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Abstract. Traditional smoke detection sensors are characterized by low sensitivity,
poor stability, etc. In this study, we propose a coal mine smoke detection technique

based on multi-feature fusion analysis. Detection of smoke on belt conveyors is real-
ized by machine vision technology. Firstly, the inter-frame difference method is used
to capture the motion region of the smoke. And the suspected smoke region is
obtained. Then, the color features of smoke are obtained by RGB color histogram.

The motion direction features of smoke are obtained by smoke optical flow vector
extraction. The irregular contour features of smoke are obtained by smoke contour
irregularity criterion statistics. Based on obtaining the suspected smoke area, the

above three features are used to determine whether the belt conveyor produces
smoke. This study collected four video images of the belt surface smoke, stand
smoke, light samples, and dust samples. The final combined diagnostic rate was

94.19% by testing the above detection models. This study proposes a stable and
effective smoke detection technique for coal mine safety production.

Keywords: Smoke detection, Belt conveyor, Multi-feature fusion analysis, Machine vision, Color fea-

tures

1. Introduction

With the improvement of automation level, coal production is growing rapidly [1].
But at the same time, safety accidents in coal mines frequently occur [2, 3]. Belt
conveyor failure is one of the main causes of safety accidents in coal mines [4].
Common failures of belt conveyors include carrier roller failures, belt tears, and
roller failures [5]. The carrier roller failures and the roller failures easily lead to
the slipping phenomenon between the rolling body and the conveyor belt. The
carrier roller failures and the roller failures easily lead to the slipping phenomenon
between the rolling body and the conveyor belt. When the slipping failure occurs,
there is a relative movement between the conveyor belt and the driving drum,
which causes friction to generate heat. When the temperature rises to the ignition
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point of the conveyor belt material, it will ignite the conveyor belt and cause a
fire. Due to the complex underground environment of coal mines and many com-
bustible materials, once a fire occurs, the fire will spread rapidly [6]. There is even
a possibility of a gas explosion due to the expansion of the fire. This poses a great
threat to the life safety of underground workers.

Smoke is often produced before an open flame appears. Therefore, the detection
of smoke can effectively achieve fire warning. Smoke sensors commonly used in
underground mines generally use the principle of physical infrared or chemical
changes to detect smoke [7]. De Rosa [8] evaluated the effectiveness of optical
flame detectors, photoelectric smoke detectors, and combined ionization and pho-
toelectric smoke detectors for rapidly detecting mining equipment cab fires. How-
ever, the bad underground environment can easily lead to sensor failure. Shi [9]
trained the diagnostic system on fire and smoke images and assisted in determin-
ing fires with fire detectors and smoke detectors. But traditional smoke detection
sensors have the characteristics of low sensitivity, small range, and poor stability.
At present, machine vision technology is becoming more and more mature and is
widely used in the field of fault detection.

Compared with the traditional smoke sensor, the visual method is more intu-
itive and the diagnosis rate is high. In addition, when the camera fails, it is easier
to detect and replace it in time. The reliability is higher. Zhao [10] obtained fire
data by infrared CCD. He then extracted the fire features and quantified them
into a GA-improved wavelet neural network model. Finally, the detection of the
fire is realized. Lee et al. [11] generated candidate smoke regions. Then he detected
smoke based on fire-starting regions and predicted the direction of smoke move-
ment. The reflection of coal dust and water vapor can lead to blurred images, low
resolution, and obscured smoke contours. Wu et al. [12] proposed an image
enhancement method based on dark primary color prior and CLAHE algorithm.
The experimental results show that the images obtained by this algorithm have
real, natural, and clear smoke contours. Kaabi et al. [13] conducted a comparative
study of different methods for detecting smoke using image processing techniques
and demonstrated each method’s performance and detection rate. Feng et al. [14]
proposed a new algorithm for smoke root detection. The algorithm synthesizes
static and dynamic features of smoke and detects final smoke roots based on clus-
tering and circles. The above algorithms are also based on machine vision to
achieve smoke detection, but the above algorithms also have problems of low
accuracy and poor stability. Lin [15] et al.developed a joint detection framework
based on faster RCNN and 3D CNN. The detection rate of the smoke video
sequence was 95.23%. Tao [16] et al.present two automatic smoke vehicle detec-
tion methods based on spatiotemporal bag-of-features (S-BoF) and professional
convolutional neural network (P-CNN). The detection rate of the smoke video
sequence was 91.07%. Zheng [17] et al. evaluated the effectiveness of several deep
convolutional neural network algorithms in real-time detection of forest fire
smoke, include the EfficientDet, Faster R-CNN, YOLOv3, SSD and advanced
CNN model. The EfficientDet algorithm achieves an average detection accuracy
of 95.7%. Although the accuracy of the CNN algorithm is high, it also has the
problem that the training time is too long.
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Based on the above smoke detection methods, this study proposes a coal mine
underground smoke detection technique based on multi-feature fusion analysis.
This study realizes the detection of smoke in belt conveyors based on machine
vision technology. Firstly, the inter-frame difference method is used to capture the
motion region of the smoke and obtain the suspected smoke region. Then the
RGB color histogram obtains the color characteristics of the smoke. The smoke
optical flow vector extraction obtains smoke motion direction features. The smoke
contour irregularity criterion statistic is used to obtain the smoke irregular con-
tour feature. On the basis of obtaining the suspected smoke area, the above three
features are used to determine whether the belt conveyor produces smoke. This
study is expected to collect four video images of the belt surface smoke, the stand
smoke, light samples, and dust samples. The algorithm accuracy is then tested by
the above detection model. Through the above detection algorithm model, we aim
to obtain a stable and effective smoke detection technology to guarantee coal
mine production safety. Through the above detection algorithm model, we inno-
vatively apply machine vision to coal mine smoke alarms. We hope to obtain a
stable and effective smoke detection technology to improve the safety of coal mine
production.

2. Motion Area Detection

When smoke appears in the underground tunnel of a coal mine, the smoke has
obvious dynamic characteristics due to the influence of underground ventilation
conditions. The camera shooting view is fixed. The alleyway environment can be
used as the background. Then, the smoke is an obvious moving target. Therefore,
if a moving target can be effectively detected downhole, it can be recognized as a
suspected smoke area. The smoke can then be accurately detected based on a mul-
ti-feature fusion fault determination method.

(1) The inter-frame difference method.
The Inter-frame difference method utilizes two adjacent frames acquired by the

camera for differencing [18]. Thus, the difference region between the two images is
obtained. And the region of difference is the region of motion. The inter-frame
difference method has less complexity of procedure and faster extraction speed.
The principle is shown in Equation (1):

Fiðx; yÞ ¼ jfiðx; yÞ � fi�1ðx; yÞj; ð1Þ

where: fi(x, y) and fi-1(x, y) are two neighboring frames in the acquired image
sequence. Fi(x, y) is the inter-frame difference obtained by differencing two frames
of image. (x, y) are the coordinates of the pixels in the image.

When the inter-frame difference method is used in the actual environment of
underground coal mines, there are also slight differences in the background within
the two frames due to illumination, reflections, etc. Therefore, the binary method
was used to process the difference result images in this study. Even if there is a
background in the difference result, the regional pixel intensity is low. Therefore,
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it is only necessary to set a suitable threshold value T. Pixels with intensity greater
than the threshold value are determined as the target pixels, and those below the
threshold value are determined as background pixels. This effectively removes
interfering areas and preserves the target image. The principle of the binomial
method is shown in Equation (2):

Riðx; yÞ ¼
0; Fiðx; yÞ<T
1; Fiðx; yÞ � T

�
ð2Þ

The simulated smoke image is processed using the inter-frame difference method
and the binary method to extract the different regions of two neighboring frames,
and the effect is shown in Figure 1.

Figure 1a and b are the smoke images of two adjacent frames. Figure 1c is the
extracted difference image. Figure 1d is the result of the binary method. As shown
Figure 1d, The background image is still obvious and needs further processing.

(2) Open arithmetic operation.

(a)Smoke in the previous frame              (b) Smoke in the latter frame

(c) the difference result images         (d) the binomial method result images

Figure 1. Interframe differential detection of smoke images.
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Open arithmetic operation is a treatment in the order of erosion-expansion [19].
Erosion and expansion are operations that convolve an image with a kernel. This
enables the reduction and enlargement of highlighted regions. The principle of
corrosion and expansion operation is shown in Figure 2.

As shown in Figure 2. The process of the erosion operation is to overlap the
kernel with region A. While keeping region A completely wrapped around the
nucleus, the pixels that can pass through the origin of the nucleus are kept at this
point. The rest of the pixels were removed. The expansion operation process keeps
the origin of the kernel contained in region B. All pixels that the kernel can
expand are expanded pixels.

The processing in the order of erosion-expansion is an open arithmetic opera-
tion. This can be used to eliminate small highlighted pixels. The processing in the
order of expansion-erosion is a closed arithmetic operation. And this can be used
to eliminate small cavities. There are many interfering pixels in Figure 1d. So, the
open arithmetic operation is applied to them. The processing results are shown in
Figure 3.

The result after open arithmetic processing is shown in Figure 3b. The back-
ground interfering pixels were obviously eliminated. The extraction of the moving
target was accomplished. The inter-frame difference method utilizes two adjacent
frames to make a difference. This can lead to severe nulling of the detected target
when the moving target is moving faster. If the hole is small, the closed arithmetic
operation will eliminate the hole. The illustrated voids are large, and the use of
closed arithmetic operations would result in distortion of the overall shape of the
region. Therefore, the closed arithmetic operation is not performed in this paper.

Figure 2. Corrosion and expansion operation schematic.
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3. Auxiliary Judgment Feature Extraction

After completing the motion area capture, the motion area is the suspected smoke
area. However, it is not possible to determine that is the smoke area based on
this. Further judgment is required in conjunction with the characterization of the
smoke. When mining operations are carried out underground in coal mines, min-
ing dust and harmful gases need to be ventilated. And the underground tunnel
space is narrow. Thus, the smoke has different characteristics when it appears
underground in coal mines than in open environments. The features of coal mine
underground smoke can be extracted and analyzed to improve the accuracy of
smoke determination.

3.1. Color Features

The color feature is the most significant static feature. Distinct color features exist
in smoke. And large differences between the smoke area and the background [20,
21]. Everyday visible colors are made by mixing the three primary colors of red,
blue, and green light in different proportions. The colors all conform to the distri-
bution of the coordinate system shown in Figure 4. All colors have a coordinate
point corresponding to the square space shown in the figure. Due to the distinc-
tive color characteristics of smoke, the RGB model coordinate points correspond-
ing to its color will only change in a fixed area.

This part is used to reflect the target region’s color characteristics by extracting
the region’s RGB three-channel components. In order to accurately analyze the
color characteristics of smoke, pictures of dust and downhole lights were selected
for comparison. It is used to accurately analyze the difference between smoke,
dust, and light. As shown in Figure 5.

As shown in Figure 5, the interference factors, such as the background environ-
ment in the image, are very serious. The area where the study object is located is
selected to make the extracted color features more visible. To make the extracted
color features more visible, the study object area is selected. And the color fea-

(a) Corrosion effect                 (b) Erosion-expansion effect

Figure 3. Open operation results of smoke image.
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tures are extracted. The extraction results of the RGB three-channel histogram for
the selected region in Figure 5 are shown in Figure 6.

Compare the smoke histogram with the dust and light histogram. In the smoke
histogram, the three-channel components have similar rules, and are distributed in
the higher intensity pixel interval. In the dust histogram, the blue and green chan-
nel components are distributed in the medium intensity region, and the three-
channel components are not similar. In the histogram of light, the three-channel
component increases slowly, and the distribution law is different from that of
smoke and dust.

By analyzing the histograms, it can be seen that smoke differs significantly from
dust and light in terms of color features. So, the color feature can be used as a
method to assist in determining smoke faults.

Figure 4. RGB coordinate distribution model.

(a)Smoke image           (b)Dust image              (c)Light image

Figure 5. Compared images of different environments.
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3.2. Motion Direction Features

In the coal mine tunnel, when there is smoke, the smoke will first move upward
and then move to the side of the wind. The analysis of the smoke movement fea-
ture of continuous frames of video is helpful in identifying the underground
smoke accurately [22, 23].

Figure 7 shows two frames taken from the smoke video. In order to simulate
the underground conditions of a coal mine, a unidirectional wind of a certain
velocity was applied to the smoke so that it moved in the direction of the airflow.

The optical flow method is a method of determining the motion information of
the observed target based on the difference in object position between neighboring
frames of the video. This method can be used to analyze the motion of the
observed target relative to the observer. It can also record the instantaneous

(a) Smoke histogram                (b) Dust histogram

(c)Light histogram

Figure 6. RGB histogram of the selected region in the compared
image.
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velocity and displacement of moving objects in space for a set period. The optical
flow field of an object in motion is obtained by projecting the object in three
dimensions onto a two-dimensional plane. The optical flow field can show the
motion of the observed target. The schematic diagram is shown in Figure 8.

In a three-dimensional projection, the optical flow moves from P1(x1, y1) to
P2(x2, y2), and the projection point moves from P’(x3, y3) to P ‘‘(x4, y4). Then, the
length of the optical flow vector is shown in Equation (3).

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x1Þ2 þ ðy2 � y1Þ2

q
ð3Þ

The phase angle of the optical flow vector is shown in Equation (4):

h ¼ arctan
y2 � y1
x2 � x1

ð4Þ

The projected distance in a two-dimensional plane is:

D ¼ d � cos h ð5Þ

(a)Smoke in the previous frame              (b) Smoke in the latter frame

Figure 7. Smoke dispersion in a simulated environment.

Figure 8. Projection of the sports field.
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The optical flow method is utilized to extract the optical flow vectors from the
simulated mine smoke video. The results are shown in Figure 9.

In order to make the optical flow vectors detected by the optical flow method
clearer, the optical flow vectors with vector lengths greater than or equal to the
set threshold are retained for smoke motion detection in the image shown in Fig-
ure 9. The optical flow vector contains motion information. By analyzing the
direction of the optical flow vector, we can obtain the smoke’s movement direc-
tion law in the coal mine’s ventilation state underground. As shown in Figure 9,
the direction of spatial motion is divided into eight phases at 45� intervals. And
the number of optical flow vectors within the eight-phase intervals is counted. As
shown in Figure 10.

To minimize the effect of background information, only optical flow vectors
with vector lengths greater than or equal to the set threshold are retained in the
statistics. The length threshold of the optical flow vector at the smoke feature
point is set to d = 1 9 10–2. The statistical results of the directional distribution
of the motion optical flow for different frames selected from the smoke video are
shown in Figure 11.

Figure 11 shows the results of the optical flow direction obtained from the
statistics of frames 5, 10, 15, and 20 in the smoke video, respectively. It can be
seen that the direction of the optical flow vectors in the first three statistics lies
more in phase intervals 1 to 4 and less in the rest of the phase intervals. This is
consistent with the characteristics of the upward motion of the smoke. The results
of the fourth count do not conform to the above pattern. This can be attributed
to the fact that when the video was shot, the smoke moved closer to the camera
due to the influence of opposing winds. Combined with the actual conditions of
coal mine underground, the rising direction and ventilation direction can be
defined as the main movement direction. This feature can be used as a supplemen-
tary method to further detect the suspected smoke area.

Figure 9. Optical flow vector of smoke extraction.
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3.3. Contour Features

Smoke has a unique contour compared to the background targets that can be
observed underground in coal mines. Its shape is fluid and changing all the time
[24, 25]. Therefore, in this study, the contour feature is selected as one of the aux-
iliary features for determining smoke faults. In this part, the smoke contour is
extracted using the binary method, and then the extraction results are processed
by the open operation to obtain the smoke shape. The detection results are shown
in Figure 12.

Generally, when two figures are equal in area, an irregular figure’s perimeter is
greater than a regular figure’s. As shown in Figure 12, the result of open opera-
tion shows that the smoke contour is irregular. Therefore, the contour of the
graph is extracted by the Canny edge detection method. The ratio is done with the
contour length of the outer rectangle of the region. This ratio can be used as a
basis for the determination of suspected smog areas. The Canny edge detection
results and the outer rectangle are shown in Figure 13.

The contour irregularity criterion is shown in Equation (6):

cirt ¼ obj
con

; ð6Þ

where obj is the contour length of the smoke obtained by edge detection, its unit
is a pixel. As shown by the black contour line in Figure 13a, con is the perimeter
of the smallest outer rectangle of the contour line. Its unit is a pixel. As shown by
the red line in Figure 13b, cirt is the determination basis of the irregular shapes.
The cirt values were calculated and counted for the simulated smoke video
sequences. And the trends were plotted as shown in Figure 14.

Figure 10. Division of spatial motion direction.
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(a) Frame 5                        (b) Frame 10

(c) Frame 15                        (d) Frame 20

Figure 11. Statistics of optical flow direction distribution.

(a) Smoke image          (b) binary image         (c) open operation image

Figure 12. Detection of smoke shape characteristics.
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As seen in Figure 14, the value of the irregularity determination of the smoke
contour tends to increase with the change of time. And the rate of growth is
changing from fast to slow. This characteristic can be used as one of the auxiliary
bases for smoke detection.

Figure 14. Statistics of contour irregularity criterion of simulated
smoke.

(a)Smoke edge outline                    (b) Contour external rectangle

Figure 13. Smoke region contour extraction.
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4. Multi-feature Fusion Analysis

The color features, motion direction features, and contour features of the sus-
pected smoke region were extracted in the previous section. Determining factors
and rules based on the patterns that exist in the three different characteristics of
coal mine smoke. Smoke is recognized when all the criteria set are met.

4.1. Color Features Analysis

In the previous section, the RGB three-channel components of the smoke image
were extracted, as shown in Figure 6a. The RGB three-channel components of the
smoke have a similar distribution pattern and are all distributed in the pixel inter-
val of higher intensity. Set the color feature judgment factor as shown in Equa-
tion 7:

Cmin ¼ minðR;G;BÞ
Cmax ¼ maxðR;G;BÞ
I ¼ ðRþ Gþ BÞ=3

8<
: ð7Þ

Based on the three judgment factors shown in Equation (7), the following three
decision rules (8) are given:

jCmax � Cminj< t
L1 < I <L2
D1 < I <D2

8<
: ; ð8Þ

where: t is the interval length threshold set according to the smoke characteristics,
L1 and L2 are the upper and lower thresholds under better lighting intensity con-
ditions, and D1 and D2 are the upper and lower thresholds under poorer lighting
conditions. According to the smoke RGB component map shown in Figure 6.
Considering a certain fault-tolerant space. Set: t = 40, L1 = 170, L2 = 230,
D1 = 110, D2 = 170.

When the smoke feature satisfies the decision rule 1 and rule 2 in Equation (8)
at the same time or satisfies the decision rule 1 and rule 3 in Equation (8) at the
same time, it is judged to satisfy the color feature of smoke.

4.2. Motion Direction Analysis

Based on the extraction and analysis of optical flow vectors of the simulated mine
smoke. It can be seen that when the smoke is generated, the direction of the
smoke motion in addition to meeting the characteristics of the rise. Ventilation of
the environment also has a certain relationship. Therefore, a main direction of
motion can be determined based on the mine ventilation. In most cases, the
motion vector of the smoke is greater than 50% in the main direction of motion.
Combining the results of the analysis in chapter 3.2, the spatial orientation can be
divided into the four regions shown in Figure 15. Based on the characteristics of
underground ventilation and smoke rise, area (1) is identified as the main direc-
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tion of movement. However, there is a shape change of the smoke during the
motion, which may lead to the reversal of the optical flow. Therefore, region (3) is
considered in the main direction of motion as well.

The direction of the moving optical flow vectors of the smoke is counted as a
judgment factor for the directional characteristics of the smoke, as shown in
Equation (9):

Ai ¼ sum
p
2
ði� 1Þ<Ph <

p
2
i

h i
; i ¼ 1; 2; 3; 4 ð9Þ

Based on the judgment factors shown in Equation (9), the following decision rule
(10) is given:

Amain > 0:5Aall; ð10Þ

where: Amain is the number of optical flow vectors in the main motion direction.
Aall is the total number of optical flow vectors greater than a set length threshold.
When the number of optical flow vectors in the main direction of motion is more
than 50% of the total number of optical flows, it is judged to satisfy the motion
direction characteristic of smoke.

4.3. Contours Change Features Analysis

As can be seen from the results of the irregular criterion statistics shown in Fig-
ure 14. The irregularity criterion CIRT tends to increase when the smoke under-
goes diffusion motion. However, the increase in CIRT is not monotonically
increasing but fluctuates significantly after increasing to a certain level. Therefore,
CIRT is grouped to take the mean value. And the data were divided into 18
groups in this study. The trend of the mean value CIRT is analyzed as a judgment
of the change rule of shape. As shown in Figure 16.

Figure 15. Division of space direction during underground
ventilation.
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As seen from the change in the folded line in Figure 15, the CIRT monotoni-
cally increases when the smoke first begins to diffuse. When smoke spreads to a
certain level, CIRT fluctuates. Therefore, the decision condition is satisfied when
there is a clear succession of multiple increments. In this study, CIRT value was
used as a judgment factor as shown in Equation (11):

CIRT i ¼
cirt4i�3 þ cirt4i�2 þ cirt4i�1 þ cirt4i

4
ð11Þ

Based on the judgment factors shown in Equation (11), the following decision rule
(12) is given:

CIRTi � CIRTiþ1 ð12Þ

When a moving region is detected, a continuous shape criterion CRIT is extracted
for the moving region. When the number of times satisfying formula (12) is
greater than or equal to 15, it can be determined that the contours change fea-
tures are satisfied.

4.4. Smoke Detection

The color features, motion direction features, and contour features extracted in
this study are used as the basis for smoke detection. It has the characteristics of
real-time, fast calculation speed, and high reliability in video monitoring. When
some frames of the image do not meet the criteria, it can also not affect the over-

Figure 16. Variation trend of the mean value of contour irregularity
criterion.

Fire Technology 2024



all recognition effect. Based on the previous research, the smoke detection flow
chart shown in Figure 17 is summarized.

In Figure 17, the motion region detection is the preliminary detection of the
suspected region. The fixed background region is removed to reduce the calcula-
tion amount. Feature extraction is to extract the color features, motion features,
and contour features of the suspected area. In the step of feature analysis, the cor-
responding rules are determined to determine whether it is smoke. According to
the above processing steps, the smoke video used in the previous analysis is selec-
ted for testing, and the test effect is shown in Figure 18.

Figure 18a–c are the images of artificial smoke on the conveyor belt surface.
The actual smoke area is large. And the smoke concentration is low in some
areas. The algorithm only detects the area with a large concentration. Because the
background is brighter in the lower concentration area of smoke. No obvious
motion and shape features of smoke are observed in this area. Therefore, the
determination effect in this area is poor, but it can still ensure the detection effect
of smoke.

otion D n

A

Figure 17. Flowchart of smoke detection.
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5. Results and Discussion

In this study, two different smoke videos were selected as positive samples. The
artificial smoke is produced at the belt surface and support of the belt conveyor.
And the numbers are Video1 and Video2, as shown in Figure 19.

To verify the false positive probability of the detection algorithm proposed in
this study. Considering the possible interference factors in the coal mine, interfer-
ence videos containing flashlight light and dust are selected, respectively. The
numbers are Video3 and Video4, as shown in Figure 20. As in Figure 20a, there is
an illuminated light on the right wall. And in Figure 20b, there is flying dust. This
component was chosen as a negative sample factor to test the false positives and
accuracy of the algorithm.

The frame rates of the above four test videos are all 30fps. Based on the above
smoke detection algorithm, the experimental detection results are shown in
Table 1.

From the data in the table, it can be seen that the detection accuracy of the
positive sample Video1 is higher. And the accuracy can reach 95.04%. In contrast,
the positive sample Video2 was detected with lower accuracy. It was 89.63%. This
may be due to the fact that the belt conveyor was in an environment with oppos-

(a)Smoke at the surface             (b) Smoke at the support

Figure 19. Positive sample video images with smoke.

(a) Smoke map         (b) Motion region detection        (c) Smoke detection

Figure 18. Smoke detection test.
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ing winds when the video shoot was conducted. The direction of the smoke
motion to the lower right of the belt changes with the direction of the wind,
which can lead to changes in the motion characteristics of the smoke. Whereas in
Video1, the smoke is above the belt and is less affected by the opposing winds.
Negative samples Video3 and negative samples Video4 both have high accuracies.
The color characteristics of the light as a distraction differ significantly from the
smoke. RGB three-channel components are located in a zone higher than the
smoke image. At the same time, the shape of the light is relatively regular and
fixed, which does not satisfy the basis for determining the irregularity of the shape
of the smoke. The dust video shows man-made dust being thrown. The direction
of motion is predominantly diagonal downward, which distinguishes it from the
diagonal upward motion characteristic of smoke. Moreover, the color characteris-
tics of dust are also more distinct from smoke. Therefore, both Video3 and
Video4 have a high degree of accuracy. After obtaining the smoke video, the aver-
age reasoning speed of the smoke is 120 fps, which is enough to meet the require-
ments of underground use in coal mines.

In order to visualize the degree of accuracy of the proposed algorithm in this
study, the combined Accuracy Rate was chosen as the evaluation metric. The for-
mula is shown below:

(a) Light sample                    (b) Dust sample

Figure 20. Negative sample video images with interference factors.

Table 1
Test Results of Experimental Video Samples

Video sample sequence

number

Video frame

count

Alarm frame

count

Correct frame

count

Accuracy rate

(%)

Positive sam-

ple

Video1 1068 1015 1015 95.04

Video2 1186 1063 1063 89.63

Negative sam-

ple

Video3 709 31 678 95.63

Video4 649 23 626 96.46
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AR ¼ TP þ FN
TP þ TN þ FP þ FN

� 100%; ð13Þ

where: TP is the probability of detecting smoke in the presence of smoke; TN is
the probability of detecting smoke in the absence of smoke; FP is the probability
of detecting no smoke in the presence of smoke; and FN is the probability of
detecting no smoke in the absence of smoke.

TP and FP sum to 1 for positive samples. TN and FN sum to 1 for negative
samples. Since the experiment used two positive and two negative samples, the
combined accuracy needs to be divided by 2. Bringing in the test data in Table 1
into Equation (13). It can be obtained (14):

AR ¼ 95:04%þ 89:63%þ 95:63%þ 96:46%

2� 2
� 100% ¼ 94:19% ð14Þ

The smoke detection algorithm proposed in this study has a high accuracy. The
comprehensive accuracy of 4 positive and negative samples can reach 94.19%.
Because of the existence of negative samples, it shows that the algorithm has
strong anti-interference ability.

6. Conclusion

Detection of smoke on belt conveyors is realized by machine vision technology.
This study proposed a coal mine smoke detection technique based on multi-fea-
ture fusion analysis. Color features, motion direction features, and contour fea-
tures have been extracted for the suspected smoke area. The detection of smoke is
completed based on the above features. The combined accuracy of the final test
was 94.19%. This method solves the problem of small range and low stability of
traditional smoke sensors. Compared to the existing algorithms based on visual
diagnostic smoke, the model is lighter and more accurate. Aiming at the problem
of the harsh environment in the coal mine, the equipment is easy to be damaged.
Although the vision-based diagnostic method does not solve the problem of easily
damaged equipment, the method makes it easier to detect equipment damage and
make timely treatment. The method proposed in this study is characterized by
high accuracy, high reliability, and real-time detection. The above confirms the
feasibility of this method for underground smoke detection, which is of great sig-
nificance for preventing underground fires and maintaining safe production in coal
mines.

In terms of coal production, cameras can be arranged on the mining face,
which can monitor the mining situation in real time and detect whether smoke is
produced through smoke detection technology to prevent fire. In terms of coal
transportation, belt conveyors are widely used in underground main transporta-
tion, such as the coal face transportation roadway, coal transportation gallery,
coal transportation trestle, and so on. Surveillance cameras can be arranged above
the belt holder to monitor the coal transportation situation and whether smoke is
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produced in real-time. Smoke detection technology can also be used in areas
prone to fire, such as forest fire monitoring and building fire monitoring. Further
research in this area can be increased.
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