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Abstract

Accurate identification of objects from optical observations is essential for maintaining an up-to-date
catalog of Resident Space Objects. Detection becomes particularly challenging under low Signal-to-Noise
Ratio (SNR) conditions. Fast-moving objects in Low Earth Orbit appear as elongated trails spanning
hundreds of pixels, distributing their signal along the streak and significantly reducing their SNR. Con-
versely, small objects in Medium Earth Orbit and Geostationary Orbit exhibit slower apparent motion
but are substantially fainter due to their greater distance from the observer. In both scenarios, the weak
and diffuse signal complicates reliable detection. Traditional algorithms increase sensitivity by integrat-
ing the signal along candidate streaks; however, these approaches are often computationally expensive.
Recently, Convolutional Neural Networks (CNNs) have been successfully adapted to detect and localize
streaks in optical images. However, in extremely low-SNR regimes, CNN-based detectors alone may lack
sufficient robustness. Preprocessing techniques, including star removal, noise suppression, and contrast
enhancement, can improve detection performance, yet they require careful design, as improperly tuned
operations may degrade model accuracy. In parallel, Vision Transformers (ViTs) have demonstrated supe-
rior performance in high-precision segmentation tasks thanks to their global attention mechanisms, albeit
at increased computational cost. This work proposes an end-to-end detection pipeline designed to operate
robustly across different orbital regimes, streak lengths, and brightness levels. The first stage removes
stellar sources while preserving potential targets, since bright stars can obscure faint streaks. A ViT is
employed to achieve high-precision star segmentation. Detected stellar pixels are replaced with statis-
tically consistent background noise estimated using a sigma-clipped Median Absolute Deviation (MAD)
computed over a slightly larger surrounding neighborhood, thereby preserving local background statis-
tics. The cleaned image is subsequently processed by a novel enhancement module integrated within a
YOLO-based detection framework. Rather than applying fixed sequential preprocessing operations, the
module learns a weighted combination of parallel transformations, with both transformation parameters
and relative weights optimized during training. The candidate operations include gamma correction,
sharpening, identity mapping, contrast enhancement, and tone adjustment. Prior to these transforma-
tions, histogram stretching with a learnable maximum-value scaling parameter is applied to normalize the
intensity distribution. Both networks (the ViT and the YOLO detector with the enhancement module)
were trained using high-fidelity synthetic imagery generated with SOIG, a dedicated space optical image
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generator. Experimental results demonstrate high recall while maintaining strong precision. Validation
on real observational data from the Space4Center of the University of Arizona confirms the robustness
and operational applicability of the proposed pipeline.
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