
Introduction
     Incomplete penetration has been a
long-standing issue affecting the safe-
ty and integrity of welded structures
(Refs. 1–3). In manual welding, a
skilled welder determines the penetra-
tion state by observing the shape of
the weld pool top surface. The experi-
ence could be used to develop an intel-
ligent welding system to automatically
control the welding process and reduce
the chance of incomplete penetration
(Refs. 4–6).
     Two-dimensional (2D) weld pool
geometry has been studied and ap-

plied to welding quality control in pre-
vious research (Refs. 7, 8). Wang et al.
(Ref. 9) and Wu and Chen (Ref. 10)
utilized the passive vision system for
penetration control during aluminum-
alloy gas tungsten arc welding
(GTAW). An artificial neural network
model was used to extract the weld
pool boundary. The 2D features of the
weld pool were used to control pene-
tration via the Hammerstein model. 
     Liu et al. (Ref. 11) introduced an ac-
tive contour method to extract the
weld pool boundary from the passive
vision images. However, in the passive
vision system, arc light that was uti-

lized as the light source may have
overwhelmed important features in
the image. 
     An alternative approach is to use
the auxiliary laser light to illuminate
the weld pool area (Refs. 12, 13). In
the studies conducted by Zhang et al.
(Ref. 7) and Kovacevic et al. (Ref. 14),
the weld pool boundary was extracted
with the laser light that illuminated
the active vision image with sufficient
accuracy. 
     In principle, three-dimensional (3D)
geometry of the weld pool surface
would provide more comprehensive in-
formation for penetration detection
(Ref. 8). However, extracting the 3D in-
formation remains a challenging task
for welding automation. In previous
work (Ref. 15), the dot-matrix pattern
of the structured laser light was project-
ed onto the weld pool surface, and the
distorted reflected pattern was captured
from an image plane. 
     The 3D-surface reconstruction algo-
rithm was developed and verified on a
spherical mirror with sufficient accura-
cy. Zhao et al. (Ref. 16) used an im-
proved shape from shading (SFS) algo-
rithm to recover the weld pool surface
height (SH) from the passive image.
The 3D weld pool surface was recon-
structed offline. Wang et al. (Ref. 17)
estimated the weld pool surface height
using the machine vision method and
related it to penetration during the
pulsed gas metal arc welding (GMAW-
P) process.
     In this research, a new method was
proposed using a passive vision system
to determine the weld pool SH during
GTAW. Gas tungsten arc welding uses
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ABSTRACT
     The threedimensional weld pool top surface shape provides important informa
tion about the state of weld penetration during welding. In this study, a method was
developed to quantitatively relate weld pool surface height to the reversed electrode
image (REI) on the weld pool surface. This new feature was extracted from the weld
pool image using a passive visionbased monitoring system during gas tungsten arc
welding (GTAW). Due to the specular reflection of the weld pool top surface, the REI
is visible on the weld pool surface during GTAW. The position of the REI was
determined with a robust image processing algorithm. Based on the principle of light
reflection, the distance between the electrode tip and the REI (DERI) was related to
the weld pool surface height. By assuming the weld pool surface was a spherical mir
ror, a reflection model was established to calculate the surface height (SH) index
based on the measurement of the DERI, arc length, and weld pool geometry. The pro
posed method was verified with beadonplate welding experiments. The SH was
positively related to the face reinforcement or depression of the weld bead. This
method was applied to monitor the penetration state during beadonplate autoge
nous welding, particularly when a complete penetration weld was formed.
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a nonconsumable tungsten electrode
to establish an arc with the base metal.
The intensive arc melts the base metal
and forms a weld pool. Due to the
specular reflection of the weld pool
surface, a virtual reversed electrode
image (REI) was formulated on the
surface of the weld pool. 
     In this paper, the REI was investi-
gated and related to weld pool SH and
welding penetration. A robust image
processing algorithm was developed
to detect the position of the REI from
the weld pool image. A mathematical
model that calculates the SH was also
developed based on the law of reflec-
tion. In this model, the weld pool top
surface is considered a spherical mir-
ror with a changing curvature. The
SH was quantitatively related to the
distance between the electrode tip
and the REI (DERI), arc length, and
weld pool width. To verify this
method, bead-on-plate welding exper-
iments were performed on an SS304
workpiece. The calculated SH was val-
idated through the welding experi-
ments with different weld pool sur-
face shapes. The relationship between
the SH and penetration during bead-
on-plate autogenous welding was fur-
ther investigated through these exper-
iments. The study of REI can be fur-
ther applied to control penetration
during the GTAW process.

Principles of Measurement

Acquisition of the Reversed
Electrode Image during GTAW

     The diagram of the passive vision
weld pool monitoring system is shown
in Fig. 1. The moving welding torch
was perpendicular to the stationary
workpiece. The weld pool SH was de-
fined as the vertical distance from the
vertex of the weld pool surface to the
workpiece. Considering the weld pool
top surface as a spherical surface mir-
ror, a virtual reversed image of the
tungsten tip was formulated on the
other side of the weld pool due to
specular reflection on the weld pool
surface. 
     The DERI is defined as the 
following:

DERI = D0 + D1                                (1)

     Object distance, D0, is equal to the
arc length during welding. As men-
tioned in previous research (Refs. 20,
21), the arc length is defined as the
distance from the tip of the welding
electrode to the adjacent surface of the
weld pool. The image distance, D1, is
the distance from the REI to the weld
pool surface, which is determined by
the shape of the weld pool surface.
     A high-speed charge-coupled device

(CCD) camera was mounted behind
the moving torch to capture the weld
pool images. The welding angle and
distance between the camera and the
torch could be adjusted in the experi-
ment. The distance between the weld
camera lens and the tungsten tip was
approximately 150 mm. Based on the
pinhole camera model, both of the im-
ages of the electrode and the REI were
visible from the camera with an ade-
quate camera posture.
     In this study, the passive vision sys-
tem utilized arc light as the major light
source. A narrow band-pass filter was
added in front of the camera lens to
reduce the intensity of the arc light in
the captured image. The exposure time
and aperture were also adjusted to
control the amount of light reaching
the CCD camera.
     Figure 2 shows the passive vision
image obtained during GTAW with
welding wire. When the exposure time
was selected at 500 s, the weld pool
was fully visible as shown in Fig. 2A.
However, the intensive arc light over-
whelmed the internal information of
the weld pool. By reducing the exposure
time to 50 s, the intensive arc light
was largely suppressed, and only a spin-
dle-shaped area was illuminated. The
electrode tip and REI were clearly visi-
ble inside the illuminated area. There-
fore, we selected a low exposure time
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Fig. 1 — Diagram of passive vision monitoring system.

Fig. 2 — The passive vision image of the weld pool during GTAW with
welding wire: A — Image captured with 500s exposure time; B — image
captured with 50s exposure time.

Fig. 3 — Weld pool surface shape in four penetration states during auto
genous GTAW: A — Partial penetration; B — critical penetration; C —
complete penetration; D — overpenetration.
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for the DERI measurement. The droplet
in Fig. 2B was introduced by the weld-
ing wire with a low feeding speed. The
disturbance from the droplet was mini-
mized because the welding wire was
smoothly fed into the pool.

Reflection Model on the Weld
Pool Surface

     Previous research found that arc
pressure and gravity deform the weld
pool top surface during GTAW (Refs.
22, 23). Arc pressure formulates a de-
pression area underneath the elec-
trode if the welding current is above
200 A. For the experiment with weld-
ing current less than 200 A, this ef-
fect of arc pressure may be insignifi-
cant, but gravity and surface tension
play an important role on the defor-
mation of the weld pool.

This research focuses on bead-on-
plate welding under a low current 
(< 200 A) and low travel speed (1.5–3
mm/s) level. Under this condition,
previous numerical studies of weld
pool behaviors indicated that the weld
pool surface shape is an important
characteristic associated with weld
penetration, as shown in Fig. 3 (Refs.
18, 22, 24).
     During the partial penetration
state, as shown in Fig. 3A, the weld
pool surface was convex due to the ex-
pansion of liquid metal. The critical
penetration was the transition state
from partial penetration to complete
penetration, when the bottom surface
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Fig. 4 — A — Reflection diagram of the concave weld pool surface;
B — reflection diagram of the convex weld pool surface.

Fig. 6 — Flow chart of the SH calculation.

Fig. 5 — DERI vs. SH and weld pool width (D0 = 4.5 mm).

A B

Table 1 — Algorithm to Extract Position REI from Image

     Input: An image frame, location of the electrode tip in the image
     Output: The location of the reverse image of the electrode tip ZB in the image, DERIs

     1: Apply the median filter to the image.
     2: Obtain the binary image (Fig. 9B).
     3: Determine that the ROI contains the REI from the binary image by scanning the

white area vertically.
     4: Determine the location ZB of REI from the original image by searching the 

maximum intensity point inside the ROI.
     5: Compute the DERIs by |ZA − ZB|.
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of the weld pool started to form on the
backside of the workpiece.
     For the complete penetration weld
in Fig. 3C, the area of the weld pool
bottom surface was increased, and the
surface tension became the major
force to support the liquid metal.
Therefore, the gravity force formed a
concave-shaped weld pool top surface.
The depression of the weld pool sur-
face further increased at the overpene-
tration state, as shown in Fig. 3D.
     When joining with a welding wire,
along with an increase of liquid weld
pool volume, the convexity of the weld
pool surface in Fig. 3A can be further
increased. Depression of the weld pool
surface in Fig. 3C–D can be reduced. 
     In this research, the sphere-shape
model was used to describe the weld
pool top surface in Equation 2. R is the
radius of the sphere, and d is the total
length of the partial sphere, which
equals to the width of the weld pool.
Thus, the index of the SH is the ap-
proximate calculation of the weld pool
surface height.

(R)2 = (R + SH)2 + (d/2)2 (2)

     The reflection diagram of two types
of spherical weld pool surfaces are
shown in Fig. 4. O is the vertex point
on the spherical surface. Point C is the
center of the curvature, where OC = R.
F is the focal point of the curved mir-
ror. The distance between points F and
O is the focal length, ,which is equal
to R/2. The concave weld pool had a
positive SH, and the convex one had a

negative SH.
     Based on the reflection law, the vir-
tual image was formed in the opposite
side of the mirror because the object
distance D0 is smaller than the focus
length . The mirror equation de-
scribes the relationship between ob-
ject distance, D0, and image distance,
D1, as follows:

     The object distance, D0, is less than
the absolute value of the image dis-
tance |D1| in the concave surface (SH
< 0 and F > 0) in Fig. 4A. A magnified
REI is formed on the other side of the
weld pool surface. For the convex sur-
face in Fig. 4B, a shrunken REI appears
on the other side of the weld pool. The
object distance D0 is larger than image
distance |D1|. When SH = 0, the weld
pool surface is a flat mirror, and D0 =
|D1|. [An REI image with the same
size as the electrode tip is formed.]
Based on Equations 2 and 3, the rela-
tionship between DERI and SH is fur-
ther deduced to the following:

Simulation

     In this proposed reflection model,
the DERI is determined by SH, weld
pool width, and arc length. In Fig. 5,

the simulation curve describes the re-
lationship between the DERI, weld
pool SH, and weld pool width. The arc
length is the only constant variable in
the simulation case (D0 = 4.5 mm),
and the 3D surface plot describes the
relationship between the DERI, weld
pool SH, and weld pool width. The
trend of the plot shows that increasing
the SH causes the DERI to decrease.

Experimental Procedure
and Method 

Procedure for Calculating the
Surface Height Index

     The procedure for calculating the
SH is presented in Fig. 6. Camera cali-
bration was performed to identify
camera parameters before the welding
experiments. The position of the REI
was automatically extracted from the
image obtained using the designed im-
age processing algorithm in real time.
The DERI in the real-object coordinate
system was further calculated. Mean-
while, the arc length was determined
from the arc voltage. With the meas-
urement of the weld pool width from
the passive vision image, the SH was
calculated based on the proposed re-
flection model.

System Calibration

     A vision approach was developed to
calculate the DERI in the object sys-

�4* SH
d / 2( )2 +SH2

= 1
D0

+ 1
D0�DERI

(4)

1
f

= 1
D0

+ 1
D1

(3)
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Fig. 7 — Schematic of the pinhole camera model. Fig. 8 — Calibration of the camera system.
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tem from the image based on the pin-
hole camera model as shown in Fig. 7.
First, a standard calibration method
was performed to identify the camera
parameters. A flat checker board plane
with known grid size was set under-
neath the electrode tip. From the
(checker board) image shown in Fig. 8,
the intrinsic and extrinsic parameters
were identified (Ref. 25). The camera
intrinsic parameter includes the cam-
era focus length, , the stand-off dis-
tance S between the camera lens to-
ward the object plane, and the princi-
ple point O at the center of the sensor
plane. The camera setup angle  can be
calculated from the extrinsic parame-
ters, which determined the camera’s
pose and position in the object coordi-
nate system.
     In the object coordinate system
DERI = |Z'A – Z'B|, Z'A represents the
position of the electrode tip while Z'B
represents the position of the REI. In
the camera sensor coordinate system,
ZA represents the position of the elec-

trode tip and ZB represents the posi-
tion of the REI. The distance between
ZA and ZB was nominated as DERIs =
|Z'A – Z'B|. The transformation equa-
tion is shown as follows

     Equations 5 and 6 can be further
simplified as Equation 7 if S >> DERI. 

DERI  DERIs  S/(cos  ) (7)

     From the obtained image, the 
DERIs can be measured in the unit of
pixel, which was determined by the
CCD size and camera resolution. The
camera resolution was 800  600 pix-
els, and the CCD size was 11.2  8.4
mm. The pixel size was 0.014 mm.

Algorithm to Extract the REI
from the Image

     To calculate DERI in real time, it was
necessary to automatically obtain the
position of the electrode tip and the REI
from the image plane. The location of
the electrode tip ZA was fixed because
the camera was mounted on the moving
welding torch. It was challenging to de-
termine the location of REI (ZB) in the
passive vision image due to the distur-
bance of the droplet and arc. Hence, as
shown in Table 1 and Fig. 9, a robust al-
gorithm was developed to automatically
extract the ZB location and compute the
DERIs from the image sequence.
     Based on the proposed algorithm,
DERIs can be calculated in real time
with the error range in ±2 pixel.

Experimental Setup and 
Welding Parameters

     The experimental setup of the weld
pool surface monitoring system is
shown in Fig. 10. The welding torch was
set perpendicular to the workpiece, and
it travelled toward the right at a con-
stant speed driven by the servomotor
and transmission unit. The automatic
voltage control unit (AVC) was applied
to maintain a constant arc length by
close-loop control of the welding voltage
in real time. The position of the welding
torch was automatically adjusted by
comparing the measuring voltage with
the setting voltage. An increment of 0.2
V triggered the control unit to adjust its
position to maintain constant welding
voltage and arc length during welding.

Z'B cos�
S–Z'B sin�

f = ZB (6)

Z'A cos�
S–Z'A sin�

f = ZA (5)
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Fig. 9 — A — Location of ZB in the image; B — image bina
rization and window search. Fig. 10 — Diagram of experiment setup.

A B

Table 2 — Welding Parameters

        Number           Material        Thickness     Current         Travel        Voltage     Wire Feed
   of Experiment                                                                         Speed                                Rate

              1                   SS304             3 mm           120 A         2 mm/s         11 V                /
              2                   SS304             3 mm           120 A         3 mm/s         11 V                /
              3                   SS304             6 mm           150 A         2 mm/s         11 V       10.6 mm/s
              4                   SS304             6 mm           150 A         2 mm/s         11 V                /
              5                   SS304           6–1 mm        120 A         2 mm/s         11 V                /
              6                   SS304           6–1 mm        120 A       1.6 mm/s        11 V                /
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The digital camera was fixed on the
welding torch. The weld pool image and
arc voltage can be obtained in real time
at the sampling rate of 30 Hz.
     To validate the proposed method to
calculate the SH, bead-on-plate welding
experiments were conducted on an
SS304 workpiece with uniform thick-
ness from Experiments 1 to 4. The
workpiece was clamped tightly before
welding. The welding parameters are
shown in Table. 2. All welds were con-
ducted at a constant current and weld-
ing speed. Experiments 1 and 2 were
conducted on a 3-mm-thick SS304
workpiece with the same welding cur-
rent and welding voltage. The welding
speed of Experiment 1 was much lower
than that of experiment 2. Experiments
3 and 4 were conducted on a 6-mm-
thick SS304 workpiece. Experiment 3
was conducted with welding wire to in-
crease the convexity of the weld pool
surface. 
     To further study the relationship
between SH and penetration, in Ex-
periments 5 and 6, bead-on-plate au-
togenous welding was conducted on a
specially designed SS304 workpiece
with decreasing thickness from 6 to 1
mm, as shown in Fig. 10. Welding pa-
rameters including current, voltage,
and travel speed of the torch remained
constant during each weld. Due to the
thickness change of the material, vary-
ing penetration states were found in
one pass of weld.

Results and Discussion 
Determination of Arc Length

     The object distance, D0, in Equation

3 equals the arc
length. The meas-
urement of arc
length from the arc
voltage has been ap-
plied to welding
penetration control
by many researchers
(Refs. 26–28). The
arc voltage was
found to be propor-
tional to the arc
length with the given welding current
(Refs. 21, 28). In this experimental set-
up, arc length was controlled at a con-
stant level via the arc voltage control
unit. The measured voltage signal from
the hall sensor from Experiments 1 and
4 are shown in Fig. 11A–B. At 2 s after
the arc started, the measured arc volt-
age became stable at 11 ± 0.1 V.
     The relationship between arc volt-
age and arc length was established
through the calibration curve as
shown in Fig. 11C. During the calibra-
tion tests, around 30 data points were
collected at different arc lengths with
the welding current at 150 and 120 A.
At the same welding current, the arc
voltage increased with the increase in
arc length. The calibration curve was
obtained through linear regression.
The R-squared value of the regression
was 0.97–0.98, which indicated the
points were well in line with the re-
gression result.
     Based on the calibration curve
shown in Fig. 11C, the estimated arc
length for Experiments 1, 2, 5, and 6
was 4.5 mm. For Experiments 3 and 4,
the estimated arc length was 3.6 mm.
The standard error of the arc length
estimation was ±0.32 mm.

SH Calculation from
Experiments

     The weld bead cross-section view of
Experiments 1–4 are shown in Fig. 12.
In Experiment 1, a completely pene-
trated weld was produced on a 3-mm-
thick plate. A concave-shaped weld
bead was made on the workpiece. The
depression of the weld bead was –1.1
mm. In Experiment 2, a partially pene-
trated weld was produced on the same
plate by increasing the travel speed. In
Experiment 3, a convex weld bead was
created on a 6-mm-thick workpiece us-
ing welding wire. The face reinforce-
ment measured from the cross-section
view was 1.2 mm. The face reinforce-
ment of the weld bead in Experiments
2 and 4 were close to zero.
     For Experiments 1–4, the DERI was
calculated from the REI using the de-
veloped method as shown in Fig. 13.
Before welding, the distance between
the electrode and the workpiece was
close to zero. As welding started, the
weld torch was automatically raised
up. In the first 10 s of the weld, the
calculated DERI continuously in-
creased from 0 s until the welding
process became relatively stable. The
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Fig. 11 — A — Measured arc voltage for Experiment 1 with a cur
rent of 120 A; B — measured arc voltage for experiment 4 with a
current of 150 A; C — arc voltage vs. arc length.

A B

C
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measured data in Fig. 13 after 18 s can
be used to calculate the SH of the four
experiments.
     The images in Fig. 14 were obtained
at 20 s when the weld pool became sta-
ble. The REI in Fig. 14 were symmetri-
cal because the shape of weld pool sur-
face was close to a symmetrical sphere.
Also, the unsymmetrical weld pool
surface caused aberration of the REI
image, which may have affected the
DERI measurement.
     From the REI image in Fig. 14A–B,
the measured DERI was larger in Ex-
periment 1 than that in experiment 2
due to the decreased weld pool SH. In
Experiment 2, the weld pool surface
was close to flat when the partially
penetrated weld occurred. The weld
pool surface was considered a flat mir-
ror. The size of REI was close to the
image of the electrode tip. As the pen-
etration increased in Experiment 1, a
concave weld pool surface was formed.
Compared to Fig. 14B, the specular
weld pool surface served as a concave
mirror, which increased the size of the

REI image and DERI in Fig. 14A.
     During Experiment 4, the weld pool
surface was considered a flat surface
mirror because the convexity of the
weld pool was relatively small. In Exper-
iment 3, the convex weld pool with an
increased convexity was produced by
adding welding wire. A small and fo-
cused REI image was found in Fig. 14C
due to the specular reflection on the
convex shape weld pool surface. Com-
pared with experiment 4, the increase in
the weld pool SH caused a decrease in
the measured DERI in Experiment 3, as
shown in the measured curve in Fig. 13.
     The change in arc length was another
factor that caused the difference in the
measured DERI in the four experi-
ments. Changing the welding current
caused different arc lengths, which was
4.5 ± 0.32 mm in Experiments 1 and 2,
as well as 3.6 ± 0.32 mm in experiments
3 and 4. Thus, the measured DERI in ex-
periments 1 and 2 largely increased
compared to experiments 3 and 4.
     Based on the experimental results,
we can conclude that the DERI de-

creased with the increase of the weld
pool SH with the same arc length, which
is consistent to the simulation results.
     In Fig. 15, the SH was calculated
during the stable stage from 15 to 30 s
based on measured variables including
DERI, arc length, and weld pool width.
Consequently, the calculated SH was
close to the measurement of the weld
bead from the cross-section view in
Fig. 13.

Penetration Detection

     In Experiments 5 and 6, welding
was conducted on a specially designed
wedge-shaped SS304 workpiece at a
constant current of 120 A. The arc
voltage was controlled at 11 V via a
AVC unit. The thickness of the work-
piece changed gradually from 6 to 1
mm. The front and back side views of
the two welds were shown in Fig. 16,
with the red arrow bar indicating the
time line of the welding process. 
     The front side width of the weld in-
creased with the decrease of thickness.
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Fig. 12 — Weld bead crosssection view for Experiments 1–4. Fig. 13 — Calculated DERI curve for Experiments 1–4.

A B C D

Fig. 14 — The passive REI image of Experiments 1–4 at 20 s after weld
ing started.

Fig. 15 — Calculated SH from Experiments 1–4.
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The different penetration states were
identified from the back side view of
the weld as shown in Fig. 16B–D. Par-
tial penetration was found at the be-
ginning of the weld. As the thickness
of the plate decreased, complete pene-
tration was formulated at the end of
the fifth weld. More penetration was
found in Experiment 6 with a lower
welding speed at 1.6 mm/s. Overpene-
tration and melt-through were formu-
lated at the end of the sixth weld.
     In Fig. 17A, the SH was calculated
based on the measured variables. The
calculated SH curve was close to the
surface depression measured from the
weld bead. It was found that the SH
did not change much between partial
and critical penetration periods of the
weld. The calculated SH decreased sig-
nificantly once complete penetration
was formulated.
     The back side width (BW) was used
as the major variable to describe the
penetration state. In Fig. 17B–C, the
derivative of the calculated SH, which
described the trend of SH, was calcu-
lated and compared with the BW. The
data point of the BW was measured
from the backside of the weldment af-
ter welding. The BW equaled zero dur-
ing the partial penetration period. 
     The critical penetration in this
study started at 66 s during Experi-
ment 5 and ended at 45 s in Experi-
ment 6. During this period, the back-
side weld pool surface was formulated,
and the BW was above zero. However,
the calculated SH and its derivative

did not change
significantly be-
cause the weld
pool front side
was close to a flat
surface. The de-
rivative of the
calculated SH sig-
nificantly de-
creased once a
deeper complete
penetration was
formulated at 80
s during Experi-
ment 5, and 63 s
during Experi-
ment 6, while the
depression of the
weld pool surface
was produced. 
     This phenome-
non has also been
confirmed by pre-
vious research
(Ref. 29). Thus,
the decrease of
SH and its deriva-
tive could be used as an important in-
formation to detect complete penetra-
tion from the top side of the weld pool
surface. Overpenetration started at 80
s in Experiment 6. During this period,
the weld pool surface was deeply de-
pressed and only surface tension sup-
ported the liquid pool. An inflection
point was found at 72 s in the deriva-
tive of the SH, which indicated that
the decreasing speed of the SH was re-
duced when it got close to overpene-

tration. Thus, the derivative of SH can
be further applied to prevent overpen-
etration during the welding control
process.

Conclusions
     A new feature of the electrode tip
reversed image was defined and ex-
tracted from the passive vision image
during GTAW. A robust algorithm was
developed to automatically track the
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Fig. 16 — Weld bead on the wedgeshaped workpiece: A — Front
view of Experiment 5; B — back side view of Experiment 5; C —
front view of Experiment 6; D — back side view of Experiment 6.

Fig. 17 — A — Comparison of the SH and weld bead in Experi
ments 5 and 6; B — comparison of the derivative of SH and BW in
Experiment 5; C — comparison of the derivative of SH and BW in
Experiment 6.
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position of the REI and calculate the
DERI. Based on the spherical mirror
assumption of the weld pool surface,
we proposed a reflection model to cal-
culate the index of the weld pool sur-
face height from the measurement of
the DERI, arc length, and weld
pool width. The method was verified
with bead-on-plate experiments. The
following conclusions were drawn: 
     1. The measured DERI is relevant to
the weld pool surface shape. The in-
crease in the weld pool surface height
will cause a decrease in the DERI.
     2. The calculated SH is closely relat-
ed to the face reinforcement of the
weld bead. The convex and concave
weld pool surface shapes can be deter-
mined based on the calculation 
results.
     3. During bead-on-plate autoge-
nous welding, no significant change in
the SH was found between the partial
penetration and critical penetration
states. The SH and the depression
depth of the weld bead was significant-
ly reduced once complete penetration
was produced.
     4. The decreasing speed of the SH
was reduced once the weld was close to
overpenetration.
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