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LSS-Target (the Low altitude, Slow speed and Small Target) is likely to be a threat
to the observation platform, thus infrared LSS-Target detection is an urgent task. LSS-
Target is a challenging issue due to the low Signal-to-Noise Ratio (SNR) and sophis-
ticated background. Motivated by the analysis of infrared imaging characteristics, this
paper proposes a novel fusion method for IR LSS-Target detection with complex urban
background, which is suitable for precise guidance and self defense. First, an adap-
tive threshold segmentation based on accumulative histogram and maximum likelihood
estimation are utilized to eliminate the clutter and improve SNR of the initial image.
Second, a template is set up to identify the seed points in the image. Third, a con-
strained four criteria region growth algorithm is performed to separate the entire regions.
Finally, the confidence measure is constructed, which can eliminate false targets and
the background edges. Experimental results show that the method in this paper can
screen out the real LSS-Target in real time with high accuracy under sophisticated
background.

Keywords: Adaptive threshold segmentation; region growth; small target detection.

AMS Subject Classification: 22E46, 53C35, 57520

1. Introduction

LSS-Target (the Low altitude, Slow speed and Small Target) is an aircraft or a
floating object at a flight height lower than 2000 m and a speed less than 200 km/h.
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As representatives, small aircraft, UAVS and aviation models develop fast in recent
years. LSS-Target detection is widely used in searching, tracking and surveillance
systems, consequently it is very important and urgent to detect the LSS-Target
effectively in real time.

Many algorithms related to LSS-Target detection have been put forward in
recent years, which can be grossly classified into two groups: single frame detection
and sequential frames detection. Single frame detection finds targets without inter-
frame prediction and compensation, which is of great concern in defense system. Yu
et al. designed a Gaussian kernel to suppress the random noise and performed the
region growth to filter out the large regions.™ Fan et al. used morphology operators
and correlation filter to extract characteristic vectors of small target® Besides, par-
ticle filter ™ median filter 2 matched filter ™2 wavelet transformation™ and Partial
Differential Equation (PDE}*® are commonly used in single frame detection. These
algorithms can remove noises and enhance the contrast of image. However, they are
not applicable to the complex urban area.

Sequential frames detection requires prior information and is able to pro-
cess images with more complex background. Visual Background Extractor (ViBe)
described by Barnich and Droogenbroeck is able to detect the LSS-Target in a
static scene. ViBe can be initialized with a single frame, which is free of pause
for the subsequent detection® Nie et al. proposed a method, which models back-
ground after analyzing the image properties and detects the moving dim targets
by Multi-level Hypothesis Testing (MHT) I Zhang et al. proposed a method based
on Three-Fame Difference, which can perform real-time detection but with high
false alarm rate™® Guariglia analyzed the entropies of Shannon, Rnyi and Kol-
mogorov® as well as Weierstrass-Mandelbrot Function? and computed fractional
derivative of the Riemann zeta function, which is applicable and effective in IR
image processing 719

In order to detect LSS-targets under dynamic and homogeneous background in
real time, a novel fusion detection method with high accuracy is proposed in this
paper. First, adaptive threshold segmentation based on accumulative histogram
and maximum likelihood estimate are used to eliminate the clutter and improve the
Signal-to-Noise Ratio (SNR). Second, a template is set up to identify the seed point
in the image. Third, a constrained four criteria region growth algorithm is performed
to separate regions. Finally, a small round target filter is constructed, which can
eliminate false target and the background edges. Experimental results show that
the performance of our method is better than Visual Background Extractor and
Three Frame Difference method.

This paper includes the following structure and main contents: the first part is
an introduction of the current research status. In Sec. [, we analyze the features
of LSS-Target. In Sec. Bl a detailed description about our method is given. The
experimental results are provided in Sec. ll Finally, we summarize the paper in the
last section.
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2. Features of LSS-Target

Due to the effects of atmospheric thermal noise, long distance transmission and noise
of detection devices, LSS-Target usually exhibits the following three characteristics:

e The target spans a few pixels in the image, and the shape is similar to the point
target;

e The SNR of the image under the remote camera is not high, and the target is
usually hidden in the background;

e There are complex background such as buildings, woods and white cloud, which
is conducive to ineffective detection of target.

The difficulties of small target detection are as follows:

e The lack of prior information of the background;

e Low SNR of the image makes it not easy to distinguish the background, the
targets and the noises;

e The target may disappear from the background intermittently, which is difficult
to predict;

e The lack of shape and texture features.

The infrared characteristics of LSS-Target are mainly the radiation caused by
aerodynamic heating. When the target is moving, the surface of the target is heated
by friction with the air, and the temperature of the target surface Ts can be calcu-
lated as follows:

Ts = To(1 +0.16M?), (2.1)

where Tp is the atmospheric temperature, and M is the Mach number, which is
corresponding to the target velocity.

The Plank blackbody radiation law reveals the law of the black body radiation
energy in terms of wavelength and temperature, and its mathematical expressions
are as follows:

C1 1
) = L. _ 2.2
WB()‘7 ) A5 (BCQ/AT — 1)’ ( )
- C1 1 - WB()\,T)
Ip(\,T) = N (e T 1) - ) (2.3)

where Wi (A, T) is the blackbody spectral irradiance, A is the wavelength, T is the
thermodynamic temperature of the blackbody radiation, the first radiation constant
c1 = 3.742 x 105 W - m~2, the second radiation constant c; = 1.4388 x 1072'W -
K, Ig(\,T) is the spectral emissivity of the blackbody, which is the intensity of
radiation emitted per unit area, unit time, and unit wavelength.

Assuming that the ambient temperature is 10°C and the target flight velocity
is 0 — 2.5Ma, the spectral spectrum can be calculated by the formula Eqs. (21I)-
(Z3) and the peak wavelength is 6-10 pm.The peak wavelength of sky background
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[ ] target

Fig. 1. Features of LSS-Target. (a) Original IR image. (b) Stretched image. (¢) 3D-mesh view of
the original image. (d) 3D-mesh view of the stretched image.

brightness during the day time is from 3 ym to 5 um, and peak wavelength of sky
background at night from 8 um to 12 um. So the temperature difference between
background and target is relatively small, the gray value of the infrared image is
low and concentrated. The energy distribution is shown in Fig.[l(a). A general IR

image is modeled as Eq. (ZZ)4
F(z,y) =T(z,y) + B(x,y) + N(z,y), (2.4)

where T'(x,y) represents the target, B(z,y) and N(z,y) represent the background
clutter and the noise, respectively.

The original image is a 16-bit gray scale image with a low contrast. It is quite
impossible to find the target from the original image. In order to analyze the char-
acteristic of the LSS-Target in the image, it is necessary to stretch 16-bit image
into 8-bit image, and the formula is as follows:

s=T(r), (2.5)

255 x (r — min)

() (max — min)

: (2.6)
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where r is the gray value before transformation, and s is the gray value after trans-
formation. Max is the maximum gray level in the image, and min is the minimum.
The result is shown in Fig. (b).

From the results, it can be concluded that the gray values of the sky background
and the urban area could be considered well-distributed, and the gray value of the
urban area is larger than that of the sky background. What’s more, the gray value
of LSS-Target is between urban background and sky background.

3. Detection Algorithm

First of all, this paper uses double Gauss function to fit statistic histogram. Maxi-
mum likelihood estimation (MLE) is presented and used to calculate the threshold
value and to extract the region of interest (ROI). Second, local maxima method
is proposed to find pixels that belong to possible LSS-Target. Next, we perform
the constrained four criteria region growth to filter out the large areas of clutter.
Finally, we construct the confidence measure to screen out the real target from the
candidate targets. Figure[@ is the flow chart of proposed method.

3.1. The choice of ROI based on MLFE and histogram statistic

Under normal conditions, image with complex background always has different
intensity distributions. Thus, to find the target, an effective and adaptive division
method is needed.

The cumulative histogram represents the cumulative probability distribution of
the image components at the gray level. Each value represents the probability of
being less than or equal to the gray value. Consider the cumulative images histogram
is a discrete function and the gray level is from 1 to L — 1:

H(sg)=mn(k) k=0,1,...,L—1, (3.1)
H(s
P(si) = (5k) k=0,1,...,L—1, (3.2)
n
Statistic histogram
) Gauss function fitting Local maxima
IR image Confidence |Real target
_—> : —>! _ ; _ e _—>
Maximum likelihood Four criteria region measure
estimate growth
Extract the ROI

Fig. 2. Flow chart of proposed detection method.
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Fig. 3. Histogram of original IR image.

where n is the total pixels of the image and sy is the value of gray level k. n(k)
is total pixels of si and P(sg) is the occurrence probability estimation of the gray
level s;..

Normally, for the images with many targets and a complex background has
a multi-modal histogram. Histograms can be viewed as a superposition of multi-
Gaussian distributions, for decomposition of multi-Gaussian can fit the multi-modal
characteristics of histogram. The histogram of the original IR image is shown in
Fig.[Bl In this paper, double Gauss function is used to fit the histogram.

F(@) = a1 - exp l— (x ;1”1)2 +ag - exp l_ (x ;2”2)21 , (3.3)

where aq, b1, ¢1, as, by and ¢ are undetermined parameters. MLE is first proposed
by C. F. Gauss in 1922, which can compute the probability density of the discrete
random variables. In this paper, MLE is used to compute the unknown parameter
of double Gauss function. Likelihood function L is as follows:

+ay - exp [-(”E bQ)T}. (3.4)

L(a17b17cl7a27b2762)

n { [ <nk_b1>2
= H ap - exp| —
c1
k=1

Taking logarithm

In L(ai, by, c1,a2,b2,c2)

- ;:1 {lna1 . exp l— (”kc_l b1>2 +ay-exp l—(”’“cg br")j}. (3.5)
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Solve the partial derivative of In L with respect to a1, b1, c¢1, as, bs and ¢y, make
them equal to zero, then we get
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General model Gauss2:
fix) = alwexpi- ((x-bl)/cl)"2) + awexp (- ((x-b2)/c2)"2)
Coefficients (with 95% confidence bounds):
al = 3378 (3389, 3382)
bl 3.275et04  (3.275et04, 3.275et04)
29.91 (29.84 29.98)

ad 376.8 (3744 379.1)
b2 3.202e+04  (3.292e+04, 3.293et04)
2 = 199.5 (197.8, 201.2)

Goodness of fit:
SSE: 1.583e+07
B-square: 0.9708
Adjusted B-square: 0.9708
BMSE: 15.54

(a) (b)

Fig. 4. Fitting results. (a) Curve of double Gaussian fitting. (b) Result of parameters.

where a1, b1, ¢1, az, ba and ¢y are the solutions of Eqs. (B1]), (B6) and (Z1). The
fitting results of Fig. Bl are shown in Fig. [ According to Eq. (38)), @, the trough
of the double Gaussian function as well as the threshold to extract the ROI of the
image, can be obtained. Equation (B3) is used to extract the ROI in the image.

OL(x) B
oz |,_o =0
i 2E@) _ (3.8)
r—Qt ox
. OL(xz)
[ f(=y), g(xy) <Q,
9l@y) = {0, 9(z,y) > Q, (39)

where f(z,y) is the gray value of the original image at (z,y), and g(x,y) is the
image after the preprocess.

3.2. Marking the seed points

The local energy of LSS-Target is aggregated, so the gray value of the pixel at
the target always exhibits local maxima characteristics in the neighboring region.
Thus, it is useful to perform a local maxima detection to mark seed points which
may belong to a possible target. The local maxima detection can be performed by
a T x T averaging template. The current point whose gray value is considerably
higher than the average gray value of the neighbors in the template is marked as
local maxima. Given a gray image f, the gray value of seed point p(z,y) is f(z,y),
then the local maxima image of g is calculated as following;:

3.3. Constrained four criteria region growth

Region growth is a normal step in target detection. Region growing is a method of
combining pixels or sub regions into larger regions based on the predefined growth
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Algorithm 1 Local Maxima Algorithm

Step 1: Setting T'x T' window to traverse the entire image, as shown in Fig. B. The
length of step is one.
Step 2: Calculate the mean of pixels in the 7' x T" window with Eq. (B3I0):

1 1
median = le SS fig). (3.10)

i=—1j=—1

Step 3: As shown in Eq. (3:11)), comparing the difference between the mean values
and the gray values of the pixels in the window. If the difference is beyond the
threshold, then mark it as a seed point.

oe.y) = {p(x,y), if f(z,y) — median < «, (3.11)

0, if f(x,y) — median > o,

where « is a threshold to evaluate how salient the LSS-Target is, compared to the
background in the neighborhood, which is 10 in our case. The width of window T’
is 3 in our case. Some of the local maxima belong to small targets, but others may
belong to the edges of background, which should be eliminated.

criteria. The basic processing method starts with a set of seed points to form the
growth regions and the predefined attributed the neighborhood pixels are attached
to each seed (such as the specified gray level or color). In order to get a suitable
region growth result of the specific target detection, this paper proposed a con-
strained four criteria region growth method. The local maxima are considered to
be the seeds to perform the region growth, and the region growth is performed
according to the following steps:

[ |
1 —

> =WH1

i

1.
T[]
|

L
a,|a, | a, mi
a,| 45| g
. ll. il
a,| g | Q, ) -... (W.H)

(a) (b)

Fig. 5. (a) 3 x 3 template window. (b) The way of traversing the entire image.
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Fig. 6. Growth method. (a) Eight neighborhood. (b) Diagonal neighborhood. (c) Four
neighborhood.

Algorithm 2 Four Criteria Region Growth Algorithm

Step 1: Traverse the entire image. When seed points are detected, set the eight
neighborhood of the seed points as the region of interest. The gray value of the seed
point is 3 and region of interest R = { Ry, Ra, R3, R4, Rs, Rg, R7, Rs, Ry}, as shown
in Fig. Bla).

Step 2: Calculate the maximum of the gray value in the eight neighborhood with
the seed point as the center (Rupax), Rmax = {R1, R2, R3, R4, R5, R¢, R7, Rs }.
Step 3: Search the four neighborhood (R,,) of the seed point in turn, R,, =
{R1, R3, R5, R}, as shown in Fig. Bl(c). P € R,,, if p < Rmax and |p— 3| < 7,
set P as the seed point. If p = Ryax and |p — 8] < 72, set P as the seed point and
update gray value (3) with the maximum value (Rpax)-

Step 4: Search the seed point (R,,) in the eight domain except four points in the
four neighborhood, as shown in Fig. B(b), R,, = {Ra2, R4, R, Rs}. P € R,,, if
P < Rmax and |p — 8] < 73, set P as the seed point. If p = Ryax and |[p — (| < 74,
set P as the seed point and update gray value (3) with the maximum value (Ryax)-
Step 5: Repeat steps 2-4 until all of the seed points are processed, where 7, =
30,79 = 35,73 = 20,74 = 25.

3.4. Confidence measure of candidate targets

For LSS-Target detection, it is expected to have a high detection rate and low false
alarm rate. However, algorithm mentioned above can remove large areas of complex
background clutter, there are still many edge areas and false targets that cannot
be removed. In this paper, confidence measure is introduced to achieve the target
detection.

Amplified LSS-Target is shown in Fig. [, the area around the target is approx-
imately the circular. The gray value of the target in the image increases first and
decreases later, as shown in Fig. Rl Pixels change around the target and all sides
have a gradient, as shown in Fig. [
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Fig. 7. Amplified target.
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Fig. 8. 3D-mesh view of the amplified target.
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Fig. 8. (Continued)

Datection

Fig. 9. Sketch map of gradient variety.

The confidence C'(A;) takes the form
C(A;) = C1(A;) x Ca(A;) x C3(A;) x Cy(A;) x C5(Ai) x Ce(Ay),  (3.12)

where C7 shows the weight confidence

0, ifw <,
Ci(4;) = ) (3.13)
1, ifw >,
where w is the weight of candidate targets, Cy shows the height confidence
0, if h <o,
Co(A;) = nhs (3.14)
1, if h > 9,
where h is the height of candidate targets, Cs shows the contour length confidence
0, if L <~s,
Cs(4y) = Bss (3.15)
1, if L > s,
where L is the contour length of candidate targets, Cy shows the area confidence
0, if S <y,
Cu(A) = rosm (3.16)
17 if S > Y4,
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where S is the area of candidate targets, C5 shows the curvature confidence

Cs(4) = 22, (3.17)
OR
1 k—1
k=0
IRS — 2
OR = EZ (@ yi) — (&, 9 — gl (3.19)
k=0
Fo 1 oo y:l oy S= > 1 (3.20)
S ) S ) )
(z,y)ER (z,y)ER (z,y)ER

where pp is the average distance from the center of the candidate region to the
boundary of the candidate region. o is the mean square deviation from the center
of the candidate region to the boundary of the candidate region. Curvature confi-
dence is monotonically increasing and approaches infinity, which is unaffected by
regional translation, rotation and scale transformation where Cs shows the intensity
confidence
1

1 — e M(ma—pa;)’

Co(A;) = (3.21)

where p 4 is the mean gray value of image, p4, is the mean gray value of candidate
target. The intensity confidence of LSS-Target is close to 1. 73 = v = 5,73 =
16,v4 = 3 in this case.

4. Experimental Results and Analysis

In this experiment, we use an infrared camera to capture the .avi video file with
LSS-Target and urban area. The whole image frames number is 1000 and the pixels
of the frame is 640 x 512. The real target is 3km away from the imaging system.
The experiments were conducted on Microsoft Visual Studio 2010 software with a
3.2 GHZ Intel processor.

Fig. 10. The original 16-bit image.
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Fig. 11. The results of adaptive threshold segmentation.

Fig. 12. The results of four criteria region growth.

Fig. 13. Detection results. (Red points are the real target) (Color online).

The original image shown in Fig. Figure gives the detection results for
the infrared image by using the histogram statistic and the maximum likelihood
estimation. We can note that the fusion method can extract the target and the
urban area clearly.

Figure has presented the results of the local maxima and the constrained
four criteria region growth. We can see from Fig.[I2 that the large areas of urban
background clutter are removed successfully.
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Table 1. Statistical results of small target detection.

Algorithm Total frames  Correct number  False alarm rate
This paper 100 93 14%
ViBe 100 61 46%
Three fame difference 100 46 7%

Table 2. The average time used by the small target detection.

Second per frame  Total time

Algorithm Total frames (s) (s)
This paper 100 0.0857243 8.57243
ViBe 100 3.5663 35.663
Three fame difference 100 0.0366987 3.66987

The results of visual background extractor.

Fig. 15. The results of three fame difference.

Figure [[3] shows the result of confidence measure, which can eliminate the false
targets and detect the real target among candidate targets.
After observing the effect of algorithms proposed in this paper, we calculate the

detection accuracy. Experiments demonstrate that the accuracy of the algorithm is
up to 95.6%.
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There are 64 frames in which the targets cannot be detected, for the difference
of gray value between the target and the background are too small to segment. The
average number of the false alarms per frame is 0.36.

To prove the advantages of the algorithm proposed in this paper, ViBe and three
fame difference method is used to detect the same 100 frames. Time consumption
is shown in Table [I, and the comparison is shown in Table [2. Figure [[4 demon-
strates the result of three fame difference method. Figure [I0 shows the result of
ViBe. Considering the time consumption and the detection accuracy, the algorithm
proposed in this paper has the highest efficiency.

5. Conclusion

Based on the analysis of the feature of LSS-Target, we perform an impactful method
in a complex background for LSS-target detection. At first, a novel algorithm based
on the histogram statistic, the double-Gaussian fitting and the MLE are proposed
to extract the ROI. Next, a template is created to detect the local maxima in
the IR image, which is regarded as the seeds for the following region growth. A
constrained four criteria region growth algorithm is performed to filter out the
large areas of clutter. Finally, the confidence measure is proposed to screen out the
real target from the candidate targets. This measure can filter out large regions,
long regions and edges which cannot be targets. The experimental result shows
that the proposed method significantly outperforms the existing methods in time-
consuming and detection accuracy and can detect the moving infrared LSS-Target
with complex urban background in real time.
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