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Abstract: In a previous study, a simple and practical image-sensing system comprising a narrow band
®lter and neutral ®lters was developed to acquire front-side keyhole puddle images in variable polarity
plasma arc welding (VPPAW) of aluminium alloys. However, during actual welding, oxides existing on
the puddle surface and variations in image quality with respect to keyhole puddle size complicate the
processing of images. In this paper, an image-processing method based on an -cutting-averagemedian ®lter, minimum ®lter, direction enhancement operators and local statistical characteristics
enhancement is developed to tackle the various shapes and appearances of the keyhole puddle.
Also, an eective edge-tracing method is developed to detect the edge of the visible keyhole. The
geometric sizes of the visible keyhole, such as area, width and height, are acquired with sucient
accuracy, which can be used to calculate the keyhole diameter during the welding process.
Experiments show that satisfying results can always be obtained with the developed imageprocessing method regardless of the original image quality. Processing one image frame takes less
than 220 ms.
Keywords: image processing, keyhole puddle, aluminium alloys, VPPAW
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INTRODUCTION

Closed-loop control is a fundamental issue for the formation of stable welds in variable polarity plasma arc
welding (VPPAW) of aluminium alloys. The key to the
closed-loop control is to acquire and use the characteristic signals that can re¯ect the weld formation stability
accurately. Image sensing has many advantages such as
intuitiveness, abundance of information and absence of
electromagnetic interference and it requires no contact.
In recent years, welding researchers have paid more
and more attention to image sensing of the welding
puddle to obtain the characteristic signals re¯ecting full
penetration and formation of the weld bead in gas tungsten arc welding (GTAW) and gas metal arc welding
(GMAW). Chin and co-workers [1±3] extensively investigated infrared image sensing for measuring the workpiece temperature ®eld. It was found that the width of
the root surface bead for the fully penetrated welds
could be determined by the puddle area and the ratio
of an area surrounding the puddle to that of the weld
puddle in GTAW of steel. Kovacevic and co-workers
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[4±6] used pulsed laser-projected light and a highshutter-speed camera to acquire clear puddle images of
stainless steels in GTAW. It was found that the weld
penetration could be calculated with excellent accuracy
from the appearance of the weld pool, which was characterized by the pool length and rear angle. Kenji, Masaki
and Kazuov developed an image-sensing of steels in
GMAW with decreasing welding current [7]. It was
found that the area size could re¯ect the weld penetration
accurately, thereby allowing the successful control of
weld penetration in GMAW.
A clear image of the keyhole puddle of aluminium
alloys from the workpiece front-side was acquired with
a narrow-band ®lter system and a charge-coupled
device (CCD) camera in VPPAW [8]. The keyhole
puddle image is actually a re¯ected image: the convex,
mirror-like keyhole puddle surface re¯ects the bright
plasma arc cone on the target plane of the video
camera [8]. Image sensing includes image acquisition
and image processing. In this paper, an algorithm for
processing images is developed to obtain the geometric
information of interest for the visible keyhole, namely
visible keyhole area, width, height and special point
coordinates. The geometric information will be used to
study the relationship between weld formation and keyhole size in the VPPAW process.
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Fig. 1 Sketch of subpartitions along dierent directions. The directions are (a) 08, (b) 458, (c) 908, (d) 1358

2

NOISE FILTERING

It is well known that images are inevitably contaminated
by noise from various sources during procedures such as
image acquisition, image transferring and image storing.
Very often, an image has the majority of its energy in the
low- and mid-frequency range of its amplitude spectrum.
At higher frequencies, the information of interest is often
buried with noise [9]. Thus, ®lters that reduce the amplitude of high-frequency components, e.g. local averaging
and Gaussian low-pass ®lters, can reduce the visible
eects of noises. Unfortunately, some information of
interest contained in the high-frequency spectrum is
also attenuated. Therefore, it is dicult to reduce noise
eects and retain pertinent information for any length
of time. The local averaging ®lter replaces the intensity
level of each pixel by the average value of its surrounding
neighbours, strongly suppressing noises. Conversely, the
median ®lter, which replaces the intensity level of each
pixel by the median value of its surrounding neighbours,
strongly preserves image detail. In this paper, a ®lter
called the -cutting-average-median ®lter has been
designed, which integrates the advantages of both the
local averaging and median ®lters.
The -cutting-average-median ®lter is a median ®lter
with dierent -cutting-average ®lter substructures. Suppose that x : ; :  and y : ; :  represent the input and
output of the ®lter respectively; then the de®nition of
the -cutting-average-median ®lter is given by
y m; n  MEDf1 x k; l; 2 x k; l; x m; ng;
k; l 2 Winr  Win
r  
T

2KX
 1ÿT
jT 1

1
g h
2 K ÿ T  1

2K  1

1

ya m; n  MEDfav m; n; ah m; n; x m; ng

3

yb m; n  MEDfa m; n; aÿ m; n; x m; ng

4

where av : ; : , ah : ; : , a : ; :  and aÿ : ; :  are cutting-average ®ltering outputs in 908, 08, 458 and 1358
directions respectively. Figure 2 shows the structure of
the -cutting-average-median ®lter designed in this
paper.
The -cutting ®lter has a good pulse±noise ®ltering
capability, while the local average ®lter can reduce
white Gaussian noise. When 2K  1 is equal to 5 and
is equal to 0.2 or 0.3, two positive and negative pulse
interferences can be suppressed eectively [10]. The
image detail cannot be destroyed since the local average
®lter operation is carried out in a small sized window.
The -cutting ®lter has a direction property, and the
image-edge detail can be retained along every direction.

with r  1; 2

2

where Win represents the -cutting-average-median ®lter
window with central point coordinates m; n. Win has a
2N  1  2N  1 size. Winr represents a subpartition
of Win that also has m; n as its central point coordinates and has a 2K  1 size. K and N are integer numbers and are such that K 4 N. MEDf g represents the
median ®ltering, whereas 1  and 2  respectively
Proc Instn Mech Engrs Vol 214 Part B

denote the -cutting-average ®ltering in the subpartition
Win1 and Win2 of Win, which are perpendicular or
symmetric but intersect on m; n. The constant T in
equation (1) is given by the last equation (2) and g h
represents the grey level of the pixel indexed h in the
sorted sequence (in increasing order) in Winr ; e.g. there
are 2N  1 pixels in Winr , g 1 is the smallest grey
level, g 2 is the next smallest, etc., and g 2N  1 is
the biggest grey level. The grey level of an arbitrary
pixel k; l in Winr is x k; l with a range of 0 to 255,
whereas x m; n denotes the grey level of the pixel
m; n which is being processed. Figure 1 illustrates subpartitions in the 08, 458, 908 and 1358 angles when
N  K  2 and  0:2. Each subpartition has a direction of its own and possesses a good edge-retention capability [10]. The single-layer ®ltering outputs are given by

Fig. 2

Block diagram of the -cutting-average-median ®lter
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Fig. 3 The grey level versus the horizontal coordinate of the original image and the ®ltered images: (a) original
image, (b) local averaging ®ltered image, (c) -cutting-average-median ®ltered image

The last output structure is a median ®lter as shown
in Fig. 2. The combination of the -cutting ®lter,
the local average ®lter and the median ®lter provides
an enhanced image borne out of an adequate noise
removal coupled with an excellent edge-detail retention
capability.
Let fx m; ng denote the digital image. The grey levels
of row 50 in the original image and the ®ltered images are
shown in Fig. 3. The local averaging ®lter has the same
®lter window 5  5 as the -cutting-average-median
®ltering. It is obvious that the -cutting-averagemedian ®ltering yields better ®ltering results than local
average ®ltering. Figure 4 shows the corresponding
images with the diagrams in Fig. 3. The image processed
with the -cutting-average-median ®lter is seen to be
clearer than that processed with the local average ®lter.
Some distortions of the information of interest in the
image inevitably occur during the image-enhancement
process. The main distortion is that the edge widths are
excessively enlarged. In this paper, it is experimentally
found that the minimum ®lter, which has the eect of
B02099
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darkening the overall image, is very useful in reducing
that distortion by shrinking the enhanced edge with
high grey levels. Compared with median ®ltering, minimum ®ltering will replace each pixel with the minimum
value instead of taking the median of the neighbouring
values.
3

IMAGE ENHANCEMENT

The purpose of image enhancement is to separate the
information of interest from the background in order
to make the image much more suitable for machine or
human analysis. In this paper, image enhancement
includes direction-operator enhancement and local
statistical characteristic enhancement. In general, the
grey gradient varies conspicuously along the direction
perpendicular to the edge of the image. An edge through
a point can be detected by comparing the average grey
levels in pairs of non-overlapping neighbours that meet
at the point. Here the relative orientation and the size
Proc Instn Mech Engrs Vol 214 Part B
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(a)

Fig. 5

(b)

(c)
Fig. 4 The original image of keyhole puddle and processed
images with deferent noise ®lters: (a) original image,
(b) image with average ®lter, (c) image with -cuttingaverage-median ®lter

of the neighbours will respectively determine the direction and the widths of the edges that will be detected
[11]. Therefore, if the direction factor is taken into
account in the image-enhancement process, the resulting
enhancement will be improved. In addition, because the
enhancement is only for the special directions of interest,
the interference of oxides and edges in other directions
can be restrained. Suppose that the point to be processed,
i; j, has the grey level f i; j and enhanced grey level
g i; j, with an enhancement window size of
2N  1  2N  1. As shown in Fig. 5, assume that
a straight line LL0 passes through i; j, making an
angle  with the horizontal line and dividing the enhancement window into two symmetric parts. Denote the
counter-clockwise of LL0 as left and the clockwise as
right, WinL represents the window on the left side of
LL0 and WinR represents the window on the right side
of LL0 , with each part containing 2N 2  N pixels. Then
g i; j  0;
g i; j  K SL ÿ SR ;

K SL ÿ SR  < 0
0 4 K SL ÿ SR  4 255

g i; j  255;
X
f k; l
SL 

K SL ÿ SR  > 255

k;l 2 WinL
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Sketch of the de®nition of the direction-enhancement
operator

SR 

X

f k; l

k;l 2 WinR

5

where K is the enhancement coecient and SL and SR
are respectively the sum of pixel grey levels in WinL
and WinR .
Convolute forms of the enhancement operators with
dierent directions are shown in Fig. 6. The direction is
de®ned by rotating LL0 908 clockwise. The original
image and images processed with the dierent direction
enhancement operators above are shown in Fig. 7. It is
shown that the enhanced results with the 08 and 1808
operators are not good. The enhanced result with the
2708 operator is better than those with the 08 and 1808
operators. However, the enhanced keyhole edge is
much too wide and has much distortion. The right and
left parts of the keyhole edge can be very nicely enhanced
with the 2258 and 3158 operators respectively. For both
parts, the enhanced area is much narrower and the
shape of the enhanced edge is more consistent with the
keyhole edge. The grey level contrast between the keyhole edge area and the background is high, the explanation for which lies in the fact that the 2258 and 3158

Fig. 6

Sketch of dierent direction±enhancement operators.
The directions of enhancement operators are (a) 08,
(b) 1808, (c) 2258, (d) 2708, (e) 3158
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Fig. 7 Original image and enhanced images with dierent direction enhancement operators: (a) original
image, enhanced images with (b) 08 operator, (c) 1808 operator, (d) 2258 operator, (e) 2708 operator,
(f ) 3158 operator

directions are much closer to the direction perpendicular
to the keyhole edge. Therefore, the keyhole puddle image
is divided into bilateral symmetrical parts, the left part
being enhanced with the 3158 operator and the right
part with the 2258 operator. Figure 8 provides the results
of the keyhole puddle images obtained for dierent keyhole sizes and K  2.
Image quality varies with the keyhole size; e.g. when
the keyhole size is larger or smaller it is dicult to distinguish the keyhole edge from the background in the area
where the keyhole edge crosses over the front edge of the
keyhole puddle. Although the contrast between keyhole
edge and puddle-front edge is improved by direction
enhancement, the contrast is often still not enough to
transform the enhanced images into binary-valued
images. Consequently, another image-enhancement
algorithm had to be developed to further increase the
contrast between the keyhole edge and the background.
Image enhancement based on local statistical characteristics is adaptive and can modify enhancement intensity
automatically according to the statistical features of the
pixel grey levels in the enhancement window. The adaptive algorithm is as follows: suppose that the enhancement window size is 2N  1  2N  1; f i; j and
g i; j are the normal and enhanced grey levels of the
pixel point i; j, mL is the average grey level of the
enhancement window and L2 i; j is the local variance.
B02099
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Then
jn
in
X
X
1
f k; l
2n  12 k  i ÿ n l  j ÿ n

mL i; j 
L2 i; j 

jn
in
X
X
1
 f k; l ÿ mL k; l2
2n  12 k  i ÿ n l  j ÿ n

g i; j  md 

d
 f i; j ÿ mL i; j
L i; j

6

where md represents the standard local average grey level
and d the standard local variance. The algorithm above
needs 3  2n  12 addition/subtraction operations and
2n  12  4 multiplication/divison operations to process
one pixel. Thus, the number of computations is quite
large and improvements need to be made for speed and
eciency. One improved algorithm is as follows:
jn
in
X
X
1
mL i; j 
f k; l
2n  12 k  i ÿ n l  j ÿ n
g0 i; j  mL i; j  Kj  f i; j ÿ mL i; j
g i; j  0;

g0 i; j < 0

0

g i; j  g i; j; 0 4 g0 i; j 4 255
g i; j  255;
g0 i; j > 255

7
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(a)

(b)

(c)

(d)

(e)

(f )

Fig. 8 Direction-enhancement results of keyhole puddle image: (a) original image with a large keyhole, (b)
enhanced result of (a), (c) original image with a median keyhole, (d) enhanced result of (c), (e) original
image with a small keyhole, (f ) enhanced result of (e)

where Kj is the ratio of the standard local variance to the
original variance and is greater than 1. With the
improved algorithm, the number of calculations is
reduced to 2n  12  1 addition/subtraction operations
and two multiplication/division operations to process
each pixel.
The steps involved in this novel approach are: (a) cutting-average-median ®ltering with a 5  5 window
size, (b) direction enhancement with a 5  5 window
size, (c) -cutting-average-median ®ltering with a 5  5
window size, (d) minimum ®ltering with a 3  3
window size, (e) local statistical characteristics enhancement with an 11  11 window size, (f ) binary-valued
imaging with the grey level threshold set at 128. The
corresponding images with a large-size keyhole are
shown in Fig. 9.
4

EDGE TRACING

The coordinate system of the image is as shown in Fig.
10. The whole image is divided into two parts by the
line x  x0 . Let xL ; yL  and xR ; yR  respectively
denote the left and right end-points of the visible keyhole
edge. Also, let x0  xL  xR =2. It is shown, from the
binary-valued image of the keyhole puddle, that the
Proc Instn Mech Engrs Vol 214 Part B

keyhole edge is bilateral, symmetrical and continuously
decreases in the y direction along the keyhole edge as
jx ÿ x0 j decreases. The edge-tracing algorithm is as
follows:
1. Detecting xL ; yL 
Scan from left to right and from top to bottom; if the
grey level of point x; y is equal to 255, temporarily
take this point as the beginning point of edge tracing.
Then scan on line x  x  1 from y  y  5 to y  0.
The ®rst point with grey level 255 is de®ned as
x  1; y1 . Pursue the scan on line x  x  2 from
y1  5 to y  0. The ®rst point with a grey level of 255
is de®ned as x  2; y2 . In like fashion, sequentially
scan until x  x  20. If the condition y > y1 5
y2 5    5 y20 is true, the ®rst point x; y is de®ned as
xL ; yL .
2. Detecting xR ; yR 
Scan from right to left and from top to bottom. If the
grey level of point x; y is equal to 255, temporarily
take this point as the beginning point of edge tracing.
Then scan on the line x  x ÿ 1 from y  y  5 to
y  0. The ®rst point with grey level 255 is de®ned as
x ÿ 1; y1 . Pursue the scan on the line x  x ÿ 2 from
y1  5 to y  0. The ®rst point with grey level 255
is de®ned as x ÿ 2; y2 . In like fashion, sequentially
B02099
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(d)
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Fig. 9 Images in dierent steps of the image processing: (a) -cutting-average-median ®ltered, (b) direction
enhanced, (c) -cutting-average-median ®ltered, (d) minimum ®ltered, (e) local statistical characteristics sharpened, (f ) binary image

proceed until x  x ÿ 20. If the condition y > y1 5
y2 5    5 y20 is true, the ®rst point x; y is de®ned as
xR ; yR .
3. Calculating the x0
Because the keyhole edge is symmetric about line x  x0 ,
x0 can be calculated as follows:
x0  xL  xR =2

8

4. Visible keyhole edge tracing
The whole image is divided into two parts by line x  x0 ;
in the left part, point xL ; yL  is taken as the starting
point. The tracing method sequentially detects the grey

x0

0

x

y0

(xL,yL)

(xR,yR)

y
Fig. 10 Sketch of a visible keyhole edge-tracing
B02099
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levels of points xL  1; yL , xL  1; yL ÿ 1 and
xL ; yL ÿ 1, and then assigns the traced point to the
®rst point with grey level 255. The traced point will be
the starting point and the steps above are repeated
until x  x0 . In the meantime, in order to avoid the
edge-tracing interruption caused by the keyhole edge discontinuity in the binary-valued image, the following step
is taken: if the point with grey level 255 cannot be found
in the neighbourhood of an edge point x; y, then point
x  1; y is taken as the traced point of the keyhole edge.
In the right part, point xR ; yR  is taken as the starting
point. The tracing method sequentially detects the grey
levels of points xR ÿ 1; yR , xR ÿ 1; yR ÿ 1 and
xR ; yR ÿ 1 and then assigns the traced point to the
®rst point with grey level 255. The traced point will be
the starting point and the steps above are repeated
until x  x0 . If the point with grey level 255 cannot be
found in the neighbourhood of an edge point x; y,
then point x ÿ 1; y is taken as the traced point.
5. Edge-tracing modi®cation
Because the processing parameters are constant, part of
the information of interest may be lost in the imageenhancement and image-binarizing processes, especially
when the quality of the acquired image is poor. This
makes an additional conditioning step necessary. Since
the keyhole edge is symmetric, yL and yR should be
Proc Instn Mech Engrs Vol 214 Part B
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(a)

(b )

(c )
Fig. 11 The binary-valued images of the keyhole puddle combined with the visible keyhole edge-tracing
results: (a) image with a large keyhole, (b) image with a medium keyhole, (c) image with a small
keyhole

approximately equal. If the dierence between yL and yR
is very big, the smaller one is likely to lose some information. The intermediary step consists of evaluating the
dierence between yL and yR and, should that dierence
be greater than 5, replacing the smaller one with the
larger one and extending the smaller one in the 2258 or
3158 direction according to its position relative to
x  x0 . The binary-valued images of the keyhole
puddle combined with visible keyhole edge-tracing
results are shown in Fig. 11. The original keyhole
puddle images combined with visible keyhole edgetracing results are shown in Fig. 12.

xR ; yR  and x0 ; y0 , as shown in Fig. 12. The area is
de®ned as the number of pixels in the visible keyhole
area; the width is de®ned as xR ÿ xL , whereas the
height is de®ned as yL  yR = 2 ÿ y0 . The de®nitions
of the geometric information are as shown in Fig. 13.

5

IMPROVING THE IMAGE-PROCESSING
SPEED

The image-processing speed depends on
of calculations to be performed and
enhancement algorithm. For example, if
size is 11  11, the number of calculations

In this paper, the geometric data of a visible keyhole
include the visible keyhole area, width, height, xL ; yL ,

(a)

the number
the imagethe window
for the local

(b)

(c)
Fig. 12 The original keyhole puddle images combined with the visible keyhole edge-tracing results: (a) image
with a large keyhole, (b) image with a medium keyhole, (c) image with a small keyhole
Proc Instn Mech Engrs Vol 214 Part B
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visible keyhole
area
(xL , yL )

Sl  Sl ÿ f i0 ÿ 5; l  f i1  5; l

(x0 , y0 )

SUM i1 ; j0  

height
(xR , yR )
width

mL i1 ; j0  

jX
0 5
l  j0 ÿ 5

Sl

SUM i1 ; j0 
121

Fig. 13 Sketch of geometrical sizes of a keyhole puddle

statistical characteristics enhancement with the traditional method requires 121 addition/subtraction operations and one division operation; if the window size is
5  5, the number of calculations for the directionoperator enhancement with the traditional method
requires 25 addition/subtraction operations, 25 multiplication operations and two comparison operations. The
following steps are taken to reduce the number of calculations during the enhancement process.
Suppose that the image-processing sequence is from
top-left to bottom-right, with a window size of 11  11
for the local statistical characteristics enhancement. Let
the coordinate of the ®rst point that will be processed
be i0 ; j0 , Sl the sum of grey levels in the ®rst column
of the enhancement window, SUM i0 ; j0  the sum of Sl
and mL i0 ; j0  the average grey level of the neighbours
of pixel i0 ; j0 . Then
Sl 

iX
0 5

f k; l;

l 2 j0 ÿ 5; j0  5

k  i0 ÿ 5

SUM i0 ; j0  
mL i0 ; j0  

jX
0 5
l  j0 ÿ 5

Sl

SUM i0 ; j0 
121

9

The number of calculations is 121 addition/subtraction
operations and one division operation. Because only
one column of pixels has been changed when the next
pixel i0 ; j1  is processed, column j0 ÿ 5 is replaced by
j1  5 in the enhancement window, resulting in
Sj1  5 

iX
0 5

503

f k; j1  5

k  i0 ÿ 5

11

The number of calculations performed is 33 addition/
subtraction operations and one division operation. The
average number of calculations for each pixel is approximately 14 addition/subtraction operations and one
division operation.
As to direction-operator enhancement, since the
element of the direction-operator is either K or 0, K
can be extracted from the matrix, reducing the number
of calculations to ten addition/subtraction operations,
one multiplication operation and two comparison operations. With the steps above, the image processing can be
accomplished in 220 ms using a 166 MHz PC-586.
6

CONCLUSIONS

In summary, the
-cutting-average-median ®lter
designed in this paper can reduce the noise while
eectively retaining edge details. The combination of
image enhancements based on special directionoperators and local statistical characteristics provides
strong ¯exibility, and satisfying enhancements are
obtained in spite of the image quality. The edge of a
visible keyhole can be extracted accurately through the
tracing algorithm that has been presented in this paper.
By optimizing the algorithm, the image processing
speeds can match those required for real-time operating
conditions.
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