engines are increasingjiydoused in other sectors such as cinema, aeiocalsitnulations
and space. For space, the best example [8] is avN&SA team has done with Unreal Engine 5 (a g@pbngine)
to model the South Pole of the Moon. There are ngraghics engines, but not all of them are capablbis kind of
simulation. Spaceship France team has developiest anbck-up based on Unity graphics engine.

2 Generation of a twin of Moon

The three main functionalities of the tool are:

- A 3D model of lunar terrain with a precision of ®tars per pixel at the poles (latitudes betweerb[8J0]
and [-90, -87.5]) built thanks to data providedUsyLA payload (Lunar Orbiter Laser Altimeter) embedd
in NASA’s LRO spacecraft (Lunar Reconnaissance @rhi

- Integration of ephemeris to manage Sun positidheathosen date;

- Generation of illumination maps for chosen datesntmw which location are illuminated or not.

2.1 3D model of lunar terrain
2.1.1  Moon topology

LRO is a satellite orbiting the Moon to study ibiin space. LOLA is one of the instruments on boashonsible
for laser altimetry of the Moon to collect datatbe surface topography. NASA gives free acceshdsd data [9] in
the form of binary files. These images are call&VD(for Digital Elevation Model) and are availabtea specific
format, the IMG format, which is a binary format.
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Fig. 1. Altitude data of the South pole of the Moon

This data is divided into 2 types, cylindrical cdimates and polar coordinates. Since planets anzhsnare
spherical, it was necessary to find a way to mamthA common method is the planisphere, but thihatetends to
deform the polar regions. To keep the data as ttodee real world as possible, it was divided ibtlypes, describing
the equator and the poles. It is also importanote that the south and north poles are differetearims of coordinates,
and some calculations will change due to this diffiee.

In order to use these data correctly, a threshatitltle had to be chosen to separate the cylirdaita polar
coordinates. It was chosen according to the maxirmresulution that the CNES wanted for its simulatiSince the
preparation of the Artemis missions, LRO has foduse the South Pole of the Moon, collecting mor&adand
increasing the precision of the images. At the gdlee best accuracy currently available is 5 nedpib contrast, at
the equator the best accuracy is 30 m/pixel. Knguliis, the threshold was set at a latitude of §@fs means that in
the best case the accuracy will be 5 m/pixel artiénworst case 60 m/pixel. This was the best comfze between
distortion maps and resolution. Choosing a highétude would have meant more distortion and a toatitude
would have meant lower resolution.

It is also important to mention that the size &g DEMSs is relatively high, around 1.7 Go for ploéar ones and
900 Mo for the cylindrical ones. Since the intentis to recreate the whole moon, this means tretettDEMs will
have to be stored, so it is always better to cosgptieem as much as possible without losing any data

2.1.2 3D Mesh

To create a 3D terrain, a mesh is necessary. A meshobject that consists of vertices and triesiglo simplify,
a triangle is the most basic shape for a graplaiod to process. The triangles connect the vertwésrm a 3D object.
The vertices are stored in an array (known as émex array) of points, which can be in 2D or 3pelading on the
desired rendering. The triangles are containedinvéth array of integers known as the index array.
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Fig. 2. Computer representation of a mesh [10]
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Fig. 3. 3D mesh of a terrain

Software can be used to create 3D objects with, @askthe process is often the same. As thesetslgiezin 3D,
they consist of vertices with three values x, y an@nce created, they can be imported into a graptgine, such as
Unity, to be rendered and used as assets. Alththightechnique is commonly used in the gaming itrgugor a
project like a digital twin, it is preferable to lable to create the terrain dynamically. This woalldw the user to
select any coordinates on the Moon's surface andrgte the corresponding terrain. Generating thieeeoon at
once is possible, but it requires significant reses. Therefore, it is recommended to generate@plyrtion of it.

2.1.2 Unity's landscapes

Unity's landscapes provide a simple way to genea&@® mesh terrain. This feature is easy to useaineddy
implemented in Unity's toolset. The required datagrayscale height-map image, where each pigetsents a height
value. The Digital Elevation Models (DEMs) obtainfiedm LOLA can be used as height-maps for Unitywdwger,
they need to be converted from IMG to TIFF filetngsGDAL tool. It is recommended to use TIFF insted PNG
as the former preserves the same amount of d#te asiginal IMG file, while the latter compresgbe data and may
result in data loss. Once converted to TIFF, thegies can be read by Unity's landscape featureatecdeformations.

Fig. 4. Shackleton crater using Unity's landscape

The Shackleton crater has a diameter of 21 km aeghthh of 4 km. To meet CNES requirement of a re&mi
of at least 20 cm on the ground studies, a sirgiddcape will not suffice. Instead, a grid of laragses can be created,
with each one responsible for a specific area.
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Fig. 5. Unity's landscape grid

Thanks to this type of landscape, it is possibigeioerate terrain with much better resolution. Havethis process
takes more time and comes with some issues.

2.1.3 Terrain generation

A clipmap is a method of creating a 3D terrain thaintains maximum detail near the point of intesssl
reduces detail in the distance. This allows fordteation of vast terrains, which is beneficial ¢ertain studies such
as sunshine analysis.

AAANATA T A AA A (Example: na1s, mad)
: 1 o f3 -+ 2D Footprints:
[ 7 - A1F1. 111 mx m Block
3 3 W Ll = o -'j : e
S Viewpoint s L .. ;
s [HE )
....... K = :__E_.,.,
Le BF | mx 3 Ring Fix-up
17
, l__,-‘ o P4 e o o e L 1) x 2 Interior Trim
- _..f. II-"I 1‘2
i il Bl il | il I Outer Degenerate Triangles
n=15 Vertices

Fig. 6. Clipmap methodology [11]
Zooming in allows for a closer view of the vertiaa®d triangles that link them together. The clipreige grows

exponentially ag™, with only 14 levels, resulting in a full terragmea of 655 x 655 km with a resolution of 20 cm at
the centre of a 40 x 40 meters square. But blobhkpss become visible when viewed up close.
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Fig. 7. Blocky shapes because no mathematics tegditm

Interpolation and curvature mathematics methodsisee to erase blocky shapes. As the user mowesliimap
follows them by regenerating itself once a certhmeshold is reached. This means that the uséwéya in the center
of the highest resolution zone. The data procefseedLOLA can be used to deform the clipmap todalithe Moon's
surface topology.

A TATATATRTAT

Fig. 8. Clipmap deformation from LOLA's data
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Thanks to this process, the clipmap adheres todke from LOLA. However, further work is requirem dbtain
an accurate model.

2.2  Craters and rocks generation

The simulation requires rocks to simulate rock damgpby astronauts or obstacles for rovers. Theaber
generation will include rocks based on a probahliéitv. Due to the high number of rocks, it is nesigible to generate
models for all of them. It provides the numberadks of a certain size for a given area. For irctaan area of 1 x 1
km may contain up to thousands rocks of 20 cm gnbdnundreds rocks of 1 metre. To ensure a snsigthlation,
only rocks larger than 20 cm will be generated. féat-time simulations, optimization is crucialrtake it possible.
The 3D model optimization process took around 3Autes, but it allows for the placement of hundretisocks
instead of just few ones.

Fig. 9. On the left, original rock 3D model. On ftiight, optimized rock 3D model.

However, populating the terrain with these rocksams a challenge that has not yet been addreSkednain
challenge of this task is to maintain terrain cset&icy by placing rocks in the correct locationa gteterministic way.
Deterministic means always generating the samesragth the same rotation, scale and position etieng the
simulation is launched at the same coordinates.

On the other hand, LOLA's current highest resofute5 m/pixel, available only at the poles betwésitudes
87.5° to 90° and -87.5° to -90°, and can go up@ar@ipixel. For cylindrical DEMs, the resolution 3® m/pixel.
However, the surface details in these regions nesnanknown. A crater with a radius of 10 meters ia@nly be
visible on a 4 x 4 pixels image in a 5 m/pixel tegon, which is a small number compared to théasie area it takes
up. Simulating rovers or human exploration wouldéf# greatly from having craters of this size se@d throughout
the lunar surface. To create craters in the sinwlathree equations can be used: one for theycawie for the floor,
and one for the crater's border.

Border Cavity

Crater

<\ | /.

Floor \\-_// k_J

Fig. 10. Crater equations [12]

By combining equations and smoothing intersectian3D crater shape is formed. Parameters are osadjust
the shape of the crater to match real-life aspmeath as age and size. The generated craters areetigered in Unity
on the terrain. Adding fractal Perlin noise to erageneration can break up circular shapes andecneare visually
interesting shapes. Fractal noise is created byboong the same noise at different scales, offsatd, amplitudes.
The number of octaves determines the complexith@hoise, with each additional octave adding ncoraplexity.
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Fig. 11. On the left, craters generated with cratgrations. On the right, crater render with friactase [13].

Currently, the craters generation is partially iempented inside the simulation. It is possible toegate them on
the terrain but having them to be deterministialé a complex task. Like the craters, it remairfanid a way to save
the positions and all the associated parametezaaif crater during 2 sessions.

2.3 Ephemeris and illumination

The ephemeris provides the position of a celeltidly in space at a given time, with the Earth asotfigin of the
coordinate system. To generate the ephemeris éoE#tith and the Sun, CelestLab and Scilab tools weed [14],
gathering data from JPL. The ephemeris is creaedext file using a stride, starting date, andirgndate. By having
the terrain topology, the Earth and Sun positiomrat given time, it is possible to generate datahensunshine
anywhere on the Moon’s surface.

By performing a simple operation, it is possibleotstain an image of the sunshine at a specific rmbrrihis
operation involves shooting a ray from the grounards the Sun. If the ray hits an object, it iatls that the object
is in light, while the absence of any hit indicattest the object is in shadow. The following imagges generated using
this method. As the ephemeris is spread over agegi set of images can be generated for eacle sttging Python,
a movie can be created to obtain a small animatidhe Sun's rotation around the crater.

Fig. 12. Shackleton crater sunshine
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Fig. 13. Set of images of the sunshine

The following image displays the distribution ohshine during the given ephemeris period. Whitasiadicate
100% sunshine, while black areas indicate 0% suamsHihe ephemeris period starts on January 159, 23 ends on
January 1st, 2031, with a stride of 1 day. Degpiégdarge stride, some regions, such as the imdittee crater, appear
to always be in shadow, while others, such as tindds of the crater, appear to always be in tha.lig

Fig. 14. Average Shackleton crater sunshine

3  Hyper Datacube
3.1  Definition

A datacube can be defined as a set of differert ddative to a unique identifier, gathered in &gl container.
These data can be collected from different sodikesensors or from simulation or calculationdirfe in a database
can be considered as datacube, the key is theauidqutifier. Datacube becomes hyper datacube vtlyathers data
which vary function of time. For Moon simulationobgpoint of the surface (with coordonates X, ywit) embed one
hyper datacube. hyper datacubes can be feed waitldata from:

- Satellite’s instruments, with a final resolutionialincan vary between 4 to 120 meters for surfageping;
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- Rover’s cameras and sensors: with a final resalwtibich can reach few centimeters for adjustmestidiace
mapping and real craters and rocks mapping;

- Spacesuit's cameras and sensors: with a finalutsnlwhich can also reach few centimeters for stjient
of surface mapping and rocks mapping.

For one point of the surface, various real datiectdd before and during the missions can be:

- Altitude,

- Slope,

- Temperature,

- Direct link with communication means,

- Hlumination,

- Radiations,

- Distance from area of interest,

- Distance from secured base,

- Characteristics of regolith

- Etc.

Visualization of these data can be added with edlanaps, satellite’s orbits, rover trajectory, abitat model.

Accede to these data in the tool enable creatiorewffunctionalities.

Fig. 15. Visualization of various data [15-16].

3.2 Use of Hyper Datacube
Spaceship France team guesses that hyper datattgigeated in digital twin of the Moon will be uskfior
planning and mission design, and for operationsi@n.

3.2.1 Planning and Mission Design — Exploration with a/eo

Spaceship France team imagined to execute surigderations thanks to an autonomous navigation rewh
solar panels driving at 15 km/h. Tool is used tnglunar missions for long range rover exploratidvieon digital
twin tool helps to find optimal path taking intocatint slope, rover cannot drive if slope is morantt20°, and
illumination necessary for power. As shadows aded, we call this functionality “Sun highway”. dlouses hyper
datacube to generate illumination and slope magsbgorithm A* to compare different paths to fifgbtshortest one
between starting and final point. This chosen dtllgor guaranties that the found path is the shotiest manages very
large areas, is very well documented and alreadg usrobotics activities.

==

A'E‘Z’l‘“m N Simulation —
=f(t)
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Fig. 16. “Sun Highway” functionality concept
Four principles drive the decision:
- Principle 1: slope is taken as a constraint: A*@reshoses a path if slope is upper than a maximum;
- Principle 2: illumination mean is taken as a caaistrfor a given duration: A* never choses a pétthé
illumination mean is too low;
- Principle 3: Slope is taken as a cost: A* choseslwslope even if distance is increased,
- Principle 4: lllumination is considered as a cdst:choses a path with a better illumination meaerevf
distance is increased.
Principles 1 and 2 are always compulsory. Useratense to apply principle 3 or 4 or both for caltiolas. For
each point of the surface hyper datacube contipe sillumination and path data. A map can be geed (see Fig.
17). Tool's interface enables adding intermediatias to simulate stops for Science or powering (Sig. 18).

Fig. 17. Generated map containing information @pesland illumination at a given date — the greémempixel, the

higher the illumination; the redder the pixel, thigher the slope. 3 different paths are displayeel:shortest path in

yellow (only principle 4 applied), lowest slope alys chosen for the white path (only principle 3lega}), blue path
is generated taking into account both slope andithation costs (both principles 3 and 4 applied).

Fig. 18. Path with intermediate point — point 31 reachable because of too high slope
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When path is generated on a 2D scene, it can hsftramed into JSON format and exported to genexr&t@ scene
to visualize rover driving. Path is indicated om turface and different data are displayed: locgdes number of
kilometers until final point, illumination, etc. ltelps mission preparation team to adjust the ipatbcessary.

Total time estimation : 0 1h 8m

0d0n 39m

9,769911km

Fig. 19. 3D model to visualize rover path

3.2.2 Planning and Mission Design — Lunar Base location
Sunshine simulations were used to help sizing etattarchitecture of LISE habitat following itsdation on the
surface of the Moon.

Fig. 20. Preliminary study of LISE locations

The requirement for a LISE module every 10 km reeslin the selection of five locations, as depidtetthe image
above. The locations highlighted in red indicateereithe sunshine exceeds 70% during the year pdiadselection
of the five LISE locations was based on the higkesshine level at the first point, P1. At eactatamn, a CSV file
containing all the data on the sun and its positvas stored.
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Fig. 21. Sunshine location's data

Each location corresponds to a graph representi@gtount of sunshine received. In the providedgamshe
location P5 represents the worst case scenari@\Rilrepresents the best. The period has been redaswne year,
a 1 on the Y axis indicating the presence of ligidl O indicating the absence of light. It is wantiting that there
appears to be an inversion between the first aodnsesemesters in the worst case scenario. Theséirsester has
less shadow in the best case than the worst oheubing the second semester, it is almost alwaliglgened. This
makes it the ideal period for a LISE module to apergiven the cyclic nature over a year. To comfinis hypothesis,
the ephemeris had been simulated over 10 yearseoneist case.

jlliaeas

Fig. 22. Sun cycle over 10 years - Note that adytle of the Moon around the Sun is about 354 days

Thanks to this simulation, it is much easier toasle the sunshine cycle. However, it is importanhote that
although it appears to be cyclic, there are vammtibetween years. This information is accurateugindor a
preliminary study to begin sizing LISE's batterge®l solar panels. This first step opens the dooohaplex mission
analysis for installation placement close to arfgaterest (e.g. in-situ resources) according a@amsts (temperature,
illumination, ...). Hyper datacube contributes to aygmse layers of data to constitute habitabilitpma

Linear
combination of
layers

Static maps Dynamic maps
= = illumination, Habitability map
materials,... temperature,..

Fig. 23. complex mission analysis for installatmacement concept.
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Discussions

Hyper datacube fed by static maps, infrastructirer®dels and results from different simulation b&nused to
generate virtual environment for prototyping andgge training.

In the context of lunar base prototyping, VirtuatdRty (VR) immersion becomes important to the ueiq
challenges and requirements of building on the Métyper datacube can contribute for:

Enhanced visualization in a lunar environment: \fBvjrles a realistic simulation of the lunar envirgant,
including the low-gravity conditions, lighting, arslirface textures. This allows architects, engseand
astronauts to visualize and experience the buildhnigs actual context. It helps in understandirgvithe
building interacts with the harsh lunar environmeinicluding temperature extremes, radiation, and
micrometeorite impacts.

Improved design accuracy and feasibility: VR allofes accurate spatial visualization, helping design
understand the spatial requirements and constrafriiging and working on the Moon. This is crucfalr
optimizing space usage and ensuring functionatity tonfined environment. Designers can make -t
adjustments to the prototype, instantly seeingetfects of changes, which enhances the iteratiwégde
process and leads to better, more refined outcomes.

Early detection of anomalies: VR immersion help&lantifying potential design flaws or issues thmaty not

be apparent in traditional 2D or 3D models. Thidudes ergonomic issues, accessibility challenged,
unforeseen interactions with the lunar environmbérgnables thorough safety evaluations, ensutiag the
design meets all necessary safety standards foamtnabitation on the Moon.

Effective communication and collaboration: VR pida$ a powerful tool for communicating design cotsep
to stakeholders, including mission planners, erggisieastronauts, and funding agencies. It allolysaaties

to experience and understand the design, faailgatietter feedback and collaboration. Teams located
different parts of the world can collaborate irhargd virtual environment, making it easier to wiartiether

on complex projects despite geographical barriers.

Training and preparatio’R can be used to train astronauts on the layodif@amctionality of the lunar base
before they arrive, ensuring they are familiar witle space and can operate effectively from day tine
allows for the simulation of various operationakemsarios, including emergency procedures, resource
management, and day-to-day activities, helpingép@re astronauts for life on the Moon.

Cost and resource efficiency: VR reduces the neethtiltiple physical prototypes, which can be gpatid
time-consuming to produce, especially for lunarjgets. This leads to significant cost savings aamtefr
development cycles. By refining designs in a virteavironment, project teams can optimize the use o
materials and resources, which is particularly irtguat for the logistics of lunar construction.

Psychological and Ergonomic Testing: VR allows tloe testing of human factors and ergonomics in the
design, ensuring that living and working spacesarefortable and conducive to the well-being of@sauts.

It provides insights into the psychological impaidt long-term habitation in a confined and isolated
environment, allowing for the design of spaces fitatnote mental health and well-being.

Virtual Reality (VR) immersion for lunar exploratiotraining offers numerous benefits that enhana th
preparation, safety, and efficiency of missionspétydatacube can contribute for:

Realistic Environment Simulation: VR can creatdiygletailed and realistic simulations of the lusarface,
allowing astronauts to familiarize themselves wiib terrain and conditions they will encounter.ifieas

can interact with the virtual environment, practigitasks such as navigation, equipment handlind, an
scientific experiments in a setting that closelymicis the actual lunar landscape.

Safety and Risk Reduction: VR can simulate potéh@aards such as rough terrain, dusty environnuent,
equipment malfunctions, allowing astronauts to ficacrecognizing and responding to these dangeegs in
safe, controlled environment. Trainees can pra@inergency procedures, such as dealing with lifpcu
system failures or medical emergencies, withoutigieof real-world consequences

Operational Readiness: VR enables astronauts tarsh entire missions, ensuring they are thoroughly
prepared for each phase of the mission. Astroneamsrepeatedly practice specific procedures, ssch a
deploying scientific instruments or collecting sdespto build muscle memory and confidence.

Enhanced Learning and Retention: The immersivereatilVR can improve learning outcomes by providing
a hands-on, engaging experience that is more eféetttan traditional training methods. VR helpsness
develop a strong sense of spatial awareness agwtation, which is critical for navigating and wimg on

the lunar surface.

Team Coordination and Communication: VR can sineulehm-based scenarios where astronauts must work
together, improving their coordination and commatian skills in a virtual environment. Team members
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can train together in VR even if they are geogregh separated, facilitating collaboration andhjanission
planning.

- Flexibility and Cost-Effectiveness: Training scdnarcan be easily modified and customized to reflec
different mission objectives, challenges, and emiinents. VR training can reduce the need for expens
physical mockups and simulations, as well as tragsts associated with centralized training faesit

- Continuous Improvement: VR systems can track amadlaa trainee performance, providing valuable tiata
identify strengths and areas for improvement. Tewrcan provide immediate feedback and adjustitigin
scenarios in real-time to address specific learniegds and ensure continuous improvement.

- Psychological Preparation: VR helps astronautsraaté to the isolation and confinement of spacesiois,
as well as the unique visual and sensory experienfebeing on the Moon. Simulating high-pressure
situations in VR can help astronauts develop dffedtress management techniques and build resglien

For operations we can imagine to use hyper datagatieering data from different sensors interfacél different
model and simulation to provide continuous monitgrof the environment and infrastructure to detext alert for
potential hazards such as micrometeorites, radistoo technical failures. These data can be cordbiag¢a stored in
hyper datacube and with data from rovers’ and spatse high resolution cameras to update and imgrDEM
throughout the mission. This make automatic expi@ngpossible with a fleet of rovers.

Ingest partial
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(~cm)

Generation
map density
of DEM

Hypercube V1 (DEM,
catalogs, Iron location,
water location, ...)

Ingest partial
DEM at High
resolution
(~cm)

Reconstruct
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Hypercube V2 (DEM,
catalogs, Iron location,
water location, ...)

Reconstruct
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Fig. 24. Real-time updating of th hyper datacubedmbining of data from different sensors and caser

P Automatic
— | exploration
scenario

Thanks to the hyper datacube, our project of Iudigital twin tool offers more opportunities to ingwe the
efficiency and precision of mission preparatiord émincrease the autonomy of astronauts and rawexarrying our
surface operations. It can contribute for:

- Site reconnaissance and selection: providing peetiaps of the lunar surface to identify the mogeabile
sites for establishing a base, considering topdgragoil composition, and sunlight exposure, anabéing
analysis of local conditions such as temperatwadiation, and day-night cycles to choose a locatiia
maximizes safety and efficiency for the base.

- Assessment of local resources: enabling identiicatnd quantification of available resources, sash
minerals, metals, and water ice, which can be @eedonstruction, fuel production, and life suppahd
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studies of properties of the lunar soil (regolithivaluate its utility for building structures agwbwing plants
using regolith-based techniques.

- Support for infrastructure: enabling installatiomdanaintenance of sensor networks to monitor enuiental
conditions and the health of the base, and makimdficient to assemble and install base modulegrs
panels, communication antennas, and other essatit@dtructure.

- Logistics and maintenance: planning and monitorifigtransportation of equipment, spare parts, and

construction materials between different pointsh@f base or to sites of interest, and supportigglae
inspections and repairs on base infrastructur@sare proper functioning and durability.

- Support for human habitation: helping preparatibthe site before the arrival of human mission®biding
temporary shelters, storing essential resources testing life support systems and providing cartimns

monitoring of the environment and infrastructure detect and alert for potential hazards such as

micrometeorites or technical failures.

- Ongoing scientific research: supporting executibsaentific experiments to study the lunar surfate
impact of the lunar environment on equipment andéenels, and the possibilities of life beyond Eaatid
providing data and logistical support for scientifissions conducted by astronauts or other rovers.

5 Conclusions

Spaceship France team has developed the firstilgildocks of a software tool with the ambitiona@éating a
digital twin of the Moon in the near future. To @le this objective, the concept of hyper datacubs invented to
bring together data from different origins that ywaver of time. A mock-up based on Unity graphicgjiae
demonstrated its feasibility. By using a reali&iz environment coupled with realistic ephemerigliprinary studies
become more accessible and easier to conductsirhidation can already be used for preliminary Esidsuch as
assessing the sunshine on the LISE module andipaerploration way for a rover.

After some feasibility tests, it was recently dezido use Unreal Engine graphics engine becaesaliles use of
double precision which enlarge the surface of imaikation to the solar system size, use of C++ lagg which make
easier plug to scientific tools and use of Naréte (Unreal tool) thanks to which we can display imnilé of polygons
without loss of performance. At the time, Spacedhipnce team is working on defining the roadmap tfar
development of this tool which will be useful foission planning and operations support for the Hxgloration.
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