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Teams of mobile robots will play a key role towards future planetary exploration missions. In fact, plans for
upcoming lunar exploration, and other extraterrestrial bodies, foresee an extensive usage of robots for the
purposes of in-situ analysis, building infrastructure and realizing maps of the environment for its exploitation.
To enable prolonged robotic autonomy, however, it is critical for the robotic agents to be able to robustly
localize themselves during their motion and, concurrently, to produce maps of the environment. To this
end, visual SLAM (Simultaneous Localization and Mapping) techniques have been developed during the
years and found successful application in several terrestrial fields, such as autonomous driving, automated
construction and agricultural robotics. To this day, autonomous navigation has been demonstrated in various
robotic missions to Mars, e.g., from NASA’s Mars Exploration Rover (MER) Missions, to NASA’s Mars
Science Laboratory (Curiosity) and the current Mars2020 Perseverance, thanks to the implementation of
Visual Odometry, using cameras to robustly estimate the rover’s ego-motion. While VO techniques enable
the traversal of large distances from one scientific target to the other, future operations, e.g., for building
or maintenance of infrastructure, will require robotic agents to repeatedly visit the same environment. In
this case, the ability to re-localize themselves with respect to previously visited places, and therefore the
ability to create consistent maps of the environment, is paramount to achieve localization accuracies, that
are far above what is achievable from global localization approaches. The planetary environment, however,
poses significant challenges to this goal, due to extreme lighting conditions, severe visual aliasing and a lack
of uniquely identifiable natural “features”. For this reason, we developed an approach for re-localization
and place recognition, that relies on Gaussian Processes, to efficiently represent portions of the local terrain
elevation, named “GPGMaps” (Gaussian Process Gradient Maps), and to use its gradient in conjunction with
traditional visual matching techniques. In this paper, we demonstrate, analyze and report the performances
of our SLAM approach, based on GPGMaps, during the 2022 ARCHES (Autonomous Robotic Networks to
Help Modern Societies) mission, that took place on the volcanic ash slopes of Mt. Etna, Sicily, a designated
planetary analogous environment. The proposed SLAM system has been deployed for real-time usage on a
robotic team that includes the LRU (Lightweight Rover Unit), a planetary-like rover with high autonomy,
perceptual and locomotion capabilities, to demonstrate enabling technologies for future lunar applications.
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I. Introduction

The fast technological development, that the
field of mobile robotics experienced within the last
decades, creates promising prospects for the applica-
tion of high-level autonomous robotic skills in several
challenging fields of applications, such as search and
rescue, mitigation of natural disaster, as well as the
exploration of planetary bodies [1, 2, 3].

The autonomous realization of complex tasks, e.g.,
scouting and exploration of unknown environments,
navigation towards targets of scientific importance,
or building infrastructure, requires very accurate po-
sitioning of the robotic agent with respect to a refer-
ence on the ground. Furthermore, the creation of Dig-
ital Elevation Models (DEM) with centimeter-level
resolution, is paramount for a complete understand-
ing and modeling of the terrain towards a more effi-
cient planning of actions.

Traditional odometry, that makes use of visual
perception, as well as global means of localization,
can not provide the robots with localization that
meets the precision requirements needed to inter-
act with the environment [4, 5, 6] and revisit places.
To this end, Simultaneous Localization and Mapping
(SLAM) techniques allow the robots to concurrently
build a representation of the environment and local-
ize with respect to it. This includes the capability of
recognizing previously visited places, and, when re-
visiting, correcting the pose drift accumulated by the
state estimation through the establishment of loop
closures. This process ultimately leads to an accu-
rate history of poses, but also to a consistent map of
the environment.

The principal challenge that is encountered when
performing SLAM in unstructured natural environ-
ments is related to the ambiguous, repetitive or fea-
tureless appearance of the terrain, both from the vi-
sual and structural perspectives. This hinders the
performances of place recognition as candidate im-
ages, or point clouds, are not unambiguously similar
to other samples belonging to previous observations
[7, 8, 9].

To this end, we developed GPGM-SLAM [10] that,
building on top of our modular submap-based multi-
robot SLAM [11, 12] system, relies on Gaussian Pro-
cesses to infer a continuous representation of the local
elevation, whose gradient is used to generate Gaus-
sian Process Gradient Maps (GPGMaps). We pre-
viously demonstrated the accuracy and effectiveness
of establishing loop closures with GPGMaps [13] in
severely unstructured environments.

With this paper, we present the results obtained

Fig. 1: Impressions of the environment on Mt. Etna.
Top: View of the test environment, seen from the
camp site. Center: The LRU rover during au-
tonomous navigation tests. Bottom: Lander and
the LRU rover.

during our multi-robot GPGM-SLAM experiment on
Mt. Etna, Sicily, during the 2022 ARCHES campaign,
and we demonstrate how GPGM-SLAM allows to es-
tablish frequent and accurate loop closures, outper-
forming our baseline system [14].

II. The ARCHES Campaign

The ARCHES (Autonomous Robotic Networks to
Help Modern Societies) project by the Helmholtz
Association joined institutes from the deep sea and
space domains with the aim of developing technolo-
gies to let networked robots act autonomously in
teams in order to reach high-level objectives such as
collecting measurements or deploying infrastructure
in challenging and inaccessible terrains. Within the
space domain, the campaign took place on the vol-
canic slopes of Mt. Etna, Sicily, between the 13th of
June and the 9th of July 2022, where it was demon-

IAC–22,A3,IPB,31,x69374 Page 2 of 7



International Astronautical Congress – IAC 2022, Paris, France, 18-22 September 2022 .
Copyright © 2022 by the International Astronautical Federation (IAF). All rights reserved.

GPGMap GenerationKeyframe Matching Keyframe Matching

Lander LRU2LRU

SLAM Graph SLAM Graph SLAM GraphGPGMap MatchingGPGMap Matching

- Stereo
- IMU
- Wheels

State
Est.

Keyframe
Creation

Submap
Gen.

- Stereo
- IMU
- Wheels

State
Est.

Keyframe
Creation

Submap
Gen.

Fig. 2: Short overview of the components of our multi-robot SLAM system that are specifically related to the
GPGM-SLAM experiments. Each robot performs state estimation, creates visual keyframes and submaps.
The Lander computes the GPGMap representation of each incoming submap and dispatches them back
to the robots. LRU and LRU2 utilize and share GPGMaps and keyframes to establish loop closures and
therefore add pose constraints into the SLAM graph.

strated how a team of heterogeneous robots could
act autonomously to deploy infrastructure and take
scientifically-relevant samples from the terrain [15].

III. GPGM-SLAM

GPGM-SLAM is a submap-based distributed
SLAM system for teams of multiple robots that are
equipped with depth sensors as their primary sen-
sory input for the purpose of mapping. Local state
estimation is implemented as a Local Reference Fil-
ter where IMU measurements, Visual Odometry and
Wheel Odometry are fused together to obtain ac-
curate local pose estimates. Local reference frames
determine the origin of each submap, within which
depth measurements from stereo cameras are used
to accumulate a rigid point cloud. The origin of
each submap is afterwards included in the SLAM
graph and subsequently optimized following robot
detections or submap matches. In GPGM-SLAM,
submaps are converted to GPGMaps, where a contin-
uous model of the elevation is inferred through Gaus-
sian Processes, and its gradients in the spatial domain
are matched relying on traditional visual techniques.

More specifically, each GPGMap inherits a point
cloud from its parent submap. This set of points con-

stitutes a sparse training set for a Gaussian Process
to infer the elevation from a continuous model. The
standard formulation for a Gaussian Process has a
computational complexity of O(n3) for the first in-
ference, where n is the number of training points.
In [10], we introduce a variation of the SKI (Struc-
tured Kernel Interpolation) [16], that we denote SKI-
D, where a fast inference approach, based on inducing
points, is used in conjunction with linear operators on
the output to obtain elevation gradients in a fast and
computationally efficient manner, such that it can be
used for real-time operations.

Fig. 2 shows a schematic overview of the imple-
mentation of GPGM-SLAM in the context of our
multi-robot system during the ARCHES demonstra-
tion mission on Mt. Etna. The team comprises, for
this experiment, two LRU units, which have differ-
ent high-level capabilities but share the same sensor
modalities for the navigation and mapping. The third
robot is the lander, which behaves here as a static
robot and, through featuring a dedicated computer,
solves the SLAM problem independently of the pres-
ence of the other robots. While the creation of the
submaps is distributed between all robots [11, 12],
the lander computer is also dedicated to the conver-
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Fig. 3: Octomap and SLAM graph at the end of the multi-robot exploration session, as computed on the
Lander and shown from its perspective. Blue and red ellipsoids are, respectively, submap origins and
covariances for the LRU and LRU2 robots. Orange lines are multi-robot detections, and yellow lines
are GPGMap matches that constrain the relative positions of their origins. The reference frames on the
upper-right denote LRU, LRU2 and, at the center of the orange robot detection lines, the Lander (which
is treated as a static robot). The mapped area has an approximate size of 40x25 meters.

sion from submaps to GPGMaps for all robots in the
team, therefore alleviating the computational load on
the robots computers. When GPGMaps are ready,
they are dispatched to all robots within a ROS net-
work, so that they can look for matches among the
ones belonging to themselves and the other robots.
Validated GPGMap matches are then used to estab-
lish 6D pose constraints between the submaps in the
SLAM graph. The graph optimization itself is then
performed in a fully decentralized fashion on all of
the agents in the multi-robot team.

IV. Results and Discussion

We present here and discuss the results of a map-
ping session performed online during the ARCHES
demonstration mission in July 2022. The SLAM ses-
sion involved LRU and LRU2 driving autonomously
towards waypoints set remotely by human operators.
The robots started their navigation in proximity of
the lander, such that, through the detection of April-
Tags [17], they could join a common reference frame
and be aware of their respective position therein. The
test environment was characterized by a stone field,
where soft sand on a slight slope was often interrupted
by small stones up to 30/40cm size, recognized as ob-

stacles from our navigation pipeline, and offering use-
ful details for the purpose of detecting loop closures.
The mapping experiment lasted a duration of 43 min-
utes and covered, in a quite complete manner, an area
of approximately 40 by 25 meters. Fig. 3 shows a top
view of the resulting map and SLAM pose graph. The
terrain is here represented as an Octomap, or an ar-
ray of cube meshes showing occupied space that are
color-coded by elevation. The SLAM graph shows
the local reference frames, as ellipsoids, and the fac-
tors connecting their origins. Yellow lines represent
GPGMap matches, connecting non-subsequent local
reference frames. Orange lines connect robot poses
at the time of visual robot detections.

Fig. 5 shows a collection of GPGMap matches,
collected from LRU and LRU2, aligned and overlaid
using the transformation determined after validating
the matches. The gradients shown help to under-
stand how little structure is provided by this type of
terrain, which makes it especially challenging to es-
tablish matches between plain point clouds. In fact,
while GPGM-SLAM validated 5 GPGMap matches
during the sequence, over the 40 total GPGMaps gen-
erated by the robots, the structure-based matching
from our baseline system [11, 12] was unable to es-
tablish any match.
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Fig. 4: Top: Trajectories of LRU and LRU2, accord-
ing to the submap poses optimized by the multi-
robot SLAM during the experiment on Mt. Etna,
aligned to the differential GNSS solution. The co-
ordinate system is centered on the Lander refer-
ence frame. Bottom: Absolute position errors
for the trajectories of LRU and LRU2 aligned to
the ground truth.

To accurately evaluate the pose estimation perfor-
mances of our SLAM system, we equipped the LRU
robots with a GPS antenna, and recorded a differen-
tial GPS solution for both. In Fig. 4, we plot the full
trajectories of the LRUs using the SLAM solution for
each local reference frame, which was estimated by
the SLAM instance running onboard the lander. The
fully optimized trajectories, at the end of the multi-
robot SLAM session, are shown against the D-GPS
tracks, after an alignment using Horn’s method. An
analysis of the absolute position errors between the
estimated trajectory and ground truth, represented
at the bottom of Fig. 4, shows that, at the end of the
SLAM session, the medians of the errors result ap-
proximately at 30 cm for LRU and 45 cm for LRU2.

V. Conclusions

We presented here the results obtained with our
novel SLAM pipeline, named GPGM-SLAM, which
is targeted at extremely unstructured outdoor envi-
ronments, during the ARCHES demonstration mis-
sion. It took place in the summer of 2022 on

Gradient Images GPGMap Matches

Fig. 5: Collection of GPGMap matches. Left: gra-
dient images of the continuous inferred elevation.
Right: aligned gradient images after match vali-
dation.

the volcanic slopes of Mt. Etna, Sicily, an envi-
ronment designated as analogous to the lunar sur-
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face due to its appearance and geological properties.
During this navigation experiment, which was per-
formed online with a team of three robots, we demon-
strated that our GPGMaps-based approach outper-
forms traditional structure-based place recognition,
as it is able to match fine structural details that are
otherwise impossible to be used in common point
cloud-based matching approaches. Furthermore, we
demonstrated how the computational load of Gaus-
sian Process inference can be delegated to an com-
putation node external to the robots in order to save
resources for other robot-specific tasks, e.g., naviga-
tion and obstacle avoidance on the mobile systems.
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