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Abstract. In modern manufacturing, due to the narrow format, short size, and complex surface structure of 
small-sized workpieces, automatic detection of surface defects, dimensions, etc. on small-sized workpieces 
faces difficulties, making it difficult to meet the requirements of fully automated production lines. Especially, 
there is no good solution to the problem of high-precision automatic measurement of geometric features of 
circles and arcs on small-sized workpieces. This article takes the engine end cover circular hole thermal com-
ponent as the research object, builds a hardware platform for image acquisition of small-sized workpieces 
based on machine vision, proposes an online size measurement method for small-sized circular holes, and 
realizes the measurement of the position size and aperture size of small-sized product shell workpieces. In 
order to achieve the above methods, this article builds a visual detection hardware system and describes a de-
tailed machine vision hardware selection scheme. Then, the images collected by the system are preprocessed, 
including image denoising, image correction, and image feature extraction. Then, for the processed images, 
an improved Hough transform fitting method is used to obtain the online size of features. In order to visualize 
the results, the detection system and software are designed according to the actual application scenario. The 
overall scheme of this article is efficient and reasonable, and the detection result error is within a reasonable 
range.
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1   Introduction

Intelligent manufacturing technology is the core force driving China’s manufacturing industry from a manufac-
turing powerhouse to a manufacturing powerhouse. In modern manufacturing, mechanical equipment, electronic 
products, tool parts, etc. are becoming increasingly precise and complex. Precise and complex equipment is gen-
erally composed of small-sized workpieces, which need to undergo quality monitoring after production and pro-
cessing [1]. Dimensional error detection is the most important part of part quality inspection, generally including 
position dimension detection and shape dimension detection.

However, currently in the quality inspection process, based on existing size inspection methods and equip-
ment, there are still the following difficulties that need to be solved in the workpiece quality inspection process:

1) Small size workpieces often have complex structural features and diverse processing methods, resulting in 
a tight surface structure. It is necessary to identify the target object in the tight structural features, which can lead 
to recognition errors. In addition, due to the small size of the structure, even small measurement errors can lead 
to significant accuracy deviations [2].

2) From the perspective of measurement methods, when measuring small-sized parts, the detection method 
mainly relies on direct observation with the naked eye or using contact mechanical tools such as gauges, calipers, 
and micrometers for step-by-step detection. This method has low measurement efficiency and accuracy, and poor 
detection repeatability.

3) Some quality inspection processes use visual inspection, while conventional visual inspection is static. 
The measured object remains stationary and the position does not change. At the same time, in the past, visual 
inspection was mostly offline. During offline inspection, the part leaves the production station, causing changes 
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in the inspection coordinate system, increasing the generation of measurement errors, and resulting in inaccurate 
measurement results. At the same time, during the repeated clamping process of the part, positioning errors will 
be generated, which will actually affect the machining accuracy of the part [3].

In response to the above situation, the development of dynamic machine vision technology provides an effec-
tive solution to solve the technical difficulties in quality inspection. In response to the above problems, this arti-
cle uses machine vision technology to measure small-sized workpieces. Finally, taking the measurement of the 
engine end cover installation hole as an example, the feasibility of the method is verified. The work done in the 
article is as follows:

1) We have built a visual inspection system and provided a detailed description of the parameters and models 
of each hardware device in the system.

2) In order to improve the accuracy of visual detection, visual graphics are preprocessed, which includes im-
age correction, image denoising, and image feature extraction.

3) Design and implementation of an online measurement scheme for image features, and completion of the 
development of an image measurement system.

In order to clearly describe the work done in this article, the structure of the article is arranged as follows: 
Chapter 2 mainly introduces the research work related to this article, Chapter 3 mainly describes the construction 
of the visual system, Chapter 4 describes the image processing process, Chapter 5 describes the methods of on-
line measurement, Chapter 6 completes the design of the measurement system, and Chapter 7 is the conclusion.

2   Related Works

Many domestic scholars have conducted research on machine vision measurement technology. Haojing Bao, 
based on the shape characteristics of the sprocket tooth profile, used the highest point array and the lowest point 
array to obtain the contour diameter through elliptical fitting. Combined with the external parameter calibration 
method based on quadratic curve invariance, the diameter measurement error of the sprocket tooth root circle and 
tooth top circle is less than 40% μm [4].

Chao Bi, the research object is unconventional leaf shaped holes. A visual system was built, and multiple local 
images of the leaf shaped holes were collected, then concatenated to obtain their panoramic images. Finally, the 
geometric dimensions and contour parameters of the measured leaf shaped holes were obtained through image 
processing and leaf shape parameter analysis [5].

Xuang Chen mainly studied dynamic measurement, measuring circular holes. The dynamically collected cir-
cular hole images were preprocessed, and edge detection and gradient methods were used to obtain the center 
and radius of the outer circle. Combined with iterative fitting methods, dynamic measurement of the dimensions 
on both sides of the circular hole was achieved. Finally, under a certain lighting condition, the measurement error 
was less than 1 pixel [6].

Zichao Shu uses a 3D camera to capture product dimensions from a top-down angle. With the assistance of 
product 3D information, precise 2D image segmentation and corner 2D coordinate positioning are achieved. 
Then, the 3D coordinates are obtained by converting the 2D coordinates and depth information, and the product 
size is calculated [7].

Shijing Zhang from Anhui University of Technology proposed a machine vision measurement system for in-
ternal thread pitch parameters based on the principle of spherical reflection panoramic imaging, which achieved 
non-contact measurement of internal threads. The system was compared with the pitch measurement values of 
conventional thread measurement machines, and the experimental results showed that the average measurement 
error of the system was 0.0185 mm, meeting the requirements of internal thread pitch accuracy in industrial pro-
duction and improving detection efficiency [8].

Shuaikang Li, in order to achieve high-precision non-contact measurement of gear end face height, proposed 
a gear end face height measurement method based on binocular stereo vision. The image was obtained using a 
monocular CCD camera with a sliding fixed baseline distance. After correction, the SGBM algorithm was used 
to perform stereo matching on the corrected binocular image. The experimental results showed that the proposed 
measurement system and method have high accuracy and stability [9]

The non-contact measurement method is not only efficient, but also continuously improves the measurement 
progress. The visual system, image processing, and measurement algorithms are the three stages of completing 
visual online measurement. However, there is still room for improvement in measurement methods and accuracy. 
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Therefore, after analyzing the research results of various scholars, the research direction and methods of this arti-
cle are determined.

3   Construction of Visual Inspection System

The visual inspection system mainly includes four main parts: camera, lens, light source, and computer. The 
main electronic component of a camera is an image sensor, which is used to convert photoelectric signals and 
achieve A/D conversion, ultimately transmitting them to a computer to form an image, equivalent to the retina of 
the human eye [10]. The function of a lens is to concentrate light on the imaging plane, and its principle is simi-
lar to the lens of the human eye. The selection of cameras is mainly determined by the size and accuracy require-
ments of the object being measured. The size of the object being measured determines the field of view, which 
represents the actual size range of the scene received by the image sensor. Lighting is the most important factor 
affecting image quality, which determines the complexity of processing algorithms and directly affects detection 
efficiency and accuracy. In summary, the equipment and parameter names selected in this article are shown in 
Table 1. The system structure is shown in Fig. 1.

Table 1. System equipment name and parameters

Parameter name Parameter values

Camera

Model mV-GEC2000
Resolving power 3672*5488
Target surface size 1/ 3*

Full resolution 40 fps
Pixel size 3.75μm×3.75μm
Signal-to-noise ratio 46dB 

Lens

Resolving power 5M
Focal length 16
Image size 1/ 1.8*

External dimensions 29.3*25.1
Field of view angle 18.2˚
Distortion <0.06%
Interface c

Light source Light source type lED
Light source controller aFT-ALP2409-02

Fig. 1. Image acquisition system model
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The selection of visual system requires full consideration of the detection environment, including the selection 
of light sources, cameras, lenses, image sensors, acquisition cards, interfaces, etc. In the application scenario of 
this article, the maximum diameter of the target detection object is 114.72 millimeters, and the diameter of the 
mounting hole on it is 3.21 millimeters. To ensure that the target detection object can be fully presented in the 
image, the horizontal field of view of the camera should be greater than the maximum horizontal size of the tar-
get detection object. Therefore, the horizontal field of view of the camera is designed to be 150mm [11].
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Pvalue- Camera unidirectional pixels;
Fx- Unidirectional field of view;
pa- Target detection accuracy;
Ma- Magnification rate;
lsensor- Sensor size;
Fa- Focal length;
Fa- Working distance.

The images collected in industrial scenes are often mixed with environmental interference factors, so the tar-
get detection accuracy in pixel estimation needs to be 5 times the required indicators, that is, the target detection 
accuracy needs to be 0.02mm. According to equation (1), the horizontal pixels of the array camera should be at 
least 3000. At the same time, considering the accuracy loss during image processing, the theoretical accuracy 
requirement of industrial cameras is higher than the target detection accuracy. Therefore, the linear array camera 
selected in this article is 3672 * 5488 pixels.

Given the parameters such as pixel size, resolution, field of view, and estimated working distance of the cam-
era, the estimated focal length f = 106mm can be used to determine that there are 116mm lenses adjacent to the 
focal length threshold.

When the visual system is working, in order to ensure that the workpiece is within the camera imaging range 
and the image is obtained smoothly, it is necessary to fix the visual system on the assembly line and install it with 
fixtures; After fixing it, initialize the system and set the stroke, speed, and other parameters of the motion module 
based on the movement speed of the detection Engine end cover, as well as the control parameters of the visual 
system such as line frequency, line period, and exposure time, to ensure that the Engine end cover is fully cap-
tured and the image is not stretched or compressed. At this point, the workpiece is clearly imaged in the middle 
position of the image. The control system sends a signal to the visual system to start collecting the image. After 
the visual system completes the data acquisition process, the collected data is transmitted to the computer termi-
nal for processing. By performing image calculation on the Engine end cover end face image, the position size, 
diameter, roundness, and other information of the Engine end cover installation hole are analyzed and calculated 
based on the contour characteristics of the workpiece. Finally, a report is generated in the PC testing system and 
the results are displayed.

In summary, after determining the hardware selection of the visual system, the overall scheme for online de-
tection system detection is shown in Fig. 2.
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Fig. 2. Overall scheme of detection system

4   Preprocessing of Workpiece Images

In the image processing stage, the camera needs to be calibrated first. During the visual measurement process, 
the camera maps three-dimensional spatial information to two-dimensional images. In order to determine the 
transformation relationship between spatial points and pixel coordinates, it is necessary to establish a camera im-
aging model and calculate the transformation matrix parameters [12]. In this paper, Zhengyou Zhang calibration 
method is used to calibrate the black and white chessboard with a chessboard grid of 12*9.

Firstly, the camera coordinate system undergoes rotation and translation relative to the world coordinate sys-
tem, which can be transformed using a pose matrix. The representation method is as follows:
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In the formula, [r1  r2  t] represents the extrinsic matrix. For ease of calculation, it is assumed that the calibra-
tion board is located in the XWOWYW plane. Secondly, based on the principle of projection perspective, convert the 
camera coordinate system to the image coordinate system. Assuming there is a point in the camera coordinate 
system, without considering image distortion, the coordinates of imaging point P (xp, yp) in the image coordinate 
system are:
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γ  is the image distortion coefficient, and the conversion relationship from the world coordinate system to the 
pixel coordinate system is:
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(u, v) -Pixel coordinates can be obtained from the image;
(xW, yW)-Checkerboard corner coordinates in the world coordinate system.

Introduce the hard matrix H, whose expression is:
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s- Scale factor.

After the above process, camera calibration is completed. After camera calibration, the camera preprocesses 
the collected images to enhance the features of the recognized object, reduce interference, and improve measure-
ment accuracy. The preprocessing of workpiece images includes correcting the images captured by the camera, 
denoising the images, and feature extraction for circular hole features.

4.1   Image Correction

In the production process, the camera needs to continuously capture the Engine end cover end cover, and the 
presence of vibration, signal disturbance, and other situations in the production line can cause distortion in the 
visual image obtained. Therefore, it is necessary to correct the image. The purpose of correction is to achieve 
alignment between RGB images and depth images. Camera correction is achieved through the Zhengyou Zhang 
calibration method [13]. For a calibrated camera, its internal and external parameter matrices, as well as distor-
tion parameters, are known. Due to the presence of nonlinear geometric distortion in the camera, there is geo-
metric distortion between the target point and the theoretical image point. Therefore, it is necessary to correct 
the radial and tangential distortions of the camera. The mathematical model expressions for radial and tangential 
distortions are:
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In the formula, (xo, yo) is the position coordinate of the normal image, (xrad, yrad) is the position coordinate of 
the distorted image, r is the distance from the center of the imaging device, and λi(i = 1, 2, 3) is the radial distortion 
coefficient. δj(j = 1, 2) is the radial distortion coefficient. By using physical dimensions and pixel scale factors, dis-
torted image coordinates can be obtained, and then pixel values can be interpolated to obtain distorted images.

When the intrinsic and extrinsic matrix of the camera is known, alignment between RGB images and depth 
images can be achieved through matrix transformation, and the coordinate transformation relationship is repre-
sented as follows:
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In the formula, dc is the depth value of point (u, v) in the non distorted image, A1 is the camera intrinsic matrix, 
A2 is the camera extrinsic matrix, and (xa, ya, za) is the world coordinate of the point. After the above transforma-
tion, it is possible to map two-dimensional points in the depth map to RGB images, achieving image alignment.

Set the bottom left corner of the digital image as the first input point, while ensuring that the coordinates of 
other input points remain unchanged. The specific expression is:

( ) ( )01 01, , .n nx y x y=                                                                   (11)

If the input point in the bottom right corner of the digital image is used as the second input point, the corre-
sponding output point row coordinates will be the same as the first output point row coordinates:

( ) ( )02 02 01 01, , .x y x d y d= + +                                                           (12)

d represents the distance between input points, with the input point in the upper left corner as the third input 
point, and η represents the aspect ratio. The specific calculation formula is:

( ) ( )03 03 01 01, , .x y x d yη= − ⋅                                                          (13)

The input point in the upper right corner is set as the fourth input point, and the coordinates of the correspond-
ing output point can be represented as:

( ) ( )04 04 03 03, , .x y x y=                                                               (14)

By analyzing the coordinate transformation formula, it is possible to obtain the coordinates of the four vertices 
of the rotated digital image, as shown below:
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Represent the rotation center point of Table A; B represents the horizontal C shift of the coordinate point; 
Represents the rotation of coordinate points.

Using the above method, the coordinates of the input point and corresponding output point are preliminarily 
corrected for geometric distortion in the digital image. However, in order to obtain a clearer image, normalization 
and rotation judgment of the image are also required. The process is as follows:
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(1) Automatic threshold segmentation is performed on the image, while contour segmentation is performed on 
the digital image.

(2) Using morphology to cut the contour of installation holes in the image, the first black pixel point is de-
tected and obtained in the image. If it is a black pixel point in the connected area, it is set as the starting point of 
recursion, and then continuous expansion is carried out until all pixels in the connected area are obtained.

(3) Normalize the segmentation results for all images.
(4) Determine whether the image needs to be rotated, and ultimately achieve geometric distortion correction 

of digital images.

4.2   Image Denoising Processing

In the measurement process of the engine end cover, high-precision electrical control and mechanical devices 
need to be coordinated. Therefore, in the actual visual inspection source image acquisition process, the equip-
ment in the production workshop and the visual system itself will introduce external or internal noise to the 
image, such as electromagnetic waves, mechanical vibration noise, communication noise, etc. Therefore, noise 
reduction processing is a necessary means to improve measurement accuracy [14], This article uses median fil-
tering method to process images.

The median filtering algorithm [15] is a non-linear filtering and smoothing algorithm that sets the grayscale 
value of each pixel as the median of all grayscale values of pixels within a certain neighborhood window of that 
point. When filtering noise points, the median algorithm first finds the grayscale median point W2 [f (m, n)]  of the 
filtering window in the image signal containing noise points, with each point (m, n) as the center; Then, calculate 
the weighting coefficients for each point within the window based on the median value Median(W2 [f (m, n)]) ; 
Finally, the grayscale values of each pixel in the window are summed up with the corresponding pixel weights, 
and the result is output as the new grayscale value f2(m, n) for point (m, n). The expression of the median algo-
rithm is:
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In the formula, n is the number of pixels in the filtering window, and ωk (m, n) is the weight corresponding to 
each pixel in the filtering window W2 [f (m, n)]. The identification method is:
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The conventional median filtering algorithm is prone to interference from salt and pepper noise during weight-
ed summation. Therefore, in order to improve the image preprocessing effect of this article, the median filtering 
is improved [16].

1) Select a filtering window W centered on each point in the engine end cover image, then remove the maxi-
mum and minimum pixel points within the window, and solve for the median Median (P [f (m, n)]) of the pixels 
in the remaining pixel set P.

2) Normalize each pixel group in set P, and set the absolute difference between the grayscale values of each 
pixel in set P and the median Median (P [f (m, n)]) to ∆k, then:

( )( , ) .kk P Median P f m n ∆ = −                                                       (18)
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The average value of ∆k is T:
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If the absolute difference between the grayscale value of a point within P and its mean value ∆k is greater than 
the threshold T, then the weight is determined by ∆k; If ∆k is less than the threshold T, the weight is determined 
by T.

3) Weighting all pixels in set P with their corresponding weights, and using the result as the output of the fil-
tering window D center point. The expression of the improved median algorithm is:
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4.3   Extracting the Contour of Circular Hole Features

The engine end cover image and its detection circular hole are the ROI of the algorithm. In order to improve the 
efficiency of image processing, a threshold segmentation image preprocessing method is needed to extract ROI. 
In this paper, a conventional threshold segmentation algorithm is used to process the image. After threshold seg-
mentation, the Canny edge detection algorithm is used to extract the contour of the circular hole [17]. The pro-
cess is as follows:

1) After filtering the image, the smoothed image is obtained, and the image pixels are represented as C (x, y);
2) Calculate gradient amplitude and direction: Use the Sobel operator to calculate the grayscale gradient in the 

horizontal and vertical directions of the image. The expression for gradient amplitude and direction is:
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In the formula, S (x, y) represents the pixel gradient amplitude, D (x, y) represents the pixel gradient direction, 
px represents the pixel gradient in the x direction, and py represents the pixel gradient in the y direction [18].

3) Perform non maximum suppression on the gradient amplitude to obtain all contour edge points;
4) Use the lag threshold method to filter out the true edge contours, and set the minimum and maximum 

thresholds for setting the gradient amplitude. If they are between the two, then there are true edge points in the 
neighborhood of the point, that is, true edge points. After processing, the detected edge contours are shown in 
Fig. 3.

Fig. 3. Feature contour



176

Research on Online Measurement Method for Small Workpiece Circular Holes Based on Machine Vision  

5   Implementation of Image Feature Measurement Algorithm

The least squares curve fitting [19] and Hough transform curve fitting [20] are two widely used fitting methods. 
In order to reduce the error between visual measurement data and actual dimensions, this article uses the Hough 
transform curve fitting algorithm to process observation data, which can avoid the generation of redundant curves 
and also improve data processing speed. The fitting process is as follows:

1) Use the contour screening method based on the surrounding area to separate the circular hole contour of the 
workpiece, and obtain the separated inner and outer contours as shown in Fig. 4.

Fig. 4. Separating contours

2) Find the center of the circular hole, calculate the distance from each edge point on the circular hole to the 
center, and take the average value l from the edge point to the center. The coordinate formula of the center point 
is expressed as:
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(Cx, Cy) is the center pixel coordinate, N is the number of contour edge points, and (xi, yi) is the pixel coordi-
nate of the i-th edge point in the outer contour edge point set.

3) Using the Hough transform fitting method to fit the points on a circular hole, denote the point set as M (xi, 
yi), and the expression is:

( ) ( )2 2 2.c cx x y y r− + − =                                                              (23)
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According to the Hough transform fitting, the property of minimizing the sum of squared distances is required:
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According to the mapping relationship, a point on a circle in the image coordinate system corresponds to a 
conical surface of a spatial solid in the parameter coordinate system. Take any three points (x1, y1), (x2, y2), and 
(x3, y3) on the engine end cover. These spatial cones are mapped from points in the image coordinate system 
through a certain transformation relationship. All cones have a common intersection point, which is (xc, yc, s), 
and the first two terms are their corresponding coordinates in the image coordinate system [21]. The schematic 
diagram of the fitting process of the engine end cover is shown in Fig. 5.

Fig. 5. Schematic diagram of curve fitting principle

Therefore, all circles are assumed to be the objects of interest to be fitted, and then only the circle with the 
largest radius is retained through code implementation for fitting to obtain the outer contour dimensions of the 
wheel hub, and finally obtain the measurement results.

The fitting process of the contour curve of the engine end cover is as follows:
a. Reset the accumulation system to facilitate the mapping of the following two coordinate systems;
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b. Filter the points in the image coordinate system and timely convert the obtained points to the parameter co-
ordinate system;

c. The accumulator saves and accumulates the converted data;
d. Using the peak point of data fluctuation as the condition for judging the curve.

6   Measurement System Design

After the construction of the visual system and a clear selection process, the system can preprocess the collect-
ed images, and then extract and measure the detection features. Therefore, based on the application scenario 
and necessary functional attributes, this section mainly introduces the design scheme and method of the visual 
inspection system, and completes the construction of the system framework and the design of the system main 
interface. Finally, the diameter of the circular hole on the engine end cover was measured using this system, and 
the measurement results were provided.

6.1   Detection System Design

This article is based on the Visual Studio 2019 development tool installed in the Windows 11 system environ-
ment, using C++language combined with OpenCV open-source visual image processing library to design visual 
detection algorithms, using the WinForm framework in C # language to design human-machine interaction inter-
faces, and using MySQL database to manage and apply system data [22]. The overall system scheme is shown in 
Fig. 6.

Fig. 6. Visual inspection software framework structure
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The GUI interface design of the detection system is shown in Fig. 7.

Fig. 7. The GUI interface design of the detection system

6.2   Analysis of Testing Experiment Results

Collect 12 photos of standard workpieces from different positions and angles, measure the diameter of circular 
holes using the method proposed in this article, and compare it with traditional measurement methods. The com-
parison results are shown in Table 2.

Table 2. Comparison of measurement results

Frequency Actual measure-
ment results

System measure-
ment results

Systematic error Average error

1 3.21 3.214 0.004

0.014

2 3.21 3.213 0.003
3 3.21 3.214 0.004
4 3.21 3.199 -0.011
5 3.21 3.211 0.001
6 3.21 3.211 0.001
7 3.21 3.216 0.006
8 3.21 3.199 -0.011
9 3.21 3.203 -0.007
10 3.21 3.208 -0.002
11 3.21 3.211 0.001
12 3.21 3.207 -0.003

According to the analysis in the table above, the maximum error of the inner diameter measurement results 
of the improved algorithm is 0.011mm, the minimum error is 0.001mm, and the average error is 0.014mm; The 
experimental results show that the measurement error of this system can be controlled within 0.015mm, and the 
average error is effectively reduced. The system has good stability and can meet the accuracy requirements of 
industrial testing.
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7   Conclusion

This article uses machine vision technology to measure small-sized workpieces, and finally takes the mea-
surement of engine end cover installation holes as an example to verify the feasibility of the proposed method. 
Firstly, based on actual work needs, in terms of component selection, resolution, image size, light source, and 
other factors were fully considered, and the visual system was built; Then, for the image data collected by the 
image acquisition card, in order to improve the accuracy of visual detection, the visual graphics are preprocessed, 
including image correction, image denoising, and image feature extraction; Finally, the design and implemen-
tation of an online measurement scheme for image features were carried out, and the development of an image 
measurement system was completed. In the experiment of measuring the circular hole on the engine end cover, 
the measurement accuracy met production requirements.

After further research and reflection, it was found that this article can be further improved in the following ar-
eas:

1) The scenario described in this article is the production of large quantities of small workpieces, and the pro-
duction speed is constantly improving. Therefore, the requirements for detection speed in long-term production 
scenarios are also constantly increasing. Although the research content of this article is online detection, the de-
tection speed cannot match the actual production speed.

2) When extracting edge features of detection objects, this article uses Hough transform fitting and makes cor-
responding improvements. However, this method is more suitable for fitting curve contours. In actual production, 
there will be linear features, and the extraction and measurement of linear features should be supplemented to 
make the measurement method and system provided in this article more adaptable to measurement.
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