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Abstract

Abstract. Autonomous navigation in unstructured off-road environments
remains a challenging problem due to extreme variability in terrain appear-
ance, physical properties, and environmental conditions. Unlike structured
urban scenes, off-road images frequently contain heterogeneous surfaces within
a single frame, such as dust, gravel, mud, vegetation, and uneven soil. As
a result, global image embeddings often conflate visually irrelevant regions
with physically traversed terrain, leading to unreliable similarity comparisons
and degraded decision-making when past experiences are retrieved [2, 4].

This work introduces a ground-centric, experience-based naviga-
tion pipeline that focuses on region-aware visual representations of
traversable terrain, rather than using global image descriptors. Visual em-
beddings are extracted only from the ground regions the robot actually
traverses, and are augmented with inertial and LiDAR motion cues.
By storing these embeddings along with contextual metadata and weak
outcome indicators derived from future sensor data, the system can
learn whether traversing a given terrain patch was successful or risky. This
enables the construction of a database of past experiences from recorded
sequences, linking observations with actual outcomes [3, 5, 6].

The pipeline is evaluated using the RELLIS-3D dataset, which provides
synchronized RGB images, LiDAR, IMU, and pose information in complex
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off-road environments. Visually irrelevant regions, such as the sky, are re-
moved using semantic segmentation, and ground points are extracted from
LiDAR data and projected into the camera frame to ensure the embeddings
correspond directly to traversable terrain [8, 9]. To handle mixed terrain
within a single scene, patch-level embeddings pooled over ground re-
gions are used instead of a single global descriptor. These embeddings are
stored in a vector database along with metadata, enabling retrieval of similar
experiences and evaluation of terrain risk based on how past trajectories
actually turned out [1, 7].

At inference, the current ground embedding retrieves similar past expe-
riences to estimate terrain risk and uncertainty, leveraging knowledge of
future outcomes from prior sequences. This enables the system to make
conservative and informed navigation decisions, rather than relying
solely on visual similarity [10-13]. Unlike prior work, our approach avoids
dense supervision and explicit terrain classification, while remaining
scalable and interpretable.

Main contributions:

e A novel ground-centric embedding pipeline that associates each
observed terrain patch with actual traversal outcomes from recorded
sequences.

e Integration of visual, inertial, and LiDAR signals to form a multi-
modal, experience-based framework for robust terrain risk estimation.

¢ A scalable and interpretable architecture that enables incremental
learning from additional datasets and sensor configurations.

Summary and Future Work: This work demonstrates that experience-
based, ground-centric representations can effectively guide navigation
in complex off-road environments using only weak supervision from sensor
data. The proposed approach is extensible, allowing future integration of
additional modalities, temporal prediction, or larger datasets to further im-
prove robustness and generalization. This positions the framework as a foun-
dation for incremental learning and adaptive autonomous navigation
in unstructured environments.
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