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Abstract: In gas–metal arc welding (GMAW), the welding quality is influenced by various factors,
including the welding conditions and external environment. Achieving a high welding quality
requires careful observation and control. Welding monitoring is crucial for validating a planned
welding process and assessing its quality. This study introduces a vision system for the online
acquisition of clear molten pool images. It uses a small camera equipped with a complementary metal-
oxide-semiconductor sensor during GMAW, as well as a method for constructing this system. The
proposed vision system does not require triggering using devices such as field-programmable gate
arrays, facilitating lower costs and online quality monitoring under various welding conditions during
mild-steel GMAW. Accurate measurement of radiation from the weld is essential for clear observation
of the molten pool during welding, emphasizing the importance of selecting an optical system with
appropriate lenses and filters. In addition, appropriate digital camera parameters must be set for
monitoring. High-quality images were successfully captured using the proposed method, and the
image quality was evaluated using the blind/referenceless image spatial quality evaluator algorithm.

Keywords: gas–metal arc welding; arc plasma; molten pool; spectroscopic characteristics; radiation;
quality monitoring; blind/referenceless image spatial quality evaluator

1. Introduction

During gas–metal arc welding (GMAW), welding quality is influenced by various
factors, including the welding conditions and external environment. Achieving a high
welding quality requires careful monitoring, which is essential for verifying the planned
welding process and assessing its quality. Various technologies have been utilized for the
nondestructive inspection of GMAW, such as ultrasonic inspection, vision-based quality
inspection, and process signal-based quality prediction techniques. A commonly applied
method for vision-camera-based quality inspection involves measuring the external weld
geometry and inspecting external defects using a laser vision sensor after welding. Specifi-
cally, it determines whether the quality standards required by the consumer are satisfied by
extracting feature points after scanning the weld bead surface. However, this method has
limitations in real-time monitoring and requires reworking when welding defects occur,
leading to an increased working time. Another technique for determining the welding
quality involves collecting electrical and acoustic information in real time during weld-
ing; however, it has limitations owing to its noise in the surrounding environment. The
molten pool surface provides intuitive and abundant feature information that allows the
welder to assess the welding quality and adjust the welding conditions during visual
inspection [1]. Intelligent systems have been developed to improve the productivity of
the welding process, and the acquisition of molten pool images utilizing vision sensors
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is crucial for intelligent automated systems [2–8]. Although numerous studies have been
conducted on vision monitoring systems for arc welding automation, they have primarily
focused on gas tungsten arc welding, which has fewer limitations in acquiring molten pool
images [9–15]. During GMAW, capturing images of the molten pool is challenging because
of the dynamic vibrations caused by droplet transfer and volumetric changes in the arc
plasma. In addition, the sufficiently strong radiation emitted from the arc plasma interrupts
the observation of the region of interest (ROI), resulting in inevitable information loss.

Radiation from the arc plasma is significantly stronger than that reflected and emitted
from the molten pool surface or weld. The arc plasma is not an ROI, and more information
can be obtained from the molten pool surface. Previous studies have divided gas–metal arc
welding monitoring methods into active- and passive-vision methods. Active vision cuts
off the arc plasma using physical methods, such as neutral density (ND) filters, and utilizes
separate light sources to observe the molten pool surface and droplet transfer. Generally, a
laser is utilized as the light source, and images are acquired using a high-speed camera.
However, the dynamics of images in active vision is unsatisfactory despite the utilization
of auxiliary light sources because ND filters with excessively high optical densities are used
to inhibit the interference of arc plasma [16]. Active-vision system configurations incur
considerable costs.

In contrast, passive vision involves observing the molten pool by utilizing the emitted
radiation with no auxiliary light source. Passive vision is suitable for intelligent welding
because of its relatively simple configuration. Because vision systems focus more on
applications in production lines than on research and analysis, a less costly method is
reasonable. Zhang et al. [17] acquired molten pool images utilizing a 650 nm narrowband
filter based only on the radiation from the molten pool during aluminum alloy gas tungsten
arc welding. However, they neglected the quantum efficiency of the cameras. Jin et al. [18]
prepared a passive-vision sensor for molten pool observation and an active-vision sensor
for weld bead geometry measurement and utilized a screen between the torch and laser
module to avoid the interference of the radiation from the arc plasma. This configuration is
complex and possesses limitations in terms of its response to various welding conditions.
Zhao et al. [19] selected a 660 nm band-pass filter or an 850 nm high-pass filter as the
imaging band for 304 stainless steel GMAW via image quality assessment. However, clear
monitoring may not be possible because the images are acquired only in the base-current
section, where the arc is extinguished using a trigger device. Reisgen et al. [20] monitored
gas–metal arc welding using passive vision with a monochromatic sensor. However,
because the sensor was installed in front of the welding torch along the welding direction,
observing the entire area of the molten pool was difficult. Cai et al. [21] conducted a
study captured melt-pool images from laser–arc hybrid welding and used them for real-
time monitoring. However, detailed observation of the molten pool was difficult because
the interference of the arc plasma cannot be suppressed. In previous studies, only the
spectroscopic characteristics of the radiation generated during welding and the quantum
efficiency of cameras were considered when proposing passive vision monitoring methods.

In this study, we propose a vision system that uses a vision camera equipped with a
complementary metal-oxide-semiconductor (CMOS) sensor to acquire clear molten pool
images online during welding, as well as a method to construct the system. The proposed
vision system is not complex and enables low-cost welding quality monitoring with a
simpler configuration than conventional systems. The proposed vision system was used to
perform online quality monitoring during mild-steel gas–metal arc welding. The accurate
measurement of radiation from the weld is essential for observing the molten pool during
welding, and selecting appropriate lenses and filters for monitoring is crucial. When the
quality of the captured images was assessed using the blind/referenceless image spatial
quality evaluator (BRISQUE) technique, the quality of the images acquired using the
proposed method was found to be suitable for welding monitoring, thereby verifying its
performance.
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2. Materials and Methods
2.1. Welding Conditions

The base metal used in the experiment was ISO 630 E355 [22] with dimensions of
300 mm × 100 mm × 15 mm, while the filler wire was ISO 636-A W 42 5 2Si [23] (The
Lincoln Electric Company, Cleveland, OH, USA) with diameter of 1.2 mm; their chemical
compositions are listed in Tables 1 and 2, respectively. The welding power source was a
Daihen P500L (Daihen Corporation, Osaka, Japan), and the current mode was a direct cur-
rent (DC) pulse. Welding was performed by installing a welding torch using YASKAWA’s
six-axis robot (Yaskawa, Kitakyushu, Japan). The welding current and voltage were 250 A
and 28 V, respectively. The wire feed rate was 8.5 m/min. The contact tip-to-work distance
(CTWD) was 15 mm, and the welding speed was 30 cm/min. A mixture of argon and CO2
in a ratio of 9:1 was used as the shielding gas at a flow rate of 15 L/min.

Table 1. Chemical composition of the base metal ISO 630 E355 (wt.%).

C Si Mn P S

0.1852 0.343 1.355 0.011 0.0044

Table 2. Chemical composition of the filler wire ISO 636-A W 42 5 2Si (wt.%).

C Si Mn P S

0.07 0.65 1.14 0.015 0.01

2.2. Analysis of Spectroscopic Characteristics and Wavelength Band Selection

The strong radiation emitted during gas–metal arc welding makes it impossible to
observe the weld using conventional vision systems. This necessitates an appropriate
wavelength band for image acquisition using a vision camera to monitor the molten pool
and metal during gas–metal arc welding. As illustrated in Figure 1, the radiation emitted
from the arc plasma causes image saturation and hinders clear observation. Therefore, the
strong radiation must be removed and filtered, and its characteristics must be analyzed to
determine the appropriate conditions. Furthermore, the spectral radiance of the source that
emits radiation and the quantum efficiency of the image sensor used for image acquisition
must be considered. Radiation refers to the movement of heat when a certain material
emits electromagnetic energy, even when the media are not in direct contact. It represents
the conversion of the internal energy of a material into electromagnetic energy, which is
also referred to as thermal radiation. During GMAW, thermal radiation enables observation
of the molten pool using a passive vision sensor without an auxiliary light source. Planck’s
law for black-body radiation is expressed by Equation (1):

Bν(T) =
2hν3

c2
1

ehν/kT − 1
(1)

where Bν(T) is the spectral radiance; h is the Planck constant; ν is the frequency of the
electromagnetic radiation; c is the speed of light in vacuum; k is the Boltzmann constant; and
T is the absolute temperature of the material. As the temperature of the material increases,
the peak of the emitted spectral radiance shifts to shorter wavelengths. According to the
theory of black-body radiation in thermodynamics, all materials emit electromagnetic
radiation at absolute zero or higher temperatures. A black body is an ideal object that
absorbs all incident electromagnetic radiation regardless of the frequency and incident
angle. A black body emits electromagnetic radiation at a constant temperature, referred to as
black-body radiation, and its spectrum is determined solely by the temperature rather than
the shape or material. Figure 1 depicts Planck’s law for black-body radiation. Depending
on temperature T, the molten pool in gas–metal arc welding emits more radiation than that
emitted at the melting temperature of steel. According to Wang [24], the peak temperature
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of a molten pool of mild steel (Q235) is 3169 K, and its spectral radiance reaches a peak near
the near-infrared (NIR) wavelength of 800 nm. According to Cai [25], the temperature of
the arc plasma ranged from 7000 to 20,900 K when an Ar 90%–CO2 10% mixed gas was
used as a protective gas. Therefore, the spectral radiance peak shifted from 600 nm to
shorter wavelengths with increasing temperatures.
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Figure 1. Black-body radiation spectrum according to Planck’s law.

To acquire feature information from the molten pool during GMAW, the area where
the arc plasma is formed and the metal melts must be captured. Therefore, the spectroscopic
characteristics must be analyzed by measuring the radiation from both the arc plasma
and molten pool, and the sum of all radiation emitted during GMAW must be considered.
Therefore, contrary to a previous study [19], the irradiation from the arc plasma and the
molten pool were simultaneously measured without dividing the arc plasma and the
molten pool sections. The radiation emitted from mild-steel GMAW was measured using
an Ocean Optics HR4000CG-UV-NIR spectrometer (Ocean Optics, Orlando, FL, USA). The
fiber collected the emitted radiation and transmitted it to the detector in the spectrometer. A
collimating lens, which covered a large free space and long distance, was used to measure
the radiation from the arc plasma and molten pool without bias. To measure the radiation
from both the arc plasma and molten pool, the angle between the collimating lens and
welding torch was set to 45◦ (Figure 2).
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Figure 2. Schematic of the spectrometer system configuration for measuring the radiation emitted
during GMAW.
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2.3. System Configuration
2.3.1. Vision Camera

The configuration of the proposed vision system is shown in Figure 3. The system
includes a vision camera, lens, ND filter, bandpass filter, and ultraviolet (UV) filter and is
located at the rear of the welding direction. Because the molten pool head was covered by
the gas nozzle when the welding torch and camera were parallel, the angle between the
welding torch and camera was set to 45◦ to acquire images of the entire molten pools. As
outlined in Section 2.2, a wavelength band was selected based on the spectroscopic analysis.
Images suitable for weld observation were captured using a filter that only allowed the
passage of the selected wavelength band. When images are captured during arc welding,
the red–green–blue sensor captures images with higher sharpness and signal-to-noise ratio
than a monochrome sensor [26]. The vision camera used in this experiment was the IDS
UI-3271LE (IDS Imaging, Obersulm, Germany), which uses a Sony IMX265 global-shutter
CMOS color sensor (Sony, Tokyo, Japan). Its quantum efficiency is illustrated in Figure 4.
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Table 3 shows the specifications of the vision camera and the parameter values set in
the experiment. The vision camera exhibited the highest quantum efficiency near the blue,
green, and red wavelengths of 450 nm, 530 nm, and 610 nm, respectively. Because relatively
good color quality is exhibited in each peak wavelength band, quantum efficiency is
important for selecting imaging bands. In addition, when images are captured, parameters
such as gain and gamma must be properly adjusted. The gain, a parameter that adjusts
the brightness of an image, represents the overall brightness level. The image becomes
brighter and darker when this value increases and decreases, respectively. The gamma
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ratio indicates the contrast between dark and bright regions of an image. The contrast
increases with the gamma ratio, making the dark part darker and bright parts brighter. If it
decreases, the level of color representation decreases owing to a reduction in contrast. The
exposure time indicates the time at the image sensor is exposed to light. A long exposure
time yields a bright image because a large amount of light is input to the sensor. Likewise,
a short exposure time yields a dark image because less light is supplied. Additionally,
if the exposure time is long, many movements are captured, whereas only fast-moving
subjects are captured if the exposure time is short. The boundary between the molten
pool and base metal must be clear to acquire feature information via image capture during
GMAW. An increase in the gain increases the brightness of the overall image. If the value is
extremely high, noise is generated in the image. Therefore, its value must be reduced. The
gamma value must be set as high as possible to increase contrast and clearly demarcate
the boundary between the bright and dark parts. If the exposure time is long, a large
amount of light enters the sensor and saturates the image; therefore, the pixel clock value
decreases depending on the camera specifications, limiting image capture at high frame
rates. Therefore, an appropriate level was selected. The parameters were adjusted to
improve the sharpness of the acquired images. Additionally, the system was connected
to an industrial computer environment set up with Intel® Core™ i5-10500, 16 GB DDR4
RAM (Intel, Santa Clara, CA, USA), and NVIDIA GeForce RTX 3060 (NVIDIA, Santa Clara,
CA, USA).
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Figure 4. Quantum efficiency of the image sensor used in experiment as a function of the wavelength.

Table 3. Vision camera specifications and parameter settings in experiments.

Specification Setting Value

Resolution (h × v) 2056 × 1542 600 × 450
Aspect ratio (h:v) adjustable 4:3

Exposure time 0.024–1000 ms 15 ms
Gamma 0–2.2 2.2

Gain 0–100 100
Frame rate adjustable 30 fps

2.3.2. Lens

The focal length of the lens must account for both the distance between the weld and
vision sensor and the size of the weld. Varifocal lenses with variable focal lengths can be
used under diverse welding conditions. However, they are relatively large and expensive,
and may not deliver the same level of performance as fixed-focus lenses. Consequently,
the focal length of the lens must be selected based on the specific welding process and
conditions to be applied. For the proposed vision system, preliminary studies led to the
selection of f /4 as the f -number of the lens with a focal length of 16 mm.
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2.3.3. Filter

As shown in Figure 5, a clear observation is impossible owing to the strong emitted
radiation images acquired with conventional vision systems without an optical design
during GMAW. Thus, an appropriate filter design is required to eliminate the emitted
radiation. First, an imaging band suitable for image acquisition was selected by analyzing
the relative intensity and characteristics of the wavelength band in the spectrum measured
during GMAW. Because the spectral radiance was strong, owing to the high temperature
of the arc plasma and molten pool, a wavelength band with a low relative intensity was
selected from the measured spectrum. A wavelength band that allows clear observation
of the molten pool with little interference from the arc plasma must be selected. In this
case, a bandpass filter that allowed only the selected wavelength band to pass through and
cut off other wavelength bands was selected. The full width at half maximum (FWHM) is
important for bandpass filter selection.
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Next, the overall transmittance of the radiation must be reduced, because the spectral
radiance of the radiation emitted from the arc plasma is strong across the input wavelength
band of the image sensor. The bandpass filter cuts off the transmittance using a predeter-
mined optical density (OD) value in wavelength bands other than the selected wavelength
band. This further reduces the transmittance when an ND filter is used. The ND filter
reduces the amount of light that passes through (light energy) based on the OD value.
When the bandpass and ND filters are utilized together in the proposed vision system, the
overall OD value is selected based on the score of the image quality assessment described
in Section 2.4. A multi-coating UV filter was used to protect the lens and filters and reduce
image noise.

2.4. Image Quality Assessment

Image quality can be assessed by subjective and objective methods. Subjective as-
sessment presents images to users, and their evaluation relies on subjective perceptions.
This method is less reliable than the objective assessment method because it depends on
user experience. Objective assessment methods are further classified into full-reference
image quality assessment methods, which evaluate images with reference images, and
no-reference image quality assessment (NR-IQA) methods, which evaluate images without
reference images. In this context, the lack of images to be referred to (also known as the
ground truth) arises because the radiation from the arc plasma prevents conventional vision
sensors from capturing images. Consequently, the NR-IQA was selected. For NR-IQA, the
BRISQUE technique introduced by Mittal et al. [27] was employed to assess image quality.
BRISQUE analyzes the statistical characteristics of images to evaluate the image quality
based on the observation that the image pixel statistics are distorted when the acquired
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image is distorted. This technique was trained to yield low scores for high quality and high
scores for low quality. After selecting the conditions with the highest image quality assess-
ment scores using the BRISQUE technique, the most suitable image acquisition conditions
were determined using an ND filter.

3. Results and Discussion
3.1. Spectroscopic Characteristics

Figure 6 shows the relative intensity as a function of the wavelength of radiation
measured during mild-steel GMAW using the proposed measurement system. The rela-
tive intensity of the peak is approximately 495 nm, which indicates that the temperature
distribution of the arc plasma is consistent with Planck’s law for black-body radiation.
Strong radiation was emitted in the wavelength band of approximately 250–600 nm, and
the relative intensity was low in the wavelength band above 602 nm. To minimize the
interference of the arc plasma, the wavelength band of 600 nm or less must be cut off, and
the candidate wavelength band in Figure 6 must be selected. For image quality comparison,
420 nm and 508 nm were selected as wavelengths with high relative intensities, whereas 660,
752, 808, and 830 nm were selected as wavelengths with low relative intensities. Figure 7
illustrates the relative intensity of the radiation emitted in the selected wavelength bands
for an FWHM of 10 nm. In Figure 7a,b, the relative intensity was high due to the intense
radiation emitted from the arc plasma. Additionally, since the camera quantum efficiency
in Figure 4 in the same wavelength range is significantly higher in blue and green, the arc
plasma section of the image is saturated in Figure 8a,b. The relative intensity of the 660 nm
wavelength in Figure 7c is low. Still, since the red in Figure 4 is very high, the image sensor
captures radiation, and the image is also saturated. In Figure 7d,e, the relative intensity
of radiation was above 0.1, and in Figure 7f, the relative intensity was the lowest. The
discussion of images will continue in Section 3.2.
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Figure 8. Images of the molten pool obtained during mild-steel GMAW using band-pass filters:
(a) 420 nm; (b) 508 nm; (c) 660 nm; (d) 752 nm; (e) 808 nm; (f) 830 nm.
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3.2. Image Acquisition

Molten pool images were captured using the proposed vision system during mild-steel
GMAW. Images were captured using bandpass filters for wavelength bands with high
and low relative intensities. The FWHM was 10 nm for all bandpass filters used in the
experiment. Subsequently, when a filter was selected for the wavelength band suitable for
monitoring, the conditions and ND filter that minimized the interference of the arc plasma
were selected. Figure 8 shows the captured images. When bandpass filters of 420 nm and
508 nm with high relative intensities were used, radiation from the arc plasma made it
impossible to observe the molten pool. When filters for wavelengths with low relative
intensities were used, the molten pool was observed. At 660 nm, the relative intensity was
low. However, the red color emitted from the molten pool reacted strongly because of the
high quantum efficiency of the image sensor in Figure 4, causing the interference of arc
plasma and image saturation.

At the NIR wavelengths of 752, 808, and 830 nm, the interference of the arc plasma was
relatively low, and the molten pool was observed. Among them, the 830 nm wavelength
exhibited the lowest interference. In addition, the edges of the molten pool and base metal
were clear. Next, images were captured by combining the 830 nm band-pass and ND filters
[OD0.5 (transmission: 32%), OD1.0 (transmission: 10%), and OD2.0 (transmission: 1%)] to
reduce image noise, and Figure 9 shows the corresponding images. As the OD increases,
the saturation area decreases; however, the sensitivity of the images decreases.
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3.3. Image Quality Assessment

The quality of the images presented in Figure 8 was assessed using the BRISQUE
technique. As shown in Table 4, the BRISQUE technique yields low and high scores for
high- and low-quality images, respectively, as explained in Section 2.4. The 420, 508, and
660 nm images exhibited low quality owing to strong noise, resulting in high scores. In
the 752 nm image, the molten pool was partly observable; however, its width could not
be discerned because of the persistent interference of the arc plasma. Conversely, the
808 nm and 830 nm images demonstrated high quality with relatively low scores, with the
830 nm image exhibiting the highest quality. Adjustments to the digital camera settings
were necessary for capturing the feature information of the molten pool within the same
wavelength band. It is advisable to set the gain and gamma to minimum and maximum
values of 0 and 2.2, respectively, to distinctly observe the boundary between the molten
pool and base metal sections. As shown in Table 5, when the gamma value was 1.0, the
molten pool appeared dark because of low contrast. At a gamma value of 2.2, the molten
pool was clear, and the boundary with the base metal is evident owing to its high contrast.
When the BRISQUE technique was employed, a gamma value of 2.2 resulted in a score of
56.09, indicating the highest quality.
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Table 4. Image quality assessment for each wavelength band image with BRISQUE.

Wavelength (nm) 420 508 660 752 808 830

Score 72.12 70.63 61.70 55.89 54.18 52.03

Table 5. Image quality assessment for each gamma value with BRISQUE.

Gamma Value 1.0 1.1 1.5 2.0 2.2

Image
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Table 6 presents the images captured when the 830 nm bandpass filter was combined
with the ND filter to minimize the noise generated by the saturation of the arc plasma.
When combined with the OD0.5 ND filter, the saturation area of the arc plasma was
reduced, and interference with the edge was prevented despite variations in the bead width
depending on the welding conditions. The combination that included the OD1.0 ND filter
decreased the overall image brightness. However, the saturation area of the arc plasma was
further reduced, and the light reflected around the edge of the molten pool was reduced,
enabling a clear area division. Therefore, this is the most suitable image for performing
semantic segmentation in the welding quality monitoring model, which will be included in
a future study. Owing to excessive sensitivity reduction, observations were impossible with
the combination that included the OD2.0 ND filter. Therefore, the clearest observations
were obtained when images were captured by combining the 830 nm bandpass and OD1.0
ND filters. The image obtained with the 830 nm band-pass alone served as the reference
image, and the image quality for each OD value was assessed using BRISQUE. The OD1.0
ND filter combination yielded the highest quality, with a score of 15.30. Figure 10 shows
that the interference from the arc plasma was minimized, and the boundary of the molten
pool is clearly observed in the image acquired when an 830 nm band-pass and OD1.0
ND filters were combined. Figure 11 shows the image captured for 1 s under the most
suitable imaging conditions for monitoring the molten pool during mild-steel gas–metal arc
welding. Triggering devices such as field-programmable gate arrays can cause problems
including time delays and inaccurate synchronization. The vision system proposed in
this study captured high-quality molten pool images during DC pulse welding without
dividing the peak current and base current sections.
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Figure 11. Molten pool images of mild-steel GMAW obtained for 1 s; frame rate: 30 frames per second.

3.4. Molten Pool Quality Monitoring

During arc welding, the weld quality is affected by various factors, including the
external environment. Similar to manual welding, in which a welder wears a welding
helmet and performs welding while observing the molten pool, it is important to observe
the various characteristics of the molten pool using a vision system for robotic welding.
In vision monitoring, molten pool images can be used to determine the weld quality in
real time. Images of the molten pool were captured during mild-steel GMAW using the
proposed vision system. Figure 12 shows the images for each quality state of the weld
under various welding conditions. Figure 12a shows a humping bead that occurs when the
welding speed is too high or when the flow of the molten pool is unstable. Figure 12b shows
a magnetic arc blow in which the electromagnetic force accumulates, and the weld bead is
tilted. Figure 12c depicts silicate island separation that causes defects in the appearance of
the weld bead owing to the separation of silicate at the end of the molten pool. Figure 12d
shows burn-through owing to an excessive welding current setting or excessive gap in
the weld. Figure 12e,f shows the spatter and undercut caused by inappropriate welding
conditions, such as current, voltage, and speed settings, respectively.
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4. Conclusions

This study introduces a vision system designed to capture clear molten pool images
online during GMAW, and a method to construct the system. In addition, digital camera
settings, imaging wavelength bands, and optical designs have been proposed to precisely
measure the molten pools during GMAW. The proposed vision system allows cost reduction
with a straightforward configuration and satisfies the image quality requirements for vision-
based online quality monitoring during GMAW. The results are summarized as follows.

1. Accurate measurement of radiation is crucial for clearly observing the molten pool
during welding. In this study, the radiation was measured by aligning the collimat-
ing lens of the spectrometer, similar to the distance and angle between the weld
and camera.

2. The selection of an appropriate lens in combination with a camera is essential for
effective monitoring during welding. Factors such as the f -number, light throughput,
and diffraction limit must be considered. The focal length was selected based on the
ROI size and working distance between the image sensor and weld. In this study, a
lens with an f -number of f /4 and focal length of 16 mm was proposed for molten
pool monitoring during mild-steel GMAW.

3. During mild-steel GMAW, the imaging wavelength band with the least interference
from the arc plasma and the most suitable for molten pool observation was 830 nm,
with a BRISQUE score of 52.03.
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4. To capture the information of the molten pool with less noise in the image during mild-
steel GMAW, the combination of an 830 nm band-pass filter and an OD1.0 ND filter is
the most suitable. It possessed a BRISQUE score of 15.3, which was the best score.

5. Image-quality assessment using BRISQUE confirmed that the image acquired with
the proposed optical design method was suitable for monitoring with the highest
quality, consistent with the assessment scores.

We propose a vision system for real-time weld-quality monitoring and a low-cost
system for training unskilled welders. The radiation emitted from a weld varies depending
on the welding process, base metal, filler metal, and shielding gas used. Therefore, further
research will be conducted to design a vision system suitable for each welding process and
welding condition, based on the proposed method. Furthermore, control systems will be
developed to enhance welding quality by utilizing feature information, such as bead width,
height, and weld failures, acquired from the images of this system.
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