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Abstract 

Intelligent welding robots based on structured light vision are widely used in industrial production. With the 

demands of low cost, miniaturization and flexibility, the development of embedded structured light vision systems for 

seam tracking is a general trend. The core is how to efficiently and precisely position weld seam with low-configuration 

hardware. Sub-pixel refinement can break through the limitation of physical resolution, while also reducing hardware 

cost to achieve the required accuracy. To fill the gap in the sub-pixel refinement for fillet weld joint, a novel sub-pixel 

refinement method for fillet weld joint under structured light vision is proposed, which can sub-pixel refine the fillet weld 

joint under various working conditions. The main novelties of the proposed method include: (1) a novel sub-pixel 

refinement method for fillet weld joint by using Mean Shift, weighted least square and directional maximum projection is 

proposed, which is robust, universal, and accurate. (2) A directional maximum projection algorithm for refining weld is 

proposed for the first time. (3) The method can accurately refine fillet weld joint with low-resolution image. The 

proposed method is robust, universal, and accurate, and as demonstrated by the following performances: the average and 

maximum bias are 0.73 and 3 pixels in the accurate test, positioning accuracy rate is 100% in the test of noise-free, rusty, 

highly reflective and arc radiation-and-spatter working conditions. the method can be expanded to a common sub-pixel 

refinement method for structured light intersections through simple transformation. 
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Structured light Vision. 
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1 Introduction 

Robotic welding is widely used in industrial production because it is high efficiency, low cost, good quality 

consistency and can reduce arc radiation to workers. Be that as it may, welding robots basically work in “teach and 
playback” mode in which they have no enough adaptability and universality, particularly in welding process. With the 

development of intelligent technology and corresponding hardware, it turns into an unavoidable trend to automatic, 

adaptable and intelligentized welding producing [1]-[4]. Weld tracking and weld positioning are the core problems in 

intelligent welding, which can be handled easily by sensors. Vision sensors dominate all sensors for seam tracking (arc, 

vision, infrared, ultrasound, and electromagnetic sensors etc.), accounting for approximately 64.7% [1]. 

Vision sensing method can be divided into structured light vision sensing and passive vision sensing method for 

seam tracking. The structured light vision sensing system is composed of a laser projector and an imaging system 

(monocular camera or stereo camera), which projects a structured light onto the welding assembly and positions the weld 

seam by recognizing the structure-light feature points. Structured light vision sensing method transforms the various weld 

forms into structure-light feature points, so it is robust, universal, anti-interference and has a wider range of applications 

[5][7]. 

At present, most intelligent welding robots need to be equipped with a computer for calculation and image 

processing. High-precision weld positioning often requires a high-configuration computer and a high-resolution image 

acquisition system. With the demands of low cost, miniaturization and flexibility in factories, the development of 

embedded structured light vision sensing systems for seam tracking is a general trend. The core problem of the embedded 

structured light vision sensing system is how to efficiently and precisely position weld seam with low-configuration 

hardware. 

Sub-pixel refinement can break through the limitation of physical resolution, while also reducing hardware cost to 

achieve the required accuracy [8], which can consider all efficiency, accuracy and cost. The sub-pixel refinement for weld 

seam provides the possibility and inspiration for the development of embedded structured light vision sensing system. 

There is almost no research on the sub-pixel refinement of weld seam in the literature we have consulted. But sub-pixel 

refinement methods have been widely researched and applied in the fields of camera calibration, depth recovery and 3D 

reconstruction. Generally, the moment-based methods, the interpolation-based methods and the fitting-based methods are 

common choices for sub-pixel refinement. However, in our test, these methods have good sub-pixel refinement for 

structure-light images without noise, but have significant errors for structure-light images with interference and noise 

such as rust, high reflection, and arc radiation. 

In the structured light vision system, the positioning of the fillet weld joint is transformed into the extraction of the 

structure-light intersection, so the fillet weld joint can be positioned by locating the structure-light intersection. To refine 

the fillet weld joint robustly in a factory environment, a novel sub-pixel refinement method for fillet weld joint under 

structured light vision is proposed. In contrast to existing approaches, the proposed method is robust, universal and 

high-precision, which includes the following three parts: 1) Calculating the initial direction of the structure-light stripe 

based on Mean Shift algorithm; 2) Refining the structure-light stripe direction and coarsely locating the sub-pixel fillet 

weld joint based on weighted least square method; 3) Refining fillet weld joint based on the maximum projection in light 

stripe direction. 

This work is organized as follows: The next section starts with a discussion of related work. Sec. 3 illustrates the 

sub-pixel refinement for fillet weld joint under structured light vision with the proposed approach in detail. In Sec. 4, the 

tests and result analysis are presented. The conclusions are drawn in Sec. 5. 
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2 Related work 

In some researches on weld seam recognition and seam tracking based on structured light vision, there are a few 

works on sub-pixel refinement for weld seam. the gravity method is the most used sub-pixel positioning method for weld 

seam in structured light vision, which basic idea is to calculate the sub-pixel centerline of the structure-light stripe by 

using the gravity method and obtain the sub-pixel feature points based on the refined centerline [3][4][9][10]. Xueqin et al. 

also achieved sub-pixel level laser stripe centerline positioning through the direction template method [11]. These 

methods have good sub-pixel positioning accuracy for weak and noise-free working conditions, but often have wrong 

sub-pixel positioning for heavy noise conditions such as highly reflective, and arc radiation-and-spatter welding images. 

In the research of weld seam positioning based on passive vision, Hairol et al. generated the sub-pixel type of data 

contour by using the edge mode [12], and S. et al. presented an improved algorithm of sub-pixel edge detection based on 

Zernike moments [13]. 

In other fields, there are some systematic and comprehensive researches on sub-pixel refinement. Edward et al. 

presented an edge operator based on two-dimensional spatial moments [14]. The operator can be implemented for 

virtually any size window and has been shown to locate edges in digitized images to a twentieth of a pixel. Additionally, 

both theoretical and experimental noise analyses show the operator has a relatively small bias in the presence of noise. 

Ghosal et al. proposed a sub-pixel edge location algorithm based on Zernike moments, and it is still widely used [15]. 

This method used discrete Zernike moments to obtain a total of three complex masks to compute all the edge parameters 

for sub-pixel detection. In addition, In the research of spindle speed and feed rate on the surface finish quality of kenaf 

fiber-reinforced composites, M. M. Ratnam et al. detected the pin gauges using the invariant moment sub-pixel edge 

detection method [16]. And Huang et al. proposed a sub-pixel edge detection algorithm based on Canny-Zernike moment 

[17]. 

The fitting-based methods attempt to obtain sub-pixel location by fitting the image gray levels according to the given 

model. Vishvjit et al. detected edges by fitting a series of one-dimensional surfaces to each kernel and accepting the surface 

description which was adequate in the least square (LS) sense and had the fewest parameters [18]. Jian et al. proposed a 

high-accuracy edge detection algorithm at sub-pixel level by using a blurred Gaussian edge model [19]. The comparison 

between the moment-based approach and the interpolation-based approach shows that the method has higher accuracy, 

even for image data with significant noise. Kisworo et al. proposed a fitting-based method using the local energy approach 

and the iteration implementation [20]. 

The interpolation-based methods mainly include cubic interpolation method [21], linear interpolation method [22] 

and biharmonic spline interpolation method [23]. Steger proposed an interpolation-based method to extract lines with 

sub-pixel level, and then edges are detected by convolution with the first order derivative of a Gaussian kernel [24]. Chen 

et al. proposed a sub-pixel refinement algorithm of wear edge points based on Gauss curve approximation method [25]. 

There are also some other sub-pixel positioning methods: in the study of 3D shapes by scanning with a light line, Heyner 

L. proposed some algorithms for obtaining the skeleton of each line of light with sub-pixel accuracy based on Bezier 

curves, linear regression, and nonlinear regression methods [26]. In the camera calibration work, Geiger et al. proposed a 

sub-pixel refinement method for checkerboard corners based on gradient constraints [27]. 

In our test, the above mainstream methods cannot sub-pixel refine fillet weld well under structured light vision. To 

achieve accurate, robust and universal sub-pixel refinement, we propose a novel sub-pixel refinement method for fillet 

weld joint under structured light vision. This method can accurately and robustly position the sub-pixel coordinates of fillet 

weld joint. 
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3 Methodology 

In the structured light vision system, the positioning of the fillet weld joint is transformed into the extraction of the 

structure-light intersection, so the fillet weld joint can be positioned by locating the structure-light intersection. Generally, 

captured structure-light images often contain multiple types of noise and interference because the welding condition is a 

workshop environment. For example, the structure-light image of a rusty welding assembly contains rusty interference; 

the structure-light image of a highly reflective material welding assembly contains reflective interference; the 

structure-light image taken during the weld tracking contains arc radiation-and-spatter interference. Therefore, the 

sub-pixel refinement method for fillet weld joint needs to be robust and universal under various working conditions. Fig. 

1 shows several typical fillet weld joint images under structured light vision. It can be seen that only the pixels on the 

structure-light stripes are useful for refining the fillet weld joint, while the rust, reflections and arc spatter in the 

background are all harmful information. Moment-based methods, fitting-based methods, and interpolation-based 

methods all refine the sub-pixel coordinates with the intensity information of all pixels in the neighborhood, so they are 

sensitive to these various noise and interference. 

 

(a) (b)

(c) (d)  
Fig. 1. Four typical fillet weld joint images under structured light vision. (a) Structure-light image without interference. (b) 

Structure-light image with rusty interference. (c) Structure-light image with highly reflective interference. (d) 

Structure-light image with arc radiation-and-spatter interference. 

 

(a) (b) (c)

(d) (e) (f)

O1

O2

O1
'

O2
'

Pc PFPo

 
Fig. 2. Working process of the proposed sub-pixel refinement method with a structure-light image as an example. (a) 
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Original image. (b) Neighborhood image. (c) Filtered image. (d) Initial direction 
1O  and 

2O  detected by Mean Shift 

algorithm. (e) Refined direction '
1O , '

2O  and coarse positioning Pc of the fillet weld joint. (f) Fine positioning PF based 

on the directional maximum projection algorithm. 

Inspired by the literature [27], a novel sub-pixel refinement method for fillet weld joint under structured light vision 

is proposed in this paper. The proposed method refines the fillet weld joint by using pixels on the structure-light stripes, 

while the pixels in the background are not used, so it is robust to heavy noise. Fig. 2 shows the working process of the 

proposed method with a structure-light image as an example. 1) A filter kernel with linear feature enhancement is 

designed to remove the interference in the structure-light images as much as possible (Fig. 2 (c)). 2) The neighborhood 

image is converted into a matrix of angle and intensity with the initial pixel-level fillet weld joint Po as the center. Then, 

the Mean Shift algorithm is used to detect the initial direction O  of the structure-light stripes (Fig. 2 (d)), where the 

pixels used to calculate the initial direction 
1O  and 

2O  are the green and blue pixels. 3) Refining the structure-light 

stripe direction '
O  by using the weighted least square method and positioning the coarse sub-pixel coordinate Pc of the 

fillet weld joint (Fig. 2 (e)). (4) For precise sub-pixel fillet weld joint PF, the vector from PF to the pixels on the 

structure-light stripes should be approximately parallel to its corresponding refined direction '
O . Using this fact, we 

proposed a sub-pixel refinement method for fillet weld joint based on the maximum projection in light stripe direction, 

and derive the mathematical formula of sub-pixel coordinate (Fig. 2 (f)). 

3.1 Initial direction detection of structure-light stripes based on Mean Shift algorithm 

Mean Shift algorithm is a parameter-free density estimation method, which is widely used in clustering, image 

smoothing, segmentation and tracking, etc. For the n samples xi in the d-dimensional space Rd, the basic form of the 

Mean Shift vector at the x is: 

 ( )1

i h

h i

x S

M x x
k 

= −  (1) 

where Sh is a d-dimensional sphere with a radius of h, which satisfies the condition of Sh (x) = {y:(y-x)T (y-x) ≤ h2}, and k 

is the number of samples that fall in the area Sh. Then make a new d-dimensional sphere with the end point of the Mean 

Shift vector as the center, and a new Mean Shift vector can be obtained. Repeating this step, the Mean Shift algorithm can 

converge to the position with the largest probability density [28][29]. 

In this paper, the Mean Shift algorithm in literature [28] is used to calculate the initial direction of the structure-light 

stripes, and the workflow is as follow: 

1) Converting the neighborhood image In into a matrix of angle and intensity. For the pixel coordinate P, the vector 

form P to the initial pixel-level fillet weld joint Po is 
o

PP . Then, calculating the angle θ (-π < θ ≤ π) between 
o

PP  and 

the x axis, and recording the gray level of P as S. In can be converted into the matrix of θ and S. 

2) According to the intensity threshold TS, the angle θ corresponding to the pixel P that satisfy the condition of SP > 

TS are selected, and the data set data (θ) is formed. 

3) Clustering data (θ) by using the Mean Shift algorithm, and finding the center of each class. In this paper, the 

radius h = π/9, the minimum distance between clusters is h/2, and the threshold for end of cycle Tstop = h/100. 

4) According to the characteristics of structure-light images, the top two class centers are selected as the initial angle 

of the structure-light stripes. Then the initial direction (cos ,sin )O    are calculated (Fig. 2 (d)). 

3.2 Coarse positioning for fillet weld joint based on weighted least square method 

Due to the interference of rust, reflection, arc radiation and spatter, the clustering centers calculated in Sec. 3.1 often 

have a small deviation from the real structure-light stripe direction (Fig. 2(d)). It is the basis for precisely position the fillet 
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weld joint in sub-pixel accuracy that obtains the precise structure-light stripe direction. To obtain more precise direction 

of the structure-light stripe, the weighted least square method is used to refine the structure-light stripe direction, and the 

coarse sub-pixel coordinates of the fillet weld joint is calculated. 

The direction of the structure-light centerline is the real direction of structure-light stripe, and the intersection of 

centerline is the coarse sub-pixel coordinates of fillet weld joint. In this section, the weighted least squares method is used 

to fit the equation of the centerline. The core problem is which pixels should be selected for weighted least squares 

centerline fitting. It is well-known that only the pixels on the structure-light stripes are useful; but the interference in the 

background causes the errors of the fitting results. To avoid the interference from being selected, the weighted least 

squares centerline fitting formula in this paper is: 

 

2

2 2

arg min ( , )( )

. .    cos , 0.95

        5

         ( , )

i

i i i i

P R

o i

o i

o i

o o i

i i S

e I x y y kx b

P P O
s t P P O

P P O

P P P P O

I x y T



= − −


= 

−  





 (2) 

where Ri is the set of pixels on the ith structure-light stripe, P = (xi, yi), I(xi, yi) is the gray level at pixel P, Po is the initial 

pixel-level fillet weld joint, 
i

O  is the initial direction of the ith structure-light stripe (calculated in Sec. 3.1), and TS is the 

intensity threshold. For a structure-light stripe, the gray level of the center pixels is large, and the gray level of the edge 

pixels is small. To strengthen the contribution of the center pixels to the centerline, I(xi, yi) is used as the weighting 

coefficient. Three constraint conditions are used to select the pixels for structure-light centerline fitting, and their 

meanings are: 1) the angle between the vector 
o

P P  and the initial direction 
i

O  needs to be less than 18° (cos18°≈0.95). 

2) The distance from the pixel P(xi, yi) to 
i

O  needs to be less than 5 pixels; 3) The gray level I(xi, yi) > TS at P(xi, yi). Fig. 

3 shows the process of coarse positioning for fillet weld joint with a structure-light image as an example. 

 

(a) (b)

Po

(c)  
Fig. 3. The process of coarse positioning for fillet weld joint with a structure-light image as an example. (a) Graphic area 

corresponding to three constraint conditions in Eq. (2). (b) Select results of the pixels for structure-light centerline fitting. 

(c) Centerline fitting and coarse positioning based on the weighted least squares method. 

Eq. (2) is straightforward to be solved in closed form (The partial derivative of e is 0 at the minimum), yielding the 

solution: 

 

2 ( , )( ) 0

2 ( , )( ) 0

i

i

i i i i i i i

P Ri

i i i i i i

P Ri

e
I x y y k x b x

k

e
I x y y k x b

b






= − − − =




= − − − =






 (3) 

Arrange Eq. (3) into a matrix form: 
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2 ( , )( , ) ( , )

( , )( , ) ( , )
i i i i ii i i i i i

i i i ii i i i i

k I x y x yI x y x I x y x

b I x y yI x y x I x y

    
=    

      

 
 

 (4) 

ki and bi can be calculated by solving the matrix (Eq. (4)). According to ki = tanθi', the refined direction '(cos ', sin ')
i i i

O    

of the ith structure-light stripe can be calculated. And the intersection Pcoarse of the two structure-light centerlines is the 

coarse positioning coordinates of the fillet weld joint. 

3.3 Fine positioning based on maximum projection in light stripe direction 

To obtain more precise sub-pixel coordinate of the fillet weld joint, we propose a sub-pixel refinement method based 

on maximum projection in structure-light stripe direction. As shown in Fig. 4, assuming that the theoretical fillet weld 

joint is located at the coordinate PF, at neighboring pixels Pij ∈ Rj (j = 1, 2), the vector F ij
P P  should be approximately 

parallel to its corresponding refined direction '
j

O . In reality, the width of the structure-light stripe often contains multiple 

pixels, especially when out of focus. Assuming that S1 denotes the projection sum of vector 1F i
P P  on '

1O , and S2 

denotes the projection sum of vector 2F i
P P  on '

2O . S1+S2 is the largest when PF is located on the actual sub-pixel fillet 

weld joint, leading to the optimization problem: 

 

( )2 2 2

1

2

arg min '

'
. .    cos , ' 0.95

'

        

ij j

F F ij F ij j

j P R

coarse ij j

coarse ij j

coarse ij j

coarse ij coarse ij j

P P P P P O

P P O
s t P P O

P P O

P P P P O

= 

= − 


= 

− 

 

2

' 5

         ( )
ij S

I P T





 (5) 

where Pcoarse is the coarse positioning coordinates of the fillet weld joint (calculated in Sec. 3.2), j represents the jth 

structure-light stripe (j =1, 2), Rj is the pixels set on the jth structure-light stripe, and i is the number of pixels on the jth 

structure-light stripe. Based on the vector theorem F ij ij FP P P P= − , the solution of the problem can be transformed into 

the following form according to the extreme value condition (Appendix A contains the detailed derivation process of the 

Eq. (6)): 

 ( ) ( )
2 21

1 1

1 ' ' 1 ' '
ij j ij j

T T

F j j j j ij

j P R j P R

P O O O O P
−

=  = 

= − −     (6) 

 

Fig. 4. The schematic diagram of the sub-pixel refinement method based on maximum projection in light stripe direction. 

In order to verify the effectiveness and correctness of the sub-pixel refinement method based on maximum 

projection in light stripe direction, we test the algorithm by two standard images with known sub-pixel coordinates of the 

fillet weld joint (the coordinates of the fillet weld joint are both [101, 101]). The test result is that the sub-pixel refined 

fillet weld joints of the two images are both [101, 101]. Therefore, the sub-pixel refinement method based on maximum 

projection in light stripe direction is effective and correct. 

 

PF

O1
'

O2
'

Pi2

Pi1
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4 Test and analysis 

To evaluate our approach, the test results of accuracy, universality and robustness are shown in this section. The test 

hardware is a computer with a 2.8 GHz Intel Core i5-8400 CPU, and the image processing software used is Matlab2020a. 

Method A (a weld refinement method based on the grayscale centroid method) [4], method B (a weld refinement method 

based on direction template method) [11] and method C (a universal sub-pixel refinement method based on Zernike 

moments) [15] are also tested to compare the sub-pixel refinement performance for fillet weld joints. It is a commonly 

used sub-pixel positioning method for fillet weld joints by calculating the centerline of the structure-light stripe using 

grayscale centroid method, and positioning the fillet weld joints according to the feature points of the centerline. Method 

A also detected the centerline of structure-light stripe by grayscale centroid method. To reduce noise interference, 

Douglas–Puke algorithm and RANSAC algorithm are used to position feature points. Method B extracted the laser stripe 

centerline at sub-pixel level through the direction template method, which makes the extraction accuracy of the centerline 

high. Method C is a universal sub-pixel refinement method based on Zernike moments, which has been widely used in 

image processing. 

Sec. 4.1 tests the accuracy of method A, B, C and the proposed method. To quantify the accuracy, we generated six 

sets of structure-light images with known weld joint coordinates, and added rusty interference, highly reflective 

interference, and arc radiation-and-spatter interference to them. Then, we tested the deviation of the sub-pixel fillet weld 

joint coordinates refined by algorithm and the theoretical coordinates under the above four working conditions. Sec. 4.2 

tests the universality and robustness of method A, B, C and the proposed method. Universality and robustness are directly 

related to the performance of the algorithm in real working conditions. For a sub-pixel refinement method with good 

performance, on the one hand, it should be suitable for a variety of working conditions, which corresponds to universality; 

on the other hand, when there is a pixel-level deviation at the initial fillet weld joint, the method can correct it during 

sub-pixel refinement, which corresponds to robustness. 

4.1 Accuracy test and analysis 

Accuracy is the most critical performance of the sub-pixel refinement method. Since the fillet weld joint coordinates 

in the structure-light image cannot be directly measured, we generated six structure-light images with known fillet weld 

joint coordinates by computer. The size of the six generated original images is 5000 × 5000 pixels, and the coordinates of 

the fillet weld joint in the original image are (2501, 2501) pixel. Then, the size of the generated original image is 

compressed from 5000 × 5000 pixels to 500 × 500 pixels, and the theoretical sub-pixel coordinates of the fillet weld joint 

in the compressed image are (250.55, 250.55) (because the sub-pixel range of the compressed image is [0.5, 500.5] ). 

To make the generated image as similar to the real image as possible, we added rusty, highly reflective and arc 

radiation-and-spatter interferences to the images respectively. Finally, 24 structure-light images are generated for test: 6 

structure-light images without interference, 6 structure-light images with rusty interference, 6 structure-light images with 

highly reflective interference, and 6 structure-light images with arc radiation-and-spatter interference. We compared the 

sub-pixel refinement accuracy of method A, B, C and the proposed method under four different working conditions. Fig. 

5 shows a group of compressed structure-light images under four different working conditions. 
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(a) (b) (c) (d)  
Fig. 5. Generated structure-light images. (a) Structure-light image without interference. (b) Structure-light image with 

rusty interference. (c) Structure-light image with highly reflective interference. (d) Structure-light image with arc 

radiation-and-spatter interference. 

Table 1 shows the sub-pixel refinement accuracy for fillet weld joint by four different algorithms. After positioning 

the sub-pixel coordinates of fillet weld joint in the compressed image of 500 × 500 pixel size, the sub-pixel coordinates 

are converted to the coordinates in the original image of 5000 × 5000 pixels size. Then the positioning bias of the refined 

fillet weld joint and theoretical coordinates ([2501, 2501]) in the original image are calculated (the bias needs to be 

reduced by 10 times if it is calculated in the compressed image). The neighborhood image radius for sub-pixel refinement 

is 100 pixels in method A, B and the proposed method, and the neighborhood image radius is 7 pixels in method C. 

For the structure-light images without interference, method B has the best sub-pixel positioning effect for fillet weld 

joint with the average bias is 0.34 pixels. Method A and the proposed method also have excellent sub-pixel positioning 

accuracy, but the bias of method C is unacceptable. For the structure-light images with rusty interference, the proposed 

method has the best sub-pixel positioning effect with the average and maximum biases are 0.55 pixels and 1 pixel, and 

method A also has acceptable sub-pixel positioning accuracy. The biases of method B and C are unacceptable. For the 

structure-light images with highly reflective interference, the proposed method has the best sub-pixel positioning effect 

with the average and maximum biases are 0.65 pixels and 1.5 pixels, but the biases of method A, B and C are 

unacceptable. For the structure-light images with arc radiation-and-spatter interference, the proposed method has the best 

sub-pixel positioning effect with the average and maximum biases are 1.2 pixels and 3 pixels, but the biases of method A, 

B and C are unacceptable. 

Table 1 

Sub-pixel refinement results for fillet weld joint by four different algorithms 

Working 

condition 

Method A Method B Method C The proposed method 

Maximum bias 

(pixel) 

Average bias 

(pixel) 

Maximum bias 

(pixel) 

Average bias 

(pixel) 

Maximum bias 

(pixel) 

Average bias 

(pixel) 

Maximum bias 

(pixel) 

Average bias 

(pixel) 

No interference 4.5 2.39 2.3 0.34 193.8 77.71 1.2 0.52 

Rusty 

interference 
5.5 2.27 3203.5 673.37 209.6 73.87 1 0.55 

Highly reflective 

interference 
484.7 239.37 2701.4 489.16 174.7 51.6 1.5 0.65 

Arc-and-spatter 

interference 
995.5 636.48 16444 2734.3 148 54.04 3 1.2 

Table 1 also reveals that method B is only useful for structure-light images without interference, because the 

research object in literature [11] does not include structure-light images under interference. Method C is useless for 

structure-light images under all working conditions, which is not suitable for sub-pixel refinement for fillet weld joint. 

Method A has a good effect on interference-free and rusty structure-light images, but is useless for heavy-interference 

structure-light images such as highly reflective and arc radiation-and-spatter interference. The proposed method has 

excellent accuracy for structure-light images under four working conditions, and it has strong anti-interference ability. 

Moreover, interference and noise will still reduce the accuracy of the proposed method. On the whole, the proposed 

method still has excellent accuracy in sub-pixel refinement for fillet weld joint, which has the potential for high-precision 
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positioning for fillet weld joint with low-configuration hardware. 

4.2 Universality and robustness test 

Universality and robustness are also the core performance indicators of the fillet weld joint sub-pixel refinement 

method, which are directly related to the application of the sub-pixel refinement method in actual working conditions. 

This section will test the universality and robustness of method A, B, C and the proposed method. 

4.2.1 Universality test 

The universality of the fillet weld joint sub-pixel refinement method affects its application scope. A good sub-pixel 

refinement method needs to be suitable for various working conditions. This section tests the universality of method A, B, 

C and the proposed method in the working conditions of no interference, rusty interference, highly reflective interference 

and arc radiation-and-spatter interference. The tested images are 20 no interference, 20 rusty interference, 20 highly 

reflective interference, and 20 arc radiation-and-spatter interference structure-light images. Fig. 6 shows the fillet weld 

joint sub-pixel refinement results of method A, B, C and the proposed method under the four different working 

conditions.  

 

(a1) (a2) (a3) (a4)

(b1) (b2)

(c1) (c2)

(d1) (d2)

(b3) (b4)

(c3) (c4)

(d3) (d4)  
Fig. 6. The fillet weld joint refinement results of method A, B, C and the proposed method, where red  denotes the 

initial pixel-level fillet weld joint coordinates, and green  denotes the sub-pixel fillet weld joint coordinates. (a1) The 

proposed method for structure-light images without interference. (a2) The proposed method for structure-light images 

with rusty interference. (a3) The proposed method for structure-light images with highly reflective interference. (a4) The 

proposed method for structure-light images with arc radiation-and-spatter interference. (b1) Method A for structure-light 

images without interference. (b2) Method A for structure-light images with rusty interference. (b3) Method A for 

structure-light images with highly reflective interference. (b4) Method A for structure-light images with arc 

radiation-and-spatter interference. (c1) Method B for structure-light images without interference. (c2) Method B for 
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structure-light images with rusty interference. (c3) Method B for structure-light images with highly reflective interference. 

(c4) Method B for structure-light images with arc radiation-and-spatter interference. (d1) Method C for structure-light 

images without interference. (d2) Method C for structure-light images with rusty interference. (d3) Method C for 

structure-light images with highly reflective interference. (d4) Method C for structure-light images with arc 

radiation-and-spatter interference. 

Table 2 shows the sub-pixel fillet weld joint positioning accuracy rate of method A, B, C and the proposed method 

under four working conditions. The positioning accuracy of fillet weld joint cannot be directly measured, so we set the 

criterion for judging accuracy that the deviation of the sub-pixel refinement coordinates from the initial pixel-level 

coordinates is less than 4 pixels, and there is no obvious visual deviation of the sub-pixel coordinates. We believe that the 

accuracy rate of the sub-pixel refinement method needs to reach more than 95% to meet the needs of engineering 

applications. Table 2 reveals that method A and B are only useful for working conditions with low interference such as 

no interference and rusty interference. Method C is useless for structure-light images under all working conditions, which 

is not suitable for sub-pixel refinement of fillet weld joint. The proposed method has good results for the four working 

conditions and has strong universality. 

Table 2 

Sub-pixel fillet weld joint positioning accuracy rate of method A, B, C and the proposed method 

Working condition The proposed method Method A Method B Method C 

No interference 100% 100% 85% 55% 

Rusty interference 100% 40% 100% 65% 

Highly reflective interference 100% 20% 35% 65% 

Arc-and-spatter interference 100% 5% 5% 85% 

4.2.2 Robustness test 

Due to the influence of noise and interference, there may be pixel-level deviations in the initial coordinates of the 

fillet weld joint. The deviation correction capability of the sub-pixel refinement method represents its robustness. 

Theoretically, the fillet weld joint is located at an accurate sub-pixel coordinates in the structure-light image (although it is 

difficult to accurately measure it), no matter how the initial pixel-level fillet weld joint changes, the sub-pixel coordinates 

refined by the sub-pixel refinement method should be located at the same position. In practice, the initial pixel-level 

deviation will cause the neighborhood pixels for refine the sub-pixel coordinate to change, resulting the sub-pixel 

coordinate of the fillet weld joint also change. For the same structure-light image, when there is a pixel-level deviation at 

the initial fillet weld joint, the sub-pixel coordinate variation range represents the robustness of the sub-pixel refinement 

method (the method is robust if the sub-pixel coordinates variation range is small). Since the universality of methods A, B 

and C does not meet the engineering requirements, it is meaningless to test their robustness. The variation range of the 

proposed method is tested when the initial pixel-level fillet weld joint deviates by 1 pixel, 2 pixels, 3 pixels and 4 pixels in 

this section. 

 

(a) (b) (c) (d) (e)  

Fig. 7. The sub-pixel refinement results of the proposed method with a structure-light image as an example. (a) Sub-pixel 

refinement result when the initial deviation is 0. (b) Sub-pixel refinement result when the fillet weld joint deviation is 1 
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pixel. (c) Sub-pixel refinement result when the fillet weld joint deviation is 2 pixels. (d) Sub-pixel refinement result when 

the fillet weld joint deviation is 3 pixels. (e) Sub-pixel refinement result when the fillet weld joint deviation is 4 pixels. 

Fig. 7 presents the sub-pixel refinement results of the proposed method with a structure-light image as an example. 

When the initial pixel-level fillet weld joint changes, the sub-pixel coordinate can always be located near the same 

position after sub-pixel refinement of the proposed method, which shows that the proposed method has good robustness. 

Fig. 8 shows the sub-pixel refinement statistics about 20 no interference, 20 rusty interference, 20 highly reflective 

interference, and 20 arc radiation-and-spatter interference structure-light images. It reveals that the maximum and average 

deviation of the sub-pixel coordinates are 2.83 and 0.73 pixels when the initial fillet weld joint deviation does not exceed 

4 pixels. For the structure-light images under the same working condition, the average deviation of the sub-pixel 

refinement coordinates increases as the pixel-level fillet weld joint deviation increases. The reason is that the effective 

neighborhood pixels used to refine the sub-pixel coordinates reduces as the initial fillet weld joint deviation increases 

(refer to Eq. (5)). 

It also can be seen from Fig. 8 that the sub-pixel deviation variation range in the weak interference images such as 

no and rusty interference images is small, while the sub-pixel deviation variation range in the heavy noise images such as 

highly reflective and arc radiation-and-spatter interference images is large. The average deviation for highly reflective 

structure-light images is relatively large (up to 0.73 pixels). This is because this kind of images have multiple reflection 

interferences similar to structure-light stripe at the fillet weld joint (Literature [3] also supports to this result), which adds 

great difficulty to sub-pixel refinement. The overall test results show that the proposed method has the strong robustness 

and small deviation range under various working conditions. 
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(a) (b)  
Fig. 8. The relationship between the initial fillet weld joint deviation and the deviation of sub-pixel coordinates. (a) Mean 

of sub-pixel coordinates deviation. (b) Maximum of sub-pixel coordinates deviation. 

5. Conclusion 

We have proposed a novel sub-pixel refinement method for fillet weld joints under structured light vision and shown 

its effectiveness under various working conditions. Aiming at the research gap in the sub-pixel refinement of fillet weld 

joint, this paper proposed a novel sub-pixel refinement method based on the fact that the cumulative sum of 

structure-light stripe projections is the largest on its direction vector, and deduces its mathematical formula. While our 

method is proposed for fillet weld joint, we believe that extending our method to a common sub-pixel refinement method 

for structured light intersections through simple transformation. 

The method is accurate, universal, and robust, as demonstrated by the following main performance indices: 1) the 
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average and maximum bias are 0.73, 3 pixels respectively in the test of generated structure-light images. 2) Sub-pixel 

fillet weld joint positioning accuracy rate is 100% in the test of noise-free, rusty, highly reflective and arc 

radiation-and-spatter structure-light images. 3) The maximum and average deviation of the sub-pixel coordinates are 2.83 

and 0.73pixels when the initial fillet weld joint deviation does not exceed 4 pixels. 
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Appendix A 

Assume that the direction of structure-light stripe 1 is ( )1 1 1' ,x yO O O= ; the direction of structure-light stripe2 is 

( )2 2 2' ,x yO O O= . Point ( )1 1 1 1,
i i i

P x y R=   is the pixel on the structure-light stripe 1; point ( )2 2 2 2,
i i i

P x y R=   is the 

pixel on the structure-light stripe 2. Let the coordinate of PF be (xF, yF), then the formula 

( )2 2 2

1

arg min '
ij j

F F ij F ij j

j P R

P P P P P O
= 

= −    can be transformed into: 
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( ) ( ) ( ) ( ) ( )( )( )
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Simplify and organize the above formula to get the following equation: 

( ) ( ) ( ) ( ) ( )
1 1 1 1 2 2 2 2

2 2 2 2
1 1 2 2 1 1 1 2 2 2 1 1 1 1 1 2 2 2 2 21 1 1 1

i i i i

x x F x y x y F x i x y i x i x y i

P R P R P R P R

n O n O x n O O n O O y O x O O y O x O O y
   

 − + − − + = − − + − −     
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 − + − − + = − − + − −       

Where n1 is the pixels number in R1, and n2 is the pixels number in R2. The above equation is written in matrix form as: 
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Bring ( ),ij ij ij jP x y R=   and ( )' ,j xj yjO O O=  back to the matrix to get: 
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To extend the above formula to the general form: 

( ) ( )2 21

1 1

1 ' ' 1 ' '
ij j ij j

T T

F j j j j ij

j P R j P R

P O O O O P
−

=  = 

= − −     

It is very easy to express this formula through programming. 


