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Abstract 
Image edge analysis is of great significance for image recognition and computer analysis. 
If the pixel can be subdivided on the original 1-precision pixel, a more accurate 
localization to the image edge position can be obtained, thus improving the overall 
measurement accuracy of the image measurement system. In this article, we propose a 
sub-pixel edge extraction model based on the polynomial interpolation improved Sobel 
operator to perform image edge analysis on the obtained sub-pixel edge coordinate 
points. And we have achieved the desired result.we first locate the edge pixel positions 
with 1 precision using the canny operator. The Sobel operator is applied to the grayscale 
image to find its corresponding gradient image, and an 8-directional gradient direction 
template is specified. After obtaining the information of coordinate points and adjacent 
gradient modulus values as well as gradient directions, the interpolation method is used 
to obtain subpixel edge points. For images with complex light and other external 
disturbing factors, we first do pre-process of the image, including binarization, 
expansion, and erosion of the image. After minimizing the interfering factors, we use the 
obtained subpixel edge extraction model to extract the contours of the image object 
edges. Finally, the extracted contour information is analyzed and calculated.consider 
directly creating a correspondence between pixel coordinates and spatial coordinates. 
However, the lack of a control parameter prevents the spatial coordinates of the object 
in the image from corresponding exactly to its pixel coordinates, so a pixel equivalent is 
calibrated. Firstly, this pixel equivalent is obtained by least-squares fitting and 
calculation of the calibration circle based on the sub-pixel edge points of the calibration 
circle in the dot matrix calibration plate. The coordinates of the center of the calibration 
circle in the calibration plate and the distance between the pixel centers of the two 
calibration circles are calculated, and the physical dimensions of the centers of the two 
calibration circles are known, and the ratio of the two is the pixel equivalent. Secondly, 
the circle centers are constant at a certain object distance and light source intensity. 
Based on the consideration of hardware factors affecting imaging, we build an error 
model to achieve a comprehensive calibration of the measurement system using the 
coordinates of the calibration circle centers.with known image subpixel edge coordinate 
points, we fit all subpixel coordinate points using the least-squares method to partition 
the image contour into straight line segments, circular arc segments including circles, 
and elliptical arc segments including ellipses. The experimental data are first analyzed, 
and it is known that the image contour is oriented clockwise from the end to the 
beginning of the data, so it is prescribed to obtain the data from the end to the beginning. 
The node with large coordinate changes in the data, we consider as the node where the 
geometric segment changes and the contour is segmented at this node. 
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1. Introduction 

With the development of science and technology, the measurement accuracy of various workpieces 
and parts has become more and more demanding. In the production process, the use of software to 
improve the measurement accuracy has the advantages of the simple and effective method and low 
cost of equipment, so the research on various image measurement equipment such as digital image 
dimensional measuring instruments is of great significance. 

Usually, in the image measurement equipment, it is necessary to correct the image by camera 
calibration, based on the information of the dot matrix or tessellation grid features of the calibration 
image, and calculate the size of the actual object in the image coordinates by establishing the mapping 
relationship between the image coordinate space and the world coordinate space, in order to obtain 
the image information of the object, the edge detection and extraction of the target object becomes an 
important step in image recognition and computer analysis. The traditional edge detection is limited 
to single pixel accuracy only, although it can achieve the edge pixel localization of the target object 
to a certain extent, in the case of complex conditions such as edge blurring, the traditional edge 
detection algorithm will cause a certain degree of error, in order to solve this problem, related 
researchers have proposed the concept of subdividing pixels to improve the accuracy. subpixel 
technique. Image edges are detected and analyzed on the basis of locating sub-pixel points. 

2. Establishment and Analysis of Sub-pixel Edge Algorithm 

As the image measurement system is a measured object brightness distribution of several convolution 
processes, due to the convolution of the function has a smoothing effect, even in the object brightness 
distribution for the more ideal step distribution, the final output will be high to low or low to high 
gradient process; on the other hand, the CCD (charge-coupled device) photoreceptor surface received 
by the light is also not uniform, which also causes CCD device response signal to the step edge there 
is a gradual change from light to for a more dark or dark to light process, and the sub-pixel point is 
located in the transition process of the largest change in the location, equivalent to the location of the 
largest derivative of the function. Therefore, interpolation or curve approximation can be used to 
obtain the subpixel location of the edge point. Pixel localization is performed, and this is done to 
extract a series of pixel point data at the edges of the image object and transform them into edge 
contour curve data to obtain contour feature information. Before performing sub-pixel localization of 
edges, the edges should first be pinpointed to pixel accuracy. canny operators are commonly used in 
traditional edge detection algorithms, and in this paper, we will apply canny operators to localize 
individual edge pixel points. In order to improve the accuracy of obtaining edge pixel points, it is 
necessary to subdivide the individual pixel points based on locating them to obtain virtual pixel points 
with 1/10th and higher accuracy of the original pixel points. And locate the position of the sub-pixel 
point to obtain sub-pixel point coordinate data. In this paper, we first use the Sobel operator to get the 
gradient image of the grayscale map of the original image, and in the gradient image, the X-direction 
and Y-direction of the localized pixel points go up to four adjacent coordinate points to obtain their 
gradient magnitude information and substitute into the quadratic interpolation formula to get the basic 
subpixel coordinate point equation. Considering that the grayscale gradient is directional, this paper 
makes an improvement on the classical Sobel operator. A direction template with 8 directions is 
defined on the basis of the Sobel operator, and the gradient direction information of the pixel points 
is added to optimize the base model. The Hough transform is applied to detect the edges of the object, 
and the detected edge coordinate data are extracted using the obtained model. After obtaining a series 
of edge sub-pixel coordinate point information, the distance between sub-pixel points is calculated 
and summed using Euclidean distance to obtain the pixel length of the edge contour. To eliminate the 
interference effects of eliminating edge burrs and edge shadow parts, image pre-processing is 
performed on the image to be calculated. 
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Figure 1. Problem solving flow diagram 

3. Concept of Image Gradient 

The concept of gradient in mathematics that a function z = f (x,y) at point (x,y) of the first order 
successive partial derivatives of a function set out a vector: 
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The image gradient means that the image function f(i,j) has a vector with magnitude and direction at 
the point (x,y), let Gx and Gy denote the gradient in the x-direction and y-direction, this gradient 
vector can be expressed as: 
 

 
 

The magnitude of this vector is: 
 

 
 

Directional angle is: 
 

 
 

For digital images, it is equivalent to finding the gradient of a two-dimensional discrete function. If 
the gradient of the pixel point (i, j) in the image is: 

 

 
 

where Gx, Gy, H(x,y) denote the horizontal gradient, vertical gradient and pixel value of pixel point 
(x,y) in the input image, respectively. The gradient amplitude and gradient direction at the pixel point 
(x,y) are: 

 

 
 

Since the gradient is the position on the function f(x,y) that changes fastest when there are edges in 
the image, the edge gray value changes more, so there must be a larger gradient value, and on the 
contrary, when the gray value of the smoother part of the image changes less, the corresponding 
gradient is also smaller. The mode of the gradient is referred to as gradient in image processing, and 
the image composed of image gradient is called gradient image. 

4. Basic Model 

Firstly, it is necessary to locate the edge coordinates to an accuracy of one pixel by the canny operator 
pair, and secondly to find its gradient image R(i , j) for the original grayscale image f(i,j) by the Sobel 
operator. 
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The Sobel operator, which is the convolution factor, is used to convolve the image and calculate the 
gradient image from the grayscale image. The principle of image convolution is as follows. 

 

 
Figure 2. Convolution of the Sobel operator in the X-direction. 

 

 
Figure 3. Convolution of the Sobel operator in the X-direction 

 

 
Figure 4. Convolution of the Sobel operator in the Y-direction 
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For a known edge pixel D(m,n), take three points (R(m-1,n), R(m,n), R(m+1,n), and R(m+1,n) in the 
x-direction of the gradient image R(i, j), use the gradient amplitude of these three points as the 
function value, and m-1, m, m+1 as the interpolation bases, and substitute them into the quadratic 
polynomial interpolation function), and let the derivative be zero. 

 

 

 
In this, yi is the function value and xi is the interpolation base point.Similarly, three points R(m,n-1), 
R(m,n), R(m,n+1) are taken in the Y-direction for the same operation, and the sub-pixel edge 
coordinates (Xe,Ye) are obtained after the derivation. 

 

 

 

 

5. Result 

All edge pixel points (i, j) in the image with 1 precision are first found by the Canny operator. The 
Hough Transform is used to detect the presence of straight lines in the contour, and the edge 
coordinates of straight line segments in the image contour are extracted. Similar processing is used 
for circles, arcs, etc. The contour edges are extracted out by a modified sub-pixel edge extraction 
model in contours of different geometric shapes, and then for different segments here using Matlab. 
The results are obtained as follows. 

 

 
Figure 5. Pic1_1 
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Figure 6. Pic1_2 

 

 
Figure 7. Pic1_3 

 

On the basis of finding different contours in the first question, obtaining their corresponding 
coordinate data, applying the Euclidean distance to calculate the distance between the coordinates, 
and accumulating all the distances, the results are obtained as follows. 

Pic1_1 The overall contour number is: 26. 

The total length is: 3196.28pixel. 

Pic1_2 The overall contour number is: 94. 

The total length is: 6405.02pixel. 

Pic1_3 The overall contour number is: 105. 

The total length is: 4518.74pixel. 

The contour data of each segment is shown in the appendix. 

Considering the interference of complex light, the image needs to be pre-processed before the 
calculation. First of all, the image should be binarized, and the gray value of the pixel points on the 
image should be set to 0 or 255, that is, the whole image should be made to show the obvious visual 
effect of only black and white colors. In the second step, image expansion is performed on the 
binarized image, which expands the highlighted area or white part of the image, and the result of its 
operation is larger than the highlighted area of the original image, Then the contours of the processed 
images are extracted and calculated, and the following results are obtained. 
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Figure 8. Befor                      Figure 9. After 

6. Analysis of Model 

Since the gray gradient direction of the image takes values in the range of 0~360°, and this model 
only defines eight directions of the template. Although it is known from the previous analysis that the 
more directions defined, the higher the accuracy obtained by the calculation, considering the 
limitation of computational efficiency and edge width, the template directions are no longer expanded, 
and the computational errors of the subpixel segmentation algorithm are discussed only in the eight 
directions of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°. 

According to the error theory, the equation (10) is differentiated to calculate the coordinate error dX 
in the x-direction. 

 
Factor (10) holds, so we have. 
 

 
 

And. 
 

 
 

So we can known: 

 

 
 

Since the gray level quantization error of general pixel capture cards is no more than +- 1 gray level, 
we get: 

 

 
 

Similarly dY is consistent, so the edge localization accuracy of this model can reach up to 1/85.333 
pixels. 
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7. Pixel Equivalent Calibration 

The pixel equivalent, which is the ratio of physical size to pixel size, is fixed when the system 
hardware parameters and object distance are determined. The calibration of pixel equivalents is 
performed using a dot matrix calibration plate as shown in Fig. The dot matrix is known to consist of 
a number of circles with a diameter of 1 mm and a center distance of 2 mm. In consideration of the 
field of view and resolution of the camera, three rows and three columns of nine calibration circles in 
the center region of the calibration plate are chosen as the pixel equivalent calibration area in order 
to improve the measurement accuracy. The sub-pixel edges of the calibration circles are obtained by 
the sub-pixel edge extraction model obtained from problem 1, and the least-squares circle fitting is 
performed to obtain the pixel coordinates of the circle centers, and the pixel distance sum of the center 
point to the surrounding 8 circle centers is calculated to obtain the average pixel value of the circle 
center distance, which is known to be 2mm, and the pixel equivalent A_r of the measurement system 
is determined based on the ratio of the two. 

 

 
Figure 10. Dot matrix calibration board 

8. Calibration of Pixel Coordinates and Spatial Coordinates 

The dot matrix calibration plate is placed in the center of the field of view of the measurement system, 
and the images of the calibration plate with different poses are obtained under the condition that the 
object distance and light source intensity are certain, where each calibration circle corresponds to a 
circle center, and the relative positions of all circle centers in the same calibration plate are known, 
then theoretically the theoretical coordinates of all circle centers are caustic, so as long as the 
coordinates of these circle centers in the image are known, the error model coefficients can be 
calibration.For each image, the edges of the calibration circles in the calibration plate are obtained 
using a sub-pixel edge extraction model, and the actual circle center coordinates of the corresponding 
calibration circles (xij , yij) are obtained by least-squares fitting, i=1,2,3 ...... ,j=1,2,3....., The distance 
between adjacent circle centers is theoretically equal, and the centers of circles in the same row or 
column should lie on a straight line.Let the theoretical circle center coordinates of the calibration 
circle in the middle region be (a, b), and the slope of the line where the theoretical circle center point 
is located in the same row is k. Then all the theoretical circle center coordinates can be expressed as: 
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According to the principle of least squares, the distance from the actual circle center to the theoretical 
circle center of the nine calibrated circles in the middle region is guaranteed to be the smallest, and 
the values of a, b and k are obtained. Then all the coordinates of the theoretical circle center can be 
obtained and the error at the actual circle center (x, y) can be expressed as: 
 

 

where  is the theoretical circle center coordinate and  is the actual circle center 

coordinate. 

To facilitate the solution, the error model can be written in the form of vector multiplication. 
 

 
 

The pair of theoretical and actual values of the circle center can build two equations, and the 18 
unknown distortion coefficients need 9 pairs of theoretical and actual values of the measured circle 
center coordinates and actual values to solve. In order to improve the measurement accuracy and 
ensure that the number of extracted calibration points is much larger than the number of error model 
coefficients, the least-squares method is used to find the error model coefficient vector P. The least-
squares method is used to find the error model coefficient vector P. 
 

 

9. Fitting by Least Squares Method 

The curve fitting problem is formulated as follows: given subpixel coordinate data, i.e., n points (xi,yi) 
in the plane, i=1,2,... ,n,xi are not identical to each other, seeking a function (curve) y = f(x), so that 
f(x) is closest to all data points under some criterion, i.e., the curve fits best.Linear least squares are 
the most commonly used method to solve curve fitting, and the basic idea is that such that: 

 

)(...)()()( 2211 xraxraxraxf mm
 

 

In this rk(x) is a set of linearly independent functions selected in advance; ak is the coefficient to be 
determined (k=1,2,... ,m; m<n), and the fitting criterion is such that the distance between yi(i=1,2,... ,n) 
and the distance of f(xi) is minimized by the sum of squares.Faced with a set of data for curve fitting 
by linear least squares, the first and crucial step is to properly select r1(x)… , rk(x). The polynomial 
function can be chosen to approach these data under the least-squares criterion, i.e., r1(x)=1, 
r2(x)=x,r3(x)=x2: 

 

J(a , . . . , a ) = δ = [f(x ) − y ]  
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In order to obtain a1,... , am so that J is minimized, it is sufficient to use the necessary conditions for 

the extrema 0



ja

J
 (j=1,... ,m), obtaining the system of linear equations. 
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It can be expressed as:  

 

YRRAR TT   

 

When [r1(x),...,rk(x)]linearly independent, the R column is full rank and RTR is invertible, so the 
equation has a unique solution: 

 

YRRRA TT 1)(   

10. Conclusion 

The code is implemented in matlab and the calculation results are obtained as follows: 

 

Table 1. EdgeConTourslLength 
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