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Abstract: Rail surface inspection plays a pivotal role in large-scale railway construction and de-
velopment. However, accurately identifying possible defects involving a large variety of visual
appearances and their dynamic illuminations remains challenging. In this paper, we fully explore
and use the essential attributes of our defect structure data and the inherent temporal and spatial
characteristics of the track to establish a general theoretical framework for practical applications.
As such, our framework can overcome the bottleneck associated with machine vision inspection
technology in complex rail environments. In particular, we consider a differential regular term
for background rather than a traditional low-rank constraint to ensure that the model can tolerate
dynamic background changes without losing sensitivity when detecting defects. To better capture
the compactness and completeness of a defect, we introduce a tree-shaped hierarchical structure of
sparse induction norms to encode the spatial structure of the defect area. The proposed model is
evaluated with respect to two newly released Type-I/II rail surfaces discrete defects (RSDD) data sets
and a practical rail line. Qualitative and quantitative evaluations show that the decomposition model
can handle the dynamics of the track surface well and that the model can be used for structural
detection of the defect area.

Keywords: rail inspection; computer vision; discrete surface defects; foreground detection;
background model

1. Introduction

With progressively large-scale high-speed railway construction and increasingly rapid
development, ensuring safe service is becoming ever more important. Practice shows
that long-term repeated loads inevitably cause microscopic damage to railway facilities,
deterioration of the main structural components, and reduction of infrastructure perfor-
mance. Expanded operating hours result in frequent large-scale mass deterioration across
a large number of lines. For example, some lines exhibit serious structural defects such
as continuous fastener failure and broken rails because of their extreme operating envi-
ronments. Generally speaking, railway defects are a sign of potentially serious safety
hazards. Failure to deal with these defects promptly will shorten the service life of railway
facilities and directly affect the safety of line operations. To make up for the shortcomings
of existing detection methods, the development of intelligent detection technologies has
become a requirement for maintaining the safe and stable operation of high-speed rail-
way lines [1]. The traditional method of relying on manual inspection no longer meets
the actual needs, and intelligent detection technology based on computer vision has at-
tracted significant attention in recent years [2–4]. With the continuous development of
related theories and technologies such as image processing, machine learning, and artificial
intelligence, research in computer vision is gradually shifting from theory to practical
applications, to newly proposed vision detection models for specific applications, and to
the development of corresponding algorithms.
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Visual inspection based on image processing and pattern recognition methods is a
recently developed technology. It is considered one of the technologies with the highest
potential in rail surface scratch detection [5,6]. In the visual inspection system, a high-speed
(usually linear) camera is installed on an inspection train. The camera collects images of
the track and uses computer vision and pattern recognition methods to detect defects in
the track components. Surface defect detection is a relatively active field of application
in current computer vision research. It has been widely used in industrial inspection,
such as for textile contamination detection [7,8] and metal welding surface detection [9],
among others.

Defect detection is generally divided into two stages, including image feature extrac-
tion and defect recognition. Mandriota et al. [10] first adopted Gabor transformation of
an input image to form a feature vector. They then applied SVM to recognize scratched
rails. Marino et al. [11] proposed a real-time track detection system based on wavelet
transformation and multi-layer perception. Li et al. proposed a real-time discrete rail
surface scratch detection method [12]. Firstly, the proposed system enhances contrast
between defects and background using the local normalization (LN) method, which is
nonlinear and illumination independent. Subsequently, the defect localization based on
projection profile (DLBP) algorithm is presented to identify possible defects. Instead of
LN+DLBP, MLC+PEME is proposed to investigate the possible discrete defects [13]. MLC
(Local Michelson-like contrast) first enhances image contrast, and then PEME (proportion
emphasized maximum entropy) automatically locates possible defects by maximizing the
object entropy while keeping the defect proportion in low-level. He et al. [14] used a defect
enhancement algorithm based on reverse Peronal–Malik (P–M) diffusion. In addition, some
improvements have been proposed, such as the use of a cascaded learning form of weak
classifiers [15] or the Latent Dirichlet Allocation (LDA) model [16] for fastener deteriora-
tion. This type of method generally achieves a better classification accuracy, but it cannot
always be used to classify defects characterized by small or large intraclass differences.
Alternatively, applications of deep learning have been developed rapidly, in terms of both
detection accuracy and algorithm execution efficiency. On the basis of these widely used
technologies, a number of methods have been proposed. For example, Gibert et al. [17]
used deep convolutional neural networks (DCNNs) for automatic detection of fastener
state and proved the method’s effectiveness. This type of method can generally achieve
better recognition accuracy, but it is often associated with high training complexity and
requires a large number of training samples to prevent overfitting.

In the field of track inspection, intrinsic variability of the imaging environment,
the complex evolution of the line state, and the diversity, scale difference, and sparseness
of weak defects in a railway system (such as track surface defects) pose severe challenges.
Although track defect detection research has made considerable progress, it still faces three
shortcomings, including robustness, generalization, and accuracy. Specifically, factors such
as external lighting, camera shake, and noise in the operating environment can significantly
affect system performance [5,7]. Many methods proposed in the literature are only effective
for specific types of defect and lack a general defect detection model and theoretical
framework [12,16]. In actual operations, the false alarm rate remains high even when
the detection system meets the missed detection rate index. The low-level visual feature
method commonly used in current systems is the main reason for the high false alarm rate.
One complication is that the defect target has various shapes, whereas low-level visual
characteristics, such as gray-scale features, texture, and shape, are significantly different.
As a result, they are difficult to uniformly represent. In contrast, factors such as light and
noise will increase the complexity of a defect’s visual feature representation.

We believe that it is necessary to abandon current defect image representation methods
based on visual features, engage in in-depth studies of the statistical and mathematical
characteristics of defect images, and establish new defect image representation models and
detection algorithms. First, in view of the limitations associated with traditional methods
based on limited visual feature extraction, we will explore the ‘simplicity’ description of
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defect image representation in accordance with the principle of ‘Occam’s razor’ to provide
alternatives to current defect image representation methods based on visual features.
Because of the track surface’s working mode, the track surface has a relatively consistent
background, while the defect targets are sparse. The sparseness is reflected by the fact that
the number of defect targets are few compared with the entire track line. The area covered
by the defect targets represents a small fraction of the collected track image. Therefore, we
believe that sparseness and low rank are essential attributes of defect images. Accordingly,
building new defect image representation models and detection algorithms will introduce
new general technical solutions into this field.

Generally, a track image subject to inspection is relatively consistent and normal,
and any defect is equivalent to an abnormal area. From the perspective of matrix analysis,
there is a correlation between the gray-scale matrices of the track surface image, and a
potential correlation exists between the defect area on the track surface and the background.
Recently, low-rank and sparse decomposition methods have shown promising results in
foreground detection. The only assumption made regarding the background is that any
variation in its appearance can be captured by the low-rank matrix [18]. In this simple
form, a matrix composed of the observed data can be decomposed into a low-rank matrix
representing the background and a sparse matrix consisting of foreground objects, treated
as sparse foreground.

In recent years, sparse coding and low-rank recovery have received considerable
attention. Researchers have carried out extensive research on multiple levels of basic
theory, algorithms, and applications [19–21]. Among them, sparse representation theory
has been widely used in the field of computer vision [22–25] and in many hyperspectral
image (HSI) processing fields [26,27]. The theory [28–31] assumes that an unknown signal
can be sparsely represented by a linear combination of several signals from an overcomplete
dictionary. The corresponding sparse coding shows a good feature representation ability
and can implicitly encode interclass information. Different constraints imposed on the
coding, α, solve difficult problems associated with different visual tasks. In addition,
a series of studies considered the sparse structure of sparse codes or prior knowledge of
the spatial distribution of the residual term e [32–35]. A typical example is the ProxFlow
method. Its objective function is defined as follows:

argmin
α,e
‖x−Dα− e‖2

2 + λ1‖α‖1 + λ2‖e‖`1/`∞
, (1)

where the input signal, x ∈ Rm, can be described by a sparse linear representation given
the overcomplete dictionary, D ∈ Rm×K, and a residual term e. Here, the norm of `1/`∞
is the sparse structure. The sparse norm of the structure has been proposed for the first
time; it can yield compact foreground detection. However, the ProxFlow method requires
a large amount of pure background data for training and to obtain a clean overcomplete
dictionary; otherwise a clean background cannot be restored, and complete foreground
detection cannot be achieved. In addition, the decomposition method combining low rank
and sparseness (low-rank matrix restoration theory) has made great progress in signal
processing, pattern recognition, and other fields. The only assumption made is that any
change in the background appearance can be captured by the low-rank matrix [18]. In this
simple form, the observed data matrix can be decomposed into a sparse matrix [36] and
a low-rank matrix, representing the sparse foreground and the background, respectively.
This is the well-known robust principal component analysis (RPCA), which has been
studied extensively [21,37–41].

The observation matrix X ∈ Rm×n can be formed by linear superposition of the
matrices L and S, assuming that the singular value of L is sparse. That is, L is a low-rank
matrix, and the matrix elements in S are sparse. Then, the low-rank matrix recovery can be
expressed as:

min
L,S
‖L‖∗ + λ‖S‖1

s.t. x = L + S.
(2)
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If all elements in the matrix can be observed, this problem is also referred to as robust
principal component analysis (RPCA). The defined nuclear norm of the matrix (the Nuclear
Norm) is the `1 norm of the singular value vector; i.e., ‖L‖∗ = ‖~σ‖1. The kernel can be
easily verified as a convex function. In practical applications, the noise component can also
be considered in the superposition equation. The low-rank matrix recovery problem (2)
can be described as a semi-definite programming problem, so it is computationally feasible.
Candes et al. [18] proved that when the number of samples meets certain conditions,
the kernel norm minimization problem can be completely restored with a high probability.
If the rank of the matrix is lower, more missing elements can be allowed [18,42]. More
theoretical results show that this recovery is also stable in the presence of noise [43].
The matrix representation of input data is more intuitive and convenient. The low-rank
representation may be considered a generalization of the sparse vector representation. Low-
rank matrix recovery theory has attracted wide attention. It has had an important impact
on signal processing, pattern recognition and computer vision. For instance, it has been
explored extensively in the application of texture extraction and texture modeling [44,45],
face recognition [35], video denoising [46], segmentation [47,48], and to detect moving
objects in videos [21], achieving good results.

However, according to low-rank matrix recovery theory, when there is high coher-
ence between low-rank and sparse components, the decomposition performance of the
observation matrix will be reduced. Therefore, when the background is cluttered or has
a similar appearance to that of the salient objects, they are difficult to separate using the
previously introduced methods based on low-rank matrix restoration theory. In addition,
noise, light, vibration, and other factors will cause the background to appear dynamic,
while the low-rank constraint cannot adequately describe this dynamic background change,
and some elements of the background are decomposed into sparse components.

In this paper, we propose a new defect detection model. Specifically, to better describe
the dynamic background, we use a differential regular term to describe the background’s
dynamic performance. This type of background modeling based on a differential regular
term can adequately capture background noise and other factors. To encode the prior
spatial structure information of the defect components, we introduce structured sparsity
norm constraints and use the hierarchical segmentation tree structure of super pixel blocks
to maximize the defect area that is completely absorbed into compact, sparse components.
The experimental results show that the proposed model can handle the dynamics of the
track surface well and that it can be used for structural inspection of the defect area.

In summary, the main contribution of this paper includes three aspects.

• We propose a general defect detection model and a theoretical framework. Based
on low-rank matrix restoration theory, a new defect detection model is proposed.
Although the proposed framework is general, this is the first study that introduces
a low-rank framework to the field of rail surface inspection and demonstrates its
superiority over baseline methods.

• We propose a differential regular term constraint to replace the general low-rank
constraint. It can be used to reconstruct the dynamic background and solve the
degradation of the decomposition performance when there is high coherence between
low-rank and sparse components.

• With regard to the structural sparseness norm constraint, we use the hierarchical
tree structure of superpixel segmentation to standardize the sparse components and
obtain a more compact and complete defect area. However, the track image has
feature limitations, so our study uses structural sparsity constraints applied to the
gray levels of superpixel blocks (that is, the gray values of the pixels in the block as
well as the block as a whole are drawn as a vector to obtain constraints). This is not
equivalent to the use of structural sparsity in the feature space of superpixel blocks,
as in several previous studies (that is, a constraint to the matrix imposed by feature
vectors between blocks).
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The remainder of this paper is organized as follows. Section 2 offers an overview
and details of the proposed method. The experimental setup and results are presented in
Section 3, followed by our conclusion in Section 4.

2. Decomposition Model for Defects Detection

In this section, we will detail our novel decomposition model for RSDDs inspection,
as follows.

2.1. Motivation and Formalization

In the vision-based rail surface defect detection system, the rail surface containing de-
fects can be considered a combination of rail surface background, defect targets, and noise.
In computer vision theory, low-rank matrix restoration theory [18,33,49] can handle this sit-
uation well. This requires the decomposition of superimposed signals. However, note that
defect detection in rail surface images differs from general visual inspection. On the one
hand, the background of the rail surface is dynamic; on the other hand, there is a potential
correspondence between the defect target and the background in the rail surface image.

Although low-rank matrix restoration theory has achieved good results in computer
vision tasks, it still has some problems in the context of the specific task of orbital defect
detection in response to the aforementioned two challenges.

1. According to low-rank matrix restoration theory, when there is a high correlation
between low-rank and sparse components, the decomposition performance of the
observation matrix will be reduced. Therefore, when the background is cluttered or
has a similar appearance to the detection object, it is difficult for previously developed
low-rank matrix recovery models to separate them.

2. Low-rank matrix restoration theory cannot well describe the dynamic background in
track surface images. For example, impurity elements in the background often do not
meet the low-rank constraint and are forcibly decomposed into sparse components.
In addition, when the target scale or the span of the defect is large, low-rank matrix
recovery theory often decomposes the defect into the background component as a
low-rank component.

To solve these problems, we propose a novel matrix factorization model, which
regards the defect target and background separation as a problem of dynamic background
reconstruction and structural sparse matrix factorization. First, the surface of the track has a
different appearance and evolves dynamically over time. Therefore, we adopt a differential
strategy rather than low rank for background reconstruction. Second, we introduce a
tree-shaped sparse induction norm to constrain the sparse components, so as to consider
the spatial structure of image blocks in our matrix decomposition. The entire framework is
shown in Figure 1, and the final model is formalized as:

min
B,S,N

Ψ(B) + λ1Ω(S) + λ2Φ(N)

s.t. x = B + S + N,
(3)

where x ∈ Rm×n is the input data, B, S, and N are the corresponding background, defect,
and noise levels, respectively; Ψ(·) is the background’s differential regular term, Ω(·) is
the structured sparse regular term of the defects, and Φ(·) is the sparse regular term of the
noise. The additional terms do not only allow our model to capture the basic structure of
the dynamic background data, but they also facilitate improved handling of the challenges
caused by the coherence between the background and defect data compared with the
classic low-rank matrix recovery model; λ1, λ2 are positive hyperparameters.
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Figure 1. The overall framework of our method. X is the input data, B, S, and N are the corresponding
background, defect, and noise levels.

2.2. Differential Regular Background Term

We regard the observed rail surface data, x ∈ Rm×n, as a continuous signal. The data
matrix, B = [· · · , Bt, · · · ] ∈ Rm×n, represents the reconstructed background, where
Bt ∈ Rm represents the tth background line along the longitudinal direction. Here we
introduce a differential regular term to describe the time-varying nature of the data, which
is formalized as:

Ψ(B) =
n−1

∑
t=1

ut,t+1‖Bt+1 − Bt‖2
2, (4)

where ut,t+1 represents the correlation weight between the observation data xt and xt+1.
If xt and xt+1 are not similar, there may be defects in one of the observed data sets. Therefore,
we want to minimize the problem Ψ(B) to construct the real background, forcing the
background data Bt to be similar to Bt+1. Therefore, the correlation weight, ut,t+1, is
defined as:

ut,t+1 = exp(γ‖xt − xt+1‖2), (5)

where γ is a hyperparameter and ‖ · ‖2 is the `2 norm. In order achieve a more robust
result, we normalize the maximum value of the correlation weight, {ut,t+1}n−1

t=1 . This
definition implies that we consider ut,t+1 to explain the coherent changes over time between
observational data. Therefore, our model can handle a more challenging scene evolution.
Compared with the restricted low-rank constraint, the introduced term adopts a difference
operator to relax the background constraint. Therefore, it can adequately describe the
dynamic background construction and the large scale or span of defect separation in track
surface images.

2.3. The Structured Sparse Regular Term for Defects

Defect areas on rail surfaces are usually spatially continuous and occupy only a small
fraction of the scene. Therefore, the use of the structured sparsity norm to model defect
areas is highly suitable, because it can reflect a non-zero spatial distribution. Inspired by
the latest advances in structural sparsity [33–35], we introduce a novel tree-like sparsity-
inducing structure specification to simulate spatial continuity and feature similarities
between image blocks, thereby generating more accurate and structurally consistent results.
First, we define a series of superpixels [50], where each superpixel constitutes a node of a
tree. Figure 2a shows that there is no overlap between node indices. Second, we use the
index tree, T, to encode the spatial relationship between the super-pixels. The index tree
structure is shown in Figure 2b. The index tree is a hierarchical structure, so that each node
contains a set of indices (for example, corresponding to the superpixels in our task), and the
set is the union of the indices of its child nodes. More specifically, the series of superpixels
thus obtained is clustered at different levels to obtain the hierarchical segmentation result,
as shown in Figure 2a. For an index tree T with a depth d, G i represents the set of all
nodes at the ith level. For example, for the root node, we have G1 containing four node
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sets, G1
1 , G1

2 , G1
3 , and G1

4 ; G3 then represents the series of superpixel collections we obtained
originally, as shown in Figure 2. We encode structurally meaningful tree constraints as
sparse norms and decompose them with the normalized matrix. This way, we achieve
sparse regularization of the general tree structure. This type of hierarchical tree structure
constraint induces superpixels in the same group that share similar representations. This
also expresses the subordination or coordinate relationship between groups, which is

specifically formalized as
d
∑

i=1
∑

g∈Gi

‖Si
g‖p, where Si

g represents the set of all pixels contained

in a node in the ith layer node set. Here we pull this set into a vector representation to
facilitate norm operations, that is, Si

g is a vector.
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(a) Hierarchical segmentation

(b) Index tree

Figure 2. Construction of an index tree from an image. (a) Hierarchical segmentation of the input
images. Digits are indices of the superpixels. (b) Index tree constructed over the pixels of the images.

We know that the `1 norm deals with the corresponding elements independently, so
spatial structure information is ignored. We therefore introduce the `∞ norm. The `∞ norm
is the maximum value of the pixels in the group. It encourages other pixels to adopt arbi-
trary values. We can expect similar error regions to have similarly large values; minimizing
the objective function emphasizes the structure of distributed sparse outliers. To illustrate
this advantage, we assume that there are two different distributions of sparse foreground in
our 8× 8 image (see Figure 3), where white pixels correspond to outliers with high values,
and black pixels correspond to the background. For convenience of presentation, we have
divided the image into three simple superpixels, as shown in Figure 3. Since the `1 norm
combines the absolute values of all pixels, this sparse norm constraint will have similar
values in the two sparse distribution cases. However, for the `∞ norm, only the largest
value in each pre-designed group is included, which leads to significantly different values
between both sparse distributions. This example shows that the `1 norm processes each
pixel independently, while the structured sparseness based on the `∞ norm can consider
possible relationships among subsets of entries. On this basis, we further summarize the
structured sparse regular term proposed to describe the defect:

Ω(S) =
d

∑
i=1

∑
g∈Gi

‖Si
g‖∞. (6)



Electronics 2021, 10, 1271 8 of 21

This constraint is essentially a sparseness specification of hierarchical groups based on
a tree structure, where the `∞ norm is used to force internal elements to share a consistent
saliency value. This regularization considers the hierarchy of the spatial structure in the
image and eventually separates the defect area from the background to the extent possible.
These attributes enable our model to detect defective objects on the rail surface, even if
there is a potential correlation between the defect and the background.

(a) (b)
Figure 3. Two distributions of sparse entries in an 8× 8 frame. (a) Concentrate distribution of outliers,
(b) Dispersive distribution of outliers.

2.4. Optimization

Based on the aforementioned definition, the specific form of our model is:

min
B,S,N

n−1
∑

t=1
ut,t+1‖Bt+1 − Bt‖2

2+

λ1
d
∑

i=1
∑

g∈Gi

‖Si
g‖∞ + λ2‖N‖1,1

s.t. x = B + S + N.

(7)

Considering a practical balance between efficiency and accuracy, we use the Alter-
nating Direction Method (ADM) [51] to optimize the solution model (7). The minimized
problem (7) then becomes:

L(B, S, N, Y, µ) =
n−1
∑

t=1
ut,t+1‖Bt+1 − Bt‖2

2+

λ1
d
∑

i=1
∑

g∈Gi

‖Si
g‖∞ + λ2‖N‖1,1+

Tr(YT(x− B− S−N)) + µ
2 ‖x− B− S−N‖2

F.

(8)

Here, Y is the Lagrangian multiplier and µ > 0 is the linear constraint penalty. We
apply a continuously iterative alternate optimization strategy to optimize B, S, N. The full
optimization process is shown in Algorithm 1. Below, we will discuss the detailed steps
involved in each iteration.

Update B: When S and N are fixed, the optimization problem of updating Bk+1 in the
(k + 1)th iteration is as follows:

Bk+1 = argmin
B
L(B, Sk, Nk, Yk, µk)

= argmin
B

n−1

∑
t=1

ut,t+1‖Bt+1 − Bt‖2
2+

Tr((Yk)T(x− B− Sk −Nk))+

µk

2
‖x− B− Sk −Nk‖2

F.

(9)
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To facilitate finding the solution of B, we introduce a differential auxiliary variable,

F =


−1 0 · · · 0
1 −1 · · · 0
...

...
. . .

...
0 0 · · · 1

 ∈ Rn×(n−1). (10)

The above problem can then be simplified as:

Bk+1 = argmin
B

µk

2
‖TB − B‖2

F+

Tr((BF)U(BF)T),

(11)

where U = diag([u1,2, u2,3, · · · , un−1,n]) and TB = x− Sk −Nk + (µk)−1Yk. Furthermore,
since U is a positive definite diagonal matrix with respect to its weights (all values are
greater than 0), U = U

1
2 (U

1
2 )T is established and the above formula is further simplified to:

Bk+1 = argmin
B

µk

2
‖TB − B‖2

F + ‖BFU
1
2 ‖2

F. (12)

It can be easily concluded that the above problem represents the convex function; the
solution can be obtained by directly deriving B. Then, for the optimal solution of Bk+1,
the following closed-form solutions are present:

Bk+1 = µk(µk + 2FUFT)+TB, (13)

where (·)+ represents the pseudo-inverse of the matrix.

Algorithm 1 Our model optimization steps

Input: Given input data X ∈ Rm×n, correlation weight ut,t+1, parameters λ1, λ2, and Index
tree T;

Output: B∗, S∗, N∗;
1: Initialization: B0 = 0, S0 = 0, N0 = 0, Y = 0, ρ = 1.1, µ0 = 0.1, µmax = 1010 and k = 0;
2: while not convergent do
3: Update B: Bk+1 = argmin

B
L(B, Sk, Nk, Yk, µk);

4: Update S: Sk+1 = argmin
S
L(Bk+1, S, Nk, Yk, µk);

5: update N: Nk+1 = argmin
N
L(Bk+1, Sk+1, N, Yk, µk);

6: Yk+1 = Y + µk(X− Bk+1 − Sk+1 −Nk+1);
7: µk+1 = min(ρµk, µmax);k← k + 1
8: end while

Update S: If B and N are fixed, the optimization problem of updating Sk+1 in the
(k + 1)th iteration is as follows:
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Sk+1 = argmin
S
L(Bk+1, S, Nk, Yk, µk)

= argmin
S

λ1

d

∑
i=1

∑
g∈Gi

‖Si
g‖∞+

Tr((Yk)T(x− Bk+1 − S−Nk))+

µk

2
‖x− Bk+1 − S−Nk‖2

F

= argmin
S

λ1

d

∑
i=1

∑
g∈Gi

‖Si
g‖∞ +

µk

2
‖TS − S‖2

F,

(14)

where TS = x − Bk+1 −Nk + (µk)−1Yk. The above problems can be solved using the
hierarchical proximal operator [52]. In simple terms, the operator calculates a specific
residual sequence for optimization by projecting the matrix onto the unit ball of the dual
`p norm. The detailed steps for the norm of `∞ in question (14) are given in Algorithm 2.

Algorithm 2 Update of the algorithm steps of S

Input: All nodes in the index tree set G i (i = 1, · · · , d), matrix TS, parameters λ1, µk, and set
λ = λ1

µk ;

Output: Sk+1;
1: Initialization S = TS;
2: for i = d to 1 do
3: for ∀g ∈ Gi do

(Si
g)

k+1 =


‖Si

g‖1−λ

‖Si
g‖1

Si
g, if ‖Si

g‖1 > λ

0, otherwise

4: end for
5: end for

Update N: If B and S are fixed, the optimization problem of updating Nk+1 in the
(k + 1)th iteration is as follows:

Nk+1 = argmin
N
L(Bk+1, Sk+1, N, Yk, µk)

= argmin
N

λ2‖N‖1,1+

Tr((Yk)T(x− Bk+1 − Sk+1 −N))+

µk

2
‖x− Bk+1 − Sk+1 −N‖2

F

= argmin
N

λ2‖N‖1,1 +
µk

2
‖TN −N‖2

F,

(15)

where TN = x−Bk+1−Sk+1 +(µk)−1Yk. This problem can be solved using a soft-thresholding
operator. Specifically, Nk+1 = Sλ2/µk (TN), where Sλ(v) = sign(v)max(0, |v− λ|).

The convergence condition of the algorithm is that the decomposition’s relative error
of the input matrix x is less than the tolerance ε. The decomposed background matrix,
B, the defect matrix, S, and the noise matrix, N, correspond to relative changes. They
are less than the tolerance ε, formalized as ‖x− Bk − Sk − Bk‖F/‖x‖F < ε&& max(‖Bk −
Bk−1‖F/‖x‖F, ‖Sk − Sk−1‖F/ |x‖F, ‖Nk −Nk−1‖F/‖x‖F) < ε, where ε = 10−7 is set in the
experiment. We found experimentally that the algorithm is not sensitive to a wide range of
values of ε.
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3. Experimental Results and Analysis

In this section, we detail our experimental setup and report the performance of the
proposed method.

3.1. Experimental Setup

To evaluate the performance of our method for RSDDs inspection, we implemented
the proposed method in Matlab R2015 and collected two data sets. The first was a Type-I
RSDDs data set captured from express rails, which contained 67 images. The second
was a Type-II RSDDs data set captured from common/heavy-haul rails, which contained
128 images. Note that each image in both data sets contained at least one defect as
well as a dynamic background with much noise (the two data sets are available at:
http://icn.bjtu.edu.cn/Visint/resources/RSDDs.aspx (accessed on 15 August 2020)). This
paper focuses on the detection of track surface defects. Therefore, to reduce interference
by irrelevant information and improve the detection performance, in each track image
acquired by the system we used an algorithm based on projection contours [12] to remove
other components on either side of the track (e.g., fasteners, sleepers, bolts and ballast).
In our model, we set λ1 = 5 and λ2 = 0.01 to achieve a balance between background
reconstruction and defect extraction.

To quantitatively evaluate the proposed method, we adopted criteria related to Preci-
sion, Recall, and F1-measure, which are widely used in the pattern recognition and informa-
tion retrieval communities [53]. In addition, two types of evaluation indices from different
perspectives (i.e., pixel- and defect-level) were adopted to completely evaluate our method
for RSDDs inspection.

Pixel-level index. Pre, Rec, and F1-measure (F) are defined as:

Pre = TP/(TP + FP)

Rec = TP/(TP + FN)

F = 2 ∗ Pre ∗ Recall/(Pre + Rec), (16)

where TP denotes the number of correctly detected points, FP is the number of incorrectly
defective points, and FN is the number of undetected defective points. There is an inverse
relationship between precision and recall. That is, it is possible to increase one at the cost of
reducing the other. Hence, F1-measure was introduced. The higher F1-measure is, the more
the detection result is consistent with human judgment. Note that Pre, Rec, and F reported
in the following experiments are average values for the whole data set.

Defect-level index. Pre′, Rec′, and F1-measure (F′) are defined as:

Pre′ = TP/P

Rec′ = TP′/N

F′ = 2 ∗ Pre′ ∗ Rec′/(Pre′ + Rec′), (17)

where TP denotes the number of correctly detected defects, TP′ is the number of correctly
detected defects mapping to ground truth, P refers to the total number of detected defects,
and N refers to the total number of labeled defects in the ground truth. Note that the
numbers counted for Pre′ and Rec′ pertain to the whole data set.

3.2. Evaluation

The proposed method is consistent with other classic decomposition models. It is an
algorithm that continuously and iteratively updates the background, foreground, and noise
levels. Figure 4 shows the iteration of the proposed method. Our method can generally
achieve good decomposition results after five iterations. Note that the background, fore-
ground, and noise levels are all initialized to the 0 matrix. Based on our experiments,
the background and defects all begin to appear after one iteration. The background can
be adequately reconstructed and the compactness and integrity of the defects are also

http://icn.bjtu.edu.cn/Visint/resources/RSDDs.aspx
http://icn.bjtu.edu.cn/Visint/resources/RSDDs.aspx
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adequately reflected after five iterations. Iterations will continue until the convergence
conditions set by the algorithm are met and a stable component decomposition is achieved.
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Figure 4. Iteration of the proposed method.

The detection of track surface defects faces many challenges, such as serious uneven
light reflection and edge effects in curved rails, the variability of high-speed railway oper-
ating environments, image degradation and dynamic backgrounds caused by the influence
of various climatic conditions, and discrete defects having their own multi-scales and
diversified characteristics, among others. To verify the robustness of the method, images
obtained under extreme lighting conditions, uneven reflections, and track surfaces with
dynamic background images were selected. The result is shown in Figure 5. Experiments
show that our method still performs well under these extreme conditions and can still
correctly extract defect regions and reconstruct the background.

Our method can achieve a robust performance because, on the one hand, the elements
to achieve robust detection come from the linear dynamic regular term of the background
we proposed, which uses a linear dynamic characterization matrix to describe a linear
relationship evolving with time in the track sequence data to realize the reconstruction of
the dynamic background. On the other hand, it uses a tree-like hierarchical structure to
standardize the structural information of the defect area and obtains compact defects while
suppressing noise and other anomalies.

(a) Variable reflectivity

(b) Gaussian white noise

Figure 5. Robustness validation. Inspection results for example rails with (a) variable reflectivity and
(b) Gaussian white noise with σ = 20.
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3.3. Comparison and Analysis
3.3.1. The Type-I RSDDs Data Set

Here, further segmentation from the decomposed foreground map using a fixed
threshold yields precise defect shapes, which is beneficial for quantitative evaluation
and comparison with other well-established methods. Following other fault inspection
approaches such as can-end [54], LCD panel [55], and large-aperture optical elements [56],
a fixed threshold was adopted. Note that the parameter T influences the performance of
defect detection; its impact is shown in Figure 6. As expected, the F1-measure increases
when T increases, and our method achieves its best performance for T = 0.17 because this
value results in a good balance between Precision and Recall.
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Figure 6. Effects of the parameter T on F1-measures (F and F′) for the Type-I RSDDs data set.

We next compared the inspection performance of the proposed method with other
well-established methods in literature, including LN+DLBP, MLC+PEME, and the method
of [14]. The parameters of these comparative methods are chosen similarly to our method.
Specifically, the upper bound of the defect proportion, dp, is set to 0.3 in LN+DLBP,
the contribution controlling parameter, α, is set to 10 in MLC+PEME, and the gradient
threshold, k, and the control parameter, C, of [14] are set to k = 10 and C = 5, respectively.
The other parameters in these methods are the default values. Figure 7 visualizes some
defects selected in the Type-I RSDDs data set and the corresponding inspection results from
the different methods. Note that we visualized only the defect part of the rail surface image,
for convenience. These comparison methods have good inspection results when the defects
and background have characteristics of versatility and consistency, respectively. However,
when the internal appearance of the defect is diverse, MLC+PEME results in a larger false
negative because the threshold determined by maximizing the entropy is not optimal in
MLC+PEME. In addition, the method of [14] is very sensitive to gradients, which will
cause large false positives when the background is complex. From the comparison results
it transpires that our method yields good inspection results, with neither false positives
nor false negatives.
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(2)(1) (3) (4) (5) (6)

Figure 7. Sample defect images and inspection results for different methods from the Type-I RS-
DDs data set. (1) Defect, (2) ground truth, (3) LN+DLBP, (4) MLC+PEME, and (5) method of [14],
and (6) our method. (Note: the defect detected by LN+DLBP is marked by a red box).

Two types of evaluation indices were used to evaluate performance, and the compar-
ison results are shown in Table 1. Note that LN+DLBP adopts a projection algorithm to
locate defects using bounding boxes, and the method of [14] detects contours to locate
possible defects. Therefore, pixel-level indinces are not suitable for these two methods.
MLC+PEME and the method of [14] have low Pre′ values when they meet backgrounds
that share significantly varying gray-level distributions. Table 1 shows that the F1-measures
(F and F′) of the proposed method are greatly improved with respect to the baseline meth-
ods. For a rail image with a dynamic background, the performance of the proposed model
depends mostly on the differential regularization term of the background, thereby avoiding
absorbing the elements of the background into the sparse components.

Table 1. Comparison between our method and the other methods for the Type-I RSDDs data set.

Approach Pre Rec F Pre′ Rec′ F′

LN+DLBP – – – 76.26 70.80 73.43
MLC+PEME 78.14 78.89 75.70 47.87 85.40 61.35

Method of [14] – – – 41.19 72.94 52.65
Our method 86.91 82.01 82.86 90.54 81.12 85.57
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3.3.2. The Type-II RSDDs Data Set

First, we again evaluate the dependence on the threshold, T. The appropriate parame-
ter was selected using the same approach as for the Type-I RSDDs data set. Note that T
was also chosen by maximizing its corresponding F1-measure (F and F′). Figure 8 shows
the F1-measure curves for T from 0 to 1. As T increases, the two curves increase and then
decrease, since precision and recall are inversely correlated. In our experiments, we therefore
set T to 0.12, which results in a good balance between Precision and Recall.
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Figure 8. Effects of the parameter T on F1-measures (F and F′) for the Type-II RSDDs data set.

We also compared the inspection performance of the proposed method with LN+DLBP,
MLC+PEME, and the method of [14]. Note that the parameters of these comparative meth-
ods were determined in the same way as for the BODI method, and the parameter settings
were as follows. The upper bound to defect proportion, dp, was set to 0.3 in LN+DLBP,
the contribution controlling parameter, α, was set to 3 in MLC+PEME, and the gradient
threshold, k, and control parameter, C, of [14] were set to k = 4 and C = 5, respectively.
The other parameters in these methods were kept at the default values. Figure 9 shows a
comparison for these methods. As expected, all methods achieved competitive performance
levels for defects that shared universal characteristics. Compared with the Type-I data
set, the Type-II RSDDs data set has a more consistent background although more complex
defects involving various appearances in its internal and shares different characteristics
with other defects. When faced with a complex and dynamic background, our method
can achieve promising performance, indicating that the background-based linear dynamic
regularization term has more advantages than traditional defect-focusing methods.

We further evaluated our method by comparing two types of evaluation indices,
shown in Table 2. LN+DLBP and the method of [14] were also only evaluated using a
defect-level index. The method of [14] performed worse than the other methods because of
the varying appearances of the defects. Our method achieved the best performance of all
baseline methods in terms of F and F′. This result indicates that matrix decomposition is
an attractive strategy, and it is more suitable for the specified inspection task.
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Table 2. Comparison between our method and the other methods for the Type-II RSDDs data set.

Approach Pre Rec F Pre′ Rec′ F′

LN+DLBP – – – 88.89 71.82 79.45
MLC+PEME 73.88 83.05 76.05 58.68 91.71 71.56

Method of [14] – – – 49.73 46.41 48.01
Our method 83.21 80.29 80.72 86.31 80.69 83.41

(1) (2) (3) (4) (5) (6)

Figure 9. Sample defect images and inspection results for different methods from the Type-II RSDDs
data set. (1) Defect, (2) ground truth, (3) LN+DLBP, (4) MLC+PEME, (5) method of [14], and (6) our
method. The defect detected in LN+DLBP is marked by a red box.
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3.4. Practical Test

To further evaluate the performance of the proposed method, we conducted an evalu-
ation using an ordinary rail railway line covering 18 km, storing 18,125 individual surface
images. These images were captured by an automatic rail image acquisition system, which
has an embedded control block automatically controlling LED light sources to adjust their
brightness and ensure image quality. The employed CCD camera was an industrial Dalsa
Spyder high-speed line-scan camera (maximum line rate of 65,000 lines/s) equipped with
an automatic variable-rate filter attenuation system. A PC-Camlink frame grabber connect-
ing the camera and an on-board computer is responsible for the high-speed coding and
transmission of images captured by the camera. Several groups of LEDs are installed under
a train carriage to eliminate most external stray light. In addition, the camera is triggered
by a wheel encoder to ensure that each pixel of a captured image has the same physical
size. The acquisition system is installed under a train carriage. It automatically generates
one image per meter traveled by the testing train.

We also compared the inspection performance of the proposed method with the other
three mature methods. Note that since the images were collected from common/heavy-
haul rails, the threshold, T, in our method is still set to 0.12. In addition, note that defective
ground-truth markings in railway lines can impose a serious workload. Therefore, we
used the number of correct detections, the number of false detections, the number of
missed detections, and the correct detection rate to achieve a quantitative evaluation.
Table 3 summarizes the quantitative evaluation results of these four comparison methods.
From the experimental results, it is found that although LN+DLBP has a low number of
false detections, it misses some real defects, and these defects may lead to potential risks
in the daily operation of the railway. As expected, MLC+PEME and the method of [14]
performed poorly in terms of false detections. Our proposed method can successfully
detect all defects and reach the current best detection performance in terms of the correct
detection rate. This proves its powerful function in track surface defect detection and
further verifies the robustness of the threshold parameter, T, selection.

Table 3. Statistics of the inspection results for the actual rail line.

Approach Defect Number Correct Inspection False Inspection Missing Inspection Inspection Rate

LN+DLBP 15 248 6 71.43%
MLC+PEME 19 27,851 2 90.48%

Method of [14] 21 16 21,098 5 76.19%
Our method 21 373 0 100%

3.5. Discussion

To further demonstrate its effectiveness, we compare the detection performance of
the proposed model with other mature and classic models in the literature, including
the principal component pursuit (PCP) model [18] with `1 norm constraints and the DE-
COLOR with MRF smoothing constraints (DEC) model [21]. In the original PCP model, λ
(λ = b/

√
max(m, n), b = 1) is extremely sensitive to foreground detection. In the detection

task, we adopt λ, b = 0.1. One can use a smaller value to facilitate a more complete detec-
tion of the foreground [32]. We adopt λ = 1 in the DEC model to achieve good detection
of track defects. Figure 10 shows the comparative detection results. When the track sur-
face is homogeneous and has high-contrast defects and a relatively uniform background,
these models can achieve good detection results. Using PCP with `1 norm constraints,
the detection of defect components is scattered, resulting in fragmented detection, whereas
the defects separated by our model based on the structural sparsity constraint and the
DEC model based on the MRF smoothing constraint are relatively compact and complete.
Judging from the decomposition results of rail images with a dynamic background, our
model has obvious advantages. On the one hand, the low-rank matrix recovery theory [18]
has difficulties separating low-rank and sparse components with high correlation, resulting
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in more impurities in the defective components. On the other hand, background recon-
struction based on low-rank constraints can easily absorb defects on larger scales or spans
into the background component, resulting in failure during defect separation. Our method
does not only reconstruct a dynamic background, but also obtains a compact and complete
defect area without impurity interference. The comparison results shown in Table 4 show
that the model performs well on our Type-I and Type-II RSDD data sets.

Table 4. Comparative results of PCP, DEC, and our method.

Approach Pre Rec F Pre′ Rec′ F′

Type-I RSDD data set

PCP 74.41 71.27 72.30 75.11 71.43 73.22
DEC 79.56 75.12 76.08 81.39 77.76 79.53

Our method 86.91 82.01 82.86 90.54 81.12 85.57

Type-II RSDD data set

PCP 73.14 70.67 71.45 74.32 71.08 72.66
DEC 76.97 73.68 74.13 78.32 74.95 76.60

Our method 83.21 80.29 80.72 86.31 80.69 83.41

(a) (b) (c) (d)

Figure 10. Background and foreground sample decomposition results using (a) defect images of
different models, (b) PCP, (c) DEC, and (d) our model.
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4. Conclusions

In this paper, we have presented a novel decomposition model for rail defect inspec-
tion, assuming that the defected rail image can be represented as the superposition of
background, defect, and noise components. Specifically, a differential regular term for the
background instead of the commonly used low rank is applied to construct a dynamic
background and address the decomposition problem of high coherence between sparse and
background components. In the structure sparsity regularization term, the tree structure
of superpixels is adopted to constrain the sparse components and obtain more compact
and complete defect regions. The experimental results show that the proposed model can
achieve better decomposition performance, compared with other typical decomposition
models. In terms of pixel- and defect-level indices, the proposed method outperforms
existing methods based on extensive RSDDs inspection. In the case of large-facility rail
inspection, our method achieves a 100% inspection rate and a low false inspection rate,
delivering a promising RSDDs inspection performance. To this end, we explored the most
essential mathematical properties of defect structure data and propose a general framework
and practical algorithms for other fault inspections in industrial products with a relatively
consistent background, such as fabric or paper.

Although the proposed framework can be extended easily to other visual inspection
tasks and has a better decomposition performance than other classic matrix factorization
models, a number of false positives in the detection of track surface defects remain. In the
future, we will focus on the specific task of rail surface detection, dedicated to explor-
ing the inherent space–time characteristics of the orbit and fully collecting and utilizing
this information.

Author Contributions: Conceptualization, Z.Z. and M.L.; methodology, Z.Z. and M.L.; validation,
Z.Z.; investigation, Z.L.; writing—original draft preparation, Z.Z.; writing—review and editing, Z.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Joint Project of the National Nature Science Foundation of
China under Grant No. U1636109, and the National High-Tech Research and Development Plan of
China under Grant No. 2007AA01Z203.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Edwards, R.S.; Dixon, S.; Jian, X. Characterisation of defects in the railhead using ultrasonic surface waves. NDT E Int. 2006,

39, 468–475. [CrossRef]
2. Tsai, D.M.; Wu, S.C.; Chiu, W.Y. Defect detection in solar modules using ICA basis images. IEEE Trans. Ind. Inform. 2013,

9, 122–131. [CrossRef]
3. Mazzeo, P.L.; Nitti, M.; Stella, E.; Distante, A. Visual recognition of fastening bolts for railroad maintenance. Pattern Recognit. Lett.

2004, 25, 669–677. [CrossRef]
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