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Introduction

     Visual sensing of the weld pool is a central task to build-
ing an intelligent arc welding system, which imitates a hu-
man welder’s behavior. However, it becomes a challenging
task due to the intensive arc light during arc welding. Ex-
tended research has been conducted to measure the weld
pool surface using visual sensing approaches (Refs. 1–3).
The related work can be classified under two categories: ac-
tive vision sensing and passive vision sensing.
     The active vision system uses the auxiliary light source for
illumination, and most of the arc light is suppressed through
the filter. Zhang et al. (Ref. 4) developed an active vision sys-
tem to obtain the weld pool image with laser light source. A
real-time algorithm was developed to extract the weld pool
edge from two-dimensional (2D) images. Since the intensity
inside the weld pool area was relatively low compared with
the unmelted area, the weld pool edge can be extracted with

conventional image processing methods, such as edge detec-
tion and image thresholding. However, reflection from the
laser light may randomly appear inside the weld pool area,
which may affect the weld pool segmentation.
     The passive vision system uses the arc light as the major
light source; thus, it is simple in the experiment setup com-
pared with the active vision systems. The arc light was par-
tially suppressed, and the weld pool edge can be visualized
with appropriate exposure time. Conventional image pro-
cessing algorithms were applied to extract the weld pool
edge during pulsed gas tungsten arc welding (GTAW-P) for
bead-on-plate and butt joint welds (Refs. 5–10).
     Three-dimensional (3D) geometry of the weld pool sur-
face provides more information for penetration detection
than 2D (Ref. 3). In Ref. 11, an active vision 3D weld pool
sensing system was developed by Zhang’s group. The laser
structure light was projected on the surface of the weld pool,
and the reflected pattern was obtained on a project plane.
The 3D weld pool surface was reconstructed based on the
distortion of the reflected pattern (Ref. 12). The follow-up
work done by Liu et al. correlated the measured 3D weld
pool surface geometry to weld joint penetration as well as
human welder operations (Refs. 13–15).
     Zhao et al. introduced the shape from shaping (SFS)
method to recover the 3D information from the single 2D
passive vision image (Ref. 16). However, the accuracy of sur-
face height calculated may be affected by the variation of the
arc light source. In our previous research (Ref. 17), a new
method based on law of reflection was proposed to calculate
the surface height of the weld pool from the reversed elec-
trode image (REI), a virtual image electrode tip produced by
weld pool surface reflection. Since the REI is obtained in a
short exposure time, it is less affected by the variation of arc
light.
     In this paper, we aimed to develop a simple passive vision
sensing system to measure three key features of the 3D weld
pool surface, including weld pool width, trailing length, and
surface height from 2D images. The machine learning
method was integrated into the software to control the cam-
era exposure time. The arc light interference for the passive
vision system was effectively reduced, which ensured the
quality of the weld images. The algorithm was verified in the
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welding experiments with a current between 50 and 150 A.
The key features of the 3D weld pool surface geometry were
measured with sufficient accuracy and can be used as the
major variables to indicate weld penetration.

Experiment Setup

Principle of 3D Weld Pool Geometry 
Measurement

     The experiment setup is shown in Fig. 1. The welding torch
was set perpendicular to the workpiece. The hall-effect current
sensor and arc voltage control unit were integrated with the
welding system to measure the welding current and voltage in
real time. A high-speed camera was mounted on the right side
of the moving torch. During the arc welding process, the torch
traveled from right toward left in the figure. The filler wire can
be added from the left side of the torch. A band pass filter was
placed in front of the charge-coupled device (CCD) camera to
reduce the interference of arc light.

Definition of Variables

     An illustration of the variables related to 3D weld pool
geometry for bead-on-plate welding is shown in Fig. 2. In
Fig. 2A, the topside view contains 2D information of the
weld pool top surface. Assuming a teardrop-shaped weld
pool surface is formulated for the bead-on-plate weld, point
C is the center of the weld pool, which is underneath the
tungsten electrode. Weld pool front length (Lf) is between
point O and C. Since point O was blocked by the arc light,
the front length cannot be calculated with this configura-
tion. In this paper, the three key features to describe weld
pool surface, including weld pool topside width (Wt), weld
pool trailing length (Lt), and surface height (SH), can be cal-
culated from the 2D image. Lt is defined as the distance be-
tween point C and D, which is an important variable related
to weld penetration. Figure 2B describes the cross-section
view of the weld pool at complete joint penetration condi-
tion. The surface height is defined as the distance between
the base metal surface and the vertex of the weld pool sur-
face. SH is less than zero as a concave surface is formulated.
Weld backside width (Wb) and root reinforcement on the

backside of the workpiece are the direct variables to describe
weld penetration.

Software Framework

     The flow chart to calculate the 3D weld pool geometry is
shown in Fig. 3. Two types of passive vision images were ob-
tained alternatively through a CCD camera. As shown in Fig.
4A, image type I was obtained at 10 s exposure time. The
arc light was almost suppressed. Only a tungsten electrode
tip and the REI were visible in the image. The REI is a virtual
image of the electrode tip due to the mirror reflection of the
weld pool surface. DERI is the distance between the REI and
the electrode tip, which can be calculated using the algo-
rithm developed in a previous research (Ref. 17).
     Image type II was obtained at appropriate exposure times,
as shown in Fig. 4B. Although the center of the weld pool was
blocked by the arc, the weld pool boundary is clearly visible.
Image type II was used to extract the 2D weld pool boundary.

Fig. 1 — Passive vision weld pool image acquisition system. Fig. 2 — Definition of variables: A — Topside view of the weld
pool top surface; B — the cross-section view of the weld pool.

Fig. 3 — Framework of 3D weld pool geometry calculation.
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     The appropriate exposure time can be determined
through the adaptive exposure control algorithm, which in-
cludes four parts: edge detection, feature generation, classi-
fication, and exposure time adjustment. As shown in Fig. 5,
we search for the feature points on the greyscale image
along the scanning lines in the vertical and horizontal direc-
tion. The coordinate of each feature point was determined
based on the intensity variation along one scanning line.

     There are three kinds of feature points generated from
the weld pool images. The red feature points indicated the
maximum intensity gradient along the vertical scanning line
in Fig. 5A. In Fig. 5B, the green feature points indicated the
maximum intensity gradient along the horizontal scanning
line, and the yellow feature points indicated the edge of sat-
urated arc light area.
     The detected feature points played an important role for
image processing. First, the features related to the camera
exposure condition were extracted based on the distribution
of feature points. Second, the green feature points were used
to determine the weld pool edge for the weld pool image ob-
tained at appropriate exposure conditions.
     The features related to camera exposure conditions were
generated based on the distribution of the detected feature
points. A classification model based on the support vector
machine was trained to determine the exposure condition of
the weld pool image. If the weld pool image was under- or
overexposed, the camera exposure time would be regulated
until the appropriately exposed image was obtained. Once
the weld pool image is appropriately exposed, the feature
points can be found on the edge of the weld pool. The weld
pool edge was fitted based on the detected feature points.

Fig. 4 — Passive vision weld pool image: A — Image type I; B — image type II.

Fig. 5 — Searching feature points on passive vision image: A — Vertical searching; B — horizontal direction.
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Table 1 — Extracted Features from Detected Landmarks

      No.              Features Description

      1                  Average intensity of the image
      2                 Number of process relevant pixels on left edge
      3                 Number of process relevant pixels on right edge
      4                 D1: width of the saturated area
      5                 D2: maximum distance between two fitted curves 
      6                 SSR of the curve fitting on left edge
      7                 SSR of the curve fitting on right edge
      8                 STD of green PRP’s on left edge in y direction
      9                 STD of green PRP’s on right edge in y direction
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Then, Wt and Lt can be calculated with the detected weld
pool edges.
     Based on our previous research (Ref. 17), the DERI is re-
lated to the curvature of the weld pool surface and the arc
length. After calibration, the arc length (D0) can be deter-
mined from the arc voltage signal using the voltage sensor.
The SH was calculated from D0, DERI, and weld pool width
(Wt) based on the following equation:

Adaptive Exposure Control Algorithm

Image Exposure Condition Classification

     The distribution of feature points can reflect the expo-
sure condition of weld pool images.  The detected feature
points on the horizontal direction for the three exposure

conditions were shown in Fig. 6.
     Figure 6A describes the detected feature points for the
underexposed image. The green feature points on the weld
pool side edge can hardly be detected correctly due to the in-
sufficient exposure. In the appropriate exposure condition
shown in Fig. 6B, the green feature points were detected on
the weld pool side edge. For the overexposure image shown
in Fig. 6C, the saturated arc light covered the side edge. The
green feature points were randomly distributed outside the
weld pool area. Hence, only if the weld pool image was ob-
tained under appropriate exposure time, the green feature
points can be found on the edge of the weld pool.
     As shown in Table 1, nine features were extracted for the
detected feature points and the original image. Polynomial
curve fitting was applied twice on the green feature points
as reference. Features 6 and 7 were the sum of squared er-
rors (SSR) of the curve fitting. Features 8 and 9 were the
standard deviation of the green feature points location in
the y direction.
     The support vector machine (SVM) classification model

-4* SH

Wt / 2( )2 +SH2
= 1
D0

+ 1
D0�DERI

(1)

Fig. 6 — Feature points detection under three exposure conditions: A — Underexposed image; B — appropriate exposed image; C —
overexposed image.

Fig. 7 — A–C — Feature points detection on the weld pool image obtained with constant exposure time at 750 s; D–F — feature
points detection on the weld pool image obtained with adaptive controlled exposure time.
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was trained to determine the exposure conditions into un-
derexposed, appropriate exposed, and overexposed condi-
tions based on the nine extracted features. In the linear
SVM classification problem, the hyper plane was found by
solving an optimization problem that separates the data
with maximal margin (Ref. 18). The classification model was
trained with 120 weld pool images with 5-folds cross valida-
tion, which includes 35 underexposed images, 36 overex-
posed images, and 49 appropriate exposed images. The SVM
provides a good generalization for this classification prob-
lem. The average accuracy of the classification model was
98.6%.

Validation of Adaptive Exposure Control

     Two bead-on-plate autogenous welds were performed on
the 6-mm-thick SS304 plate. The welding current changed be-
tween 100, 120, and 150 A during one weld. The welding volt-
age was controlled at 11 V through the arc voltage control sys-
tem. Welding speed was 2 mm/s. Argon shielding gas flow rate
was set at 20 ft3/h. As shown in Fig. 7A–C, the weld pool im-
ages of the first weld were obtained under constant exposure
time at 750 s. However, the arc light overwhelmed the weld
pool area when the welding current was 100 and 120 A. The
weld pool boundary can be observed as the current went up to
150 A. Thus, a constant camera exposure time may not be able
to obtain high-quality weld pool images when the welding cur-
rent is changed during the weld.
     A second weld was performed with the same welding pa-
rameters as the first one. However, the adaptive exposure con-
trol algorithm was applied during the weld. The weld pool im-
ages and detected feature points are shown in Fig. 7D–F. The
exposure time was increased with the increase of the weld pool
area because more illumination is required to extract the
whole weld pool boundary. The green marks were detected on
the side edge for all three currents. Hence, the weld pool im-
ages under appropriate exposure conditions were obtained us-
ing the proposed algorithm. The weld pool boundary can be
further extracted based on the green feature points.

Results of 3D Weld Pool Geometry
Measurement

     The experiment of measuring the weld pool geometry
was conducted on a wedge-shaped SS304 plate, as shown in
Fig. 8. The weld current remained constant at 120 A. Weld-
ing speed was 2 mm/s. The thickness of the plate gradually
reduced from 6 to 2 mm.
     The topside and back view of the weld are shown in Fig.
9. The blue arrow bar indicated the timeline of the welding
process. The weld was started from the 6-mm-thick end
travel to the 2-mm-thick end. The topside width of the weld

Fig. 8 — Wedge-shaped SS304 workpiece.

Fig. 9 — Front and backside view of the weld bead.

Fig. 10 — Cross section view of the weld bead: A — Incom-
plete joint penetration at 50 s; B — incomplete joint penetra-
tion at 70 s; C — Complete joint penetration at 80 s; D —
overpenetration at 90 s.
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bead was increased by the decrease of workpiece thickness.
The weld pool gradually penetrated the plate as the thick-
ness reduced, which can be seen from the backside.
     In Fig. 10, the cross-section views of the weld bead were
collected at four locations (marked in Fig. 9) with different
penetration conditions: incomplete, complete, and over pene-
tration. Figure 10A, B shows an incomplete weld where the fu-
sion did not go through the whole material. The face reinforce-
ment of the weld bead is close to zero. Figure 10C shows a
completely penetrated weld as the fusion extends through the
thickness of the material, and a concave weld bead surface was
formulated. The concavity of the weld bead top surface was in-
creased in Fig. 10D, as the penetration depth increased. This
weld can be considered as over penetration since the root rein-
forcement exceeded the ¼ of material thickness based on the
ASME Boiler and Pressure Vessel Code (Ref. 19).
     The corresponded REI images obtained with 10 s is
shown in Fig. 11. The image was obtained at 50, 70, 80, and
90 s after the weld started. As the penetration increased,
DERI was extended, and the area of REI increased, resulting
from the concavity of the weld pool surface. The concave
weld pool surface serves as a concave mirror to generate an
amplified REI. The DERI was increased with the increase of
weld pool surface concavity.
     The corresponded weld pool images obtained at 50, 70,
80, and 90 s are shown in Fig. 12. The weld pool can be visu-
alized with appropriate camera exposure time. The 2D weld
pool boundary was fitted using polynomial regression with
the detected feature points. An ellipsoid-shaped weld pool
can be observed from the rear camera as shown in Fig. 12A,
B. The weld pool area was increased with the increase of
weld penetration. A teardrop-shaped weld pool was formu-

lated at complete joint penetration in Fig. 12C and D.
     The distortion of the workpiece was more likely to be cre-
ated at the end of the weld as the workpiece thickness is re-
duced. Due to the workpiece distortion, the unsymmetrical
weld pool shape in Fig. 12D was observed. Thus, a good
clamping is required to alleviate the effect of distortion.
     The weld pool width can be calculated in real time with
the proposed algorithm. The algorithm was implemented
using MATLAB. The image processing time to extract REI
took less than 10 ms per frame, and time consumption for
weld pool edge detection was between 20 and 50 ms. Over-
all, time consumption in each period of measurement was
below 100 ms, which is sufficient to be applied in real time.
     Figure 13 shows the calculated result of the weld pool width
Wt and trailing length Lt based on the weld pool edge detection
algorithm. The green dots indicate bead width measured after
welding. The calculated weld pool width is coherent with the
bead width on the topside of the workpiece. The mean square
error (MSE) between the calculated weld pool width and weld
bead width is 0.12 mm. From the curve in Fig. 13, the increas-
ing rate of Wt was slowed down as the weld closed to complete
joint penetration. The weld pool trailing length continuously
increased and exceeded the width of weld pool as the complete
joint penetration occurred. Meanwhile, the weld pool area
changed from an ellipsoid shape to a long teardrop shape with
a small rear angle.
     In Fig. 14, the weld pool surface height was calculated us-
ing the REI method. The red dot around the curve was the
face reinforcement of the weld bead. The calculated SH was
close to the measurement of face reinforcement. The stan-
dard deviation between the calculated SH and weld bead
face reinforcement was 0.25. The decreasing rate significant-
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Fig. 11 — Comparison of DERI from image type I: A — Image
obtained at 50 s; B — 70 s; C — 80 s; D — 90 s.

Fig. 12 — Weld pool edge detection from image type II. Im-
ages obtained at 50 s; B — 70 s; C — 80 s; D — 90 s.
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ly increased as the weld became over penetrated. Surface
tension becomes the major force to support the weld pool
from melting through. The concavity of the weld pool top
surface increased due to gravity.

Conclusion

     In this paper, the new image processing framework based
on an adaptive exposure control algorithm was developed to
obtain three key features of 3D weld pool surface geometry.
The conclusions can be drawn as follows:
     1) The camera exposure time significantly affected the ac-
curacy of edge detection on weld pool images.
     2) The SVM classification model can determine the expo-
sure condition of the weld pool image with sufficient accuracy.
The camera exposure time was adaptively adjusted to obtain
the weld pool image under appropriate exposure condition.
The interference from the arc light was effectively controlled.
     3) The calculated weld pool width and surface height were
close to the actual weld bead size measured after welding.
     4) The three key features Wt, Lt, and SH were closely re-
lated to the weld penetration. Lt value exceeded Wt as com-
plete joint penetration started. SH was below zero at com-
plete joint penetration and significantly reduced as the over-
penetration started.
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Fig. 13 — 2D geometry measurement of the topside weld pool. Fig. 14 — Measurement of the weld pool surface height.
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