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ABSTRACT

We present a modular, full-stack autonomy system for lunar surface navigation and mapping developed for the Lunar Autonomy
Challenge. Operating in a GNSS-denied, visually challenging environment, our pipeline integrates semantic segmentation,
stereo visual odometry, pose graph SLAM with loop closures, and layered planning and control. We leverage lightweight
learning-based perception models for real-time segmentation and feature tracking, and use a factor-graph backend to maintain
globally consistent localization. High-level waypoint planning is designed to promote mapping coverage while encouraging
frequent loop closures, and local motion planning uses arc sampling with geometric obstacle checks for efficient, reactive
control. We evaluate our approach in the competition’s high-fidelity lunar simulator, demonstrating centimeter-level localization
accuracy, high-fidelity map generation, and strong repeatability across random seeds and rock distributions. Our solution
achieved first place in the final competition evaluation.

I. INTRODUCTION

As renewed interest in space exploration accelerates, there is a growing need for autonomous robotic systems capable of
operating in harsh, remote environments with limited human oversight. Onboard autonomy plays a critical role in enabling
navigation, mapping, and scientific decision-making in environments where communication delays or outages preclude constant
teleoperation. NASA’s Curiosity and Perseverance Mars rovers have already demonstrated the value of autonomy for surface
missions, and upcoming lunar programs—such as the Endurance rover (Baker et al., 2024) and the CADRE multi-robot
system (de la Croix et al., 2024)—seek to further advance these capabilities. Autonomy not only improves efficiency and safety
for individual agents, but also enables scalable multi-robot operations, supporting the broader goals of missions such as Artemis.

The lunar environment poses unique challenges that make robust autonomous navigation especially difficult. In contrast to
structured terrestrial environments, lunar rovers must traverse unstructured, previously unseen terrain without access to GPS
or pre-built maps. Hazards such as sharp rocks, loose regolith, and steep slopes can threaten safe traversal. Perception is
further complicated by extreme lighting: the absence of an atmosphere produces high-contrast shadows with sharp edges and
overexposed regions that degrade the performance of vision-based systems. In many regions, the surface is textureless and
feature-sparse, making localization and mapping particularly challenging.

In this paper, we present a full-stack autonomous agent for lunar rover navigation and mapping, developed for the Lunar
Autonomy Challenge (Johns Hopkins University Applied Physics Laboratory, 2025). The Lunar Autonomy Challenge is a
collaboration between NASA, The Johns Hopkins University (JHU) Applied Physics Laboratory (APL), Caterpillar Inc., and
Embodied Al. The challenge is managed by APL for NASA. The challenge supports the Lunar Surface Innovation Initiative
(LSII) by advancing technologies required for sustained surface operations. The competition uses a high-fidelity simulator built
with Unreal Engine and CARLA (Dosovitskiy et al., 2017), featuring realistic vehicle dynamics and photorealistic imagery of
lunar terrain. Teams are tasked with mapping a 27 m X 27 m region around a simulated lander using an autonomous digital
twin of NASA’s ISRU Pilot Exacavator (IPEx) rover.

Our solution integrates semantic perception, stereo visual odometry, pose graph SLAM with loop closures, and hierarchical
planning into a modular pipeline. We evaluate the system in diverse simulated environments and demonstrate strong mapping
and localization performance under variable lighting, terrain, and initial conditions. This work culminated in a first-place finish
in the final competition evaluation.

Key Contributions

1. We develop a modular lunar rover autonomy stack integrating semantic segmentation, stereo visual odometry, pose graph
optimization, and hierarchical planning.

2. We propose a structured path planning strategy that promotes coverage and loop closure for consistent mapping.

3. We demonstrate robust localization and mapping performance across varying terrain conditions, lighting settings, and
random seeds.





https://lunar-autonomy-challenge.jhuapl.edu/Challenge-Documentation
https://lunar-autonomy-challenge.jhuapl.edu/Challenge-Documentation
https://github.com/Stanford-NavLab/lunar_autonomy_challenge
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