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Abstract. Vessel maintenance entails periodic visual inspections of internal and ex-
ternal parts of the vessel hull in order to detect cracks and corroded areas. Typically,
this is done by trained surveyors at great cost. Clearly, assisting them during the
inspection process by means of a fleet of robots capable of defect detection would
decrease the inspection cost. In this paper, two algorithms are presented for visual
detection of the aforementioned two kinds of defects. On the one hand, the crack
detector is based on a percolation process that exploits the morphological proper-
ties of cracks in steel surfaces. On the other hand, the corrosion detector follows
a supervised classification approach taking profit from the spatial distribution of
color in rusty areas. Both algorithms have shown successful rates of detection with
close to real-time performance.
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Introduction

Nowadays, vessels constitute the most cost effective form of transporting people and
bulk goods around the world. However, despite the efforts on reducing maritime acci-
dents, they still occur and, from time to time, have catastrophic consequences both in
personal, environmental and financial terms. Structural failure is the major cause of ships
wreckages and, as such, Classification Societies (also known as Shipping Registers, Flag
States, etc.) impose extensive inspection schemes for assessing the structural integrity of
vessels.

An important part of the vessel maintenance has to do with the visual inspection of
the external and internal parts of the vessel hull. They can be affected by different kinds
of defects typical of steel surfaces and structures, such as cracks and corrosion. These
two kinds of defects are indicators of the state of the metallic surface and, as such, an
early detection prevents the structure from buckling and/or fracturing.

This paper presents two different algorithms for the visual detection of these kind of
defects during vessel inspection. On the one hand, the cracks detector takes into account
the particular geometry of cracks as they appear in digital images, i.e. elongated, nar-
row and connected sets of dark pixels, and, to this end, makes use of a region-growing
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technique based on a percolation model, a physical model for liquid permeation through
porous materials (see [10]).

On the other hand, the corrosion detector has been built around a supervised classi-
fication scheme. The classifier makes use of a codeword dictionary computed during a
previous learning stage. Each codeword consists of stacked histograms for the red, green
and blue colour channels of image patches containing different kinds of rust. A nearest-
neighbour rule is used during the classification stage to determine which parts of the
image correspond to corroded areas.

The rest of the paper is organized as follows: Section 1 raises the problem and revises
previous work, Sections 2 and 3 describe the algorithms developed for, respectively,
crack and corrosion detection, Section 4 presents and discusses the results obtained in a
set of experiments and, finally, Section 5 concludes the paper.

1. Description of the Problem and Related Work

Problem description. To perform a complete hull inspection, the vessel has to be emp-
tied and situated in a dockyard, where typically temporary and permanent staging, lifts,
movable platforms, etc. need to be installed to allow the workers for close-up inspection
(and repair if needed) of all the different metallic surfaces and structures. Taking into ac-
count the huge dimensions of some vessels, this process can mean the visual assessment
of more than 600,000 m? of steel. Besides, the surveys are on many occasions performed
in hazardous environments for which the access is usually difficult, while the operational
conditions turn out to be sometimes extreme for human operation. For large tonnage ves-
sels, such as Ultra Large Crude Carriers (ULCC), total expenses can be as high as one
million euros.

Corrosion and the presence of cracks are clear indicators of the state of the hull
metallic structures, and, thus, are of great interest for the surveyor (see Figure 1). On the
one hand, cracks generally develop at intersections of structural items or discontinuities
due to stress concentration, although they also may be related to material or welding
defects. If the crack remains undetected and unrepaired, it can grow to a size where it can
cause sudden fracture. Therefore, care is needed to visually discover fissure occurrences
in areas prone to high stress concentration.

On the other hand, different kinds of corrosion may arise: general corrosion, that
appears as non-protective friable rust which can occur uniformly on uncoated surfaces;
pitting, a localized process that is normally initiated due to local breakdown of coating
and that derives, through corrosive attack, in deep and relatively small diameter pits that
can in turn lead to hull penetration in isolated random places; grooving, again a localized
process, but this time characterized by linear shaped corrosion which occurs at structural
intersections where water collects and flows; and weld metal corrosion, which affects
the weld deposits, mostly due to galvanic action with the base metal and more likely in
manual welds than in machine welds.

To determine the state of a corroded structure it is common to estimate the corrosion
level as percentage of affected area. Traditional methods quantify corrosion by visual
comparison of the area under study with dot patterned charts (see Figure 1[right]).

The goal of the EU-funded FP7 MINOAS project is to develop a fleet of robots
for automating as much as possible the aforementioned inspection (and maintenance)
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Figure 1. Defective situations to be detected.

operations. Within this general context, the work that is presented in this paper constitutes
a first attempt towards the remote visual inspection and documentation of hull surfaces.
In this regard, the two main defective situations, cracks and corrosion, are expected to be
autonomously or semi-autonomously detected.

Previous work. So far, the problem of visual defect detection in materials has been
addressed from different perspectives. Roughly speaking, two main categories can be
distinguished: learning-based approaches and image processing approaches. While the
former makes use of typical pattern recognition tools, such as neural networks [1,5,17],
self-organizing maps [4] or support vector machines [2,5,6], the latter mostly comprises
methods based on image filtering (e.g. Gabor [13] or wavelets-based approaches [8,11])
and methods taking advantage of the particular geometry of the defect [15,16].

To the best of authors’ knowledge, only the work described in [14] refers specifi-
cally to detecting corrosion in metals. However, a number of works can be found for the
detection of cracks, mostly for concrete [6,15], asphalt [9] or pavement [11]. In particu-
lar, the geometric method described in [15], based on a percolation model, is the point of
departure for the method presented in this paper for the detection of cracks. Regarding
the detector of corrosion, a learning-based approach is followed.

2. Crack Detection

This section presents a crack detector based on a percolation model, as well as the algo-
rithm by Yamaguchi and Hashimoto described in [15]. This latter method was, however,
devised for detecting cracks in concrete, what makes the authors assume a geometrical
structure that does not match exactly the shape of cracks that are formed in steel. Be-
sides, our method has been speeded up so that the algorithm can run as close as possible
to real-time onboard a robotic platform. A flowchart of the algorithm can be found in
Figure 2.

The percolation process consists in a region-growing procedure which starts from a
seed element and propagates in accordance with a set of rules. In our case, the rules are
defined to identify dark, narrow and elongated sets of connected pixels, which are then
labelled as cracks. In order to optimize the detector, seed points are defined only at edges
that have not yet been classified as crack pixels and whose gray level is below ;.

Once a seed has been located, the percolation process starts as a two-stage proce-
dure: during the first stage, the percolation is applied inside a window of N x N pixels
until the window boundary is reached; in the second step, if the elongation of the grown
region is above €y, a second percolation is performed until either the boundary of a win-
dow of M x M pixels (M > N) is reached or the propagation cannot proceed because
the gray level of all the pixels next to the current boundary are above a threshold 7" (see



Locate an edge
that has not Percolate
_| already been Is darker | until reaching Is elongated?
A 7| classified as »  than Vs? YESP e NkN [T {en) [
belonging fo a | boundary I g
crack it h!] L
a . ¥ |
NO I‘Ij
1 Percolate as
Label the Is the average ECReE much as possible
percolatd area |4-vEs— gray level darker [e—vEs— (Eg) T - or until reaching
as a crack than yay? L the Mxi

boundary

Figure 2. Crack detection algorithm flowchart

below). Finally, all the pixels within the grown region are classified as crack pixels if the
elongation is larger than €j,. Elongation is calculated by means of Equation 1:

Paz + Hyy + \/ dp2, + (P2, — p2,)
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where fiz4, [tyy and pi,, are the normalized second central moments of the region [3].
Within the NV x N or M x M pixel window, the percolation proceeds in accordance
to the next propagation rules:

(1) all the 8-neighbours of the percolated area are defined as candidates and

(2) each candidate p is visited and included in the percolated area only if its gray
level value I(p) is lower than the threshold T', which has been initialized to the
seed pixel gray level value.

Finally, at the end of the percolation process, the mean gray scale level of the set of
pixels is checked to determine if it is dark enough to be considered as a crack. Otherwise,
the set of pixels is rejected and nothing is marked as a crack in the current percolation.

Regarding the differences with [15], in Yamaguchi’s crack detector:

(1) all pixels are candidate to be seed pixels,

(2) only the seed pixel is labeled as crack once the percolation finishes,

(3) ituses an acceleration parameter that allows the percolation of lighter areas and

(4) it is not required that the average gray level of the percolated region is below a
certain threshold.

As a result of these differences, our algorithm is faster for crack detection in metal sur-
faces. For reducing even more the execution time, not all the edges are considered for
starting the percolation, but only those at image places over a regular grid where the gap
between points is g pixels. To ensure that the relevant edges are always considered, a
dilation step follows the edge detection. Dilation thickness is in accordance with q.



3. Corrosion Detection

The corrosion detection approach has been built around a supervised classification
scheme. The classifier makes use of a codeword dictionary computed during a previous
learning stage. Each codeword consists of stacked histograms for the red, green and blue
colour channels of image patches containing different kinds of rust. To reduce the di-
mensionality, intensity values are downsampled from 256 to 32 levels, and, thus, a code-
word consists of 96 components. As can be observed, this codeword does not preserve
the spatial arrangement of intensity levels nor the relationship between colour channels
for the same pixel.

Samples from different kinds of corrosion have been gathered for training. In order
to make the dictionary more compact, codewords have been clustered, independently for
every kind of rust considered, by means of the well-known K-means algorithm [12]. The
size of the dictionary, i.e. the number of models, is therefore given by the number of
clusters selected during the clustering process.

Once the dictionary has been built, the corrosion detector proceeds scanning the
image and classifying every image patch as affected by corrosion or not. To this end, the
current patch codeword is built and compared with all the models of the dictionary by
means of the Bhattacharyya distance D = — log(1 — B), with B given by Equation 2:
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where X refers to the patch domain and p, and p,, are histograms from, respectively, the
codeword and the model. Using a nearest-neighbour rule, the closest model is selected
and the patch is classified as corrosion only if D < 7p.

An additional stage has been introduced before this colour-based classification pro-
cess in order to improve the classification and reduce the number of codewords to be
compared with the dictionary. The symmetric gray-level co-occurrence matrix (GLCM)
for each patch is calculated for gray values scaled between 0 and 31, for a given direc-
tion « and distance d [12]. The co-occurrence matrix is next used to calculate the patch
energy by means of Equation 3:

31 31
E=> > pli,j)?, 3)
i=0 j=0
where p(i,j) is the value stored in row ¢ and column j of the co-occurrence matrix.
Patches of low energy, i.e. have a rough texture, are finally candidates to be more deeply
inspected. The flowchart for corrosion detection is shown in Figure 3.
4. Experimental results

4.1. Detecting cracks

The performance of the crack detector depends on the particular setting of the percolation
parameters as well as on the size of the gap left between percolations. As a general rule
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Figure 3. Corrosion detection algorithm

Table 1. (a) Crack pixel FP percentages. (b) Crack pixel FN percentages. (c) Crack FN percentages.
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during the selection of the final parameter values, false negatives have been penalized
more than false positives. The elapsed time during the entire process has been considered
an important factor as well, in the sense of trying to reduce it as much as possible.

Regarding specific parameters, ey and €)s, related with the expected elongation of
cracks, and the gray level thresholds v, and 74,4 have been tuned so as to reduce as much
as possible the number of false positives over all the test images, while the value for N
and M, related with the size of the percolation boundaries, has been determined using the
mean value of Pratt’s FOM measure [7] calculated for all the test images.

Once all the parameters have been configured, the detector performance has been
assessed with regard to ground truth by means of the false positive and false negative
percentages, respectively FP / #pixels and FN / #pixels. After analyzing 2244960 pix-
els from 15 different images, the global percentages result to be 2.29% for false pos-
itives and 0.47% for false negatives. Percentages for some of the images are addition-
ally shown in Table 1. As can be observed in Table 1(a), false positive percentages are
not null. This is because of some dark narrow areas, e.g. shadows, that sometimes are
classified as cracks. False negative percentages, as can be seen in Table 1(b), are neither
null due to the different intensity levels that can be found inside a specific crack: i.e. the
percolation process tends to tag only the darkest areas inside the crack, not the lightest
ones. Nevertheless, if entire cracks are considered as entities and it is assumed that the
labelling of a single pixel within a crack is useful, then the corresponding percentage
FN cracks / #cracks turns out to be zero since all the cracks are always detected (see
Table 1(c)). In this regard, it is important to remember that this algorithm is intended to
be used to facilitate the visual inspection of vessel images carried out by a supervisor
and, thus, informing about the existence of a crack in an image area is considered worth
enough even if the crack is not completely marked.



Table 2. Crack inspection elapsed time for different size images

Pixels 120000 | 120000 | 144000 | 144000 | 158880 | 162720 | 172800 | 172800 | 177120
Time(ms) 139 438 189 67 816 661 353 117 130

Figure 4. (1st row) Test images and (2nd row) detected cracks

Table 2 shows the elapsed time during cracks detection for some of the test images
together with their sizes. As can be seen, the elapsed time does not increase with the
number of pixels since the elapsed time depends more on the number and size of cracks,
and edges in general, that are detected.

Some images and the resulting crack detection are shown in Figure 4. It can be ob-
served that all the cracks that can be detected by means of visual inspection are detected
by the crack detection algorithm as well.

4.2. Detecting corrosion

Regarding the corrosion detector, the patch size was set to 15 pixels. This value deter-
mines the amount of information contained in a patch as well as the necessary time to
obtain the codeword from an image patch and to compare it with models from the dic-
tionary. Thus, this parameter also plays a role in the running time. Furthermore, it has to
be noticed that the dictionary size, i.e. the number of models in the dictionary, is also a
determinant factor in terms of time: the more models are in the dictionary, the more com-
parisons have to be performed for the patches that actually are not affected by corrosion.

As for the dissimilarity threshold 7p, a large value gives rise to a reduction in the
execution time because image patches affected by corrosion are labelled as such in a few
comparisons with the models stored in the dictionary. Nevertheless, this also decreases
the performance of the algorithm because the number of false positives grows. The final
value for 7p has been selected so as to reduce as much as possible the misclassifications.

The value for the energy threshold 7g affects the algorithm performance in terms
of computation time as well as reducing the number of false positives, since all patches
with a high energy level are discarded and only those with a low value become input for
the color checking step. Several experiments have been performed considering different
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Figure 5. (1st row) Corroded areas detected, (2nd row) 75 and (3rd row) processing time (ms)

values for d and o when calculating the GLCM and, consequently, its energy level. How-
ever, no significant differences have been observed among the output values, and so the
parameter values have been set to d = 5 (pixels) and o = 0 (horizontal direction).

Figure 5 shows rust detection outputs for the same input image using different energy
thresholds. As can be observed, 7 can be tuned to decrease false positives and just allow
the detection of the most significant corroded areas, while decreasing the computation
time.

As well as for the crack detector, quantitative performance results have been ob-
tained by defining first a ground truth for every test image by visual inspection, and com-
paring next the reference with the algorithm output. Since the corrosion detector output
is in terms of image patches instead of image pixels, the ground truth has also been trans-
formed to the patch domain. Since the ground truth patches labelling admits a number of
possibilities, the following strategies have been considered:

label a ground truth patch as corroded if the number of pixels labelled
as corrosion in the ground truth are

at least 1,

at least 25% the patch size,

at least 50% the patch size,

at least 75% the patch size, or
all the pixels of the patch.

Nk w =

False positive (FP / #patches) and false negative percentages (FN / #patches) for the
different strategies are shown in Figure 6. These misclassification percentages come from
the analysis of 7384 patches from 11 different images. As can be observed, the number
of incorrect classifications in any case is reduced: below 10% for the false positives and
around 18% for the false negatives. Besides, the number of false positives grows very
slightly with regard to the percentage of pixels that are required to be corroded for the
patch to be considered as corroded, what indicates that the number of false alarms is
low and independent of how the patches have been labelled. Regarding the number of
false negatives, it decreases dramatically, so that patches really affected by corrosion are
always detected and only uncertain cases are left unidentified.

Similarly to what happened with the cracks detector, the processing time for the
corrosion classifier does not depend on the image size but on the percentage of image
area that is corroded or that presents a low energy level. Some results can be found in
this regard in Table 3.
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Figure 6. False positive (left) and false negative (right) percentages for different ground truth patch labelling
strategies

Table 3. Corrosion inspection elapsed time for different size images

Pixels 120000 | 120000 | 144000 | 154560 | 162720 | 172320 | 172800 | 172800 | 177120
Time(ms) 49 47 151 74 61 117 41 271 33

Figure 7. (Ist row) Test images and (2nd row) detected corroded areas

Figure 7 shows detection results for some images. In those cases, the algorithm was
configured to detect only the image areas most significantly affected by corrosion.

5. Conclusions and future work

Two algorithms for support in vessel hull inspection have been presented in this paper.
One the one hand, a crack detection method based on a percolation idea has been in-
troduced and its performance has been proved in the sense of being able to detect all
the cracks in the test images. Nevertheless, better results are expected by controlling the
imaging process. If the pose and distance of the camera respect to the inspected surface
could be controlled, the algorithm parameters could be tuned for cracks of a specific size.

On the other hand, a corrosion detection algorithm based on a supervised classifica-
tion method has also been presented. The results obtained with colour classification are
significantly improved with the addition of a previous decision stage based on a patch
energy criterion. Better results are also expected if the information about the correlation



between colour channels was preserved. Some kind of simplified colour histogram could
be a good approach.

As future work, it is proposed to use the results of the corrosion detection algorithm
to improve the performance of cracks detection, since most of the of cracks observed in
the images appear in corroded areas. Then, a previous detection of those areas could be
useful to indicate where cracks could be situated and thus, reduce the area to inspect.
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