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Abstract: Infrared weak and small target detection in a complex background has always been a
research hotspot in the fields of area defense and long-range precision strikes. Among them, the
single-frame infrared weak and small target detection technology is even more difficult to study due to
factors such as lack of target motion information, complex background, and low signal-to-noise ratio.
Aiming at the problem of a high false alarm rate in infrared weak and small target detection caused
by the complex background edges and noise interference in infrared images, this paper proposes an
infrared weak and small target detection algorithm based on top-hat filtering and multi-feature fuzzy
decision-making. The algorithm first uses the multi-structural element top-hat operator to filter the
original image and then obtains the suspected target area through adaptive threshold segmentation;
secondly, it uses image feature algorithms, such as central pixel contrast, regional gradient, and
directional gradient, to extract the feature information of the suspected target at multiple scales, and
the fuzzy decision method is used for multi-feature fusion to achieve the final target detection. Finally,
the performance of the proposed algorithm and several existing comparison algorithms are compared
using the measured infrared sequence image data of five different scenarios. The results show that
the proposed algorithm has obvious advantages in various performance indicators compared with
the existing algorithms for infrared image sequences in different interference scenarios, especially for
complex background types, and has a lower performance under the condition of ensuring the same
detection rate and false alarm rate and in meeting the real-time requirements of the algorithm.

Keywords: target detection; top-hat; fuzzy decision-making

1. Introduction

As an important target detection technology at present, infrared search and tracking
systems are widely used in military detection, target positioning, object tracking, and other
fields due to their unique advantages, such as high resolution, strong smoke penetration
ability, and simple structure [1-3]. Relevant scholars have carried out a lot of research on
infrared weak and small target detection, but the detection of high-threat targets, such as
UAVs and missiles, still faces huge difficulties. Due to the long imaging distance, complex
background, influence of spatial noise, and the interference of the imaging equipment [4],
these targets often appear as point-like weak targets on the image, lacking structure and
texture information [5]. The signal-to-noise ratio is low, and the detection is difficult; so, it
is necessary to design an algorithm that can effectively detect it in complex backgrounds. In
recent years, more and more infrared weak and small target detection algorithms have been
proposed; these can be divided into two categories: single-frame detection and multi-frame
detection. Multi-frame detection utilizes the continuity between image sequences; this
can suppress the image background with strong correlation and enhance the target area
with obvious changes [6]. Currently, the commonly used multi-frame detection algorithms
include three-dimensional filtering [7], multi-level hypothesis testing [8], and a new efficient
adaptive spatial filter [9]. Compared with multi-frame detection algorithms, single-frame
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detection has the advantages of good real-time performance and fast response. Single-
frame detection uses the difference between the gradient and the gray distribution of the
target area and the background area to detect the target. The mainstream single-frame
weak and small target detection includes filtering-based detection algorithms. For example,
Deshpande [10] suppresses the background through max-mean and max-median filtering.
Bai et al. proposed top-hat operator filtering using open operation [11]. However, these
algorithms are very sensitive to strong noise points and edges in the background and are
not suitable for infrared weak and small target detection in complex scenes. Moreover,
because the size of the weak and small targets is unknown, the filter window is too large or
too small for the target size, which will affect the detection effect. Human visual system
(HVS) detection algorithms have received extensive attention due to their simplicity and
excellent performance. Chen et al. [12] first proposed the local contrast measure (LCM)
and the multi-scale local contrast measure (MLCM), based on the pixel difference between
the target area and the surrounding background. Although it can detect objects in simple
backgrounds, it has an obvious plaque effect and has a low detection rate in complex
backgrounds. On this basis, Han et al. proposed an improved local contrast measure
algorithm (ILCM) [13]; although it can enhance the target, it is more sensitive to high-
pixel noise and background areas. To overcome edge interference in images, Zhang et al.
proposed an algorithm based on local intensity and gradient (LIG) [14] that exploits the
gradient features of edges to remove the interference. After that, the multi-scale patch-
based local contrast measure (MPCM) [15], the multi-scale relative local contrast measure
(MRLCM) [16], and the double local contrast measure (DLCM) [17] were successively
proposed; these improved the anti-interference ability of the algorithm to a certain extent;
however, when the target is submerged in the complex background, these algorithms still
perform poorly. In addition, using filtering or a local window to traverse the entire image
increases the detection time; thus, it cannot be applied in some practical applications with
strict real-time requirements.

In order to improve the problem of the weak detection performance of the existing
algorithms in image interference areas such as edges and noises, this paper proposes an
infrared weak and small target detection algorithm based on multi-structural element top-hat
filtering and multi-feature fuzzy decision-making [18]. The algorithm first preprocesses the
original image with the multi-structural element top-hat and improves the universality of the
top-hat operator with targets of different sizes by designing an adaptive filtering window.
Secondly, adaptive threshold segmentation is performed on the processed image to obtain the
targets of the suspected regions. Compared with the existing algorithms that need to constantly
try to select the segmentation coefficient k, this paper designs an adaptive calculation method
for the segmentation coefficient k. Then, according to the physical characteristics of the target,
various features such as central pixel contrast and regional gradient are extracted for each
suspected region. Finally, the real target area is determined according to the fuzzy decision
method. The experiments show that the algorithm proposed in this paper has a lower false
alarm rate and a shorter processing time than the existing algorithms under the same detection
rate and has strong real-time and practicality.

2. Methodology

In this paper, an infrared weak and small target detection algorithm based on multi-
structural element top-hat filtering and multi-feature fuzzy decision-making is proposed.
The overall structure of the algorithm is shown in Figure 1. The algorithm is divided into
two parts: image preprocessing and fuzzy decision-making. First, the original infrared
image is inputted, and the multi-structural element top-hat filter is used to preprocess
the image to achieve the effect of initially suppressing the background and enhancing the
high-pixel area. Using adaptive threshold segmentation processing, the suspected target
area is screened out. Secondly, according to the physical characteristics of the small infrared
targets, this paper proposes four feature extraction algorithms by citing or based on existing
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Figure 1. Algorithmic overall structure diagram.

2.1. Multi-Structural Element Top-Hat Filtering

The top-hat algorithm is one of the current infrared weak and small detection algo-
rithms. It mainly includes the open operation processing of the erosion and expansion of
the image. The erosion can filter the image to achieve the effect of reducing the target and
eliminating noise smaller than the size of the structure element. Dilation is employed to
use structural elements to supplement the image, absorb the background around the target,
highlight the target, and fill the target hole.

The top-hat operation is expressed as

g§=f—(fob) ¢))

where f represents the original image, b represents the structural element, and fob
represents the opening operation and is specifically represented as f ob = (fOb) & b.
O represents the erosion operation, and @ represents the dilation operation.

When detecting weak and small infrared targets, the size of the structural element
should be equal to or slightly larger than the target size, but the target size is unknown. If
the selected structural element is too small, the size of the structural element will be smaller
than the actual size of the target, and the target will be suppressed, as shown in Figure 2a,
which leads to the failure of the detection of larger targets.

Original image Structural Expected
element too small structural element
size
(a)
1j1f{1]1]f1
Lj{1]|1]1]f1
1{1]1 111 ]1f1
1)1 1{1]1 1|1]1]1]f1
1]1 1]11]1 1{1]1]1f1
(b)

Figure 2. (a) Comparison of detection failure and expected size of structural elements due to structural
elements which are too small; (b) three structural elements selected in this algorithm.
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Similarly, when the size of the detected target is small and the size of the structural
element selected is too large, the pixel size of the weak target is too small relative to the size of
the structural element, resulting in a decrease in the detection rate. Therefore, this paper uses
a multi-structural element top-hat filtering algorithm that adaptively selects the size of the
structural element. First, multi-structural element processing is performed on the input image
to obtain different local pixel weights, and then, the adaptive response G,,,; is obtained.

Gl = max{g1,82,---,8n} 2)

where g; represents f — (fOb;) @ b;, and b; represents the ith structural element.

Top hat filtering can enhance the target with a large difference in gray value from the
surrounding background and can suppress the more uniform background in the image.
At the same time, the use of multiple structural elements can avoid the problem of missed
detection and false detection caused by a target size which is too large or too small compared
with the filter window size. However, due to noise, edge, and other interferences in the
image, the image filtered by the top-hat filtering still cannot effectively detect the target.

In this paper, three structural element sizes of 2 x 2,3 x 3, and 5 x 5 are selected
for different infrared sequences and are calculated and adaptively selected, as shown in
Figure 2b.

2.2. Adaptive Threshold Segmentation

After top-hat filtering, the background area is initially suppressed, the contrast of the
target area is significantly improved compared with the background, and the signal-to-noise
ratio is effectively improved, but there are still interferences, such as noise and edge clutter.
In the resulting image after top-hat filtering, the area with higher pixels represents a greater
probability of being the target. Therefore, this paper further removes the low-pixel area and
obtains the suspected target area through adaptive threshold segmentation. The expression of
the threshold value selected by this algorithm in the threshold segmentation is:

Th=u+Kxo 3)

where o represents the standard deviation of the image after top-hat filtering, u represents the
pixel average value of the image after filtering, and K represents the segmentation coefficient.

If the maximum pixel value can be segmented as Kj;;, the expression calculated at this
time is the formula shown below:

_ max(f(x,y)) —p
Ky = = 4)

where f(x,y) is the pixel in the filtered image.

If it can only segment the average value of non-zero pixels in the filtered image, at this
time K is recorded as Kjyeqn, and the expression calculating Kiyeq, at this time is shown in
the formula.

Kean = "IN M ) 20 ©)
For mean(f (x,y)), it is:
0 < mean(f(x,y)) < max(f(x,y)) ®)
max(f(x,y)) < mean(f(x,y)) +max(f(x,y)) <2 x max(f(x,y)) @)
Therefore:
7 — mean(f(x,y)) +max(f(x,y)) ®)
2

Th is a value between half of the maximum pixel and the maximum pixel and can be
adaptively adjusted according to the complexity of the image.

Because the background is relatively simple, it is easier to distinguish the real target
after top-hat filtering compared to the image with a complex background. Therefore,
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when selecting the suspected target area, the number of suspected targets in the complex
background image should be larger than that in the simple background image because the
number of non-zero pixels in the image after the top-hat filtering of the complex background
image is much larger than that of the simple background image. Therefore, the mean of
the non-zero pixels in Equation (5) after complex image filtering is close to the mean value
of all the pixels, while the mean of the non-zero pixels after the filtering of the image in a
simple background is much larger than the mean value of all the pixels, achieving the effect
of adaptive threshold segmentation according to the complexity of the image. Therefore,
the final threshold segmentation coefficient is

K — Km +2Kmean (9)

After the segmentation coefficients are calculated, threshold segmentation is per-
formed on the filtered image according to Equation (9).

[0 iff(xy) = Th
flx,y) = { folx,y) iffo(x,y) > Th } (10)

After threshold segmentation, a grayscale image containing the real target and the
suspected target is obtained, and then, the suspected target is eliminated, and the position
of the real target is determined through multi-feature fuzzy decision-making.

2.3. Multi-Feature Fuzzy Decision-Making

In the infrared image, the difference between the target, the background and the edge
is obvious in different features. Usually, small infrared targets are generally in the form of
circular patches or dots, showing the characteristics of high central pixels and radiating to the
surroundings, similarly to the two-dimensional Gaussian function. The difference between
adjacent pixels in the background area is usually small, or the pixels in the edge area change
greatly along a certain direction. The noise often appears as an isolated bright spot without
the feature of spreading around, which is quite different from the target. Relying on the above
feature differences, after the original image is subjected to top-hat filtering and threshold
segmentation to obtain the saliency map of the suspected target, this paper performs the fuzzy
decision through multi-feature extraction to determine the target position.

First, the suspected target area in the suspected target saliency map is extracted. As
the number of pixels in the suspected target area is affected by the target size, this paper
adaptively selects the feature extraction window size according to the size of the suspected
target area in the salient image after threshold segmentation. Then, according to the physical
characteristics of the target, the existing algorithm is cited and improved to calculate the
multiple feature values of the suspected area, including the filtered pixel maximum value,
the central pixel contrast, the regional gradient, and the sum of the directional gradients of
the window.

2.3.1. Maximum Pixel Value after Filtering

After the image is filtered by top-hat filtering, the larger the value of the pixel, the
greater the probability of belonging to the target area; so, the maximum value of each
suspected target window is processed to obtain ;.

I = max{f(x,y)}| (f(x,y) € D})(j = 0,1,2...n) a1

In the formula, D; is the jth suspected target area, f(x,y) is the pixel value of the pixel
in the area, and 7 is the total number of suspected target areas.

2.3.2. Sum of Orientation Gradients

According to the characteristic that the central image of the target has a high value and
radiates around, this paper proposes the feature calculation of the sum of the directional
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gradients. The window is divided into the 8 directions of {0°, 45°,90°, ..., 360°}, and the
gradient of each direction of the window is calculated separately. Taking a 5 x 5 window
as an example, the sum of the directional gradient L; expressed as

Li- =8x fo(x,y) =) fo(x,y),, (0 =0°,45%...360°) (12)

In the formula, L; represents the directional gradient sum of the jth window, fy(x,y)
represents the pixel value in the center of the window, and fy(x,) nax represents the pixel
value of the pixel furthest from the center point in the window in the direction of 0, as
shown in Figure 3a.

-1 -1 -1
-1 -1 -1
-1]-1]-1
-1 8 -1
alg = -1 8 -1
-1]-1]-1
-1 -1 -1
-1 -1 -1

Channel 1: Channel 2: Channel 3:
Lean right Lean left Vertical Horizontal

(b)

Figure 3. (a) Directional gradient calculation diagram; (b) four regional gradient channels.

Channel 4:

2.3.3. Center Pixel Contrast

The local contrast algorithm utilizes the characteristics of the target surrounded by the
background. By calculating the ratio of the central high-pixel area to the surrounding low-
pixel area surrounding the background, the target area is highlighted, and the background
area is suppressed. Inspired by the local contrast, this paper proposes the central pixel
contrast. The specific expression is:

—~

2
Q] — fO x/.]/) (13)

]

 £i(x,y)
1

M=z

1
Nj_li

where fy(x,y) represents the pixel value in the center of the window, N; represents the
number of pixels in the jth window, and f;/(x,) represents the pixel size of a pixel in the

window. So,1/(Nj —1) Zf\[:j] fi (x,y) represents the pixel average of the window, excluding
the center point.

2.3.4. Regional Gradient

In the suspected target area, there is a background edge area with a high pixel value,
and this area has the characteristic of having a large difference between the pixels on both
sides of the edge, such as the edge of the cloud layer, the junction of the sea surface and the
sky, etc. Figure 4 lists the background edge areas of several suspected targets, including the
junction area between the ground and vegetation, the junction area between vegetation and
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rocks, and the junction area between the sky and clouds. These boundaries are obviously
different from the Beijing pixels on both sides. They are usually wrongly detected as targets
in detection, resulting in a high false alarm rate.

Figure 4. Edge areas in infrared images are displayed in red circle.

In this paper, the region gradient is used to eliminate the interference caused by the
edge region to the target detection. As the edge distribution presents three situations:
horizontal, vertical, and inclined, this paper calculates the regional gradient from the four
channels, respectively. Taking the 5 x 5 window as an example, the schematic diagram of
the algorithm is shown in Figure 3b.

Figure 3 shows the four channels of the inclined area, the vertical area, and the
horizontal area, respectively. The calculation expression of the area gradient is

' gf(x,y) —gf(x,y)
Wi = N

(i=1,2,3,4) (14)

In the formula, W]?' represents the regional gradient of the jth channel of the ith suspected
target window, D, and D), represent the pixels of the red area and the blue area, respectively,
and N is the number of pixels in the blue area or the red area.

The regional gradient expression of the jth suspected window Wi is:

Wi = !
=
max{W;l, W2, W;3, Wi* }

(15)

The 4 groups of feature sequences obtained by the above algorithm are formed into a

feature matrix R:
I, I5... 0

Ly, Lo Ls... L
Q1,Q2,Q3...Qj
Wy, Wa, Ws ... W;

R= (16)

2.3.5. Nonlinear Fuzzy Decision

According to the established eigenmatrix, this paper designs a method of process-
ing eigenvalues through a nonlinear algorithm to establish a fuzzy relation matrix. The
algorithm is specifically expressed as:

) j
0 lfRij_'}’gRij<O
Uy = P = (17)
! Rj—1 3 R;j)/1
( =7 ); 1]) I r ij L1
Rjj xe n=1 1 if Rj ]2R1]>0
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The nonlinear algorithm can omit the normalization step and eliminate the area with
eigenvalues smaller than the mean value in the suspected target area through constraints.
Finally, the fuzzy relationship matrix is obtained.

Uqp, Upp, Uss . .. ul]'
uzl, U22, U23 cee UZJ
Uz, Usp, Usz . .. Us;
Uy, Ugp, Uys . .. U4]'

U= (18)

After the fuzzy relationship matrix is established, the weight vector is established
by analyzing the influence of each eigenvector in determining the real target. This paper
designs a method to determine the weight vector through the intra-class spacing. First,
the eigenvectors of each group are normalized, and secondly, for eigenvectors with large
intra-class spacing, in order to effectively eliminate the suspected target area, a larger
weight should be selected. For a certain eigenvector, the expression for calculating the
intra-class distance is:

P2(0) = %%cﬂ(x(” x\) (19)
l NiNikzll:l ko

where (); represents the feature vector of the ith group, and N; is the number of elements
in the vector.
Then, obtain the weight vector A

A = [d*(On),d* (D), d*(Q3), d*(Q4))] (20)

Multiply A and U to obtain the fuzzy decision probability matrix, as shown in Equation (18);
select the suspected window corresponding to the maximum decision probability of being judged
as the real target area, as shown in Equation (19).

B=A-U= [by,by,b3...b] (21)

breqr = max{by, by, b3 ...} (22)

Firstly, compared with other feature fusion algorithms, due to the large difference
in the value of each group of eigenvalues and the unknown distance between the values,
other algorithms cannot reasonably determine the weight of each group of eigenvalues,
which affects the determination of the target. Secondly, for each group of eigenvalue index
operations, the smaller eigenvalue is effectively suppressed, and the larger eigenvalue
is highlighted, which is more conducive to target determination. At the same time, the
normalization operation is omitted. Thirdly, the nonlinear fuzzy decision effectively filters
out the suspected region with a low eigenvalue, which reasonably saves the operation time
compared with other algorithms.

Finally, the effectiveness of the algorithm for different regions of the image is discussed.

(1) For a more uniform and simple background, top-hat filtering can suppress the back-
ground and enhance the target.

(2) For bright noise, the center pixel contrast can effectively suppress it and further
enhance the target.

(38) For complex edge areas, the regional gradient can effectively suppress them, and the
contrast of the center pixel can also suppress some edges.

(4) For the target, all four features can enhance it.

Therefore, it is effective to combine top-hat filtering with multi-feature fuzzy decision-making.

3. Experimental Results and Discussions

In this section, in order to verify the effectiveness of the algorithm proposed in this
paper, five complex scenes with different target sizes are selected for target detection. These
datasets come from the datasets used in the target detection algorithms commonly used
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in the references. The detailed parameters of the dataset are shown in Table 1. The test
platform of the algorithm in this paper is equipped with a Core i7. -11800H laptop with
16 GB memory, the manufacturer is DELL, and the country of origin of the equipment is
the United States, and the test software is MATLAB 2019b. Figure 5a shows single-frame
images of each sequence.

Table 1. Five sets of infrared image sequence dataset parameters.

Resolution Target Size Scenes Description Number
Group 1 512 x 640 7x7 Strong edge interference 100
Group 2 200 x 250 3x3 Complex background interference 80
Group 3 256 x 256 4x3 Strong noise interference 100
Group 4 256 x 256 2x1 Strong noise and edge interference 50
Group 5 256 x 256 2x3 Strong noise interference 80

This paper compares several commonly used infrared target detection algorithms,
including: the classic top-hat [9], MLCM [12], MPCM [14], and DLCM [16]. Among these,
the top-hat algorithm can highlight the effect of the multi-feature fuzzy decision-making
algorithm in this paper. The LCM and MLCM are the classic target detection algorithms,
and the DLCM is the current infrared weak and small target detection algorithm with
excellent performance.

This paper selects background suppression factor (BSF), signal to clutter ratio gain
(SCRG), receiver operating curve (ROC), and the running time to compare and evaluate the
performance of different algorithms. BSF can reflect the ability of the algorithm to suppress
the background; the specific expression is:

BSF = 0;, / Oout (23)

where 0, and 7, represent the standard deviation of the gray value of the background in
the original image and the output image, respectively.
The SCRG is used to evaluate the ability of the algorithm to enhance the target, and
the specific expression is:
SCRG = SCRut/SCRyy (24)

SCR =|pt — pp|/ oy (25)

In the formula, SCR;, and SCR,y; represent the SCR of the original image and the
output image, respectively, and SCR represents the signal-to-noise ratio of the image, which
reflects the salience of the target.

For an image processed by a certain algorithm, the larger the value of the SCRG, the
better the enhancement effect of the algorithm on the target and the larger the value of BSF,
the stronger the ability of the algorithm to suppress the background.

In order to test the performance of the algorithm proposed in this paper, Figure 5a—f
lists the detection results of five algorithms, such as the top-hat and MLCM, for the same
frame image of each sequence in turn. The signal-to-noise ratio is an important indicator
of image quality. The signal-to-noise ratio is the ratio of the mean value of the signal
to the standard deviation of the background. Therefore, the higher the SNR, the more
obvious the target is. From Figure 5, we can see that the traditional top-hat algorithm
only considers the expansion and erosion of adjacent pixels; the ability to suppress the
background edge is poor, and the noise in the image cannot be effectively eliminated. The
MLCM algorithm also has a weak ability to suppress the edge background, and the plaque
effect is obvious. The signal-to-noise ratio of the images processed by these two algorithms
is not very effective. The MPCM adds the feature of a directional gradient, on the basis of
the MLCM, to improve the algorithm’s suppression of edges, but it is easily disturbed by
noise and brighter areas in complex backgrounds. The DLCM has improved the detection
performance, but the detection rate of small targets with a pixel size below 3 3 is still not
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high in the highly complex background; in addition, it is easy to misjudge the brighter
areas in the background as the target. The MPCM and DLCM significantly improve the
signal-to-noise ratio of images by enhancing the suppression of the edges and clutter in
the background, but significant noise can still be observed in Figure 5. On the basis of
top-hat filtering, the algorithm proposed in this paper eliminates the suspected targets in
the image through threshold segmentation and fuzzy decision, selects the most suitable
suspected targets, and eliminates the background clutter in the image. The obtained image
has a higher signal-to-noise ratio than the existing algorithm.

In order to compare the detection effects more intuitively, the article lists the 3D images
of the detection results of sequence 4, as shown in Figure 6. The 3D images take the image
length and width as the X-axis and Y-axis, respectively, and the pixels as the Z-axis. As
shown in Figure 6, after the classic top-hat operator and MLCM are processed, there is still
a lot of clutter, and it is difficult to segment the target even by threshold segmentation. The
selection range of the segmentation coefficient K is required to be more precise. The MPCM
and DLCM algorithms filter out most of the clutter in the background, but they are still
sensitive to some noise areas, and the false alarm rate is high.

Table 2 lists the combined SCRG and BSF of the images processed by the five algo-
rithms, including the top-hat and MLCM. It can be seen from the BSF and SCRG calculation
results of the different algorithms that the traditional algorithms such as the top-hat and
LCM are weak in suppressing complex backgrounds and are more sensitive to interference
such as clutter, resulting in smaller a BSF and SCRG of the processed images. Compared
with the traditional algorithms, the improved algorithms such as the DLCM have greatly
improved BSF and SCRG in simple background image processing, but for complex high-
noise scenes, the performance improvement is small. The algorithm in this paper performs
multi-feature extraction on the basis of the top-hat and selects the correct target after effec-
tively eliminating the suspected target window. Compared with the existing algorithms,
the BSF and SCRG of the proposed algorithm are significantly improved. In particular,
when the SCRG in the table is Inf (infinity) it means that the clutter around the target is
completely eliminated.

The real-time performance of the algorithm is another important indicator to measure
the detection performance of the algorithm. In order to test the real-time performance of
the algorithm proposed in this paper, the comparison algorithm and the algorithm in this
paper are used to process 20 frames of images randomly selected from each sequence, and
the average time used by each algorithm is calculated. The test results are shown in Table 3.
It can be seen from Table 3 that the classic top-hat operator has the fastest detection speed,
the MLCM and MPCM have the longest processing time, and the DLCM is faster than the
MLCM. The algorithm proposed in this paper selects the suspected window for feature
calculation based on the top-hat operator with the shortest time. Top-hat filtering enhances
the target and suppresses the background by expanding and eroding the image. It is fast
because it uses single-window filtering. The MLCM and MPCM algorithms filter images
through multi-scale windows, which greatly increases the processing time. On the basis
of the MLCM, the DLCM saves multi-scale windows; so, its speed is improved, but at the
same time, the window size is increased, and the processing time is longer than that of the
top-hat. On the basis of the top-hat filtering with the shortest time, the algorithm in this
paper selects an adaptive number of suspected windows for processing and only extracts
features from the suspected window area, reducing the calculation parameters and thus
effectively improving the processing speed.

As a commonly used evaluation index for comparing the performance of target detec-
tion algorithms, the ROC curve can intuitively show the detection rate and false alarm rate
of different algorithms. The false positive rate (FPR) is defined as the ratio of the number of
detected false targets and the total number of pixels in the whole image; the true positive
rate (TPR) is defined as the ratio of the number of detected true targets and the total number
of real targets. The horizontal axis of the ROC curve is the false alarm rate of the target, and
the vertical axis is the detection rate of the target. The larger the area enclosed by the curve
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and the horizontal axis, the better the performance of the algorithm. Figure 7a—e includes
the ROC curves of sequences 1 to 5 processed by the five algorithms.

Groupl Group2 Group3 Group4 Groupb

T

(a) Original image

(b) Result of top-hat processing

(c) Result of MLCM
(d) Result of MPCM
(e) Result of DLCM

(f) Result of proposed algorithm

Figure 5. (a) Original image; (b) result after top-hat processing; (c) result after MLCM processing;
(d) result after MPCM processing; (e) result after DLCM processing; (f) result after algorithm process-
ing in this paper. Red squares and blue circles represent targets and clutter respectively.
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Figure 6. Three-dimensional chart of detection result. (a) 3-D image of original image. (b) 3-D image of
result of Top-Hat. (c) 3-D image of result of MLCM. (d) 3-D image of result of MPCM. (e) 3-D image of

result of DLCM. (f) 3-D image of result of Proposed.

Table 2. BSF and SCRG of different algorithms.

BSF
Groupl Group2 Group3 Group4 Group5
Top-Hat 6.6029 0.4539 0.2184 0.4471 0.0415
MLCM 11.3216 2.4539 2.5887 1.6697 0.8261
MPCM 14.5995 4.1474 2.8635 14.7753 1.4810
DLCM 43.0103 38.3342 48.6835 25.9559 2.3942
Proposed 124.9370 86.1305 113.9134 38.9257 16.0827
SCRG
Groupl Group2 Group3 Group4 Group5
Top-Hat 4.4733 1.2706 0.3678 0.1022 0.3383
MLCM 12.0531 5.0796 3.8197 1.1821 1.1743
MPCM 10.3466 16.3293 2.7655 4.1563 1.7970
DLCM 58.0185 Inf 87.2476 13.7590 23.3038
Proposed Inf Inf 175.4612 48.2194 71.1720
Table 3. Real-time performance evaluation parameters (units: s).
Groups Image Resolution Top-Hat MLCM MPCM DLCM Proposed
Group 1 512 x 640 0.002523 0.166741 0.189739 0.211012 0.059314
Group 2 200 x 250 0.001328 0.057679 0.070651 0.061638 0.060824
Group 3 256 x 256 0.001187 0.061960 0.062146 0.070349 0.045858
Group 4 256 x 256 0.001238 0.062114 0.061871 0.067620 0.069425
Group 5 256 x 256 0.001468 0.070652 0.067944 0.069628 0.052984

In Figure 7, it can be seen that the false alarm rate and the detection rate of the
classic top-hat operator and the MLCM algorithm are poor in the detection of the complex
background images in sequences 1-5; the algorithms have a lower TPR of the curves, and
with the increase in TPR, the FPR of the algorithm also increases accordingly, which is
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mainly due to the noise, and the areas with higher gray values, such as edge areas, are
more sensitive. From the curve, we can find that the performance of the MPCM and DLCM
is improved compared with the MLCM, especially for the relatively simple backgrounds of
sequence 2 and sequence 5. However, for sequences 3 and 4, with complex background and
noise effects, it can be seen that due to the interference of background clutter or noise, when
the TPR is high, some of the existing clutter cannot be eliminated, resulting in a high FPR.
Apart from the other sequences of sequence 4, the algorithm in this paper has correctly
detected the target area and effectively removed the background clutter. Therefore, the
curve is as shown in the figure, and the TPR is 1. In addition, no false detection is caused by
clutter interference; so, the FPR is 0. For sequence 4, with a complex background and more
noise and clutter interference, it can be seen from the curve in Figure 7d that the detection
rate of the existing algorithms is very low due to the false detection of noise points as
targets. Compared with the existing algorithms, the detection rate of this algorithm has
been significantly improved, and when the TPR is high, the FPR is significantly reduced.

(a) Groupl ROC curve
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Figure 7. (a) ROC curve of sequence 1 after algorithm processing; (b) ROC curve of sequence 2 after
algorithm processing; (¢) ROC curve of sequence 3 after algorithm processing; (d) ROC curve of
sequence 4 after algorithm processing; () ROC curve of sequence 5 after algorithm processing.

4. Conclusions

In this paper, with the aim of improving the traditional top-hat operator to predict the
suspected target area, fuzzy decision-making is incorporated to determine the suspected
target. The multi-structural element top-hat operator filters the original image and extracts
the suspected target area through threshold segmentation. Due to the integration of
multiple feature extraction algorithms, this paper defines an adaptive calculation method
for the segmentation coefficients. Compared with the randomness and ambiguity of
the selection of the segmentation coefficients in the existing algorithms, the operation of
parameter adjustment is omitted. The feature extraction algorithm is designed based on the
physical characteristics of infrared weak and small targets, and the multi-feature extraction
of the filtered image improves the anti-interference ability of the algorithm against the
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background and noise. For the extracted feature results, this paper designs a nonlinear
algorithm to construct the fuzzy matrix. The experimental test results and evaluation
results demonstrate that the proposed algorithm has obvious advantages in its detection
performance compared with the existing algorithms. However, as the suspected window
with the largest decision probability is selected as the real target, it is less applicable when
there are multiple targets in the image.
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