
W E L D I N G  R E S E A R C H  

SUPPLEMENT TO THE WELDING JOURNAL, DECEMBER 1996 
Sponsored by the American Welding Society and the Welding Research Council 

A Study on the Influence of Reflected Arc Light 
on Vision Sensors for Welding Automation 

Proposed model for predicting surface reflection seems 
to match well with experimental data 

ABSTRACT. Vision sensors using optical 
triangulation have been widely used for 
automatic welding systems in various 
ways. Their reliability is, however, seri- 
ously influenced by the arc light reflected 
from the base metal surface. In this study, 
the reliability of vision sensors was ana- 
lyzed for the variation of the arc noise by 
considering the reflectance of the base 
metal surface. The property of the surface 
reflection of the base metal was modeled 
using the bidirectional reflectance-distri- 
bution function (BRDF), and then the in- 
tensity variation of the reflected arc was 
formulated for various configurations of 
the torch, base metal and sensor. The ex- 
perimental data of the arc light reflection 
were obtained for two materials, mild 
steel and stainless steel, each having dif- 
ferent surface reflection characteristics. It 
was found that the results calculated 
from the proposed model were in good 
agreement with the experimental data. 

Introduction 

Gas metal arc welding is a common 
method for joining assemblies composed 
of thin sheet metal. With the low manual 
productivity resulting from the harsh en- 
vironments and extreme physical de- 
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mands, gas metal arc welding is consid- 
ered a prime candidate for the applica- 
tion of industrial robots or mechanized 
equipment. The use of conventional ro- 
bots in sheet metal arc welding is re- 
stricted by the difficulty of maintaining 
accurate fit-up and fixturing. Dimen- 
sional variations are introduced by press- 
ing tools, fixtures and thermal distortions 
during welding. Therefore, it is necessary 
to introduce automatic tracking equip- 
ment to follow the actual path of the 
welding line. 

Recently, many types of weld joint 
tracking sensors have been developed for 
improving the flexibility of arc welding 
robot applications. Among them, the ac- 
tive vision sensor, which utilizes a CCD 
camera, laser beam and computer, is ef- 
fectively applicable to tracking the weld 
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line of sheet metal joints without weav- 
ing due to its high resolution. The active 
vision sensor based on optical triangula- 
tion is classified into two types according 
to the beam characteristics: structured 
beam or scanning beam (Ref. 1). Al- 
though the vision sensor with structured 
light is largely influenced by arc noise 
and the preprocessing time of the image 
is long, it is widely used because it is rel- 
atively cheap and has a simple structure 
(Refs. 2-8). In spite of the complex struc- 
ture and high price, the application of the 
vision sensor with the scanning beam in- 
creases steadily, because the effect of arc 
noise is low and the preprocessing time 
of the image is relatively short (Refs. 
9-11). 

Since the 1980s, much research has 
been conducted to apply vision sensor 
technology to welding automation. Until 
now, however, the resolution and the 
field of view were mainly considered in 
the design of the vision sensor, while the 
sensor reliability was only rarely investi- 
gated. Lenef, et al., measured the arc 
spectrum to find the wavelength range of 
diode lasers, which would minimize the 
arc effect (Ref. 12). In their experiments, 
the base metal shape was neglected and 
diffuse reflection was assumed for the 
base metal surface. Nakata, et al., stud- 
ied the optimal configuration of optical 
components by varying the position and 
resolution of the camera and light source, 
and the camera exposure, etc. (Ref. 13). 
The results were, however, limited in the 
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Fig. 1 - -  Schematic diagram o f  welding system with vision sensor. 
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Fig. 2 - -  Local geometry o f  arc reflection model.  

application, because the arc light was ne- 
glected and there was a lack of theoreti- 
cal understanding to analyze experimen- 
tal results. Nakata, et al., also found that 
the effects of arc noise on the He-Ne laser 
decreased with the decreasing full width 
at half-maximum (FWHM) of the band 
pass filter (Ref. 14). 

The important parameters influencing 
the vision sensor as the noise in arc weld- 
ing are the arc light and spatter. Spatter is 

Y 

produced largely in 
gas metal arc welding 
wi th CO, shielding 
but emits mainly in 
the infrared range 
wi th a wavelength 
greater than 1.0 pm, 
due to its relat ively 
low temperature (Ref. 
7). Therefore, the arc 
light that is reflected 
from the base metal 
surface is considered 
to possess a domi- 
nant influence on the 
rel iabi l i ty  of vision 
sensors, and conse- 
quently its effect has 
to be minimized by 
an appropriate geo- 
metrical configura- 
tion and the moving 
path of the sensor. 

In this study, to im- 
prove the rel iabi l i ty  
of vision sensors for 
arc welding, the ef- 
fect of the arc l ight 
was investigated as to 
the geometrical con- 
figuration of the sen- 
sor and welding arc, 
where various reflec- 
tion properties of the 
base metal surface 
were considered. The 
base metal reflection 
was modeled in a 
two-dimensional do- 
main, and the inten- 
sity of the arc image 
was formulated by 
assuming the arc light 
as a point l ight 
source. Various ex- 
periments were car- 
ried out to verify the 
val id i ty  of the pro- 
posed model. 

Theoret ical  For- 
mulation 

Figure 1 shows the 
typical configuration 

of an automatic welding system with a vi- 
sual joint tracking sensor. The laser beam 
is reflected from the base metal surface in 
front of the welding arc, and the image 
pattern captured by the CCD camera is 
used to determine the weld joint shape. 
The interference filter located before the 
camera allows only the light with a wave- 
length range near that of the laser beam 
to pass through. At the same time, the arc 

light is also reflected from the base metal 
surface and captured by the CCD camera 
through the interference filter. The base 
metal shown in Fig. 1 has a slope so as to 
consider it as an incl ined workpiece, 
such as the inside wall of a membrane- 
type LNG tank or the side panel of the 
container. In this study, only the arc noise 
reflected from the sensing area of the 
base metal surface, which is covered by 
the CCD camera and denoted by the 
point P in Fig. 1, was considered to for- 
mulate the magnitude of the arc light in 
accordance with the two-dimensional 
configuration of the arc, base metal and 
camera. 

Reflectance Model of Arc 

The local coordinate system was 
adopted to represent the general re- 
flectance characteristics, where an arbi- 
trary direction was defined with (0, 0) as 
in Fig. 2. The bidirectional reflectance 
distribution function (BRDF) fr is defined 
for the general expression of reflectance 
as follows (Ref. 1 5): 

.Jr (e l ,  ~)i, Or, Or ) = d t r  ( e l '  ~)i, Or, Or, E 
dEi( Oi'Oi ) (1) 

where Ei(0i, 0i) is the irradiance in the di- 
rection of (0 i, 0i) and Lr(0 i, % O r, Or, Ei) the 
reflected radiance in the direction of (O r , 
Or) caused by Ei(0 i, OiL Eiis determined by 
the incident radiance L i and expressed as 
follows: 

dE,(o,,o,)= L,(O,,O,)~os O,d~o, (2) 
w h e r e  de0 i = sin 0 i dO i dOiis the  infinitesi-  
mal  solid angle. By integrating Equation 
2 in all directions on the hemispherical 
surface, E i is obtained as follows: 

E i = J L i c o s  Oido) i 
~0 (3) 

Similarly, L r can be obtained from Equa- 

tions 1 and 2 as follows: 

L r = ;~rL i  c o s  Oido9 i 
~0 (4) 

Much research was conducted to es- 
tablish the reflectance model. The re- 
search was either based on the numeri- 
cal analysis because of its complexity, or 
it was too simple to obtain reliable re- 
sults (Ref. 16). In this study, therefore, it 
was considered that the BRDF fr was 
composed of the fractions of the diffused 
reflection frd and the specular reflection frs 

L = ,/;.d + ,/Z (5) 
The diffused reflection can be effectively 
expressed by the Lambertian model, 
which considers the uniform radiation in 
all directions. Therefore, the BRDF has a 
constant value a, which represents the 
level of the diffused reflection. The re- 
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flected radiance caused by the diffused 
reflection L d is derived by Lambert's co- 

sine law as follows: 

L d = a f L i cos Oid~.o i 

<o (6) 
It could be found that the reflected radi- 
ance caused by the diffused reflection is 
proportional to the incident energy. 

The specular reflection is dependent 
on the surface of the workpiece, for 
which different models are available ac- 
cording to the ratio between the rms 
value of the surface roughness Rq and the 

light wavelength 2~ (Ref. 17). 

Rq/2~ > 1.5 

Torrance, et al., established a model 
based on the assumption that the rough 
surface was composed of specular ele- 
ments arbitrarily arranged and showed 
that the Fresnel reflectance of a material 
has only a negligible effect on the BRDF 
(Refs. 18, 19). Neglecting the variation of 
the Fresnel reflectance in accordance 
with the angle change, the Torrance- 
Sparrow model can be expressed as fol- 
lows (Ref. 18): 

. / Z  = 

(71 
w h e r e  c~ = (e r - 0i)/2 is the  ang le  b e t w e e n  
the  sur face  normal  and  the  line equa l ly  
d i v i d i n g  the  i n c i d e n c e  a n d  r e f l e c t i o n  
path ,  b t he  f rac t ion of  the  specu l a r  re- 
f lect ion,  and  c the  statistical d is t r ibut ion 
of  the  d i r ec t ion  of  spec u l a r  e l emen t s .  It 
was  a s s u m e d  that  the  sur face  normal ,  in- 
c i d e n c e  path  and  ref lect ion path  w e r e  on  

Table 1 - -  Calculation formulas for G(Oi,0r) from Ref. 8 

0 ° <- 0i <- 45 ° 

Or G(0i ,0r )  

O i --  180 ° Eq. A ~aj 
-90° -< 0r ~ 3 

0 i -180 ° O~ 180 ° 1 
3 ~ or<- +3 

0i + 180 ° Eq. A !~,i 
3 --~ O~ <- 90 ° 

45 ° < 0 i ~ 90 ° 

Or G(0i,0r) 

90 ° <- 0~ <- -0i Eq. A (a) 
-Oi "< Or "< 30i - 180 ° Eq. (a)* with 

0i,0r 
interchanged 

0 i + 180 I 
3Oi - 180 ° <- 0, <- 3 

0i + 180 ° Eq. A ~a) 
3 <- or <- 90° 

a Equation A. 

[1 (l A2)~'I 
C, fOi, O r) :-- l - -  

A 

sin20r cos2l(lb 0i)/21 
c o s - l ( 0 r -  0k/21 cos, l l ir 0ilsin20r 

the same plane (0i @r = 180 deg, 0 deg). 
G(0 i, O r) was included to consider the ef- 
fect of neighboring specular elements, 
and calculated by using the relationships 
listed in Table 1. 

Rq/7. (( 1 

For ¢i - Or = 180 deg, or 0 deg, the 
specular reflection has the same property 
as on the mirror and is modeled as fol- 
lows: 

J)" - (sin 0 i cos 0 i ) (g) 

where (3(0 i - O r) is a function that satisfies 

the fol lowing: 

(3(0 i - 0  r)= 1 for0  i = 0  r 

¢3(0 i - O r) = 0 for @i ~ Or 

Rq/;L ~ 1 

The formulation of the specular re- 
flectance is very complex and (:an be per- 
formed only by applying the physical 
model using the wave optics. However, 
it is known that the Torrance-Sparrow 
model can accurately predict the specu- 
lar reflectance in this case, if no peak val- 
ues occur. Furthermore, this case is en- 
countered only rarely in applications of a 
vision-aided welding system, and thus 
was not formulated in this study. 

Arc Noise Model 

The energy spectrum radiated from 
the welding arc is composed of charac- 
teristic spectral lines of the plasma ele- 
ments and ions and the black body emis- 
sion (Refs. 14, 20, 21). The position and 
intensity of the characteristic spectral 
lines are known to be strongly influenced 
by the welding condition, base metal and 
shielding gas, while the black body emis- 
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Fig..7 Geometry o f  arc reflectance model. Fi,q. 4 - -  Image forming system. 



Table 2 - -  Specimens for Experiments 

Mild Steel SUS304 

Rq(lJm) 1.44 0.16 
Rq/X 2.1 0.23 
Processing hot rolled cold rolled 

sion can be expressed by Planck's law. 
In Fig. 3, R is the distance between the 

arc center and base metal, 0io the nomi- 
nal angle of incidence between the sur- 
face normal and the line connecting the 
arc center and base metal, and 0~o the 
nominal angle of reflection between the 
surface normal and the line connecting 
the camera lens center and base metal. 
The subscript o was added to denote that 
the angle is a nominal value. In this study, 
the arc center was assumed to be the 
hottest point in the arc. For the configu- 
ration of Fig. 3, if the effective area of the 
arc (Aef f) is negligibly small compared to 
the square of the distance between the 
arc and base metal (R2), namely, Aeff/R 2 
<< 1, the irradiance Ei0~) can be modeled 
by assuming the arc as a point  l ight 
source as follows: 

1 "Z" cos Oio 
e,(;t)= ) F (9) 

where I~(k) means the spectral radiant in- 
tensity of the arc (W/(sr A)), which was as- 
sumed to be constant in this study. The 
radiance of the reflected arc Lr(k) is de- 
rived in a similar way as follows: 

L,.(X )= J;.(O,,,,O,.,,) , 

 os( O., ) 
I x (Z )  R 2 (10) 

In the vision-aided welding system, the 
distance from the welding arc to the sens- 
ing area of the base metal is normally 
greater than 2 cm (0.8 in.), whi le the ef- 
fective area of the arc with the tempera- 

Table 3 - -  Conditions for Arc Noise Experiment 

Fig. 9 Fig. 10 Fig. 11 Fig. 12 Fig. 13 Fig. 14 

Specimen Mild Mild Stainless Mild Mild Stainless 
Steel Steel Steel Steel Steel Steel 

Welding Current (A) GMAW GTAW GTAW GMAW GTAW GTAW 
115 120 100 115 120 100 

Welding speed (mm/s) 9 0 0 9 0 0 
R(mm) 72 62.5 50 

80 
0io(°) 63 55 70 
0to(°) 55 35 20 
0~(°) 118 90 90 

ture higher than 10,000 K is approxi- 
mately 0.5 cm 2. The isotherm of 10,000 
K is frequently regarded as the boundary 
of weld ing arc, because severe devia- 
tions from LTE (local thermodynamic 
equil ibrium) are likely for temperatures 
below 10,000 K (Ref. 22). Therefore, the 
assumption of Aeff/R 2 ~ 1 can be suc- 
cessfully adopted in this study. 

Image Model 

The arc light reflected from the base 
metal surface is filtrated through the in- 
terference filter, condensed through the 
lens, and f inal ly captured by the CCD 
camera to produce an image - -  Fig. 4. 
The relationship between the spectral ra- 
diance Lr(X) caused by the reflection on a 
surface point and the corresponding irra- 
diance E on the image plane is modeled 
by considering the pass band of the in- 
terference filter as follows (Refs. 12, 16): 

E ( ~ c ) =  I- "-Cos 4 ¢ / ( f / d ) :  

~) Lr(Z)FG(~- '~c)d~ (11) 

where ?~c is the center wavelength of the 
filter, ~ the angle between the optical axis 
and the line connecting the lens center 

125 90 90 

and reflection point on the base metal, 
and f/d the camera F number. The term 
caused by the change of g was neglected, 
because the sensing area of the laser sen- 
sor was very small, which revealed that E 
was in a direct proportion to the radiance 
of the filtered arc light. FG0~) is the spec- 
tral response of the interference filter and 
can be expressed in the Gaussian distri- 
bution function as follows: 

i12t 
where  o = Bw/(2(21n2) 1/2) t r the peak 
transmittance and B w the FWHM of the 
filter. 

The image sensor converts the irradi- 
ance E into the gray level G I, which is ex- 
pressed as follows: 

G/ = P E~' (1 3) 

where p is the proportional constant and 
7the 7characteristic that is normally 1 for 
measurements,  which results in a pro- 
portional relationship between G, and E. 

Gray Level of Arc Noise 

The gray level of the arc reflected from 
the base metal surface Ga(K c) is obtained 
by combining Equations 11, 12 and 14 as 
follows: 

Camera 
Diode Isser 

, i 

Side viJ~w 

L 

Fig. 5 Apparatus for measuring laser reflection. 

C a m e r a  

I 
To~ch  
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I Base Metal 

Fig. 6 - -  Confi.~uration of  arc reflection experiments. 
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)-- 

. cos Oi. ~ ~" 
KEH(Z")'/;(Oi"'O'"')T--- l (14) 

where K is a {onstant, H(X() the radiant 
intensity of the arc filtered through the in- 
terference filter wi th the center wave- 
length of 2~{ and the peak transmittance 
of 1, which {:an be expressed as follows: 

" (1 5b) 

Reflectance Model of Laser 

For calculating the BRDF from the re- 
flectance model of arc, three BRDF para- 
meters a, b and c should be determined 
through the experiments. A diode laser 
with a wavelength of 690 nm, which has 
been widely used for active vision sen- 
sors, was applied to determine these con- 
stants, because they should be most fit to 
the reflectance model of the arc light that 
passed through the interference filter of 
the vision sensors. 

In laser sensors, the laser beam can be 
considered as a parallel light source be- 
cause a large focal length of the lens is 
generally preferred to enlarge the depth 
of field. For the parallel light source, the re- 
flectance model can I×~ derived as follows: 

~,.=./;.(o~,,.o,.,,)L',, ,:o~O~, (~{~) 

where E,, is the irradiance of the parallel 
light perpendicular to the reflecting sur- 
face and 0io, 0,o are the nominal angles 
of incidence and reflection, respectively. 
Here, the subscript o was added again to 
denote a nominal value. The gray level of 
the reflected laser beam GI(X ~) can be 
then derived as follows: 

GI(A.,. )=  K[E.f,.(Oi,,.O,.,, )cosO,.] ;  (1 7) 

Exper iments  

Experiments were carried out first to 
determine the BRDF parameters, and 
second to verify the validity of the pro- 
posed reflectance model of the arc. 

Experiments for BRDF Parameters 

The schematic diagram of the experi- 
mental apparatus is shown in Fig. 5. The 
diode laser with a wavelength of 690 nm 
was used to supply the parallel light, 
whi le the image was captured by a CCD 
camera with a y characteristic value of 
0.45. A band-pass filter, which had the 

same center wavelength as the laser and 
a FWHM oi: i l  nm, was placed in front 
of tl~e camera to consider the actual con- 
figuration of practical sensors. The spec- 
imens were prepared from the hot-rolled 
mild steel and 304 type stainless steel, 
whose surface roughness and Rq/X are 
given in Table 2, because the reflectance 
model was derived according to the ratio 
between the surface roughness and 
wavelength. 

Experiments for Arc Noise Model 

The experimental apparatus is 
schematically shown in Fig. 6, where the 
components such as the camera and 
band-pass filter are of the same charac- 
teristk s as in Fig. 5. The magnitude of the 
gray level of the reflected arc: light was 
obtained by averaging 20 values mea- 
sured every 0.2 s. To verify the validity of 
the assumption of considering the arc 
light as a point light source, the reflected 
arc light was first measured for various R 

Table 4 - -  Results of Nonlinear Regression 
for Mild Steel Using Gauss-Newton Method 

b/a c ~' 

Obtained value 1.87 51.4 
Asymptotic standard error 1.80 19.8 

values Lmder the fixed angles of inci- 
dence and reflection, and second for var- 
ious angles of reflection under the fixed 
R and angle of separation (Qa)- In this 
case, the angle of incidence was deter- 
mined by subtracting the angle of reflec- 
tion from the fixed 0sa value. In experi- 
ments, the distance between the arc and 
reflection area was varied from 45 mm 
(1.8 in.) to larger values, because too 
small R values would enormously de- 
crease the validity of the assumption of a 
point light source. For thick section weld- 
ing, which almost always involves weld- 
ing in a groove, however, a 45-mm dis- 
tance between the arc and reflection area 
is too great. Therefore, the results of this 
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Fi,e,. 7 BRDF distribution of  hot-rolled mi ld steel. 
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Fig. 8 - -  Image intensity distribution of  hot-rolled mild steel forO m = 50 deg. 

paper can be applied to thin-section 

welding, and 3 
mm (0.12 in.) 
over the speci- 
men surface in 
GMA (gas metal 
arc) welding, for 
wh ich  the arc 
length was as- 
sumed to be 4 
mm (0.16 in.). 
This was due to 
the presumption 
that the welding 
arc had its maxi- 
mum tempera- 
ture at 1 mm 
under the elec- 
trode tip. Table 3 
shows the weld- 
ing condit ions 
chosen for mea- 
suring the arc 
noise. 

Results and 
Discussion 

Figure 7 

welding on an inclined workpiece such 
as the inside wall of the membrane type 
LNG tank or the side panel of the con- 
tainer. For welding in a groove of thick 
plates, the arc noise model should be ex- 
panded to include the spatial distribution 
of the welding arc. 

In calculations, the arc position was 
assumed to be 1 mm (0.04 in.) under the 
electrode tip in GTA (gas tungsten arc) 

shows the measured gray level of the 
laser light reflected from the hot-rolled 
mild steel plate, which was considered to 
be appropriate for applying the Torrance- 
Sparrow model. The angle of reflection 
was varied in a wide range, whi le the 
angle of incidence was fixed at the val- 
ues between 10 and 80 deg. Figure 7A 
shows the gray level values obtained di- 
rectly from the CCD camera. They were 

then normalized with regard to the gray 
level obtained under the condit ion that 
the angle of reflection was the same as 
the angle of incidence, and the results are 
shown in Fig. 7B. As expected from the 
Torrance-Sparrow model, there exists a 
specular lobe, and the mirror surface re- 
flection can be assumed for large angles 
of incidence. 

Figure 8 shows the gray levels of the 
reflected laser light measured at 9 differ- 
ent Oio values under the fixed 0to = 50 
deg. The results were then normalized 
with regard to the case of 0io = Oro = 50 
deg. These normalized data were then 
used as the reference values to normalize 
the corresponding data in Fig. 7B of the 
s a m e  Oio = 0ro = 50 deg, which were then 
used to substitute the Lambertian model 
and Torrance-Sparrow model into Equa- 
tion 5. The resultant equation was then 
used for the nonlinear regression with the 
Gauss-Newton method to obtain three 
BRDF parameters, and the resultant a, b 
and c values are shown in Table 4. 

The parameter b for the case of Rq/;~ 
<< 1 could not be determined, because the 
peak gray level of the laser light reflected 
from the stainless steel plate was always 
over the dynamic response range of the 
CCD camera. 

Figure 9 shows the gray level of the 
arc in GMAW reflected from the hot- 
rolled mild steel plate with respect to the 
distance between the arc and reflection 
area. Figure 10 shows that in GTAW. The 
data in Figs. 9B and 10B were deter- 
mined by normalizing the gray levels of 
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Fig. 9 - -  Intensity of  G M A W  arc reflected t?om hot-rolled mi ld steel with varying R. 
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Fig. 11 - -  Intensity o f  GTAW arc reflected t?om stainless steel with varying, R. 

8% 

the CCD camera with regard to the value 
at minimum R after conlpensating them 
with the 7 characteristic of the CCD cam- 
era. That is, (measured gray level),'1 was 
divided by (maximum gray level) , l  to 
give the normal ized data of the gray 
level, which would then show the theo- 
retical relationship that the normalized 
gray level is reversely proportional to R~'. 
By comparing tile results in Figs. 9B and 
10B, it can be shown that the arc in 
GTAW corresponds to the theoretical 
value better than the arc in GMAW. This 
is probably due to the fact that tile arc in 
GTAW is generally smaller than that in 

GMAW, and consequently, the former 
would act as a point light source more 
suitably than tile latter. 

The experimental results obtained 
with 304 type stainless steel plates are 
shown with respect to the distance be- 
tween the arc and workp iece - -  Fig. 11. 
The normalized values of the measured 
gray levels were in good agreement with 
the theoretical values calculated from the 
simple relationship of 1/R~, which had a 
magnitude of 1 at R = 45 ram. From these 
experimental and theoretical results, it 
might be concluded that the welding arc 
can be assumed as a point light source for 

establishing the reflectance model of the 
arc noise in vision sensors, especially for 
the arc in GTAW and for a long distance 
between tile arc and reflection surface. 

Figure 12 shows the experimental re- 
sults for tile arc in GMAW reflected from 
the hot-rolled mild steel surface. Figure 
13 shows the results from GTAW. Exper- 
iments were carried out for various an- 
gles of reflection, while R and 0,., were 
fixed at 72 mrn (2.8 in.) and 125 deg for 
Fig. 12, and 62.5 mm (2.5 in.) and 90 deg 
for Fig. 13. The specular characteristic 
was considerably high around the angle 
of reflection of 62.5 (leg in Fig. 12 and 45 
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Fig. 13 - -  Intensity o f  G TAW are reflected t?om hot-rolled mi ld steel with varying angle of  reflection. 

deg in Fig. 13, which were the cases of 
0~,, = 0,,,. These high gray levels of the re- 
f lected arc could cause a substantial 
noise in the image data of vision sensors. 
By comparing the normalized data of the 
measured gray level with the simulated 
values, it was revealed that the Torrance- 
Sparrow model can fairly well  predict the 
reflectance behavior of the welding arc, 
and therefore can be effectively used for 
the design of the visual joint tracking sen- 
sor of the arc welding process. 

Figure 14 shows the gray level of the 

arc in GTAW reflected from the stainless 
steel plate. The data were measured for 
the fixed 0so value of 90 deg and two dif- 
ferent R values of 60 and 80 mm. It could 
be revealed that for a shorter distance be- 
tween the welding arc and base metal, 
high gray levels were measured over a 
wider range of Ors,. This is probably due 
to the fact that the welding arc from a 
short distance would act as a somewhat 
extended light source rather than a point 
light source. In case of the similar angles 
of incidence and reflection, high gray 

levels of the reflected arc would consid- 
erably influence the performance of vi- 
sion sensors. 

Conc lus ions  

Vision sensors using optical triangula- 
tion have been widely used for automatic 
joint tracking in the arc welding process. 
The reliabil i ty of the vision sensor would 
be considerably influenced by the arc 
light reflected from the base metal sur- 
face. Ill this study, therefore, the re- 
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f lectance model  of the we ld ing  arc was 
derived to estimate the arc noise for var- 
ious conf igurat ions of  the sensor, base 
metal and we ld ing  arc. Various experi-  
ments were carried out first to determine 
the BRDF parameters of the model ,  and 
second to verify the val id i ty of the pro- 
posed model .  Experinlental results of the 
gray level of  the ref lected arc agreed 
fa i r ly  we l l  w i th  the ca lcu la ted  ones, 
wh ich  were reversely propor t ional  to the 
square of the distance between the we ld-  
ing arc and ref lect ing area. It was re- 
vealed that the ar( l ight (an  be assumed 
as a point  l ight source in the reflectance 
model  for t h e d ista n ce between t he we ld -  
ing arc and base metal greater than about 
45 mm.  It was also found that the Tor- 
rance-Sparrow model  can be effectively 
adopted for the arc ref lection on the hot- 
rol led mi ld  steel [)late. Experimental and 
calculated results showed that consider- 
ably high gray levels of the reflected arc 
may be captured by the v is ion sensor, 
wh ich  has then a considerable inf luence 
on the per formance of sensors. 

The proposed model  and exper imen-  
tal resuhs can be effect ively used for the 
design of the conf igurat ion and mov ing 
path of vision sensors according to the 
base metal shape, wh ich  can then reduce 
the effect of arc noise on the vision sen- 
sor and consequent ly improve its relia- 
b i l i ty  in automat ic jo int  tracking of the 
arc we ld ing  process. To enlarge the use- 
fulness of the proposed model ,  further 
work  should be done about the f inite size 
of  the we ld i ng  arc and also about  the 
method to f ind the opt imal  conf igurat ion 
and mov ing  path of v is ion sensors for 
m in im iz ing  the arc noise. 
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