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Abstract

With the rapid advancement of spatial technology, the complexity of aerospace missions and the
requirement for real-time execution have progressively increased. To address these in-orbit challenges,
research into the integration of high-performance computational devices for autonomous groundless op-
eration has emerged as a prevailing trend. Within this context, the precocious acquisition of a target’s
relative status rapidly has become the linchpin of multi-phase space perception. This endeavor aims not
only to enhance mission accuracy but also to enable timely adjustments and responses during task execu-
tion, meeting the real-time demands of aerospace endeavors. Traditional attitude estimation techniques
are heavily reliant on pre-constructed target models or supervised learning with labeled datasets. When
applied to unknown space objects with variable geometric shapes and material properties, these methods
encounter fundamental limitations. The disparity between this model dependency and operational reality
has catalyzed the development of non-cooperative targets perception with zero-shot learning.

To address this gap, we propose an integrated architecture that combines the Segment Anything Model
2 (SAM2), which is a foundational model excelling in open-world image segmentation, with physics-aware
simulation, semantics-driven feature matching, and geometric pose optimization. A configurable orbital
simulation environment is first established to synthesize multimodal training data under varying lighting
conditions and relative motions. Leveraging the zero-shot segmentation capabilities of SAM2, we achieve
pixel-level semantic decomposition of non-cooperative targets without prior templates. The segmented
regions then guide a multi-level registration process, combining semantic region matching with a stepwise
registration method for local and global features. This approach circumvents the redundant computations
associated with direct global feature registration, thereby enhancing the robustness of feature registration.
Efficient and robust six-degree-of-freedom (6DoF) pose estimation is achieved by integrating 2D-2D feature
matching relationships. Comprehensive validation through realistic synthetic scenes and hardware-in-the-
loop test platforms confirms our method’s millimeter-level positioning accuracy and real-time processing
capabilities, while improving algorithmic robustness.
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As a representative application, our framework successfully measured the attitude of a tumbling satel-
lite model using only optical measurements, demonstrating its potential in long-range target surveillance
and early warning tasks. This work inaugurates a new paradigm for unsupervised space situational
awareness by integrating large-scale model frameworks with domain-specific physical constraints.
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