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Abstract

The upcoming close encounter of near-Earth asteroid (99942) Apophis in 2029 presents an unprece-
dented opportunity for scientific characterization and planetary defense research. However, executing
autonomous proximity operations during such a high-velocity flyby is challenging for conventional nav-
igation and guidance frameworks. Traditional methods Extended Kalman Filters (EKF), often limited
by sensitivity to non-linearities and a lack of robustness under drastic illumination changes or large ini-
tial state uncertainties. To address these limitations, this study develops an image-based autonomous
guidance framework for terminal approach to Apophis, targeting in flight validation. The objective is
to facilitate autonomous, vision-based decision-making that is robust to state, ephemeris, and lighting
uncertainties, ultimately outperforming conventional EKF baselines in terminal precision.

The proposed method formulates the problem as a partially observable decision process and trains a
reinforcement-learning policy offline. In contrast to convolutional-recurrent architectures, a lightweight
Vision Transformer (ViT) is adopted as the policy backbone to better capture global spatial dependencies
in asteroid imagery during long range approach. For preflight development, a closed-loop simulation
environment is built by coupling Python with Blender to generate realistic optical images of Apophis
under varying Sun-target-spacecraft geometries and lighting conditions.

Spacecraft motion is propagated in an spacecraft centered relative frame, with the Sun-target-spacecraft
geometry driven by planetary ephemerides to ensure realistic lighting and observation conditions for the
vision-based policy. Furthermore, dispersed initial conditions, state errors, and illumination uncertainties
are injected during training and Monte Carlo evaluation to ensure the framework’s robustness across
varied operational scenarios.

Preliminary results indicate that the learned ViT policy achieves a 97.4% success rate, outperforming
the EKF baseline by 6.8%. Notably, the policy demonstrates a robust ability to autonomously correct
large initial deviations and focuses on the accurate target position. The adjustment concentrate in the
late phase of the trajectory, when target observability improves, and the policy remains compatible with
onboard computational constraints. Across the tested uncertainty sets, the method shows robustness to
ephemeris errors, lighting variations, and model mismatch.

These results suggest that ViT-based image guidance is a promising solution for autonomous oper-
ations around Apophis. More broadly, the combination of realistic Blender rendering, ephemeris-driven
dynamics, and reinforcement learning offers a practical path from ground simulation to flight demonstra-
tion for small-body guidance, navigation, and control.
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