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ABSTRACT. This paper proposes High Dynamic Range (HDR) imaging as a protocol for
structural health monitoring for the first time. HDR imaging protocol has been
experimentally validated on images of pitting corrosion in this paper and has been further
applied to isolate a range of image backgrounds that arise out of a number of environmental
conditions. The superiority of HDR imaging over a standard imaging process has been
demonstrated. The results indicate that the proposed protocol is not limited by the examples
considered in this paper and can readily be applied to a number of infrastructure
maintenance management related applications. The protocol complements and improves
standard visual inspection techniques and expert opinions. This approach immediately lends
itself to further mathematical and statistical analyses, both qualitative and quantitative.

KEY WORDS :High Dynamic Range (HDR) Imaging, Structural Health Monitoring (SHM),
Pitting Corrosion, Damage Detection, Image Processing
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1. Introduction

A four step process is usually popular in the field of Structural Health
Monitoring (SHM) and damage detection (Rytter 93). The first three steps are
connected and involve the detection of the presence, the location and the severity of
damage, while the fourth step, related to the prediction of service life is usually a
separate problem by itself. In most of the world infrastructure systems or parts of the
systems are continuously ageing and deteriorating. This in conjunction with limited
government and private funding emphasizes the importance of infrastructure
maintenance management and prioritisation through SHM (Znidari¢ et al., 2005)
Intrusive, non-intrusive and semi — intrusive testing are often carried out following
visual inspections. The test results can be readily fed into Bridge Management
Systems (BMS) or Infrastructure Management Systems (IMS). This approach is not
specific to particular management processes for infrastructure networks and can be
used to significantly affect decision making procedures and financing for
infrastructure owners, managers and end users. Decision making based on testing
even accommodates a more modern infrastructure specific probabilistic hierarchical
approach (Pakrashi et al., 2005).

Among the various methods of testing, non — intrusive or Non Destructive
Testing (NDT) affects the tested structure to a minimum level. The quality of results
and the cost efficiency of such methods are extremely important as they directly
affect the performance indices of a structure or a network of structures in terms of
safety and durability at a given time. The methodology and the protocol of NDT
directly relate to the quality and the quantity of transfer of benefits of an
infrastructure system to the end user.

A typical and specific application in this regard can be found in the field of
corroding infrastructure systems, in particular underwater marine structures
undergoing pitting or any other form of corrosion. These structures often require
underwater inspections and are carried out by trained divers who usually are not
structural experts (Rouhan et al., 2003). Traditionally, photographic and video
recordings are available from diving campaigns. Descriptive and expert ranking
based classification of damages are standard outputs from these data. Even when
more detailed surveys and experiments are carried out, only pointwise information is
generally available (Boukinda et al., 2007).

Though a natural choice, the use of image processing in classifying damage
conditions has not been used to the potential it holds and no testing protocol
currently exists. Image processing based detection of pitting corrosion, although
reported in literature (ltzhak et al., 1981; Choi et al., 2005) , has not received
significant attention and the quality of detection obtained as a function of image
conditions has been barely looked into (Pakrashi et al., 2010). It is felt by the
authors, that image processing based detection of corrosion can be significantly
improved for a wide range of problems through the specification of certain
protocols. Such protocols give rise to a number of opportunities well beyond
standardising and homogenising test methods and the comparison of test results
under varying environmental conditions.
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The specification of an improved imaging protocol partially offsets the
inexperience or the lack of expertise on the part of the diver and enhances the
quality of input data to the analysing engineer, scientist or expert. The significant
increase of the quality of the input data without the requirement of additional costs
in terms of sensors or the training of individuals is extremely important. In addition,
an image based approach can make a significant amount of archived image and
video data available from previous inspections over a number of decades useful
through correct specifications. Image processing based output data readily lends
itself to mathematical and statistical treatments and the quantification of output
results are significantly more correct, detailed and sophisticated. All of these
advantages greatly improve the credibility of the assessment of a structure at a given
time and the evolution of a structure over a period of time.

This paper proposes High Dynamic Range (HDR) imaging as a protocol for
NDT based SHM. HDR imaging involves merging of a number of photographs of
the same object taken at various different exposures (Battiato et al., 2003). The
method is quick, can be performed with a standard digital camera, requires no new
sensor and demands little training or experience from the individual logging the
data. HDR imaging is particularly useful for targets that are relatively static over the
period of time during which the photograph is taken (Jacobs et al., 2008). HDR has
been successfully applied to other fields and applications, ranging from
bioengineering (Wandell et al., 2002) to art (Colbert et al., 2005) and photography
(Pell 09) to dramatically improve the quality of an image with relatively little extra
effort.

To the authors’ best knowledge, there has been no application of HDR
imaging for SHM although it holds exceptional potential to do so. This paper applies
the proposed HDR imaging protocol successfully on a number of images of steel
piles belonging to on-pile wharves corroding in the spray zone of a marine
environment. The involvement of expert opinions in such detections is discussed.
The paper also investigates the identification and classifications of the image
backgrounds. This adds a relatively new possibility to the standard four step SHM
method where identification of the type of damage as well as the presence, the
location and the severity is possible.

2. High Dynamic Range (HDR) Image Processing

The dynamic range of a real-world scene is the ratio between the radiance values of
the brightest and the darkest parts of the scene, whereas for a display the dynamic
range is the ratio between the maximum and the minimum intensities emitted from
the displayed image (Reinhard et al., 2005). In real world every scene has a
significant amount of brightness variation (Figure 1). The human eye is capable of
handling a dynamic range of 100000:1. In simpler words, the human eye can
accommodate the dynamic range between the shadowy interior of a room to the
sunlit views outside the window. In contrast, a typical video camera or a digital still
camera provides a dynamic range of 1000:1. Hence, photographers have to decide
on a limited range of radiance values which can be captured within the limited



dynamic range of the camera. Any object with radiance values above or below this
camera-specific dynamic range will be captured as having the maximum or
minimum limiting radiance values of the specified range respectively. As a result
any real world scenes with shiny metals, sun, artificial light sources or shadowy
details will pose a problem to the photographer. In these cases, the captured images
will be either too dark in some areas or too bright in some.

100000

10000 /
1000

100 /
10

: /

Luminance cd/m”™2

21 58 o

Fi
F i
0.001 /

Starlight 4
Moonlight
Indoor Light
Sunlight

Figure 1. Dynamic range of nature.

Figure 1 illustrates this point. The column (A) shows the original dynamic range of a
real-world scene and column (B) shows the same captured by a conventional digital
or still camera. The actual dynamic range of the camera is shown between the dotted
lines in column (B).

As a result, in image-processing based SHM we are often left with
photographs of significantly compromised quality for interpretation and detection
purposes. The low range of brightness information of these images poses a severe
limitation on what computational vision can accomplish. A very simple
modification, HDR imaging, can be made to any conventional imaging system to
dramatically increase this range.

An HDR image is such an image whose dynamic range exceeds the
dynamic range of the capturing or the display device and in turn provides more
information on every pixel of the image. The HDR images with composite radiance
map can be created by taking multiple photographs of the same scene with different
exposures of using a standard digital camera (Debevec et al., 1997). By using
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multiple exposure time each photograph in the sequence will have some pixels of
the image properly exposed, and other pixels will be either too dark (underexposed)
or too bright (overexposed). For example, a photograph captured with a long
exposure time will be overexposed in the bright areas but will capture the details of
the dark regions very well. A small exposure time will ensure that the details in the
bright regions are captured well, but the photograph will be void of any details in the
shadowy regions. The complementary nature of these images allows one to combine
multiple photographs into a single, high dynamic range image whose pixel values
are proportional to the true radiance values of the original scene.

3. High Dynamic Range (HDR) Image Processing

Of the many different types of damages that significantly affect structures,
pitting corrosion is a specific problem where HDR imaging can be used
successfully. This is a commercially important problem as it not only affects a very
wide range of civil engineering structures, including piles (Liang et al., 2005),
bridges (Darmawan et al., 2007) and pipes (Shivaraj et al., 2008) but also a range of
fields as varied as from aviation (Qingyuan et al., 2006) to the printing industry
(Sailer 07). Pitting corrosion usually creates isolated corroded units within metal and
is typically characterised by their rapid change in depth over a relatively short
geometric spread. Pitting corrosion is also, very typically, associated with
considerable change in colour with respect to the original metal background due to
the chemical reactions that bring about the corrosion (Tsushima et al., 1997).
Detection from the typical discolouration and contrast with the background surface
is generally carried out using photographs. The HDR imaging protocol assimilates
the ability of human eye to detect a broader dynamic range and enhances the
capacity of detection.

For the purposes of illustration, we consider photographs of steel piles
belonging to on-pile wharves corroding in the spray zone of a marine environment
of the Atlantic Coast, Estuary of river Loire, France. In these photographs a wide
dynamic range has to be accommodated as steel may have a shiny metallic surface.
Pitting corrosion occurs on the steel surface over isolated regions and is often of
contrasting colour with respect to the background. Three images of the same
corroding area undergoing pitting corrosion are captured with a standard
commercially available digital camera (‘Bridge’ digital camera, 9.1 Megapixels
(maximum: 3456 x 2592 pixels, sensitivity 1ISO 80 to 3200, Shutter speed: 30 -
1/4000 sec, opening: 2.8 - 5.2, focal length (KB): 28 - 560). One of these images is
normally exposed, the second one is overexposed and the third one is underexposed.
The amount of over and under exposure is set to one f-stop where the f-stop is
defined as the ratio of the focal length of the lens to the diameter of the aperture of
the lens. The three photographs are combined together to generate the HDR image
following the algorithm developed by Debevec and Malik (1997). The algorithm
considers multiple images of the same scene with different exposure times. These
multiple images are used to recover the response function of the digital camera used
to capture the photographs. The response function maps the actual quantity of light



impinging on each element of the sensor array in the camera to the pixel values that
the camera outputs. With the recovered response function the algorithm fuses
multiple input images to a single HDR radiance map whose pixel values are
proportional to the true radiance values in the scene. Figure 2 shows the HDR image
along with the three parent images. The use of a higher number of parent images,
above and below the normal exposure can improve the final quality of the HDR
image. However, this requirement is case-specific and for the present situation three
images were found to be sufficient to demonstrate the effectiveness of an HDR
image.
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Figure 2. The generation of a High Dynamic Range (HDR) image.

A line is chosen over a section of the HDR image straddling both the
corroded and the uncorroded regions and the variation of Red (R), Blue (B) and
Green (G) coordinates of the pixel values on that line are observed and compared
with the pixel values (RGB) of the same line drawn over a normally exposed image.
This comparison is presented in Figure 3. The horizontal axis refers to the local
pixel coordinates on the chosen straight line along its direction on the image. The
vertical axis is the axis of RGB values ranging from 0 to 256. An RGB triplet (0,0,0)
refers to a completely black pixel while (256,256,256) is a perfectly white pixel. In
Figure 3, the corroded zone exists from pixel 150 to about 300. The normally
exposed image consists of a significant number of points with low RGB values,
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especially within the corroded region. This is because the corroded zone is too dark
and the radiance values are outside the camera-specific dynamic range. The relative
darkness within the corroded zone strips the image with normal exposure of a
significant amount of information or detail that could have been observed with
naked eye given the exact same lighting conditions. On the other hand, it is clearly
observed that the tonal range of the HDR image is wider than that of a normally
exposed image. Additionally, in HDR, a general shift of the pixel values is observed
towards the higher side, the colour variations within the corroded zones are better
exposed and the difference between the corroded and the uncorroded zone is fully
exploited. Similar exercises have been carried out on underexposed and overexposed
photographs against the HDR image. On each occasion, the HDR image was
observed to be of superior quality based on the information retained. These exercises
are not separately presented to avoid repetitive results.
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Figure 3. The increased tonal range during corrosion detection for an HDR image
as compared to an image with normal exposure.

It is observed in Figure 3 that the RGB values comprise of a trend and some relative
high frequency fluctuations, quite akin to noise. Since the detection is dependent
relatively more on the trend patterns than that of the fluctuations, a wavelet based



denoising (Misiti et al., 2008) has been carried out on each of these pixel plots of
RGB values. Figure 4 plots these pixel value trends for the normally exposed and
the HDR image simultaneously.
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Colour Values
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Pixels along profile line
Figure 4. RGB trend values for HDR image in a corrosion detection scenario as
compared to an image with normal exposure.

The increased tonal range and the relatively superior information content of the
HDR image are quite apparent. Consequently, a wavelet based denoising or any kind
of denoising of a similar nature is proposed as a post-processing for similar
detection or identification processes. It should be noted, that Red, Blue and Green
pixel values are linearly combined to produce various colours and the variation of
tonal range will depend on their relative participation to produce a certain colour.
This explains the relatively less variation of Red in Figure 4.

The variation of the RGB pixel values along a certain line on an HDR image
straddling zones of contrast is further explored for corroded steel samples featuring
marine growth and dusty condition respectively. Figure 5 shows the RGB plot over
linear sections with and without marine growth. The sensitivity of the values to
changing situations is apparent. Figure 6 shows an image with dusty conditions. This
is a particularly interesting case where staining due to corrosion occurs and can be
expected to be picked up through the difference of colour intensities. On the other
hand, dusty pitting zones exist where the difference of colour intensities within the
zone of pitting may not be the guiding factor for detection. The pitting zone can be
detected at its edges since the depth of the corroded is represented as a sudden
change in relative darkness or brightness with respect to the prevailing background.
A linear section is chosen in Figure 6 straddling both the stained and the unstained
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part. The corresponding RGB values of the pixels are observed to have changed
significantly when the line enters the stained zone at around pixel values 400 to 500.
The RGB values of the pixels, where the chosen line straddles the corroded and the
uncorroded zone with similar backgrounds are observed to be significantly changing
pointwise at the entry and at the exit locations near to pixel values 100 and 200
respectively.
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Figure 5. RGB values for an HDR image on a corroding specimen with marine
growth.
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Figure 6. RGB values for an HDR image on a corroding specimen with dusty
background.

4. HDR Imaging Protocol for Image Background Characterisation

It is observed in the previous section, that the variation of the RGB triplet is
sensitive to the type of surface that is being photographed. It is often quite an
important problem to identify the kind of surface background that is present.
Identification of a surface background can be traditionally and correctly carried out
by experts through visual inspection. However, it would be of significant use if
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expert opinion on a range of visual observations can be used as an initial classifier to
characterise various backgrounds automatically. If disparate image backgrounds of
engineering interest readily form well-distinguishable and relatively non-
overlapping clusters while similar image backgrounds relatively coagulate within a
three dimensional RGB space, such a classification will be deemed feasible and
applicable to real problems. A somewhat similar approach has been applied before
in the field of natural image processing (Naccari et al., 2005).

For this purpose several realisations were carried out for a number of
similar and dissimilar image backgrounds from the specimens and a three
dimensional scatter plot for the RGB values were observed. Figure 7 depicts one
such realisation. The RGB triplet of each pixel is represented as a point in this three
dimensional space. Two of the chosen backgrounds represent the normal steel
surface, but are chosen from different regions and varying texture while three other
backgrounds consist of dust, marine growth and staining due to corrosion. It is seen
that the disparate backgrounds form a well-defined dense non-overlapping cluster
within the RGB space while the similar backgrounds of non-corroded steel form a
single cluster. It is also important to note, that the dusty background is significantly
separated from the non-corroded steel background and does not overlap with it even
though they can appear visually similar on a photograph. The opinions of experts
can be used as an initial interpretation and classification of the backgrounds and a
comprehensive database can then be used to quantify these zones. In the absence of
a more comprehensive set of field data, the authors do not attempt to quantify the
exact zones associated with a certain degree of confidence. However, the clusters
formed in Figure 7 can readily be used as a guideline. Table 1 has been inserted in
this regard.
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Figure 7. Clustering of RGB triplets based on background characterisation.



The statistical properties of the RGB triplets are presented in Figure 8 as a

Boxplot (McGill et al., 1978).

250 1 250 t

200 A 200

150 o

-
@
=)

Colour Values
# -HP

100

=
o
S

50 50

[

[ [

[

[

=

@
L r r L r r

0 0 L

Normal R Normal G Normal B Marine R Marine G Marine B

Dusty R Dusty G DustyB StainR StainG StainB

Figure 8. Boxplots for RGB triplet values for a number of background conditions
comparing HDR image based calibrations with images of normal exposure.

Red Green Blue
Image Pixel Values
Normall Mean 115.18691| 180.6247| 208.14959
Normall Std. Deviation 25.192471| 38.907286| 42.05666
Normal2 Mean 121.5794( 199.23469| 204.39778
Normal2 Std. Deviation 38.930454| 63.322038| 64.227497
Marine Growth Mean 57.009939| 150.54289| 117.64289
Marine Growth Std. Deviation 18.406455| 47.59369| 37.035313
Dusty Mean 140.905( 181.85893( 155.97881
Dusty Std. Deviation 36.611109| 46.881628| 40.687193
Yellow Stain Mean 166.15689| 111.90803| 37.348712
Yellow Stain Std. Deviation 39.849552| 30.307471| 13.377709

Table 1. Cluster RGB values for various image backgrounds.
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In the figure, the boxes display the median, the extremes and the quartiles in a
compact way. For the purpose of comparison, the boxes for the image with HDR
exposure are plotted in the standard fashion where the horizontal line within a box
depicts the median value while the crosses at the ends denote the extrema. The
boxes for the normally exposed image are plotted compactly, where a black dot
within a circle represents the median value and the extrema are plotted at the ends.
Figure 8 emphasizes the effectiveness of the methodology proposed in this paper
and demonstrates how readily various surface characterisations are possible through
standard statistical analysis. The values of RGB triplets from HDR image is
consistently higher than that of a normally exposed image and the calibrated values
for various image backgrounds are non- overlapping. Consequently, for a wide
number of interpretative classes of image situations the proposed protocol is readily
applicable.

5. Discussion and Conclusion

This paper proposes High Dynamic Range (HDR) imaging as a protocol for image
processing based damage detection and Structural Health Monitoring (SHM). HDR
images can capture a wide range of radiance values providing details in dark and
bright, damaged and undamaged surfaces. The increased tonal range and colour
value information content of HDR image over a regular photograph has been shown.
HDR imaging requires no extra sensor and very little training on the part of the user
but provides significantly more information than a standard imaging. The image
characterisation of a number of various backgrounds, including pitting corrosion has
been successfully carried out on steel specimens undergoing corrosion within a
marine environment.

The proposed protocol can be applied to a range of problems and is
expected to play a significant role in the specification of loads on underwater
structures due to marine growth. The methodology shown in this paper can
accommodate a wide array of photographic and video records from archives and
provide useful information from them that can readily be used for infrastructure
maintenance and management over a long period of time.

Acknowledgement: DURATINET (Durable Transport Infrastructures in the Atlantic
Area Network) project, nr 2008-1/049, approved by the “Atlantic Area
Transnational Program 2007-2013” and co-financed by the ERDF.
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