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We’ve shrunk the Moon.  

And enabled you (and 
your robot) to talk to it.
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Lunar-FM is humanity’s 
first AI Foundation 
Model of the Moon. 
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ACCELERATING LUNAR 
EXPLORATION
Lunar-FM is a 113.3 million parameter multimodal 
foundation model developed to address the fragmentation 
and heterogeneity of remote sensing data essential for 
lunar resource prospecting and scientific analysis. 

The model integrates 18 distinct data 
layers from multiple orbital missions 
(e.g., LRO, GRAIL, Clementine) 
spanning modalities: optical imagery, 
topography, thermal emissions, radar 
reflectivity, spectroscopy and gravity 
anomalies.

Lunar-FM is 300x smaller than 
the integrated input data, allowing 
users to run scientific investigations 
without advanced computing 
infrastructure. 

Lunar-FM multi-model data inputs

1.Optical and 
spectroscopic 
imagery

3.Thermal 
emissions 
and rock 
abundance

2.Topograpgy 
and radar 
reflectivity

4.Gravity and 
volatiles
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Lunar-FM’s input data 

Modality Data Product (Source/
Type)

Resource Identification 
& Prospecting Utility

1. Optical and spectroscopic 
Imagery

Essential for surface 
composition, elemental 
abundance, and identifying 
exposed materials.

Clementine mineralogy abundance map 
(Derived from UVVIS: Ultraviolet-Visible 
Spectroscopy)

Provides data on the concentration of 
Titanium Dioxide, valuable for extraction 
of titanium and oxygen. TiO2 is often 
correlated with Ilmenite, a potential 
feedstock for oxygen production. 
Concentration of Iron Oxide (FeO), 
a primary resource for extracting 
construction materials and elemental 
iron. Areas rich in FeO are key targets for 
basaltic regolith mining.
Measures surface brightness. Low albedo 
can indicate dark, iron/titanium-rich mare 
basalts, while variations help map soil 
maturity and exposure of fresh material.

LROC WAC Global Albedo/Reflectance

LROC is of three cameras that make 
up the Lunar Reconnaissance Orbiter 
Camera (LROC) instrument suite aboard 
NASA’s Lunar Reconnaissance Orbiter 
(LRO) spacecraft, which has been orbiting 
the Moon since 2009.

Its primary function is to provide the 
global context and multispectral data of 
the Moon, complementing the high-
resolution, monochrome images captured 
by the companion Narrow Angle Cameras 

Measures surface brightness. Low albedo 
can indicate dark, iron/titanium-rich mare 
basalts, while variations help map soil 
maturity and exposure of fresh material.

2. Topography and Radar 
Reflectivity

Provides structural and 
environmental context, essential 
for mission planning, traverse 
safety, and modeling volatile 

LOLA Global Digital Elevation Model 
(DEM)

The LOLA Global Digital Elevation 
Model (DEM) is the highest-precision, 
standardized global map of the Moon’s 
three-dimensional surface shape, or 
topography.

It is the foundational data product derived 
from the Lunar Orbiter Laser Altimeter 
(LOLA) instrument aboard NASA’s Lunar 
Reconnaissance Orbiter (LRO) spacecraft.

Defines the shape and height of 
the surface. Crucial for calculating 
slope, determining line-of-sight for 
communications, and assessing 
accessibility of resource sites.

LOLA Global Slope Map Identifies terrain steepness. Prospecting 
vehicles require areas with low slopes 
for safe traverse and access to resource 
deposits.
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LOLA Global Surface Roughness (RMS 
Height)

Measures small-scale variation in 
elevation. Used for assessing landing 
site safety and identifying regions where 
impact gardening is more or less intense.

Mini-RF S-band (12.6 cm) Circular 
Polarization Ratio (CPR)

Key volatile detection product. High CPR 
in PSRs is a strong proxy signature for 
the presence of subsurface water ice 
or blocky scattering within the top few 
meters of regolith.

Mini-RF X-band (4.2 cm) Circular 
Polarization Ratio (CPR)

Provides a secondary, shorter-wavelength 
perspective on radar scattering, helping 
to constrain the depth and distribution 
of any hypothesized ice deposits or 
scatterers.

Mini-RF S-band Backscatter Coefficient Measures the overall radar reflection 
power. Variations are linked to surface 
roughness and dielectric constant, 
helping distinguish between different 
regolith properties.

3. Thermal emission and 
rock abundance

Crucial for volatile mapping by 
indicating surface temperature 
cycles, which control the stability 
of water ice, and for mapping 

Diviner Nighttime Minimum Temperature

The Diviner Lunar Radiometer 
Experiment (DLRE), often just called 
Diviner, is a key instrument aboard 
NASA’s Lunar Reconnaissance Orbiter 
(LRO). Its primary function is to measure 
the temperature of the lunar surface, 
and the Diviner Nighttime Minimum 
Temperature product is one of its most 
critical datasets, particularly for lunar 
resource identification.

Primary indicator for cold traps. 
Permanently Shadowed Regions 
(PSRs) with extremely low minimum 
temperatures are the most likely 
locations for stable water ice deposits 
(a primary resource).By mapping the 
absolute minimum temperatures reached 
in every location on the Moon during 
the long lunar night, the Diviner data 
precisely delineates the extent and depth 
of these cold traps. These cold areas are 
the highest-priority targets for missions 
seeking to harvest water ice as a resource 
for life support and propellant production.

Diviner Rock Abundance Map Measures the fraction of the surface 
covered by rocks larger than the scale 
of the soil. High rock abundance can 
complicate surface operations but is a 
proxy for material strength and structure

Diviner Thermal Inertia Map Indicates the subsurface composition and 
grain size. Low thermal inertia suggests 
fine, dusty regolith, while high inertia can 
indicate rocks or subsurface compaction.

Diviner Maximum Subsolar Temperature Defines the warmest surface 
temperature. Used in volatile modeling to 
determine the maximum thermal stress 
on any near-surface resources.

4. Gravity & Volatiles

Provides insight into subsurface 
structure, crustal thickness, and 
the global distribution of key 
volatiles (Hydrogen/Water)
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GRAIL Bouguer Gravity Anomaly

The GRAIL Bouguer Gravity Anomaly map 
from the Gravity Recovery and Interior 
Laboratory (GRAIL) mission, which orbited 
the Moon from 2011 to 2012.
This map is essential for understanding 
the Moon’s subsurface structure, which 
has significant implications for resource 
identification and geological analysis.
The GRAIL mission measured the Moon’s 
gravity field by precisely tracking the 
minute distance changes between two 
twin spacecraft as they flew over areas of 
varying mass.
The resulting gravity field data is 
processed into different types of maps. 
The Bouguer Gravity Anomaly map is a 
sophisticated product because it takes 
the raw gravity measurements and 
removes the gravitational effects caused 
by topography (the mountains and valleys 
measured by LOLA).

Indicates density variations beneath 
the surface (after removing effects of 
topography). Used to map subsurface 
geological features like ancient impact 
basins and intrusive bodies, which can be 
associated with mineral-rich terrains.

GRAIL Crustal Thickness Model Constrains the global distribution of the 
lunar crust. Thickness variations are 
linked to different geological regimes and 
may influence the distribution of KREEP-
rich (Uranium, Thorium, Potassium, Rare 
Earth Elements) materials.

LEND Water Equivalent Hydrogen (WEH) 
Map

Direct volatile resource map. Maps the 
global concentration of Hydrogen (a 
proxy for water ice) in the upper meter 
of regolith, particularly at the poles, via 
neutron spectroscopy.

(Additional Placeholder Layer - e.g., K, 
Th, U)

Elemental maps (e.g., Potassium, 
Thorium, Uranium) from Lunar 
Prospector/LRO are essential for 
identifying regions of elevated radiogenic 
elements (KREEP), which are resource 
targets.



Key achievements of Lunar-FM

1.	 Multimodal Data Fusion: Lunar-FM 
is based on a Multi-modal Masked 
Autoencoder (MultiMAE) architecture 
with a Vision Transformer (ViT) 
backbone. This is a significant step in 
planetary science, as it demonstrates 
a scalable, self-supervised method 
for integrating 18 heterogeneous data 
layers across five modalities (optical, 
topography, thermal, radar, gravity) into 
a cohesive model for the first time. 

2.	 Creation of a unified latent feature 
space: Lunar-FM is a unified, 
information-dense 768-dimensional 
latent embedding space that represents 
global lunar properties at a 0.5∘×0.5∘ 
resolution. This achievement 
standardizes data representation, 
achieving a 300x data compression while 
retaining rich semantic information 
required for diverse downstream tasks.

3.	 Validation of predictive capability: The 
resulting embeddings were validated 
as superior features for quantitative 
analysis, demonstrated by the global 
identification of titanium dioxide (TiO2​) 
abundance using simple linear models 
with a low Mean Average Error (MAE of 
0.062). 

4.	 Demonstration of few-shot knowledge 
amplification from scarce samples:  

Validation of Lunar-FM showed the 
model’s ability to facilitate expert-
curated few-shot learning. This 
demonstrates that high-quality global 
predictive maps can be generated 
from an extremely small set of expert-
labeled examples (e.g., 8 data points), 
effectively mitigating the problem of 
scarce ground-truth data.

5.	 Integration into an agentic AI interface: 
Lunar-FM’s embedding space was 
successfully integrated as the core 
knowledge base within an AI Agent 
(“Lunar Analyst Copilot”) architecture. 
This establishes a 1.0 system where a 
Large Language Model (LLM) interprets 
natural language queries to execute 
complex data-science tasks via the 
Lunar-FM feature set.

LUNAR-FM TECHNICAL 
BRIEFING 
Lunar-FM is an AI foundation model based on a novel 
application of self-supervised deep learning with a primary 
focus on lunar resources. 

12
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Apollo astronauts gathered samples informing Lunar-FM’s resource 
and feature mapping at scale.
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LUNAR-FM ANATOMY 
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Topography / Elevation (DEM)

Thermal Data

Albedo / Broad Imagery (Visible Light)

Spectroscopy / Mineral Data
 

Gravity Anomaly Data

1.Optical and 
spectroscopic 
imagery

4.Gravity and 
volatiles

3.Thermal 
emissions and 
rock abundance

2.Topograpgy 
and radar 
reflectivity
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WITHIN EACH CHIP
1.	 Information on the elevation of the terrain 

and the shape of features. 
2.	 How bright or dark the surface is 

(reflectance) which helps distinguish 
surface maturity and basic feature 
boundaries.

3.	 The chemical and mineral makeup of the 
surface (e.g., iron, titanium, magnesium 
content, and specific rock types). 

4.	 How quickly the surface material heats up 
or cools down, which indicates the size of 
the surface grains (fine dust vs. rocks).

5.	 Information about the mass distribution 
beneath the surface, which relates to 
subsurface geology and large structures.

768-dimensional 
unified vector 
embeddings per chip 

Terrain classification

Anomaly Detection

Generalized 
downstream use cases

Rare feature discovery 

Global mapping based on sparse 
samples
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LUNAR-FM SAMPLE
RESOURCE PROSPECTING 
PIPELINE
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Foundation models are an important tool for science as they streamline data science 
investigations from months to days or hours. Precomputed queries can be answered 
instantly in natural language.

Foundation models are ‘generalizable’ - that is, that a single model can be adapted to 
many different downstream tasks. This capability is known as ‘generalizability’. Lunar-
FM was validated by showing how it could be adapted to multiple downstream use-cases, 
unlocking novel capabilities in lunar geology and prospecting. 

For example a global map of TiO2 was built using only 8 validated samples (Diagram 
below). 

Lunar-FM has case study notebooks available for the community to replicate and improve. 
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Q&A: A LUNAR FOUNDATION MODEL 
FOR OPERATIONAL SCIENCE WITH 
LUNAR GEOLOGIST

Question 1: What is the critical challenge 
that the lunar foundation model addresses 
concerning current lunar data synthesis 
and knowledge extraction?

ACD: The primary issue is the fragmented, 
multi-source nature of lunar data which 
until now has made lunar investigations 
labor-intensive. Lunar-FM provides a 
standardized, unified data infrastructure 
enabling knowledge extraction and 
synthesis from disparate datasets, 
transcending simple data aggregation 
because potential insights are now, in 
a shared embedding space that can be 
adapted to multiple investigations.    

Question 2: What novel capabilities does 
this tool offer for active scientific inquiry, 
distinguishing it from general exploration 
software?

ACD: It moves beyond passive simulation 
(e.g., Google Moon). Its core value lies in 
its query-driven capability of real data to 
facilitate active scientific work, allowing 
researchers to interrogate the underlying 
phenomena and derive complex insights 
not accessible via standard data exploration 
tools.   

Question 3: How does an agentic interface 
impact the research workflow, particularly 
for non-computer science experts in 
planetary geology?

ACD: Being able to talk to the data 
democratizes advanced analysis by 
providing easily operable tools for 
geologists and prospectors bypassing the 
need for extensive coding expertise. This 
lowers the barrier to entry for complex data 
interpretation.   

Question 4: In what capacity does Lunar-
FM support theoretical lunar science and 
mission operational planning?

ACD: Lunar-FM is a translational bridge 
between pure scientific understanding 
of lunar processes and the operational 
requirements of missions. It converts 
theoretical knowledge into science-
informed insights and resource-focused 
targets.   

Question 5: Considering future 
missions, what is the most critical next 
developmental step for ensuring the Lunar-
FM’s longevity?

ACD: Continuous inclusion of new 
observational data from future missions 
such as Artemis is an exciting possibility. 
Foundation models shouldn’t be static or 
lone-solutions. The agentic capabilities of 
Lunar-FM unlock a future where multiple 
models can work together to support 
researchers and surface operations.

DR ABIGAIL 
CALZADA DIAZ

Dr. Abigail Calzada Diaz is a leading lunar geologist and R&T 
Associate at the European Space Resources Innovation 
Centre (ESRIC), renowned for translating fundamental lunar 
science into mission-critical applications. Her PhD work 
established new insights into the source regions of lunar 
meteorites, deepening our understanding of the Moon’s crustal 
composition. Currently, she is a key scientific figure in the 
burgeoning space resources sector, advising on lunar resource 
utilization (ISRU) and mission design.
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THE LUNAR AGENTIC 
ANALYST COPILOT

The model’s embeddings function as core 
tools within an AI Agent architecture, which 
uses a Large Language Model (LLM) to 
interpret natural language queries. This 
system routes questions to the appropriate 
tool (e.g., Similarity Search or Regression 
Models) and synthesizes a coherent 
response by integrating the model’s 
numerical outputs with external knowledge 
from a comprehensive knowledge based 
of scientific papers, technical reports and 
mission documents. 

This represents a prototype for future 
systems allowing scientists and mission 
planners to interact with complex lunar 
data through an intuitive conversational 
interface.

Core Architecture and function

The Agentic Analyst’s function is centered 
on providing dynamic, conversational data 
analysis by leveraging the rich feature 
space of the Lunar-FM embeddings.

•	 Large Language Model (LLM) Interface: 
The system utilizes a Large Language 
Model as its front-end. This allows 
users to interact with the vast lunar 

dataset using natural language queries 
(e.g., “Where are the best places to land 
near the South Pole to search for water 
ice?”).

•	 Query Translation and Routing: The 
LLM acts as an interpreter, translating 
the high-level, human-driven query into 
a specific sequence of executable data 
science tasks. It understands which 
underlying data modalities and models 
are required to synthesize an answer.

•	 Tool Composition: The Agent then 
autonomously routes the request to the 
appropriate tool (function) to leverage 
the Lunar-FM embeddings. .

The Lunar Analyst Copilot represents the operational and 
user-facing implementation of the Lunar foundation model. 
It is an AI Agent architecture designed to bridge the gap 
between complex, multidimensional lunar data and natural 
language queries by scientists, geologists, and mission 
planners.
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PROSPECTUSLUNAR-FM APPLICATIONS

Identify High-Potential Resource Sites (e.g., ilmenite-rich basalts, FeO-rich 
regolith, KREEP terrains).

•	 KREEP: Rock or regolith components rich in K (Potassium), R(Rare 
Earth Elements), and P (Phosphorus). These terrains are of high 
interest for rare Earth element.

Locate and Characterize Polar Volatile Deposits, including mapping likely 
water-ice stability zones using thermal data (e.g., Diviner Nighttime Minimum 
Temperature).

Select Optimal Landing Sites by combining critical topographical and physical 
constraints: slope, surface roughness (e.g., RMS height), rock abundance, and 
illumination conditions.

Plan Safe and Energetically Efficient Rover Traverses using integrated 
topography, roughness, and thermal data (to predict potential component stress).

Model Thermal Environments for lander, rover, and habitat design, considering 
diurnal (day/night) cycles, cold traps (Permanently Shadowed Regions, or PSRs), 
and overall thermal stress on hardware.

Assess Regolith Mechanical Properties (grain size, compaction, blockiness) to 
support excavation and ISRUoperations.

•	 ISRU: In-Situ Resource Utilization—the practice of harvesting and using 
materials found.

Detect Subsurface Geological Structures (e.g., mascons, buried basins, 
intrusions) linked to mineral enrichment, primarily using gravity anomaly data 
(e.g., GRAIL Bouguer maps).

•	 Mascons: Mass Concentrations—regions beneath the lunar surface with 
an excess of mass (high density), typically associated with buried impact 
basin floors.

Differentiate Geological Units (e.g., mare vs. highlands, pyroclastics, fresh vs. 
mature surfaces) to refine exploration strategies and understand the Moon’s 
geological evolution.

Estimate Near-Surface Hydrogen Abundance (a proxy for water content) for water 
extraction feasibility studies, primarily using neutron spectrometer data (e.g., 
LEND).

Support Long-Term Infrastructure Planning, including site selection for power 
grids, communications relays, mobility corridors, and bulk storage facilities.

The capabilities of the Lunar foundation model (Lunar-FM) support 
a range of critical applications for science, resource utilization, and 
mission planning:
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GENERALIZABILITY
TO A WIDE ARRAY
OF TASKS…

Understanding user needs

Lunarlab develops AI-driven tools for lunar science and 
exploration. Different users engage with Lunarlab in different 
ways, from scientists validating models to developers 
integrating data into new tools. By mapping their goals, needs, 
and measures of success, we can shape a release strategy that 
ensures Lunarlab is practical, valuable, and inspiring for all.

The ideas that follow explore potential application directions.

The FDL Lunar-FM team at SpaceR Research Group, the LunaLab, and the Zero-Gravity 
Lab at the University of Luxembourg’s Interdisciplinary Centre for Security, Reliability 
and Trust (SnT)

24
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1) INTERDISCIPLINARY ELEMENTS 
FOR A RESPONSIBLE FRONTIER

LUNAR AGENT PROMPT 
Show me regions where resource potential, environmental stability 
and heritage preservation overlap. Which analogies can be drawn 
from other fields?

CONTRIBUTOR(S): Abigail Calzada Diaz, Russell Spiewak

UNDERLYING (SCIENCE) QUESTION
Can we maximize resource exploration avoiding or minimizing 
environmental and heritage risks? What elements are most useful 
from other disciplines? Is studying the Moon in isolation sufficient, 
or would a broader understanding colored by other disciplines be 
beneficial?

TOOLS NEEDED - FLAG THE NEED FOR EMBEDDINGS
Impact scoring algorithms combining geological, operational, legal 
and ethics constraints into a unified index.

LIMITATIONS & OPPORTUNITIES
Concept of “sustainability” is yet to be defined. Limited knowledge 
of heritage and sensitive locations. Framework for sustainability 
metrics and decision-support layers. 

PERSONA
Lunar Sustainability Officer, Lunar Policy Officer, Space Lawyer, 
Resource Exploration Geologist
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2) LUNAR ANALYST FOR SITE OPS 
AND PLANNING (LASOP)

LUNAR AGENT PROMPT 
Help me define top priority sites with abundance of materials X, Y, 
X while taking into consideration availability of solar light for power 
needed to set up operations.

CONTRIBUTOR(S): David Cheuvront, Carmen Waters, Raul Ramos, Sumit Goski

UNDERLYING (SCIENCE) QUESTION
Can we identify X,Y,Z materials and specific lunar features (lighting, 
geographic, etc.) with the model, and then make an assessment of 
viability of setting up operations.

TOOLS NEEDED - FLAG THE NEED FOR EMBEDDINGS
Embeddings and additionally might need to include other data: time 
series, shadows, lighting cycle, simulation data, etc.

LIMITATIONS & OPPORTUNITIES
Current resolution could be useful in a first stage, but would need 
higher resolution for complete assessment, depending on the 
application (hazard avoidance might need higher resolution for 
autonomous vehicles will definitely need higher resolution).

PERSONA
Mission Designer, Mission Operations, Control Staff
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3) LUNAR CRISIS RESPONSE 
TABLETOP EXERCISE

LUNAR AGENT PROMPT 
A solar flare warning has just been received, identify the nearest / 
safest lunar pit for shelter.

CONTRIBUTOR(S): James Parr, Poliana Santana, Marc Girona-Mata

UNDERLYING (SCIENCE) QUESTION
Disaster response on the lunar surface in response to a solar flare.

TOOLS NEEDED - FLAG THE NEED FOR EMBEDDINGS
Position of the sun in relation to the Moon, access high-res NAC, 
with tooling to identify and quantify shielding offered by lunar pits.

LIMITATIONS & OPPORTUNITIES
Opportunity: Enable cross foundation model communication, i.e., 
solar foundation model. Integrate these outputs with video-based 
navigation instruction and emergency wayfinding.
Limitation: No GPS on the Moon (need to build out the navigation 
capability without this.

PERSONA
Mission Operations, Astronauts
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4) LUNAR-FM SIMULATOR

LUNAR AGENT PROMPT 
Can you simulate a dataset of typical terrain for traverse planning 
with realistic illumination.

CONTRIBUTOR(S): Big Think 

UNDERLYING (SCIENCE) QUESTION
Integrate Lunar-FM and physics based modeling, including a 
simulation layer in Lunar-FM. This would allow for relevant regions 
to be modeled in a generative sense and extend current high 
resolution imagery.

TOOLS NEEDED - FLAG THE NEED FOR EMBEDDINGS
Cesium/Unreal or similar physics engine, with Lunar-FM basis and 
similarity search to create appropriate mapping.

LIMITATIONS & OPPORTUNITIES
Resolution is the major limiting factor, while gamification is a huge 
opportunity. There is a need to define a baseline simulation for a 
representative high resolution area then extend this using Lunar-FM.

PERSONA
Mission Planner, Developers
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A FOUNDATION MODEL FOR 
LUNAR RESOURCES
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ENGAGING THE SCIENCE 
COMMUNITY

Evaluation
Establish and third party 
validation of downstream use 
cases for Lunar-FM. Initial user 
testing for Lunar Agent.

Public 
Lunar-FM hosted and publicly 
available, with literature and 
tutorials for onboarding.

Future
Next development cycle for 
Lunar-FM 2.0.

Science
Reproduction of rigorous 
scientific output using Lunar-
FM. Refinement of Lunar Agent, 
with deployment strategy.

There is a need for clear communication and community 
coordination.

Release stages:

32
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COME TALK TO THE 
MOON WITH US!
Email Mike Heyns to register your 
interest in joining evaluation release 
testing.

mike.heyns@trillium.tech 
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Sumit Goski
Researcher

Gautier Bardi de 
Fourtou 
Researcher

Jakob 
Gawlikowski
Researcher

Sylvester 
Kaczmarek
Faculty

Raul 
Ramos-Pollan
Faculty

Marc Girona-
Mata
Researcher
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The Lunarlab team has developed the first 
foundation model for Lunar Resources, 
called Lunar-FM. This multimodal 
foundation model for the Moon uses 
unified multimodal lunar embeddings 
to combine global datasets, including 
multispectral, radar, temperature, and 
gravity sensors, using a multi-MAE 
architecture.

Lunar-FM can translate between different 
data modalities and reconstruct masked-
out data across modalities, demonstrating 
its ability to learn valuable information both 
within and across modalities. This model 
can further perform similarity searches 
using its embeddings to find similar lunar 
locations and build importance maps to 
identify relevant areas in each modality, 
providing interpretability. 

By using a few positive and negative 
examples of titanium dioxide or other 
mineral concentrations, the model can 
derive common characteristics and 
extrapolate over the Moon, resulting in 
a reasonable static map for potential 
resources that correlates well with ground 
truth maximum concentration.

Not only has the team developed lunar 
embeddings for a variety of use cases, 
now we can talk to the Moon. The team 
has a prototype for a Lunar Analyst Agent 
that allows users to interact with lunar 
knowledge using natural language to 
inquire about different regions of the Moon 
based on location or features. 

Taken together, we now have a new 
capability stack for lunar exploration, 
including a unified data stack, core multi-
modal embeddings, high-confidence 
prospectivity Maps, and a prototype for an 
agentic analyst. 

CHALLENGE SUMMARY
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FOUNDATION MODEL FOR LUNAR 
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LUNAR AGENTIC ANALYST
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LUNARLAB.AI

FOUNDATION MODELS FOR LUNAR RESOURCES

● ML-ready input data stack for LunarFM (Sept 2025)
● LunarFM pre-trained embeddings and model weights  (Jan 2026)
● Prospectivity maps and additional downstream tasks (Oct 2025)
● Lunar multimodal LLM (early 2026)
● Lunar agentic system (early 2026)

[1] Bachmann, R., Mizrahi, D., Atanov, A., & Zamir, A. (2022, October). Multimae: Multi-modal multi-task masked 
autoencoders. In European Conference on Computer Vision (pp. 348-367). Cham: Springer Nature Switzerland.
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We leverage the self supervised training paradigm via cross-modality masked autoencoders. Specifically, we 
use a MultiMAE architecture [1], which can deal with different spatial resolutions; and we extend it to better 
handle no-data pixels/regions.

Our model is able to reconstruct 90% masked inputs in different locations in each modality, and we evaluate 
the importance of each location within a chip in the unified embedded representation. 

INPUT RECONSTRUCTION (model learns to reconstruct from different sparsity across modalities)

IMPORTANCE MAPS (by masking convolutions and measuring the change in embeddings vectors)

EXAMPLE DOWNSTREAM TASK: TiO2 PROSPECTIVITY MAPPING
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The Moon is relatively well mapped but poorly integrated: dozens of orbital datasets (e.g., WAC, LOLA, Diviner, 
GRAIL, Mini-RF) arrive with incompatible resolutions, geometries, and noise. Thus,  key signals remain 
fragmented across modalities and scales. 

We address this by training a multimodal foundation model (LunarFM) that aligns all instruments in a unified 
embedding space, learning shared, physically-meaningful representations without hand-tuned features. 

This common latent space supports efficient transfer to downstream tasks, such as resource prospectivity, 
mineral mapping, and geologic boundary detection; helping convert a patchwork of maps into an integrated, 
queryable model of the lunar surface.

Researchers: Marc Girona-Mata, Gautier Bardi, Jakob Gawlikowski, Sumit Goski 
Faculty: Raúl Ramos-Pollán, Sylvester Kaczmarek

Towards the first multimodal foundation model for the Moon

CHALLENGE AND APPROACH

NEXT STEPS & RELEASE SCHEDULE

METHODS

Taking only 50 known TiO2 examples (25 positives and 25 negatives), we first reduce the embeddings’ 
dimensionality using principal component analysis (PCA), and then use linear discriminatory analysis (LCA) to 
learn to map high and low TiO2 concentrations.
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LUNARLAB.AI

FOUNDATION MODELS FOR LUNAR RESOURCES

● ML-ready input data stack for LunarFM (Sept 2025)
● LunarFM pre-trained embeddings and model weights  (Jan 2026)
● Prospectivity maps and additional downstream tasks (Oct 2025)
● Lunar multimodal LLM (early 2026)
● Lunar agentic system (early 2026)
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autoencoders. In European Conference on Computer Vision (pp. 348-367). Cham: Springer Nature Switzerland.
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We leverage the self supervised training paradigm via cross-modality masked autoencoders. Specifically, we 
use a MultiMAE architecture [1], which can deal with different spatial resolutions; and we extend it to better 
handle no-data pixels/regions.

Our model is able to reconstruct 90% masked inputs in different locations in each modality, and we evaluate 
the importance of each location within a chip in the unified embedded representation. 

INPUT RECONSTRUCTION (model learns to reconstruct from different sparsity across modalities)

IMPORTANCE MAPS (by masking convolutions and measuring the change in embeddings vectors)
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The Moon is relatively well mapped but poorly integrated: dozens of orbital datasets (e.g., WAC, LOLA, Diviner, 
GRAIL, Mini-RF) arrive with incompatible resolutions, geometries, and noise. Thus,  key signals remain 
fragmented across modalities and scales. 

We address this by training a multimodal foundation model (LunarFM) that aligns all instruments in a unified 
embedding space, learning shared, physically-meaningful representations without hand-tuned features. 

This common latent space supports efficient transfer to downstream tasks, such as resource prospectivity, 
mineral mapping, and geologic boundary detection; helping convert a patchwork of maps into an integrated, 
queryable model of the lunar surface.

Researchers: Marc Girona-Mata, Gautier Bardi, Jakob Gawlikowski, Sumit Goski 
Faculty: Raúl Ramos-Pollán, Sylvester Kaczmarek

Towards the first multimodal foundation model for the Moon

CHALLENGE AND APPROACH

NEXT STEPS & RELEASE SCHEDULE

METHODS

Taking only 50 known TiO2 examples (25 positives and 25 negatives), we first reduce the embeddings’ 
dimensionality using principal component analysis (PCA), and then use linear discriminatory analysis (LCA) to 
learn to map high and low TiO2 concentrations.
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Artificial Intelligence (AI) is helping us 
understand and assist in humanity’s 
return to the Moon. As we enter this new 
era of sustained lunar activity, the need 
for intelligent systems that can interpret, 
predict, and coordinate across diverse data 
sources in the Lunar environment will be a 
keystone capability.
 
For more than a decade, the Frontier 
Development Lab (FDL) has operated at 
the intersection of AI, space science, and 
planetary intelligence. In collaboration 
with Luxembourg Space Agency (LSA), our 
applied research has delivered a series 
of firsts: from the first-ever view into the 
Lunar Permanently Shadowed Regions 
(PSRs), to lunar localization without GPS, 
thermal anomaly maps and many others. 
Each milestone has advanced the broader 
goal of building resilient, reasoning 
systems capable of operating where 
latency, bandwidth, and uncertainty are 
inherent.

Lunar-FM integrates inputs from multiple 
spacecraft into a single multimodal 
architecture. This fusion allows the model 
to aggregate a representation of the lunar 
environment that can be queried in natural 
language for the first time. As on Earth, 
the most transformative aspect of the 
emergence of foundation models is multi-
modal reasoning. By adapting transformer-
based architectures originally developed 
for natural language understanding, we 
are enabling models that can converse 
with complex data, effectively turning 
lunar datasets into queryable knowledge 
systems. A scientist or engineer could 
ask, “Which candidate sites show the 
most stable illumination for power 
generation?” and receive an interpretable, 
physics-informed response supported by 

visualization and uncertainty estimates. 
This first model is designed for resource 
related queries. Future versions of Lunar-
FM will unlock more granular capabilities, 
supporting surface operations and the 
science goals of NASA’s Artemis mission.  

Together, hybrid observation, onboard 
learning, and multi-model reasoning in 
natural language define a new discipline: 
Lunar Systems Intelligence - an 
intelligence architecture for continuous, 
adaptive understanding of the Moon as a 
complex, evolving system.
The implications for stakeholders 
Luxembourg Space Agency and ESRIC are 
significant. Lunar-FM can directly support 
lunar resource characterisation, ISRU 
(In-Situ Resource Utilization) feasibility 
assessment, and infrastructure planning, 
from water ice mining to power distribution, 
by providing probabilistic, explainable 
insights at the speed of mission operations.

Lunar-FM represents the beginnings of a 
Lunar Operating System for exploration 
and utilization; an AI substrate capable of 
linking simulation, sensing, and decision-
making in a single adaptive loop. In doing 
so, it lays the groundwork for the next 
phase of humanity’s multi-planetary 
future where intelligent systems don’t just 
observe the Moon, but help us stay there 
for good. 

LUNAR SYSTEMS INTELLIGENCE: 
TALKING TO THE MOON
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LUNARLAB.AI IS A RESEARCH PARTNERSHIP 
BETWEEN LSA, ESRIC AND  

FDL.AI (TRILLIUM TECHNOLOGIES).

WE’D LIKE THANK OUR COMPUTE PARTNERS, 
GOOGLE CLOUD AND SCAN COMPUTERS AND 

DATAROCK FOR THEIR EXPERT GEOLOGY INSIGHT.
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FAQs

•	 How does LunarFM consolidate the fragmented and mission-specific lunar remote 
sensing data?

It is designed to fuse 18 disparate data layers from multiple missions into a single, unified 
feature vector (the 768-dimensional embeddings). This process creates a standardized, 
global representation of surface and subsurface properties, ensuring consistent data 
analysis across different geological contexts.

•	 What is the utility of the embedding space for geological tasks beyond resource 
prediction (regression)?

The embeddings are highly effective for qualitative tasks: Geological Classification 
(allowing accurate delineation of major compositional and textural unit boundaries) and 
analogue discovery (facilitating efficient similarity searches to find geologically identical 
regions across the Moon).

•	 Given the scarcity of ground truth data on the Moon, how does LunarFM leverage 
limited expert knowledge?

It enables expert-curated few-shot learning. By allowing an expert to label a very small set 
of positive/negative examples (e.g., 8 data points for a specific mineral), the model’s high-
quality embeddings allow a simple linear model to rapidly generate a stable and accurate 
global predictor map, effectively amplifying expert insight and in situ sampling. 

•	 What is the “Lunar Analyst Copilot,” and how is it intended to change scientific 
interaction with the data?

The Copilot is an AI Agent architecture that utilizes a Large Language Model (LLM) 
as a front-end. It allows scientists and mission planners to submit natural language 
queries (e.g., “Show me areas similar to the Orientale Basin”), which the LLM routes 
to the appropriate LunarFM tool (Similarity Search or Regression models) to produce a 
synthesized, conversational answer.
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AI FOR SCIENCE IS A TEAM SPORT

We’re deeply grateful to our expert partners, who bring that “seen-
it-before” experience as teams dive into the unknown, and to our 
commercial partners, who provide state-of-the-art hardware (CPUs, 
GPUs, TPUs), vast RAM, dynamic services, and other innovations that 
reduce the system-operations overhead of performing AI for science 
at scale on the critical problems that matter.

Thank you for being in our corner. We’re excited to see what lies on the 
horizon.

Ad astra per algorithmos.

72

FDL LUNARLAB 2025  A LUNAR FOUNDATION MODEL



FDL LUNARLAB 2025 A LUNAR FOUNDATION MODEL

73

THANKS TO OUR 
PARTNERS



FDL LUNARLAB 2025  A LUNAR FOUNDATION MODEL

74

Deployed AI Published Research Data Product / Tool Commercial PartnershipLive on SPACEML

ASTRONAUT HEALTH

2021 CAUSAL TRANSFER LEARNING

2020 CANCER CAUSAL INFERENCE

2019 SYNTHETIC MEDICAL DATA

2019 GROUND STATION PLANNING

2021 SOLAR DRAG

2021 HOT SPOT DETECTION

2019 DISASTER RESPONSE: FLOODS

2021 WORLD FOOD EMBEDDINGS

2018 INFORMAL SETTLEMENTS

2020 LIGHTNING & EXTREME WEATHER

2020 WATERS OF THE US

2021 LIGHTNING UPGRADE

2021 DIGITAL TWIN COASTS

2021 AUTO IMAGE ANNOTATION

2020 EARTH INTELLIGENCE ENGINE

2020 KNOWLEDGE DISCOVERY FRAMEWORK

2022 SMD KNOWLEDGE GRAPH DISCOVERY

2022 SAR DATA FOR CHANGE DETECTION

2022 LIVE TWIN: HYDROLOGICAL MODELS 2024 3D CLOUDS USING MULTI-SENSORS

2024 3D SAR FOR FOREST BIOMASS

2023 GENERALIZABLE MODELS 
FOR SYNTHETIC APERTURE RADAR

2022 FORTIFYING THE GRID

2020 DIGITAL TWIN EARTH

2019 CLOUD CLASSIFICATION

2020 CLOUD BEHAVIOUR

2020 CONSTELLATION MGMT

2019 EDGE INFERENCE: FLOODS

CLIMATE

MISSION OPERATIONS

EARTH OBSERVATION

2018 DISASTER RESPONSE: DAMAGE ASSESSMENT

2022 GEOMECHANICS FOR CO2 SEQUESTRATION

ON BOARD INTELLIGENCE

EARTH SCIENCE
ENERGY FUTURES

2022 THE H2 DISCOVERY ENGINE

2022 CONCENTRATED SOLAR POWER CONTROLLER

ASTROBIOLOGY

2022 INFORMATION SIGNATURES OF BIOTIC VS ABIOTIC PROCESSES

2018 EXOPLANET DETECTION

2018 ATMOSPHERIC RETRIEVAL FROM SPECTRA

2018 BIOSIGNATURES

PLANETARY DEFENCE

2017 LONG-PERIOD COMET DETECTION

2016 ASTEROID DEFLECTION DECISION SUPPORT

2016 RADAR SHAPE-MODELING

2016 METEORITE HUNTING DRONE

LUNAR MAPPING

LUNAR AUTONOMY

LUNAR EXPLORATION

2020 DATAQUEST

LUNAR EXPLORATION

2017 CRATER IDENTIFICATION

2019 LUNAR RESOURCE MAPPING (METALS)

2020 LUNAR RESOURCE MAPPING II

2021 UP SCALING LUNAR RESOURCES

2018 ROVER LOCALISATION

2018 AUTONOMOUS ROUTE PLANNING

2022 CHANGE DETECTION WITH LRO DIVINIER

2022 URBAN RAD HUNTER

2024 SAR-FM: A FOUNDATION MODEL FOR SAR

2023 FOUNDATION MODELS ADAPTERS FOR DISASTERS

2022 WILDFIRE: MULTISPECTRAL ESTIMATION OF FUEL LOADS

DISASTER RESPONSE

2017 C-CLASS FLARES

2017 PREDICT KP INDEX

2019 SUPER RES. MAG. FIELDS

SOLAR PREDICTION

HELIOPHYSICS & SPACE WEATHER

2022 SEISMIC INSIGHTS WITHIN GEOMAGNETIC AND 
IONOSPHERIC DATA

2023 SPACE WEATHER AND EARLY DETECTION

2023 THERMOSPHERIC DRAG

2023 ARD EUV

2023 MULTISCALE GEOEFFECTIVENESS

2021 SOLAR WIND FINGERPRINTING

2020 GEOEFFECTIVNESS OF SOLAR STORMS

2020 STARSPOTS

2022  4∏ EUV IRRADIANCE

2019 AUTO CALIBRATION

2019 VIRTUAL TELESCOPES

2018 SDO UV IRRADIANCE

2018 IONOSPHERIC SCINTILLATIONS2020 EARLY DETECTION

2020 FIRE BEHAVIOUR

2020 FUEL ASSESSMENT

2019 GNSS DISTURBANCES

2024 GEOEFFECTIVENESS CL

2024 FORECASTING RADIATION EXPOSURE FOR 
HUMAN SPACE FLIGHT

2024 SPECTRAL IRRADIANCE OF THE 3D SUN ON MARS

2024 EARLY WARNING FOR SOLAR ERUPTIONS WITH VIGIL

2024 THERMOSPHERIC DRAG CL

2022  LIVE TWIN: AEROSOLS

OVER 50 APPLIED AI FIRSTS
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Let’s build an 
intelligent future.
Trillium Technologies is a small international research and development 
company dedicated to creating intelligent systems for public benefit, 
planetary stewardship, space exploration and human health. With 
headquarters in London and virtual offices across the US and Australia, 
we are at the forefront of addressing some of the world’s most pressing 
challenges using AI.

As a specialist technology consultancy, Trillium tackles grand challenges, 
such as obesity, planetary defence (asteroids, comets), space situational 
awareness (SSA), lunar exploration, sustainability, climate change, disaster 
response and wildfires. Over the past decade, Trillium has established itself 
as a leader in applying AI to challenges on the ‘to-do’ list of NASA, The US 
DOE, USGS, ESA, CSA, LSA and the Australian Space Agency.  This work 
is showcased through initiatives like Heliolab (heliolab.ai), ESL (eslab.ai) and 
Lunarlab (lunarlab.ai)

Our team consists of researchers, scientists, designers, developers and 
AI specialists, all driven by the vision of achieving impactful solutions for 
humanity through the accelerated application of trusted intelligent technology.

Learn more and get in touch at trillium.tech or team@trillium.tech 
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Celebrating 10 years of Applied AI
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In memory of David Cheuvrount, 
                 thank you for helping us talk to the moon.
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In memory of David Cheuvrount, 
                 thank you for helping us talk to the moon.
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FOR ALL HUMANKIND

LUNARLAB.AI


