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ABSTRACT. Based on wavelet transform, this paper proposes a novel image enhancement
algorithm to solve the problems of existing leakage image treatment techniques (weak light,
low contrast, heavy noise and unobvious target area). Firstly, the original image was subjected
to a three-level decomposition based on wavelet transform, producing low-frequency and high-
frequency signals. After that, the low-frequency signal was enhanced by homomorphic filtering
and treated with histogram equalization, while the noisy high-frequency signal was denoised
by semi-soft threshold function. The enhancement of the low-frequency signal aims to facilitate
the extraction and enhancement of the image information from the target leakage area; the
denoising of the high-frequency signal attempts to enhance the texture details. Finally, the
proposed method was verified through Matlab simulations on an actual tunnel leakage image,
and compared quantitatively with a traditional enhancement algorithm through image
normalization. The results show that our algorithm can satisfactorily overcome the defects of
the traditional method and produce leakage images with sharp contrast, bright lightness and
clear textures. The research findings lay a solid theoretical basis for the fast and accurate
identification of images on leakage disease.

RESUME. Basésur la transformation en ondelettes, cet article propose un nouvel algorithme
d’amélioration d’image permettant de résoudre les problémes des techniques existantes du
traitement d’images de fuite (faible luminosité, faible contraste, bruit intense et zone cible non
&idente). Tout d'abord, I'image d'origine a é&soumise aune déeomposition en trois niveaux
basée sur la transformation en ondelettes, produisant des signaux abasse fréguence et ahaute
fréquence. Aprés cela, le signal & basse fréuence a ée renforcé par un filtrage
homomorphique et a &€é&traitéavec une éalisation d'histogramme, tandis que le signal ahaute
fréguence bruyant a ééattéuépar une fonction de seuil semi-doux. L 'amélioration du signal
a basse fréquence vise a faciliter ’extraction et ['amélioration des informations d’image de la
zone de fuite cible; le dédruitage du signal ahaute fréguence tente d'amé@iorer les déails de la
texture. Enfin, la méhode proposé& a ééveifiee au moyen de simulations Matlab sur une
image reelle de fuite dans un tunnel, et a é€comparé quantitativement avec un algorithme
d’amélioration traditionnel par normalisation d’image. Les résultats montrent que notre
algorithme peut surmonter de maniére satisfaisante les déauts de la méhode traditionnelle et
produire des images de fuite avec un contraste net, une luminositévive et des textures claires.
Les résultats de la recherche jettent une base théorique solide pour [’identification rapide et
preeise des images avec des déauts par fuite.

Traitement du signal — n=3-4/2018, 209-222



210 TS. Volume 35 — n<3-4/2018

KEYWORDS: tunnel leakage image, wavelet transform, image enhancement.
MOTS-CLES: image de fuite dans le tunnel, transformation en ondelettes, améioration d'image.

DOI:10.3166/TS.35.209-222 © 2018 Lavoisier

1. Introduction

Recent years has seen a boom in China’s tunnel construction. Different types of
tunnels have been constructed across rivers and the sea to link up different places or
in urban areas for metro transport. The frenzy of tunnel projects is threatened by the
increasingly prominent structure diseases, the most severe of which is tunnel leakage
(Yuan et al., 2013). With the fast development of machine vision technology, the
emerging nondestructive testing methods offer a possible solution to detection of such
diseases. In addition, the recent coupling between computer technology, electronic
technology and image processing technology has also made it possible to quickly
detect tunnel diseases based on image processing (Huang and Li, 2017).

The machine vision detection method is one of the non-destructive detection
methods. It uses a high-definition camera to automatically trigger the acquisition of
the tunnel lining image, and automatically detects the location, length, and width of
the disease by image processing technology. Because the method uses the matching
image analysis technology to process the data, it can overcome the shortcomings of
manual detection and gradually become the main research method in the field at home
and abroad (Yuan and Xue, 2017). Faced with dusts, insufficient light and local
highlighted areas (Wang et al., 2016), the tunnel environment is so complex that the
tunnel images cannot be processed satisfactorily by conventional image enhancement
methods. Considering the complexity of tunnel environment, the recent studies on
image processing have concentrated on enhancing the dark areas, suppressing the
highlighted areas and enriching texture details, aiming to enhance the images and
improve the matching speed (Zhou, 2018; Petschnigg, 2004; Wang et al., 2014; Wu
and Huang, 2018).

To process images of different environments, the conventional image
enhancement methods have been improved at home and abroad. For example, Wu et
al. (2018) designed an effective wavelet enhancement method through the integration
of the wavelet transform and the histogram equalization based on dynamic threshold
allocation. Chen et al. (2014) proposed a fast wavelet transform algorithm for signal
and image processing and reconstruction. Despite the fruitful results on the processing
of images taken in different environments, there are very limited reports on the
processing of tunnel leakage images due to the late start of tunnel disease rapid
detection, not to mention the enhancement of images on special tunnel environments
(Wang et al., 2018; Xu and Tao, 2017; Ding and Duan, 2011).

Considering features of tunnel leakage images, this paper probes deep into the
wavelet transform enhancement for the processing of leakage images, and discusses
the signal processing of such images in details: based on wavelet transform, the
decomposed low- and high-frequency signals are respectively enhanced by
homomorphic filtering and treated by semi-soft threshold function. Compared with
the conventional image enhancement algorithms, the proposed processing algorithm
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can reduce the contrast of highlighted areas while enriching the image details. The
feasibility and adaptability of the algorithm were verified through image enhancement
experiments on the Matlab. The research findings lay a solid theoretical basis for the
fast and accurate identification of images on leakage disease.

2. Features and processing of tunnel leakage images

2.1. Tunnel imaging environment

The metro tunnel is an underground tubular structure in a low light environment.
With a special curvature, the lining surface has many interferences that affect image
recognition, including but not limited to panel joints, power cables, pipes, bolt holes,
grouting holes and LED lights (Huang and Li, 2017). The interferences are shown in
Figure 1 below.

Figure 1. Interferences on tunnel surface

Many leakage images were taken from a metro section in Jinan, the seat of eastern
China’s Shandong province. After classifying these images on the complex tunnel
surface, the influences of the special tunnel environment on imaging are summarized
as (Zhang and Zhang, 2014):

(1) Various shapes: The water has penetrated and diffused to many block and strip
areas on the tunnel surface, creating leakage areas in various shapes and with varied
degrees of the disease.

(2) Directionality: The water leakage is under the effect of gravity. In tunnel
leakage images, the pixel distribution in the leakage areas is more directional than that
in the non-leakage areas (Figure 2).

(3) Grayscale difference: Compared with the non-leakage areas, the leakage areas
have obvious changes in grayscale. In general, these areas are dark with local
brightness.

(4) Presence of background noise: Due to construction and operation, the lining
surface of the tunnel is inevitably covered by cement mortar, water stains, oil stains,
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scratches and artificial markings. As a result, the collected images become
heterogenous, which adds to the difficulty in subsequent analysis.

(5) Uneven illumination: The tunnel is a low-light environment. The uneven
illumination leaves halos in some of the images, making the images blurry.
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Figure 2. Leakage images

2.2. Features of leakage images

Due to the complex and variable tunnel environment (Liu et al., 2012), the leakage
images acquired from the tunnel carry the following features:

(1) Low contrast: The variable illumination in the tunnel is insufficient for high-
quality imaging. The resulting images are faced with uneven brightness, blurry details
and poor contrast, which hinders the subsequent processing.

(2) Many noises: The acquired images have such defects as false contours and
false shadows, which are resulted from the scattering effect of suspended matter in
the air, the obstruction of pipes and other obstacles and the directional distribution of
leakage areas.

(3) Uneven grayscale: The grayscales of the acquired images are unevenly
distributed, because the images are taken under the non-uniform ambient light caused
by the use of auxiliary illumination.

The above description shows that the images acquired by rapid tunnel leakage
detection system vary greatly from each other, owing to the complexity of the tunnel
environment. What is worse, the images are interference by noises like spots, halos
and false contours, making it hard to distinguish between the leakage and non-leakage
areas. As a result, the tunnel leakage images share the problems of low contrast, color
distortion and poor clarity.

To sum up, the acquired background images have strong color variations, while
the leakage area images carry indistinguishable features, which are attributable to the
complex environment and uneven texture distribution on the lining surface.
Considering the complex factors in tunnel leakage images (Huang et al., 2012) and
the features of wavelet transform, this paper designs an image enhancement method
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based on wavelet transform to reduce the impacts of the complex environment on the
imaging. Targeting the images on tunnels with insufficient or uneven illumination,
this method attempts to effectively enhance the features of the target leakage areas
and enrich the image details, without sacrificing the original details of the target
images.

3. Image enhancement

3.1. Wavelet transform

The wavelet transform-based image processing is implemented as follows:
decomposing the target image via wavelet transform, processing the low- and high-
frequency component coefficients separately, and restoring the image via wavelet
reconstruction to meet the specific requirements. Compared with Fourier transform,
the wavelet transform supports the analysis in both the space (time) domain and the
frequency domain (Huang et al., 2012).

The discrete wavelet transform of the 2D function f(m,n) € 1?(Z?) can output a
low-pass sub-band images; and three high-pass sub-band images H; ; with direction
selectivity. Further decomposition of the low-pass sub-band image S; can yield the
multi-level wavelet decomposition of f(m,n). The decomposition results can be
expressed as:

W(f(mn)={H,, =w![f(mn)])s,} 1<i<31<j<i @

where H; ; is the detail information on the scale j and in the direction i; S; is the
general description of the image on the highest scale j, representing the low-frequency
information of the image.

In the target image, the high-frequency contents usually concentrate in a low-scale
high-pass sub-band, while the noises concentrate in a high-scale sub-band H; ;. In
actual processing, the decomposition coefficients of different scales enhanced to
different degrees, aiming to prevent the excessive enhancement of noises in common
enhancement methods. Considering the defects of single-scale enhancement, multi-
scale wavelet transform is adopted here to decompose and enhance the image (Huang
and Jiang, 2006).

After the first-level wavelet transform, the original image was decomposed into
four sub-images, respectively representing the smooth approximation component, the
horizontal component, the vertical component and the diagonal component of the
original image. The wavelet reconstruction is the inverse process of wavelet
decomposition. The wavelet transform process is explained in Figure 3 below.



214  TS. Volume 35 — n<3-4/2018

52 H3,2
S His Hys
Hi, | Hap
s T [ >
Hll HlZ Hll HlZ

Figure 3. Sketch map of wavelet transform

For an image acquired from a low-illumination tunnel, the key to signal processing
lies in the correct and fast separation between the low-frequency incident component
and the high-frequency reflection component. Since wavelet transform can effectively
separate the high- and low-frequency information in images, this paper puts forward
an enhancement algorithm for low-illumination image based on wavelet transform.
The overall procedure is presented below (Chen et al., 2018):

(1) Performing a three-level discrete wavelet transform;

(2) Using homomorphic filtering to remove the incident component from the low-
frequency sub-band extracted from wavelet transform;

(3) Using semi-soft threshold function to enhance and denoise each high-
frequency coefficient obtained via wavelet transform, such as to enrich the texture
details of the image;

(4) Reconstructing the processed image via inverse discrete wavelet transform.
3.2. Discrete wavelet decomposition
To realize real-time tunnel detection, the Daub wavelet transform wave adopted

to perform a three-level wavelet decomposition on the leakage image. The positive
transform formulas are:

d,[2n]=s,[2n +1]—{;{30[2n]+ so[2n+2]}+;} @)
sfen]-sfn]+ {3 fofen-2Je o) 3} @

The inverse transform formulas are:

(4)

—

difon]=s.[zn]- {3 dfen]s dfen+ 2]+
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30[2n+1]:d1[2n]+{;{30[2n+2]+d0[2n]}+;} (5)

where sy[n] is the original 1D signal; s;[2n] and d,[2n] are the information
acquired through low-pass filtering and down-sampling and high-pass filtering and
down-sampling, respectively. One low-frequency sub-band S; and three high-
frequency sub-bands H;; (i=1, 2, 3) can be obtained through the three-level
decomposition. Since the low-frequency sub-band S; has an area of only 1/64 of the
original image, it is extremely fast to estimate the incident component on the low-
frequency sub-band.

3.3. Homomorphic filtering enhancement

Based on the illumination reflection imaging principle in the image acquisition,
the homomorphic filtering is a frequency domain technique that can enhance the
image details by adjusting the grayscale range and eliminating the uneven illumination
of the image. The first step of homomorphic filtering enhancement is to set up an
image model under illumination. Generally, the tunnel leakage image is denoted as
f(m,n). According to the Retinex theory of color vision, the incident component and
the reflection component in image f(m,n) can be denoted as i(x,y) and r(x,y),
respectively (Zhou et al., 2015). The incident light is reflected onto the reflective
object, forming the reflected light, which is then reflected into the visual receiver to
form an image. The relationship between the image, the incident component and the
reflection component can be expressed as:

f(m,n)=i(x,y)xr(xy) (6)

Uneven illumination is illustrated by the incident component i(x, y), which is
basically a slowly changing low-frequency component reflecting the slow spatial
transformation of the image. By contrast, the details of the scene are illustrated by the
reflection component r(x, y), which is a high-frequency component. To transform the
relationship between i(x,y) and r(x,y) via multiplication and addition, the
logarithmic operation was performed on the above equation before the discrete
Fourier transform. The resulting frequency domain can be expressed as:

F{nf(x,y)}=Fni(x,y)+Inr(x,y) @)

To eliminate the uneven brightness of the image caused by non-uniform
illumination, the spectral content of the incident component should be weakened in
the frequency domain, while enhancing that of the reflection component. According
to the image properties characterized by the incident component and the reflected
component, the author selected a proper homomorphic filtering function H (u, v) to
suppress the low-frequency component and boost the high-frequency component,
hereby overcoming the effect of non-uniform illumination and enhancing the image
contrast.
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The processing of the frequency domain by the filtering function H (u, v) can be
expressed as H(u,v) X F{inf (x,y)} . For simplicity, let I= Filni(x,y) and
R=Inr(x,y). Then, the space domain obtained after inverse discrete Fourier
transform can be expressed as:

FH{H(u,v)xF{In f(x,y)}}=F*{H(u,v)l }+ F*{H(u,v)R} (8)

Finally, the image g(x, y) can be obtained through the exponential operation.

The selection of the filter is essential to the effect of homomorphic filtering. In an
image, the incident component often reflects the slow changes in the space domain,
while the reflection component usually depicts the sudden changes in that domain,
especially on the edge of the object. Therefore, the low-frequency part of the image is
associated with illumination, while the high-frequency part is associated with the
reflection. In light of these, the high-pass filter was selected for our homomorphic
filtering function.

3.4. Wavelet high-frequency enhancement

After the three-level discrete wavelet transform, the resulting high-frequency sub-
bands are H; ; (i=1, 2, 3). Among them, the coefficients with large absolute values
represent the texture and details of the image, while those with small absolute values
might be noises. To enhance the texture and suppress noises, the semi-soft threshold
function was introduced to enhance the image. The goal is to eliminate noises while
preserving the edges and texture information.

After the decomposition of image signals by wavelet transform, the low-frequency
signals are usually retained, while the high-frequency coefficients are subjected to
multi-directional thresholding and reconstruction using the scale vector and the
threshold function. Hence, the threshold selection of the function plays a key role in
the removal of high-frequency noises. The classic threshold functions can be roughly
divided into hard threshold function and soft threshold function. The former works
well in maintaining edge details, but sometimes produces a “ringing effect”, causing
visual distortion. The soft threshold function can ameliorate the distortion issue
through smooth detail processing, but the processed image is too smooth to be clear.
To sum up, soft and hard threshold functions each has its strengths and weaknesses.
Therefore, this paper selects an improved semi-soft threshold function to enhance the
target image acquired in the complex tunnel environment with uneven illumination:

O,|xij| <t,
Yy = X[ x| >~ t (9)

s‘,ign(xij)*tXij—_to),tO < x; =<t
t—1,
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Where t, is the lower threshold of the function. The value of t, depends on the
noise signal in the target image. If the high-frequency information of the image
contains rich edge information, the threshold value can be lowered properly to ensure
the complete presentation of the edge details; otherwise, the threshold value can be
increased properly to promote noise removal.

For the enhancement of image edges and textures, the key to enhancing high-
frequency signal by the semi-soft threshold function relies in suppressing the high-
frequency coefficients with small absolute values and increasing those with large
absolute values through adjustment of the threshold value.

4. Algorithm flow and experimental analysis

As shown in Figure 4, the leakage image after wavelet transform maintains most
of the spatial features in the original image, and facilitates the information extraction
of low- and high-frequency sub-bands. The low-frequency component, corresponding
to areas with slow-changing grayscale in the image, was processed by homomorphic
filtering to enhance the high-frequency information in low-frequency sub-band. In
addition, the processed low-frequency component was subjected to histogram
equalization to further enhance the visual effect of the image. By contrast, the high-
frequency component, corresponding to areas with fast-changing grayscale as well as
edge and texture information of the image, received high-frequency component
denoising via the semi-soft threshold function, thus clarifying the details in the high-
frequency component. Finally, the wavelet reconstruction was performed to output an
image with no noise, clear details and high contrast.
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Figure 4. Flow of our algorithm

The algorithms mentioned above were verified through Matlab simulations on the
original tunnel leakage image shown in Figure 5. It can be seen that the image has a
poor visual effect: the brightness is low, the water leakage area is blurry and the details
are unobvious.

The image after homomorphic filtering enhancement is presented in Figure 6.
Compared with the original image, Figure 6 enjoys clear contours as well as high
contrast between the leakage area and the background. However, the leakage area is
too bright and lots of noises appear in local areas.
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In the final image after processing by our method (Figure 7), the contrast and
resolution of the leakage area have been improved, and the original noises have been
largely eliminated. For example, the leakage area and the lining background are
clearer and the overall contours are more prominent than those in Figure 5. This image
lays a good basis for accurate and fast analysis. Hence, the simulations prove the
feasibility and effectiveness of our method.

Next, the detail evaluation parameter and contrast parameter of the final image
were normalized to quantitatively compare our algorithm with the traditional method
that combines homomorphic filtering and histogram equalization (HF-HE). The
comparison results are shown in Table 1 below.
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Figure 7. Final image of our method



Tunnel leakage image detection technique 219

Table 1. Comparison between our method and the HF-HE

Algorithm Detail evaluation | Normalized Contrast | Normalized
parameter value parameter value
Original image 0.003726 1 0.3916 1
HF-HE 0.002987 0.7745 0.102473 2.8642
Our algorithm 0.004231 1.4283 0.08967 2.3960

As shown in Table 1, the traditional HF-HE can enhance the contrast between the
target area and the background and elevate the image brightness, but these effects are
achieved at the cost of some details of the target area. The loss of these details may
affect the accuracy of subsequent analysis. Our image enhancement method, however,
is based on wavelet transform. After three-level wavelet transform of the original
image, the high-frequency information was decomposed and the information of
different frequencies were treated with different enhancement algorithms. In this way,
the details of the original images were enhanced to a certain extent, along with the
contrast between the target area and the background and the image brightness. The
image enhanced by our method is more suitable for computer image processing than
that processed by the HF-HE. The results show that our method is applicable to
process the low illumination images, in which the target area is unclear and hard to
distinguish from the background.

5. Conclusions

Owing to the complexity of the tunnel environments, the leakage images taken
from tunnels have the following defects: (1) low contrast, uneven brightness, blurry
details; (2) halos, false contour and false shadow; (3) uneven grayscale distribution
caused by non-uniform ambient light in the imaging process. Therefore, the key
difficult points in the processing of tunnel leakage images include solving the uneven
brightness in the target area and enhancing texture details of these images.

Considering the complex tunnel environment, this paper presents an image
enhancement method based on wavelet transform. Firstly, the wavelet transform was
adopted for three-level discretization of the target leakage image, producing a low-
frequency sub-band and several high-frequency sub-bands. After that, the incident
component of the low-frequency sub-band was removed by homomorphic filtering
and subjected to histogram equalization, while the high-frequency coefficients were
enhanced and denoised by semi-soft threshold function, aiming to enrich the texture
details of the image. Finally, the processed image was reconstructed by inverse
discrete wavelet transform.

The proposed method was verified through Matlab simulations on an actual
leakage image. The simulation results show that the contrast and resolution of the
leakage area in the enhanced image have been improved to some extent, the original
noise features have been improved, and the image details (e.g. the contrast between
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the leakage area and the lining background, the overall contour and the edges of the
leakage area) were more obvious. The processed image lays a good basis for fast,
accurate image analysis. After that, the final image was normalized to compare our
method and the traditional HF-HE. The comparison further verified the feasibility and
adaptability of our method. The research findings shed new light on the fast and
accurate recognition of images on leakage diseases.
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