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Abstract

The CO3D mission, launched in July 2025, aims to reconstruct the Earth’s continental surfaces in 3D. Assessing the quality of the
resulting digital surface model requires an inter elevation data comparison tool, leading CNES to collaborate with the GlacioHack
collective and join the governance of their open-source software xXDEM. Originally developed for glacier research, xDEM offered
valuable features for 3D data analysis, including 3D coregistration and uncertainty analysis. Recognizing its potential, CNES
strategically chose to contribute to xXDEM rather than maintain its own tool, demcompare. The main contributions include improve-
ments in scalability, visualization, and ease of use. This collaboration has created a more robust tool that benefits both the CO3D
mission and the broader scientific community. By combining resources and expertise, the project demonstrates how open-source
development can drive innovation while reducing duplication of effort.

1. Introduction e L3 products, dedicated to specific productions of limited

size (less than 50 km x 50 km);

The CO3D mission, successfully launched in July 2025 aboard e L4 products, which consist of 0.25° x 0.25° tiles cover-

the Vega-C rocket, represents a significant step towards the ing the entire planet in accordance with the defense grid-
three-dimensional reconstruction of Earth’s continental surface ded elevation data format® imposed by the mission. At the

at high-resolution. This mission aims to produce a global one- equator, the tile size reaches its maximum of approxim-
meter Digital Surface Model (DSM) in less than four years ately 27.75 x 27.75 km>.
using two pairs of optical satellites. The resulting DSM will

address diverse civil and military needs. For civil applica- A margin is always added to ensure consistency between adja-

tions, elevation data is essential for natural risk management—
including floods (Bennani et al., 2019), landslides (Dai et al.,
2024) or earthquake (Hummer et al., 2024)—as well as envir-
onmental monitoring, such as glacier mass changes (Berthier et
al., 2024), snowpack evolution (Deschamps-Berger et al., 2020)
or cliff face erosion (Letortu et al., 2020). On the military side,
these models support operational planning, trafficability ana-
lysis, and low-altitude flight preparation.

Each CO3D satellite is equipped with commercial-off-the-shelf
matrix sensors delivering a spatial resolution of 50 cm across
four bands: visible (red, green and blue) and near-infrared
bands. While each sensor’s ground footprint measures approx-
imately 7 x 5 km?, the satellites’ agility enables the acquisition
of 500 km? surfaces in a single pass, optimizing both coverage
and mission efficiency. Using pairs of synchronous satellite im-
ages, a DSM at one-meter Ground Sampling Distance (GSD) is
generated through processing with the open source photogram-
metry software CARS'! (Youssefi et al., 2020), integrated into
the operational image chain (Lebegue et al., 2020).

Two levels of 3D products are available:

! CARS: https://doi.org/10.5281/zenodo. 17406459

cent L4 products (Lebegue et al., 2020). Therefore, the advant-
age of L4 products lies in its global coverage and consistency
between tiles.

The primary objective of the CO3D mission is to achieve
one-meter relative vertical accuracy for moderate slopes (less
than 5%) and four-meter absolute vertical accuracy. Currently,
few global Digital Elevation Model (DEM)s achieve this level
of precision. Notable exceptions include WorldDEM Neo?,
which utilizes satellite imagery and interferometric elevation
data from the TanDEM-X mission (2017-2021) to achieve five-
meter GSD with two-meter relative and around one-meter abso-
lute vertical accuracy. However, the methodology used to qual-
ify this vertical accuracy is not well defined. Another example
is EarthDEM4, constructed from stereo images of Maxar satel-
lites (WorldView-1, WorldView-2, WorldView-3, and GeoEye-
1) acquired between 2009 and today. DEMs are distributed at

2 DGED format:
dgiwg-standards

3 WorldDEM Neo Technical Product Description:
https://elevation.oneatlas.airbus.com/assets/
product-description/WorldDEM_Neo_DSM.pdf

4 EarthDEM  Technical — Product  Specification: https:
//earth.esa.int/eogateway/documents/20142/37627/
WorldDEM-Technical-Specification.pdf

https://dgiwg.org/documents/
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a two-meter GSD using the open source photogrammetry soft-
ware Surface Extraction from TIN-based Searchspace Minim-
ization (SETSM). The accuracy of SETSM DEMs was eval-
uated in (Noh and Howat, 2015) and without ground control
points, absolute accuracy is approximately two meters in both
horizontal and vertical planes. However, its absolute horizontal
and vertical accuracy specifications have not yet been verified.
Therefore, for the CO3D mission, assessing the quality of the
CO3D 3D products was deemed crucial. Yet, at the time of the
mission preparation, there were no dedicated tools available for
DEM accuracy assessment in the state-of-the-art.

This paper presents the steps that led CNES to collaborate with
and join the governance of the open source software xDEM? for
its DEM quality assessment. Initially, to address this gap for the
CO3D mission, a generic, open source tool, reusable for future
missions, was proposed, and CNES started the development
of its own tool, demcompare. As the open source landscape
evolved, the CNES contacted and merged efforts with xDEM.
Although xDEM was not specifically designed for quality as-
sessment, it possessed the generic methodological tools for 3D
coregistration and uncertainty quantification to perform an ac-
curacy assessment of DEMs. However, it required improve-
ments in scalability, visualization and ease-of-use, which led
to new developments. Eventually, to verify the quality of the
DEM produced, xDEM was integrated into the image calibra-
tion center environment, facilitating a rigorous and automated
evaluation of the quality of 3D model produced by the CO3D
mission.

2. Towards a unified tool: xXDEM

During the specification phase of the CO3D mission, there was
a need to develop a software tool that could validate the 3D
products. The primary objective was to statistically compare
the CO3D 3D data against reference ground truth data to assess
absolute accuracy. Additionally, the tool needed to enable com-
parisons between two CO3D 3D models to determine relative
accuracy. At that time, no existing state-of-the-art software met
these requirements.

2.1 History of demcompare

Consequently, the CNES developed the tool demcompare from
scratch. The main goal was to integrate this tool into the image
calibration center for automated DEM qualification during the
CO3D 3D product qualification phase. Demcompare comprises
several sequential steps:

1. aligning them (coregistration),
2. computing differences between the DEM,
3. deriving statistics from these differences,

4. and finally, printing all the results in a PDF file.

The coregistration step is crucial for DEM qualification, ensur-
ing that observed differences are due to production errors rather
than alignment artifacts. Its usage was primarily limited to com-
paring two DEMs.

> XDEM: https://doi.org/10.5281/zenodo . 4809697

2.2 History of xDEM

Around the same period, xXDEM was being developed. The
xDEM® effort was created by the GlacioHack collective—a
group of glaciology researchers working primarily with elev-
ation data. The objective was to support a wide range of eleva-
tion analysis tools, particularly to modernize and improve older
existing Python tools for DEM coregistration such as Dem-
Coreg (Shean et al., 2016), Pybob’s coreg_tools or GeoUltils’s
dem_coregistration that were libraries with no tests, limited
documentation and relied on geospatial dependencies. xXDEM
was designed as a flexible toolbox, with many possible func-
tionalities implemented. For example, the coregistration al-
gorithms included the Nuth & Kaab (Nuth and Kiib, 2011)
method, iterative closest point (Chen and Medioni, 1992; Besl
and McKay, 1992) or correction of planar vertical biases or "de-
ramping". However, some of these features were not mature or
even experimental. Moreover, the toolbox model did not ad-
dress the need of the CO3D mission for a standardized and rig-
orous DEM evaluation.

While xDEM focuses specifically on elevation data, it inherits
its raster, vector and point cloud functionalities from GeoUtils’,
developed in parallel by GlacioHack. GeoUltils provides con-
venient and scalable geospatial methods for common tasks such
as reprojection, raster-to-point interpolation, point gridding or
vector masking. Both xXDEM and GeoUtils depend on Ras-
terio, GeoPandas, and Pyproj for georeferenced calculations,
and NumPy, SciPy (and optionally Numba or Dask) for its nu-
merical efficiency and scalability.

2.3 Federation

In 2023, CNES and the GlacioHack collective established con-
tact in order to explore potential synergies between demcom-
pare and xXDEM. This collaboration led to a 10-month study
conducted by CS GROUP in 2024, which included a compre-
hensive audit covering legal, social, IT, and algorithmic aspects.
The audit highlighted the strategic advantages of focusing on
xDEM, including its more recent technological foundation, its
larger user community, and its excellent documentation. These
factors, combined with xXDEM'’s extensive feature set, made it
the ideal candidate for unification.

Following the audit, CNES and the GlacioHack collective
began federating their efforts under the unified tool xDEM. As a
result, demcompare was no longer supported, and all future de-
velopments were integrated into XDEM. This transition ensures
that the CO3D mission benefits from a robust, community-
supported tool capable of handling large datasets and providing
reproducible results. The integration of xXDEM into the image
calibration center environment further facilitates automated and
rigorous DEM quality assessment, aligning with the mission’s
goals of achieving high-precision global 3D products.

3. Recent contributions

Since the federation, many contributions have been made in
xDEM. These include work primarily focused on qualifying 3D
products, efforts related to scalability, and initiatives concern-
ing organization.

6 XDEM: https://github.com/GlacioHack/xdem
7 GeoUtils: https://github.com/GlacioHack/geoutils
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3.1 DEM evaluation

3.1.1 Blockwise coregistration To address spatially vari-
able misalignments in large DEMs, xDEM implements a core-
gistration framework in which the domain is partitioned into
smaller blocks. Coregistration is then performed independently
within each block, enabling the estimation of spatially varying
offsets not captured by global approaches. The resulting set of
local transformations is subsequently interpolated to derive a
continuous correction field. As for other parameters in xDEM,
this continuous correction aims to be fully modular, supporting
for instance any fit optimizer such as RANSAC (Fischler and
Bolles, 1987) to allow robustness to a wide range of inputs.

Another benefit of blockwise coregistration is a straightfor-
ward chunk-by-chunk processing to limit memory usage and
enable parallel execution on large datasets. However, scalab-
ility in xXDEM is not limited to blockwise approaches: global
coregistration methods are also being extended to support large
datasets through out-of-memory reprojection, subsampling, and
raster-to-point interpolation.

3.1.2 Workflows and command-line interface A series of
pre-defined workflows coupled to a command-line interface are
also being developed for xDEM. Workflows offer users pre-
defined multi-step analyses with recommended methods and
parameters. The command-line interface allows users less fa-
miliar with Python to run these workflows and analyze outputs
in a straightforward way through a configuration file (see List-
ing 1). For instance, the accuracy workflow, which closely
mirrors the functionality of demcompare, performs an accuracy
assessment of an elevation dataset by comparing it to another
reference dataset. This includes reading two DEMs, performing
reprojection and change of vertical referencing when needed,
estimating and correcting systematic alignment errors using any
of xXDEM'’s coregistration, calculating final differences between
the DEMs, and deriving statistics. This workflow is currently
being extended to link to xXDEM’s uncertainty quantification
feature for estimating structured random errors, thereby provid-
ing a full accuracy assessment of the input elevation data. For
ease-of-use, results are then compiled into a comprehensive re-
port in both HTML and PDF formats (see Figure 2). Processing
steps are described in Figure 1.

xdem [workflow_name] --config config_file.yaml

Listing 1. Workflow usage: a command-line call with a
configuration file

— — — Optional steps

Inputs Qutputs
Step / raster files / ‘ ‘/Otherfiles\

[
/ c::rt}l,.\ / reference_elev / /o_be_aligned_eley;L mask
J I ]

csv file

Vertical

referer T

\_;—I

Reprojection

l

Coregistration

|

Compute
difference

!

Statistics

}

Generate report

Vertical

reference_elev_reproj  to_be_aligned_elev_reproj

aligned_elev

alti_diff_before_coreg/ alti_diff_after_coreg

summary_
stats.csv

used_

report.html config.yaml

report.pdf

Figure 1. Accuracy workflow pipeline (source:
https://xdem.readthedocs.io/)

Other workflows are in-development, such as the topo work-
flow to provide a topographical summary of a DEM. These
workflows make data qualification more accessible and efficient
for users of all skill levels. While they are currently experi-
mental, we are refining their interfaces based on user feedback
and planning performance improvements for future releases.

3.2 Scalability

Key improvements have enhanced the scalability of xDEM
through the integration of Dask and Multiprocessing, together
with the introduction of Xarray® and GeoPandas® accessors.
Complex scalable routines for raster, vector or point cloud data
were implemented in GeoUltils, such as out-of-memory repro-
jection or raster-to-point interpolation. Elevation-specific scal-
able routines, such as 3D affine transformation, reside directly
in xXDEM. Furthermore, with the addition of profiling tools and
tests, we ensure that memory usage and computing time remain
bounded to an expected level.

3.2.1 Dask / Multiprocessing with Xarray accessors Un-
til recently, GeoUltils and xXDEM relied entirely on their own
data structures based on Numpy arrays and metadata attributes,
such as a geoutils.Vector or xdem.DEM. Now, their func-
tionalities are mirrored to work on Xarray and GeoPandas data-
structures, better integrating with the Python geospatial eco-
system. This integration offers several key benefits. Indeed,
scalability relies on three different mechanisms:

e Deferred input/output that refers to operations that
modify only internal I/O metadata, avoiding reading the
data entirely and postponing loading. GeoUtils and xDEM

8 Xarray: https://github.com/pydata/xarray
9 Geopandas: https://github.com/geopandas/geopandas
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Figure 2. Accuracy assessment PDF report with LIDAR HD data as reference elevation and CARS Pléiades DSM as to-be-aligned
elevation. LIDAR HD data were acquired between 28/05/2022 and 01/06/2022. CARS Pléiades DSM is calculated with CARS
software (version 1.0) from Pléiades stereo-images acquired on 28/06/2022. A month separates the two datasets: CARS Pléiades
DSM is the oldest data. It can be observed that a building has been constructed (blue on the image) and a building has been destroyed
(red on the image).

support this through both their objects and accessors, al-
lowing for instance to manipulate object metadata or se-
lect a subset without loading the underlying data, which
implicitly loads only when necessary.

Chunked execution that refers to processing raster data
tile-by-tile instead of loading the full array into memory. It
is implemented through two backends: Dask, used through
Xarray accessors, and with Multiprocessing, used through
the GeoUtils and xXDEM objects. Figure 3 represents the
reprojection with chunked execution, with a new CRS and
a downsampling of 2.

Lazy execution that refers to deferring computation until
results are explicitly requested. This feature is only avail-
able through the Xarray accessors with Dask-backed ar-
rays.

Chunked reprojection

EPSG:32633 - EPSG:4326

Resolution x 2 Chunk size adapts
to resolution change

4x4 px - 2X2 px

Pixel grid

requires
o Chunk grid

5 source chunks

Figure 3. Chunked reprojection with a new CRS and a
downsampling of 2 (source: https://geoutils.readthedocs.io/)

3.2.2 Profiling GeoUtils includes a built-in profiling tool
that provides insights into function performance. This is not
only useful for internal tests, but also for users to quickly grasp
the performance of their routines. With profiling enabled and
graph output activated, two HTML graph types are generated:

e Icicle graph showing time spent in each process step. Fig-
ure 4 represents the time spent in each decorated function
accuracy workflow. This icicle graph shows the hier-
archical structure of decorated functions and the time each
function takes to execute. The largest rectangles represent
the most time-consuming functions, with color coding in-
dicating the duration, helping to identify performance bot-
tlenecks.

Memory consumption graphs for decorated functions.
Figure 5 represents the memory consumption for each dec-
orated function in the accuracy workflow.

Profiling helps identify resource-intensive methods, guiding op-
timization efforts.

3.3 Governance and development practices

In addition to the technical improvements, significant improve-
ments have been made in the governance and development prac-
tices of xDEM.

3.3.1 License Firstly, the project has transitioned from the
MIT license to the more software-adapted Apache v2.0 license
to better align with the needs of the community and ensure
broader compatibility. Indeed, xDEM dependencies are now
compatible with Apache v2.0, unlike under the previous li-
cence. Besides, the 3D software from CNES, such as CARS‘O,
which produces Digital Surface Model from stereo-images, and
Bulldozer!!, which produces Digital Terrain Model from Di-
gital Surface Model, are under this license.

3.3.2 Governance Now that CNES and GlacioHack are
collaborating to maintain XDEM, a formal governance system
has been established to ensure the smooth continuation of the

10 CARS: https://github.com/CNES/cars
1 Bulldozer: https://github.com/CNES/bulldozer
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current collaboration and to encourage more contributors by
providing a structured and inclusive development environment.
To this end, three files were added:

o Governance file: This file outlines the rules and decision-
making processes for the project, inspired by the MVG
(Minimum Viable Governance) project'2.

time:

e Code of Conduct file: This file sets the expectations for
behavior within the project community, inspired by the
Contributor Covenant 3.

‘xdem.accuracy.run (28.31 5)
e Author file: This file helps to highlight the community
and ensures that authors retain ownership of their work.

3.3.3 Agile development Additionally, agile methodolo-
gies have been adopted to optimize the development process.

' A Product Owner (PO), responsible for the product vision,
maintains and prioritizes the product backlog. For each sprint
(four-week iteration), the development team selects and devel-

¢ ops tasks from the sprint backlog. Regular ceremonies such as
sprint planning and retrospectives ensure alignment and con-
tinuous improvement. Moreover, roadmap meetings are held
to maintain a long-term vision and consistent progress toward

project goals. These changes have enhanced transparency, sus-

Figure 4. Time spent in each decorated function for the tainability, and collaboration efficiency among contributors.
accuracy workflow from the example in Figure 2. The
coregistration function is the most time-consuming one. The 3.4 Summary of xDEM functionalities
decorated functions are: load data, prepare data (reprojection),
compute coregistration, compute statistics and compute Finally, the contributions made over the last few years have en-
histogram. abled xDEM to offer a wide range of functionalities. All these

features have evolved and are subject to further development,
particularly as it is constantly being expanded over time. The
main functionalities of XDEM are described in detail in the fol-
lowing section.

34.1 Coregistration xDEM includes varied coregistration
methods and more precisely 3D affine transformations. These
transformations correspond to 3D translations or rotations. All
the methods implemented in XDEM are summarized in Table 1.

Table 1. Summary of supported 3D affine transformations
Affine method Description Reference
Nuth & Kaab Translations (Nuth and Kiib,
2011)
Least Translations and (Rosenholm
J-M_ Z-difference rotations and Torlegard,
1988)
Iterative closest | Translations and (Chen and
point rotations Medioni, 1992;
Besl and

) ) o McKay, 1992)
Figure 5. Memory consumption for each decorated function in

the accuracy workflow from the example in Figure 2. The Coherent point | Translations and (Myronenko
decorated functions are: load data, prepare data (reprojection), drift rotations and Song, 2010)
compute coregistration, compute statistics and compute . . .
hi Vertical shift Vertical N/A
istogram. A
translations

12MVG: https://github.com/github/mvg
13 https://www.contributor- covenant .org/
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3.4.2 Vertical referencing xDEM also offers the possibil-
ity to manipulate vertical coordinate reference systems. Most
DEM products do not yet come with a well-defined vertical ref-
erence, xXDEM thus facilitates both their setting and conversion
between reference systems.

3.4.3 Terrain attributes
terrain attributes:

xDEM can derive a wide range of

o surface fit attributes that rely on estimating local derivat-
ives such as slope, aspect, hillshade and curvatures (profile
curvature, tangential curvature, etc.);

e windowed attributes that rely on estimating local in-
dexes often applicable to any window size such as topo-
graphic position index, terrain ruggedness index, rough-
ness, rugosity and fractal roughness;

e and finally frequency attributes that rely on estimating
relative frequency over the whole DEM such as texture
shading.

3.4.4 Bias corrections xDEM implements 3D bias-
correction methods that correspond to transformations that
cannot be described as 3D affine methods in section 3.4.1.
These methods are used to correct both systematic elevation
errors and spatially structured random errors. All the methods
implemented in XDEM are summarized in Table 2.

Table 2. Summary of supported 3D bias-correction methods

Bias-correction method Description

Correction with a 2D
polynomial of degree N

Deramping

Directional biases Correct biases along a
direction, often

semi-periodic

Terrain biases Correct biases along a
terrain attribute (defined

in section 3.4.3

Custom bias Correct biases with any

function

3.4.5 Uncertainty analysis Finally, xDEM includes uncer-
tainty analysis tools that rely on concepts from the disciplines
of spatial statistics and uncertainty quantification, tailored to
DEM analysis (Hugonnet et al., 2022). While systematic er-
rors of elevation data are corrected using 3D affine transforma-
tions (defined in section 3.4.1) and 3D bias-correction (defined
in section 3.4.4), uncertainty analysis is used for quantifying
and propagating random structured errors.

4. Conclusion and perspectives

The CO3D mission represents a significant advancement in the
three-dimensional reconstruction of Earth’s continental surface,
aiming to produce a global one-meter DSM in less than four
years. The collaboration between CNES and the GlacioHack
collective, notably the integration of the xXDEM tool into the

CO3D image calibration center, illustrates the benefits of shared
efforts and open-source collaboration.

Several developments have been made on both sides to obtain
a tool that can meet the requirements for the qualification of
CO3D products. Blockwise coregistration is a major step for-
ward in that direction, with ongoing developments to gener-
alize its application to all coregistration methods. Other con-
tributions have also helped improve ease-of-use and visualiza-
tion, such as the implementation of different workflows and a
command-line interface. These developments are still evolving
based on user feedback. The implementation of a QGIS plugin
is also underway and will help to expand the user community by
offering a more accessible interface to those who are unfamil-
iar with the CLI or Python API. Additionally, the implementa-
tion of Xarray and Geopandas accessors further embeds xDEM
within the Python geospatial ecosystem. These are key steps in
cementing the tool’s scalability, enabling easy integration with
Dask and Multiprocessing. In addition, profiling has been im-
plemented to identify cost-intensive methods. Future develop-
ments will improve performance by optimizing these methods.

xDEM promotes transparency, accessibility, and community-
driven innovation by embracing the principles of Free and Open
Source Software (FOSS). Future developments could include
fostering more collaborations of this kind, encouraging the de-
velopment of open-source tools and establishing robust gov-
ernance models to ensure a sustainable, inclusive growth. This
approach benefits individual missions such as CO3D and con-
tributes to the broader scientific community by promoting open
collaboration and shared resources.
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