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Visual inspection method involves personal errors in evaluating according to the observer's knowledge and
experience In painting and paint. This study cansiders that. the quantitative evaluation of paint film deteriamtion
would be possible by using image processing technology and by selecting gray-scale morphology processing from
among existing image processing techniques. To examine its practicability, an extraction test was conducted on
13620 photographs of actual bridge paint film . This test extracted deteriaration from paint film images and
calculated its area ratio. As a result, the test showed the possibility of quantitative evaluation of the deterioration

and estimating the time to repaint using it.
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1. INTRODUCTION

In order to evaluate deterioration of steel bridge
paint film, visual mspection is currently the most
widely used method. This method uses a standard
chart of the degree of paint film deterioration Gor
example, ASTM-DB10/SSPC-Vis-2-681) ¥ and indicates
results from a comparison with a standard chart as the
percentage of deterioration or rating number. While
this method is easy, it is not free from personal errors
due to difference in experience or subjective point of
view, even with skilled observers ? . Recently, the
mage processing technology has been studied to
compute the deterioration quantitatively through
image data various positions of steel surfaces.

The image processing technology has already been
employed for automatic inspections, screening and
other processes of industrial products.  Since an image

"This paper is translated into English from the Japanese paper,
which origimally appeared on J. Struct. Mech. Earthquake
Eng, JSCE, No.59%/ 1-44, pp.8596, 19987,

has a large amount of data, supercomputers or
specified image processor has been used because of
their processing speed, capacity and the like. However,
recent small, general-purpose computers have achieved
a higher performance and a lower price.  As a result,
image processor with high quality became available
with personal computers, and consequently, the
number of applications for image processing technology
in the field of anti-corrosion measures has been
Increasing.

As a method to evaluate the weatherproof
properties of stainless steel, for example, Nakata et
al.? % and Mutoetal® ” ¥ analyzed geometrical
features of rust using image processing.

Nishimura et al.”" ' developed equipment for
automatic image analysis of rust on stamless steel
surfaces. Shima et al.'” developed image processing
software for quantitative evaluation of rust on stainless
steel. Sato et al.'? and Kondo et al.'? applied image
processing to rust analysis of plating materials and to
corrosion and damage analysis of pipelines respectively.
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Yamamoto ' '¥ used aerial photographs for
evaluating the damage of building roofing materials
and analyzed corrosion morphology in  three
dimensions.

In the methods of Nakata et al, Muto et al. and
Nichimura et al., the subjects for photographs used as
objects for image processing were limited to small test
pieces, and a fixed CCD camera was used to input
image. To achieve uniform lighting and to keep color
tone constant, indirect llumination was used. In
addition, a scale used for quantitative evaluation of
deteriorated parts had to be taken in the same
photograph. Likewise, the method by Shima et al.
used indirect illumination to prevent reflection on the
surface of all subjects.

Because bridges are outdoor structures, it is difficult
to photograph them through a fixed focal length lens.
In addition, nonumiformity in lighting can occur on the
surface of paint film under sunlight and artificial
illumination like strobe lights during photographing.
Tt is difficult to exclude a shadow by other sections of the
bridge or stains on the surface of paint film.

In the method of Sato et al, pamted steel
specimens were deteriorated with sea water artificially,
and photographed by a color video camera under
appropriate illumination. While observing each test
piece on the monitor, they adjusted displayed color tone
until the color tone matched the actual corrosion.
Through thresholding of the matching image, they
derived an area ratio of rusting (%). However this
method requires long inspection time and much
experience, because an inspection must attain a match
n color tones while observing the monitor.

Yamamoto used full color image processing to
extract deteriorated parts according to color differences.
However, it is difficult to extract deteriorated parts
without the premise that color development of each
colors is uniform at least within an image. However,
as discussed before, it is very difficult to take pictures of
uniform color tone in outdoor bridge structures.

In the method by Kondo, an inspection robot with
ultrasonic inspection equipment obtains data while it
runs inside a pipeline, and the data is analyzed by
image processing. But, Kondo's ooncept of image
processing is different from this study where the object
which is photographed and images of deteriorated
parts are taken by a video camera.

As discussed above, photographing methods or
image processing methods used in previous studies are
thought to be impractical for inspecting painting of
outdoor bridges.

Therefore, we have developed and reported a
"paint film deterioration diagnosis system % 17"
which performs a diagnosis of paint film deterioration
from the image information of paint film surface. This
article reports specifically about the extraction
technique of deteriorated part necessary for
quantification of paint fim deterioration. This report
mainly discusses  image processing  technology,
especially about gray-scale morphology processing.

2. DIFFERENCE BETWEEN SIMPLE
THRESHOLDING AND GRAY-SCALE
MORPHOLOGY

This study considers practical paint film inspection
and is premised on evaluating paint film deterioration
without usng special instruments or techniques.
Therefore, we made nvestigations for extracting and
evaluating paint fim deterioration using a
general-purpose camera and home video images.

In order to distinguish the deteriorated parts from
the normal parts in the images of pamnt film,
thresholding is generally performed by the following
methods:

1) Percentile method

2) Modes method

3) Ohtsumethod

4) Differential histograms method
5) Dynamic thresholding

On the other hand, gray-scale morphology
processing used in this study is an image processing
technique in which a gray image is subjected to set
operations based on mathematical morphology.
Conventionally, descriptions of image processing have
been widely used as transformation of pixels. In
mathematical morphology, on the contrary, regions of
an image are considered as sets of pixels, and its image
processing is performed by subjecting these sets to
various set operations.  Therefore, mathematical
morphology is suited to extract shapes and regions
such as paint film deterioration. The principle which
gray-scale morphology processing extracts deteriorated
parts of paint film is shown in Fig. 1.

Usually, the deteriorated parts of paint film such as
rust and cracking are relatively dark compared with
surrounding normal pamt film surfaces.  This is
schematically represented by Fig.1(a).

To extract deteriorated parts from such images,
discrimination at certain brightness (that is, deciding a
darker part than the specified brightness as a
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Fig. 1 Principle of Gray-scale Morphology Processing

deteriorated part and a brighter part as a normal paint
film surface) may be applied, but the results are poorer
than those of visual mspection. The healthy area is
sometimes extracted as a deteriorated area if the
specified brightness (threshold) is not obtained in the
area. Conversely, deteriorated area also may not be
extracted if the threshold value is assumed to be larger
that the brightness of the deteriorated area (Fig.1()).

In the gray-scale morphology processing, the input
image in Fig1@) is subjected to maximum filtering
first. Maximum filtering is the process of converting
brightness at a point P in the image to brightness at the
brightest point in its neighborhood. As a vesult, a
region within the range of the neighborhood (filter size)
which is also darker than the neighborhood is
converted to the same hrightness as the neighborhood
and filled in as a deteriorated part (recognized to be a
deteriorated part) (Fig.1(c).

Next, the image in Figll®) is subjected to
minimum filtering. Minimwm filtering is, in contrast
with maximum filtering, the process of converting
brightness at a point P in the image to brightness at
the darkest point in its neighborhood. As a result, the
image made brighter on the whole through maximum
filtering can be returned to original brightness.
However, regions once recognized by maximum
filtering as deteriorated parts do not return to original
brightness. Therefore, the image obtained is just the
same as the input image in Fig.1() except that only

deteriorated parts (dark points as compared with the

neighborhood) have been eliminated (Fig.1(d)).

The differential image between Fig.1() and 1(d)
shows deteriorated parts only and this image doesn’t
change by illumination variations.

As a region extraction method is applicable when
there are illumination variations in the mmage, the
gray-scale morphology method is summarized as the
technique that the brightness at each point in the
image Is compared with its neighborhood brightness
and only relatively dark regions are extracted and
recognized as deteriorated parts.

For threshold discrimination, described from 1) to 4),
the threshold value is constant over the entire image.
Therefore, stable extraction of deteriorated area is
impossible for the outdoor pictures which have various
color tones within one picture. In such a case, no valid
results can be obtained. The threshold discrimination
described in 5) is applicable for these outdoor pictures,
though there are some problems listed below.

1) It canmot be applied to brightness nonumiformity
existing in a local region of a picture.

2) It canmot be applied if the object extends over
multiple regions and the extracted shape is
discontinuous at the boundary between adjacent local
regions.

3) The processing needs complex computation and
takes a long time.

On the other hand, the grayscale morphology
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method can also be applied to an image in which
averaged brightness varies, At the same time, the
form of an extracted object is never discontinuous,
because the filtering process continuously compares
relative brightness with the neighborhood. In addition,
the processing is simple and extraction is possible in a
short time.

As discussed above, this study tried extraction of
deteriorated parts of paint film on steel bridges using
the gray-scale morphology method. Images (original
images) of actual bridges were subjected to gray-scale
morphology processing and simple thresholding to
extract deteriorated parts of paint film. Both
extraction results of deteriorated parts of paint film by
grayscale  morphology processing and by simple
thresholding are shown in Photo.1.

3. EXTRACTION TEST USING GRAY-
SCALE MORPHOLOGY

(1) Selection of paint film deterioration
phenomena to be evaluated

Pamt film deterioration includes rust, peeling,
cracking, chalking, discoloration, gloss reduction, and
blistering. In image processing, however, extracting
all of these deterioration phenomena requires a large
amount and a long time of processing and therefore is
not practical. We examined existing literature to see
whether or not the deterioration phenomenon
extracted through image processing can contribute to
an exact evaluation of the degree of paint film
deterioration of steel bridges.

From a chemical point of view, paint film
deterioration phenomena occurs when molecular
bonds are severed ¥+ 19 29 An investigation fiom
this point of view leads to the cdam that
photoroxidation induces deterioration of the upper layer
of paint film and this phenomenon begins with the
decomposition of polymer compounds.  During
decomposition, gloss reduction, disooloration and wear
on the paint film, etc. become visible. But, cracking in
the topeoat is what starts corrosion by allowing chlorine,
nifrogen oxides, sulfur oxides and the like into the
interior of the paint film.

Pamt film cracks in the top coat that starts
corrosion  cannot be seen visually and are not
macroseopic.  Corrosive intrusion become possible even
when these microscopic fine cracks appear. There is
thought that cracking in the top coat causes no
problem if the under coat is sound.  With the recent
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advancement in measuwrement techniques, however,
this is found to be false. This has also been proven to
be false from theoretical considerations and results
from various accelerated life tests 27+ 22+ 29 |

When considering paint film  deterioration
phenomena chemically, cracking and peeling should be
considered to be important in addition to rusting as
major deterioration indicators for the evaluation. We
assumed that when the top coat began to exhibit signs
of deterioration such as rust, cracking and peeling,
deterioration of that film would proceed with increasing
rate.

In this study, therefore, the extraction of
deteriorated paint film through image processing was
directed mainly to rusting, cracking and peeling.

(2) Extraction test using sample photographs

We examined the possibility of extracting and
quantifying deteriorated paint film parts by gray-scale
morphology processing.  This section describes an
extraction test using sample photographs from actual
bridge paint surfaces and discusses the results.
a) Selection of sample photographs

The Japan Highway Public Corporation conducted
a paint film inspection on 533 bridges from 1989 to
1990. The 13620 photographs were used as sample
photographs for the extraction test. These
photographs were sorted by structural components first
and then compounded by image smilarity. From
these pictures, typical images were drawn for examples
acoording to the followng classes (lass A ~1D)
described below. The sampling was narrowed down to
44 images and these images were used as sample
photographs thereafter.

Class A Photographs in  which pant film
deterioration is distinct to the human eye, i.e. image
processing is thought, to be comparatively easy.

Class B: Photographs in which both stain and paint,
film deterioration are present and their distinction is
difficult to detect.

Class € Photographs with multistructural
components are present. Distinction  between

deterioration area and brightness changes made by
lighting was studied.

Class D: Photographs contaning halation, dark
photographs as a whole because of  insufficient
exposure, out of focus and have mdistinet images.

b) Extraction test procedure

The extraction test is as follows. In this test, an
image processing system with builtin gray-scale
morphology processing was used. The system
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Fig. 2 Configuration of image processing system

configuration is shown in Fig.2.

1) Selecting sample photographs, and inputting image
data by using an image inputting device.

2) Extracting deteriorated parts of the paint film by
gray-scale morphology processing.

3) Computing the number of pixels of both the
evaluated area and deteriorated area. Calculating
the area ratio of them.

4. RESULTS OF EXTRACTION TESTS

An extraction test was performed on 44 sample
photographs and the test results were put in order by
class of the photographs as shown in Table 1. The
test results are described below as follows.

D In Class A photographs, whose paint film
deterioration exhibited a distinct contrast to its
surroundings, it was recognized. It was possible to
quantify the area ratio of the deterioration part.

2) In Class B and D photographs, whose images had
low contrast in wlor, the extraction of deteriorated
parts alone was sometimes difficult depending on the
condition of the image. For indistinct images that
were out of focus, the extraction of deteriorated parts
was difficult in the presence of a feeble contrast area
such as stains and chalking. In order to solve this
problem, we have prepared a photographing manual
and adjusted exposure, focusing, and use of a flash so
that pictures must be suitable for image processing.
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Table 1 (1) Test results for the extraction of deteriorated parts using the gray-scale morphology method

Results of image processing
Applicability of Numberof | Assessment | Deteriorated Area
Jass | No. Deterioration type image processing deteriorated | area (D area () ratio
parts (aumber (humber of %)
of pixels) pixels) @
1 | Rust on lower face and end of bottom | © - 108 1.04448K:+05 | 6.30300E4+03 | 6.0346
flange
2 | Rusting Gust points) on the entire | © - 281 228646E+05 | 351100E+03 | 15356
web fact surface
3 | Rusting (rust points) on Jower face of | @ — 3] 1.79588E+05 | 1.38500E+03 | 0.7601
bottom flange
4 | Peeling and rust on vertical stiffering | © - 55 1I5375E+05 | 367600E+03 | 31861
A member
5 | Peeling on truss member © - 79 111520E+05 | B543800E+H03 | 48763
6 | Peeling (nterlayer peeling) on sway | © - 2 585800E+04 | 457100E+03 | 7.8030
bracing
7 | Peeling onweb face © — 28 2.06640F+05 | 515T00RH03 | 2.49%
8 | Crackingon web face ©) - 859 243780E+05 | 2617706+04 | 1077380
9 | Cracking on painting test board A | Extraction  of all — — - -
defects s difficult.
1 | Concurrent presence of chalking and | A | Distinction is unclear = — — —
rust points on lower face of bottom between  chalking
flange and rust points.
2 | Same as above (excepting more | A | Same asabove - - - -
amount of rust)
3 | Concurrent presence of chalking, rust Extraction of peeling - - - -
and peeling on web face is  possble, but
distinction of others is
undear.
4 | Concurrent presence of chalking, rust | A | Distinction is unclear - - - -
and stain on lower face of bottom between rust and
flange stains.
5 | Concurrent presence of rust, rust| A | Distindion is undear - - - —
stains and stain on web face between rust and
rust stains.
6 | Same as above © — 312 1.265330F+05 |  1.01630E+03 81084
B 7 | Concurrent presence of pattern © - 27 1.32080E+05 | 28600E+H2 | 00217
on steel step board and rust,
cracking and peeling on web
face
8 | Presence of both deposited paint mist | © - 206 1.50968E+06 | 9.92300E+03 65729
and shadows cast from various
members on the web face
9 | Rust stains on web face A | Digtinction is unclear. — - = —
10 | Presence of both rust and stains on | O | Distindtion is unclear 331 1.73740E+05 | 128570+ | 74001
the lower bottom flange face between rust and
stains,
11 | Cracking, rust and stainson theweb | © - 21 1.52180E+05 9.8300E+H2 06459
face in addition to girder
shadows
12 | Presence of both chaking and | © - 29 1.65648E+05 | 1.40100E+03 08457
blistering rust on lower bottom flange
face

(Note) © : Image processing is possible, O : Extraction of paint film deterioration is passible but distinction of the types of deterioration is undear,
/\ - Extraction is impossible in parts of the paint film eterioration, 4 : Further examination is necessary in both photographing methods

andimage processing methods.
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Table 1(2) Testresults for the extraction of deteriarated parts using the gray-seale morphology method

Results of image processing

Class | No. Deterioration type

Applicability of

Image processing

Numberof | Assessment | Deteriorated Area

deteriorated aren (D area ) ratio
parts (mumber (aumber of 0

of pixels) pixels) @

1 | Presence of both several girders with | ©
peeling on the web face and on the
bottom flange

37 384R0E+0M | 876300E+03 | 227657

2 | Presence of both peeling on the web | ©
face and shadows from stiffeners and
sway bracing

15 2.5T600E+05 | 1.87000E+04 | 725932

3 | Presence of both rust on lower bottom | ©
flange face and peeling on the inner

girder’s web face

121 7O0B600E+05 | 281800E+03 | 39938

4 | Presence of both crackingontheinner | ©
girder's web face and shadows from
horizontal and vertical stiffeners

4 TI2B00E+04 | 141000E+02 01825

i

Presence of both rust on the sway | ©
C bracing assembly and rust and
peeling on the gusset

46 419840E+04 | 350400E+03 | 83460

6 | Presence of both rust on the lower | A
bottom flange face and rust on the

steel bearing extracted

concurrently.

Shadows of bolt and — — — _
rivet  heads were

7 | Presence of both rust on cross beams | ©
andon the sway bracing assembly

N 149583E+05 | 4.02600E403 | 26915

8 | Presence of both rust on the lower | ©
bottom flange face and on bolted
splices

191 T32160E+04 | 296600E+03 | 4.0510

9 | Presence of both rust on the lower | ©
bottom flange face and on the sway
bracing

135 1.21890E+05 | 463700E+03 | 38042

10 | Presence of both rust on the Jower | A
bottom flange face splices and on balt
shadows

Shadows of balt heads - - - -
were extracted
concurrently.

(Note) © : Image processing is possible, O : Extraction of paint fllm deterioration is possible but distinction of the types of deterioration is undear,
A 1 Extraction isimpossible in parts of the pamt film deterioration, A : Further examimation is necessary in both photographing methods

and image processing methods.

Even for pictures m such an adverse condition,
extraction was possible for deterioration exhibiting a
distinct contrast such as cracking if a brightness
difference with the surroundings was present.

3) In Class C photographs, various components were
present in a complex combmation. For a distinct
image of the targeted deteriorated part, it was
possible to quantify the area ratio of deterioration by
specifying components other than the components to
be evaluated.

4) Exact extraction of deteriorated parts was possible.
However, distinction was impossible between rust,
cracking and peeling.

It was found that the extraction of deteriorated
parts is available for photographs taken at the site and
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with shading by using the gray-scale morphology
processing excluding unusual cases.  Even for the
pictures that seem to be difficult to deal with, the
"photographing manual' makes these pictures
available to receive image processing by adjusting their
brightness and photographing areas suitable.

5. CONSIDERATION
(1) Influence of camera angles on extraction of
deteriorated parts
In image processing, it is thought that the distortion
of an image has an adverse effect on extraction
exactness in terms of area ratio of deterioration.
Accordingly, an examination was conducted to



Table 1 (3) Test results for the extraction of deteriorated parts using the gray-scale morphology method

Results of image processing
Applicability of Numberof | Assessment | Deteriorated Area
Class | No. Deterioration type Image processing deteriorated area (D aea O ratio
parts (number (wumber of %)
of pixels) pixels) @,
1 | Shadows from overhanging floor | A | Extraction is difficult - - - -
slabs cast onto outer girder's web face, in shadowed areas.
causing bright and dark images of
rust on web face
2 | Image out of focus, and rust pointson | @ | — 81 1.51852K+H05 | 1.6200E+03 1.0668
lower bottom flange face is obscure.
3 | Presence of both gtains and rust | A | Extraction is difficult - — - -
pointsin dark photographs in dark areas.
4 | Cracking on web face in dak | A | Extraction is difficult - — — —
photographs in davk areas.
5 | Cracking and blisters on web face in | & | Same as above - - - —
dark photographs
6 | Shadows from overhanging floor | A | Extracion of small - - - -
slabs cast onto outer girder's web face, deteriorated parts is
D causing bright and dark images difficult
cracking and rust on web face
7 | Image blisters with halation A\ | Same as above - — — —
8 | Blistersin remarkably chalkedparts | A | Same as above — — - -
9 | Interdayer peeling of paint film on | @ - 8 598400E+05 | 404800E4+03 | 067647
Lrshape steel in depth but. its image
has halation
10 | Peeling on the lower upper flange face | A | Extraction is difficult - - - -
but its contrast is indistinet in areas of indistinct
brightness difference.
11 | Stainson web face out of focus A | Preferential extraction - - — -
of stamns.
12 | Indistinct rust points in striped stains | A | Extraction of rust - - - -
on lower bottom flange face pointsis difficult.
13 | Rusting in brush marks © — 1 1.60457E+05 | 1.51400E+03 09436

(Note) © : Image processing is possible, O : Extraction of pamt film deterioration is possible but distinction of the types of deterioration is undear,
A\ - Extraction isimpessible in parts of the paint film deterioration, 4 : Further examination is necessary in both photographing methods

andimage processing methods.

establish the influence of camera angles on extraction
exactness in terms of area ratio of deterioration by
taking photographs of a rectangle target with a known
area with the camera angle varying from 90 degrees
(normal to rectangle target) to 10 degrees.

To examine the influence of different lenses at the
same time, three lenses with focal lengths of 35 mm, 50
mm and 180 mm were used. The relation between
camera angles and the distortion factor are shown in
Fig3. The distortion factor was derived using
Equation (1)

dx=(1—Ax,Ao) X 100 €))

dx : Distortion factor (%)

Ax : Area (m? of the rectangle derived from a
photograph taken at various camera angles,
using the image processing system

Ao : Area (m of a rectangle at a camera angle of 90
degrees (normal to rectangle)

Fig3 indicates that image distortion increases
rapidly for camera angles less than 70 degrees. At a
camera angle of 70 degrees, the distortion factor is 9%.
In other words, the actual deteriorated area becomes
9% smaller than original size when a camera angle is
70 degrees.

In another study >, we derived an evaluation
criterion (see Table 2, called the "evaluation criterion”
hereafter). If this criterion is applied to the area ratio
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of deterioration here, there is no change in evaluation
results at a camera angle of 70 degrees even if a
distortion factor of 9% is taken into account.

However, at a camera angle of 60 degrees,
resulting in a distortion factor of 24%, changes occur in
the evaluation results. The necessity for repainting is
dictated by an area ratio of deterioration of 3%, around
which Grade C or D may be changed to Grade B.

As a result, this system can be used for quantifying
deteriorated parts from photographs taken at an angle
within 20 degrees to the right or left or upward or
downward from its normal divection. The subjects
were photographed using the entire field of the lens
frame, and no difference in distortion was found for the
different lenses used.

©@ Influence of parameters on the extraction of
deteriorated parts

From the extraction test results shown m Table 1, it
was found, with the exception of special cases, that the
deteriorated parts of paint film can be extracted even
from a photograph with shade by using gray-scale
morphology processing. For photographs marked
with A (extraction is impossible in part of paint film
deterioration) and with A (further examination is
necessary in both photographing methods and image
processing methods), we thought that deteriorated
parts could not be extracted because of no contrast
between deteriorated parts and their surroundings.

In the gray-scale morphology processing, it is
necessary to set up parameters such as the maximum
and minimum filter size and the threshold for
brightness difference between deteriorated and normal
parts. Fundamentals of gray-scale morphology
processing are the arithmetic operations for converting
from an put image to output pixel values as
maximum pixel values (max operation) in a prescribed
region (neighborhood), called a construction element,
and as minimum pixel values (min operation). These
operations respectively correspond to the logical sum
(OR) and logical product, (AND) for a binary image.
The filter size denotes the size of the neighborhood
subjected to a max or min operation.

In gray-scale morphology processing, deteriorated
areas smaller than the filter size are considered to be
deteriorated parts. Therefore, it is impossible to
extract deteriorated parts larger than the filter size
even if they exhibit a remarkably large brightness
value differences. That is, a brightness variation in a
region larger than the filter size remains unchanged
after subjected to max and min operations, and

100 P R ey e :

Distortion factor (%)
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90 80 70 60 50 40 30 20 10

Camera angle (degrees)

Cameraangle | 90 [ 80| 7060|5040 30|20/ 10
(degrees)

Distortionfactor | O | 4 | 9 | 24| 40| 56| 71| 83| 93
%)

Fig 3 Relationship between camera angle and distortion
factor

Table 2 Criterion for evaluating paint film

24)

deterioration

Rustsize(m | e d c b a a

Arearatioof | 10 5to 3to 1to | 005to | less

deterioration | or less less less less | than
%) over | than | thanb | than3 | than1] 005

10

1| I0orover | E E E E D C

m| 3toless E E D D C C
than 10

n| ltoless D D C C B B
than 3

o] Oltoless| D C C B B B
than 1

p| lessthan | D C B B B A

0.1

(Note)  The evaluation grades in the table are as fllows.
A Goodpaint film, B :Fairpant film, C :Needstobe under
observation, D : Keep under observation with repainting in
mind, E : Requires repainting.

therefore cannot be detected from the difference of the
original image.

As for extracting deteriorated parts using
gray-scale morphology processing, adjustment  of
parameters to optimum values by manual operation is
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not practical because of cost and processing time.
From a reliability pomt of view for image processing, it
is desirable that the deteriorated part extraction results
are hardly influenced even if these set parameter
values are somewhat changed. Then, we examined
the ifluence of these parameter values in terms of
area ratio of deterioration.

The sample photographs used for the examination
were selected from the photographs used in Section 3.
For examining filter sizes, 10 photographs with
different. deterioration sizes on the image were sampled.
In this examination, the photographs of pamted
surfaces were all processed in monochromatic image.
Therefore, the difference of painted color is considered
to have notnegliglhle influence on adjustment of
parameters. For the examination of threshold value,
11 photographs of different painted colors were
sampled.

TFor this examination, filter size was varied for the
selected sample photographs in 7 gradations from 10 to
70 and threshold value was varied in 9 gradations from
10 to 50 to obtain a relationship between respective
parameters and the area ratio of deterioration.

Filter size results are shown m Fig4. For filter
size values set 10 to 30, the area ratio of deterioration
obtained exhibited an almost constant value. Thus, a
stable extraction of deteriorated parts was found to be
possible.  For images containing comparatively large
paint film deterioration, filter size should be increased
to extract the deteriorated part.  However, such a
large deterioration requiring appropriate filter size of
more than 30 should have been repainted some years
ago on structural mamtenance viewpoint and such
deterioration are out of the scope of a paint film
inspection. Therefore, setting filter size to 10 to 30 is
oonsidered to be feasible.

Although there was some scattering for the
threshold values as shown in Figh, it was found that
setting threshold values of 20 to 30 extracted the
deteriorated parts the best. In this study, however,
images of pamted surfaces were all processed as
monochromatic images, and no consideration was
given to pamted colors, It is generally thought that
optimum threshold values vary with painted colors.
Accordingly, we decided to derive the threshold value
for each painted color in order to improve the exactness
for the extraction of deteriorated parts. This is
discussed in Section 5.(3) .

® Influence of Painted Colors on the Extraction of

Deteriorated Parts

Painted colors used in the examinations were (red,
blue, green, yellow, ivory and gray) used on steel
bridges by the Japan Highway Public Corporation.
Likewise in Section 5 (2) above, 5 photographs were
selected for each color from the 13620 photographs, and
the mean, variance and threshold values of brightness
of their images were obtamed using this system. Asa
result, it was found that there is a strong relationship
among brightness mean (m), brightness variance (09
and optimum threshold value ® as follows :

40X (t—m), 0+128=axXm+b (@)

This means that once optimum values for
coeflicients a and b are derived for each painted color in
advance, the threshold value can be derived from the
brightness mean and brightness variance of that image.
Then, we examined the parameters using the sample
photographs described above in order to  calculate
parameters a and b for each painted color.

In this examination, an expert on pamnt flm
inspection extracted paint film deterioration from each
sample photograph precisely, using this system. The
threshold valve and filter size for these were then
derived.

From the derived threshold value and the
brightness mean of the image after the gray-scale
morphology processing, parameters a and b were
calculated for each painted color by Equation ().
These are shown in Table 3.

Next, we mstalled a linear regression function
containing the parameters shown in Table 3 into the
system so that the system automatically set threshold
value for each painted color. Then, we conducted an
extraction test 1o examine whether the automatically
caleulated threshold values were valid or not. Results
are shown in Table 4. Here, the evaluation performed
by automatically caleulating threshold value is veferred
to as "evaluation by automatic threshold" and the
evaluation performed by an expert with adjusting
parameters manually is referred to as "evaluation by
optimum threshold” The evaluation criterion shown
mn Table 2 was used for evaluating the degree of
deterioration.

According to Table 4, the results from "evaluation
by automatic threshold" generally agree with results
from "evaluation by optimum threshold"  Thus, it
was proved that the optimum threshold value for
extracting deteriorated parts can be devived  from  the
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(Note) In this figure, the solid line indicates the range in which
deteriorated parts are well extracted, and the broken line
indicates the range in which some deteriorated parts cannot
be extracted.

Fig. 4 Influence of filter size on area ratio of deterioration

linear regression fumction mstalled in this system.

For the 6 colors used in steel bridge painting, it was
verified that pamnt film deterioration can be
automatically extracted with a high degree of exactness
by incorporating the filter size and threshold values
obtained in this examination mto the system. Where
painted colors are extremely faded or discolored, exact
extraction may be difficult. However, accuracy of
extraction can be improved by checking the extraction
results in the final confirmation process and
imappropriate pictures can be corrected or eliminated.

@ Correlation between area ratio of deterioration

derivedby visual observation and by this system

We compared area ratio of deterioration derived by

this system with area ratio derived by wvisual

observations in order to examine the relationship
between the two.

For 36 photographs on actual bridge pamt film, two
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(Note) In this figure, the solid line indicates the range in which
deteriorated parts are well extracted, and the broken lne
indicates the range in which some deteriorated parts cannct:
be extracted.

Fig. 5 Influence of threshold value on area ratio of
deterioration

Table 3 Parameters of linear regression function

Painted a b Painted a b
color color

Red —037 | 15424 | Yellow ~BT4 | 17330

Blue —336 | 15307 | Ivory 221 15500

Green — 0819 | 13476 | Gray — 1505 | 21536

40X(t—m), o +128=a Xm+b

experts on paint film nspection and a non-expert,
evaluated the area ratio of deterioration while
comparing it to the SSPC Standard Charts1). We call
their result " evaluated value" Next, area ratio of
deterioration was computed by this system for the
same 36 photographs and we call the result "calculated
value" The relationship between evaluated and
caleulated values is shown in Fig.6.
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Table 4 Evaluation results by regression line for each

pamted color
Painted | Evaluation by optimum Evaluation by automatic
color threshold threshold
Thre | Area | Grade | Thres | Area | Grade
shold | ratioof hold | ratioof
value | deterior value | deterio-
rafion ration
© )
Red1 22 134 E 25 8H E
Red 2 13 127 D 12 072 D
Yellowl | 5 571 C 5 754 C
Yellow 2 0929 C 5 161 D
Ivory 1 9 529 D 9 499 D
Tvory 2 6 0.749 D 5 088 D
sreen 1 7 0134 C 6 0.15 C
Jreen 2 7 0828 D 6 098 D
Bluel 9 29 D 5 584 D
Blue 2 8 335 D 8 157 D
Gray 1 10 315 D 15 1.043 D
Gray 2 10 0.058 D 14 0.057 D

(Note) 'The evaluation grades in this table are as follows.
A:Goodpaintfihm ~ B:Farpaintflm  C:Needstobe under
observation. D : Keep under observation with repainting in
mind. K : Requires repainting.

According to Fig6, the evaluated value by the
nonrexpert and the caleulated values were somewhat
different with the correlation coeflicient of 0.831. The
evaluated value by the experts and the calculated value
however were almost the same with the correlation
coefficient 0.906 to 0.914.

We applied this system to the SSPC Standard
Charts to extract deterioration as an area ratio. As a
result, a correlation coefficient of 0.995 was obtained
between the area ratio of deterioration indicated on the
Standard Charts and the indicated values.

As stated above, the area ratio of deterioration
caleulated by this system was the same as the value
evaluated by experts on paint film inspection as well as
with the mdicated value of the SSPC Standard Charts.
We believe this shows practicability of quantifying
paint film deterioration by this system.

(5) Examination of practicability as an expert system
While SSPC Standard Charts evaluate in terms of
area ratio, our other study ** evaluates the degree of
paint film degradation in terms of area ratio, weighted
according to their size.  This is because there is a
strong correlation between the size of a rust spot on the
paint film surface and the degree of corrosion on the
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-6~ Regression line by expert 1 (og Y =058log X+ 027)
-~ Regression line by expert 2 (log Y = 069log X+ 0.30)
—— Regression line by non-expert (log Y = 0.67log X+ 0.35)

Fig. 6 Correlation of paint film area ratio of deterioration

steel under that paint film.  The larger the rust spot
on the paint film, the higher the degree of corrosion
under the paint film. This is clearly understood from
results of inspection on actual bridges.

Experts on paint film inspection usually consider
the oorrosive environment and painting system when
making an evaluation and estimate the corrosion
under the paint film from the condition of the paint film
surface.  On the other hand, this system can only
provide information on the paint film surface such as
area ratio of deterioration and size of rust spots. We
evaluated this system in terms of practicability by
fitting the area ratio of deterioration values and the size
of rust spots derived by this system into Table 2,
showing evaluation criterion derived in ouwr other
study 24) .

For examining practicability, we compared values
from area ratio of deterioration derived by this system
and the results from putting them into Table 2 with
values from area ratio of deterioration and paint film
grade which the experts on paint film nspection
determined through visual comparison with SSPC
Standard Charts.  Results of both evaluations are
shown in Table 5.

Acoording to Table 5, the evaluation results by the
experts on paint film inspection are almost the same as
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Table 5 Comparison between visual observation and

evaluation using this system

Evaluation Evaluation byvisual | Evaluation by system

observation
Bridge name Arearatioof | Grade | Arearatioof | Grade

deterioration deterioration

) ®)
Kuno 17 E 9798 E
Tsurumaki (1) 01 B 0102 B
Tsurumaki () 0.1 B 0070 B
Tswrumal (3) 30 E 1585 D
Kawasaki 30 E 3220 D
Suzulsawa (1) 0.1 B 0173 D
Suzikawa () 0.1 B 0.151 C
Sagamigawa 10 D 2183 D
Katayama 03 C 0.345 C
Ushibuchigawa 03 C 0286 D
Sakabe (1) 30 E 0.798 C
Salsabe (2) 30 E 1633 D
Yoso 30 E 4045 D

the evaluation vesults by this system. Therefore, the
practicability of this system as an expert system, is
verified.  Some difforences are seen between both
evaluations. This is because visual observation
evaluates dense rust spots m terms of apparent area
ratio as one set while this system caleulates the area of
each individual rust spot. In other words, this system
evaluates in terms of area ratio more precisely and,
therefore, we may cdam that the quantitative

reliability is higher. For images marked with & in
Table 1, phenomena other than pant fim

deterioration phenomena are present (for example,
rust stains and stain). For such an image, complex
processing such as adjusting threshold value or
excluding those area, is necessary for image processing.
Therefore, with simplifying operations and improving
exactness, we have now prepared a photographing
manual to avoid taking photographs that will be
marked with A

6. CONCLUSIONS

In this study, an image processing system was
used to quantify characteristic quantities of
deterioration from photographs of deteriorated paint
film.  An attempt was also made to evaluate the
degree of deterioration by fitting quantity values into
the evaluation criterion set up in our other study .

We chose gray-scale morphology processing from
existing image processing techniques and examined its
practicability by conducting an extraction test on actual
bridges photographs of paint film. As a result, we
drew the following conclusions.

DIt was found that quantitative extraction of
deteriorated parts of paint film is possible by using
gray-scale morphology processing even on images
with varying brightness such as steel bridge paint
film photographs taken outdoors.

2) Tt was found that photographs used in quantifying
paint film deterioration using the image processing
system!®1? developed in this study must be taken at
an angle within 20 degrees to the right or left or
upward or downward from a normal setting to be
evaluated.

3) Tt was found that for extracting deteriorated parts of
paint film using gray-scale morphology processing a
filter set to 10 to 30 and a threshold value set to 20 to
30 produces excellent extractions on deteriorated
parts.

4) For each of the six painted colors commonly used in
steel bridge painting, the coefficients for linear
regression were derived from the image brightness
mean after being subjected to the gray-scale
morphology processing.  Exact automatic extractions
on deteriorated parts of paint film were possible by
using this linear regression function.

5) The area ratio of paint. film deterioration extracted
using this system was the same as evaluation results
made by experts on paint film mspection with the
SSPC Standard Charts. Therefore, we believe that
this system has successfully  demonstrated the
practicability of quantifying paint film deterioration.

6) We evaluated characteristic quantities of paint film
deterioration quantified by this system by placing
quantity values into the evaluation criterion derived
in our other study®. As a result, the evaluation by
this system was the same as evaluation results
obtained by experts using visual observation on paint,
film. This verifies the practicability of this system as
an expert system. .

7) This study demonstrated the validity of image
processing as a technique to determine the
deterioration degrees of paint, film on steel bridges.
In a series of owr studies on determining the
deterioration degrees of paint film on steel bridges, we
have made an attempt to estimate resicual life of
pant film from the relationship between
deterioration present under the pamnt film surface
and the degree of corrosion on the steel surface.
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Eventually, we aim to construct an expert. system
which can estimate the time to repaint from paint
film inspection results. In this study, a method for
quantifying characteristic quantities of paint film
deterioration was successfully established.  This
indicates the possibility of estimating the residual life
of paint film by accumulating time-series data on
paint film deterioration.
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