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Abstract: The implementation of roof bolt support within a coal mine roadway has the capacity to 
bolster the stability of the encompassing rock strata and thereby mitigate the potential for accidents. 
To enhance the automation of support operations, this paper introduces a binocular vision position-
ing method for drilling holes, which relies on the adaptive adjustment of parameters. Through the 
establishment of a predictive model, the correlation between the radius of the target circular hole in 
the image and the shooting distance is ascertained. Based on the structural model of the anchor 
drilling robot and the related sensing data, the shooting distance range is defined. Exploiting the 
geometric constraints inherent to adjacent anchor holes, the precise identification of anchor holes is 
detected by a Hough transformer with an adaptive parameter-adjusted method. On this basis, the 
matching of the anchor hole contour is realized by using linear slope and geometric constraints, and 
the spatial coordinates of the anchor hole center in the camera coordinate system are determined 
based on the binocular vision positioning principle. The outcomes of the experiments reveal that the 
method attains a positioning accuracy of 95.2%, with an absolute error of around 1.52 mm. When 
compared with manual operation, this technique distinctly enhances drilling accuracy and aug-
ments support efficiency. 

Keywords: binocular vision system; spatial coordinate; positioning technology; matching method; 
drilling holes 
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1. Introduction 
The roof stability of coal mine roadways has consistently stood as a foremost chal-

lenge during the process of coal mine production [1]. Currently, the reinforcement of 
roadway roofs predominantly relies on the utilization of single anchor drilling rigs oper-
ated by personnel [2]. Nonetheless, this support methodology is characterized by numer-
ous constraints: the support pace is slow and the labor intensity is high and exposes work-
ers to significant security risks due to prolonged activity beneath the unreinforced roof 
[3]. The current approach to support roofs of coal mine roadways has become a significant 
obstacle, which limits the realization of high efficiency, environmental protection, and 
safety of coal mine production. Consequently, enhancing the automation level of the sup-
porting process is regarded as a pivotal avenue for mitigating the aforementioned chal-
lenges [4–6]. 
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The complex coal mine roadway roof bolt support technology involves a sequence of 
actions, including drilling, applying an anchor agent, placing anchor rods, mixing the an-
chor agent, and pretightening. All these steps are conducted in a continuous manner. Ac-
curately locating the anchor drilling holes is key to the bolt support operation, directly 
affecting the support speed and quality. In this paper, binocular vision positioning tech-
nology is proposed to automatically locate the anchor drilling holes. Vision positioning 
methods can be categorized into monocular [7,8], binocular [9,10], and multiple camera 
approaches [11–13] based on the number of vision sensors employed. Binocular vision 
positioning utilizes a pair of visual sensors to capture a single scene from distinct angles. 
By analyzing the disparities in these views, the method calculates the positional data of a 
specific point of interest. This approach finds extensive applications in various domains 
such as robot navigation [14–17], simultaneous localization and mapping (SLAM) [18,19], 
industrial automation [20,21], and intelligent agriculture [22,23]. 

Applications of visual positioning in the field of coal mining are emerging, but most 
of the applications are aimed at the spatial positioning of equipment [24–27], and no re-
search on the spatial positioning of roof anchor holes in roadways is reported. In order to 
improve the automation degree of roadway support, an automatic positioning method to 
extract the spatial 3D coordinates of anchor holes based on binocular vision is proposed. 
An image segmentation method based on the shape of a roof steel strip is proposed to 
improve the image segmentation accuracy. With this method, roof steel strip images can 
be precisely segmented. A parameter-adaptive Hough circle detection method is designed 
to improve the recognition accuracy and shorten the recognition time. To accurately match 
the center coordinates of anchor holes, a stereo matching method based on the slope of a 
straight line is proposed. 

The main contributions of this paper are summarized as follows: 
(1) The present paper proposes an approach for the spatial positioning of the anchor 

drilling center, which employs binocular stereo vision. A corresponding experi-
mental platform for anchor drilling positioning is also introduced. The proposed 
method is shown to outperform the conventional manual technique in terms of the 
accuracy and stability of positioning, as demonstrated by the experimental results. 
The method also exhibits a 60% increase in the roof support speed. 

(2) A circle detection method based on the parameter-adaptive Hough transform is in-
troduced, and a functional relationship between the size of the circular hole in the 
image and the actual distance is established. The Hough circle detection function’s 
maximum and minimum radii are adaptively adjusted to enable the accurate identi-
fication and segmentation of the anchor hole’s circular contour. 

(3) A stereo matching method is developed by leveraging the slope of the straight line 
where the contour of the anchor hole is located and geometric constraints during ste-
reo matching. This approach enables rapid matching of the anchor hole even under 
conditions of weak texture. 
The rest of this paper is organized as follows. In Section 2, the relevant preparatory 

work for this paper is explained, including the structure of the anchor drilling robot, the 
binocular vision system, and the image preprocessing method. In Section 3, the procedure 
of the proposed method is presented in detail. In Section 4, a series of experiments are 
presented to verify the performance of the proposed method. The discussion of the exper-
imental results is presented in Section 5. Finally, the conclusions and future work are pre-
sented in Section 6. 

2. Anchor Drilling Robot and Supporting Process 
As shown in Figure 1, the anchor drilling robot consists of a cantilever roadheader 

and two six-degree-of-freedom robotic manipulators, distributed in parallel on both sides 
of its body, with a drilling rig as its end effector. After the cantilever roadheader completes 
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the tunnel excavation, the drilling rig completes the roof or rib bolting of the roadway in 
the coal mine. 

Binocular camera Roof of roadway

Monocular camera

Drilling rigSteel stripe

Anchor drilling robot manipulator

Binocular camera

Steel stripe Monocular camera

 
Figure 1. Anchor drilling robot. 

The process of roadway roof support is carried out according to the following steps: 
firstly, the binocular vision system captures the images of the roof steel strip, and the po-
sitioning method described is used to determine the center coordinates of the anchor drill-
ing holes. Then, the position-based visual servo technology is used to move the manipu-
lator to the vicinity of the target position to complete the rough control of the manipulator. 
Then, the monocular camera on the manipulator is used to obtain the image of the steel 
strip, and the image-based visual servo technology is used to accurately position the drill-
ing rig in the center of the anchor hole, so that the drilling rig can complete the anchoring 
task. The system comprehensively utilizes the visual positioning method and visual servo 
control method to realize the automation of bolt support in a coal mine roadway. In this 
paper, the accurate positioning method of anchor drilling is studied. 

2.1. Flowchart of Binocular Vision Positioning Algorithm 
The binocular vision system for positioning consists of a computer, two industrial 

cameras, a calibration board, and software for positioning. As shown in Figure 2, the 3D 
coordinate extraction method based on the binocular vision system is composed of three 
steps. In step 1, the cameras are used to simultaneously capture images of the calibration 
board in different positions, and the MATLAB toolbox is used to calibrate the images in 
order to determine the camera’s internal and external parameters [28]. It was necessary to 
complete the stereo rectification for the images captured using the parameters obtained 
from the calibration result, such that the two cameras’ imaging planes were parallel and 
pixels in the rows were aligned to form an ideal binocular stereo vision model [29]. In Step 
2, the Otsu method is employed to perform image binarization, while median filtering 
effectively eliminates salt and pepper noise, culminating in comprehensive image prepro-
cessing. Simultaneously, the steel strip is segmented based on its distinct shape character-
istics, with the steel strip area serving as the designated Region of Interest (ROI). Ulti-
mately, the anchor drilling holes on the steel strip are pinpointed through parameter-
adaptive Hough circle detection, allowing for the retrieval of their precise pixel coordi-
nates. Moving to Step 3, the procedure initiates by executing stereo matching between the 
left and right steel stripe, enabling the subsequent determination of the anchor hole’s spa-
tial coordinates via the application of triangulation principles. 
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Figure 2. Algorithm flowchart for extracting the three-dimensional (3D) spatial information of a 
drilling hole center using binocular vision system. 

2.2. Calibration of Cameras and Stereo Rectification of Images 
The calibration of the camera is an important step in computer vision, and is also the 

foundation for other computer programs. To generate a relationship between the 3D co-
ordinates of a spatial point and the pixel coordinates of the same point on the image plane, 
calibration involves obtaining the camera’s internal parameters (such as the focal length 
and the central pixel) and external parameters (such as the rotation and translation ma-
trix). Once the calibration process has been completed, we can use the calibrated parame-
ters to complete the stereo rectification of the camera, which will allow the system to be 
transformed into the ideal model of a stereo vision system. In both the left and right im-
ages, the image rows of the same single point were unanimous after rectification. We only 
had to locate their matching points on the same line in order to improve the efficiency of 
stereo matching since the images satisfied bipolar constraints. 

As a result of the calibration, a relationship is established between the space point 
and the corresponding point on the image plane. To reduce the difficulty and improve the 
efficiency of stereo matching, it is necessary to perform stereo rectification on the two im-
ages, which can convert the coordinates corresponding to a particular point on the right 
side of the coordinate image from a two-dimensional search to a one-dimensional search. 
Figure 3 shows the left and right image pairs before stereo correction, and Figure 4 shows 
the image pairs after stereo correction. As can be seen from Figure 3, the left and right 
images before stereo rectification are not coplanar. The red line in the left picture passes 
through the anchor hole, but there is still some distance from the anchor hole in the right 
picture, which can be clearly seen from the enlarged picture in the upper left corner. As 
can be seen from Figure 4, the left and right images after stereo rectification are coplanar 
and linearly aligned, the red straight line in the figure is tangent to the anchor hole, and 
the spatial dotted lines in the left and right images are aligned. 
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Figure 3. Image pairs before stereo rectify. 

 
Figure 4. Image pairs after stereo rectify. 

3. Locating Anchor Drilling Holes Based on Binocular Vision 
3.1. Detection Method of Anchor Drilling Holes Based on Adaptive Parameter Hough Transfor-
mation 

Normally, shape-based [30], color-based [31,32], and label-based [33] analyses are 
used in the visual recognition industry. The colors of coal, rock, and steel strips are gen-
erally black or gray. Therefore, it is difficult to distinguish the circle on the steel strips 
from the background of coal and rock solely based on color. It is therefore inappropriate 
to utilize a color-based recognition method. In tunnels utilizing different types of steel 
strips, label-based recognition has some limitations. In contrast to this, the steel strips used 
for support are generally rectangular with circular or elliptical holes. 

Based on Figure 5a, the shape of the steel strip was considered to be a more effective 
indicator. Thus, a method based on shape analysis was used to identify the steel strips, 
and then, contour fitting by the Hough transform was used to locate drilling holes in the 
images. 

The upper and lower sides of the steel strip cross the entire image in most cases; 
therefore, we considered these two straight lines as information and made the steel strip 
region the ROI. Thus, using the straight line detection method, which consists of three 
steps, the segmentation of the image can be determined. Computer vision requires the 
preprocessing of the original images, which includes calibration, stereo rectification, and 
image binarization based on the Otsu threshold, as shown in Figure 5b. Then, the edge 
image was extracted using the Canny edge detector, as shown in Figure 5c. As a final step, 
the least squares method was used to detect straight lines. A straight-line function in Car-
tesian coordinates can be expressed as follows: 

,y kx b= +  (1) 

where k is the slope of the straight line, and b is the ordinate at the origin. To solve linear 
Equation (1), the function must be translated from the Cartesian coordinate system to the 
polar coordinate system. As a result, Equation (1) can be rewritten as follows: 
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cos sin ,r x yθ θ= +  (2) 

where r represents the coordinate origin of the straight line, and θ  represents the angle 
between the vertical line from the coordinate origin of the straight line and the x -axis. We 
know that a straight line in the Cartesian coordinate system corresponds to a point in 
parameter space; therefore, this translation transforms the problem of solving the straight-
line function into finding the point with the most intersection points with curves in the 
parameter space. Once the linear equations governing the upper and lower edges of the 
steel strip are ascertained, employing mathematical calculations facilitates the deduction 
of four sets of coordinates. These coordinates correspond to the intersections of the afore-
mentioned straight lines with the image boundary. The resultant enclosed geometric con-
figuration constituted by these four coordinate points can be duly recognized as the im-
age’s designated region of interest. Figure 5d illustrates the straight lines and the ROI. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Example of image segmentation: (a) original image; (b) preprocessing image; (c) Canny-
detected image; and (d) straight line and region of interest (ROI). 

As shown in Figure 5d, there were only a few holes in the ROI of the image because 
the steel strip was black and had few features. The drilling holes were evenly distributed 
on the steel strip, with the same radius and a certain distance between them. The diameter 
of the drilling holes used in this study was 30 mm, and the distance between adjacent 
drilling holes was 30 cm. Thus, geometric constraints can be used to determine the coor-
dinates of the holes in space. It is possible to detect circles using the Hough transform 
circle detection method. The circle function is defined as follows: 

0 0

0 0

cos
sin

x x r
y y r

α
α

= +
= +

 (3) 

where r0 is the radius of the drilling holes, x0 and y0 are the center coordinates of the drilling 
hole, x and y are the image coordinates, and α represents the angle, whose value ranged 
from 0° to 360°. 
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Circle detection using the Hough transform is often implemented in OpenCV by call-
ing the Hough circle function, which requires the setting of several parameters, including 
the minimum and maximum radii of the circle. Properly selecting these two parameters 
can significantly reduce the detection of invalid circles and improve the accuracy of circle 
detection. 

To improve the precision of circle detection, it is necessary to determine an optimal 
range for the radii of circles. However, since the radii of the drilling holes in the images 
vary with the distance between the camera and the steel strip on the roadway, it is chal-
lenging to identify a fixed range of values that can adapt to different distances. To address 
this issue, we propose an adaptive method for adjusting the parameters in the Hough 
circle function during the detection process. This method involves three steps and can 
effectively screen and remove invalid circles, thus improving the speed and accuracy of 
detection. 

3.1.1. Constructing the Prediction Model 
For a given camera, the size of the circular hole in an image is linked to the distance 

between the camera and the object being photographed, with the hole size decreasing as 
the distance increases. To account for the impact of ineffective drilling images on the de-
tection accuracy, it is important to create a predictive model that correlates the distance 
represented in the images with the radius of the circular hole. 

In the binocular vision positioning system described in this paper, the camera’s work-
ing distance was mainly concentrated in the range of 1000–3000 mm. Therefore, the pre-
diction model developed in this study was suitable for the radius range of the circular 
holes in the image within this distance range. 

To develop a prediction model, an image acquisition system was constructed, con-
sisting of an industrial camera fixed on a sliding shaft. The optical center of the camera 
was positioned vertical to the steel strip being inspected. Ten steel strip images were col-
lected at intervals of 100 mm within the range of 1000–3000 mm, and the data were rec-
orded. At each acquisition point, 40 anchor borehole images were obtained. The radius of 
each anchor hole in the image was measured and averaged using digital image processing 
methods. 

A power function was fitted using the least squares method to obtain the functional 
relationship between the acquisition distance and the radius of the anchor borehole in the 
image. This prediction model could effectively screen and remove invalid circles and im-
prove the accuracy and efficiency of the detection process. 

The test results are presented in Figure 6, where the X-axis denotes the measured 
distance, and the Y-axis represents the average radius of the anchor drilling holes in the 
image. The green, blue, and black dashed lines represent the maximum, minimum, and 
average values, respectively, of the pixel radius of the anchor borehole under different 
acquisition distances By least-square fittings, the functional relationship was obtained, 
which is shown by the red curve in Figure 6. The fitted function can be expressed as fol-
lows: 

0.733164.81*r d −= , (4) 

where r and d denote the radius of the anchor drilling holes in the image and the measured 
distance, respectively. Using this functional relationship, we can determine the radius of 
the anchor hole in the corresponding image based on a certain measuring distance. It 
should be noted that the aforementioned relationship can only be used to fit a circle with 
a specific radius and is not applicable for fitting circles corresponding to a range of radius 
values. In the process of using Hough detection to fit a circle, we need to use the minimum 
and maximum radii of the circle as geometric constraints to filter out invalid round holes. 
Thus, we need to find the relationship between the maximum and minimum radii and the 
fitted radius based on this functional relationship. Therefore, we can use the measured 
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data to estimate the ratios of the maximum and the minimum radii to the average radius 
at a specific distance. The formulas for the maximum and minimum radii, respectively, 
are as follows: 

max
max

min
min

20
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i iave

i iave
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r r
rate

=

=

∑

∑
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where maxrate   and minrate   indicate the ratio of the maximum and minimum radii to the 
calculated radius above, respectively, i   represent the ith distance, and maxir  , minir  , and 

iaver   represent the maximum, minimum, and average radii, respectively, of the corre-
sponding circular hole when measuring the distance. The experimental results showed 
that in the range of 1000–3000 mm, the values of maxrate   and minrate   were 103.8% and 
96.5%, respectively. 

 
Figure 6. Variation in the radius with distance. 

By constructing the prediction model of the circular hole radius on the image, the 
corresponding circular hole radius d could be determined at any measurement distance, 
and the maximum and minimum radii of the Hough detection circle were set as max*d rate  
and min*d rate , respectively. With this geometric constraint, invalid circles can be effectively 
screened out, and the detection efficiency and speed can be improved. 

3.1.2. Calculating the Distance 
The acquisition distance refers to the spatial distance between the camera position 

and the roof steel strip when the image is acquired. Accurate distance measurement can 
ensure that the radius interval of the circular hole in the calculated image is reasonable, 
and then the outline of the anchor hole in the image can be effectively detected. 

Based on the structure of the above-mentioned drilling and anchoring robot, the joint 
variables were accurately measured in real time by using displacement sensors and angle 
sensors arranged on each joint of the manipulator, and the Denavit–Hartenberg parameter 
table was constructed based on the robotics and structural parameters of the drilling and 
anchoring robot. Through the conversion relationship of each coordinate system, the con-
version relationship between the camera coordinate system and the fuselage coordinate 
system can be obtained. The 3D coordinates of the camera coordinate system in the world 
coordinate system can be obtained in real time by the method of fuselage positioning. 



Mathematics 2023, 11, x FOR PEER REVIEW 9 of 19 
 

 

A camera coordinate system, a base coordinate system, and a world coordinate sys-
tem were constructed, wherein the spatial coordinate of a point A on the camera plane in 

the camera coordinate system was ( )1 1 1, ,C A x y z= , and it was converted into the spatial co-

ordinates in the world coordinate system ( )2 2 2, ,W A x y z= . The transformation relation is as 
follows: 

1 2

1 2

1 2

,

1 1

W W B C W B
B C B C

x x
y y

A T T A T T
z z

   
   
   = = =
   
   
   

, (6) 

where 
B

CT  represents the conversion relationship between the camera coordinate system 

and the fuselage coordinate system, and 
W
BT  represents the conversion relationship be-

tween the fuselage coordinate system and the world coordinate system. Both 
B

CT  and 
W
BT  

can be determined based on the robot kinematics. 
The size of coal mine roadway is certain, and the coordinates of point B on the steel 

strip in the world coordinate system are ( )3 3 3, ,W B x y z= , where 3x  and 3y  are unknown. 
The acquisition distance can be approximately represented by the distance between point 
A on the camera and point B on the steel strip: 

( ) ( ) ( )2 2 2
1 2 3 2 3 2 3d x x y y z z= − + − + − , (7) 

To ensure that the steel strip is within the field of view of the camera, the two points 
A and B change little on the X-axes and Y-axes. The experimental results showed that the 
measuring distance is mainly determined by the difference in the Z-axis. To mitigate the 
impact arising from disparities between the X-axis and Y-axis, an attenuation factor de-
noted as α was introduced. The experimental outcomes substantiate the adoption of a 
value of 1.1 for α. Therefore, the acquisition distance was set as: 

( )1 2 31.1 .d d z z= ∂ = − , (8) 

Consequently, the method described above was employed to compute the acquisition 
distance, which in turn enabled the determination of the maximum and minimum radii. 

3.1.3. Additional Geometric Constraints 
The geometric constraints mentioned above allowed us to finish the contour fitting 

of the drilling hole, reducing the number of non-target contours. In spite of this, some 
redundant circles can be detected due to the wide range of geometric constraints. To elim-
inate these redundant circles, two rules were developed. 

In the experiment of establishing the predictive model correlating shooting distance 
with anchor hole radius, as discussed in Section 3.1.1, certain notable observations come 
to the forefront. At a shooting distance of 1400 mm, the image exhibits the most substantial 
disparity between the maximum and minimum anchor hole radii, with a maximum radius 
of 16.7 mm, a minimum radius of 14.9 mm, and an average radius of 15.8 mm. The devia-
tion between the maximum and minimum radii stands at approximately 12.5%. Con-
versely, when the acquisition distance extends to 2000 mm, the image displays the nar-
rowest gap between the maximum and minimum radii, with a maximum radius of 11.9 
mm, a minimum radius of 11.5 mm, and an average radius of 11.6 mm. Here, the discrep-
ancy between the maximum and minimum radii is around 3.4%. Within the range of 1000-
3000 mm, the average error concerning the maximum and minimum anchor hole radii 
remains at approximately 9.6%. Given a certain amount of redundancy, the error between 
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the maximum radius and the minimum radius of the anchor hole on the same image is 
less than 15% within the acquisition distance. 

In the practical execution of the process, the gravitational forces acting on the steel 
strip induce deformations, leading to fluctuations in the center-to-center distance between 
adjacent anchor holes. Presuming an initial center-to-center distance of 300 mm between 
two consecutive anchor holes on the steel strip, empirical observations demonstrate that 
within the range of shooting distances spanning 1000–3000 mm, the center-to-center dis-
tance varies between 296.5 mm and 305.6 mm. For instance, when the shooting distance 
stands at 1600 mm, the maximum center-to-center distance between adjacent anchor hole 
centers reaches 305.6 mm, resulting in a corresponding distance error of 5.6 mm, repre-
senting the largest discrepancy. Conversely, at a shooting distance of 1800 mm, the center-
to-center distance between adjacent anchor holes aligns precisely with the nominal value 
of 300 mm. During this condition, the center-to-center distance error between adjacent 
anchor holes is minimized to zero. In the same way, a certain amount of redundancy needs 
to be given, so the distance error between the centers of adjacent anchor holes is set to 10 
mm. The following expressions can be used to describe the two rules: 

( ) ( ) 300 10

imax imin

imin

2 2
i i+1 i i+1

r - r
0.15

r

x - x + y - y

≤

− ≤
, (9) 

where ix  and iy  represent the coordinates of the ith circle in the image. 
Based on the method above, the radius parameters can be obtained through the pre-

diction model of the bolt drilling radius on the image and adjusted adaptively. The Hough 
detection method with adaptive parameter adjustment is used to fit the outline of the an-
chor hole on the image, and the center coordinates and radius information of the anchor 
hole are obtained. 

3.2. Matching Method for Segmented Drilling Holes 
Image segmentation and stereo matching [34,35] are two important components of 

binocular vision. In stereo matching, pixels representing the same spatial point are 
matched between left and right images, primarily by searching for the corresponding 
point. Binocular rectification optimizes the two-dimensional search into a one-dimen-
sional search, that is, the search is conducted only horizontally, which reduces the diffi-
culty of stereo matching. Although there are many stereo matching methods, the research 
object for this project is in an environment with limited texture information; therefore, 
stereo matching is a challenge. 

In the above-mentioned image segmentation process, the Hough line detection 
method can be used to determine the linear equation of the upper and lower lines of the 
steel strip. Because the anchor holes are evenly distributed on the steel strip and are on 
the same horizontal line, the slope of the central connecting line of the anchor holes on the 
same steel strip is equal to the upper and lower sides of the steel strip. 

When the slope of the straight line is zero, theoretically, the anchor boreholes in the 
left and right images are all on the same straight line, and the pixel coordinates of each 
anchor borehole are consistent in the vertical direction but different in the horizontal di-
rection. This situation increases the difficulty of matching and cannot guarantee the accu-
racy of the matching results. This paper proposes a method of stereo matching using co-
ordinate matching based on the fact that the coordinates of the different centers of the 
drilling holes within the same image are consistent both vertically and horizontally when 
the slope is not zero. 

The segmentation described in the previous section allows us to determine the pixel 
coordinates of the center of the drilling holes. Because the contour on the image is direc-
tional, the coordinates of the center of the circle can be arranged from small to large in the 
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nate values. Theoretically, the pixel coordinate values of the same point in the vertical 
direction of the left and right images are the same, and different anchor drilling centers 
can be stereo matched using this property. Since the noise causes some error in the recti-
fied images, there will be some errors in the rectified images. Several experiments have 
shown that the vertical coordinate error of the same point on the left and right images is 
less than 8 pixels; therefore, we set the threshold value to 10, and any point on the left and 
right images that is less than 10 pixels in the vertical dimension is considered to be the 
same. Through this method, 3D matching of the drilling center can be completed quickly, 
and the spatial coordinates of the drilling center can be determined. 

The accuracy of stereo matching of the drilling center can be verified based on the 
contour directionality. If the ith  point on the left and the jth  point on the right are a set 
of matching points, then i p±  and j p±  on the image are a set of matching points. More-
over, the distance between two adjacent matching points is basically the same, fluctuating 
in a small scope: 

1 1li li rj rjO O O O+ += , (10) 

3.3. Calculating the Center Coordinates of Anchor Drilling Holes 

An ideal model of the binocular vision system is shown in Figure 7, where WX , WY

, and WZ
 are the world coordinates, CX , CY , and CZ

 are the camera coordinates, and u

, and v  are the pixel plane coordinates; lO  and rO  are the optical centers of the two 
cameras, B is the distance between the two cameras, and f is the focal length; lC

 and rC  
are the left and right image planes, respectively, which are perpendicular to CZ  (optical 
axis of the cameras). A parallel optical system between the two cameras would be the ideal 
model, but in reality, most models do not follow this principle. Therefore, stereo rectifica-
tion is an essential step before determining the location of a space point. The point 
( ), ,A X Y Z  is a point in the world coordinate system, and its response points in the image 

plane are ( )1 1 1,a u v  and ( )2 2 2,a u v . Because the triangles are similar [36,37], we can formu-
late the conversion formula between the world coordinate system and the image coordi-
nate system as follows: 
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1 2

1 2

*
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' *
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vY B
u u

fZ B
u u

=
−

=
−

=
−

, (11) 

This formula can be used to calculate a point’s coordinates; 'f  is one of the intrinsic 
parameters, and it was obtained by camera calibration. The quantity 1 2u u−  is defined as 
the disparity. 
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Figure 7. Model of binocular camera. 

By recognizing and matching circles, we can determine the pixel coordinates in the 
image of a drilling hole, including the coordinates in the left and right images. The spatial 
coordinates of a point were calculated using Equation (1) based on the calibration result 
as well as the segmentation and stereo matching results. Due to the coordinate conversion 
relationship, the spatial coordinates of the anchor hole are transformed into the coordinate 
system of the anchor drilling robot body, thereby facilitating the precise and expeditious 
movement of the drilling rig towards the anchor hole. 

4. Experiment and Results 
To validate the method proposed in this paper, two experiments were conducted. As 

a first step, drilling holes were identified in the images captured by the stereo vision sys-
tem from different distances. An experiment was conducted using the identification and 
stereo matching method to locate drilling holes in the world coordinates. 

4.1. Identifying Anchor Drilling Holes at Different Distances 
An experiment was conducted in the laboratory to simulate the actual working con-

ditions in order to verify the accuracy rate of the identification method. To identify the 
drilling holes, a simulation experiment was conducted, as shown in Figure 8. In the exper-
iment, there were blackboards containing coal blocks replicating coal walls on coal mine 
roadways and steel strips containing four drilling holes placed on the blackboards. On a 
high-precision mobile platform, the stereo vision system could be translated to adjust the 
distance between it and the blackboard. The binocular vision system captured three 
groups of images at each position at intervals of 100 mm within the range of 1100 mm–
2000 mm. As all four drilling holes cannot be captured in every image, there are actually 
fewer than 240 drilling holes. 
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Figure 8. Simulation experiment of identifying and locating the drilling holes. 

Based on the method proposed above, the identified results are presented in Figure 
9. Figure 9a,b show the contour fitting results of the drilling holes based on Hough circle 
detection and the method proposed in this paper, respectively. The red circles represent 
the contours of the detected drilling holes, and the green circles represent the centers of 
the corresponding drilling holes. As can be seen from Figure 9a, the contours of the drill-
ing holes detected by traditional methods using initial parameters were numerous and 
disordered, had different radii, and mostly did not meet the actual requirements. 

Identifying anchor drilling holes in steel strips by using the adaptive parameter 
Hough transformation described in this paper mainly includes the following steps: first is 
preprocessing the images, including image binarization, image enhancement, and stereo 
correction. The Canny edge detection method is then used to process the images, and the 
steel strip is divided into the region of interest (ROI) with the upper and lower edge lines 
as the characteristics. On this basis, the acquisition distance is estimated by the transfor-
mation relationship between the structural parameters and coordinate axes of the anchor 
drilling robot. Using the functional relationship between the acquisition distance and the 
radius of the anchor drilling holes in the image, the radius at any distance is determined. 
Finally, based on the geometric constraints of the maximum radius and the minimum ra-
dius, Hough transform with adaptive adjustment of radius parameters is used to detect 
the anchor drilling holes on the steel strip, and the detection results are shown in Figure 
9b. The contours of the drilling holes detected in Figure 9b are completely consistent with 
the actual holes, with a high degree of overlap, and there are no problems such as false 
detection, missed detection, and multiple detection. The experimental results showed that 
the detection method of anchor drilling holes based on the adaptive parameter Hough 
transform proposed is more accurate and can effectively eliminate invalid results. 

  
(a) (b) 
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Figure 9. Contour fitting of the drilling hole: (a) based on Hough circle detection; (b) based on the 
proposed method. 

In each image, only three drilling holes can be seen on the steel strip when the dis-
tance is 1100 mm. The right camera’s images contained four drilling holes at distances 
between 1200 and 1500 mm, while the left camera’s images contained three drilling holes. 
Whenever the distance exceeded 1600 mm, each image contained four anchor holes. The 
identification results of the drilling holes obtained by the different methods are shown in 
Table 1. The total number of drilling holes when the distance was from 1100 to 2000 mm 
was between 18 and 24. The numbers of identified drilling holes based on the traditional 
Hough circle detection were different from each other; the smallest number was 31 and 
the largest number was 121. However, the results of the adaptive parameter Hough trans-
formation ranged from 18 to 24. When the distance was below 1800 mm, the identification 
rate was 100%. The identification rate dropped to 87.5% when the distance exceeded 1800 
mm. The average identification rate reached about 91.5%. 

It is worth noting that the time consumption was also shortened. The amount of time 
required for identifying drilling holes using the traditional method was 650–2300 ms, 
while that of the proposed method was 590–670 ms. The average speed of the drilling hole 
identification increased by 55.6%. 

The experimental results showed that the proposed method could effectively im-
prove the recognition rate of drilling holes, eliminate the influence of invalid circular holes 
on the recognition results, and greatly improve the recognition speed. 

Table 1. Identification results of drilling holes by different methods. 

Distance 
(mm) 

Number of 
Drilling 

Holes 

Identified Drill-
ing Holes (Initial 

Parameter) 

Identified Drill-
ing Holes (Adap-
tive Parameter) 

Identification Rate 
(Adaptive Param-

eter) 

Time 
(Initial Parame-

ter) 

Time 
(Adaptive Parame-

ter) 
1100 18 32 18 100% 693 ms 658 ms 
1200 21 37 21 100% 967 ms 640 ms 
1300 21 85 21 100% 1466 ms 623 ms 
1400 21 103 21 100% 2073 ms 665 ms 
1500 21 121 21 100% 2634 ms 591 ms 
1600 24 38 24 100% 654 ms 607 ms 
1700 24 42 24 100% 897 ms 638 ms 
1800 24 77 24 100% 1603 ms 618 ms 
1900 24 95 21 87.5% 2257 ms 649 ms 
2000 24 31 21 87.5% 896 ms 604 ms 

4.2. Localization of Drilling Holes 
It was necessary to extract the 3D coordinates of the drilling holes after identifying 

them in the images. A laboratory localization test was conducted in order to determine 
the precision of the stereo vision positions as well as the accuracy in three dimensions. 
Initially, the world coordinate system was determined by the optical center coordinates of 
the left camera of the binocular camera system. In this scenario, the X-axis corresponded 
to the optical center of the left camera, the Z-axis corresponded to the coal wall along the 
optical center direction, and the Y-axis was determined by the right-hand rule. To simulate 
the positioning accuracy of the bolt drilling at various distances from the coal wall, the 
camera’s position on the high-precision mobile platform was adjusted during the experi-
mental process. We collected a group of images every 100 mm in the range of 1100–2000 
mm, and we used the method proposed in this paper to perform preprocessing, correc-
tion, recognition of targets, contour detection, stereo matching, and other steps so as to 
determine the spatial positions of the drilling holes in the world coordinate system. Based 
on the binocular vision positioning principle, we could calculate the spatial coordinates 
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Figure 10. The variation in spatial coordinates of the same drilling hole every 100 mm interval. 

This paper also focuses on the changes in the spatial coordinates of a drilling hole 
over a range of distances. The method proposed in this paper could accurately locate holes 
1–3 in the range of 1100–2000 mm, whereas hole 4 could only be accurately located in the 
range of 1700–1800 mm. Therefore, this paper focuses primarily on the change in spatial 
coordinates between holes 1 and 3. As we can see from Figure 10, in the X-direction, the 
maximum change between two adjacent drilling holes was −16.9 mm, the minimum 
change was −0.8 mm, and the average change was −8.8 mm. In the Y-direction, the maxi-
mum variation was 8.6 mm, the minimum variation was 1.8 mm, and the average change 
was 5.6 mm. In the Z-direction, the maximum variation was 111.4 mm, the minimum var-
iation was 85.9 mm, and the average variation was 95.2 mm. Because the binocular camera 
system was only moved along the Z-axis on a high-precision mobile platform, and the 
distance between each movement was 100 mm, the positioning error along the Z-axis was 
−4.8 mm. The positioning accuracy on the Z-axis reached 95.2%. 

At present, the coal mine roadway support operation mainly depends on the manual 
operation of single pieces of equipment, which generally requires three people to work at 
the same time, and it takes about 7 min to complete an anchor drilling support operation. 
In addition, in the construction process of different anchor drilling operations, it takes 
time to move the equipment. For a cross section, it takes an average of 8 min to carry out 
bolt drilling support. 
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The robot for drilling anchors introduced in this paper realizes the automatic posi-
tioning of drilling anchors through binocular vision positioning technology to control the 
drilling boom to complete the supporting operation. The experimental results showed that 
it took about 30 s from image acquisition to determine the coordinates of the drilling an-
chor, about 1 min to move the boom to the target position, and about 3 min to complete 
the drilling anchor operation, corresponding to a total of 4.5 min. It takes an average of 5 
min for the equipment to complete an anchor drilling support operation. In contrast to the 
existing method, only one worker needs to participate, lowering the number by two work-
ers, improving the support speed by about 60%, and improving the safety of the system. 
This is of great significance for reducing the required manpower, improving efficiency, 
and realizing automation and intelligence in coal mines. 

Table 2. The location result of the drilling holes based on the stereo vision system. 

Dis-
tance 
(mm) 

Drill-
ing 

Holes 

Pixel Coordi-
nates of the 

Center of the 
Left Image 

Pixel Coordi-
nates of the 

Center of the 
Right Image 

Spatial Coordinates 
Spatial Distance be-
tween Two Adjacent 

Drilling Holes 

Average 
Distance 

(mm) 

Average 
Error of 
Distance 

(mm) 

1100 

1 (−249.5, −18.3) (−434.5, −1.9) (−203.3, −14.9, 1106.4) / 

299.4 0.6 
2 (118.8, −10.8) (−68.3, −11.6) (95.7, −8.7, 1094.0) l12(1100) = 299.4 
3 (493.1, −2.4) (304.9, −2.4) (394.9, −1.9, 1087.6) l23(1100) = 299.4 
4 / / / / 

1200 

1 (−245.2, −9.9) (−414.9, −10.7) (−217.8, −8.8, 1206.2) / 

302.3 2.3 
2 (95.6, −2.6) (−75.9, −3.6) (84.0, −2.3, 1193.5) l12(1200) = 302.3 
3 (439.2,5) (267.8, 4.8) (386.2, 4.4, 1194.2) l23(1200) = 302.3 
4 / (608.0, 12.9) / / 

1300 

1 (−228.7, −0.5) (−386.4, −1.3) (−218.6, −0.5, 1298.0) / 

299.3 0.7 
2 (85.4, 5.5) (−73.7, 4.6) (80.9, 5.2, 1286.6) l12(1300) = 299.8 
3 (402.7, 12.5) (242.8, 11.8) (379.6, 11.8, 1280.1) l23(1300) = 298.8 
4 / (557.0, 19.1) / / 

1400 

1 (−218.2, 4.6) (−364.3, 3.6) (−225.1, 4.8, 1401.0) / 

301.2 1.2 
2 (73.9, 10.7) (−73.2, 9.8) (75.7, 11.0, 1391.5) l12(1400) = 301.1 
3 (367.6, 17.4) (220.5, 16.6) (376.7, 17.8, 1391.5) l23(1400) = 301.3 
4 / (510.4, 23.1) / / 

1500 

1 (−204.5, 11.0) (−342.0, 10.2) (−224.18, 12.1, 1488.7) / 

299.8 0.2 
2 (68.2, 16.9) (−69.9, 16.0) (74.4, 18.5, 1482.2) l12(1500) = 298.8 
3 (343.4, 23.4) (205.4, 22.4) (375.1, 25.3, 1483.3) l23(1500) = 300.7 
4 / (477.2, 29.3) / / 

1600 

1 (−203.5, 15.5) (−333.0, 14.6) (−236.9, 18.0, 1580.6) / 

299.0 1.0 
2 (54.4, 21.2) (−76.0, 20.0) (62.9, 24.5, 1569.7) l12(1600) = 300.0 
3 (312.9, 27.6) (183.1, 26.8) (363.4, 32.1, 1577.0) l23(1600) = 300.7 
4 (566.9, 29.7) (439.0, 33.0) (668.1, 35.0, 1600.4) l34(1600) = 305.6 

1700 

1 (−205.4, 21.6) (−327.7, 20.6) (−253.2, 26.6, 1673.7) / 

298.8 1.2 
2 (37.6, 26.6) (−84.9, 25.5) (46.3, 32.7, 1671.0) l12(1700) = 299.5 
3 (281.4, 32.3) (159.0, 31.3) (346.5, 39.8, 1672.3) l23(1700) = 300.4 
4 (521.2, 37.2) (399.0, 36.9) (642.9, 45.9, 1675.1) l34(1700) = 296.5 

1800 

1 (−205.0, 22.6) (−320.9, 22.0) (−266.6, 29.4, 1766.1) / 

299.5 0.5 
2 (25.7, 27.9) (−90.7, 27.4) (33.3, 36.1, 1758.5) l12(1800) = 300.1 
3 (255.8, 33.8) (140.4, 32.8) (334.1, 44.2, 1773.8) l23(1800) = 301.3 
4 (482.3, 39.3) (367.1, 38.3) (631.1, 51.4, 1776.8) l34(1800) = 297.0 

1900 1 (−202.0, 22.8) (−312.0, 21.6) (−276.8, 31.2, 1860.8) / 300.9 0.9 
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2 (18.0, 28.1) (−92.8, 27.2) (24.5, 38.2, 1847.4) l12(1900) = 301.7 
3 (236.6, 34.1) (126.6, 32.8) (324.2, 46.7, 1860.8) l23(1900) = 300.1 
4 (452.0, 39.1) / / / 

2000 

1 (−197.8, 23.9) (−302.4, 20.8) (−285.0, 34.4, 1956.9)  

301.5 1.5 
2 (13.3, 28.9) (−92.1, 26.8) (19.0, 41.3, 1942.0) l12(2000) = 304.4 
3 (219.7, 34.9) (115.2, 30.8) (316.9, 50.3, 1958.8) l23(2000) = 298.5 
4 (423.8, 39.6) / / / 

5. Discussion 
An effective method for improving the support efficiency of roadways is to use bin-

ocular cameras to collect images of the roof steel strip and accurately position anchor 
holes. An anchor hole identification experiment revealed that a 97.3% accuracy was 
achieved in identifying anchor holes. For distances between 1100 and 1500 mm, due to the 
short distance, not all anchor holes could be imaged on the left and right cameras. Thus, 
only the spatial coordinates of the anchor holes appearing on the left and right images 
could be determined. At a distance of 1600–1800 mm, as the distance increased, all anchor 
holes on the steel strip could be identified on the image, allowing the spatial coordinates 
of the four anchor holes on the steel strip to be determined. When the distance exceeded 
1800 mm, even though all anchor holes on the steel strip could be displayed on the left 
and right images, the image quality decreased due to the distance from the edge. The 
brightness of the part near the edge of the steel strip was low, and it was highly similar to 
the color of the coal wall, making it difficult to distinguish. It was difficult to determine 
the spatial coordinates of the anchor holes here. Therefore, further research should focus 
on the identification of anchor holes when the brightness is reduced. 

During the anchor hole positioning experiment, the binocular camera system was 
only adjusted along the high-precision moving platform, and spatial coordinates of the 
anchor hole only changed along the Z-axis. Because the optical axis of the camera was not 
perfectly perpendicular to the plane where the steel strip was positioned, the spatial coor-
dinates of the bolt drilling changed on the X- and Y-axes. Consequently, as soon as the 
camera moved along the high-precision mobile platform, the origin of the world coordi-
nate system changed in all three directions of the three axes, not just along the Z-axis. The 
steel strip, however, was not a plane, but rather a curved surface, which could cause the 
X and Y coordinates to change. 

6. Conclusions 
This paper proposes a novel spatial positioning method for anchor drilling holes, 

which utilizes binocular stereo vision to capture images of steel strips on roadway roofs. 
The captured images undergo a series of preprocessing steps such as image enhancement, 
denoising, and stereo correction, followed by the application of a circle detection algo-
rithm based on parameter-adaptive Hough transform. The method constructs a function 
model that relates the anchor drilling hole radius in the image to the distance from the 
camera to the anchor hole. This enables the automatic adjustment of the maximum and 
minimum radii of the anchor hole based on its actual distance, facilitating accurate and 
fast identification and segmentation of the anchor hole contour. The experimental results 
demonstrate that the proposed method achieves an average recognition rate of 97.3% 
within the working range. To address the stereo matching problem of anchor holes under 
weak texture conditions, this paper proposes a matching method based on the slope of 
the straight line where the anchor holes are located and geometric constraints to realize 
fast image matching. The spatial coordinates of the anchor drilling center are calculated 
based on parallax primitive understanding. The experimental results reveal that the posi-
tioning accuracy of anchor drilling based on this method can reach 95%, exhibiting im-
proved stability and robustness when compared to the manual positioning method. 
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The spatial positioning technology of anchor holes based on binocular vision tech-
nology has high development potential, which is of great significance for improving the 
efficiency of coal mine roadway driving and developing automation and intelligence of 
coal mines. In the pursuit of enhancing the system’s practicality and robustness, we pro-
pose continued research into the spatial positioning of bolt drilling under low illumina-
tion conditions and undertaking industrial experiments in coal mines as part of our future 
work. 
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