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Abstract

In this paper, a new road surface crack detection algorithm is proposed; it is based on
the ridge edge detection on fractional calculus and the dual-thresholds on a binary
image. First, the multi-scale reduction of image data is used to shrink an original image
to eliminate noise, which can not only smooth an image but also enhance cracks. Then,
the main cracks are extracted by using the ridge edge detection on fractional calculus in a
grey scale image. Subsequently, the resulted binary image is further processed by
applying both short and long line thresholds to eliminate short curves and noise for
getting rough crack segments. Finally the gaps in cracks are connected with a curve
connection function which is an artificial intelligence routine. The experiments show that
the algorithm for pavement crack images has the good performance of noise immunity,
accurate positioning, and high accuracy. It can accurately locate and detect small and
thin cracks that are difficult to identify by other traditional algorithms.
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1. Introduction

In a time period, any road can be damaged gradually due to traffic loads and the
other natural/artificial factors, and cracks are the most common road pavement
surface defects that need to mend as early as possible. If the cracks are not handled
properly, the damage will be more and more serious in the influence of repeated
traffic pressure, rain and snow weathers [1]. The traditional pavement crack
detection methods, based on artificial vision inspection, have the shortage of high
labor work intensity, no uniform standard, slow speed, low accuracy and un-safety
[2-3]. With the development of computers and digital image processing technology,
pavement crack detection systems based on video images are widely used in the
road maintenance. By the image technique, the road surface image acquisition is a
procedure for the collecting data of the road condition, and then the pavement crack
detection method will be used to evaluate road quality and to identify the pavement
disease features [4-5]. These procedures can be used with the usage of intelligent
transportation systems [6], and recently there have been many advanced image
processing algorithms for crack detection, in which, the representative approaches
are: a multiscale approach [7] was proposed to detect cracks based on Markov
random fields for tracing cracks in road pavement surface images; in reference [8]
authors suggested to adopt wavelet transform to detect cracks; Ayenu-Prah [9]
studied a two-dimensional empirical mode decomposition crack detection method;
the literature [10] presented the usage of Hough transform in crack detection, which
can achieve better results because of Hough line transform making the good
identification; Anders [11] developed a crack detection algorithm based on
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morphology; and others such as thresholding algorithms [12-13] were also applied
for crack detection in a road surface. Some related research work, such as rock
fracture detection and road detection, etc. were studied in [14-15].

Generally, it is similar to other application systems [16], a modern road crack
detection system includes an optical imaging device such as a CCD camera on the
rear of the trolley, and different image processing algorithms for detecting cracks in
the video images. Due to the differences of the road surface materials and the
degrees of smoothness, the system is often affected by the non-uniform illumination
and system device itself. In a captured image, there exist a lot of noise and shadows.
In addition, the crack objects are very thin and small by comparing to the large
background in a pavement image. All these characteristics make the pavement crack
detection and identification harder. So, this paper proposes a pavement crack
detection algorithm based on the ridge edge detection and double thresholds for
boundary connection. According to the characteristics of the crack images, the
algorithm adopts multiscale technique to analyze the crack images by combining the
different morphological operators, which can not only smooth images but also
sharpen cracks. The main steps are: (1) the main cracks are extracted by a special
ridge edge detection algorithm based on fractional calculus; (2) both small and large
length thresholds are used for burr elimination and removal; (3) the gaps in cracks
are identified and linked by the combination of different morphological operations;
and (4) each of the crack targets is analyzed and refined on the basis of the
reference images with different scales.

2. Image Transform from Fine Scale to Course Scale

As normal, the road image acquired through the system device contains two types
of objects: the pavement background and cracks (target objects). By referring the
literatures [17-18], the pavement image features can be summarized as follows:

(1) A crack is a set of lower grey value pixels respect to the pavement background.
That is, the pixel gray value of the crack is much lower than that in its
neighbors and the value is the local smallest.

(2) A crack normally has a linear characteristic in a certain direction, with the
continuity in a space.

(3) Crack pixels, in the entire image, only occupy a very small proportion, about
0.1-1.0%.

(4) Since the resolution of an image is up to 4000x4000 pixels in colors, therefore
the small or thin cracks are easily disturbed by different road surface noise.

(5) Because the pavement material is rough, and the textures and 3-D geometries of
the surface change a lot. These cause big speckle noise, low signal-to-noise
ratio of cracks; low brightness contrast between the cracks and background, and
poor crack pixel spatial continuity.

(6) Due to uneven illumination, cracks may show different gray values/colors in
different locations in the pavement image.

Because of those image features, the pavement crack image enhancement is
mainly for the expansion of the crack width and the reduction of image background
noise. Since images are generally of the relatively large size, and an image includes
a large amount of data, so the original image needs to shrink as a pretreatment. Due
to the pavement material variation, the effects of a system, non-uniform illumination
and the uneven brightness in an image, there is a lot of white noise in a pavement
image. The cracks are only a small percentage proportional to the whole image, the
algorithm for image shrinking by combining the morphological operations. The
minimum neighborhood method is applied to shrink the image and extent the crack
width. The concrete steps of the algorithm are as follows:
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1) Scale-down the length and width of an image f 2m times to get a new image
fnew.
2) Position the shrunk image fnew(i,j) corresponding pixels in the original image

f(i,j), and scan the neighboring pixels of fo(i 10, 10 ), B0 1)+ Fo a1 1)
3) Calculate the mean value of the smallest n neighboring pixel gray value, and
assign the result value to the new image pixel fnew(i,j), i.e.:

o 1) =2 (i 1)+ Fu i 1)+ f (i )]
n (1)

From the results in Figure 1, it is obvious that the pretreatment can not only
eliminate the white noise effectively but also strengthen the crack information. The
different sized template can perform different results, and if the template size is too
small, the result may be not so promising, but too large template used will blur the
image and lower the brightness contrast which will affect the following detecting
result. Therefore, 3*3template is selected for the experiments in this study.

(a) Original imag with white noise (b) Shrunk image by 2x2 Template

(c) Shrunk image by 3x3 Template (d) Shrunk image by 5x5 Template

Figure 1. Original Pavement Crack Image and its Shrunk Images
3. Ridge (Valley) Edge Detection based on Fractional Calculus

3.1 Fractional Calculus

After image shrinking, the new image is smoother and the crack boundaries
become weakened, and there exist some tiny black noise in the new image. As the
fractional calculus can enhance weak boundaries and weaken the strong noise, the
algorithm is applied in the ridge (valley) edge detection. The calculus (integral)
effect to signal is shown in Figure 2:

As shown in Figure 2, the calculus algorithm can reduce the high-frequency
signals and effectively enhance the low-frequency signals, which can be used to
enhance the weak boundaries and eliminate some of the strong border particle noise
signals in the image processing. So far, there is no unique definition of fractional
calculus, scientists analyze and explore it from different aspects on the fractional
calculus and get different definitions [19-20]. In all of those, Grimwald-Letnikov
definition is widely used for digital image processing, and it is defined as:
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Fractional Integral frequency response chart
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Figure 2. Amplitude-Frequency Graph of Fractional Integral
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Where, f(t) is the signal, [V} (W(V+D)-(v+r-1)  the superscript G of °D," means

r r!

the definition of Grimwald-Letnikov, a and t are the low and up boundary, and v

represents the order.
If v=-v and h=1, the definition of fractional integral can be released as:

’ vty o o Qvtm)
FO? O D ) Werrmre) o

F(a):Ie’xx“’ldx =(a-1)! is a Gamma function.
0

3.2 Ridge (Valley) Edge Detection Algorithm

Because of the special features of pavement images, the results of traditional edge
detection algorithms (such as Robert, Prewitt, Sobel, LOG, Canny etc.) are rough
and cannot represent thin or small cracks accurately, and there exists many noise
and spurious edges. Testing shows that it is difficultly to use the traditional edge
detection algorithms for the pavement cracks, which is not conducive to the further
extraction of cracks. Hence this paper proposes a ridge edge detection algorithm to
locate small or thin cracks based on fractional calculus. Since the grey level of a
pavement crack is lower than that in its surrounding neighborhood pixels. If a crack
can be seen as a small "valley", the remaining question is how to locate and detect
the "valley" by a special edge detection algorithm [21-22]. For which, the possible
algorithm steps are as follows:

1) Scan an image f(i,j) and construct 3*3 sized templates in 8 directions, as shown

in Figure 3 (a);

vl
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(a) 8 directions of algorithm (b) O°direction (c) 45°direction
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(d) 90°direction (e) 135°direction (f) 180°direction
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(g) 225°direction (h) 270°direction (i) 315°direction

Figure 3. Eight Templates based on Fractional Calculus in 8 Directions
2) Calculate the 8 weighted mean values according to Figures 3(b)-(i). vl=v,

v2=v(v+1)/2, v is the order of fractional integral. The mathematics expressions
are presented in Egs.(4)-(11):

foo (i, J) =[F G+ ) +F (i +2, j)*v+(F (i +3 j)*V(V2+1)]/[1+V+v(v2+1)]

(4)
fo 1 1) =041 J40) 142, #2011, 149Dy + X2
(%)
foe (L 1) =[F (L, J-D)+F(, j=2)*v+(f(i, ] _3)*V(V+1)]/[1+V+V(V+l)]
? 2 (®)
fae (L, D) =[F-Lj-D)+f(-2,j-2)*v+(f(i-3 ] _3)*V(V +1)]/[1+V+V(V +1):|
° 27
e (L)) =[E(A-1 )+ -2, j)*v+(f(i-3, j)*V(V +1)]/[1+V+V(V +1)]
’ 2 ®)
() L1614 162,542 413,149 D+ X ©
foree (L J) =[F QL JHED) +1(, j+2)*v+(T (i, ] +3)*V(V +:I-)]/[]__‘_\/_’_V(V +1)]
? 2 (10)
o (L, ) =[FA L JH) T (1 +2, j+2)*v+(F (i +3, ] +3)*V(V +1)]/[1+V+V(V +1)]
2 2 (11)

3) The 8 values are computed into 4 pairs: 0° and 180°, 45° and 225°, 90°and 270°,
135°and 315°, set a threshold value T, and identify the target pixel as “valley” in
this direction if the two direction values of a pair are both higher than the

threshold, i.e: fm*45°(i’ D-10,1)=T & fm*45°+180°(i’ nD-f@4, =T
assign the 4 values as follow:

then
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Foease (0 ) + frasernooe (i ) Trvase (LD =T D 2T & &

.@, )= 2 fraseraeo (L 1) — £C, ) =T
0 ot hers
(12)

where, m=0,1,2,3.
4) Find out the maximum value of the 4 pair values, the pixel in the directions as the
“valley” pixel;
5) Then, binarize the image according to the following equation:

& -, % o gl B e
(a) Original image in (b) Result of Robert (c) Result of Prewitt
Figure 2 (c)

() (h) Canny (1/0.4/0.8) (i) Canny (1/0.6/0.9)
Canny(© /T1/T2=.05/0
410.9)

(j) New algorithm, 0.3 (k) 0.5 order (i) 0.8 order

order

Figure 4. Comparison between Conventional Edge Detection Algorithms
and New Algorithm

. 255 g(i, j)=T
f(, J) :{ 0 !

else (13)

To prove and validate the effect of the new algorithm, the other pavement images

are selected testing, as one example, the comparison between the conventional edge
detection algorithms and the new algorithm is shown in Figure 4.

4. Short-term Noise Elimination and Dual-thresholds for Edge
Connection

Short-term, refers that its length is less than the tracking step T, and the
disconnection is in a line in which the length is not less than T but exists gaps [23].
After the valley edge detection above, there exist a lot of short-term noise in the
binary image; and the determination whether it should be eliminated or not is often
based on its length, this mainly depends on the size of the selected threshold. If the
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threshold value is too small many short-term burrs cannot be eliminated, and a large
number of crack information will be missing if the selected threshold is too large.
To solve this problem, a double threshold method is used. Firstly a short length
threshold is chosen to eliminate short-term burrs, and then a long length threshold is
selected to eliminate the other noise. The result processed by the short length
threshold retains the most part of the crack information, and using the long length
threshold can eliminate almost all of noise. So, the final result can be obtained by
combining the two thresholds, after a number of morphological operations.

4.1 Short-term Noise Cancellation

The short-term noise can be roughly divided into three categories: Non-closed
short-term curves, isolated pixel noise and Closed loop short-terms. A typical
existing short-term elimination method is to track a line or a curve from one
endpoint to another, which can deal with the above first and second types of noise
under a certain condition, but cannot eliminate the third type of noise because for
which there is no endpoint. For the third type of noise, the objects are thinned and
labeled firstly. Then, the area and elongation of each labeled object are calculated.
Subsequently, for the objects having the area less than A or the elongation less than
E, they are deleted. Where, A and E are determined by experience. As one example
in Figure 5, the original binary includes three cracks with gaps, the black blocks and
three types of noise are involved in the image; to delete the above noise, the
thinning operation needs to operate as shown in Figure 5(b); a threshold 30 is used
to delete the first two types of noise (see Figure 5(c)); for the third type of noise, the
objects are labeled, then the area and elongation of each object are calculated, if the
area is less than 50, or the elongation (length/width) is less than 3, the object is
removed, as shown in Figure 5(d), where the gaps on the cracks are linked
automatically, based on the gap length and orientation.

o — 2 = _ A — 2 = a

= O | T T o — || = —
e | T | I | R
—— -~ LI — ~

e — == — 0 T o7

(@) Binary ~(b) Thinning (c) Third type (d) Gap linking
image result of noise result

Figure 5. Removal of Three Types of Noise and Gap Linking in Cracks

4.2 Dual-threshold Gap Linking

There exist some gaps after eliminating short-terms, and the gaps need to link.
The traditional ways are to search for possible candidate points (the endpoints), and
decide if the two points should be connected or not is based on the distance between
a couple of the candidate points and their orientation difference. However, these
methods exist two obviously insufficient points: (1) this greatly depends on the pre-
decided distance and angle thresholds, but no unified standard threshold value can
be selected; and (2) the connection path completely relays on subjective
requirements, and there may be wrong and drain connections. Therefore, this paper
proposes a dual threshold gap linking method which makes object thinning and then
uses both the short and long length thresholds to eliminate the short-terms for
getting background and target images respectively. Then, it links the gaps in the
target image based on the reference background image, one example is in Fig.5(d),
and the specific steps are as follows:
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1) Get the result image (background image) which retains the crack information by
only eliminating small noise with a short length threshold. The background image
is used as a reference image for crack gap linking.

2) Further use a long length threshold to eliminate the most short-terms and noise to
get the target image, where, the main segments of the cracks are remained
because of the much bigger the threshold, the more noise and short fragments in
the image can be eliminated even there exist some loss of the useful edge
information. The target image is used for the initial point detection for gap
linking.

3) Apply B-spline function to smooth all the lines or curves (pixel values are of
255) both in background image and the target image. The aim is to obtain the
relative stable orientation for each endpoint or line that may be the candidate
point or line for the gap linking.

4) Link the crack gaps in the target image with the reference background image as
follows:

a) Scan the target image f, and search for an endpoint f(i, j) in the target image and
set it as the detecting point.

b) Inspect the 8 neighboring pixels of (i, j) in the background image b, if there
exists non-zero value pixel b(il, j1) in the 8 neighboring pixels but its
corresponding point in the target image f is zero, then the pixel f(il, j1) value in
the target image will be assigned to 255 as the next new inspecting point in the
target image.

c) Set f(il, j1) as a new detecting point, repeat step b) until there is no linking point
in the background image , i.e. the crack gap linking of starting from endpoint f(i,
j) is completed .Then go back to step a) to find out the next crack gap linking
endpoint until the whole image is completely scanned.

5. Experimental Results and Analysis

The In the experiments, 300 pavement crack images are tested. According to
experience, the main parameters are selected as: 0.8 as fractional calculus order, 4
as valley detection threshold, 6 as threshold for the binary image, and 2 and 20 as
the short and long length thresholds. The test results are shown in Figure 6.

The other similar three pavement crack images are illustrated too, the comparing
results between the new algorithm and the traditional Otus algorithm are shown in
Figure 7.

(a) Original pavement image

(b) 3*3 template for Shrink image

(© IIey edge dttonrsult (d) Thinning result f (© -
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(i) Combination result of (b) and (h) () Combaring result of Otué
Figure 6. Pavement Crack Tracing Procedure and Comparing to Others

Three original crack images

Shrunk images after reduced by 2 times

Detection results by Otus alorithm‘
Test [ Test Il Test III

Figure 7. Three More Pavement Crack Image Processing Results

6. Conclusions
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The pavement crack detection method based on valley edge detection of
fractional calculus and dual-thresholds is proposed in this paper. The method
designs a valley edge detection algorithm by using a group of fractional integral
templates to detect small and thin cracks after the multi-scale image processing
under the premise of no loss of crack information, then the thinning operation is
performed on the objects in the binary image, subsequently, three types of noise are
removed, the short length threshold is used to eliminate burr and get the background
image, and the long length threshold is applied to get main crack segments as a
target image. Finally it searches for the initial gap linking points in the target image,
and links crack gaps by referring the information in the background image.
Experimental results show that this method has good performance of anti-noise,
high precision and accurate positioning, and it can meet the requirements of the
small and tiny crack positioning and identification.

Since the test images are limited in this study, the further study should
concentrate on color or grey level image segmentation by using new algorithms (e.qg.
graph based algorithms) [24], in addition, the crack shape analysis in a binary image
should be important for determination if a detected object is a crack [25-26].
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