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Development of a Multiline Laser Vision 
Sensor for Joint Tracking in Welding 

New algorithms improve the reiiabiiity and precision in high-speed joint tracking 
with a multiiine laser vision sensor using multiple-range data 

BY K. SUNG, H. LEE, Y. S. CHOI, AND S. RHEE 

ABSTRACT 

In recent years, laser vision sensors 
have been widely used to track the 
weld joint. However, they could not be 
used to detect the joint precisely for 
high-speed welding. A multiline laser 
vision sensor (MLVS), which was used 
in this work overcame the problem. 

Five laser lines, which were made 
by an aspheric lens with a point laser 
source, provided important informa- 
tion to find the weld joint lines. 
Clearer images were obtained through 
the medium, an erosion/dilation filter, 
and hence, five enhanced range data 
were obtained by the extraction 
method. 

Through the proposed method, 20 
images per second could be processed. 
Experiments were performed with the 
MLVS attached to a robot. The weld 
joint line was tracked with speeds of 
10, 15, and 20 m/min, and the mean 
error was 0.3 mm and a maximum 
error was 0.6 mm. It was found that 
this MLVS was very reliable for track- 
ing the weld interface. 

Introduction 

Laser vision sensors are widely used in 
automated manufacturing processes in 
noisy environments, such as welding, be- 
cause such sensors are robust even in the 
presence of extreme noise. Smati et al. 
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(Ref. 1), Clocksin et al. (Ref. 2), and Aga- 
pakis (Ref. 3) obtained the feature point 
from the range data of a base metal using 
a conventional laser vision sensor, and 
they suggested that the joint can be found 
and tracked. Since then, Suga and Ishii 
(Ref. 4) have applied a laser vision sensor 
in welding process control and automatic 
welding inspection. Recently, many kinds 
of high-speed welding processes have been 
introduced in an effort to improve pro- 
ductivity. If high-energy sources are used 
in thin-plate welding, it is possible to weld 
at 10 m/min or faster (Ref. 5). 

Laser vision sensors using a high-speed 
charge-coupled device (CCD) to obtain 
high-speed performance have been inves- 
tigated. However, the cost of this is signif- 
icantly high. The Oxford Sensor Co. (Ref. 
6) in England has attempted to achieve 
reasonable cost along with enhanced reli- 
ability by using circular patterns. However, 
it was then necessary to have separate ro- 
tational scanning devices using gal- 
vanometers. Also, there are methods that 
employ multiple laser sources and CCDs 
(Ref. 7). However, the resulting vision sen- 
sor would be large and expensive. 

In addition, Lee et al. (Ref. 8) used a 
high-speed laser vision sensor to detect the 
weld defects on the shock absorber of a 
car. A CCD with a speed of 100 ft/s was 
used to measure the welding part. How- 
ever, because the laser vision sensor was 
large and heavy, they chose to fix the laser 
vision sensor and move the shock ab- 
sorber. Also, other studies have used mul- 
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tiple laser strips. Kang et al. (Ref. 9) used 
two lasers to obtain the images of wide 
area. Park et al. (Ref. 10) also used two 
lasers with different angles of incidence to 
solve the problem of the high difference of 
the angles of the workpieces. Bonser et al. 
(Ref. 11) studied the method of finding 
the joint in the saddle of a bicycle using 32 
or more laser lines. They inserted the en- 
tire welding part into the laser area and 
imaged the laser lines to find the joint at 
once. This method can find the joint very 
quickly, but this is possible only when the 
welding part is small and cannot be ap- 
plied if real-time tracking is needed. 

In this study, a method was developed 
to process multiple-range data simultane- 
ously using multilaser patterns in an 
image. This method produced a high data 
acquisition rate, even while using a stan- 
dard CCD. By employing a 5-laser-line 
pattern using a single laser source and 
lens, a simple, lightweight sensor structure 
could be fabricated. The prototype for the 
multiline laser vision sensor (MLVS) was 
constructed in this way and applied to 
tracking the joint for high-speed lap joint 
welding. 

Basic Principles of MLVS 

The laser vision sensor obtains range 
data through optical trigonometry. A 
MLVS can acquire data for multiple laser 
lines using the same method employed by 
single-line laser vision sensors. 

Figure 1 shows the basic principles of a 
laser vision sensor. Figure 1A depicts a 
conventional laser vision sensor, which 
projects a line-shaped structural laser onto 
the workpiece and acquires range data by 
measuring the form of this laser plane with 
a CCD. The multiline patterned laser vi- 
sion sensor shown in Fig. IB utilizes the 
same principle to obtain range data, but 
the latter differs from the former in terms 
of the image obtained by the CCD. The 
image from the latter contains multiple 
laser lines whereas the former contains 

o 
< 
LU 
(/) 
LU 
0C 

O 

LU 
5 

WELDING JOURNAL 



CCD 

Bend   ^^ 

C •(»>•«• 

WWdlMntlMwn \ 

Li»»»tootc» 

Incomtngtasaf 

Aiph«fKl*n» 

SMigfe-fcn* las«i plan* 

\ 
S 

B •«•< (CMMC* 

\«"^»»d^MOtit»imi\ 

Wo»fcp.»c« 

f/g. i — Basic configuration of a laser vision sensor. A — Single line; B — multiple lines. 

33 
m 
0) 
m 
> 
33 
O 

- R»siduallas»t 
/         lines 

J^ Targetkn« y 
^ Residual laser 
^         lines 

fig. 2 — Schematic diagram of image processing for multiple laser lines. Fig. 3 — Raw image data of the MLVS including noise. 

Table 1 — MLVS Validation for High-Speed Lap Joint Tracking 

MLVS : Prototype 

Profile fail 1.5% 

Valid rate of profile 92.59% (600pixel) 
93.21, 93.47, 91.57, 

92.05 92.73 (%) 

Tracking error Average: 0.3076 mm 
Max.: 0.5756 mm 

only a single laser line. Therefore, this 
method requires the additional process of 
extracting and discriminating multiple 
laser lines included in the image. 

In addition, when the CCD is struc- 
turally perpendicular to the ground in the 
MLVS, each laser plane has a different in- 
cidence angle to the workpiece and distance 
from the starting position to the sensing po- 
sition, causing the light intensity to change 
greatly. In such cases, differences in laser 

line intensity trans- 
mitted to the work- 
piece will increase, 
and the thickness and 
intensity of the laser 
lines generated on 
each laser plane will 
vary. Therefore, the 
MLVS image process- 
ing algorithm should 
take this phenome- 
non into account. 
This new image pro- 
cessing algorithm is 
shown after this 
section. 

Image Preprocessing and 
Acquisition of Range Data 

Laser lines are extracted from the ac- 
quired image, and within the laser lines, 
the range data are determined by process- 
ing the line position. To extract laser lines, 
image preprocessing, laser-line extraction, 
and feature extraction are generally 
implemented. 

Figure 2 shows the image processing 
and range data acquisition process of the 
MLVS. It is similar to that of a conven- 
tional laser vision sensor but differs by 
having the capability to acquire multiple 
laser lines from an image, corresponding 
to multiple-range data. 

Since the MLVS acquires multiple- 
range data from an image, the MLVS re- 
quires a more complex processing system 
than conventional systems, for example, 
sorting the laser lines after image prepro- 
cessing. Nevertheless, in our study, image 
processing was accomplished within an in- 
terval of 20 m/s. 

Image Preprocessing 

The images obtained from the CCD in- 
clude not only laser lines but also noise due 
to spatter, arc light, or overlapped reflec- 
tion. To extract the laser lines precisely, 
noise in the CCD images must be removed. 
This process is referred to as image prepro- 
cessing. A smoothing filter and a convolu- 
tion mask are generally used for this in 
conventional laser vision sensors (Ref. 12). 
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F/g. 4 — Preprocessing filters. A — Advanced median filter mask; B — simplified erosion/dilation filter mask. 

In Fig. 3, the additional laser lines, 
other than the five main lines, are noise. 
In our system, the point lasers are con- 
verted into five main laser lines using an 
aspheric lens. However, the aspheric lens 
(Refs. 13, 14) also generates additional 
noise, which has the same pattern of light 
intensity as the five main lines, cannot be 
distinguished from them by a convolution 
mask. Consequently, a new method is 
required. 

In this study, advanced image prepro- 
cessing techniques are proposed. For the 
first step of preprocessing, an advanced 
median filter (Ref. 15) was used to remove 
or reduce the noise within the image. Spe- 
cialized masks were used for this filter to 
intensify the laser lines and to weaken the 
noise. The filter is expressed in Equation 1 
and Fig. 4A. 

Y+m     X+n 

v       '      (2n + l)(2m + l) 

where X = n---(640-n),Y = m---{480-m)(l\ 

In Equation 1, Iraw is the raw image in- 
tensity from the CCD in the image coor- 
dinate, and Inew is the image intensify after 
advanced median filtering. (2n + 1) indi- 
cates the pixel number within the mask in 
the x-axis direction, and (2m + 1) shows 
the pixel number within the mask in the y- 
axis direction. 

Through this process, spot noise and 
relatively low-intensity line and area noise 
were removed. The line noise due to spat- 
ter in the orthogonal direction against the 
laser line was merged into spot noise. To 
completely remove the remaining noise 
and to strengthen the laser lines, erosion 
and dilation filters were also used. Equa- 
tion 2 is an erosion filter, and Equation 3 
is a dilation filter (Ref. 16). 

IL(X.Y) = 

'.jijy-ifti n'«,,('.;) >o 

whereX = a--{640-a),Y=a---{4S0-a) 
(2) 

/"(.v.i > = t'='-°7'~',v—:</ S IC(U)>o 
(2a+ 1) j.r-,i.x-„ 

0 ; otherwise 

whereX = a---(640-a),Y = a---{4S0-a) (3) 

In Equation 3, /"new is the image inten- 
sify after the erosion and dilation filtering. 
In Fig. 4B, each mask size of the erosion 
and dilation filter is the same at (2a + 1). 

Finally, an advanced half-thresholding 
method was used to reinforce the contrasts 
of the intensity (Ref. 17). This made the 
extraction of laser lines from the image 
easy. Figure 5 shows the advanced half- 
thresholding method that was imple- 
mented using Equation 4 for each of the 
Y values. In Equation 4, / represents the 
final image after advanced half-threshold- 
ing. In Equation 5, n is the pixel number 
of the mask in the direction of the y-axis. 

I(X,Y) = 

where. 

0 if CO'.*') < th-value,(i = 0---640) 

A" w [i'Y)   otherwise (4) 

th - value = max 

j+n/2-l 

I iL{kj) 
-x0.7 

(j = n/2---{640-n/2)) 

Line Discrimination and 
Extraction Process 

(5) 

Laser line data were extracted from the 
image after image preprocessing. Then, 

each single laser line was discriminated 
from the other extracted laser lines and 
was converted into range data. The laser 
lines were properly ordered to enable ex- 
traction of accurate range data. 

Following preprocessing, the image 
was divided into black parts and nonblack 
parts. It was assumed that any areas other 
than the black parts within the image were 
composed of laser lines. 

The time available for image process- 
ing was limited; therefore, a new algorithm 
was developed that could extract and dis- 
criminate the laser lines simultaneously. 
Figure 6 shows that the preprocessed 
image was converted into 5 discriminated 
laser lines by the extraction and discrimi- 
nation method. 

The column intensify was used for ex- 
tracting laser lines. As in Fig. 7A, the A-A' 
line had a width of 1 pixel. The A-A line is 
expressed as a column intensify, as in Fig. 
7B. The column intensify is represented at 
1^ (i), where k is the column number along 
the x-axis in the image coordinates (Fig. 
7A) and; is the position of the x-axis in the 
column intensity function — Fig. 7B. 

There are additional laser lines beyond 
the main five lines, as shown in Fig. 3. To 
eliminate such noise, it is necessary to de- 
termine the peak points and to select the 
valid groups as shown in Fig. 8. This process 
consists of the following tasks: determining 
the peaks from the column intensify, group- 
ing the peaks sequentially by decreasing the 
intensify, and selecting the group of peaks 
that has the highest mean intensity. If such 
a process is applied to each pixel column, a 
collection of laser lines is obtained for each 
column. 

Extraction of Feature Point 

Range data represent the cross- 
sectional form of a workpiece. A simple 
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Fig. 7 — Determination of the column intensity from processed image 
data. A — Processed image data; B — column intensity for section A-A'. 
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-F/g. 6—Line extraction and discrimination from a preprocessed image. A - 
Processed image data; B — discriminated laser profile data. 

Fig. 8 — Flow chart for the line discrimination and extraction process. 

template matching method is used to track 
the joint (specific point) (Ref. 18). This 
method extracts the feature points from 
the range data. Because the MLVS was ap- 
plied to lap joint joint tracking, two hori- 
zontal lines and one sloped line were used, 
as shown in Fig. 9. 

The traditional "split and merge" 
method was adapted for feature extraction 
in this study (Ref. 19). The adopted split 
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and merge method employs a technique 
that generates straight lines based on three 
points and then measures the angles 
among them. This method can minimize 
errors near the feature points and increase 
the processing speed. 

Because we used the split and merge 
method, the merged point in Fig. 10 is uni- 
fied in a straight line if the angles of the 
line stay near 180 deg, as shown in Fig. 

11 A. As indicated in Fig. 11B, a noise that 
is a white point in Fig. 10 is removed when 
the angle between the two lines exceeds a 
certain threshold. If the method is re- 
peated, only the feature points, which are 
solid, will remain in the end. Thus, the 
template is matched with the feature 
points, and the tracking point is found. 

The joint was constructed by determin- 
ing the trends of the tracking points. The 



MLVS relies on measured fields that par- 
tially overlap; hence, tracking errors could 
be detected through a comparison of cur- 
rent tracking points with prior tracking 
points, enabling the MLVS to safely track 
the joint even at higher speeds. 

MLVS System 

The MLVS system consists of a laser 
source, aspheric lens, and CCD camera. 
The laser used for MLVS was a Illb-class 
diode laser with power of 100 mW and 
wavelength of 650 nm. An aspheric lens 
made by StockerYale, Inc., was used to 
generate five laser strips. This aspheric 
lens can generate five laser lines at 120 
mm, which are 7 mm apart. A 'A-in. CCIR 
CCD with 640 x 480 pixels was also used 
to capture the maximum 30 frames per 
second. A 650-nm band pass filter with 
band width of 10 nm was installed in this 
device. This sensor is shown in Fig. 12. 

To process the incoming images in the 
CCD, image grabber Meteor MC was used 
(Ref. 20). The digital images were obtained 
from analog images with this grabber. An 
industrial computer was used to process im- 
ages and calculate robot motions. The 
image processing program was written on 
the basis of C-l- +. Also, for real-time track- 
ing, the image processing program was cre- 
ated in such a way as to be integrated into 
the robot control program. 

The horizontal and vertical resolutions 
of MLVS were 0.06 mm. The MLVS soft- 
ware includes an image processing pro- 
gram that is capable of processing more 
than 20 frames per second. In terms of a 
conventional single-line laser vision sen- 
sor, this would be the equivalent of more 
than 100 frames per second. 

Results 

Experimental Setup 

The weld joint tracking system was com- 
posed of a Samsung 6-axis welding robot, 
the fabricated MLVS, and an industrial PC 
with image grabbing board as shown in Fig. 
13. If the joint was very long, the 4-axis 
bogie-type robot was used. The industrial 
PC received image signals from the MLVS 
and performed image processing and analy- 
sis; in addition, the PC played a role in con- 
trolling the robot through the Ethernet, and 
in using the subsequent results. The soft- 
ware for these functions was developed as 
part of our study. 

Results of Joint Tracking 

Figure 14 shows the laser lines pro- 
jected onto the workpieces by the MLVS, 
and the images acquired from the work- 
pieces are depicted in Fig. 15A. The im- 
ages   before   preprocessing   noticeably 
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Fig. 10—Advanced "split and merge" algorithm for the plane surface in a welded joint. 

include a great deal of noise in addition to 
the laser lines. Figure 15B demonstrates 
the features of noise removal and the re- 
inforcement of the laser lines by the ad- 
vanced median filter. In a subsequent stage, 
the erosion/dilation filter was able to reduce 
the remaining noise even further while sub- 
tly enhancing the laser lines. Finally, images 
could be acquired without noise, as shown 
in Fig. 15C, using the half-threshold method 
developed for this study. 

An experiment to obtain range data in 
a straight-line lap joint was conducted. 
The experiment checked the image pro- 
cessing algorithm of the MLVS and the ac- 
curacy of the range data extraction. Range 
data were obtained while moving along a 
1-meter path 5 times at each of the fol- 
lowing speeds: 10, 15, and 20 m/min. Fig- 
ure 16 shows the range data obtained from 
MLVS at 15 m/min tracking speed. The x 
marks in Fig. 16 are tracking points. 

The probability of obtaining false range 
data was 7.4% on average, according to 
the experiment. Thus, about 44 points 
were incorrectly positioned among 600 
points in one set of range data. However, 
most of the incorrect points were posi- 
tioned near the beginning or end of the 
range (#1~50 or #550~600 pixel data 
positions). The beginning and end of the 
range data are relatively less important 
than the other parts. 

It would be possible to examine the 
mutual relationships among the five laser 
lines, and to modify them, so as to remove 

additional errors. After completing this, 
the probability of errors in the range data 
created by the laser line would be less than 
1%. 

The "Profile fail" in Table 1 indicates a 
case where one of the frames obtained 
only incorrectly positioned welding parts 
in the aforementioned experiment. These 
were mainly cases involving errors in the 
range data for the fifth laser line. There 
were no cases in which a preponderance 
of range data involving all five laser lines 
caused incorrectly positioned welding 
parts. The "valid rate of profile" is the rate 
of the number of range data points nor- 
mally obtained in the range data acquired 
from a frame. It is assumed that the weld 
joint is a completely straight line and that 
there are no robot tracking errors. When 
generating the robot's welding path by ex- 
tracting tracking points from range data 
under this assumption, the "tracking 
error" is the difference of the robot's weld- 
ing path from the weld joint. 

The results demonstrated that the 
MLVS could extract five range data values 
simultaneously from a frame by using the 
new image processing method and range 
data extraction algorithm while employing 
existing hardware. Such range data were 
found to be accurate and was obtained 
quickly enough to support tracking appli- 
cations using robots. 

The laser vision sensor is located in 
front of the welding gun to extract the 
joint in advance. For a single-line LVS, the 
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Fig. 13 — Joint tracking system configuration Fig. 14 — Projected laser stripes. 

Fig. 15 — Image processing procedure. A — Raw data; B — used advanced median filter; C—final image 

data for the joint line were obtained at in- 
tervals of 5 mm for a welding speed of 10 
m/min. In the case of MLVS, the informa- 
tion for the joint line was obtained every 2 
mm. Therefore, a more accurate and sta- 
ble joint tracking was possible. 

Conclusions 

In this study, we developed a multiline 
laser vision sensor that improved the 
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tracking capability and reliability of con- 
ventional laser vision sensors so as to apply 
high-speed joint tracking. New algorithms 
applied in the MLVS enabled multiple 
range data to be obtained concurrently 
within a single image by using multiple 
laser stripes. 

To increase the reliability and precision 
in high-speed joint tracking, the MLVS 
uses multiple-range data. In this study, a 
single laser optical system and a single 

CCD were used to obtain multiple-range 
data from an image. This process can be 
modified to be compact so that it would be 
suitable for an automatic system. 

Since the MLVS acquires multiple- 
range data from an image, the adapted 
preprocessing method was advanced to be 
suitable for this research. Also, a new al- 
gorithm was developed to extract and dis- 
criminate the laser lines from the 
preprocessed image. Advanced prepro- 



cessing adapted a median filter and an ero- 
sion/dilation filter that were modified to be 
suitable for this study. A new method to 
threshold, half-thresholding, was proposed 
to make an easier line separation and ex- 
traction process. 

To minimize the processing time, a new 
algorithm was developed to extract and dis- 
criminate the laser lines simultaneously. 
This algorithm enables ranges to be distin- 
guished, which are considered to be the 
laser lines within the image, and put the 
most suitable laser lines into the valid group 
by comparing each line with the patterns. 
The whole image processing was accom- 
plished within 20 ms, and the range data 
have 93% accuracy on average. 

In this study, a prototype MLVS was de- 
signed and fabricated using a conventional 
CCD. A simple template matching method 
was used to determine tracking points using 
the feature extraction algorithm. Deter- 
mined tracking points were transmitted to 
the welding robot by using the Ethernet. 
This system was constructed and applied in 
high-speed (max. 20 m/min) joint tracking 
in a lap joint and tracked a joint success- 
fully, less than 0.3 mm average error. 

This study conducted the MLVS at 
nearly the same size and cost of the previ- 
ous laser vision sensor and increased the 
precision and reliability of high-speed joint 
tracking by acquiring multiple-range data 
within an image. 
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R. Rai et al., which appeared on 
pages 54-s to 61-s of the March 
issue, two of the references are in- 
correct. The Welding Journal re- 
grets the error. The correct 
references follow: 

41. Kim, C. H., Zhang, W., and 
DebRoy, T. 2003. Modeling of 
Temperature Field and Solidified 
Surface Profile during Gas Metal 
Arc Fillet Welding. Journal of Ap- 
plied Physics 94(4): 2667 to 2679. 

42. De, A., and DebRoy, T. 
2004. Probing Unknown Welding 
Parameters from Convective Heat 
Transfer Calculation and Multi- 
variable Optimization. Journal of 
Physics D: Applied Physics 37(1): 
140 to 150. 
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