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Space target detection algorithm for star images based on
multi-feature hungarian matching
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Abstract: Four major limitations exist when the conventional Hungarian algorithm is applied to space
target detection in star images, including the lack of motion prediction, redundant global searching, single
matching feature, and poor adaptability of fixed weights. In complex scenarios with coexisting high-speed
and low-speed targets, densely distributed and closely approaching targets, dynamically varying target
sizes, and low signal-to-noise ratios, the above drawbacks significantly degrade tracking accuracy and

identity consistency. An improved Hungarian matching algorithm based on progressive multi-feature
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optimization is proposed. Firstly, a Kalman filter is introduced to predict the position and velocity of space
targets, and predicted coordinates are adopted to construct matching costs instead of static observations.
Secondly, a Mahalanobis distance gating mechanism 1s established using the covariance matrix derived
from Kalman prediction, which constrains the matching search range from the global image to the local
region within the predicted ellipsoid and reduces computational redundancy. Thirdly, a dynamic multi-
feature weighting strategy is designed to adaptively adjust the cost contribution of position, area and aspect
ratio according to their real-time reliability. Furthermore, an anomaly penalty term is added to impose
extra costs on matching pairs with abrupt changes in area or aspect ratio to suppress false associations.
Comparative experiments are carried out on five types of simulated star image scenes. The experimental
results show that the average MOTA of the proposed algorithm reaches 88. 3% , which is 5. 9 percentage
points higher than the conventional Hungarian algorithm, and 23. 7 and 6. O percentage points higher than
PPMHT and the nearest neighbor method, respectively. Its average IDF1 is 65.8%, 9.5 percentage
points higher than that of the conventional Hungarian algorithm. The average IDS is only 1.6, 2.3 and
3. 6 lower than the conventional Hungarian algorithm and the nearest neighbor method, respectively. The
average processing time per frame is 41.2 ms, which meets real-time operation requirements. Ablation
experiments verify that the Kalman prediction module, Mahalanobis distance gating, dynamic weighting
and anomaly penalty bring MOTA gains of 8.8, 6.5, 3.2 and 1. 2 percentage points, respectively. The
proposed four-module progressive optimization framework achieves an effective balance among tracking
accuracy, identity consistency and computational efficiency, and provides a reliable solution for inter-frame
association of space targets in star images. .

Key words: star image space target detection; hungarian algorithm; multi-feature optimization; kalman

filter; mahalanobis distance gating; dynamic weight
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Fig.3 Star image preprocessing pipeline. (a) Original star image; (b) Top-hat transform result; (¢) Binarization result;
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Tab.2 Numerical values of kalman iteration
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Fig.4 Kalman filter iteration. (a) Trajectory. (b)[ P, ], Position estimation variance convergence curves.
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Tab.3 Frame-by-frame shrinkage of gated search range
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Fig.5 Gate contraction. (a) Gate ellipsoids. (b) R convergence.
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Tab.4 Dynamic weight frame data
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Fig. 6 Verification of dynamic weights. (a) Target trajectory plot; (b) Weight curve.
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Table. 5 Matching cost comparison with and without anomaly penalty for two crossing target pairs
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Fig. 7 Scenarios for anomaly penalty validation. (a)Target Trajectory Diagram; (b)Comparison of matching costs.
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Fig. 8 Intermediate results of the full algorithm pipeline (4-target typical scenario). (a) 10-frame max projection with 4-

target trajectories. (b) 10-frame top-hat max projection with 4-target trajectories. (c¢) Median-frame star template
(10-frame median binary image, noise with area <9 filtered). (d) 10-frame cleaned moving-target max projection

with full-frame positions of a typical target. (e) Kalman estimation trajectory and gate ellipsoid contraction of a typi-

cal target. (f) Convergence curve of position estimation varianceP,, (g) Convergence curve of gate radius R. (h)

10-frame evolution curve of dynamic weights. (i) Verification of anomaly penalty mechanism. (j) Final association

output result.
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Fig. 9 Comparison of trajectory detection results across scenarios. (a) S1 Multi-speed - Proposed; (b) S1 Multi-speed -

PPMHT; (¢) S1 Multi-speed - NN; (d) S2 Dense approach - Proposed; (e) S2 Dense approach - PPMHT; (f)
S2 Dense approach - NN; (g) S3 Mixed motion - Proposed; (h) S3 Mixed motion - PPMHT; (i) S3 Mixed mo-

tion - NN.
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Tab.6 Comparison of MOTA in different scenarios

(AR S1/% S2/% S3/% S4/% S5/% 3/ %
e it A 89.4+1.3 87.2+1.4 88.2+1.2 75.6+1.3 71.8+1.3 82.4
PPMHT 58.1+2.2 88.2+2.6 33.2£2.6 69.6+3.0 73.8+2.6 64.6
NN 90.2+2.0 89.2+1.4 88.7+1.5 65.1+1.4 78.3+t1.4 82.3
JPDA 90.3+1.2 92.3+1.0 89.9+0.9 80.24+1.3 77.0+1.1 85.9
AR ICTT Ik 90.7+1.2 92.7+1.1 91.6+1.3 85.0+1.2 81.5+1.1 88.3
®7 &HRIDSEIDF1(%)7ftL
Tab.7 Comparison of IDS and IDF1 (%) in various scenarios
S1 S2 S3 S4 S5 i
Bk IDF1/ IDF1/ IDF1/ IDF1/ IDF1/ IDF1/ il?){f
% % % % % %
(5550 T F 67.2 0.4 55.8 2.5 55.7 5.1 50. 8 7.7 52.2 3.7 56 3 59
+1.5 +0.5 +1.3 +1.7 +£1.9 +2.3 +£1.6 +2.6 +1.7 =£1.9
PPMHT 57.1 0.6 61.8 2.1 29.1 0.6 48.0 4.3 53.9 1.4 - 1
+2.9 +0.6 +3.1 +1.1 +2.9 +0.6 +2.5 +1.9 +3.3 *£1.1
NN 67.5 0.7 57.2 3.2 56. 1 5.0 42.3 12.6 56.0 4.3 =g 5o
+2.1 +0.8 +1.9 +1.8 +£1.8 +2.1 +2.1 +2.7 +1.6 =£1.8
IPDA 67.7 0.4 68.1 0.9 64.1 1.6 57.5 3.2 54.7 2.5 624 17
+1.4 +0.5 +1.5 4+0.8 £1.7 +1.0 +£1.3 *£1.6 +1.5 =£1.2
s 68.1 0.3 69.0 0.8 66. 1 1.9 63.9 3.2 62.1 1.9 658 16
+1.5 #+0.4 +1.3 4+0.6 +£1.1 +1.1 +£1.3 +1.6 +1.2 =£1.1
®8 BHEBIFEMXILL
Tab.8 Comparison of time consumption per frame in various scenarios
Bk S1/ms S2/ms S3/ms S4/ms S5/ms 14 /ms
e git 4 A 20.3£1.0 20.5+1.0 21.1+1.0 79.0+1.2 19.8+1.0 32.1
PPMHT 198.64+2.9 198.7+2.9 201.74+2.4 402.7+£2.9 197.4+2.5 239.8
NN 15.240.7 15.6+0.7 16.14+0.6 28.7+0.8 14.84+0.6 18.1
JPDA 152.5+3.0 150.4+3.7 157.4+3.3 503.1+3.8 152.1+2.8 223.1
AR5k 36.1+1.1 37.0£1.6 37.7+1.3 59.4+1.6 35.9+1.3 41.2
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Tab.9 Results of ablation experiments on S3 (multi-mechanism mixed) and S4 (high-density targets)

S3ZHLHIE A (6 HER)

(RPN TN

Sd i # B AR (12 Hir)

MOTA/% IDF1/% IDS MOTA/% IDF1/% IDS
Al A 73.042.8 48.043.2 5047.1 66.043.0 42.543.5 6347.9
+ RIK 2 f 81.842.2 56.542.5 30£5.5 74.542.4 51.042.8 40+6. 3
+H G 88.041.6 61.54+2.0 1543.9 81.04+1.8 57.542.2 22447
+ ZHHE B R E 90.441.4 64.841.6 5+2.2 84.241.5 62.0+1.8 7+2.6
+ AR (R AL 91.641.3 66.1+1.1 241.4 85.041.2 63.941.3 34+1.7
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