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Abstract： 

Determining accurate asteroid rotation parameters is essential for establishing a body-fixed coordinate system during deep-space 

proximity operations. However, early mission phases often lack prior exterior orientation data. When combined with edge effects from 

the deep-space background, this deficiency leads to high mismatch rates and ill-conditioned geometries. In this paper, we propose an 

integrated photogrammetric pipeline to refine these parameters using adaptive feature masking and stereo intersection angle 

optimization. Rather than using conventional matching, our approach isolates the asteroid target via an adaptive grayscale-threshold 

mask and morphological refinement, which restricts feature extraction to valid surface textures and significantly reduces outliers. We 

then introduce a geometric filter to discard stereo pairs with intersection angles below 5°, effectively preventing error propagation 

along the line of sight. Ultimately, the precise Right Ascension (RA) and Declination (Dec) are determined through an iterative coarse-

to-fine grid search that minimizes spatial intersection residuals. Testing our method on 127 images of asteroid (162173) Ryugu from 

the Hayabusa2 ONC-T camera yielded strong results. The masking strategy successfully cut the number of mismatches in half (from 

14,949 to 7,369). Within four iterations, the rotational parameters converged to RA = 96.5°  and Dec = -66.4°. These refined results 

offer a reliable foundation for subsequent 3D reconstruction and high-precision planetary mapping. 

1. Introduction

Asteroids preserve some of the earliest, untouched records of 

solar system formation. Consequently, exploring these bodies in-

situ offers a unique window into our cosmic origins and 

primordial material composition (Watanabe et al., 2019). Yet, 

navigating and mapping these targets remains technically 

daunting. Spacecraft must operate in environments characterized 

by weak gravity, highly irregular topography, and complex 

orbital dynamics. Upon arriving at an unknown celestial body, 

the immediate priority is to establish a reliable body-fixed 

coordinate system to support all subsequent proximity operations. 

This requires determining the asteroid's precise rotational 

parameters—namely, the Right Ascension (RA) and Declination 

(Dec) of its pole. These parameters provide the strict 

mathematical foundation necessary to transform coordinates 

from the celestial inertial frame to the body-fixed frame. 

When studying major celestial bodies, researchers routinely 

derive high-precision rotational parameters by analyzing 

extensive, long-term astronomical datasets. These datasets 

frequently incorporate diverse measurements, such as remote 

sensing imagery, continuous Doppler tracking, or laser altimetry 

(Folkner et al., 2018). Asteroids present a fundamentally 

different challenge. Because historical, long-term observational 

records for these smaller targets are notoriously sparse, scientists 

must rely on an alternative approach. During the critical early 

phases of an exploration mission, onboard optical images 

frequently serve as the absolute primary resource for estimating 

the object's spin state. While spacecraft approach their targets, 

various visual and navigational techniques come into play to 

calculate these dynamics. Prior to arrival, teams might utilize 

ground-based telescopes or orbital observatories to secure 

preliminary, baseline estimates of the asteroid's rotation. 

However, traditional techniques like light curve inversion 

inherently suffer from severe resolution constraints. The 

resulting coarse precision falls noticeably short of what modern 

missions actually demand, as both high-fidelity topographic 

mapping and safe, precise flight navigation require significantly 

tighter error margins. 

This limitation is evident in several key studies. For (1) Ceres, 

(Drummond et al., 1998) derived a pole orientation with a right 

ascension (RA) of 333°±2° and a declination (Dec) of 43°±2°. 

Using imagery from the Hubble Space Telescope, (Thomas et al., 

1997) determined the spin axis orientation of asteroid (4) Vesta 

to be RA=308°±10° and Dec=48°±10°. For near-Earth asteroid 

(162173) Ryugu, (Müller et al., 2017) employed light curve 

inversion techniques on data from the Herschel Space 

Observatory in combination with ground-based observations, 

estimating the spin axis orientation to lie within a right ascension 

range of approximately 310° to 340° and a declination of 

−40°±15° (Watanabe et al., 2019). Higher precision requires

extensive photogrammetric analysis. In the case of comet

67P/Churyumov-Gerasimenko, a stereo-photogrammetric (SPG)

analysis of 218 high-resolution OSIRIS images achieved a

refined pole solution of RA=69.54°±0.1° and Dec=64.11°±0.05° 

(Preusker et al., 2015; Jorda et al., 2016)). Furthermore, an

inertial frame bundle adjustment based on a control point

network (Burmeister et al., 2018) derived from 8,010 image point

measurements across 72 images (53 Mars Express and 19 Viking

frames) yielded a spin axis orientation of RA=317.655°±0.025° 

and Dec=52.885°±0.019°.

Even with such progress in the field, refining an asteroid's spin 

state during the initial approach remains a formidable task. A 

primary hurdle is that the absolute exterior orientation—the exact 

spatial positioning and attitude of the spacecraft's cameras—is 

fundamentally unknown at this stage. If researchers attempt to 

force spatial intersections using stereo image pairs that share 

excessively narrow intersection angles, they inevitably create ill-
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conditioned geometric setups. Under these weak configurations, 

the slightest sub-pixel measurement error drastically magnifies, 

translating into massive depth displacements for the 

reconstructed 3D points along the camera's line of sight. Beyond 

these geometric pitfalls, the stark visual contrast of deep space 

introduces its own set of photometric problems. The sharp 

boundary separating the brightly illuminated celestial body from 

the surrounding pitch-black void consistently triggers severe 

edge effects. Vision algorithms frequently misinterpret these 

high-contrast borders, extracting swarms of spurious, unstable 

feature points. Because these false features severely lack 

descriptor distinctiveness and spatial consistency, they almost 

guarantee a high volume of mismatched correspondences during 

the critical feature tracking stage. 

 

Building upon the preliminary exhaustive search evaluated by 

(Peng et al., 2025), we propose an advanced pipeline for refining 

asteroid rotation parameters. This method tightly integrates a 

rigorous grayscale masking strategy with the optimal selection of 

stereo intersection angles. By cleanly isolating the celestial body 

from the deep-space background and discarding weak viewing 

geometries, our approach actively suppresses false matches and 

intersection residuals. Ultimately, this enables high-precision 

refinement of the rotational parameters relying entirely on the 

visual data itself, bypassing the need for strict a priori constraints 

(Kuppa et al., 2022). 

2. Method 

To robustly refine the rotational parameters of asteroids from 

optical images without prior exterior orientation data, this paper 

proposes an integrated photogrammetric pipeline. The overall 

workflow consists of three main stages: (1) adaptive masking and 

morphological refinement to eliminate background interference, 

(2) spatial forward intersection and optimal selection of stereo 

pairs based on intersection angles, and (3) an iterative coarse-to-

fine grid search to determine the optimal Right Ascension (RA) 

and Declination (Dec) by minimizing the intersection residuals. 

The complete flowchart of the proposed methodology is 

illustrated in Figure 1. 

 

 
Figure 1 Refinement process for rotation parameters 

(RA = right ascension; Dec = declination 

 

2.1 Grayscale-Threshold-Based Masked Feature Matching 

During the proximity operations of an asteroid exploration 

mission, the acquired optical images typically exhibit a stark 

contrast between the illuminated celestial body and the pitch-

black deep-space background. However, relying on a 

conventional global threshold to isolate the asteroid is often 

insufficient. (Wang et al., 2025) If left unaddressed, these 

boundary and noise regions produce a large number of spurious 

feature points lacking geometric consistency, which severely 

degrades the accuracy of the subsequent relative orientation and 

spatial intersection. 

 

         

𝐵(𝑥, 𝑦) = {
1,     if𝐼(𝑥, 𝑦) ≥ 𝑇∗

0,     if𝐼(𝑥, 𝑦) < 𝑇∗    
 

 

Due to the aforementioned deep shadows and background stellar 

noise, 𝐵(𝑥, 𝑦)  typically contains isolated noise patches and 

internal fragmented holes. To ensure the topological integrity of 

the mask, a connected component analysis is performed. By 

extracting the largest connected component 𝐶𝑚𝑎𝑥 , scattered 

background noise is effectively eliminated. Subsequently, a 

morphological closing operation (dilation followed by erosion) 

and a hole-filling process are applied to 𝐶𝑚𝑎𝑥  to reconstruct a 

strictly solid target region. The final refined mask 𝑀(𝑥, 𝑦)  is 

mathematically expressed as: 

 

𝑀(𝑥, 𝑦) = FillHoles(𝐶𝑚𝑎𝑥∎𝑆) 
 

where 𝑆  represents a predefined morphological structuring 

element, and ∎ denotes the closing operator.  

 

The step-by-step progression of this adaptive masking and 

morphological refinement process is illustrated in Figure 2. As 

demonstrated, the initial binary mask generated by the global 

thresholding inherently contains background noise and internal 

fragmented holes caused by surface shadows. However, through 

the subsequent connected component analysis and morphological 

hole-filling, a topologically complete and noise-free target mask 

is successfully reconstructed. 

 

 
 

Figure 2 The step-by-step process of the adaptive masking and 

morphological feature refinement strategy. (a) Original ONC-T 

image of asteroid Ryugu; (b) Initial binary mask generated by 

Otsu's thresholding, showing background noise and internal 

holes; (c) The final topologically complete mask after connected 

component analysis and morphological hole-filling. 

 

By applying this topologically complete mask 𝑀(𝑥, 𝑦)  to the 

remote sensing imagery, the Scale-Invariant Feature Transform 

(SIFT) algorithm (Lowe, 2004) is strictly constrained to operate 

exclusively within the valid textural region of the asteroid. This 

targeted extraction not only eliminates the generation of spurious 

edge features but also dramatically reduces the search space for 

descriptor matching, thereby yielding a high-precision, outlier-
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free set of initial tie points for the subsequent geometric 

processing. 
 

2.2 Stereo Intersection Angle Optimization 

During the preliminary phase of an asteroid exploration mission, 

the absolute exterior orientation parameters of the remote sensing 

images are typically unknown. Consequently, the 3D 

reconstruction relies heavily on the geometric configuration of 

the stereo image pairs (Zhang et al., 2024). When the stereo 

intersection angle is excessively small, it results in nearly parallel 

lines of sight from the two cameras. In such ill-conditioned 

geometric configurations, even a sub-pixel measurement error 

during feature matching can propagate into substantial positional 

displacements along the direction of the line of sight (depth 

uncertainty) (Kirk et al., 2016). To guarantee the reliability of the 

subsequent parameter estimation, it is imperative to evaluate and 

optimize the stereo intersection angles before proceeding to the 

global refinement. The relationship between the stereo 

intersection angle and the resulting depth uncertainty is 

geometrically illustrated in Figure 3. As shown in Figure 3 (b), 

when the intersection angle (𝜆) is smaller than 5°, the positional 

error ellipse is severely elongated along the optical ray, thereby 

dramatically degrading the reliability of the reconstructed spatial 

point. 

 

 

 
Figure 3 Geometric illustration of positional error propagation 

based on stereo intersection angles. (a) An ideal geometric 

configuration with a large intersection angle results in minimal 

depth uncertainty. (b) An ill-conditioned geometry with an 

extremely small intersection angle (𝜆 < 5°) drastically elongates 

the error ellipse, leading to severe depth uncertainty along the 

line of sight. 

 

The optimization process begins with recovering the relative pose 

between the paired images. Given a set of highly reliable tie 

points extracted from the masked regions (as described in Section 

2.1), analytical relative orientation is performed. Let 𝐱1 and 𝐱2 

be the normalized homogeneous image coordinates of a 

conjugate point pair. The relative orientation parameters, 

encapsulated within the Essential matrix 𝐸, are iteratively solved 

based on the epipolar coplanarity condition: 

𝐱1
𝑇𝐸𝐱2 = 0 

where 𝐸 = [𝐁]×𝑅v  with 𝑅  representing the relative rotation 

matrix and B denoting the relative baseline vector. Upon the 

successful convergence of the relative orientation, a localized 

stereo model is established. 

 

Subsequently, spatial forward intersection is executed to 

determine the 3D model coordinates of the tie points. For any 

reconstructed 3D point 𝑃, the intersection angle 𝛾 is defined by 

the two directional unit vectors, 𝐯1 and 𝐯2, corresponding to the 

intersecting optical rays from the left and right perspective 

centers. The angle 𝛾  is computed using the dot product 

formulation: 

 

𝛾 = arccos (
𝐯1 ⋅ 𝐯2

∥ 𝐯1 ∥∥ 𝐯2 ∥
) 

 

To rigorously assess the overall geometric strength of a specific 

stereo pair, the average intersection angle 𝛾‾ is calculated across 

all valid inlier correspondences within that pair. A stringent 

optimal selection criterion is then enforced: only stereo image 

pairs exhibiting an average intersection angle strictly greater than 

a predefined threshold (empirically set to 5∘  in this study) are 

retained. Stereo pairs falling below this threshold are 

systematically discarded, ensuring that the subsequent global 

rotation parameter refinement is strictly driven by geometric 

observations with high confidence and minimal depth uncertainty. 

 

2.3 Rotation Parameter Refinement via Iterative Grid 

Search 

With a purified set of feature correspondences and geometrically 

optimized stereo pairs, the core objective is to determine the 

precise spin axis orientation-namely, the right ascension ( 𝑅𝐴, 

denoted as 𝛼) and declination (𝐷𝑒𝑐 , denoted as 𝛿). Obtaining 

these rotational parameters is critical, as they form the 

mathematical basis for establishing the asteroid’s body- fixed 

coordinate system and enable the rigorous transformation of data 

from the celestial inertial frame to the body-fixed frame. 

 

For any given candidate set of rotation parameters (𝛼, 𝛿), the 

exterior orientation (EO) parameters of the involved images are 

first converted from the inertial frame into the body- fixed frame. 

The rotation matrix 𝐑𝐼
𝐵 , which defines this coordinate 

transformation, is intrinsically parameterized by the target’s pole 

orientation (𝛼, 𝛿). Following this transformation, spatial forward 

intersection is executed for all retained optimal stereo pairs. The 

rigorous imaging geometric model incorporating asteroid 

rotation parameters is formulated as follows: 

 

[
𝑋
𝑌
𝑍
] = [

𝑋𝑆
𝑌𝑆
𝑍𝑆

] + 𝜆𝑅𝑍(𝑊)𝑅𝑋(90
° − 𝛽0)𝑅𝑍(𝛼0 + 90°)𝑅𝑆𝑡𝑎𝑟

𝐽2000𝑅𝐵𝑜𝑑𝑦
𝑆𝑡𝑎𝑟 𝑅𝐶𝑎𝑚

𝐵𝑜𝑑𝑦 [

𝑥𝑐
𝑦𝑐
−𝑓

] 

 

Because the exact rotational parameters are initially unknown, 

substituting an approximate (𝛼, 𝛿)  pair inevitably introduces 

discrepancies in the relative poses of the cameras, preventing the 

conjugate optical rays from intersecting perfectly in 3D space. To 

quantify these geometrid discrepancies, the Root Mean Square 

Error (RMSE) of the forward intersection residuals is employed 

as the objective function for optimization. Let 𝑒𝑖  represent the 

spatial intersection residual for the 𝑖 -th point. The overall 

objective function to be minimized is formulated as: 

 

𝑅𝑀𝑆𝐸(𝛼, 𝛿) = √
1

𝑁
∑𝑒𝑖

2

𝑁

𝑖=1

 

where 𝑁  is the total number of matched tie points across all 

geometrically selected stereo pairs. 

 

To systematically locate the global minimum of this objective 

function and avoid being trapped in local optima due to erroneous 

initial values, an iterative exhaustive search (i.e., “brute-force” 

optimization) strategy is implemented. As illustrated in the 

algorithmic workflow, the process initializes by establishing a 2D 

parameter search grid spanning a preliminary range of 𝛼 and 𝛿. 

The algorithm computes the spatial forward intersection and 

evaluates the corresponding 𝑅𝑀𝑆𝐸  for every node within this 

grid. 
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Once the node yielding the minimum RMSE is identified, it 

serves as the central anchor for the subsequent refinement 

iteration. To progressively achieve higher precision, the search 

interval (step size) and the search range around this optimal 
(𝛼, 𝛿) are dynamically adjusted to be strictly smaller than the 

previous round’s values. This coarse-to-fine iterative grid search 

continues until the predefined accuracy requirement is met, 

culminating in the final high-precision refinement of the 

asteroid’s rotation parameters. 

 

3. Results 

3.1 Experimental Datasets 

To validate the effectiveness of the proposed method, remote 

sensing images of asteroid (162173) Ryugu, acquired by the 

Hayabusa2 spacecraft during its proximity operations, were 

selected as the experimental dataset. The 127 images were 

captured on July 10, 2018, using the ONC-T (Optical Navigation 

Camera Telescopic) onboard the spacecraft, with a ground 

resolution of approximately 2.11 meters per pixel (Kameda et al., 

2017). These images offer sufficient textural details for high-

precision photogrammetric processing (Preusker et al., 2019). 

Figure 4 shows the images used in the experiment and Table 1 

presents the image information. 

 

 
Figure 4 Representative sample images of asteroid Ryugu 

captured by the Hayabusa2 ONC-T camera. 

 

 

Table 1 Information of the images selected for experiment. 

Parameter Specification / Value 

Spacecraft Hayabusa2 

Instrument 
Optical Navigation Camera 

- Telescopic (ONC-T) 

Target Body Asteroid (162173) Ryugu 

Date of Acquisition July 10, 2018 

Number of Images 127 

Image Resolution 1024 × 1024 pixels 

Field of View (FOV) 6.27° × 6.27° 

Ground Sample Distance 

(GSD) 
~ 2.11 m/pixel 

 

3.2 Feature Matching and Stereo Pair Optimization 

 

All selected images were subjected to preprocessing and feature 

matching to evaluate the impact of the proposed grayscale 

threshold-based binary masking strategy. A comparative analysis 

was conducted against a baseline approach that did not employ 

this masking technique. 

 

Without the masking strategy, the initial unconstrained feature 

matching yielded 5,174 candidate stereo pairs , from which a total 

of 548,061 matched points were extracted. Upon applying the 

RANSAC algorithm to distinguish geometric inliers (correct 

matches) from outliers (mismatches) , 14,949 points were 

identified as incorrect matches. 

 

Conversely, the implementation of the grayscale threshold-based 

masking strategy strictly constrained the matching to the valid 

asteroid surface. This reduced the number of successfully 

matched stereo pairs to 3,102. More importantly, the number of 

mismatched points was significantly reduced to 7,369. The visual 

comparison of feature matching before and after applying the 

mask (as shown in Figure 5 and Figure 6) corroborates that the 

proposed strategy successfully mitigates edge effects and 

background interference. 

 

 
Figure 5 The feature matching results before the application of 

the masking strategy 

  

  
Figure 6 The feature matching results after the application of the 

masking strategy 

 

Following feature extraction, relative orientation and spatial 

forward intersection were performed using the precise interior 

orientation parameters of the ONC-T camera and the matched tie 

points to calculate the intersection angles. A stringent geometric 

filter was applied, retaining only those stereo pairs with an 

intersection angle greater than 5°. This selection process yielded 

1,454 optimal stereo pairs containing a total of 137,191 high-

quality matched points, which served as the robust data 

foundation for the subsequent parameter refinement. 

 

 

3.3 Rotation Parameter Refinement Results 

Utilizing the 1,454 geometrically optimized stereo pairs, the 

iterative "brute-force" refinement process was executed. The 

objective was to minimize the Root Mean Square Error (RMSE) 

of the forward intersection residuals. 
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After four iterative refinement cycles, the rotational parameters 

for Ryugu successfully converged to a Right Ascension (RA) of 

96.5° and a Declination (Dec) of -66.4°. To assess the absolute 

accuracy of these findings, the results were compared against 

established reference values (RA = 96.431°, Dec = -66.387°). 

The proposed method achieved exceptional precision, with errors 

of merely 0.069° for RA and 0.0126° for Dec. The distribution of 

RMSE across the search grid during the final iteration is 

illustrated inFigure 7, and a selection of the corresponding 

residual values is detailed in Table 2. 

 

 
Figure 7 The fourth refinement round of (162173) Ryugu 

rotation parameters 

 

Table 2 Partial RMSE of forward intersection residuals of 

fourth round of Ryugu’s experiment 

 

RA 

(°) 

Dec 

(°) 

RMSE 

(pixel) 

RA 

(°) 

Dec 

(°) 

RMSE 

(pixels) 

96.4 -66.2 2.186 96.5 -66.6 2.183 

96.4 -66.1 2.199 96.5 -66.5 2.176 

96.4 -66 2.215 96.5 -66.4 2.173 

96.5 -67 2.254 96.5 -66.3 2.175 

96.5 -66.9 2.23 96.5 -66.2 2.181 

96.5 -66.8 2.21 96.5 -66.1 2.192 

 

 

To further demonstrate the necessity of the proposed pipeline, a 

comparative refinement experiment was conducted using the raw 

matched data (5,174 pairs) without implementing the binary 

masking and intersection angle selection strategies. The 

RANSAC algorithm (Fischler and Bolles, 1981) was applied to 

the same set of selected stereo pairs for a direct comparison. 

Under these conditions, the estimated parameters converged to 

RA = 95° and Dec = -67°. These values deviate notably from the 

reference true values. The clear contrast in accuracy highlights 

that the proposed integrated strategy achieves two critical 

improvements: a substantial reduction in mismatched 

correspondences and a decisive decrease in spatial forward 

intersection residuals. 

 

 

 

4. Discussion 

The accurate determination of an asteroid's spin axis is a 

fundamental prerequisite for establishing a reliable body-fixed 

coordinate system. The experimental results demonstrate that the 

proposed pipeline significantly mitigates the inherent challenges 

of deep-space optical processing. By implementing the 

grayscale-threshold-based masking strategy, the system 

effectively isolates the celestial body from the black deep-space 

background. This step prevents the generation of unstable edge 

features, ensuring that the feature matching process is strictly 

confined to valid surface textures. Furthermore, the rigorous 

selection of stereo pairs without requiring prior knowledge of 

exterior orientation parameters addresses the critical issue of 

depth uncertainty. By discarding ill-conditioned geometric 

configurations (intersection angles less than 5°), the spatial 

forward intersection avoids severe error propagation along the 

line of sight. 

 

Beyond merely reducing the RMSE of the intersection residuals, 

the high-precision rotational parameters derived from this 

method have profound implications for downstream planetary 

mapping tasks. Once the body-fixed frame is robustly established 

using the refined RA and Dec, the generated high-quality tie 

points and optimized camera poses can be seamlessly ingested 

into standard planetary photogrammetry suites, such as the USGS 

ISIS3 bundle adjustment module (Edmundson et al., 2012) or the 

Ames Stereo Pipeline (Beyer et al., 2018). This facilitates the 

highly accurate generation of Digital Elevation Models (DEMs) 

and orthophotos. 

 

5. Conclusions 

This paper presents a robust and highly precise refinement 

method for asteroid rotation parameters, specifically tailored for 

the proximity operations phase of deep-space exploration 

missions. The integrated approach leverages a grayscale-

threshold binary masking strategy to optimize feature matching 

and employs stereo intersection angle selection to guarantee 

geometric strength. Through an iterative "brute-force" search 

minimizing the spatial intersection residuals, the pole orientation 

of asteroid (162173) Ryugu was successfully refined. 

 

After four rounds of refinement, the estimated rotational 

parameters converged to RA = 96.5° and Dec = -66.4°. These 

results exhibit exceptional accuracy, with deviations of merely 

0.069° in RA and 0.0126° in Dec when compared to established 

reference values. The comparative analysis unequivocally proves 

that the proposed method significantly reduces mismatched 

correspondences and effectively minimizes spatial intersection 

errors. Future work will focus on exploring the integration of 

these refined rotation parameters as highly accurate priors into a 

rigorous bundle adjustment model to achieve even further 

refinement and global consistency. 
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