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X-ray Film by Image Processing
Applied Genetic Algorithm*

Kimiya AOKI** and Yasuo SUGA***

Several types of non-destructive testing methods are used for detecting weld
defects. Because the X-ray radiographic testing method is particularly useful in
inspecting the inside of a weld metal, it is often used in industry. However, since the
number of skilled inspectors for X-ray radiographic testing has been gradually
decreasing, recently, several methods to detect weld defects from films automatically
have been investigated to improve the quality of the detection results. However, X-
ray film images contain much noise, and defect images show very low contrast and
various shapes in spite of the same kind of defect. Moreover, boundaries between a
defect image and the background are unclear, making it difficult to automate the
inspection of X-ray films. If the type of defect image were to be judged by an expert
system or a neural network which learns the rules of professional inspectors, the
boundaries of the defect image would have to be detected in a manner similar to
recognition by a human’s (or an inspector’s) sense of vision. Therefore, in this study,-
a new image processing method applied genetic algorithms that were a method of
optimization, was constructed and applied to the detection of defect boundaries in
detail.

Key Words: Welding, Image Processing, Nondestructive Inspection, Weld Defects,
X-ray Film, Genetic Algorithm '

ly®™, In this method, brightness distribution corre-

1. Introduction . . . . .
! sponding to a welding reinforcement is initially deter-

Detecting weld defect images on X-ray inspection
films taken from a steel welding part is a difficult
image-processing problem, because X-ray films con-
tain much particulate noise and show low contrast,
defect images show various shapes in spite of the
same kind of defect, and boundaries between the
defect image and the background are unclear, among
others. We proposed the “background subtraction
method” for detecting an unclear defect image clear-
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mined as the background image, and then the defect
image is detected by subtracting the background
image from the original image. This method enables
the determination of the existence, location, and shape
of defect images in X-ray film images. Moreover, in
the case of a fully automated inspection system, judg-
ment of the type of detected defect image must be
automated. For the judgment of defect type, methods
that employ a neural network and an expert system
have been proposed®-®. In those methods, knowl-
edge based on defect information: location, bright-
ness, shape and so on, which expert inspectors use at
the time of judgment, is summarized as the rule.

In the case of an automatic inspection system for
X-ray films by image processing, first of all, the
syétem must recognize the existence, location and
shape of a defect image. Accordingly, various
methods including the background subtraction method
have been proposed¥-®. However, the expert system
or the neural network learning the rule of professional
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inspectors during visual inspection is utilized for judg-
ing the type of detected defect image, in which case
the detailed shape of the defect image is detected.
That is to say, in order to improve the type judgment
rate, it is necessary to detect the unclear boundary of
the defect image in a manner similar to recognition by
a human’s sense of vision. Therefore, in this study, we
focused on detecting the shape of weld defect images
in a domain where the existence of defect was expect-
ed by pre-processing. First, we pointed out that
comparatively uncertain processing based on the
human’s pattern recognition system enabled visual
detection of defect boundaries. Then, we considered
the human’s visual and proposed top-down image
processing. Concretely, in the proposal method, many
patterns having various shapes are superimposed on
an original X-ray image, and the most suitable one is
chosen as the defect shape. In order to perform this
search process efficiently, the genetic algorithm (GA)
was applied for pattern generation and selection.

2. X-ray Images Taken from Steel Welding Part
and Experimental Setup

The relationship between weld beads and X-ray
films is shown in Fig. 1. X-ray inspection is one of the
known non-destructive inspection methods. Record-
ing the X-ray dosage transmitted through a weld part
on a film shows the inside of the weld metal. By X-
ray inspection, the reinforcement is taken as a white
area, and if a defect exists in a weld bead, it appears
on the bead image as a shadow (local low-brightness
area) according to its size, shape, density and type.
X-ray films used in this study are acquired by X-ray
inspection of welded joints of steel pipes obtained by
the submerged-arc welding process. These film
images are digitized and processed by the image
processing system shown in Fig.2. The image scan-
ner, which has a lighting unit for transparent film, and
a personal computer make up the film inspection
system. According to the general size of weld defects,
the resolution of image data is 480 dp: and the gray
scale is 256 levels (8 bit). Therefore, the spatial reso-
lution is approximately 0.053 mm per pixel.

3. Characteristic of Defect Images

3.1 Characteristic of X-ray film images

Figure 3 shows an original image including a
blowhole and its brightness distribution. X-ray films
have low contrast, contain much particulate noise and
have an uneven background in general. Defect images
are mixed with the brightness distribution correspond-
ing to reinforcement. These factors make detection
of defect images difficult. Also, defect images have

various shapes, sizes and degrees of brightness in spite
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of the same kind of defect. Moreover, the boundary
between defect images and the background focused in
this study is extremely unclear. Thus, these factors
may lead to differences in shape between defect
images detected by automatic image processing and
that by a professional inspector’s visual test.

3.2 Conditions for detection of defect bound-
100 hy wviciinl sense

aries by visual

Figure 4 shows binary images obtained by binar-
ization of original images. From Fig.4(b), it is
confirmed that the detection of defect images is
difficult by only simple binarization because of the
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uneven brightness distribution due to reinforcement.
The main point is that boundaries are detected with
particles. Moreover, when the defect image shows
low contrast globally as shown in Fig.4(c), the
whole image is detected as a set of particles. Then,
the threshold for binarization is gradually changed,
and a defect image is observed. Figure 5 shows an
example of this experiment. When the threshold is set
at 165, the defect image appears as a high-density
region of white particles. As the boundary, the thresh-
old that facilitates pattern recognition differs accord-
ing to the local section of the boundary.

From Fig. 5, it is shown that X-ray film images
contain much particulate noise and defect images are
also composed of lower brightness particles (pixels).
The density and brightness of particles seem to affect
the detection of the boundary on each local section. In
a visual test by inspectors, a smooth boundary line
seems to be drawn, separating the defect area from
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Fig. 4 Characteristic of defect image
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Fig. 5 Characteristic of defect image
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the background according to the density and bright-
ness of particles, and the defect pattern is recognized.

As mentioned above, the distribution and the
brightness of particles (pixels) in film images provide
information for the detection of defect images. There-
fore, if a local image processing method such as
spatial filtering, or morphological operation is applied,
the detection result may be different from the visual
impression because particle information is destroyed.
Accordingly, in this study, image processing not by the
bottom-up method in which defect images are detect-
ed as a result of combining local processing of each
pixel, but by the top-down method was adopted. That
is to say, many patterns prepared beforehand are
superimposed on an original image including a defect
image one by one, and the most well-fit pattern as the
defect image is chosen. This is the top-down method.

4. Applying GA to Image Processing for Defect
Shape Detection

4.1 Outline of processing

The basic idea of the proposed algorithm is that
many patterns having various shapes are super-
imposed on an original image, and the most well-fit
one is chosen as the defect shape. The detection of a
smooth boundary line in particles becomes possible by
fitting patterns. However, the shapes defect images
may take vary and the fitting process is difficult. In
order to realize search processing, genetic algorithm
(GA)“® which has been used in computer science as
one of the optimization methods, was applied. In
applying GA, the important tasks are as follows: the
method for cording phenotype (a defect image pat-
tern) to genotype is defined ; the evaluation rule for
fitness between a pattern with an arbitrary shape and
a defect image is defined ; a detection system using
GA operation is constructed in order to realize good
search.

In this study, the processing window is set on a
bead image containing a defect, as shown in Fig. 6.
The size of the window is 128 pixels square. The base
point C is set at the center of the processing window.
The defect image may be a closed region including the
base point C. The searching process of the boundary
line consists of the three main steps. In the first step,
a defect area is detected roughly using elliptical pat-
terns. In the second step, the defect image is detected
as a polygonal pattern in the elliptical pattern detect-
ed at the first step. In the third step, concaves and
convexes of the polygonal pattern detected at the
second step are adjusted delicately at many points on
the sides in order to detect the defect boundary with
higher resolution. Different methods of coding and
fitness calculations are defined for each step, and
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effective search is realized. The processing and
definitions are described below.

4.2 Definition of fitness

It is important that an evaluation rule for the
matching rate between a pattern with an arbitrary
shape and a defect image be defined, as shown in Fig.
7. This rate is “fitness” in GA operation. Two fitness
calculation rules based on the conditions for the recog-
nition of a defect image (as mentioned in section 3)
were proposed.

First of all, the base value of contrast Sease in the
processing window is calculated. Brightness values
belonging to the processing window are sorted. Then,
the average values of brightness belonging 1/4 of
higher rank and lower rank respectively are calcu-
lated, and their difference is defined as Sease.

4.2.1 Fitness 1 Figure 7(b) shows the area
setting for the calculation of fitness of particles com-
prising the whole area of the pattern. The inside area
of the fitted pattern is defined as area A, and the
surrounding area is set around area A by means of
dilation processing at & times and defined as area B.
The value d is adjusted so that area A and area B
become approximately equal. If the fitted pattern is
similar to a defect shape in the processing window, the

Fig. 6 Previous processing
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Fig. 7 Definition of fitness
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lower brightness particles in area A will have a bigger
influence on the recognition of the defect image than
the higher one. Therefore, the local minimum filter
(mXxXm) is applied to area A, and the local median
filter is applied to area B for decreasing noise as
background. Then, the average brightness values are
calculated in both areas, and difference between these
average values is divided by Ssese and defined as
fitness. At this time, to decrease global brightness
unevenness on the background, the area of the pattern
is divided into four parts, as shown in Fig. 7(b) and
fitness is calculated for each part. Finally, the four
fitness values are averaged and that is fitness 1. The
higher fitness 1 is, the higher the contrast of the fitted
pattern is, and the closer to a defect image it is. The
calculation rule of fitness 1 is summarized as follows.

lf ((Ef—med_zqf-mln)>0)
fitness 1= (Br.mea— As.min) [Soase
else
fitness 1=0.000 000 (1)

Figure 8 shows the validity of fitness 1. First, the
defect image in the original image (a) is detected by
visual method on a display (Fig. 8(b)). Dilation and
erosion processing are applied to the detected defect
pattern and the generated patterns are labeled ‘E5
~D5’. An experiment is conducted compare fitness 1
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calculated by Eq.(1) with the simple matching rate
(contrast between area A and area B) calculated
without the filtering process on each labeled pattern.
The result of this experiment is shown in Fig.8(d).
In every case (E5~D5), fitness 1 is higher than the
simple matching rate. In particular, because of the
effect of local filtering, the fitness value increases if
the fitted pattern does not match slightly, so the
search progresses smoothly. Using the proposal
fitness 1, even if the contrast of defect images is very
low, it is possible that defect shapes close to visual
inspection are detected.

4.2.2 Fitness 2 Figure 7(c) shows the area
setting for calculation of fitness of particles compris-
ing the adjacent areas of a boundary line. The outside
and inside areas are set on both sides of the fitted
pattern by dilation (d times) and erosion (e times)
processing. The inside area is indicated by A and the
outside area, by B. The local minimum filter (n2 X m)
is applied to area A, and fitness 2 is calculated in the
same manner as fitness 1. The calculation rule of
Sfitness 2 is summarized as follows.

if (B—As.mn)>0)

fitness 2=(B— As.min)/Ssase
else
fitness 2=0.000 000 (2)

Fitness 2 responds only to particle distribution at
the area adjacent to the boundary line and can evalu-
ate the pattern’s outline more precisely than fitness 1.
However, because a search result may get trapped
into local solution in the case of irrelevant application,
it is necessary to limit the search area to the area
adjacent to the boundary line.

It is possible to adjust change sensitivity of fitness
to a pattern shape using filter size m. Thus, the
adjustment of m with the progress of search steps
enables calculation of adequate values as fitness.

4.3 Coding pattern

A method that codes phenotype to genotype is
important in GA. In this study, because the search
object is a candidate for a defect shape, the phenotype
is a binary pattern expressing a defect image. The
coding methods for each search step are explained
below.

4.3.1 Focusing search area by elliptical pattern
(GPI) Figure 9 shows the relationship between
phenotype and genotype at the first search step. A
defect area is detected roughly using elliptical pat-
terns and the search area in later steps is limited.
From Fig.9(a), the elliptical pattern used in search-
ing has five parameters: coordinates [(7cent ; [0= #cene
2 R.]), (Bcent ; [0= Ocens £27])] of the center point C’,
lengths of the major and minor axes (g, ) ; [ab-min
=(a, b)= ab-max}, and rotation angle ro: ; [0= Groc <
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m). These parameters are converted into binary
numbers and combined. This bit line is defined as a
chromosome. The bit length for each parameter is
B-7cent, B-06cent, B-a, B-b, and 5-0Oro: bit, respectively.
In decoding, each section in the chromosome corre-
sponding to each of the parameters is converted into
a decimal number and normalized with parameter
ranges. This operation is given by the equations
below. In these equations, ( ). indicates binary
number and ( )i, decimal number.
(7'cent ; B—roent)z_’(rc/ent)lo

7cent:(7c,ent /(ZB_rcem_l))'Rc ( 3 )
( Ocent ; B- 6cent)2 - ( 6éent)1o
ecentz(eéent /(23-602’”_1))‘271' ( 4 )

(a H B-a)2—~(a o
a=ab-min+(a'/(2-°—1))-(ab-max — ab-min)
(5)
(b 5 B—b)z—’(b')lo
b=ab_min+(b’/(2*-°*—1))-(eab-max — ab_min)
(6)
(Brot; B—grot)_’(e;ot)w
6rot;(6;ot/(25_8r°‘_l)) T ( 7 )
The elliptical pattern searches the processing
window for the defect region by changing its center
point, major and minor axes and rotation angle.
Finally, dilation processing is applied d-Rou.: times to
the elliptical pattern chosen as the candidate for the
defect region and this pattern is defined as the limited
search area in the second step.
4.3.2 Rough search by polygonal patterns
(GP2) Figure 10 shows the relationship between
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phenotype and genotype in the second search step. A
defect shape is detected roughly using polygonal pat-
terns with » apexes. First, from Fig. 10(a ), tentacles
R: (baselines) radiating from the center point C’ are
set. Apexes belonging to the polygonal pattern are set
on each tentacle. The section that the apex #: is set
on, is limited to [Ri~Rou:]. The apexes have two
parameters: (7:, 0:).7:; [Rin=7:< Rouu:) is R: direc-
tion length and 6;; [— -6 < 6;< + a_60] is swing angle
from the initial position. These parameters are
converted into binary numbers and the bit lengths for
the two parameters are B-7:, and A-8 bit, respective-
ly. These bit lines are combined and defined as the
chromosome corresponding to apex #:. It is noted
that the search limitation Rou differs for each apex
n:, because the search area is limited by the ellipse.
Therefore, bit length B-7: is adjusted adequately for
. each tentacle. The chromosome for arbitrary
polygonal patterns is constructed by combining #» bit
lines for apexes. The above operation is given by
below equations and the decoding process is the same
as that of GPI.
(7’-': B-Vi)z—’(rf)lo
ri=Rin+(7!/(257—1)-(Roue,— Rin)
(gi; 5-0)2—'(51")10
0:=((6//(25-°—1))-2a-0) — -6 (9)
Lines connect apexes and the polygonal pattern is

(8)
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constructed. At that time, smoothing is applied in
order to eliminate an extremely acute angle, as shown
in Fig. 10(b). In calculating the new coordinate of
the apex, the apex adjacent to it has a bigger influence
by parameter y. The smoothed 7: is given below by
equations as 7:-S.

¥i-S =(7’-1 it yerity 2 7’i+1)/(7+ -1+ 7’—2)

7-1=(0.5/a. 6) 6:.1+1.0

7_2=-—(0.5/a_8)°t9,~+1+1.0 (10)

4.3.3 Detection of defect shape in detail (GP3)

Figure 11 shows the relationship between phenotype
and genotype in the third search step. A defect shape
is detected in detail by changing the polygonal pattern
obtained in the second search step. That is to say,
concaves and convexes of the polygonal pattern
detected by GPZ2 are adjusted delicately at many
points on its sides in order to detect the defect bound-
ary with higher resolution. First, from Fig. 11(a), »’
tentacles R; radiating from the center point C’ are set,
and then the length 7.-s between the point where the
tentacle crosses the pattern outline and point C’ is
determined. The polygonal pattern shape is adjusted
slightly by adding 47:; [—a-dr:£4r;£+a-d7.] to
7:-s. This 47; is converted into binary numbers
whose length is 2_47; bit, and the chromosome for the
degree of regulation is constructed by combining #’
bit lines. The range of regulation @-47; is set at
approximately ten percent of »:-s. 4v;: is given by the
equations below.
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(A?’i; ﬂ-d?’)z—’(d')’.{)lo
Ari=({(47]](2°-9"=1))-2a-d7:) — a-dr: (11)
The number of tentacles increases or decreases
with the length of the adjusted outline, that is, the
length of the chromosome also changes. When the
apexes are connected and adjusted, the polygonal
pattern is constructed, and smoothing is also applied.
Smoothed (7:-s+47:) is given by the equation below.
(rees+Ar)_s=(ric1es+ dric) + y(#ies + A7)
+(7’i+1—S+A7’i+1))/(7+2) (12)
4.4 Rule of selection, crossover and mutation"®
4.4.1 Selection The number of individuals
being searched is P. In generation, individuals are
arranged according to fitness values, and those in the
lower rank [(1—s-7ate) X 100%] are eliminated. Then,
a couple is chosen from the higher rank at random,

and a new individual is reproduced by crossover

operation. The number of individuals is constant.
Using this selection method, a reasonable solution is
realized within a short time.

4.4.2 Crossover and mutation Uniform cross-
over is adopted for crossover operation in this study.
In uniform crossover, bit values of children chromo-
somes are succeeded on each locus from parents A
and B with succession rates [c-rate ; A, (1—c-rate);
B], respectively, and so the locus having a different bit
value between parents A and B in the children chro-
mosome is only adjusted at random in proportion as a
crop of individuals converges. Therefore, because
each section in the chromosome corresponds to apex’s
coordinates of a polygonal pattern generated by the
proposed definition of coding (GP2 and GP3), it may
be expected that patterns having various shapes are
generated in the early generation and the outline is
adjusted delicately with progress of generation.

Concerning mutation operation, the bit value is
turned over 0 to 1 or 1 to 0 on each locus by the
mutation rate [m-rate], which decreases gradually on
searching.

4.5 Processing flow

Figure 12 shows the entire processing flowchart.
As mentioned above, the process of searching for a
boundary line consists of three main stages. In the
first stage, a defect area is detected roughly by GPI ;
the defect image is approximated by a polygonal
pattern by GPZ2 in the second stage; and finally, the
defect shape is detected by GP3 in the third stage.
First of all, the processing window and the base point
C are set in the input X-ray film image.

The common GA operation unit is used in all
stages. First, P individuals are generated at random
with bit lines as chromosomes. Then, each
individual’'s chromosome is decoded to the pattern as
the phenotype and given fitness values, and the individ-
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Fig. 12 Flowchart of image processing-using GA

uals are arranged according to their fitness values.
Moreover, selection, crossover and mutation opera-
tion are carried out in sequence, and the individuals
are evaluated by the fitness. This unit of search
processing is performed by the initial number of
maximum generation G on each stage.

Because the first stage is roughly searched by
GP1 to focus on the search area, fitness 1 is used for
evaluation of individuals (elliptical patterns). In the
second stage, GP2 is applied to the individual with the
highest fitness value given in the first stage, and is
used for calculating the fitness value combining fifness
1 and fitness 2. In the third stage, GP3 is applied to
the individual with the highest fitness value given in
the second stage, and only fitness 2 is used because in
this stage, search is limited to the neighborhood of a
defect boundary.

5. Effect of GP Change

If a higher search accuracy is required, it is
necessary to increase the resolution of a polygonal
pattern by increasing the number of tentacles and
digitization of the tentacles. However, increasing the
resolution means increasing the length of a chromo-
some and an explosive expansion of the number of
search patterns, because the search area is not focused
in the early stage. In this study, gradual processing
from global search to local search and from rough
search to detailed search is realized without increas-
ing the length of the chromosome by means of GP
change on search. Detection resolution finally
becomes higher. After the first stage (GP2 and GP3),
the chromosome length changes according to the
pattern sent from the former stage ; thus, search time
is shorted in the case of a small defect. Moreover,
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Table 1 Search conditions

(a)Fitness

Size of processed area S=128X128pixels

fitness 1

fitness 2

Dilation d areaB>=areaA

Dilation d=3times Erosion e=3times

Size of filter ml=7pixel m2=5pixel m3=3pixel

(b)First_stage .

Genotype and Phenotype GP1

GA operation

Bit length
B _reent=3bit B _ 8 cem=6bit
.B _a=4bit B _b=4bit
B _ 0 ra=6bit

chromosome length=23bit
Search limits
Eent;0~10pixel
a, b;15~45pixel
0 rot; 0~ n
Dilation d_Rour=10times

Ocent;0~2 1t

Population P=50
Selection s_rate=0. 4
Crossover c_rate=0.5

Mutation m_rate=0. 05
~0. 00
Max. generation G=30

(C)Second stage

Genotype and Phenotype GP2

GA operation

Feeler Ri n=12
Bit length
B _ri=1~4bit B_6=2bit
chromosome length=36~72bit
Search limits
ri;5~55pixel 9 i;-5~+5°
Smoothing weight vy =2or3

Population P=50
Selection s_rate=0. 4
Crossover c_rate=0.5

Mutation m_rate=0.05
~0. 00
Max. generation G=50

Fitness weight £ =0.8

(d)Third stage

Genotype and Phenotype GP3

GA operation

Feeler Ri n=12~24
Bit length

B_Ar=2bit

chromosome length=24~48bit
Search limits

Ari,ri_sXO0. 2pixel

Smoothing weight vy =2

Population P=50
Selection s_rate=0. 4
Crossover c_rate=0.5

Mutation m_rate=0. 05
~0. 00
Max. generation G=50
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according to the search stage, fitness 1, which can
evaluate more globally, and fitness 2, which is used in
local evaluation, are combined, and the local filter size

.m is reduced in order to obtain an adequate fitness

value for the search resolution.
6. Estimation of Algorithms

The proposed algorithm mentioned above was
applied to 25 film images obtained by actual X-ray
inspection. The search conditions are shown in Table
1. Detection of defect shape was successful in about
23 of the 25 film images. Figure 13 shows examples of
detection results. Although it was difficult that the
defect image including compatibly high brightness
cluster of particles was detected with shape close to
visual impression, good results were obtained for
other defect images in Fig. 13.

It is possible to generate 23 bit, 72 bit and 48 bit
patterns in the first, second and third stages, respec-
tively, under these search conditions (Table 1), and
detection can be completed by searching of less than
about 4000 patterns in total. As mentioned above, it is
confirmed that the proposed image processing apply-
ing GA can effectively detect the outline of a defect in
X-ray images.

Original

Stage 1

Result
(Binary)

(a)

(b)

(c)

(d)

(e)

Fig. 13 Effect of processing
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7. Conclusion

In this study, we proposed an image processing
method applying GA, which enabled detection of a
defect in X-ray images with close to visual inspection,
and showed its effectiveness by experiment. The main
results are summarized as follows:

(1) It was shown that defect images in X-ray
films were composed of local lower brightness parti-
cles. The distribution and brightness of particles in
the film image provide information for the detection
of the boundary between the defect image and the
background.

(2) Asa method of detecting defect image, GA in
which the most well-fit pattern is selected from many
arbitrary patterns by evaluation of particle distribu-
tion was proposed. It makes detection of a defect
boundary close to that by visual inspection possible.

(3) Two methods for the evaluation of matching
rate (fitness) between an arbitrary pattern and a
defect image were proposed. In these fitness calcula-
tion methods, in order to evaluate the density and
brightness of particles adequately, different types of
local filters are applied inside and outside the pattern,
respectively.

(4) Methods for coding an arbitrary pattern to a
bit line were proposed. Gradual processing from
global search to local search and from rough search to
detailed search was realized without increasing the
length of the chromosome by GP change on search.

(5) An experiment on the detection of a defect
from actual X-ray inspection film was performed, and
the validity of the proposed algorithms was shown.

If the type of defect that was obtained by the
proposed image processing were judged by means of a
conventional system for discriminating the type of
defect, an improvement of recognition rate would be
expected. Then, the performance of the automatic
film inspection system would be improved.
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