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Progress in image intelligence processing technology in asteroid exploration

Yin Jihao®, Zhao Xinyu, Cui Linyan, Wei Xiaodong
School of Aeronautic Science and Engineering , Beihang University, Beijing 100191, China

Abstract: Asteroids are critical celestial bodies in our solar system, holding essential information about the early stages of
planetary formation and evolution. These small rocky bodies are considered remnants from the early solar system, providing
potential insights into the origins of life and water on Earth. Since the 1990s, asteroid exploration missions have steadily
increased, becoming a central focus in deep space exploration. These missions aim not only to study asteroids as ancient
objects but also to explore their potential as resources for future space exploration. The origins of asteroid exploration can
be traced back to the 1970s. As interest in these bodies grew, space agencies like National Aeronautics and Space Admin-
istration (NASA ) and the European Space Agency (ESA) began conducting successful unmanned missions. NASA’s Gali-
leo spacecraft, for example, made the first {lyby of asteroid 951 Gaspra in 1991, marking a key milestone and laying the
groundwork for subsequent missions. The Dawn spacecraft, launched later, conducted detailed observations of asteroids
Vesta and Ceres, providing substantial data on asteroid composition and origin. Furthermore, China’s Chang’ e-2 mission
performed a successful flyby of asteroid 4179 Toutatis in 2012, demonstrating the feasibility of asteroid exploration. In the

coming years, a sample-return mission targeting Earth’s quasi-satellites and main-belt comets is planned. These early mis-
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sions not only proved the feasibility of exploring asteroids but also provided valuable technical experience that has been inte-
gral in advancing scientific understanding and future exploration strategies. Close-range asteroid exploration involves space-
craft capturing image data from various distances, which is essential for studying the asteroid’s surface features and physi-
cal properties. However, acquiring high-quality images presents significant challenges. The asteroid’ s surface is often
irregular and complex, with a wide range of topographical features such as craters, boulders, and ridges. Moreover,
dynamic lighting conditions and the constantly changing attitude of the spacecraft introduce further complications, making
the captured images highly unique and diverse. Traditional image processing techniques often struggle to adapt to this vari-
ability. To overcome these challenges, integrating intelligent image processing technologies is crucial. Al-driven automa-
tion can enhance the spacecraft’s ability to perceive and analyze the environment in real time, thereby improving the over-
all scientific outcomes and increasing the success rates of asteroid exploration missions. One of the primary objectives of
asteroid exploration is the intelligent analysis of surface images to identify key features, such as surface objects and
obstacles, and predict the scientific value of surface deposits. This ability to analyze surface data is critical for hazard
avoidance and selecting safe landing and sampling locations. The uniqueness of asteroid surface morphology, coupled with
the scarcity of relevant datasets, poses a major challenge. Recent research has increasingly focused on combining deep neu-
ral networks with techniques such as transfer learning and few-shot learning. These approaches are particularly useful when
large datasets are unavailable, allowing the models to generalize from smaller sets of data. The generalization capability of
large pretrained models, which have been trained on extensive image datasets, offers new possibilities for improving recog-
nition accuracy and performance in asteroid exploration. Another significant aspect of asteroid exploration is the intelligent
perception and reconstruction of the asteroid’s 3D topography. Detailed 3D models are essential for making decisions about
landing, attachment, and sample collection. Typically, generating these models requires the spacecraft to orbit the aster-
oid multiple times, which is one of the most time-consuming phases of close-range exploration. In addition, asteroid sur-
face images often have a large dynamic range and high texture similarity, complicating the restoration of the 3D surface and
its use in accurate localization. As a result, considerable research has been conducted on efficient methods for gathering
image data, integrating this information, and reconstructing accurate 3D models of asteroid surfaces. Recent advancements
in implicit 3D representations and generative models have shown promise in overcoming these challenges. These
approaches enable more precise mapping and facilitate the use of 3D topographic data, significantly enhancing spacecraft
navigation and surface analysis capabilities. The inversion of asteroid physical properties — such as surface material com-
position, weathering processes, and weak gravitational fields — is another key objective of exploration. Inversion of these
properties requires combining image data with multisource data, such as spectral and orbital data, which allow for a more
direct method of studying the asteroid’s physical characteristics. However, the wide variety in asteroid composition, struc-
ture, and surface conditions complicates this task. Limited premission knowledge about the target asteroid indicates that
traditional inversion models often need to be tailored specifically to each new mission. To address this, researchers have
developed generalized models that can be adapted to various types of asteroid, enabling more accurate predictions of their
physical properties. Such advancements are critical for understanding the formation and evolution of asteroids, as well as
their potential for resource extraction. The integration of artificial intelligence (AI) and advanced image processing tech-
niques has significant potential for enhancing asteroid exploration. As Al and machine learning, particularly deep learn-
ing, evolve, they are increasingly applied to challenges such as asteroid surface analysis, 3D topography reconstruction,
and physical property inversion. The future of asteroid exploration will focus on improving Al algorithms’ adaptability to
handle diverse data types and conditions. Developing robust and generalizable models capable of understanding complex
asteroid surfaces, integrating multisource data, and accurately modeling 3D topographies will be key to mission success.
As technology advances, on-board, real-time processing of asteroid images using intelligent algorithms will likely become
feasible, enabling spacecraft to make immediate decisions about landing and sampling, thereby enhancing mission effi-
ciency and safety. In conclusion, the field of image intelligence in asteroid exploration is evolving rapidly. The use of
machine learning, especially deep learning and large pretrained models, is improving the accuracy of surface analysis,
topography reconstruction, and physical property inversion. These advancements will play a crucial role in future deep

space missions, offering essential insights into the origins of life and water on Earth. As asteroid exploration develops,
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intelligent image processing will be vital to maximize the scientific return of these missions, ensuring their safety and effi-

ciency and advancing humanity’s understanding of our solar system.
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Table1 The application and planned use of image processing technologies in international asteroid exploration missions
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Fig. 1 Dataset images and masks(Pugliatti et al. ,2022)
((a) model image; (b) free surface; (¢) boulders; (d) craters;

(e) terminator; (f) mask)
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Fig.2 The typical methods for celestial surface rock

recognition ((a) original image; (b) object detection;

(¢) semantic segmentation ; (d) instance segmenlalion)
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VEHEAI S AT T o BEE X /T B AT BRER R
SRR ARIETE , B2 G R B ARORE 2 RS 12 X 3t
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K13 LunarNav /K R G & ( Daftry &5 2023)
Fig. 3 Illustration of LunarNav’s overall system concept

(Daftry et al. ,2023)
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TEA KRB ENRZE/NT 5 m, R T2 TBALTH
SWUAE ALEEAE SEBR F H B PTREE o A, Pugli-
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B A AN =45 5 . COLMAP 78 290 B 5 i ik
PR BRSO , BRI R T 2K )
Aab PR (R R R A7 it 23 (8] ABAT R T2 T AR L

SNSRI, AL LA 45 RAE VT 2R ) T ik
LTINS
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Bennu [ Jli & . 41, Sebera 55 A (2016) Fi| FH £ 1hi {4
FERIEHEST T 360 B 1) Bennu 51 Sy 378881 i e T 45
AT U AT 5 5K

2 ERTHRER

BEXF/INMT B GIIAT S5, o B A S 78 th B
TR, N TR RE BRI | = G SR
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Sl R 2 T AN W B, TR] st ARUR i 1 v R B
LR AT, B N ORTEAN A 43 B N TEIX 34 U T ) F
FAE L

1)/MT B SR se B B 4 o R N7/
A7 2 2 T MG e HRL A ) s SR A T, 5 B
BB BLEARL, 1 AT B 8 AR A v AR T R
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Fig. 4 Construction method of irregular region descriptors
(Lietal. ,2024)
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Fig. 5 The illustration of 3D points sampling
(Chen et al. ,2024a)
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