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Abstract:

In the temperature analysis of high speed combustion Field, the infrared image should usually be
segmented with multi thresholds on the basis of analysis target adaptively. However, the traditional image
segmentation method can hardly satisfy the requirement of separating different temperature areas from
the high speed combustion field. According to the characteristics of the high speed combustion field, a
multi-threshold segmentation method is put forward. The method is based on the histogram analysis,
which can segment the infrared image effectively by integrating the FCM algorithm in it. The image
analysis results show that the method can fulfill the requirement of the temperature analysis of high speed
combustion field, and is suitable to promote in the relative fields.

Keywords: High speed combustion field, Temperature analysis, Threshold segmentation, Fuzzy adaptive
segmentation.

I. INTRODUCTION

In recent years, flight delays and military aircraft grounding events caused by engine failure have
occurred from time to time. The severity of the harm, the complexity of the state and the difficulty of
monitoring have been widely recognized by researchers in the aviation field. As a large-scale equipment
with high requirements for safety and reliability, due to the complexity of technology and structure, the
on-line monitoring and analysis of aeroengine status has always been an important topic related to flight
safety, which is directly related to the economy and safety of air transportation enterprises and the combat
capability of aviation forces. Therefore, it is of great significance to monitor the running state of
aeroengine in the production, test and actual use of aeroengine.

According to statistics, the failure of aeroengine gas circuit components accounts for more than 90% of
the whole machine failure, which is the main cause of safety events such as air parking [1]. At present,
infrared image analysis technology [2,3] is a common method in Aeroengine gas path condition
monitoring. By analyzing the temperature distribution of aeroengine high-speed combustion field and
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judging the health status of parts in the gas path according to the analysis results, it can provide a strong
guarantee for the safe operation of aeroengine.

In the temperature analysis of high-speed combustion field, it is usually necessary to segment the
infrared image of combustion field by adaptive multi threshold according to the analysis target. Image
segmentation is to divide the image into several non overlapping regions according to some consistency
attributes in the image, so as to effectively separate the target analysis region from the image background.
Because the high-speed combustion field image is a heat source image, the signal strength is weak, the
target and boundary in the image are not very clear, and there is no obvious shape, size, texture and other
information to be used. Therefore, the traditional image segmentation algorithms such as threshold
segmentation, edge detection and region segmentation are often difficult to meet the requirements of
high-speed combustion field temperature analysis and achieve effective segmentation of different
temperature regions [4].

According to the characteristics of infrared image, scholars at home and abroad have done a lot of
research on infrared image segmentation.Among them, Tong, Kuangwei and others used Otsu- Grabcut
algorithm to segment the infrared image and proposed a detection method for pipeline leakage of
underground air compressor [5]; Guo, ZK proposed an adaptive infrared image segmentation algorithm
based on fspcnn according to the information processing mechanism of human neural system [6];
Robitaille, JF and others used MnGSeg analysis technology to effectively separate the analysis target from
the infrared image background [7]; Wang Xiaofei and others proposed an intuitionistic fuzzy c-means
clustering algorithm based on distribution information for infrared image segmentation of power
equipment, which solves the problems of low clustering accuracy, poor detail retention and large time
complexity of traditional algorithms [8]; Wang Xiaofang and others combined linear spectral clustering
algorithm (LSC), Otsu algorithm and maximum similarity region merging algorithm (MSRM), and
proposed a power equipment infrared image segmentation method under complex background [9]; Wang
Kun and others proposed an Improved Markov random field segmentation algorithm combined with game
theory to solve the problems that the traditional chip heating region extraction method needs manual
intervention and the segmentation effect is not ideal [10]. According to the specific characteristics of
research objects in different fields, the above algorithms put forward corresponding solutions and achieved
good segmentation results. However, the above algorithms also have some limitations. They are only
suitable for threshold segmentation of infrared image in specific occasions, and can not meet the
requirements of adaptive segmentation of different temperature regions in high-speed combustion field.

At present, fuzzy c-means clustering (FCM) [11-13] algorithm is generally used for threshold
segmentation of infrared images. Because the standard FCM algorithm has low clustering accuracy, high
time complexity and poor robustness to noise. According to the characteristics of temperature analysis of
high-speed combustion field, this paper proposes a threshold segmentation method of infrared image of
high-speed combustion field. This method can realize fuzzy adaptive segmentation of infrared image based
on histogram analysis combined with FCM algorithm.
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Il. TEMPERATURE ANALYSIS FLOW OF HIGH SPEED COMBUSTION FIELD

Infrared image acquisition

Y

Infrared image preprocessing
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Y

Analysis of infrared surface
lightning in the firing field

Figure. 1 Analysis process of high-speed combustion field

The main task of temperature analysis of high-speed combustion field is to find the distribution law of
temperature field of high-speed combustion field under different working states, realize the on-line
monitoring of equipment working state, timely detect potential faults in the working process of equipment,
and ensure the safe and stable operation of equipment through the processing and analysis of infrared
images. As can be seen in picture. 1, the temperature analysis process of high-speed combustion field
mainly includes infrared image acquisition, infrared image preprocessing, infrared image segmentation and
infrared image analysis. In the process of temperature analysis of high-speed combustion field, firstly, the
infrared CCD camera needs to be used to collect the infrared image of combustion field. Then the infrared
image preprocessing algorithm is used to eliminate the image noise and ensure the consistency and
uniformity of image brightness. And then it is segmented according to the color characteristics of infrared
images of different combustion fields. After separating different temperature regions, we analyze its size
and shape, and finally compare the analysis results with the indicators under the normal working state of
the equipment, so as to judge the current operation state of the equipment.

2.1 Infrared Image Acquisition

The main task of infrared image acquisition is to obtain high-quality infrared images of high-speed
combustion field and ensure that different temperature regions in the combustion field can be segmented
correctly. In the process of infrared image acquisition, it should be ensured that the acquired infrared
image has small distortion, clarity and low noise; Moreover, the combustion field should be in an
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appropriate position in the image to reduce the influence of optical distortion at the edge of the lens on the
imaging quality; At the same time, the exposure time of the camera should be set at an appropriate value to
reduce the motion blur caused by the dynamic change of the combustion field; In addition, the brightness,
contrast and saturation of infrared image should meet the requirements of combustion field temperature
analysis through the control and adjustment of ambient light.

At present, the acquisition of infrared image of combustion field generally adopts area array CCD
camera, which usually achieves better imaging effect than CMOS camera. In addition, compared with the
linear array camera, the area array camera is more suitable for infrared image acquisition of high-speed
combustion field because it can obtain all image information of combustion field in a single imaging, has
fast acquisition speed, and can accurately obtain the morphological information of different temperature
regions.

2.2 Infrared Image Preprocessing

In the acquisition process of infrared image of high-speed combustion field, it is easy to be affected by
dust, ambient light, electromagnetic interference and mechanical vibration on the lens surface, which will
inevitably introduce noise and interference, resulting in the decline of image quality. The purpose of
infrared image preprocessing algorithm is to eliminate the noise and interference in the image as much as
possible, enhance the image quality and ensure the correct results of subsequent image segmentation.
Common noise reduction methods include spatial filtering method [14] and frequency domain filtering
method [15]. Spatial filtering method is a method that directly processes the pixels of the image by using
spatial filter, which is selecting a certain size neighborhood template as the convolution core, moving the
template row by row and column by column along the image to complete the convolution operation of all
pixels, so as to filter the noise. The frequency domain filtering method first transforms the image from
spatial domain to frequency domain through frequency domain transformation, then filters the
high-frequency signal with frequency domain filter, and finally obtains the filtered image through the
corresponding inverse frequency domain transformation. Because the time complexity of spatial filtering
method is relatively low, it is more suitable for infrared image processing of high-speed combustion field.

Image gray transformation is another image preprocessing method to enhance image quality. In the
process of infrared image acquisition, the brightness of infrared image of combustion field will be different
due to the interference of stray light or the change of field environment. The brightness of the infrared
image of the combustion field can be kept consistent by using the image gray transformation, so as to
improve the stability of the infrared image segmentation algorithm.

2.3 Infrared Image Segmentation

The main task of infrared image segmentation is to divide different temperature regions of high-speed
combustion field and separate each temperature region from the image background. Image segmentation
has always been a hot issue in image processing. Although the current image segmentation algorithms
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have more than 1000 kinds, they have not formed a complete theoretical system. Most image segmentation
algorithms have certain limitations. They can achieve good results only when solving specific problems
and are not universal. At present, the most commonly used segmentation methods include threshold
segmentation, edge detection, region segmentation, Morphological Watershed Segmentation and
segmentation based on special theory. In the temperature analysis of high-speed combustion field, a single
segmentation algorithm is generally difficult to achieve good segmentation results. Therefore, In view of
the characteristics of temperature analysis of high-speed combustion field, this a multi threshold
segmentation method for infrared image of high-speed combustion field. This method can realize fuzzy
adaptive segmentation of infrared image based on histogram analysis and FCM algorithm.

2.4 Infrared Image Analysis of High Speed Combustion Field

After separating the different temperature regions of high-speed combustion field, it is necessary to
extract the gray and geometric features of each region. Gray features mainly include gray maximum, gray
minimum, gray amplitude, gray mean, variance, etc; Geometric features mainly include centroid, area,
perimeter, distance, length width ratio, duty cycle, roundness, rectangularity, eccentricity, etc. The main
task of infrared image analysis of high-speed combustion field is to describe these image features with
feature vectors, establish a sample database under various working states, obtain a classifier to judge the
current running health state of the equipment through training, analyze the working state of the equipment
according to the classification results of the classifier, predict the potential failure hazards in the working
process of the equipment, and ensure the safe and stable operation of the equipment.

I1l. FUZZY ADAPTIVE SEGMENTATION OF HIGH SPEED COMBUSTION FIELD IMAGE
3.1 Fuzzy C-Means Clustering Segmentation Algorithm
3.1.1 Basic principle of fuzzy c-means clustering segmentation

Fuzzy C-means (FCM) clustering algorithm is an important fuzzy clustering algorithm. Due to its
strong adaptability, it can be used to process images with fuzzy edges and relatively low contrast. It has
been widely used in infrared image segmentation. The basic idea of FCM clustering segmentation
algorithm is to iteratively obtain the clustering center and the membership relationship between the pixel
value of each point of the image and the clustering center, so as to minimize the objective function, so as to
realize the optimal image segmentation. The objective function of FCM clustering segmentation algorithm
can be expressed by equation (1) as follows:

N C

I=2 2 u(x—c)’ (1)

i=1 j=1

Where, i and j are the indexes of pixel points and cluster centers respectively; N,C is the number of
pixels and clusters respectively; m is the fuzzy weighted index, m[1, oo]; xi is the pixel value of pixel point
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i; cj is the pixel value of cluster center j; Uij is the membership degree of pixel i relative to cluster center j.

The constraint function of membership is:

C
du =1 i=12L,N )

k=1

Where, i and k are the indexes of pixel points and cluster centers respectively; Uik is the membership
degree of pixel i relative to cluster center k.

FCM clustering segmentation algorithm can be regarded as the membership degree of each pixel, and
the minimum of objective function (1) is obtained under constraint (2). The iteration formula (3) of
membership Uij and the iteration formula (4) of clustering center cj can be obtained by using Lagrange
multiplier method as follows:

ek

. (4)

When FCM algorithm is used for clustering segmentation, the termination conditions of iteration can
be represented by formula (5) as follows:

maXi,jﬂUigkm _ ui(jk)‘}< £ (5)

In the formula, a small quantity between 0 and 1 represents the admissible error of subordination
degree. k indicates the number of iterations.

Under the constraints of Eq. (2), the algorithm uses Eq. (3) and (4) to iterate. When the termination
condition of the iteration described in Eq. (5) is satisfied, the iteration stops and an optimal solution of the
objective function (1) can be obtained.

3.1.2 Analysis of algorithm for fuzzy C-means clustering segmentation

According to the basic principle of fuzzy C-means clustering segmentation, the basic realization
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process of the algorithm can be described as follows:

Step 1: Initialize the subordination Uij and satisfy the constraints of Formula (2);

Step 2: Calculate the central cj of cluster by formula (4);

Step 3: Use Formula (3) to calculate the new membership;

Step 4: lteration termination condition is judged according to formula (5). When the condition is not
met, step 2 is returned to continue. When the condition is met, the iteration is terminated and the image is
segmented according to the result of the iteration.

From the basic principle and algorithm flow of fuzzy C-means clustering segmentation, it can be seen
that the standard FCM algorithm has some obvious disadvantages, which are mainly manifested in the
following aspects:

FCM algorithm is sensitive to initial clustering center and easy to get local optimal solution;

The FCM algorithm does not consider the influence of spatial neighborhood information and is
sensitive to noise.

FCM algorithm does not consider the different impact of different sample sizes on clustering results.

Therefore, in the temperature analysis of high-speed combustion field, it is necessary to improve and
optimize the standard FCM algorithm according to the characteristics of infrared image, so as to get a
better segmentation effect.

3.2 Improved Fuzzy C-Means Clustering Segmentation Algorithm
3.2.1 Selection of Initial Clustering Center

Marking FCM algorithm needs to specify the number of initial clustering in advance and calculate the
initial clustering center by randomly initialized membership degree. This method of selecting the initial
clustering center limits the convergence speed and iteration accuracy of the algorithm and is easy to fall
into local optimum. The method of weighted minimum maximum distance can be used to improve the
selection of this initial clustering center. This method first calculates the histogram of the image, then uses
expression (6) to get the normalized weight wh based on the histogram, and finally determines the initial
clustering center according to the distance expression (7) between the sample and the clustering center.
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W, = %
Z(; h[ (6)
g =W, [t—t] ()

In Formulas (6) and (7), ht (t=0, 1,..., 255) is a histogram corresponding to each gray value; t' is a
known clustering center; t is a sample point of the gray value to be determined.

The specific process of selecting initial cluster center by weighted minimum maximum distance
method is as follows:

Calculate the histogram of the image, and select the gray value of the histogram ht to obtain the
maximum value as the first clustering center t1';

According to the distance formula (7), it is determined that the gray value sample point farthest from
t1' is the second clustering center t2'

(3) Calculate the weighted distances dil and di2 between each gray value sample point and t1', t2' one
by one, take di= min (dil, dil), and determine t3 ‘from the maximum value of each sample distance d max
= max (di);

(4) If the number of cluster centers meets the requirements, stop the search process. Otherwise,
calculate the distance between the remaining samples and the known cluster center, and determine the new
cluster center according to the same weighted maximum and minimum distance criterion.

3.2.2 Neighborhood weighted fuzzy c-means clustering segmentation

Image filtering algorithms have some limitations. After noise reduction, there will still be some noise
in the image. Because the standard FCM algorithm does not consider the relationship between the current
pixel gray value and adjacent pixels, it is very sensitive to noise. In the process of clustering, if the pixels
with large neighborhood difference get smaller weight and the pixels with small neighborhood difference
get larger weight, the influence of effective noise points on clustering results can be reduced. The weight
can be calculated by Gaussian function as follows:

1 _ t)— 2
WI(X, y) — e (9(s,)-g(x,y))
mn —1(5,0;%, (8)
(s,t)=(x,y)

Where Sxy is the neighborhood of the image at point (X, y); m and n are the width and height of the
neighborhood respectively; g (s, t) is the gray value of any point in the neighborhood Sxy; g (X, y) is the
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gray value of the image at point (x, y). Normalize the weight w'(x, y) within the neighborhood to obtain:

_ o w(xy)
Wi y) = > wis,t) 9)

(st)eSyy

Introducing the histogram weighting coefficient wh and neighborhood weighting coefficient into the
objective function (1), we can get:
N C 5
I = w,wul(x —c;) (10)
i 4

i=1 j=1

Under constraint condition (2), the minimum value of objective function (10) is obtained by Lagrange
multiplier method. Under constraints:

N C N

=202 wywui' (% _Cj)2+zﬂi(1—iuik) (11)

i=1 j=1 i=1

F calculates the partial derivative of all input variables Uij and makes it zero, which can meet the
necessary condition for obtaining the minimum value of equation (10), that is:

oF _

P mui Wy, W, (X —¢;)° — 4, =0 (12)
ij

The iterative formula (13) of membership Uij is obtained from (12) as follows:

A m-1
u; = ! - (13)
mw, W, (x —Cj)

F pair Aj find the partial derivative and make it zero,we can get:
oF &
—=1->u, =0 14
o 2. Ui (14)

Bring (13) into (14) to get:
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I 1
MW, W, 2 (15)

C 1 m-1
;[Xi _CJ

By introducing (15) into (13), the iterative formula (16) of membership Uij can be obtained as follows:

1

s[3-a)”

2\ X G

u; =

F obtains the partial derivative of cj and makes it zero,we can get:

oF

E=2_Zwmwju (x,—¢;)=0 (17)
According to (17), the iterative formula (18) of the cluster center cj can be obtained as follows:

N
Z Whlvvlulj XI

c,=Zt—— (18)
thl i I]
i=1

3.2.3 Analysis of improved fuzzy c-means clustering segmentation algorithm

The basic process of fuzzy C-means clustering and segmentation algorithm based on improvement can
be described as follows:

Step 1: Calculate the initial cluster center using the histogram-based weighted minimum maximum
distance method, as well as the histogram weighting coefficient wh;

Step 2: Consider the influence of each pixel in the neighborhood, calculate the neighborhood weighting
coefficient w of the current pixel according to the formulas (8) and (9);

Step 3: Calculate the membership matrix using equation (11);

Step 4: According to the resulting membership matrix, calculate the new cluster center using the
formula (12);
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Step: 5: Calculate the new membership matrix from the newly obtained cluster center according to
equation (11);

Step 6: Compare the two membership matrices and make an iterative termination condition judgment
according to equation (5), return to step 4 to continue when the condition is not met, terminate the iteration
when the condition is met, and segment the image according to the iteration result.

Since the improved fuzzy C-means clustering and segmentation algorithm uses the histogram-based
minimum maximum distance method to determine the initial cluster center, the iteration time can be
greatly reduced, the operation efficiency of the program can be improved, and the global optimal solution
of the objective function can be obtained more easily. At the same time, considering that sample size will
have a certain influence on the clustering effect, the histogram weighting coefficient is introduced in the
objective function. In addition, considering the influence of pixels in the neighborhood on the clustering
effect, the algorithm also adds a neighborhood-weighted coefficient to the objective function.

In the temperature analysis of high-speed combustion field, the improved fuzzy C mean algorithm is
used to cluster and segment the infrared image, which can effectively overcome the shortcomings of the
standard FCM algorithm and realize the effective separation of each temperature analysis area from the
image background.

IV. EXPERIMENTAL ANALYSIS

(@) Raw infrared image of high-speed combustion field

'

(b) The result of clustering segmentation using K-means algorithm
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(c) The result of clustering and segmentation using the standard FCM algorithm

(d) The result of clustering and segmentation using the improved fuzzy C-means algorithm

Figure. 2 Comparison of segmentation effects of different clustering algorithms for infrared images of
high-speed combustion fields

As can be seen from Fig. 2 (a), the boundary between different temperature regions in the original
infrared image of high-speed combustion field is very fuzzy. It is often difficult to achieve good
segmentation results by using traditional image segmentation algorithms such as threshold segmentation,
edge detection and region segmentation, which can not meet the requirements of temperature analysis of
high-speed combustion field. Therefore, this article mainly compares the improved fuzzy c-means
clustering segmentation algorithm with the standard FCM algorithm and the commonly used K-means
clustering segmentation algorithm.

Fig. 2 (b), (c) and (d) are the clustering segmentation results obtained when the number of clusters is
10. As can be seen from Fig. 2 (b) and Fig. 2 (c), both the k-means algorithm and the standard FCM
algorithm are vulnerable to the interference of noise points, and the segmented region can not focus well
on the combustion flame to be analyzed, so it can not achieve the expected segmentation effect. Compared
with the k-means algorithm, the edge of FCM algorithm is smoother, which is convenient for subsequent
image feature extraction. It is more suitable for clustering and segmentation of images with fuzzy
boundaries such as infrared images of combustion field. In the actual use process, the number of clusters
and fuzzy weighting index of target images are adjusted appropriately according to the requirements of
temperature analysis. It can improve the segmentation effect to a certain extent. However, because the
initial membership of the standard FCM algorithm is randomly specified, the image segmentation effect
will be unstable. The results may be different when the same image is segmented twice. In addition,
because the standard FCM algorithm does not consider the influence of neighborhood pixels, the
segmentation effect is greatly affected by noise points. It can be seen from Fig. 2 (d) that the improved
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fuzzy c-means algorithm can better focus on the combustion flame, clearly subdivide each temperature
region, and achieve good segmentation effect. Because the algorithm uses the minimum and maximum
distance method based on histogram to determine the initial clustering center, the iteration time of the
program is greatly reduced and the operation efficiency of the program is improved. In addition, due to the
introduction of histogram weighting coefficient and neighborhood weighting coefficient into the objective
function, the algorithm can also effectively solve the problems that the traditional FCM algorithm is easy
to fall into local optimization, is sensitive to noise, and does not consider the impact of sample size on
clustering effect.

V. CONCLUSION

The threshold segmentation method proposed in this paper has been successfully applied in the
temperature analysis of high-speed combustion field. It can effectively segment the infrared image of
combustion field and realize the effective separation of each temperature analysis region and infrared
image background. The algorithm uses the minimum and maximum distance method based on histogram
to determine the initial clustering center, which can greatly reduce the iteration time and improve the
operation efficiency of the program. At the same time, the histogram weighting coefficient and
neighborhood weighting coefficient are introduced into the objective function, which can effectively
overcome the shortcomings of the traditional FCM algorithm, such as being easy to fall into local
optimization, being sensitive to noise, and not considering the impact of sample size on the effect of cluster
analysis. The experimental results show that this method can meet the requirements of temperature
analysis of high-speed combustion field and is suitable for application and popularization in related fields.
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