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Table 1 Experimental data of satellite images

Source Year of capture of image Resolution /m
Dataset
Left image Right image Left image Right image Left image Right image
A 7Y 3-01 7Y 3-01 2015 2015 3.5 3.5
B 7Y 3-01 7Y 3-01 2015 2015 3.5 3.5
C 7Y 3-01 7Y 3-01 2014 2014 3.5 3.5
D GF-1 7Y 3-01 2019 2015 2.0 3.5
E GF-1 7Y 3-01 2020 2015 2.0 3.5
F GF-1 7Y 3-01 2020 2014 2.0 3.5
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Fig. 7 Experimental data of group A (farmland)
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Fig. 8 Experimental data of group B (urban)
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Fig. 9 Experimental data of group C (mountain)
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Fig. 10 Experimental data of group D (farmland)
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Fig. 11 Experimental data of group E (urban)

K12 F 45880900 (i)
Fig. 12 Experimental data of group F (mountain)
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Fig. 13 Matching results of experimental data of group A.
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K14 BASEE B R IE R4 2R . (a) SIFT 533k (b) RIFT 53k 5 (¢) HAPCG 503k 5 (d) A SCR%
Fig. 14 Matching results of experimental data of group B. (a) SIFT algorithm; (b) RIF T algorithm; (¢c) HAPCG algorithm; (d) proposed

algorithm
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Fig. 15 Matching results of experimental data of group C. (a) SIFT algorithm; (b) RIF T algorithm; (¢) HAPCG algorithm; (d) proposed

algorithm
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Fig. 16 Matching results of experimental data of group D. (a) SIFT algorithm; (b) RIFT algorithm; (c) HAPCG algorithm;
(d) proposed algorithm
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Fig. 17 Matching results of experimental data of group E. (a) SIFT algorithm; (b) RIF T algorithm; (c) HAPCG algorithm; (d) proposed
algorithm
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Fig. 18 Matching results of experimental data of group F. (a) SIFT algorithm; (b) RIF T algorithm; (c) HAPCG algorithm; (d) proposed
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Table 2 Matching performance of different matching algorithms

SIFT RIFT HAPCG Proposed method
Dataset

NCM RMSE NCM RMSE NCM RMSE NCM RMSE
A 944 0.925 1158 1.288 1575 1.181 3084 1.106
B 903 1.009 642 1.313 879 1.113 1230 1.165
C 9 0.871 139 1.371 1096 1.255 1270 1.188
D 9 0.987 5 1.307 40 1.252 136 1.192
E — — 7 1.367 65 1.090 120 1.168
F — — — — 56 1.117 103 1.172
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Table 3 Matching performance of different scale space

construction methods

Gaussian linear Anisotropic filtering

Dataset scale space nonlinear scale space
NCM RMSE NCM RMSE

2681 1.207 3084 1.106

1101 1.061 1230 1.165

C 1088 1.309 1270 1.188

D 37 1.331 136 1.192

E 60 1.056 120 1.168

F 99 1.024 103 1.172

M 3T L M R FAS SCH Y 45 1) S 1 10 iR
FE L RUBE 23 [A) A4 38 J7 v, AT DA — 2D 4 iy DR e AR
X B PR O A SOR B Al etk RUBE &3 [a] 449 33t 5 vk ml
LR - b O B TR A 00 30 5 A A0 05 R AIE A B T 4 & D
e ) I

PR A SC VG E 55 325 1 T SRR R AT 0 b, LB
¥ CPU 8475 28 (6 #% ) CPU FFAT B 80R 25 R
N A iR

4 KRR CPU K0 B T e 53 250
Table 4 Matching computational efficiency of different CPU

cores
Time /s
Dataset Speed-up ratio
Single-core CPU  Multi-core CPU
A 312.784 90.662 3.45
B 279.135 86.688 3.22
C 343.311 90.823 3.78
D 398.073 101.809 3.91
E 380.557 103.694 3.67
F 359.467 100.130 3.59
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Abstract
Objective  The quality of satellite image matching directly affects the accuracy and reliability of the subsequent block

adjustment accuracy, which in turn affects the generation of products such as digital orthophoto maps (DOMs) and digital
elevation models (DEMs). The traditional scale-invariant feature transform (SIFT) algorithm based on image gradient
features performs poorly in handling nonlinear radiation differences, and existing phase congruency matching methods have
difficulty in simultaneously handling nonlinear radiation differences and geometric differences. For example, the radiation-
variation insensitive feature transform (RIFT) algorithm has difficulty in handling large scale differences; the histogram of
absolute phase consistency gradient (HAPCG) algorithm has a general matching effect for large rotation problems, and the
histogram of orientated phase congruency (HOPC) algorithm requires more accurate geographic reference information.
There are three challenges for satellite image matching with multiple phases, multiple views, and radiation differences.
Traditional Gaussian linear scale space construction methods lead to image edge blur and loss of detail in the process of
building image pyramids; traditional phase congruency methods have difficulty in extracting repeatable and robust feature
points, and traditional random sample consensus (RANSAC) algorithm often fails to address the high rate of gross errors in
the image matching process. We proposed a phase congruency satellite image matching method based on anisotropic
filtering, which could further improve the accuracy and number of correctly matched points in satellite images with

significant nonlinear radiation differences and geometric differences.

Methods

differences, we proposed a satellite image matching method based on anisotropic filtering and phase congruency. Firstly,

In light of the challenges posed by satellite matching images with varying phases, views, and radiation
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anisotropic filtering was used to establish the nonlinear scale space of the image, and then the phase congruency model was
used to calculate the maximum moment map at each scale. Secondly, feature points were extracted using the block-based
Shi-Tomasi algorithm on the maximum moment map at each scale, and then the Log-Gabor filter was used to establish the
amplitude response at multiple scales and orientations and calculate the maximum amplitude response and its corresponding
orientation index. Then, in polar coordinates, feature descriptor construction was accelerated based on OpenMP parallel
computing, followed by image matching and mismatch elimination. The proposed method further enhances the matching

effect of satellite images with significant nonlinear radiation and geometric differences.

Results and Discussions Due to significant nonlinear radiation and scale differences between satellite images taken at
different time, the matching performance of the SIFT algorithm is poor, and the experimental data in group F does not
yield correctly matched point (NCM) pairs. Similarly, the matching performance of the RIFT algorithm is mediocre, as the
significant scale differences in the satellite images taken at different times result in fewer point pairs being matched. The
matching performance of HAPCG algorithm is better than that of the RIFT algorithm, as it also utilizes a nonlinear
scale space construction method, providing a certain level of robustness to scale differences. However, the method
proposed in this paper achieves the best matching performance, being able to match a sufficient number of point pairs in
agricultural, urban, and mountainous areas. Particularly, for satellite images taken at different time (groups D—-F), as
shown in Figs. 16 - 18, the proposed method outperforms the HAPCG algorithm, even when there are certain angular
rotation differences between the images. Furthermore, the matching performance of these four matching methods on the
six experimental datasets is quantitatively analyzed, including the statistical data for the NCMs and the root mean square
error (RMSE), as shown in Table 1.

Conclusions In response to the poor matching effects of satellite images with multiple phases, multiple views, and
radiation differences, we propose a phase congruency image matching method based on anisotropic filtering. By utilizing
anisotropic filtering to establish a nonlinear scale space for images, we propose an improved feature descriptor construction
method for the phase congruency model and implement feature descriptor acceleration construction based on OpenMP
parallel computing. The proposed method has demonstrated significant advantages in terms of NCMs compared with
existing matching algorithms, particularly excelling in handling weak texture, repetitive texture, non-coincident time
phases, and nonlinear radiation differences. In the future, we will explore how to integrate cutting-edge technologies such

as deep learning to further enhance the robustness and applicability of the matching method.

Key words remote sensing; anisotropic filtering; nonlinear radiation difference; phase congruency; nonlinear scale space;

image matching
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