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Abstract

Autonomous lunar rovers are essential for planetary exploration in harsh environments where manual
operation is impractical. The lunar surface features complex, regolith-covered terrain that significantly
restricts mobility. For instance, wheel sinkage frequently occurs on loose, steep slopes, and motors consume
substantial energy during ascents. Consequently, developing autonomous path planning algorithms that
incorporate detailed 3D terrain features is critical for safe and energy-efficient lunar missions.

Conventional path planning algorithms predominantly rely on gridded maps, leading to a significant
loss of 3D geometric information while simplifying the rover into a point mass without attitude. These
methods evaluate passability using binary classifications based on rigid thresholds, such as maximum
climbing capability. However, this binary standard fails to account for continuous kinematic states like
travel direction; a steep slope impassable when climbed directly might be safely traversed diagonally
across asymmetrical terrain features. Consequently, viable routes are frequently improperly discarded.
Furthermore, traditional grid-based planners primarily prioritize basic obstacle avoidance and lack the
capability to continuously optimize energy efficiency during pathfinding.

To address these limitations, this study proposes a fully differentiable path planning framework inte-
grating 3D Gaussian Splatting (3DGS). First, raw terrain point clouds are transformed into an explicit,
continuous field of 3D Gaussian primitives. This step avoids the extensive spatial searches that would
otherwise be required when directly utilizing raw discrete point clouds. Second, the trajectory is parame-
terized by spline curves using control points as optimization variables. This 2D trajectory is analytically
projected onto the 3DGS field to generate a continuous 3D path. A comprehensive objective function is
then designed to evaluate this path, incorporating penalties for obstacle avoidance, rover attitude, energy
consumption, and path curvature. Terrain projection and surface normal extraction are computed ana-
lytically through depth rendering formulas and Gaussian covariance matrices. Finally, because this entire
formulation provides exact analytical gradients with respect to the control points, the problem is solved
via a gradient-based continuous optimization algorithm. This fully differentiable architecture eliminates
the need for numerical differentiation, ensuring stable convergence and accelerating computation speed.

Simulations and physical validations were conducted in the Simulated Lunar Operations and Robotics
Laboratory equipped with lunar regolith simulant. The proposed framework was evaluated against tra-
ditional grid-based and point cloud-based baselines. Results indicate that the 3DGS-integrated method



significantly accelerates computational speed, improves trajectory smoothness, and minimizes energy con-
sumption. This continuous and differentiable formulation proves highly effective for autonomous lunar
navigation, enabling stable, rapid, and efficient path planning in complex environments.



