
Introduction

There’s no secret that skilled welders
acquire their process feedback through
their observation of the weld pool region,
i.e., weld pool surface. While how each
welder processes his or her observation to
make a decision on how to change the
welding parameters (his or her operation)
may differ, the source of information has
no difference. Monitoring a three-dimen-
sional dynamic weld pool surface is a fun-
damental issue that must be resolved in
order to build next-generation intelligent
welding machines that can partially emu-
late skilled welders.

Previous studies (Refs. 1–12) have fo-
cused on the weld pool surface in the gas
tungsten arc welding (GTAW) process.
The gas metal arc welding (GMAW)
process has a higher productivity because
of its consumable electrode (welding
wire). However, the transfer of the melted

metal from the welding wire as detached
droplets to the weld pool makes the weld
pool surface highly dynamic. To effectively
control the GMAW process process, both
the weld pool surface and developing
droplet are needed. Thus, the machine vi-
sion task is further complicated.

A straightforward solution may be to
measure the weld pool surface and devel-
oping droplet separately with different
machine vision systems (Refs. 13, 14).
However, such a solution is inconvenient,
especially in welding environments. It’s
desirable that a single machine vision sys-
tem measure both the weld pool surface
and droplet.

In a recent development, laser lines

have been projected onto the gas metal arc
weld pool surface (Refs. 15, 16). The re-
flected laser lines can be used to measure
the weld pool surfaces. It was found that
these reflected laser lines are also inter-
cepted by the developing or detached
droplets. As a result, information for both
the weld pool surface and droplet is ob-
tained from the same image of the re-
flected laser lines. The goal of this study
was to extract the droplet from the inter-
ception points in the reflected laser line
images and in the same time, compute the
deformation of the reflected laser lines
caused by the weld pool surface deforma-
tion. As a result, the weld pool surface and
metal transfer process can be simultane-
ously imaged and measured from laser
lines reflected from the weld pool surface
in GMAW.

Problem Description

Figure 1 shows the system used to mon-
itor the weld pool surface in GMAW. The
laser is projected from the rear side of the
welding gun, and the imaging screen is po-
sitioned at the front side. The camera, im-
aging screen, and laser projector are
aligned. The imaging screen should be as
thin as possible in order for the camera to
acquire clear images from the other side.
In this study, a high-quality white paper
was chosen as the screen.

In the experiments, five laser lines are
projected onto the weld pool surface. An
Olympus i-SPEED camera was used to
capture the images at a frame rate of 3000
f/s. The laser used was a Lasiris Powerline
500 that’s 500 mW and centers at 670 nm.
Figure 2 shows an example of one cap-
tured image. It’s seen that there are four
laser lines in the image, and three laser
lines are intercepted by the droplet.
Hence, there are six interception points in
this image.

The first objective of this study is to de-
velop a systematic method including a set
of image processing algorithms to extract
the droplet information from interception
points of laser lines with the droplet in the
acquired images. To this end, accurate
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computation of the interception points is
critical. The second objective is to esti-
mate/model the contour of the droplet
based on the interception points. The last

objective of this study is to quantify the de-
formation of the reflected laser lines
caused by the weld pool surface deforma-
tion. The use of the laser lines deforma-

tion for three-dimensional weld pool sur-
face computation is beyond the scope of
this study.

Image Processing Algorithm 

The objective of the proposed image
processing algorithms (Ref. 17) in this sec-
tion is to compute the interception points
automatically and accurately. To this end,
the reflected laser lines must be first seg-
mented with adequate accuracy. Because
the laser is bright and the background is
dark, a global threshold might be able to
separate the laser lines from the back-
ground. A threshold is chosen by off-line
analysis, and the raw image shown in Fig.
2 is segmented with this threshold. The re-
sult is shown in Fig. 3A. As can be seen,
the right part of the top laser line is miss-
ing, which indicates that a global threshold
may not work for some raw images. How-
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Fig. 1 — Experimental system that monitors the weld pool surface in GMAW. Fig. 2 — Example image displaying four laser lines. Note the three laser lines
intercepted by the droplet.

Fig. 3 — Illustration of image processing methods. A — Direct segmentation; B — edge detection result;
C — flexible sobel edge detection; D — intensity distribution; E — filtered image; F — intensity distribu-
tion of filtered image; G — result of proposed segmentation method; H — labeled region of interest.
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ever, the right part of the top laser line can
be identified visually because of the con-
trast difference between the laser line and
its neighboring background. A local seg-
mentation algorithm should be used in-
stead of a global one in order to better as-
sure the reliability of the automatic
detection.

One straightforward way is to make use
of the gradient information between
neighboring pixels. A sobel edge detector
is applied onto the raw image, and the re-
sult is shown in Fig. 3B. It’s seen that the
right part of the laser line is still missing.
This is because that the applied edge de-
tector detects the difference between ad-
jacent pixels. However, the width of laser
lines is much larger than 1 pixel distance.
In addition, the intensity of the pixels on
the laser lines decreases gradually from
the center toward the edge. Hence, it
could not detect the blurry laser lines. To
solve this problem, a flexible sobel opera-
tor is proposed in this paper to further as-
sure the detection reliability.

The size of the sobel operator is based
on the width of the laser lines. For exam-
ple, the sobel operator

Convolute the designed edge operator
with the raw image, and then segment the
convolution result with a global threshold.
The result is shown in Fig. 3C. It’s seen
that the right part of the top laser line is
segmented well. However, there is a lot of
noise both in the laser lines and back-
ground. The noise in the laser line affects
the continuity of the segmented laser
lines, and the noise in the background af-
fects the interception point computation
and automatic clustering of the laser lines
greatly. In fact, there is also noise in the
segmentation results shown in Fig. 3B and
C, which indicates the noise comes from
the raw image.

To analyze the noise in the raw image,
the center row of the raw image is plotted
and shown in Fig. 3D. It’s seen that the
noise is random and can be approximated
as a Gaussian distribution. To suppress the
noise, a Gaussian weighted moving aver-
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Fig. 4 — Examples of directly captured droplet. A — Example 1; B — example 2.

Fig. 5 — Illustration of droplet fitting and modeling. A — Fitted top curve; B — fitted bottom curve; C —
fitted right curve; D — fitted left curve; E — combined droplet; F — fitted droplet with segmented laser
lines.
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age filter is designed:

where μ is chosen as 0, and σ is chosen as
the standard deviation of the original
image. The kernel size is chosen as 5 × 5
in this study.

Then, convolute the filter with the raw
image. The result is shown in Fig. 3E. The
same row in the filtered image is plotted
and shown in Fig. 3F. Compared with the
plot in Fig. 3D, it’s seen that the noise is
suppressed successfully. Apply the pro-
posed image processing algorithm to the
filtered image shown in Fig. 3E, the seg-
mentation result is shown in Fig. 3G. It’s
seen that the segmentation is improved
greatly compared with the result shown in

Fig. 3C. The proposed local thresh hold-
ing and Gaussian filter successfully im-
proved the reliability of the detection to
assure the effectiveness of automatic
processing.

After the laser lines are segmented, the
interception points of the laser lines with
the droplet need to be computed. By obser-
vation, it’s seen that the area where droplets
appear in the captured images is small and
fixed. A region of interest (ROI) is chosen
based on this fixed area. In this study, the
ROI is chosen as a 120 × 120 square. It starts
from the pixel position (150, 120) in the
image shown in Fig. 3G. The laser lines seg-
ments in the ROI are labeled with the inte-
gers 1, 2, 3, 4, 5, and 6 as shown in Fig. 3H.
The start point of each laser line segment
from the center to the edge direction is the
interception point of the laser line with the
droplet. Hence, the six interception points
can be computed.

Modeling of Droplets

After the interception points are ob-
tained, the droplet needs to be extracted
from these limited interception points. It’s
clear that the interception points belong
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curve; C — fitted left curve; D — fitted right curve; E — combined droplet; F — fitted droplet on the seg-
mented laser lines.

Fig. 7 — Unconstrained polar coordinate system
model of droplet. A — Fitted droplet; B — fitted
droplet with segmented laser lines.

Fig. 8 — Proposed polar coordinate system model
with closure constraint. A — Fitted droplet; B —
fitted droplet with segmented laser lines.
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to the edge of the droplet. The modeling
becomes much more challenging due to
the limited edge information of the
droplet. In the previous study (Ref. 13),
the authors modeled the droplet as a sec-
ond order curve. However, in that case, al-
most all the edges of the droplet were de-
tected and made use of. In this study, only
several points of the droplet edge are
known that makes the fitting challenging.
Figure 4A and B show two examples of the
directly captured droplet images. It’s seen
that the shape of droplet is convex, curved,
and smooth, which is similar to an ellipse.

If the perimeter of the droplet is de-
composed into small enough parts, each of
them can be modeled by a curve. The

perimeter of the droplet is divided into
four parts in this study: top, bottom, left,
and right. Each part is fitted with a second
order curve with the corresponding inter-
ception points: top points, bottom points,
left points, and right points. Top points are
defined as the interception points whose y
coordinates are smaller than the mean
value of the y coordinates of all the inter-
ception points. Bottom points are defined

as the interception points whose y coordi-
nates are greater than the mean value of
the y coordinates of all the interception
points. Right points are defined as the in-
terception points whose x coordinates are
smaller than the mean value of the x coor-
dinates of all the interception points. Left
points are defined as the interception
points whose x coordinates are larger than
the mean value of the x coordinates of all
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Fig. 9 — Modeling and analysis of reflected laser
lines. A — Illustration of deformation computation;
B — fitted lines against the segmented lines; C —
computed deformations.

Fig. 10 — Fitted droplet in serial images.
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the interception points. Figure 5A–D
shows one example of the fitted second
order curves with these interception
points by the least square method. Com-
bine all the fitted curves, and the result is
shown in Fig. 5E. As can be seen, the com-
bined curves make up a droplet. Figure 5F
shows the combined droplet intercepted
by the reflected laser lines. It’s seen that
the fitted result is good by comparing the

real droplet shown in Fig. 4A and B.
To further examine the proposed sepa-

rate fitting method, different droplets
from different images are fitted. Figure
6A–F shows an example that calls for im-
provement. It’s seen that this time, the
combined droplet’s top part is greatly dis-
torted from that of the droplet shown in
Fig. 4A and B. In addition, the fitted edges
from the top and right parts do not match

completely. It’s mainly caused by the dis-
tance between the top two adjacent points
is much greater than other adjacent
points, which caused the proposed sepa-
rate fitting method to have an uneven fit-
ting result for the whole droplet. To re-
solve this issue, a uniform constraint is
needed for all the interception points in-
stead of separate constraints on the inter-
ception points in different parts. The fol-
lowing polar coordinate model is
proposed to constrain all the interception
points as a whole.

where ri (i = 1, 2 …, N) is the radius from
the center point (p, q) to the interception
point (xi, yi) and θi (i = 1, 2 …, N) as the
angle from the center point to the intercep-
tion point (xi, yi). The center point (p, q) is
calculated as follows.

Using the least squares method, the co-
efficients can be computed by the following
equations.

where Y is the set of the radius measure-
ments, and ∅ represents the vector of the
coefficients. After the coefficient vector, ∅
is estimated using the least square algo-
rithm, and the droplet can be fitted with the
model denoted by Equation 2. Figure 7A
and B show the fitting results. As can be
seen, the proposed model constrains all the
interception points to third order model in
the polar coordinate system better than
modeling them separately. However, the fit-
ted curve doesn’t close as the droplet’s con-
tour should. To resolve this issue, a flexible
virtual point is added as an additional con-
straint to close the open fitted curve. The
flexible virtual point is computed from the
following equation.

Substitute Equation 2 into the above
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Fig. 11 — Fitted laser lines in serial images.
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equation, the following constraint equa-
tion is obtained.

Adding the virtual point into Equa-
tions 6 and 7, a new Y and ψ are obtained
as follows.

Accordingly, the coefficients vector is
computed as:

Using the coefficients vector ∅ to fit
the droplet, the results are shown in Fig.
8A and B. It’s seen that the fitted droplet
looks like a desired shape.

Modeling of Laser Line and
Analysis

By observing the segmented results of
the intercepted laser line images, it’s seen
that the reflected laser lines are divided
into two parts, the left and right. It’s re-
quired to combine the left part of each
laser line with its right part to form one
laser line, and then model it as a whole.
Fortunately, the order of the laser lines,
from top to bottom, keeps the same in the
two parts. The two parts of the laser line
can be clustered separately and reunion as
one based on its order. Then, each laser
line is modeled as a second order curve.

After each laser line is modeled, its de-
formation due to the weld pool surface can
be analyzed based on the equation of the
modeled line.

Step 1 — Compute the normal of each
point on the modeled line by the following
equations:

where a, b, and c are the coefficients of the
modeled line.

Step 2 — Estimate the angle of the tan-
gent line at each point on the modeled line
with the horizontal line by the following
equation:

Step 3 — Compute the height of the nth

point over the (n − 1)th point on the mod-
eled line using

Step 4 — The deformation at the nth

point is computed as

The above algorithm is illustrated in
Fig. 9A with the assumption that the dis-
tance wn between two adjacent points is al-
ways the same in the horizontal direction.

Figure 9B shows one example of the
modeled second order curves against the
segmented laser lines. As can be seen, the
modeled lines fit the segmented laser lines
well. Figure 9C shows the computed de-
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Fig. 12 — Computed deformation in serial images.
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formation of the laser lines by the local
weld pool surface that intercepts and re-
flects them, respectively. Only the center
parts are computed and plotted because
they are adequate for the feedback control.

Experimental Results

To verify the effectiveness of the pro-
posed image processing and droplet
modeling algorithms, eight adjacent
frames of images in which the droplet in-
tercepts the reflected laser lines are
processed, and the results are shown in
Fig. 10. As can be seen, the fitted droplets
vary from frame to frame in a reasonable
way. The size of droplet can then be com-
puted from the modeled contour and
used for feedback control. To verify the
effectiveness of the laser line modeling
and deformation computation algo-
rithms, the same adjacent frames of the
images are processed, and the results are
shown in Figs. 11 and 12. It’s seen that the
modeled lines fit the segmented laser
lines well, and the computed laser line
deformations also vary, which can be
used to compute the weld pool surface.

Conclusions

In this paper, laser lines reflected
from the weld pool surface in GMAW are
imaged. Image processing and modeling
algorithms are proposed to extract the
droplet from interception points in re-
flected laser lines. In addition, the re-
flected laser lines are modeled and ana-
lyzed. Experimental results verified the
effectiveness of both the droplet extrac-
tion/modeling algorithm and deforma-
tion computation method. The weld pool
surface and metal transfer process can
both be imaged and computed from the
laser lines reflected from the weld pool
surface in the highly dynamic GMAW.
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