
Introduction

Observation of the weld pool provides
an effective path to understand and con-
trol the welding process. Observation data
also attribute to the validation of numeri-
cal models, which helps researchers to an-
alyze and evaluate the welding process. 

Extensive research has been conducted
to provide in situ monitoring of the weld
pool. The arc sensor was one of the first
few sensors that was adopted for weld pool
observation. X-ray (Ref. 1), infrared, and
vision-based sensors were also developed
and implemented. The weld pool surface
is the most direct source of information
for human welders to obtain feedback.
Skilled welders estimate the welding
process by visually observing the weld pool
and adjust welding parameters accord-
ingly. 

In recent years, machine vision has
been more and more widely adopted to
monitor the welding process.  Early efforts

focused on extracting a two-dimensional
weld pool boundary by directly viewing the
scene under the welding gun. Richardson
(Ref. 2) developed a  coaxial arc weld pool
viewing system for the gas tungsten arc
welding (GTAW) process. Kovacevic et al.
(Ref. 3) used a high-power auxiliary illu-
mination laser to suppress arc radiation.
In recent years, weld pool observation
evolved from two-dimensional (2-D)
boundary extraction to three-dimensional
(3-D) surface geometry measurement.
Stereo vision (Ref. 4) and shape from
shading (SNF) algorithms (Ref. 5) are pro-
posed to reconstruct 3-D weld pool geom-
etry from directly captured weld pool
images. 

However, one of the most challenging

tasks that direct-viewing vision-based
monitoring techniques must overcome is
the interference of arc radiation, which de-
grades the quality of captured images. The
radiation from the arc body is much
stronger than that radiated/reflected from
the weld pool surface and workpiece. A
scene, including weld pool and welding
arc, contains a lot more variations than
can be captured by a high-speed camera.
The majority of the dynamics on the cap-
tured image is assigned to the bright arc
body, which is not the area of interest. The
dynamics of the weld pool area are signif-
icantly reduced and cause an inevitable
loss of information. 

The most common techniques that
were adopted to reduce arc influence in-
cluded blocking the arc body using a me-
chanical method (Ref. 1), using optical
filters to observe the weld pool surface at
a specific wavelength, and using an auxil-
iary light source, such as laser (Ref. 3), to
suppress arc influence. However, accord-
ing to current reports, the dynamics of the
captured weld pool surface are still not
satisfying. 

Arc light reflected from the weld pool
surface is another issue direct-viewing
methods have difficulty in overcoming. In
the case of weld pool fluctuation, bright
spots, which are a result of arc light reflec-
tion, are observed in certain local areas on
the weld pool. The reflection is significantly
brighter than the average weld pool inten-
sity on the captured image, which degrades
the dynamic range of the captured weld
pool area. When the weld pool surface is re-
constructed using stereo vision or SNF
method, surface geometry is calculated
from captured texture on the weld pool im-
ages. The existence of arc light reflection in-
evitably degrades the weld pool texture and
reduces reconstruction accuracy.

Reflection-based weld pool monitoring
methods, which take advantage of the spec-
ular nature of the weld pool surface, suc-
cessfully reduced arc light interference.
Pioneering work was conducted at the Uni-
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GMA weld pool surface observation system is proposed to monitor the three-
dimensional weld pool geometry. A low-power five-line laser pattern is projected onto
the weld pool and the reflected pattern, which is the result of an intercepted reflected
laser beam on an imaging plane, is captured and analyzed. To image the reflected laser
pattern, the elements in the imaging system including laser and weld pool surface are
analyzed and modeled. The effects of their parameters such as laser density, projec-
tion angle, weld pool surface geometry, and weld pool surface fluctuation on the im-
aging of the laser pattern are examined and analyzed. The effectiveness of the
proposed method and parameter ranges are verified through simulation and experi-
ments. As a result, acceptable images of laser pattern reflected from the weld pool
surface in pulsed GMAW were acquired. An image processing algorithm has been de-
veloped to successfully extract the reflected laser pattern for subsequent weld pool
surface reconstruction. 

85-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Ma 5-11:Layout 1  4/11/11  2:42 PM  Page 85



versity of Kentucky by Kovacevic and
Zhang (Ref. 6). The 3-D geometry of the
weld pool is extracted by directly viewing
the reflection of an illumination laser pat-
tern from the weld pool surface. However,
a high-power auxiliary laser is required to
generate the laser pattern and suppress the
arc light. 

Song (Ref. 7) extended this approach by
projecting a low-power dot-matrix laser pat-
tern onto the GTA weld pool surface and
observing the intercepted reflected laser on
an imaging plane. In that application, the
weld pool surface is stable with little fluctu-
ation, and the weld pool surface is flat with
minor deformation, which can be consid-
ered as a special case for the welding
process.

Little work was conducted in precisely
measuring the 3-D weld pool surface
geometry of the gas metal arc welding
(GMAW) process. Most current research
is based on the direct viewing method,
such as shape from shading or stereo vi-
sion. In our previous work (Ref. 8), a re-
flection-based GMA weld pool measuring
system was proposed. Weld pool surface
monitoring was partially achieved by pro-
jecting a single-line laser pattern onto the
GMA weld pool surface. Experimental re-
sults showed that the reflection of the sin-
gle-line laser pattern could be observed,
and was of convex shape. 

In this paper, the revised weld pool
surface measuring system for the pulsed
gas metal arc welding process (GMAW-
P) is demonstrated. It is capable of pro-
viding surface geometry information for
the entire area of interest, i.e., the 3-D
geometry of the weld pool surface. Sys-
tem modeling and simulation was carried
out to demonstrate the principle of the
potential to implement this method to re-
construct 3-D geometry of the weld pool
in GMAW-P. The corresponding rela-
tionship between captured reflection pat-
tern and original projected pattern is
demonstrated. System parameters that

affect observation quality are analyzed.
An image processing algorithm is devel-
oped to extract and separate the reflected
laser line from the captured image.

Observation System

The proposed system is shown in Fig.
1. The welding gun is fixed perpendicular
to the workpiece. A 375-mW laser with
670 nm center wavelength is fixed at the
backside of the welding torch. A five-line
laser pattern, which is referred to as pro-
jected laser, is projected to cover the en-
tire weld pool area. During welding
progress, after the weld pool is estab-
lished, specular reflection of the projected
laser occurs on the weld pool surface. The
reflected laser was intercepted by an im-
aging plane fixed vertically at the opposite
side of the welding gun. The welding gun,
laser pattern generator, and imaging plane
are carefully aligned. The pattern shown
on the imaging plane is referred to as the
reflected pattern, and is captured by a
high-speed camera. Raw images and en-
hanced images are shown in Fig. 2. 

The laser pattern generator used in this
study is a Coherent Powerline 670 contin-
uous wave diode laser. The energy of pro-
jected laser is evenly distributed along
each line, which ensures that the projected
pattern consists of lines with uniform in-
tensity with sharp ends. Therefore, the re-
flected pattern shown on the imaging
plane will have relatively even intensity. 

The high-speed camera is fitted with a
20-nm band-pass filter centered at the
same center wavelength of the laser to en-
hance image contrast. Most of the arc ra-
diation interference, which distributes on
the entire wavelength spectrum, is 
eliminated. 

The proposed reflection-based
GMAW-P weld pool observation system
successfully bypassed arc interference. Al-
though the arc influence still exists, by ob-

serving the reflected laser from an imag-
ing plane, the bright arc body is no longer
part of the captured scene. Arc radiation
simply functions as a close range light
source that illuminates the imaging plane,
resulting in a background gray level inten-
sity. The imaging plane only contains
evenly distributed arc radiation and re-
flected laser. Since specular reflection pre-
serves the low-divergence character of
laser, the energy of reflected laser is still
concentrated. During image integration
interval, as long as the energy density of
reflected laser exceeds arc radiation on the
intercepted area, which ensures that the
reflected pattern stands out of the back-
ground, the reflected pattern can be sepa-
rated. The dynamic range of the image is
also fully employed because the reflected
laser and the background arc light are of
the same magnitude.  

Reflection Image Simulation

System modeling provides a systematic
tool to study the relationship between the
reflected pattern and system parameters.
It also helps to select optimal system pa-
rameters. It is divided into three parts:
modeling of weld pool surface, modeling
of projected laser, and modeling of reflec-
tion and interception. 

Simulation result demonstrated that
for different weld pool geometry, the re-
sultant reflected pattern is of different
shape, which suggests that the reflected
pattern reveals the 3-D geometry of the
weld pool surface. Meanwhile, when the
weld pool surface is smooth, the height of
each projected line is sequentially placed. 
Dynamic analysis based on simulation re-
sults demonstrates that the quality of cap-
tured images is also affected by weld pool
fluctuation and camera parameters. 

Modeling of Weld Pool Surface

Most current weld pool models are
based on numerical analysis. The objective
of such models is to evaluate how welding
parameters affect weld quality, which
mainly focused on the internal fluid flow
and temperature distribution in the weld
pool rather than the 3-D weld pool surface
geometry. These models are complicated
and the calculation is time consuming. 

The only concern of this research is
how top-side geometry of the weld pool af-
fects laser reflection, and the consequent
reflected pattern. It is not efficient to
adopt existing numerical models to simu-
late the weld pool surface. Therefore, a
simplified model based on weld pool sur-
face geometrical appearance is selected
and implemented. Although the model is
not accurate, it provides fundamental un-
derstanding of the principle of the pro-
posed observation method.

MAY  2011, VOL. 9086-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 1 — System schematic of GMAW-P weld pool observation system.
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Directly captured weld pool surface
using the GMAW-P process is shown in Fig.
3.  It can be observed from the captured
image and solidified welding bead that the
weld bead can be divided into two parts,
weld pool surface and weld bead body. The
weld pool surface can be estimated using
part of an ellipsoid and the weld bead can
be simulated using part of a cylinder. The
geometry of the solidified weld specimen
using designed welding parameters is meas-
ured to provide parameters for system mod-
eling, including weld pool length, weld pool
width, and weld bead height, as is shown in
Fig. 4. 

The weld bead is modeled using part of
the cylinder. Cylinder axis is parallel to the
x axis. The cylinder passes the highest point
of the weld bead and the weld bead bound-
ary on the workpiece. The function of the
cylinder can be expressed as

F1(x,y,z) = y2+ (z – z0)2 – R2 = 0;  x< – l, z>0
(1)

The weld pool surface is simulated using
part of an ellipsoid. The semi-major axis
of the ellipsoid is the same as the axis of
the weld bead cylinder, and the other two
axes are parallel to y-axis and z-axis, re-
spectively. Since the weld pool is continu-
ous at all points, the weld pool model is
designed to be continuous at the boundary
between the partial ellipsoid and the cylin-
der. Ellipsoid function can be expressed as

(2)

Therefore, the reflection surface, denoted
as S, which is the actual surface where re-
flection occurs, can be expressed as the
equation below. F3 denotes the top side
workpiece surface.

(3)

Modeling of Projected Laser

Laser pattern generator projects a five-
line parallel pattern onto the weld pool
surface. It uses a refraction mechanism to
split one single-line pattern to a five-line
pattern. Each line is parallel with each
other and every laser ray can be traced
back to a single point, which is denoted as
laser origin P0 . 

The equation of projected laser in the
universal coordinate system is determined
by two fixed internal parameters, laser fan
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Fig. 2 — Original and enhanced images captured in bead-on-plate experiment.  A, B, C — Sequential images captured in the experiment;  D, E, F — Corre-
sponding images after image enhancement.

Fig. 3 — Directly captured weld pool geometry during welding process.
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angle θf , interbeam angle θb , and one ad-
justable external parameter, laser projec-
tion angle βi for each line, as is illustrated
in Fig. 5A–C, respectively. 

The five-line laser pattern is projected
onto the workpiece plane with each line
parallel to the y axis. Laser origin is denoted
as P0 = (x0, y0, z0), the projection angle for
the i  th line is denoted as βi, every ray on
the i th projected laser beam can be express
using the following equation:

(4)

In order to reduce calculation load, each
laser is replace by n equally spaced rays, i.e.,
the projected five-line laser beam is simu-
lated using a 5-by-n ray matrix. The j th ray
on the i th laser beam, denoted as ri,j, can be
expressed as

(5)
The interception point of projected laser
ray ri,j with weld pool surface S, denoted
as PWi,j, is the projected laser point on S,
and is where reflection occurs.

Modeling of Reflected Ray and Captured
Reflected Pattern

Surface S is composed of the weld pool
surface and partial workpiece surface.
Only the weld pool surface can specularly
reflect the projected laser while diffuse re-
flection occurs on the workpiece surface.
Consequently, only PWi,j that is on the
weld pool surface will have a reflection
ray, denoted as r′i,j . 

The surface normal at point PWi,j =
(xi,j,yi,j,zi,j) on surface S = F(x,y,z), denoted
as ni,j and corresponding outgoing ray, r′i,j
, can be expressed using the following
equation:

(6)

The reflection of the projected laser fol-
lows the law of reflection, which states that
the angle of incident ray reflection from a
boundary, conventionally measured from
the normal to the interface, is equal to the
angle of reflection measured from the
same interface. And the incident ray, the
outgoing ray, and the surface normal at
the interface all lie in the same plane. The
outgoing ray, r′i,j , can be expressed as

(7)

The reflected pattern captured is the in-
terception of reflected rays by the imaging
plane, which is placed parallel to the YOZ
plane as is shown in Fig. 1. The distance
between imaging plane and z-axis is re-
ferred to as imaging distance d. Since the
corresponding reflected pattern from
PWi,j, denoted as PRi,j = (xri,j,yri,j,zri,j), has
a fixed x-coordinate xri,j = d and is on out-
going ray r′i,j , it can be expressed as

(8)

Static Simulation

Static simulation evaluates the re-
flected pattern when the weld pool surface
is stable without any fluctuation. The ob-
jective is first to verify that each line in the
reflected pattern is of a certain order so
that mapping between reflected line and
projected line can be established. Second
objective is to evaluate the sensitivity of
proposed method, i.e., how does the weld
pool surface affect the reflected pattern.
The third objective is to optimize system
parameters.

If weld pool fluctuation is not consid-
ered, the appearance of the reflected laser
is determined by the following aspect:
weld pool geometry, laser projection
angle, laser origin, laser fan angle, and
laser interbeam angle. The last two pa-
rameters are determined by the optical
characteristic of the pattern generator and
cannot be adjusted. 

Figure 6 demonstrates the reflected
pattern generated using different weld
pool geometry. The weld pool width is set
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Fig. 4 — Definition of weld pool surface geometry parameters adopted in the simulation.

Fig. 5 — Laser angle definitions: A — Fan angle;
B — interbeam angle; C — projection angle for
each line.

Table 1 — Maximum Line Height and Maximum Horizontal Line Span for Simulation Tests

Test 1 Test 2 Test 3 Test 4 Test 5

Line 1 14.6 31.4 62.7 — 23.6
Maximum Line 2 38.7 46.5 70.4 22.7 47.3
line height Line 3 56.2 60.1 78.4 39.7 66.1

(mm) Line 4 72.3 73.4 87.0 54.1 84.0
Line 5 88.5 87.1 96.0 68.3 102.7

Line 1 24.5 38.5 58.0 — 36.2
Maximum Line 2 48.4 56.2 59.4 28.6 59.3
horizontal Line 3 63.7 68.2 61.4 42.5 76.9
line span Line 4 77.4 79.5 53.9 53.7 92.6

(mm) Line 5 90.9 90.1 67.6 64.2 108.7
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Fig. 6 — Simulation results: A — Test 1 weld pool surface; B — Test 1 reflected pattern; C — Test 2 weld pool surface; D — Test 2 reflected pattern; E — Test 3
weld pool surface; F — Test 3 reflected pattern; G — Test 4 weld pool surface; H — Test 4 reflected pattern; I — Test 5 weld pool surface; J — Test 6 reflected 
pattern.

A

C D

E

G H

JI

F

B

Ma 5-11:Layout 1  4/11/11  2:45 PM  Page 89



at 7.55 mm and the weld pool length is set
as 12.75 mm in all three trials, which is
measured from the solidified welding
specimen. The only difference in three tri-
als is that the weld pool surface height is
decreasing, i.e. the weld pool is less con-
vex. It is set at 2.77 mm in Test 1, which is
the  actual measured value, and decreases
to 1.77 mm in Test 2, and 0.77 mm in Test
3. Simple statistics of the reflected line pa-
rameters, including the highest point of
line, the horizontal span of each line, are
demonstrated in Table 1.

Laser parameters are P0 =
(–135,0,180); laser projection angle, 55
deg; laser fan angle, 2 deg; and interbeam
angle, 0.35 deg. The distance between the
imaging plane and the welding gun was set
at 70 mm.

Simulation results demonstrate that in
all three tests, the lowest reflected line
(Line 1 in Table 1) is the result of the fore-
most projected laser line toward the imag-
ing plane, and the highest reflected line
(Line 5 in Table 1) is the result of the laser
line projected at the tail of the weld pool.

Other lines are sequentially associated,
which is the lower lines corresponding to
the front lines, and the higher lines corre-
sponding to the lines that are projected to-
ward the tail of the weld pool. This result
suggests that when the weld pool surface
is smooth, for instance during the base
current period of the GMAW-P process
when the weld pool surface reaches an
equilibrium status, the relationship be-
tween projected laser and reflected pat-
tern is sequential. 

It can also be observed that the re-
flected patterns from different weld pool
geometries are distinct from each other.
When the weld pool surface is relatively
convex, the difference in weld pool surface
geometry changes are relatively larger
than that of the flatter weld pool shape.
The corresponding reflected pattern
spreads on the entire imaging plane.
When the weld pool surface is relatively
flat, which is the case when the weld pool
is constrained in the I-shaped groove of a
butt joint, the alternation to normal sur-
face has minor changes. In this case, as is
shown in Fig. 6F, the resultant reflected
pattern is close to each other.

Tests 4 and 5 were conducted using the
same weld pool surface geometry as Test
1, but with a different laser projection
angle. In Test 1, the laser projection angle
is set at 55 deg. It changes to 40 deg in Test
4 and 60 deg in Test 5, respectively. In
order to compare with the Test 3 results,
the laser origin is adjusted accordingly to
ensure that in each test, the distance be-
tween each projected laser on the work-
piece is kept constant. Simulation results
demonstrate that the shape of the cover-
ing area of the reflected pattern increases
when the laser projection angle increases. 

The optimal system parameter satisfies
the following conditions: Firstly, since  the
imaging plane is of finite dimension, the
resultant reflected pattern when the weld
pool is in an equilibrium state cannot ex-
ceed the predetermined imaging plane
area. Secondly, the reflection angle should
be determined such that the distance be-
tween each reflected line is as large as pos-
sible for easy segmentation. Thirdly, when
the weld pool surface fluctuates in a small
range, the resultant intercepted pattern on
the weld pool surface should still be able
to be identified.

Dynamic Analysis

The weld pool geometry is not the only
parameter that determines the shape of
the reflected pattern on the captured
image. Weld pool fluctuation due to
droplet impingement and arc pressure al-
ternation severely complicated the obser-
vation. Since it is not possible to eliminate
weld pool fluctuation, several other pa-
rameters must be carefully determined to
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Fig.7 — Consecutive images captured in bead-on-plate experiment. Part of the imaging plane is
blocked by the fixture and results in a black region in the lower-right corner of each image. 

Fig. 8 — Consecutive images captured using butt joint with I-shape groove.
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compensate for the difficulty.
Most vision-based weld pool observa-

tion methods do not address the effect
camera parameters have on the quality of
measurement result. However, camera
setting is one of the most important pa-
rameters that determines observation 
results.

As a surface-normal sensitive measur-
ing method, the rapid alternation of weld
pool geometry results in a rapid change of
the intercepted pattern on the imaging
plane. In the ideal case, the camera frame
rate is high enough so that the change of
surface geometry during the integration
period of one frame can be ignored.
Meanwhile, laser energy density is suffi-
cient so that on each captured image, the
reflected laser pattern is distinct from that
of the background arc light. In this case,
when the weld pool surface geometry
changes, a continuously transformed se-
ries of reflected patterns can be observed
on consecutive frames, which reflect the
geometry change between each integra-
tion instance. However, using one digital
high-speed camera imposes certain limita-
tions. The primary factors that affect ob-
servation results are laser energy density,
camera exposure interval, lens aperture,
and instant of capture.

The progress of obtaining one image
can be described as follows: The scene on
the imaging plane is projected onto the
camera sensor plane through the lens and
optical filters. During exposure interval,
the camera sensor integrates the light sig-
nal that is collected on the sensor plane
and the corresponding integration result is
saved as captured image. If an 8-bit repre-
sentation is used, such as the device we
adopted in the experiment, each pixel is
represented using one value from a set of
integers that have only 256 different val-
ues. When the weld pool is stable during
the integration interval, the appearance of
the reflected pattern only has a minor
change but keeps the general shape. The
corresponding result is an image with a
distinct reflected pattern as is shown in Fig
2. However, when the weld pool geometry
changes from S1 to S2, according to our
previous analysis, the shape of the re-
flected pattern will change from PR1 to
PR2. When S1 and S2 are different, the
corresponding motion blur due to change
of scene degrades the quality of the image. 
Another corresponding problem caused
by motion blur is that during the integra-
tion period, since the laser energy spreads
on the area between patterns PR1 and
PR2, the average laser energy on the area
that reflected pattern and scanned
through may not exceed the background
arc light energy on the corresponding
area. The contrast of the laser and back-
ground arc light is reduced. In the most se-
vere case, the pattern is not recognizable.

The simplest solution seems to de-
crease  the exposure period so that the
change of the reflected pattern on each
image is reduced. However, with the de-
crease in the  integration period, the total
amount of light that falls onto the sensor is
reduced proportionally. The low-illumina-
tion condition dramatically decreases the
signal-to-noise ratio in the capture image.
The integrated laser energy also reduces
with the decrease in exposure period. Con-
sequently, the difference in laser energy
and background arc light is also reduced.
In this case, increasing laser energy, or in-
creasing lens aperture, which will collect
more light on the camera sensor, will com-
pensate for the cost of reducing the inte-
gration period.

Based on the experiment experience, in
order to obtain a clear captured reflected
pattern, the following principles should be
followed:

A lens with a large aperture should be
selected. A large aperture increases the
total light collected on the imaging sensor,
which results in a relatively bright image
compared to that captured using a lens
with a small aperture. Secondly, the mini-
mum exposure interval should be deter-
mined to ensure that it is capable of
capturing the change of reflected pattern
that reveals surface fluctuation at required
frequency. Laser energy is therefore se-
lected based on the determined exposure
interval to ensure that even if the reflected
pattern has a slight alternation during the
exposure interval, it will still stand out of
the background.

Experiment Results

The proposed observation system was
implemented to view the laser reflection
from a pulsed gas metal arc welding
(GMAW-P) pool surface. In the conven-
tional GMAW process, droplets transfer
from the wire onto the workpiece during
the entire progress. The uncontrollable
periodic droplet impingement induces se-
vere weld pool fluctuation. A highly dy-
namic pool surface significantly increases

observation difficulty. However, this tech-
nical difficulty can be solved by adopting a
more powerful laser and camera.
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Fig. 9 — Images captured in the bead-on-plate experiment. A — Original image; B — enhanced image.

Fig. 10 — Flow chart for image processing algo-
rithm.

A B
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In the GMAW-P process, metal trans-
fer only occurs during the peak current pe-
riod. After the welding current switches to
base current, due to reduced arc pressure
and absence of droplet impingement, the
external disturbance that is applied onto
the weld pool is dramatically reduced.
After a short period, which is typically less
than 20 ms according to our observation,

the weld pool surface becomes a smooth
surface with relative less fluctuation. The
reflected pattern captured after this pe-
riod till the end of the base current period
is of a regular shape and the features of re-
flected pattern can be extracted using
image processing algorithms. 

In order to demonstrate the effective-
ness of the proposed method, two experi-
ments of different weld pool geometries
were conducted using the same GMAW-P
parameters. The welding condition is
shown in Table 2, and pulse parameters
are shown in Table 3.

Images captured using a bead-on-
plate experiment setup are shown in Fig.
7. This process is of partial penetration
with high reinforcement. In all the im-
ages, reflected lines can be clearly identi-
fied. (The dark region in the
upper-middle position that causes dis-
continuities in the upper three reflected
lines is due to the blockage of the laser
reflection by the wire and droplet.) The
appearance of the reflected lines matches
the simulation result shown in Fig. 6B.

An experiment using a flat butt joint
with backside support was demonstrated
in Fig. 8. The groove width was 1 mm. In
the test, the weld pool surface is con-
strained in the joint, and is of relative
smooth shape. The relative flat appear-
ance of the reflected pattern coincides
with the simulation result as is shown in
Fig. 6F. The relative concave shape in cer-
tain images demonstrated that at that mo-

ment, the weld pool geometry was still of
concave shape. 

Image Processing of the Captured
Reflected Pattern

The objective of the proposed weld
pool observation system is to measure the
3-D weld pool geometry from the cap-
tured reflected pattern. Simulation
demonstrated that reflected pattern
changes when the weld pool surface geom-
etry changes, which suggests the potential
that weld pool geometry can be recon-
structed from the reflected pattern. The
first step is to use a segmentation method
to extract the line pattern. 

A typical raw image captured at base
current period is shown in Fig. 9A. An en-
hanced image using contrast stretching is
shown in Fig. 9B in order to better demon-
strate the property of the raw image. It can
be observed that the captured raw images
contain significant noise and uneven back-
ground intensity. Due to weld pool surface
fluctuation, certain lines in the reflected
pattern may intercept or overlap with each
other. One reflected line also might ap-
pear as several discontinuous segments
rather than a single continuous line. The
contrast between laser pattern and back-
ground arc light might be low in certain
areas, for instance at the upper right part
in Fig. 9, and certain lines might be much
wider than others.  

A robust feature extraction algorithm
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Fig. 11— Result of Fig. 9 after top-hat transformation. The background is re-
duced.

Fig. 12 — Fig. 11 after adaptive thresholding segmentation.

Fig. 13 — Flowchart of line-linking algorithm.

Table 2 — Welding Condition

Base Metal 10-mm Mild Steel
Wire diameter 1.2 mm
Shielding gas Argon
Gas flow 20 L/min
Welding speed 5 mm/s
Wire feeding speed 130 in./min
Contact-tube-to-workpiece distance 22 mm

Table 3 — Pulse Parameters

Average welding current 115  A
Peak current 220 A
Base current 50 A
Pulse frequency 10 Hz
Peak current duration 38.2 ms
Base current duration 61.8 ms
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is proposed to extract and link the re-
flected lines. The objective is first to seg-
ment the laser pattern from the
background arc light, and then to separate
and link each line from segmented results.
The ideal output is specific coordinates for
each segmented laser line. The flow chart
of the image processing algorithm is
shown in Fig. 10.

Noise Reduction and Background 
Removal

The captured images were generated
using low exposure time, large aperture,
and under insufficient illumination, which
inevitably introduced noises that degraded
the image. A frequency domain Gaussian
low-pass filter as described in Equation 9
was applied to smooth the obtained image
and remove noise. 

(9)

The background arc light is unevenly
distributed. As can be observed, it is of
greater value at the lower center of the im-
aging plane, which is closer to the arc, than
at other parts of the image. A morpholog-
ical top-hat transformation (Ref. 9) is pro-
posed to remove background and increase
contrast between the reflected laser pat-
tern and background. It is achieved by first
obtaining a gray-scale opening of the
image by one 7 × 7 structuring element,
and then subtracting it from the original
image. The corresponding result is shown
in Fig. 11. It can be observed that the con-
trast between the laser and background is
dramatically enhanced, especially at the
upper area where the contrast on the orig-
inal image is relatively low. 

Reflected Image Segmentation — Adaptive
Thresholding

Segmentation subdivides the obtained
image into its constituent regions of re-
flected pattern and background arc light,
and extracts one of the regions. It is typi-

cally achieved by global
thresholding, which
cannot give a satisfying
result when applied to
the top-hat transforma-
tion result. Due to the
uneven illumination
and uneven brightness
of the reflected pattern
on a certain part of the
processed image, even
after top-hat transfor-
mation, the remaining
background intensity
still exceeds the dark-
est reflected pattern on
the other area.

In this application,
the decision whether to
segment a pixel as a re-
flected pattern or background is only de-
termined by its neighboring pixels.
Therefore, adaptive thresholding was
adopted, which first divided the original
image into square blocks, then assigned
different thresholds to each block. To re-
duce segmentation error, blocks were di-
vided in such a way that for each pair of
neighboring blocks, 50% of their area
overlapped with each other. 

The adaptive thresholding algorithm
can be described as follows: for every pixel
(x,y)  in the captured image, its gray value
is denoted as f(x,y). Background pixels are
denoted as B and reflected pattern was de-
noted as PW. The average gray level in the
i th block, which contains pixel (x,y) is de-
noted as  μi and the threshold is described
as Ti = μi + ΔT . Then, we will have

(10)

One pixel was treated as a reflected pat-
tern only when it was determined to be part
of the reflected pattern in more than three
different blocks. The corresponding seg-
mentation result is shown in Fig. 12, which
gives a clear segmentation with little noise.

Line Linking

As can be observed in Fig. 12, in the
segmentation results, the reflected lines
are not necessarily distinct continuous
lines as is the simulation results shown in
Fig. 6.  In certain areas, the reflected lines
intercept or even overlap with each other.
Gaps between line segments, which is due
to electrode blockage of the reflected laser
or insufficient contrast between the re-
flected pattern and the background, also
exist.  

The basic principle for the line-linking
algorithm is that each line can be modeled
as a continuous arc. If we define a point
O(x0,y0) at the captured image, the arc
equation f(x,y) = 0 can be expressed in a
polar coordinate system, which has O as
pole and y+ as polar axis, as g(r, θ) = 0 . If
we travel along each line, both θ and r are
continuous. 

Both simulation and experimental re-
sults demonstrated that the arc is of a con-
vex shape, therefore, if the pole is selected
at the center bottom of the captured
image, every segment on the same line can
be clustered by utilizing the continuous
characteristic of θ and r. 

The line-linking algorithm is divided
into seven steps. The flow chart is shown
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Fig. 14 — Morphological operation and coordination transformation. A
— Skeleton of segmentation results; B — marked interception points; C —
skeleton in polar coordination system.
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in Fig. 13. Each segment is first repre-
sented using its morphological skeleton to
reduce redundant information and reduce
calculation load, as is shown in Fig. 14A.
Branch points in the skeleton, at the in-
terception points of different lines, are lo-
cated and removed, as is shown in Fig. 14
B. Each skeleton branch is labeled and
then transformed into a polar coordinate,
as is shown in Fig. 14C.

Line linking in the polar system starts
from segments, which have relatively
larger elements, located at the center of
the image, and having a larger r value.  It
follows the angle and distance continuity
characteristic of the line, which means the
search for the next candidate is along the
θ axis. The difference in r between two
neighboring segments must not exceed a
certain threshold. When all the segments
that are larger than a certain threshold
have been clustered, the segmentation
clustering result is evaluated and each line
is sorted based on its average r. From the
simulation result, it can be assumed that
the fifth line has the largest r and the first
line has the smallest r. 

Segmentation results in both the polar

coordinate system and the original image
are shown in Fig. 15. The segmented and
linked reflected lines created a foundation
for future reconstruction of the weld pool
surface.

Conclusion

The proposed system, which projects a
five-line pattern onto the weld pool sur-
face and observes its reflection on an im-
aging plane, provides an effective method
to monitor specular GMAW-P pool 
surface. 

System modeling and simulation have
been used to help find appropriate ranges
of the parameters in the imaging system
elements to successfully image the laser
pattern reflected from the weld pool sur-
face in GMAW-P.

System modeling and simulation also
demonstrated that the observed imaging
plane pattern reflects 3-D geometry of
GMAW-P weld pool surface. As a surface-
normal sensitive measuring method, the re-
flected pattern is sensitive to weld pool
surface fluctuation, which in severe cases
will significantly degrade observation re-

sults, which is defined as whether clear line
reflection is present on the captured image. 

Dynamic analysis demonstrated that
the quality of captured images is also de-
termined by laser energy density and cam-
era parameters. The effect of weld pool
fluctuation can be compensated by in-
creasing laser energy, increasing camera
lens aperture, to reduce the image inte-
gration interval.

Corresponding analysis demonstrated
that when the weld pool is relatively
smooth, which is similar to the weld pool
shape at the equilibrium state at the base
current period in GMAW-P, the inter-
cepted laser lines can be sequentially
matched with projected lines. 

Each individual reflected line can be
automatically separated from the captured
image using the proposed image process-
ing algorithm.

The proposed method forms a system-
atic approach to acquire data for future re-
construction of the GMAW-P weld pool
surface.
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Fig. 15 — Line extraction results. A — Original image; B — extracted line 1; C — extracted line 2; D
— extracted line 3; E — extracted line 4; F — extracted line 5.
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