. machines @\py

Article

Deep Subdomain Transfer Learning with Spatial Attention
ConvLSTM Network for Fault Diagnosis of Wheelset Bearing
in High-Speed Trains

Jiujian Wang 12, Shaopu Yang %*, Yongqiang Liu 2(* and Guilin Wen !

College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082, China
State Key Laboratory of Mechanical Behavior in Traffic Engineering Structure and System Safety,
Shi-Jiazhuang Tiedao University, Shijiazhuang 050043, China

*  Correspondence: yangsp@stdu.edu.cn

Abstract: High-speed trains operate under varying conditions, leading to different distributions of
vibration data collected from the wheel bearings. To detect bearing faults in situations where the
source and target domains exhibit differing data distributions, the technique of transfer learning can
be applied to move the distribution of features gleaned from unlabeled data in the source domain.
However, traditional deep transfer learning techniques do not take into account the relationships
between subdomains within the same class of different domains, resulting in suboptimal transfer
learning performance and limiting the use of intelligent fault diagnosis for wheel bearings under
various conditions. In order to tackle this problem, we have developed the Deep Subdomain Transfer
Learning Network (DSTLN). This innovative approach transfers the distribution of features by
harmonizing the subdomain distributions of layer activations specific to each domain through
the implementation of the Local Maximum Mean Discrepancy (LMMD) method. The DSTLN
consists of three modules: a feature extractor, fault category recognition, and domain adaptation.
The feature extractor is constructed using a newly proposed SA-ConvLSTM model and CNNs,
check for which aim to automatically learn features. The fault category recognition module is a classifier that

updates

. . categorizes the samples based on the extracted features. The domain adaptation module includes an
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) adversarial domain classifier and subdomain distribution discrepancy metrics, making the learned
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ConvLSTM Network for Fault fault diagnosis experiments with wheel bearing data under 15 different operating conditions, the
Diagnosis of Wheelset Bearing in proposed method demonstrates its effectiveness.
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Fault diagnosis technology has gained increasing importance in recent years to en-
hance mechanical systems’ reliability and safety [1,2]. Monitoring the condition of operating
mechanical equipment can help avoid severe financial losses and potential injuries [3]. En-

suring intense monitoring of key components of machinery operation and quickly and
accurately identifying issues are critical to preventing catastrophic accidents. Rolling bear-
ings play a significant role in a wide range of industries as vital components of rotating
machinery [4,5]. Rolling bearing faults account for 51% of all rotating mechanical faults [6].
They are one of the main factors affecting the reliable and safe operation of mechanical
distributed under the terms and  Systems [7]. The wheelset bearing of high-speed trains (HSTs), as a key part of high-speed
conditions of the Creative Commons  train running parts, fails easily as a result of the long time spent in a complex wheel-rail
Attribution (CC BY) license (https://  €xcitement working status. A schematic diagram of a high-speed train wheelset bearing

creativecommons.org/licenses /by / structure is shown in Figure 1. The failures cause serious damage to the safe operation
40/). of high-speed trains. Therefore, the development of relevant fault diagnosis techniques
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for high-speed train wheelset bearings is crucial and fundamental in ensuring the safe
operation of rail transit [8,9].

Figure 1. Schematic diagram of a high-speed train wheelset bearing structure.

The vibration generated during the operation of wheelset bearings is complex due
to the intricate nature of the wheelset bearing system [10]. This vibration is primarily
caused by both internal and external factors. Internally, the structural design of the bearing,
manufacturing defects such as surface corrugations and roller size inconsistencies, assembly
mistakes like shaft misalignment and unbalance, as well as operational problems, such
as wear, pitting, poor lubrication, and the like, all contribute to the vibration. Externally,
factors like track irregularity and special sections of track and wheel tread defects, among
others, cause axle box-bearing vibrations and result in a complex interaction of wheel-rail
excitations, with track irregularity being the primary cause. This has a significant impact
on the ride comfort and safety of trains, particularly as train speed increases.

Traditional methods for diagnosing faults in wheelset bearings based on their vibration
signals involve extracting the characteristic fault frequency. The approach to diagnosing
bearing faults involves filtering the optimal fault band through digital signal processing
techniques, such as filtering or decomposition [11-13], followed by an analysis of the
envelope spectrum to identify different types of bearing faults. However, these methods
often require specialized signal processing knowledge and manual feature extraction.
Liu et al. [14] employed the multipoint kurtosis of the unbiased autocorrelation of the
squared envelope signal to determine the most useful frequency range for high-speed rail
wheelset bearings. Gu et al. proposed a Pareto optimum technique that maximizes the time
domain and frequency domain spectral negentropy [15]. Additionally, they utilized a grey
wolf optimizer to estimate the optimal posterior wavelet parameters by maximizing the
negentropy of the squared envelope and its spectrum [16]. To further enhance the multi-
objective fitness function, Yang et al. [17] created a general rule that prioritizes maximum
sparsity in both the squared envelope and its spectrum. This rule was tested and validated
on high-speed train wheelset bearings.

Despite their advantages, traditional methods of fault diagnosis have certain limi-
tations, such as the requirement for prior knowledge during feature extraction and the
processing of a large volume of data. To overcome these challenges, deep learning has
emerged as a popular approach to fault diagnosis. This method enables automatic feature
extraction, which has been demonstrated in various studies to effectively recognize the
health state of machinery through processing large amounts of vibration data [18,19]. For
instance, Lei et al. [20] presented a two-stage learning technique that incorporates an unsu-
pervised two-layer neural network and softmax regression to extract features adaptively.
Another study by Ling et al. proposed a simple and effective diagnostic method for bearing
problems using a depth-separable volume [21]. This technique enhances the stability of
the diagnostic model by extracting multiple properties from vibration signals from differ-
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ent directions. Peng et al. proposed a unique deeper 1-D convolutional neural network
with residual learning that was validated using data from various operating situations
of high-speed train wheelset bearings [22]. Additionally, Ban and his team established a
multi-location and multi-kernel scale learning framework that utilizes skip connections
in the neural network to address the high nonlinearity and strong coupling of bearing
vibration signals [23]. Deep learning has proven to be an effective method in addressing
the limitations of traditional fault diagnosis techniques by enabling automatic feature
extraction and processing of large amounts of data.

In Figure 2, we observe the vibration waveforms in the time and frequency domains of
a wheelset bearing with an inner ring failure, recorded at different speeds on a rolling test
bench [24]. The time domain waveform (Figure 2a) reveals that as the speed increases, the
vibration amplitude also rises, and the fault impact gradually becomes masked by other
disturbances. Furthermore, the frequency domain waveform (Figure 2b) shows that with
changes in speed, the distribution of energy across different frequency bands also changes,
making it challenging to consistently identify bearing fault characteristics across varying
working conditions.
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(a) Time domain waveforms (b) Frequency domain waveforms

Figure 2. Time domain and frequency domain waveforms of wheelset bearings at different speeds.

The traditional deep learning approach has shown good results when the training
and testing datasets have a similar distribution [25]. However, this approach faces chal-
lenges in the case of high-speed train wheelset bearings, which are frequently used under
varying speeds and complex load conditions. The collected data from these conditions
often have different distributions, making the traditional deep learning model unsuitable.
Additionally, obtaining enough labeled samples from different running conditions to train a
generalizable model is both difficult and expensive. To overcome these limitations, transfer
learning has been introduced to address the challenges in diagnosing faults in high-speed
train wheelset bearings. Guo [26] proposed a deep convolutional transfer learning net-
work that uses MMD distance and an adversarial domain classifier on unlabeled data.
He et al. [27] presented the KMST-based FT technique for transferring under changing
operating conditions. Li et al. [28] proposed a deep transfer non-negativity constraint
sparse autoencoder for automatically extracting latent features from unprocessed vibration
signals. To address the challenge of diagnosing newly emerging faults, Li et al. [29] intro-
duced adversarial transfer learning. He et al. [30] suggested a defect diagnosis method
that combines transfer learning and generative adversarial networks to generate virtual
samples. Zhang et al. [31] proposed a 1D-LDSAN model, which utilizes a 1-D lightweight
convolutional neural network and the local maximum mean difference method to extract
advanced features and match the probability distributions of source and target domain
data. The model was validated using the CWRU dataset and showed promising results
when trained with a small amount of unlabeled target domain data.

The traditional transfer learning strategies concentrate on harmonizing the source
and target distributions as a whole, ignoring the inter-subdomain relationships within the
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same class across both domains. This leads to a confusion of distributions of target sample
characteristics, causing poor transfer task diagnosis accuracy. As shown in Figure 3a, the
features from the source and target domains are combined in the same global domain, but
the features from various subdomains are mixed, making proper classification difficult.
This was a common issue in previous global domain transfer learning, making it ineffective
for the diagnosis of different working conditions in bearings.

Before Transfer Learning Transterred Before Transfer Learning Transferred
__Source

Figure 3. (a) Global domain transfer learning can’t achieve the alignment of the distribution for the
same class. (b) relevant subdomain transfer learning can align the distribution of the same class and
make the subdomain be separated for each category. (The dots and stars represent different categories,
with the stars representing class 1 and the dots representing class 2; different colors represent different
domains, with blue representing source domain characteristics and red representing target domain
characteristics).

For a more accurate diagnosis in the target domain, it is crucial to align the distri-
bution of relevant subdomains within the same class in both the source and destination
domains rather than just focusing on the global domain shift. As shown in Figure 3b, by
aligning the relevant subdomains, the features from the same subdomain are separated and
distinguished from those from different subdomains. This helps to improve the diagnosis
accuracy in the target domain.

Due to the impact of wheel-rail excitation and the intricate internal structure, the
vibration response of train wheelset bearings experiences significant fluctuations under
varying operating conditions. The accuracy of fault diagnosis could be enhanced by
incorporating subdomain transfer learning in the diagnosis of faults in high-speed train
wheelset bearings.

Therefore, a novel Deep Subdomain Transfer Learning Network (DSTLN) has been
proposed to enhance the transferability of features for transfer learning diagnostic tasks
in high-speed train wheelset bearings. The DSTLN consists of a feature extractor, fault
classification, and domain adaptation. The feature extractor module is designed to learn
features autonomously. The fault classification module classifies samples into the correct
categories based on the extracted features. The domain adaptation module, which includes
an adversarial domain classifier and subdomain distribution discrepancy metrics, makes
the learned features invariant in both the global and subdomain domains.

The contributions of this paper are summarized as follows:

(1) The subdomain adaptation principle is applied to the intelligent fault detection of
wheelset bearings, and the effectiveness of this principle is demonstrated using a deep
learning model implementation.

(2) A deep network model based on SA-ConvLSTM and CNNs is proposed, which uses
distribution discrepancy metrics of the relevant subdomain and adversarial transfer
method to achieve subdomain transfer learning for bearing fault diagnosis.

(3) The performance of the proposed model is evaluated using several metrics on a
dataset for wheelset bearings, and a visualization technique is used to understand the
subdomain transfer learning feature learning process.
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The structure of this paper is as follows: (1) In Section 2, the concept of subdomain
transfer learning is thoroughly explained; (2) the design and workings of the Deep Subdo-
main Transfer Learning Network (DSTLN) are thoroughly discussed in Section 3; (3) the
efficacy and superiority of the DSTLN on the wheelset bearing dataset are demonstrated in
Section 4; (4) finally, the paper is summarized in Section 5.

2. Subdomain Transfer Learning Problem

In this section, the concept and principles of subdomain transfer learning are presented
and discussed.

2.1. Unsupervised Subdomain Transfer Learning

It is necessary to first clarify some fundamental concepts about transfer learning
and domains in order to explain the issue that needs to be solved. A source domain is
Dg = {(xt,y%) }f\ﬁl with sufficient Ng labeled samples (¥ € R is the label of x ie., y? = j
means x; belonging to the jth class, where C is the number of classes). The target domain
is Dy = {x’T}f\fl of Nt unlabeled samples. Dg and Dy are samples from different data
distributions p and g, respectively, and p # g. Unsupervised transfer learning involves
designing a deep neural network y = f(x) that can extract useful knowledge from labeled
samples in the source domain and apply it to correctly classify the unlabeled samples in the
target domain. The success of transfer learning depends on a well-designed loss function,
which can be formally represented as follows:

1N

Y I(F(S),v5)) + Ad(p, ) 1)

min
f o nsi=

1

where J(.,.) denotes the cross-entropy loss function of the fault category recognition module

and LAi(, .) denotes domain adaption loss function. The trade-off parameter A determines
the weight given to each loss term during the training process, which balances the relative
importance of the classification loss and the domain adaptation loss.

According to the category, the source domain Dg and target domain Dy are divided

into C number of subdomains Dgc) and D(TC ), respectively. ¢ € {1,2,...,C} is the class label.

() (c)
T

The distribution of sub-source domain D¢ and target domain Dy are defined as p'©) and

q'%), respectively. The objective of subdomain transfer learning is to match the distributions
of the specific subdomains that belong to the same category. The loss function for this type
of transfer learning is based on the global domain transfer learning loss function and can
be expressed as:

N;
min= Y J(F(),45)) + AEd(p19, )] @
Si=1

where E.[] denotes the mathematical expectation of category.

Additionally, since the target domain samples lack proper labeling, pseudo labels
are used to assign the samples to their respective classes. The Local Maximum Mean
Discrepancy (LMMD) is introduced as a metric to differentiate between the source and
target subdomains.

2.2. Local Maximum Mean Discrepancy (Distribution Discrepancy Metrics of
Relevant Subdomain)

Maximum Mean Discrepancy (MMD) [32] is widely used to estimate the distance
between the source and target distribution. As a nonparametric metric, it has been easily
improved with respect to many variants, such as MK-MMD [33], ]-MMD [34], etc., and
applied to bearing transfer learning intelligent diagnosis. The MMD is formulated as below:

autr0) & [5o()] - B[o ()], 0
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where H represents the reproducing kernel Hilbert space (RKHS). ¢(-) denotes the feature
map function which maps the input feature to RKHS.

Previous applications of Maximum Mean Discrepancy (MMD) in deep transfer learn-
ing primarily focused on aligning the global distribution, neglecting the relationship be-
tween the subdomains from the source and target domain within the same category. Given
the importance of considering these relationships, the alignment of relevant subdomains
should also be taken into account. To address this issue and align the distributions of
relevant subdomains, a new metric, Local Maximum Mean Discrepancy (LMMD) [35],

is proposed: )
By [2(<*)] ~Ee [ ()] @

where p(©) and g(¢) denote the distributions of relevant subdomains Dgc) and D(TC ) within
the same category c, respectively. The goal of minimizing the discrepancy between the
relevant subdomains is to bring their distributions closer and achieve alighment within the
same category.

To apply the LMMD in a feedforward deep network model, we need to make some
assumptions. In order to calculate the expectation E.[-], we assume that each sample
belongs to each category on the basis of weight w®, and the weight w{ of the sample x; is
calculated by formulation as:

dy(p.q) £ E

c __ Yic
Y Yy jc ©
(xj,yj)eD
where y;. denotes the one-hot label vector of sample x;.

In this scenario, it's easy to transfer the true label y? of a sample from the source domain
into a one-hot vector for calculation wl.s" purposes, as the sample is labeled. However, in
an unsupervised transfer learning task, the samples from the target domain are unlabeled,
making it impossible to directly calculate their w!“. To overcome this issue, we use the
concept of pseudo labels. By using a category classifier module, we predict the label of the
sample from the target domain and use it as the pseudo label. This allows us to categorize
the sample. Additionally, the deep feature extraction network generates activations for

ng nr
samples from both the source and target domains, represented as {zfl } - and {ijl } iy
1= =

respectively, in layer 1. Then the reformulated formulation is as follows:

p 1 ¥ se S (SISl
dl(Pzﬂ) =C Y Z Z w; w]‘ k(zi ij )
c=1|i=1j=1
nr nr
+1 L wfufk(], 2] ®)
i=1j=

ng nr
-2y wl.scijCk (zis’,zjﬂ)
i=1j=1

where ! is the activation of the Ith layer.

3. Spatial Attention ConvLSTM

In the preceding section, the theory and application of subdomain feature transfer for
bearing fault diagnosis were described and established. To enhance the transfer capability
of the model, it is essential to improve its feature extraction ability. Hence, this section
introduces a new Spatial Attention ConvLSTM module aimed at augmenting the extraction
of both temporal and spatial features. This module is designed to accommodate the cyclic
stationarity characteristics and effects of bearing fault signals.

3.1. Spatial Attention Module

The Spatial Attention (SA) mechanism is designed to enhance the feature represen-
tation of key input parts of the neural network, resulting in improved global information
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extraction. Essentially, this mechanism transforms the original input into a new space
through a spatial conversion module. The key information is then retained, and a weighted
mask is generated for each position, resulting in a weighted output that strengthens rel-
evant target-specific parts while reducing the impact of irrelevant parts. One prominent
approach in this area is the Spatial Attention Module (SAM), introduced by Woo et al. [36].
It employs global mean and maximum pooling on channels, which then produce two fea-
ture representations through a 7 x 7 convolutional kernel, capturing different information
aspects. Finally, the weight matrix is generated by Sigmoid operation, and the original
input feature map is superimposed back. In this way, the purpose of enhancing the target
region can be realized. Figure 4a shows the structure of the SAM module.

Conv Layer Spatial Attention Feature Map

[MaxPool, AvgPool]

Spatial attention O
Input Feature Map ~ Conv layer feature map
yA :’ool, AvgPool]

Input Feature Map Output Feature Map

(a) Spatial Attention Module (SAM) (b) SAM embedded in network

Figure 4. Spatial Attention Module and SAM module embedded in the neural network structure.

The expression formula of the Spatial Attention Module is represented as follows:
M;(F) = U<f7X7(AVgPool(F);MaxPool(P))) (7)

where ¢ is the Sigmoid activation function, f”*” is the 7 x 7 convolutional kernel, AvgPool
represents average pooling, MaxPool represents maximum pooling, F represents the input
feature map, and M; represents the output spatial attention feature map.

The SAM module can be seamlessly integrated into the neural network structure as a
plug-in module, as illustrated in Figure 4b. It ultimately outputs an enriched feature map
of the targeted region. The expression formula is presented below:

Fy (F) = Ms(F)®F 8)

where © is the Hadamard operator; Fy;, represents the output feature map after embedding
the SAM.

3.2. Spatial Attention ConvLSTM

A spatial attention ConvLSTM (SA-ConvLSTM) model was proposed by introducing
a spatial attention mechanism into the ConvLSTM [37] model, and its structure is shown as
shown in Figure 5.

Figure 5. Spatial attention ConvLSTM (SA-ConvLSTM) model structure.
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Different from image data, vibration data are generally one-dimensional data, so the
convolution kernel in SAM is set to 1 x 7. The specific formula for SA-ConvLSTM is
as follows:

it = 0 (Faty,(Wyi % Xp 4+ Wi % hye—q + b;))

ft = o (Fan, (W * x¢ 4 Wi % by 1 +by))

0r = 0 (Fp,(Wxo * Xt + Wi x hy_1 + bo)) )
Ccy = ft O 1+t ® tanh(FMs(ch * Xp+ Wpexhy_1 + bc))

hy =0; ® tanh(ct)

where * represents the convolution operation; i, f, 0, c, h, respectively, represent the input
gate, the forgetting gate, the output gate, the memory unit, and the external state; o() is the
Sigmoid function; © is the Hadamard operator; and W represents the weight of neurons.

4. Proposed Method
4.1. Deep Subdomain Transfer Learning Network (DSTLN)

The proposed DSTLN comprises three components: the feature extraction module,
the fault category classification module, and the domain adaptation module. As depicted
in Figure 6, the feature extraction module is composed of a CNN and SA-ConvLSTM
capable of automatically learning features. The fault category recognition module is a
classifier that assigns samples to their corresponding categories based on the extracted
features. The domain adaptation module, which includes an adversarial domain classifier
and subdomain distribution discrepancy metrics, helps make the learned features invariant
across the global domain and subdomains. The specific parameters of each module are
outlined in Table 1.

Fully
}( D GRL @ Convolutional Filter @ ReLU Connec}trion\:
! Forward Backward  Gradient Reversal . :
, Propagation  Propagation Layer @ SA-ConvLSTM @ Pooling @ Dropout |

E—
Source Doma

Labelled Samples

e —
——

Unlabelled Samples

Label
SL1 SL2 PL1 CLI1 CL1 PL2 Flatten FC1 FC2 Output FC3 FC4 FC5
\ JL I\ J

e

|
|

X Sharad ?Paran!léters i
[

Domain
Qutput

T T
Feature Extractor Domain Classifier
Label Classifier

Figure 6. Architecture of the proposed DSTLN, including three modules: feature extractor, label clas-
sifier, and domain classifier; and LMMD loss function is used to achieve subdomain transfer learning.
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Table 1. Architecture and parameter settings for the DSTLN.
Modules Layers Tied Parameters Activation Function
SL1 SA-ConvLSTM1d 20@32 -
SL2 SA-ConvLSTM1d 20@3 -
E PL1 Max Polling: kernel = 2, stride = 2 -
. eature CL1 Convld 64@3 ReLU
Xtractor CL2 Convld 128@3 ReLU
PL2 Max Pooling: kernel = 4, stride = 4 -
FC1 Output 256 features ReLU
Lab.e¥ FC2 Output 256 features; Dropout 0.5 Softmax
Classifier
D . FC3 Output 1024 features; Dropout 0.5 ReLU
Clom‘?n FC4 Output 512 features; Dropout 0.5 ReLU
asstuer FC5 Output 2 features Sigmoid

(1) Feature extractor module

The feature extractor module is achieved by CNN and SA-ConvLSTM with seven
layers, including two convolutional layers, two SA-ConvLSTM layers, two pooling layers,
and one full-connected layer. This feature extractor module refers to a classical stackable
convolutional neural network architecture [20], with a large convolution kernel in the
first layer.

The feature extractor module takes vibration signals acquired by sensors mounted on
equipment as inputs. Given that the vibration signals are one-dimensional data, the CNN
layers are designed as 1-D CNN with ReLU function as the activation function. The output
feature can be calculated using the following formula:

D
2 = ReLU( W, ® X} + b’) (10)

d=1

where ® denotes the 1-D convolutional operator, W; denotes the weight of the convolu-
tional kernel, X; denotes the input of the kernel, b’ denotes the corresponding bias, and D
is the number of kernels.

This module features two pooling layers, which serve a dual purpose. On one hand,
they effectively reduce the number of neurons, while on the other hand, they help preserve
the network’s stability in the face of small, local morphological changes. This allows the
convolutional kernel to have a larger receptive field. The type of pooling used here is max
pooling, which is formulated as follows:

pj = maX{ijk:(j+1)xk} (11)

where k is the pooling length and p; is the output of the pooling operation.
After the CNN and pooling layer, a fully connected layer is added to flatten the output
features. This is achieved through the following formulation:

zh = ReLU(w;-X’ + bl) (12)

where I/ij is the weight matrix connecting two fully connected layers.

(2) Label classification module

The label classification module comprises a fully connected layer and a softmax
regression function. The inputs to layer FC2 are the output features from the feature
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extraction module. The output of layer FC2 is then fed into the softmax regression function,
resulting in the final classification, as expressed by the following formulation:

exp(wlx +bc)

Ye = (13)

C
Y exp(wlx+b.)
c=1

where . denotes the conditional probability of category c for the input x, and w,. denotes
the weight vector of category c.

(3) Domain adaptation module

An adversarial domain classifier and a subdomain distribution discrepancy metrics
term are both included in the domain adaption module.

The adversarial domain classifier is comprised of three layers. The first two layers
are fully connected with ReLU activation and include dropout with a probability of 0.5.
The third layer is a fully connected layer with a Sigmoid activation function. The output of
these layers is then fed into a binary classifier setting using logistic regression, as expressed
by the following formulation:

J— 1
~ 1+exp(wix+b,)

(14)

where w; denotes the weight matrix of the domain adaptation module and b; denotes the
corresponding bias vector.
The subdomain distribution discrepancy metrics term is calculated referring to (6).

4.2. Optimization Objective

The proposed DSTLN is guided by three learning objective functions, as follows: (1)
the health status classification error term on the source domain dataset; (2) the adversarial
domain classification error term, applied to both the source and target domain datasets;
and (3) the LMMD distribution discrepancy metric between the source and target domain
datasets.

(1) Object 1: Health status classification error term. The DSTLN aims to learn an invariant
feature representation directly on the source domain dataset through the feature
extractor module. As a result, the critical optimization objective of DSTLN is to
minimize the health status classification error on data from the source domain. To
achieve this, a typical softmax regression loss can be used as the expected objective
function for a dataset with N categories of health status, as expressed below:

1| .
Le=—-5 L;](%vyi)} (15)

where () is the cross entropy function; y; is the predicted distribution of the ith
sample across N fault categories and §; is its real label.

(2) Object 2: Adversarial domain classification error term. The adversarial domain
classification error term serves a unique purpose in the DSTLN. The feature extractor
is trained to deceive the domain classifier by maximizing this loss. In contrast, the
adversarial domain classifier is educated to distinguish between the source domains
by minimizing its loss. This ensures low classification errors in the source domain, all
while minimizing the loss of the label classifier.

1 Ng+Nr

Ly = Ne t Nr l;, ](dirdAi> (16)
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(3) Object 3: LMMD distribution discrepancy metrics term. The output Y of the label
classifier module is used as the pseudo label of the target domain sample, and then the
distribution difference of the subdomains is computed. By minimizing this function,
aligning the distributions of relevant subdomains within the same category of the
source and target domains is realized.

c 2

1 s ny
Limmp = EZ Y wi(xf) — Y wip(x))
i=1 i=1

c=1||i

(17)

H

where ¢(-) denotes the kernel function; w$® and w!® denote the weight of x{ and x!
belonging to category C of the ith sample, respectively.

By combining these three optimization objectives, we obtain the final optimization
objective as:
L= Lc—ALy+ pLimmp (18)

where the trade-off parameters A and y determine the strength of the domain transfer effect.

4.3. Network Training Strategy

The following details outline the experiment training process. The trade-off pa-
rameters A and y are gradually increased from O to 1, calculated using the formula
2/(1 + exp(—10 x q)) — 1, where g represents the training progress, which is calculated as
(current_epoch/max_epoch) and ranges from 0 to 1. The model is trained using the Adam
optimizer, with a learning rate of 0.001 and a momentum parameter of 0.9. The batch size
is 64, with each batch consisting of half samples from the source domain and half from
the target domain. During each trial, half of the unlabeled data samples from the target
domain and all of the labeled data samples from the source domain dataset are used as
the training data. The remaining 20% and 30% of the target domain’s data samples are
reserved for testing and validation, respectively. Algorithm 1 outlines the training process
for the DSTLN.

Algorithm 1. DSTLN Training Strategy.

Input: source domain datasets with labels and target domain datasets without labels
Output: predict the fault class of the unlabeled target domain

Start

Stepl: preprocessing of source domain and target domain datasets

Step2: creation of the neural network and initialization of the parameters randomly

Step3: input the preprocessed data to compute the L, Ly, and Ly ppp, and compute the total Loss
with the variable A and y according to current epoch

Step4: update network parameters by Adam optimizer, and Steps 3 and 4 should be repeated
until the desired epoch is attained

Step5: save the trained model parameters to a file

Step6: utilizing the trained model, analyze the unlabeled target domain data

Step7: predict the fault category of the target domain for the input

End

5. Experiment Results and Comparisons
5.1. Experiment and Dataset

In this experiment, vibration signals were obtained from a high-speed train wheelset
bearing as it underwent different load and speed conditions. The bench’s architecture for
the high-speed train wheelset bearing is demonstrated in Figure 7, while Figure 8 illustrates
the test bearing and the basic experimental setup. In Figure 8b, the sensor was positioned
at the top of the test bearing’s end shield, and an accelerometer was used to capture the
vibration signal. Table 2 presents the structural characteristics of the bearing.
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Motor

The axial actuator
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Figure 7. The test bench’s architecture for the high-speed train wheelset bearing.

Figure 8. (a) high-speed train wheelset bearing test bench; (b) local expanded test point; (c) test
bearing.

Table 2. Parameters of the bearing.

Name Roller Diameter  Pitch Diameter Contact Angle Roller Number
FAG F-80781109 26.5 mm 185 mm 10 deg 17

To simulate the load changes experienced by a wheelset bearing during operation,
various load forces are applied in both the vertical and axial directions to the test bearing.
The load conditions include three scenarios: (1) An empty load; (2) a static load with 85 kN
in the vertical direction and 50 kN in the axial direction; (3) a dynamic load with a vertical
and axial frequency range of 0.2 to 20 Hz. The waveforms of these load forces are depicted
in Figure 9.
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Figure 9. Three loading forces. (a) axial direction; (b) vertical direction.

To simulate the speed variations while that transpire during wheelset bearing opera-
tion, we experiment with a total of six operating condition speeds: static running speeds of
1200 r/min, 1500 r/min, 1800 r/min, and 2100 r/min, and a variable running speed ranging
from O r/min to 2100 r/min and then to 0 r/min. As shown above, a total of 15 types of

running conditions are tested on the test bearings. The details of each condition are shown
in Table 3.

Table 3. Condition number of each running condition.

. Speed (km/h)
Condition Number 200 250 300 350 0—350—0
Empty load 1 4 7 10 13
Static load
Load (Vertical 85 kN; axial 50 kN) 2 5 8 1 14
Dynamic load
(Vertical 80 kN with 0.2-20 Hz; 3 6 9 12 15

axial 40 kN with 0.2-20 Hz)

In each running condition, four test bearings are tested with different types of health
conditions: (1) normal condition (NO); (2) outer race fault (OF); (3) inner race fault (IF); and
(4) roller fault (RF). The damage location photographs are shown in Figure 10.

(a) outer ring (b) inner ring (c) roller element

Figure 10. The damage location. (a) outer ring; (b) inner ring; (c) roller element.
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The sampling duration of each bearing is 60 s, with 51.2 kHz sampling frequency (Fs)
in every running condition. The datasets are randomly split into training dataset, validation
dataset, and test dataset, according to the ratio of 5:2:3. The sliding segmentation method is
used for data augmentation [22,38,39]. In this experiment, the length of each sample is set
as 2048, and the sliding step size is set as 256.

The DSTLN is implemented by the Pytorch machine learning framework and Python™
3.6. The model training and testing are performed on a workstation with an Intel® Xeon
Gold 6148 CPU and a NVIDIA® GTX 2080Ti GPU with 11G memory. We compared the
DSTLN with the following four other transfer learning methods. They are MK-MDD [40],
JMMD [41], CORAL [42], and DANN [43].

5.2. Transfer Fault Diagnosis of the DSTLN

The proposed DSTLN is assessed on a total of 210 transfer fault diagnosis experiments
between each of the 15 condition datasets; i.e., 1 —+2,2 — 1,1 — 3,3 — 1, and so on.
The source domain in each transfer experiment is represented by the number before the
arrow, while the target domain is indicated by the number following the arrow. For
instance, in the transfer fault diagnostic experiment 1 — 15, the source domain corresponds
to the first condition dataset, while the destination domain corresponds to the fifteenth
condition dataset.

The neural network model’s parameters and structure are defined in Table 1 and
Figure 6. The training step for each experiment is set to 1000, and each transfer experiment
is run ten times at these specifications. The results of all 210 transfer experiments are
presented in Table 4, with the row header indicating the target domain and the column
header denoting the source domain’s working condition and data number. The accuracy of
the transfer learning from the source domain to the target domain is presented in Table 4 as
a percentage.
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Table 4. Experiment results of the proposed DSTLN methods.

Target Domain 1200 rpm 1500 rpm 1800 rpm 2100 rpm Variable Speed 0 —2100 — 0 rpm
Empty Static Dynamic Empty Static Dynamic  Empty Static Dynamic  Empty Static Dynamic Empty Static Dynamic
Load Load Load Load Load Load Load Load Load Load Load Load Load Load Load
Source Domain 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Empty 1 . 99.55%  99.17% 99.83% 98.28% 98.55% 98.82% 97.66% 98.29% 99.76% 98.38% 98.39% 91.79% 86.67% 87.38%
Load +0.40 +0.28 +0.14 +1.31 +0.41 +0.44 +0.24 +0.34 +0.24 +0.44 +0.28 +1.84 +2.42 +3.73
1200 Static 2 99.83% ; 99.78% 99.5% 99.92% 99.67% 99.32% 98.42% 98.13% 98.73% 98.83% 97.29% 92.33% 92.38% 67.42%
rpm Load +0.13 +0.12 +0.38 +0.04 +0.26 +0.54 +0.25 +0.76 +0.36 +0.15 +0.45 +2.39 £3.65 +5.36
Dynamic 3 99.88%  99.38% ) 99.92% 99.92% 99.96% 99.36% 98.16% 98.79% 98.39% 97.67% 97.88% 90.88% 93.58% 88.54%
Load +014  +0.82 +0.06 +0.08 +0.04 +0.86 +0.43 +0.34 +0.80 +1.42 +1.18 +3.58 +1.39 +4.28
Empty 4 98.38%  99.71%  99.88% ; 99.38% 99.96% 99.48% 98.25% 98.25% 98.96% 97.63% 97.58% 91.71% 86.38% 88.38%
Load +0.82  +0.26 +0.10 +0.82 +0.02 +0.72 +0.26 +0.36 +0.42 +0.92 +0.84 +3.82 +4.27 +5.36
1500 Static 5 98.96%  99.43%  99.68% 99.38% ) 99.88% 99.83 99.63% 99.75% 99.96% 99.71% 99.54% 91.63% 94.83% 66.75%
rpm Load +0.06  +042 +0.21 +0.82 +0.08 +0.14 +0. +0.26 +0.02 +0.28 +0.36 +£2.24 +2.18 +7.24
Dynamic 6 98.29%  98.45%  98.38% 99.38% 99.56% ) 99.38% 99.82% 99.79% 99.52% 99.96% 99.75% 93.38% 87.83% 93.79%
Load +0.15 +0.68 +0.28 +0.82 +0.22 +0.22 +0.08 +0.14 +0.32 +0.03 +0.23 +3.06 +4.52 +3.16
Empty 7 98.96%  99.31%  98.79% 99.02 99.22% 99.92% ) 99.79% 99.25% 99.38% 99.5% 98.83% 91.17% 85.83% 88.71%
Load +0.02  +0.56 +0.64 +0.32 +0.56 +0.06 +0.19 +0.38 +0.27 +0.42 +0.12 +4.18 +5.17 +4.92
1800 Static 8 97.96%  99.83%  99.54% 98.84 99.83% 99.74% 99.38% } 98.92% 99.83% 99.71% 99.54% 91.29% 88.83% 88.42%
rpm Load +0.03  +0.14 +0.36 +0.59 +0.09 +0.26 +0.82 +0.94 +0.06 +0.26 +0.32 £2.02 +3.28 +5.28
Dynamic 9 98.38% 98.18%  98.23% 98.91% 98.87% 99.21% 99.48% 99.54% ) 99.82% 99.96% 99.92% 94.83% 90.83% 94.88%
Load +044  +0.38 +0.62 +0.39 +0.92 +0.48 +0.36 +0.21 +0.10 +0.03 +0.04 +2.14 +2.18 +3.14
Empty 10 98.56%  99.12%  98.89% 99.12% 99.67% 99.96% 99.96% 99.79% 99.38% ) 99.75% 99.04% 91.42% 87.88% 90.33%
Load +029  +0.35 +0.22 +0.71 +0.26 +0.02 +0.04 +0.18 +0.36 +0.16 +0.72 +3.29 +3.48 +3.28
2100 Static 1 98.88%  99.02%  99.22% 98.87 98.62 99.88% 99.83% 99.54% 99.54% 99.92% ) 99.71% 89.63% 92.54% 90.38%
rpm Load +030  +0.58 +0.49 +0.72 +0.38 +0.10 +0.12 +0.34 +0.38 +0.26 +0.26 £3.16 +2.39 +3.66
Dynamic 12 98.32%  98.43%  98.38% 99.25% 98.89% 98.82% 98.94% 99.10% 99.34% 99.72% 99.88% } 95.25% 95.25% 94.5%
Load +035  +0.58 +0.69 +0.52 +0.42 +0.68 +0.59 +0.38 +0.25 +0.28 +0.06 +3.48 +1.36 +2.40
Empty 13 99.64%  99.45%  99.68% 99.24% 99.79% 99.88% 99.13% 99.88% 100% 100% 99.33% 99.75% ) 95.25% 94.88%
Variable Load +024  +0.25 +0.36 +0.52 +0.16 +0.07 +0.69 +0.09 +0 +0 +0.35 +0.16 +3.48 +2.06
Speed Static 14 99.88%  99.25%  99.38% 99.12% 99.27% 99.24% 99.92% 99.28% 99.96% 99.35% 99.92% 99.88% 97.88% ) 94.79%
0—2100—0 Load +0.13 +0.36 +0.29 +0.46 +0.38 +0.32 +0.04 +0.52 +0.08 +0.26 +0.06 +0.10 +1.36 +2.42
pm Dynamic 15 99.96%  99.97%  99.96% 99.98% 99.92% 99.91% 99.96% 99.95% 99.94% 99.96% 99.93% 99.96% 98.79% 97.5% )
Load +0.02  +0.03 +0.05 +0.06 +0.04 +0.08 +0.04 +0.05 +0.07 +0.02 +0.05 +0.03 +0.53 +1.16
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Table 4 demonstrates that the mutual transfer learning diagnosis results for the con-
stant speed conditions exceed 99%, showcasing the effectiveness of the proposed DSTLN
model in diagnosing various transfer learning scenarios.

As shown in Table 4, it can be observed that when the source and target domains
have similar working conditions, the transfer diagnosis accuracy is higher. The transfer
from working condition No. 3 to the other 12 working conditions is taken as an exam-
ple. According to different load conditions, these transfer tests can be divided into three
groups: 3 — 4,7,10,13 (empty — empty), 3 — 5,8,11,14 (empty — static), and 3 — 6,9,12,15
(empty — dynamic). The grouping results are plotted as shown in Figure 11 below. It
can be observed that as the velocity difference increases, the accuracy of the transfer
results decreases.

2o=d 1200rmp—1500rmp
1200rmp—1800rmp
1200rmp—2100rmp
<] 1200rmp—Variable Speed

100 9 = =

98

96

94

92

90

88

86

84

AN

Diagnosis Accuracy (Unit:%)

3—4,7,10,13 3—5,8,11, 14 3—6,9,12, 15
(empty—empty) (empty—>static) (empty—dynamic)
Figure 11. The results between condition No. 3 and the other 12 conditions divided into three groups
based on the same load conditions.

In addition, we found an interesting phenomenon when transfer learning between
the constant speed and variable speed conditions. When transfer learning from the static
speed condition to the variable speed condition, the accuracy of transfer learning diagnosis
decreases significantly. On the other hand, when transfer learning from the dataset under
variable speed condition to the dataset under constant speed condition, the accuracy of
transfer learning diagnosis performance is good. We selected the forward and backward
direction mutual transfer learning diagnosis results between variable speed condition No.
15 and the other 12 constant speed conditions for plotting, and the results are shown in
Figure 12. We analyzed the reasons for the difference of transfer learning results in forward
and backward directions. The reason is that the variable speed condition contains more
comprehensive characteristic information. This instructs us to collect the data of complex
conditions such as variable speed when setting the dataset and to use them as the training
set in the source domain. In this way, higher accuracy can be obtained during transfer
learning diagnosis.

5.3. Comparison Results

To further demonstrate the effectiveness of the proposed DSTLN, four additional
transfer learning techniques are utilized for comparison in the same transfer fault diagnosis
tests. These comparison methods utilize a feature extractor neural network with the same
structure and parameters as the proposed DSTLN. The four comparison methods are
multi-kernels MMD (MK-MMD) [40], Joint Maximum Mean Discrepancy (J]MMD) [41],
correlation alignment (CORAL) [42], and Domain-Adversarial Training of Neural Networks
(DANN) [44].
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We pick transfer experiment 1 — 5 as an example, which, with different speeds and
loads, is common in 210 transfer conditions. The diagnosis accuracy results for the target
domain and the confusion matrix are displayed in Figure 13. As shown in Figure 13a,
prior to transfer, the diagnosis accuracy result without any labeled data from the target
domain is only 72.15%. Figure 13b—f illustrate how transfer learning-based approaches
outperform prior results for transfer diagnosis tasks. Moreover, the proposed DSTLN
method outperforms all others, with a 99.28% accuracy.

B8 No. 15 is T get Domain
B No. 15 is Source Domain
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Figure 13. The diagnosis accuracy of target domain and confusion matrix results. (Results of before
transferred, proposed DSTLN and other four contrast methods have been demonstrated, and the
proposed DSTLN outperforms the others.)
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(e) MK-MMD

Additionally, the t-distributed stochastic neighbor embedding (t-SNE) technique is
applied to convert the high-dimensional features extracted by the final layer of the feature
extractor module into a two-dimensional space to showcase the intricate relationships and
patterns inherent in the data. The visualizations of these outcomes are detailed in Figure 14.

£
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< ki By

£.38
.2'—5’;;%?%*
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(b) Before Transferred (¢) Proposed DSTLN (d) CORAL

Source_normal
Source_outer
Source_inner
Source_roller

target_normal
target_outer
target_inner
target_roller

+ o+t

(f) DANN (2) IMMD

Figure 14. The t-SNE visualization of the learned features in a high-speed train wheelset bearing dataset.

In particular, our comparison of the results led to the following three observations:

(1) When analyzing the visualization result prior to transfer learning shown in Figure 14b,
it becomes evident that the extracted features from the source domain are separated;
however, the extracted features from the target domain differ from the source domain,
and without transfer learning, the target domain’s distribution cannot be matched to
the correct classifier, resulting in poor diagnosis accuracy. This indicates that without
transfer learning, applying intelligent fault diagnosis of bearings with unlabeled data
of varying working conditions may be challenging.

(2) Compared to the result before the transfer, the transfer learning methods can align the
identical class distributions in the source and target domains, as shown in Figure 14c—
g. The transfer learning methods shift the target domain’s feature distribution to
align with the source domain’s distribution. This suggests that the transfer learning
methods effectively handle unlabeled data of varying working conditions.

(3) Asdemonstrated in Figure 14d—g, other compared transfer learning techniques shift
the feature distribution of the target domain to align with the source domain; however,
they ignore the relationships between the subdomains with the same class in both
domains. As a result, some data from the source and target domains are misclassified,
and the distributions of the extracted features from different classes are mixed up, as
depicted in Figure 15b. In contrast, the proposed DSTLN method aligns the distribu-
tions of relevant subdomains within the same class in both source and target domains,
as shown in Figure 15a, resulting in improved diagnostic accuracy performance.
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Before Transferred

bS]

(a) Distribution of DSTLN (b) Distribution of MK-MMD

Proposed DSTLN Before Transferred

Figure 15. Comparison of subdomain and global domain transfer learning.( Proposed DSTLN
method aligns the distributions of relevant subdomains within the same class in both source and
target domains.)

6. Conclusions
6.1. Conclusions of Results

In this paper, a novel approach of deep subdomain transfer learning is presented for
the intelligent fault diagnosis of high-speed train wheelset bearings. The results of the
experiments were compared to those obtained from four other transfer learning methods
and were analyzed using t-SNE visualization.

The following conclusions were drawn from the experimental results:

(1) Transfer learning-based intelligent fault diagnosis methods deliver higher diagnostic
accuracy than deep learning methods without transfer learning processing, especially
for bearing data with variable working conditions and no labels in the target domain.

(2) The dataset under variable operating conditions comprises a more comprehensive set
of characteristic information. A higher diagnostic accuracy can be achieved when it is
set as the source domain dataset. This result can guide us to conduct further experi-
ments under more variable speed and load force conditions. It can help us obtain a
more comprehensive dataset for high-speed train wheelset bearings in the future.

(3) The proposed DSTLN method captures fine-grained information. It aligns the distri-
butions of relevant subdomains within the same source and target domain category,
resulting in better diagnostic accuracy performance than other global domain transfer
learning methods.

These conclusions demonstrate that the proposed DSTLN method can effectively
classify unlabeled target domain data under different working conditions. As a result,
DSTLN can potentially promote the successful application of intelligent fault diagnosis for
high-speed train wheelset bearings with unlabeled data in variable working conditions.

6.2. Discussions of Future Work

Our research aims to develop a wheelset bearing diagnosis system for real-time
monitoring of high-speed trains’ performance. However, there is still a long road ahead to
reach this objective. The limitations and future work of our study are as follows:

(1) Limitation of the wheelset bearing data. Although we conducted experiments on four
healthy bearings under 15 different working conditions, it is still insufficient to cover
all possible scenarios of real running high-speed trains. Our current testing rig cannot
simulate rail-wheel excitement, which significantly impacts the vibration signals. In
the future, we aim to conduct more experiments using our new roller test rig based
on a real high-speed train bogie to acquire more accurate vibration data.

(2) Metric measuring the transferability between different datasets for transfer learning.
In our study, we used t-SNE visualization to understand the distribution of source
and target datasets. However, we still need a quantitative measure of transferability
between datasets. In the future, we plan to develop a quantitative measure to help us
organize a complete dataset and avoid negative transfer learning.
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(3) Development of an embedded diagnostic system. Our proposed diagnostic method
was implemented on a personal computer, which is both expensive and energy
intensive. In the future, we aim to design and develop a more cost-effective and
energy-efficient diagnostic model that can be deployed on an embedded system.
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