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Abstract

As humanity answers the call that ”The World Needs More Space”, the exploration of Martian sub-
surface voids, specifically lava tubes, offers critical potential for future habitation and radiation shielding.
However, accessing these formations poses extreme risks. While more recognizable skylight entrances
require complex vertical descent, rille entrances may offer accessible ramp-like ingress points, yet they
remain obscured by deep shadows. Furthermore, the absence of global positioning and high communica-
tion latency preclude teleoperation, demanding fully autonomous surface-to-subsurface navigation. The
primary contribution of this paper is a point-cloud-based autonomous navigation and obstacle detection
algorithm specifically tailored for traversing and mapping lava tubes conduits and identifying obscured
rille entrances from the external surface.

To evaluate the algorithm, the validation methodology employs a ROS2-Unity Digital Twin simulation
framework featuring the model of ”Sirio”, an exploration rover developed by the ProjectRED team from
the University of Modena and Reggio Emilia, in Italy. The experimental setup involves importing 3D
terrain reconstructions, derived from orbital imagery and Earth-analogue lava tubes or similar test-cases,
into the Unity physics engine. The simulated rover digital twin utilizes LIDAR ray-casting to generate
real-time 3D point clouds. These data streams feed into the ROS 2 Navigation Stack (Nav2), which
dynamically projects detected obstacles onto global and local cost maps to facilitate reactive, collision-
free trajectory planning in unstructured terrains.

The autonomous navigation algorithm was tested across multiple reconstructed topographic scenarios.
The rover’s perception system successfully processed point-cloud data to identify possible rille entrances
in the vicinity of main skylights, to differentiate obstacles in heavily shadowed environments, and to map
and traverse the internal lava tube conduits while updating the navigation local cost map. During a
full autonomous traverse simulating complex Martian geology and rille-like descent profiles, the Nav2-
based manager successfully mapped and guided the rover through a sequence of designated waypoints,
computing continuous, kinematically feasible paths and completing the complex navigation course inside
the assigned lava tube.

This research delivers a significant technical impact by proving that robust autonomous ingress and
exploration algorithms can be validated in a physics-compliant digital environment prior to hardware
deployment. By demonstrating precise obstacle avoidance and Nav2 trajectory planning on imported
satellite-derived maps or similar cases, this methodology drastically reduces both mission risk and com-
plexity, and the economic costs associated with physical prototyping and ground testing, ensuring robotic
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precursors are ready to secure safe subsurface access.
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