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Abstract: This paper proposes an automatic registration method for power
equipment images using contour centreline main orientation features.
Addressing low accuracy caused by scale/viewpoint variations in multi-modal
images (infrared and visible), the method detects contour corner points as
feature points, assigns scale/viewpoint-invariant orientation features through
centreline analysis, and employs improved scale-invariant feature transform
(SIFT) descriptors with connecting-line consistency matching to determine
transformation parameters. Experimental results demonstrate registration errors
of 2.742 and 2.543 in scenarios with subtle and significant viewpoint
differences respectively, outperforming traditional SIFT, speeded-up robust
features (SURF) and partial intensity invariant feature descriptor (PIIFD)
methods. This approach effectively resolves complex-scenario registration
challenges, providing an effective solution for intelligent monitoring of power
equipment.

Keywords: infrared and visible image; image registration; contour centreline;
feature matching.
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1 Introduction

In order to meet the user ‘s increasing demand for electricity and the safe operation of the
power system, the research and development of intelligent monitoring methods and
self-diagnosis systems for power equipment has become a key link in the construction of
ubiquitous power internet of things (Shi et al., 2020; Zaeri and Qasim, 2024; Jiang et al.,
2019). With the development of various substation inspection robots and transmission
line operation and maintenance UAV equipment based on infrared and visible light
images, the power equipment self-diagnosis system shows great potential in terms of
efficiency and autonomy, and is an effective method to reduce labour costs (Xu et al.,
2018; Li et al., 2019b).

The existing infrared and visible image registration methods can be divided into three
categories: calibration parameter-based, region-based and feature-based (Guo et al., 2021;
Shen et al., 2020; Chen et al., 2020; Wen et al., 2022; Jin et al., 2016; Zhang et al., 2019;
Zhao and Zhang, 2020). The method based on calibration parameters is a non-automatic
registration method, which can only register a set of images taken at the same time, and
its registration accuracy depends on the accuracy of calibration parameters. The
region-based registration method relies on the linear correlation degree of image grey
level and the overlap degree of visual field, and has poor adaptability and high
computational complexity to complex scenes with differences in viewing angles, spectra
and distortions. For example, the registration method based on gradient mutual
information proposed in Xia and Yi (2018) and Li et al. (2019a). Si et al. (2024) proposed
a registration algorithm for thermal infrared and visible apple images using an active
contour model and feature point matching. The method achieves high accuracy with a
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96% alignment success rate, outperforming existing approaches in precision and root
mean square error.

The registration method based on point features has been widely used and studied,
and it has strong robustness to complex image registration scenarios. The scale invariant
feature transform (SIFT) method proposed in Lowe (2004) lays the foundation for the
registration method framework based on point features. In Chen and Hao (2011), gradient
inversion method and wheel contour feature point extraction method are introduced to
realise heterogeneous image registration. Chen et al. (2010) proposed a calculation
method based on square gradient principal direction and partial intensity invariant feature
descriptor (PIIFD). In Dai et al. (2019), the preprocessing of PIIFD method is improved,
and the similarity between infrared image and visible image is improved by combining
the preprocessing method of image frequency domain decomposition. In Xu et al. (2017),
Luo et al. (2020), Ji et al. (2014), Bay et al. (2006) and Mei and Yao (2019), faster
infrared and visible image registration is achieved by improving the speeded up robust
feature (SURF) method, and the computational complexity is lower than SIFT and PIIFD.
Jiang et al. (2020) proposed an automatic registration method (CAO-C2F) for infrared
and visible images of power equipment, using contour angle orientation (CAO) based on
contour features to achieve viewpoint and scale invariance. Experiments show it
outperforms existing methods in precision, recall, and root-mean-square error. However,
the above existing image registration methods rely on the gradient of the image, and the
registration accuracy is low in the scene where there are scale and angle differences
between the infrared image and the visible image, resulting in a low correlation of the
main direction descriptor, and ultimately unable to accurately match the infrared image
and the visible image.

In view of the above problems, this paper proposes an automatic registration method
of infrared and visible light images based on image contour features. The important
contour features of infrared and visible light images of power equipment are taken as the
core feature points, and the feature direction of the midline of the contour is taken as the
main direction of the feature points. The improved SIFT operator is combined with the
proposed consistency matching method to obtain the image matching points. By
performing least squares fitting on the matching points, the mapping parameters between
the infrared image and the visible light image are obtained, which solves the registration
problem when there are scale and angle differences between the infrared and visible light
images.

2 Contour centreline feature main direction assignment

Specifying the main direction for feature points is an important step to achieve scale and
angle invariance. In order to realise the scale and angle invariance of infrared and visible
images of power equipment, this paper proposes a marking method that uses the contour
midline as the main direction of the feature.

2.1 Curvature scale space

The pixel coordinate set of the original contour curve in a single image is defined as
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where I7 represents the j contour, P/ = (x/, y/) represents the i pixel on the j contour, n
is the number of pixels contained in the j contour, nr is the number of contours contained
in the image.

The contour curve in the image is generally expressed as a curve on the plane. The
parameter equation of the plane curve y = f{x) with curvature KX is:
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Before using equation (3) to calculate the curvature of the contour curve I7, considering
the existence of burrs and noise in IV, the Gaussian function of the scale parameter o is
used to smooth the I7, that is:
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where G, is a one-dimensional Gaussian kernel function, and ® represents the
convolution operation.

Therefore, the curvature K of the contour curve I} is as follows:

oo - x|

3 6]
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2.2 Main direction of contour midline feature

The set of feature points detected in the curvature scale space in the image is denoted as
P ={(x;, y,-)};’f;] and the feature points located on the contour IV are denoted as
Pf/ = (x-//-, y} J)e Pr. The eigenvectors of P/! pointing to the starting and ending

neighbourhoods of I are defined as:
Pl = (x.jf,b =X Vi _y.jf)

= /) ©)
(5] i) = Ho (XL, T )

i=f=hi+l -1
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where f € [1, n]; p},b and p}-’e are the feature vectors of the feature points pointing to

the beginning and end of the contour, respectively. 4, and 1. are the neighbourhood
lengths of the feature points pointing to the beginning and end of the contour,
respectively. Hy and H, are the corresponding weighted row matrices.

Since the feature point is at the local maximum value of curvature, the feature vector
at the beginning and end can be surrounded into a feature triangle. The direction vector

pointed by the centreline corresponding to the feature point P/f is denoted as:

p;‘,m = (x:;-,m’ yjj",m ) = pjj;,b + p:;-,e (8)

The direction of the midline vector is assigned as the main direction of the feature point,
which is the main direction of the contour midline feature proposed in this paper, and is
expressed as follows:

tan~! (y}‘m /xj’fm ), y}’m > ﬁx}‘m >0
o(Pf)=1tan™ (v7, [} ). xf <O ©
tan™! (y},m /xj’fm ), J’},m <0 ﬁx}‘m >0

where ¢(P/) has the range [0, 2).

Finally, in order to make the main direction calculation method realises the scale
invariance of the image, the key parameters 1, and A. are assigned adaptively in this

paper. 4, takes the number of pixels between the feature point Pfj and the nearest

curvature local minimum point pointing to the beginning of the contour. Similarly A.
takes the number of pixels between the feature point Pff and the nearest local minimum

of curvature pointing to the end of the contour. The respective weighted row matrices Hp
and H, are set as average weighted, that is:
1 ... 1

Hy,=——7— 10
b, e (10)

The significance of the main direction assignment of the contour feature vector is that the
feature point is the vertex, the feature vector pointing to the beginning and end of the
contour is the edge, and the direction of the centreline of the triangle is the main direction

of the feature point P/ , as shown in Figure 1.

The adaptive values of 4, and A, make the sampling contour of the same feature point
at different scales similar, that is, the feature triangles are similar, which ensures that the
midline feature vectors refer to the same direction.

The higher the accuracy of the main direction assignment of the same feature points
in the image to be registered, the higher the correlation of the feature descriptors between
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the same feature points, and the more correct matching points are further screened out.
The main direction calculation method proposed in this paper does not rely on the
similarity between the grey levels of infrared and visible light images, but focuses on the
contour line features of images with higher similarity. Therefore, it can solve the problem
that the similarity of image gradient statistical histogram is too low due to the large
difference of image spectrum and resolution caused by SIFT, SURF and other methods.

Figure 1 Main direction of contour midline feature (see online version for colours)
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3 Connection consistency feature matching

Feature matching aims to screen out the corresponding feature points in the infrared and
visible images of power equipment to calculate the transformation parameters between
images. In this paper, a line consistency feature matching method is proposed to achieve
accurate matching between feature points of infrared and visible images.

3.1 Connection consistency

The infrared image is horizontally concatenated with the visible light image after rotation
and scale transformation. In theory, when the infrared and visible light images have the
same scale and no relative rotation, the tilt angle and length of the connecting lines
between all correctly matched feature points in the concatenated image are equal, while
the tilt angle and length of the connecting lines between incorrectly matched points are
different from those of correctly matched points. This property is defined as connection
consistency in this article, as shown in Figure 2. The white solid line connects the correct
matching points, while the white dashed line connects the incorrect matching points.

Assuming ¢ is the scale of visible light relative to infrared images (i.e., the scaling
factor of the pixel area of the same target in the images), the set of candidate matching
feature points corresponding to this scale is denoted as

B = {p1[|p1i = (%7, yui )}7:1

np

P, = {p2i|P2i = (X2, yai )}[il

an
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where P and P, are matching points of infrared and visible images respectively; #,, is the
number of matching points.

Figure 2 Schematic diagram of connecting line consistency of feature points (see online version
for colours)

0,

Further, assuming that the rotation angle of the visible light image relative to the infrared
image is —¢@g, P> is rotated ¢ and scaled to the infrared image scale, and the transformed
visible light candidate matching point P, is as follows:

Py = {p§i|P§i = (xéi, Vai ) = fPZiR}:l:pl 2

R- {cosgDR —sin¢R}

singp  cos@y

(13)

where R is the rotation transformation matrix.
The tilt angle set ¢ and the length set D of the corresponding matching feature point
connection are respectively:

r np
¢ = {(pll(pl = tan_l (Mj}
X+ N=xi )}, (14)

D:{dildi :”)Céj +N_x1,i9 yél _ylli 2}:’:1

where N is the horizontal resolution of the infrared image.

In the first-stage coarse alignment, the best matching ¢ and D are selected based on
the visible light contour map and the infrared contour map, and the corresponding feature
points pi; and py; from the visible light and infrared contour maps are matched. The
feature points ¢; = ¢;, d; = d;.
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3.2 Line consistency matching method

The process of the connection consistency matching method proposed in this paper is
shown in Figure 3, and the specific steps are as follows:

1

Obtaining initial matching points by bilateral matching: after generating a set of
descriptors of infrared image feature points and multiple sets of descriptors of visible
image feature points at multiple scales, a set of infrared and multiple sets of visible
image feature descriptors are matched by bilateral matching method to obtain
candidate matching feature points of single-scale infrared and visible images at all
scales.

Voting strategy to obtain the best scale: according to the characteristics of feature
descriptors, the descriptors of the same feature point in the same scale infrared and
visible light images are the most similar. Therefore, the scale with the largest number
of candidate matching points in the result of step 1 is regarded as the best matching
scale of infrared and visible light images. The scale value is the scale ¢ in

equation (12), and the best candidate matching point pairs corresponding to this scale
are Py and P, in equation (11). There are a large number of mismatching points in the
candidate matching points that need to be removed.

Remove significant error points: note that the principal direction sets of the two

groups of feature points corresponding to Py and P> are @ = {¢(py;)}1", and

¢ ={¢(p2)}", and the visible light relative to infrared is obtained by subtracting ¢
and ¢:

A¢={A¢i|A¢i =¢(P2i)_¢(pli)}j:1 )

The interval [0, 360°) is divided into 72 intervals with a length of 5°, and the number
of elements falling in each interval within A¢ is counted by histogram. The angle
corresponding to the interval with the largest number of candidate rotation angles (if
the maximum value corresponds to multiple adjacent intervals, the average value of
each interval is taken) is regarded as the rotation angle of the visible image relative
to the infrared image in equation (12). The inclination angle and length set ¢ and D
corresponding to the feature point connection can be obtained from equation (13).

There may be some perspective differences between the images in the actual
registration scene, which leads to the connection between the correct matching points
is not strictly parallel and the length is equal. Considering the existence of this
difference, the actual value ¢r of the inclination angle of the line between the correct
matching points is obtained by using the same histogram statistical method as the
calculation ¢, the ratio of inclination angle error to length error is set to be &, and ep.
The point corresponding to the value in ¢ at the outer angle of the interval [pr — &,
@r + €] is regarded as the wrong matching point.

Then calculate the average length D,ueqn 0f the remaining matching points, and the
point corresponding to the line whose value is outside the interval [Dyesn (1 — €p),
Dipean(1 + €p)] in D is regarded as the wrong matching point. It should be noted that if
the perspective difference between images is larger, it is necessary to set a larger tilt



Intelligent registration techniques of power equipment’s using data fusion 9

angle error &, and length error ratio &p to retain more correct matching points as
much as possible, but fewer false matching points are removed.

4  Random sample consensus (RANSAC) refinement: based on the coarse alignment
contour map from step 3, the optimal coarse alignment contour map is selected.
However, due to some isolated points or unreasonable matches in the contour map, a
portion of the contour map contains significant noise. To address this, an outlier
removal process is applied using the RANSAC method, which effectively filters out
noise and obtains a refined contour map with fewer mismatches. By iteratively
applying the RANSAC method, the contour map can be optimised to reduce noise
significantly, ensuring the refined contour map does not introduce additional errors.

Figure 3 Flowchart of the connecting line consistency matching process (see online version
for colours)
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Statistic histogram diagram of the number of candidate rotation angles in different angle
intervals (see online version for colours)
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4 Registration process

The automatic registration algorithm proposed in this paper is shown in Figure 6, and is
described as follows:

1 Image preprocessing: the input infrared and visible light source images are greyed,
and the grey value range is linearly stretched to [0, 255] to enhance details of the
image, and the image resolution is adjusted to the same longitudinal resolution;

2 Feature point extraction: the CSS corner point detection algorithm (Du et al., 2018)
based on global and local curvature is used to extract corner points in infrared and
visible images as the feature points of the image, and the contours midline feature
main direction calculation method proposed in this paper is used to assign a unique
main direction to each feature point.

Figure 5 CSS corner point detection algorithm flow
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3 Descriptor extraction: extract SIFT descriptors in the main direction of visible
images under infrared and different scale sampling [the normalisation method in
Chen et al. (2010) is used for segmented processing of SIFT] as the feature
description of feature points.

4  Connection consistency feature matching: use the connection consistency matching
method proposed in this paper to match feature descriptors and filter out the correct
matching feature points.

5  Calculation of image space transformation parameters: the least square method is
used to fit all the correct matching points to obtain the optimal projection
transformation parameters between infrared and visible images.

Figure 6 The scheme of the proposed registration method (see online version for colours)
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5 Registration experiment results and analysis

5.1 Experimental platform and parameter setting

The experiments in this paper are based on Intel(R) Core(TM) i7-8550U CPU@1.90 GHz
hardware platform and MATLAB R2020b platform. The algorithm in this paper is
MATLAB programming code. The experimental source images were obtained from the
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infrared and visible light image database of substation power equipment captured by
inspection equipment, in which the infrared image resolution was 768 x 576, and the
visible image resolution was 1,920 x 1,080. The resolution of the visible image is
adjusted to 768 x 576 according to the original scale of the image.

The parameters of the algorithm in this paper are set as follows: g, = 20°; ep = 0.5.
The visible light multi-sampling scales are 0.5, 1.0 and 2.0.

5.2 Experimental evaluation index

Root mean square error (RMSE) is an important index to measure the positioning
accuracy of matching points and the accuracy of the entire registration algorithm, which
is defined as:

RMSE=\/Nicz:||(xu,)/1t)_(x§w yé’i)"z 1o

where (x1;, y1;) 1s the coordinates of matching points in infrared images; (x5;, »5;) is the
theoretical matching point coordinates after the projection of the corresponding matching
points in visible images by the manually calibrated reference transformation matrix; N, is
the number of matching point pairs.

In order to distinguish the positioning accuracy of each pair of matching points, the

points satisfying ||(x1,-, Y )= (x5, ¥5,)

|2 <4 are regarded as accurate matching points,

and the points satisfying 4 <||(x1i, Yi)—(x5;, y§,)|2 < 8 are regarded as an inaccuracy

point, and these are recorded as correct matching points. The points satisfying
||(x1,-,y1,-)—(x§i, ygi)"2 > 8 are considered false match points.

In order to measure the classification capability of descriptor matching algorithm, two
important indicators, precision and recall, are introduced, which are defined as:

#Correct = # Accuracy + #Inaccuracy

Precision = #Correct (17)
#Correct + #False
Recall = #Correct
#Correspondences

where correspondences represents the number of original correct matching points in all
corners extracted by CSS algorithm, the larger the values of precision and recall, the
stronger the ability of the representative matching algorithm to distinguish the right and
wrong matching points.

5.3 Registration results

In order to verify the effectiveness of the algorithm in this paper, the algorithms proposed
in Gao et al. (2013), Dai et al. (2019), Xu et al. (2017, 2019) and Du et al. (2018) are
compared with the algorithm in this paper. The four comparison algorithms and the
algorithm in this paper belong to the matching algorithm based on point feature
framework.
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5.3.1 Image registration comparison results without obvious angle difference

The registration results of different algorithms in five groups of image scenes without
rotation and visual field difference are given in Table 1. It can be seen from the results
that the algorithm in this paper successfully matches five groups of images with an
average error of 2.742 pixels, and the matching accuracy and registration error are both
optimal, and the recall rate is optimal or sub-optimal, while there are matching failures in
Du et al. (2018).

Table 1 Comparison of registering the images with inapparent viewpoint differences by
different methods

Picture class

Evaluation index Contrast algorithm

Precision Docu (Gao et al., 2013) 1 2 3 4 5
Docu (Dai et al., 2019)  0.933 0.033 0.923 0.926 0.875
Docu (Xuetal., 2017)  0.796  0.714 0.875 0.735 0.778

Docu (Du et al., 2018) - 0.848 0.718 0.925 0.714
Textual algorithm 936 1.000 0.946 1.000 0.988
Recall Docu (Gao et al., 2013)  0.160  0.067 0.117 0.065 0.207

Docu (Dai et al., 2019)  0.061 0.044 0.069 0.037 0.071
Docu (Xuetal.,,2017)  0.036  0.003 0.025 0.017 0.021

Docu (Du et al., 2018) - 0.046 0.054 0.105 0.079
Textual algorithm 0.117 0.170 0.165 0.287 0.098
RMSE Docu (Gao et al., 2013) 10.843  92.085  9.798 9.839 11.576

Docu (Dai etal.,2019) 15.111 16.243 11.891 16.618  14.225
Docu (Xuetal., 2017)  7.994  9.674 8.510 8.627 7.867
Docu (Du et al., 2018) - 11.821 10.262 10.994  12.440

Textual algorithm 3.495 1.698 1.749 2.955 3.911

By comparing the results of Gao et al. (2019) and the method presented in this paper, it
can be seen that the main direction of contour midline feature used in this paper has
higher registration accuracy than SIFT main direction used in Gao et al. (2019) when
similar extraction methods of contour feature points and gradient feature descriptors are
used. By comparing the results of the image grey space feature point extraction method
used in Dai et al. (2019) and Du et al. (2018) with the PIIFD calculation method, it can be
seen that the matching point positioning results obtained by the proposed algorithm are
more accurate, which further verifies the superiority of the main direction allocation
method proposed in this paper. Compared with the results of Guo et al. (2020), which
used contour image as the image to be registered and SURF principal direction and
descriptor, it can be seen that the method proposed in this paper based on contour features
to extract feature points and assign principal direction has smaller registration errors.
From the comparison results of the number of correct matching points shown in
Figure 7, it can be seen that the number of accurate matching points obtained by the
proposed algorithm is much higher than that of other comparison algorithms, which
verifies that the proposed algorithm has strong feature point matching performance.



14 G. Yang et al.

Figure 7 Comparison of the numbers of accurate matching points of registering the source
images with inapparent viewpoint differences by different methods (see online version
for colours)
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As can be seen from the image registration results of the proposed algorithm given in
Figure 8, the colour mosaic images obtained by the proposed algorithm have high overlap
and high smoothness at the image stitching, which verifies that the proposed algorithm
can achieve high-precision registration. In Figure 8, the first behaviour is the result of
source image matching points, and the second behaviour is the result of colour map
mosaic.

Figure 8 Results of registering the images with inapparent viewpoint differences by the proposed
method (see online version for colours)
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5.3.2 Image registration comparison results with significant viewing angle
differences

In the other five groups of matching experiments with significant visual field differences,
the four algorithms failed to match successfully, so only the matching results of the
algorithm presented in this paper are shown in Table 2 and Figure 9. The first behaviour
is the result of source image matching points, and the second behaviour is the result of
colour map mosaic. It can be seen from the results that the average matching error of this
algorithm is 2.543. There is a large field of view rotation between the images or under
perspective differences, the algorithm in this paper successfully matched five groups of
images in complex scenes by relying on accurate principal direction calculation method,
and showed the same high-precision registration results as in simple scenes. The overlap
degree of fused images after matching was still high, and the connection of equipment
components was smooth.

While the proposed contour centreline feature-based registration method excels in
scenarios with viewpoint and scale differences, its robustness may slightly decrease in
specific high-noise environments, such as images with fine speckles or very low contrast
regions. This is because the method relies on contour feature extraction, where noise
could interfere with corner detection accuracy. However, this limitation is minor in
typical power equipment image scenarios and does not significantly impact overall
performance.

Table 2 Result of registering the source images with apparent viewpoint differences by the
proposed method
Evaluation Picture class
index 6 7 8 9 10
Precision 0.897 0.972 0.890 1.000 0.896
Recall 0.029 0.045 0.066 0.152 0.035
RMSE 2.906 2.928 1.476 1.818 3.537

Figure 9 Results of registering the images with apparent viewpoint differences by the proposed
method (see online version for colours)
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6 Conclusions

In this study, we proposed an automatic registration method for infrared and visible
images of power equipment based on contour centreline feature orientations, achieving
significant advancements in registration accuracy and robustness. Experimental results
demonstrate that the method attains average root mean square errors (RMSE) of 2.742
and 2.543 pixels in scenes with inapparent and apparent viewpoint differences,
respectively, outperforming traditional methods such as SIFT, SURF and PIIFD, as well
as other point feature-based approaches (e.g., Gao et al., 2013; Dai et al., 2019). The
proposed contour midline feature assignment method ensures high perspective
invariance, enabling successful registration even in complex scenarios where comparative
algorithms fail. Additionally, the connection consistency matching technique effectively
filters correct matching points, yielding high precision and recall rates, as evidenced by
the increased number of accurate matches (Figure 7) and smooth, highly overlapping
fused images (Figures 8 and 9). This approach provides a reliable and precise solution for
infrared and visible image registration, enhancing the capabilities of automatic diagnostic
systems for power equipment. Despite these achievements, the method’s performance
under extreme illumination conditions or highly cluttered backgrounds remains untested
due to the limited diversity of experimental scenarios. Furthermore, its computational
complexity may hinder real-time implementation on resource-constrained platforms.
Future enhancements could focus on integrating deep learning techniques to improve
robustness against environmental variations and optimising the algorithm’s efficiency to
meet the demands of real-time applications in power system monitoring.
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