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Resolution:

Vision-based 
functions:

Approach Proximity OperationsMission Phase:

Unresolved ExtendedExtended

Centerfinding

Terrain-Relative Navigation (Nu-ICP+CloudNav)

Pole Estimation (PARS)
Shape Reconstruction (Nu-ICP+CloudNav)

Periodicity Estimation

Coarse Shape Reconstruction (SfS)

Limb-based Navigation (LimbNav)

Notional Image:

Legend:
Existing 

Techniques This work

Surface Hazard Detection (SHADE)

Track visual features over a small stereo 
baseline to avoid large appearance changes

Register observed point clouds with 
reference point cloud (e.g., shape model)

Reconstruct a 3D point cloud of the 
observed surface

Before registration

After registration

Shape reconstruction: combining consecutive 
point clouds

Landmark-free precise navigation (novel SLAM algorithm)

Spacecraft position 
(error < 1% of radial distance)

Tested with real images from OSIRIS-REx

Orbital scenario Descent scenario

Simulated approach scenario 
(collaboration with 392J)

Standard ICP Nu-ICP

Known error distribution

Controlled point distribution (Poisson point process), global minimum close to truth
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(𝑖, 𝑗) pixel
Surface shadows provide probabilistic 
measurements of landmark location and size

Formulation of shadow-measurement 
model and associated statistics

Hazard mapping (probabilistic occupancy grid) Shadow-based landmark tracking Pinpoint landmark localization

Observed Image Observed Descriptor

Predicted Descriptors

Descriptor Matching

Position Estimation

Only need the 
illuminated limb

The best-
matching limb 
is used to infer 
the camera 
position

Robust to challenging lighting conditions (e.g., high phase angles) and camera-pointing errors

Silhouettes of Rotating Body
9(ro

Co-addition (stacking) 
of silhouette images

Fourier Transform for symmetry 
extraction in the frequency domain

Pole direction

Estimated pole based on 
symmetry-score maximum value

Symmetry Score along Image Directions

Pole Estimation Limb-based Navigation (LimbNav)

3D Shape Model

Point-Cloud-based Navigation (CloudNav) CloudNav Testing and Validation

Noise-Update Iterative Closest Point Algorithm (Nu-ICP)

Standard ICP Nu- ICP

Noise-Update Iterative Closest Point Algorithm (Nu-ICP)

Significance/Benefits to JPL/NASA:
Enables more affordable access to 
explore the large population of small 
bodies 

Approach and Results

Simulated approach to Bennu 
From 5 km hover to 3 km
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