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Abstract

Due to the existence of domain shifts, the distributions of data acquired from different machines show significant discrepancies
in industrial applications, which leads to performance degradation of traditional machine learning methods. In this paper, we
propose a novel method that combines supervised domain adaptation with prototype learning for fault diagnosis. The proposed
method consists of two modules, i.e., feature learning and condition recognition. The module of feature learning applies the
Siamese architecture based on one-dimensional convolutional neural networks to learn a domain invariant subspace, which
reduces the inter-domain discrepancy of distributions. The module of condition recognition applies a prototypical layer to
learn the prototypes of each class. Then the classification task is simplified to find the nearest class prototype. Compared
with existing intelligent fault diagnosis methods, this proposed method can be extended to address the problem when the
classes from the source and target domains are partially overlapped. The model must generalize to unknown classes in the
source domain, given only a few samples of each new target class. The effectiveness of the proposed method is verified using
two bearing datasets. The model quickly converges with high classification accuracy using a few labeled target samples in

training, even one per class can be effective.

Keywords Bearing - Fault diagnosis - Domain adaptation - Prototype learning

Introduction

Rolling element bearings are precision components in rotat-
ing machines, which are widely used in industrial, automo-
tive, aerospace and marine applications (Ai 2013). With the
development of advanced manufacturing technology, vari-
ous sensors (e.g., temperature, vibration, displacement) have
been utilized to monitor the condition of the bearing. The
vibration signals that contain machine health information
have proven to be effective for fault diagnosis and prognosis
of bearings. This has promoted a great deal of work on vibra-
tion analysis over the last few decades (Yu et al. 2006; Sreejith
et al. 2008; Wen et al. 2017b; Gao et al. 2019; Chen et al.
2020). Yu et al. (2006) proposed a method based on empiri-
cal mode decomposition (EMD) energy entropy for bearing
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fault diagnosis. EMD is applied to decompose the raw vibra-
tion signals and obtain intrinsic mode functions (IMFs). Then
the extracted energy features of the IMFs are taken as input
to the artificial neural network to distinguish normal bear-
ing. The method proposed by Sreejith et al. (2008) extracts
the Normal negative log-likelihood value and kurtosis value
from time-domain vibration signals and uses these values
as the input to the neural network. The proposed method
can distinguish bearing conditions with high accuracy. Wen
etal. (2017b) proposed a signal-to-image conversion method.
The proposed method converts the raw vibration signals into
two-dimensional gray images. Then a convolutional neural
network (CNN) is applied to extract the features of these two-
dimensional gray images, which can eliminate the effect of
handcrafted features.

Despite the impressive performance of the above methods,
the data-driven methods require a large amount of labeled
data (target data) in training, which restricts their extensive
applications. In industrial applications, the machine working
conditions are generally complicated and frequently change
over time. It is difficult to collect and label sufficient samples
for various types of faults under different working condi-
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tions. Meanwhile, the fault detection system does not allow
critical machines to operate in fault states. Once the system
detects a fault condition, it will immediately shut down the
machine, which results in collecting only a few fault sam-
ples. Although it is difficult to obtain massive labeled data
for critical machines, it can obtain enough data from differ-
ent but related machines. However, the data collected from
different conditions show significant distribution discrepan-
cies. It indicates that the model trained in one situation is
not suitable for another. It is difficult or even impossible to
recollect the new labeled data to train a model for the actual
task. When it is difficult to collect the target data, the typical
method is to train the related target model using available
data (source data). Since this method may lead to suboptimal
performance, techniques such as transfer learning (Wen et al.
2017a; Han et al. 2020), generative model (Li et al. 2018a;
Liu et al. 2018), and few-shot learning (Zhang et al. 2019)
have been studied to address the issue for fault diagnosis.

Domain adaptation, which can transfer the knowledge
from the source domain to a different but related target
domain, can be adopted in the situation where the source
and target data have different distributions. Although the
methods based on domain adaptation have been widely used
in situations such as image classification, face recognition,
object detection, and so forth (Wang and Deng 2018), they
have not yet been investigated thoroughly for fault diagno-
sis. In recent years, several fault diagnosis methods based on
domain adaptation have been proposed (Lu et al. 2016; Li
et al. 2018b; Tong et al. 2018; Li et al. 2019). These meth-
ods effectively transfer useful information from the labeled
source domain to the unlabeled target domain. However,
there are rare effective fault data in real-world applications. It
is hard to collect massive unlabeled target samples covering
various types of faults, which indicates the target dataset is
generally imbalanced. Moreover, most unsupervised trans-
fer learning methods use distance metrics such as Maximum
Mean Discrepancy (MMD) (Gretton et al. 2007) to measure
the discrepancy between different domains. These methods
mainly focus on the transferability between different work-
ing conditions. Generally, these methods cannot effectively
distinguish the fault types collected from different machines.
Then data-driven fault diagnosis methods centered on trans-
ferability between machines are attracting ever-increasing
attention (Guo et al. 2018; Zhao et al. 2020).

In this work, we propose a supervised domain adapta-
tion method for bearing fault diagnosis. The main idea of
the method is to apply the Siamese architecture to learn a
domain invariant subspace, followed by a prototypical layer
that computes the prototypes of each class. The modified
model is based on the assumption that there exist domain
invariant prototypes that can represent corresponding classes
in the latent space. To do this, we learn a non-linear mapping
to minimize the discrepancy between source and target dis-
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tributions in a latent space and take a prototype to represent
each class. Then the classification task is simplified to find
the nearest class prototype. The method requires only a few
labeled target samples in training. Even one sample per class
can significantly improve model performance. These labeled
target samples are used as prior knowledge to determine the
similarity between the different domains. Furthermore, the
model trained on the source domain can generalize to new
classes that can only be seen in the target domain. With the
domain invariant prototypes, the model uses the distance
from extract features to the closest class center as an out-
lier score to distinguish the unknown classes. The proposed
method is verified on two famous bearing datasets, which
shows that our method is effective in fault diagnosis with a
few labeled target samples. The main contributions of this
work are summarized in the following.

1. The proposed method uses convolutional neural networks
as a basic model applied to fault diagnosis. It can learn
a domain invariant subspace with effective transferability
with the Siamese architecture.

2. The proposed method can be extended to solve the
problem when the classes from different domains are par-
tially overlapped. The model must generalize to unknown
classes in the source domain.

3. With only a few labeled target samples in training, the
model can distinguish target classes and reject the samples
from unknown source classes.

4. With attractive robustness, randomly assigning corre-
sponding labels between source and target domains does
not affect the model performance, which is suitable for the
complex working conditions in industrial applications.

The rest of the paper is organized as follows. ‘“Related
works” section reviews related works about domain adap-
tation and prototype learning. “Proposed method” section
describes the problem formulation and the proposed method.
A series of experiments are carried out in “Experimental
results” section. Finally, conclusions and future works are
presented in “Conclusion” section.

Related works

Domain adaptation (DA) has attracted ever-increasing atten-
tion for reducing the annotation burdens in the target domain.
As mentioned previously, most unsupervised DA-based
methods focus on the situation where different domains
are completely overlapped. These methods assume that the
source domain contains the same tasks as the target domain.
The base model takes a batch of labeled source samples and
unlabeled target samples and directly minimizes the discrep-
ancy between their distributions. This procedure aligns all
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target samples with source classes, which makes it diffi-
cult to distinguish unknown classes in training. Moreover,
such methods usually do not perform well in the DA set-
tings where a few labeled target samples are available (Saito
et al. 2019). It is difficult to obtain the discriminative fea-
tures with the limited target samples. Therefore, here are
some supervised DA-based methods that can overcome the
limitations of unsupervised DA-based methods and improve
the classification accuracy of the target domain with a few
labeled samples per class. Hoffman et al. (2013) proposed
an iterative process that simultaneously learns the classifier
weights and a transformation to map target features to the
source domain. Motiian et al. (2017) proposed a weakly-
supervised framework applied to visual domain adaptation
and generalization. The method utilizes the Siamese archi-
tecture to learn a discriminative embedding subspace, where
the mapped features are inter-class separable and intra-class
similar for both domains. Saito et al. (2019) proposed a novel
adversarial method, Minimax Entropy (MME), to extract dis-
criminative features. The method regards the class weight
vectors as estimated prototypes and minimizes the distance
between the prototypes and corresponding unlabeled target
samples. These methods can take advantage of a few know-
ing target samples with supervised DA. Since the new target
samples are severely limited for the above problem, the tra-
ditional classification layers are challenging to separate the
new classes from each other. Therefore, we modify the model
by prototype learning, which improves model performance
to extract discriminative features. Then the model can be
extended to reject the unknown source classes as outliers.
Through searching prototypes to represent the distribution
of each class, prototype learning is effective in improv-
ing the performance of classification. The simplest method
of prototype learning is the unsupervised clustering, which
searches the class centers used as the reduced prototypes
independently (Bezdek et al. 1998; Liu and Nakagawa 2001).
Since the unsupervised clustering does not consider the class
information, the classification accuracy is generally lower
compared with supervised classification methods. The learn-
ing vector quantization (LVQ) (Kohonen 1990), proposed
by Kohonen, supervised adjusts the weight vectors based on
searching the optimal position of the prototypes. Although
the convergence is not guaranteed, the attractive perfor-
mance makes LVQ popular in many works. In the variations
of LVQ, the parameter optimization methods, which learn
prototypes through optimizing the objective functions by gra-
dient search, have excellent convergence property in learning
(Sato and Yamada 1996, 1998). Snell et al. (2017) proposed
prototypical networks for both few-shot and zero-shot classi-
fication. The method learns prototype representations of each
class in a metric space by computing the mean of embed-
ded support examples. Yang et al. (2018) combined the deep
CNN with the prototype-based classifier, which improved

Table 1 Notations and descriptions

Notation Description Notation Description

D Domain s, t Source, target

X Data set Y Label set

X Single sample y Corresponding label
X Data space y Label space

zZ Latent space Z Feature set

M Class number m Sample size

c Class prototype C Prototype set

P Data distribution f Deep model

h Feature learning g Condition recognition

the model robustness. In this work, the labeled target sam-
ples are used as prior knowledge to learn the domain invariant
subspace. To test the robustness of the proposed method, we
randomly assign class labels between different domains in
the experiments.

Proposed method
Notation

In this section, we describe the problem formulation and
the proposed method to address supervised DA. Let Dy =
{(x7, yf)};';‘] denotes the source dataset Dy that consists of
mg data points. Here, x} € RP represents the D-dimensional
input sample, and y? € {1,..., M*} is the corresponding
label. A target domain given a limited number of labeled
samples is denoted by D; = {(x, y))}7",. X*, X" denote

i=1

the sets of x;, x| respectively, and y/ € {1,..., M'}. The
Table 1 describes the notations which are used in this work
frequently.

DA-based methods generally assume there is a covariate
shift (Shimodaira 2000) between X* and X', i.e., P(X*) #
P(X"). The performance of the model trained in the source
domain may drop dramatically when it is applied in the tar-
get domain. In this work, we aim to learn a deep model
f + X — Y that can work well on both source and tar-
get domains. The model f is composed of two components,
ie., f(xi,0) = g(h(x;,601),602). Here h : X — Z, the fea-
ture learning module, is a mapping from the data space X to
a latent space Z, and g : Z — ) is a condition recognition
module to predict the corresponding label. The 8 = {61, 6>}
denotes the parameters of the model. To simplify the model,
we only learn one prototype for each class in this work. The
prototype is an N-dimensional vector denoted as ¢; € RV,
andi € {1,2,..., M"} represents the index of the predicted
class.

@ Springer
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Fig. 1 Deep prototypical networks based DA (DPDAN): Two input
points are multi-dimensional vibration signals selected from the source
and target domains, respectively. During the training stage, the source
training samples contain the labeled target samples. The distance loss
L p minimizes the distribution discrepancy between different domains

Architecture

As shown in Fig. 1, the proposed model consists of two parts:
afeature learning module 4 and a condition recognition mod-
ule g. The & is achieved by the Siamese architecture based
on one-dimensional convolutional neural networks. The con-
volutional layers perform some non-linearities to convert
the multi-dimensional raw vibration data into abstract fea-
tures. To avoid the interference of the high-frequency noises
in industrial environments, wide first-layer kernels (Zhang
et al. 2017) are used to extract features, followed by small
kernels to get discriminative feature representations. Then
dropout (Hinton et al. 2012) is applied before the output
of the & to avoid overfitting. With the dropout, binary vari-
ables diag(e) are sampled with a fixed probability p, i.e.,
€ ~ Bernoulli (p). When the sampled binary variable is
value 0, the corresponding unit is dropped in training. Sub-
sequently, the g takes the prototypical layer to transform
abstract features into N-dimensional vectors. Then the dis-
tances between the N-dimensional vectors and the learned
prototypes are used to estimate conditions of the tested
bearing. Compared with traditional classification layers, the
extracted features can make a certain degree of change around
the corresponding prototypes, which improves the general-
ization performance.

Feature learning

With the covariate shift assumption of DA, we can assume
that the source and target domain have the same condi-
tional probability distribution, i.e., P(Y*|X*) = P(Y'|X").
It means that the condition recognition modules of the source
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to learn a domain invariant subspace, and the classification loss makes
features discriminative to learn the prototypes. In this figure, the model
learns two prototypes for each class and utilizes prototype matching for
classification. The prototype matching method aligns the samples with
the nearest prototype

and target domains could be the same when we learn adomain
invariant space for their distributions, i.e., g = g;. Mean-
while, the parameters of CNN can be shared in a Siamese
architecture, i.e., hy = h;. Therefore, there exists a model
that can work well on both source and target domains. The &
computes the pairwise distances in the latent space to min-
imize the distribution discrepancy in training. In that case,
the method assumes that 4y, = h;, and we could train the
function /4 by minimizing a distance loss
Lph,61) =E[(d(h(X*),h(X")).Ya)] (1)
where the E[-] denotes the mathematical expectation and
the y; € {0, 1} denotes the consistency of two input points.
When the two input points (x;, x}) are sampled from the same
class, yg = 1, otherwise, y; = 0. Binary cross-entropy loss
is used as £ in this work, and the function d computes the
pairwise distances between features in the latent space. In this
work, the function d is computed with Euclidean distance.
Then their consistency is estimated by

1
B AN

d(h(X*). h(X")) =Sw/T) ()

where n = H AR A | 2 and S denotes the Sigmoid function.
Then 7 is divided by a constant T called the temperature that
controls the distance mapping, and 7 is set to —0.5 in this
work. The CNN architecture is detailed in Table 2.

Condition recognition

With features obtained from 4, most CNN-based methods
usually use the softmax layer for classification. Compared
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Table2 Structure of the feature learning module

the given class i, the probability P (C;|Z, 0) is defined as

Layer Name Size/Stride

1 Convolutional-ReLU 16 filters of 64 x 1/1 x 1
2 Max-Pooling 2x1/2x1

3 Convolutional-ReLU 32 filtersof 3 x 1/1 x 1
4 Max-Pooling 2x1/2x1

5 Convolutional-ReLU 64 filters of 2 x 1/1 x 1
6 Max-Pooling 2x1/2x1

7 Convolutional-ReLU 64 filters of 3 x 1/1 x 1
8 Max-Pooling 2x1/2x1

9 Convolutional-ReLU 64 filters of 3 x 1/1 x 1
10 Max-Pooling 2x1/2x1

11 Fully-connected layer 100

e vd(8(2),Ci)

P(Gi|Z,6) = “)

Zf‘fl e—vd(3(2).Cr)
where y is a hyper-parameter that controls assignments of the
distance to probability. The distance is measured by the func-
tion, d(g(Z), C;) = |g(Z) — C;||5. By limiting the distance
between learned vectors and the corresponding prototypes,
the regularization ||g(Z) — Cj,||1 makes the features in the
same classes more compact. Finally, we get the modified
method by learning a deep model f such that

with the conventional softmax layer, the prototypical layer
projects the samples around the learned prototypes in the
latent space, which leaves large regions for unknown classes.
To simplify the model, we only learn one prototype for each
class, and the prototypical layer outputs an N-dimensional
vector for each class to approximate the corresponding pro-
totype. To learn the prototypes, a distance metric (e.g.,
Euclidean distance) is used to compute the similarity between
the N-dimensional vectors and the prototypes. The model has
two parts of trainable parameters, one for the model f and the
other for the prototypes C. Given the feature set Z obtained
from h, we further define the classification loss as

Lc(g,602) = EL(P(CIZ,02), )]+ rellg(Z) = Cnllt (3)

where ¢ denotes categorical cross-entropy that controls the
classification accuracy. C,, denotes the corresponding proto-
type of input X. A, is the hyper-parameter that changes the

Lp(f,0)=rLp(h,01)+ 1 —1)Lc(g,02) (&)

Based on the assumption that g; = g; = g, the prototypical
layer g is trained with source data, and then fine-tuned based
on a few labeled target samples.

gs = train(g|Dy) )
g: = fine-tune(g|D;)

Application

Given the model f that can distinguish the classes provided
in training, the second issue is to effectively recognize the
unknown classes in the source domain. The graphic descrip-
tion of the procedure is shown in Fig. 2. Compared with
other CNN-based methods, the model f projects the sam-
ples to some specific regions of the latent space (around the
prototypes), which leaves large regions for unknown classes.
Then we apply the model f to obtain the outlier score that
indicates the degree to which the f estimates a sample x; to
be an outlier. The outlier score represents the distance from
z; to the closest class center. It is calculated as

. 2
. .. . I score(x;) = min P —Z 7
. . <i<MS t
weight of the regularization and is set to 0.5 in this work. For (xi) 1<j<M ””‘J ”2 )
Sl Al A
..... ; | A A
R RN ) o Aa aEERA SR
h @ 0 A\\ ' Unseen ./ H N A A C ¢ A
Al =) .
L A ! ® g e, 09
\‘A ’ . ) D. ‘O . :. .’ D N . .O
o A raining, Step 1 ® 9 g¥  swep2 g O g ® 9

Source © A [

Fig.2 Overview of the proposed method. We assume the classes from
different domains are partially overlapped. There are some unknown
source classes in training. In the first step, we train the model f to

. LB,
+Outlier, -

Target @ I A ¢ N e

recognize the known classes in training. Then we utilize discriminative
features obtained from the / to learn the outlier scores which are used
to recognize the unknown source classes
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Table 3 Description of the datasets provided by the CWRU

Diameter (in.) NC BF IF OF (6:00) Speed Dataset Size Position
0 0.007 0.014 0.021 0.007 0.014 0.021 0.007 0.014 0.021 (rpm)
Labels 1 2 3 4 5 6 7 8 9 10 1730 Dy 1250 x 10 Drive-end
Labels 1 2 3 4 5 6 7 8 9 10 1797 Dp 1250 x 10 Drive-end
Labels 1 2 3 4 5 6 7 8 9 10 1797 Dc 1250 x 10 Fan-end
Labels 1 2 3 * 5 * * 8 * 10 1730 Dp 1250 x 6 Drive-end
Labels 1 2 3 * 5 * * 8 * 10 1797 Dg 1250 x 6 Fan-end
Labels 1 10 7 4 3 6 8 9 5 2 1797 Dr 1250 x 10 Fan-end
where z; = h(x;,01). u j is the mean of the class j and and one normal condition are used to construct a bearing
calculated as dataset.
1X5 .

1 J ) The first three experiments are conducted on the CWRU bear-
i= 1X5] i ing data collected from different ends. We select the fau
Rj= ) 8 ®) data collected from diff ds. We select the fault

J'i=1

Then we adopt the threshold-based rejection strategy with the
outlier scores. The threshold value determines the distance
for outlier detection. If the score for a sample is larger than
the estimated threshold, the sample will be rejected. For the
threshold values, we adopt the threshold estimation method
(Hassen and Chan 2020) which assumes a certain percentage
of the training samples are outliers in this work. We calculate
the outlier scores on the training data of the source domain.
Then the outlier scores are sorted in ascending order, and
the 99 percentile outlier score in each class is used as the
threshold value.

Experimental results

In this section, the proposed CNN-based method is conducted
on two fault diagnosis datasets, that is, the Case Western
Reserve University (CWRU) bearing dataset (Smith and
Randall 2015) and Intelligent Maintenance Systems (IMS)
bearing dataset (Qiu et al. 2006).

1. CWRU Bearing Dataset: CWRU bearing dataset was col-
lected from a bearing test stand provided by the CWRU.
The vibration data used in this paper were collected from
different ends of the motor (drive-end and fan-end) under
three load scenarios (0, 2, 3 horsepower) and on four dif-
ferent health conditions, i.e., normal condition (NC), ball
fault (BF), inner race fault (IF) and outer race fault (OF).

2. IMS Bearing Dataset: IMS bearing dataset was provided
by the Center for IMS, University of Cincinnati. A radial
load of 6000 Ibs was applied onto the tested bearings in
test-to-failure experiments. At the end of the experiments,
BF, IF and OF occurred in three bearings, respectively. In
this paper, the data collected from three fault conditions
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diameters of 0.007, 0.014, and 0.021 inches for every type
of fault and have ten conditions in total added with a normal
condition. The samples are generated by the sliding window
of 2048 size with 80 points shift step. As shown in Table 3,
these datasets contain 1250 samples per class, and Dp and
D have only six classes. Then the proposed method is fur-
ther evaluated on the fourth transfer task between CWRU
bearing dataset and IMS bearing dataset. As shown in Table
7, there are four different health conditions in these datasets,
and each contains 500 samples per class. Similarly, these
samples are generated by the sliding window of 1200 size
with 100 points shift step.

To verify the effectiveness of the proposed DPDAN
model, several methods are used for comparison on the exper-
iments.

support vector machines (SVM) (Hsu and Lin 2002);
base CNN without the DA technique;

transfer component analysis (TCA) (Pan et al. 2010);
deep domain confusion (DDC) (Tzeng et al. 2014);

our proposed DPDAN model;

the DSDAN model which replaces the prototypical layer
with the conventional softmax layer.

AN e

The first type of comparison methods is used to evaluate the
improvement of DA-based methods for fault diagnosis. First,
SVM and base CNN are trained only using the source data.
Then SVM is trained using the features obtained from % to
evaluate the effects of the features learned by DPDAN. TCA
is a popular DA-based method that learns a shared subspace
between different domains. The distributions of different
domains are close to each other in the shared subspace. Two
features, (handcrafted features, automatic features learned
by CNN) are used to train the model in this paper. DDC
is a deep DA-based method for image classification prob-
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Table 4 Results (%) of the completely overlapped setting

Method A—B B—A A—C C—A Average
SVM 42.6 36.3 20.3 224 304
SVM-h 99.2 100 99.3 96.7 98.8
TCA 76.6 74.8 26.3 26.6 51.1
TCA-CNN 91.2 90.1 68.8 62.7 78.2
CNN 67.8 62.9 21.6 18.1 42.6
DDC 77.6 78.1 31.2 28.7 539
DSDAN-1 98.7 100 98.1 99.1 99.0
DSDAN-3 99.5 100 99.5 100 99.8
DPDAN-1 98.8 100 98.3 98.6 98.9
DPDAN-3 99.2 100 99.4 100 99.7

The method-n stands for the method using n labeled target samples per
class in training. The method-/ stands for the method using features
obtained from £

lems. The method applies an adaptation layer to minimize
the MMD-based distances between different domains. The
domain confusion loss is trained to optimize for domain
invariance. DDC is used to evaluate the robustness of our
proposed method. During the training stage, the proposed
method is initialized by the weight initialization proposed
by He et al. (2015). Then the Adam algorithm (Kingma and
Ba 2014) with minibatch stochastic gradient descent is used
to optimize the model parameters. The batch size and initial
learning rate are set to 64 and 0.001, respectively. We ran-
domly choose n samples per class in the target domain for
five times to generate different training sets and calculate the
mean of accuracies.

Completely overlapped domain adaptation

As shown in Table 3, we evaluate the proposed method on
three datasets (D4, Dp, and D) that were generated from
CWRU bearing dataset. The data of D4 and Dp are collected
from the drive-end of the test stand, which is different from
Dc . First,n (n € {1, 3}) samples per class in the target dataset
are randomly selected as training data. The rest of the target
data are used for testing. Then the proposed model is trained
using the source dataset and the selected target samples.

Table 4 reports the classification accuracies of six meth-
ods. For TCA, 6 handcrafted features, i.e., root mean square
(RMS), variance, kurtosis, skewness, crest factor, approxi-
mate entropy are extracted to train the model. The subspace
dimension of TCA is set to 8 in this paper. Then an SVM
classifier is trained on the reduced dimensional features of
the source data to classify the unlabeled target data. From
the results, it shows the effects of distribution discrepancy
on model performance. The data collected from the same
end have more similar distributions and obtain higher classi-
fication accuracies. For TCA-CNN, a one-dimensional CNN

Source domain Target domain

Fig.3 #-SNE visualization of features: 100-dimensional feature vectors
obtained from 4 are reduced into a two-dimensional map. The class-i
(i € {4,6,7,9}) data of the source domain are unknown in training

is trained using the labeled data in the source and target
domains. The trained CNN is used to extract the features
from both domains. Then TCA uses the extracted features to
estimate the conditions of the tested bearing. The results of
TCA-CNN show the effects of labeled target samples used
in training. To evaluate the effects of learned features of our
proposed methods, SVM uses features obtained from £ to
estimate conditions of the tested bearing. With the features
learned by DPDAN-3, the performance of the SVM-A has
been greatly improved.

To fairly evaluate the performance, the architectures of
different deep models are built as similar as possible. DDC
adopts an adaptation layer and minimizes the MMD distance
between the source and target domains. Since only a sin-
gle layer of the network is adapted, the architecture of DDC
(e.g., the position and width of the adaptation layer) restricts
the model performance. Moreover, DDC is sensitive to the
distributions of different domains due to the limitation of
prior knowledge. Compared with these methods, our pro-
posed method performs well on different tasks, even only
ten labeled target samples (n = 1, one sample per class) are
used in training.

Partially overlapped domain adaptation

Existing fault diagnosis methods based on DA generally
assume the source and target domains contain the identical
label space. However, it is difficult to obtain data covering
various types of faults for critical machines. As shown in
Table 5, the proposed method is conducted on two trans-
fer tasks, i.e., Dp — D¢ and Dg — D4. Compared with
completely overlapped DA, the proposed model is applied
to accommodate ten classes in the target domain when the
source domain contains six classes in training. Table 5 shows
the classification accuracies increase with the size of labeled
target samples (n € {1, 3, 5}) rising. To demonstrate the per-
formance directly, we follow the -SNE (Maaten and Hinton
2008) to visualize the high dimensional features obtained
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Table 5 Results (%) of the partially overlapped setting

Table 6 Results (%) of randomized label assignments

Method D—C E—A Average Method A—F F—A Average
SVM 18.3 30.1 242 SVM 17.9 10.2 14.1
CNN 17.9 31.3 24.6 SVM-h 99.1 99.5 99.3
DSDAN-1 63.5 65.7 64.6 TCA 23.0 25.2 24.1
DSDAN-3 85.4 88.7 87.1 TCA-CNN 64.7 57.3 61.0
DSDAN-5 96.2 98.6 97.4 CNN 21.0 26.6 23.8
DPDAN-1 62.3 68.2 65.3 DDC 21.4 16.2 18.8
DPDAN-3 91.3 96.3 93.8 DSDAN-1 98.4 98.5 98.5
DPDAN-5 99.4 99.6 99.5 DSDAN-3 99.6 99.8 99.7
The method-n stands for the method using n labeled target samples per DPDAN-1 98.0 98.4 98.2
class in training DPDAN-3 99.3 99.6 99.5

100 +

©
o
!

Accuracy (%)
[ee]
o

707 —e— DPDAN-1
—e— DPDAN-1

—m— DPDAN-3

60 - —=— DPDAN-3
5 6 7 8 9 10

Number of known classes in the source domain

Fig.4 Average classification accuracy for the partially overlapped tasks
with different numbers of known classes in the source domain. The red
lines represent the Dp — D¢ task, and the green lines represent the
Dr — Dy task

from h into a two-dimensional map. From Fig. 3, we can
find that the proposed method learns the latent space where
the features of both domains are inter-class separable.
Moreover, the features of unknown classes in the source
domain are discriminative. We further extend the model to
recognize the unknown classes in the source domain. To
report the recognition ability of the unknown classes, six
known-class data are fed to the DPDAN model and calcu-
lated the outlier scores. Then the 99 percentile outlier score in
each class is used as the threshold value. We use a measure-
ment of rejection rate (RR), which denotes the percentage
of rejected samples of the unknown classes, to evaluate the
rejection ability. By comparing with the pre-defined thresh-
old, over 95% of unknown-class samples can be rejected.
To evaluate the influence of the overlapping classes in
training, five partial overlapping situations are conducted in
this paper. As shown in Fig. 4, the proposed model can effec-
tively recognize the corresponding target classes of source
known classes with only one sample. Moreover, the model

@ Springer

The method-n stands for the method using n labeled target samples per
class in training. The method-/ stands for the method using features
obtained from £

Table 7 Description of bearing datasets

Dataset Bearing Condition Speed (rpm) Size
Dy CWRU NC 1750 500 x 4
BF 1750
IF 1750
OF 1750
Ds IMS NC 2000 500 x 4
BF 2000
IF 2000
OF 2000

quickly converges with high classification accuracy in the
target domain with the size of labeled target samples rising.

Randomized label assignments

In industrial applications, we may meet the situation where
no labeled data are available in the target domain. To address
the fault diagnosis problem with unlabeled data, we select
the representations of different types of faults by evaluating
the difference between the unlabeled data. Since we do not
know the types of faults in advance, the representative sample
labels will be randomly assigned. To verify the robustness of
the proposed method, we randomly assigned the class labels
of D¢ to get Dr. In the third experiment, we follow the
setting of the first experiment but replaced D¢ with Dr. From
Table 6, we can see that randomized label assignments do not
cause a significant drop in model performance. The labeled
target samples are used as prior knowledge to determine the
transferable features between the source and target domains.
Then some specific regions of the latent space are learned
on the extracted features, which can compensate for great
domain shifts.
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Fig. 5 Average classification accuracy for randomized label assign-
ments using DPDAN-1

Table 8 Results (%) of validation experiments

Method U—S S—U Average
SVM 24.8 25.0 24.9
SVM-h 98.7 98.3 98.5
TCA 16.0 10.2 13.1
TCA-CNN 36.9 38.7 37.8
CNN 24.9 42.1 335
DDC 48.5 49.8 49.2
DCTLN 89.7 89.9 89.8
DSDAN-1 74.5 79.1 76.8
DSDAN-3 98.1 93.2 95.7
DPDAN-1 82.4 87.6 85.0
DPDAN-3 98.6 98.1 98.4

The method-n stands for the method using n labeled target samples per
class in training. The method-/ stands for the method using features
obtained from A

In the previous experiments, the dimension of the learned
prototypes is set to 5. To evaluate the influence of dimen-
sion N, we adopt different values (N € {1, ..., 10}) for the
prototypes. For different N, the same settings of the hyper-
parameters are used during the training, and the results are
shown in Fig. 5. From the results, it can be seen that the
performance of the method is improved with the increase
of N within a certain range. Then the performance remains
unchanged or even decreased as the N increases in training.

Validation on IMS bearing dataset

To further validate the proposed method, two datasets gen-
erated from CWRU bearing dataset and IMS bearing dataset
are used to conduct transfer experiments. We follow a similar
experiment setting of the above experiments. In each exper-
iment, the training dataset contains all the labeled source
data and a few labeled target data. The rest of the target data

are used for testing. The generated datasets are composed of
one-dimensional vibration signals, which is different from
previous experiments. Therefore, the proposed model is sim-
plified for the new transfer task. The results of the two transfer
experiments are shown in Table 8. DCTLN is an unsuper-
vised DA-based method proposed by Guo et al. (2018). The
method consists of two modules, i.e., condition recognition
and domain adaptation. The condition recognition module
is used to automatically extract features and estimate condi-
tions of the tested bearing. The domain adaptation module
is used to learn a domain invariant space that minimizes the
distribution discrepancy between different domains. From
the results, it can be seen that the performance of the model
can be improved as the labeled samples increase in training.
The proposed method achieves better accuracies than the
softmax-based method, which demonstrates the robustness
of the learned prototypes. Generally, unsupervised DA-based
methods need complex networks to perform better than the
proposed method. Due to the lack of prior knowledge in the
target domain, these methods need massive unlabeled target
samples for training.

To visualize the effects of DA on the distribution of fea-
tures from the source and target domains, we use #-SNE to
map the high dimensional features into a two-dimensional
space. The results of the transfer experiment Dy — Dg
are shown in Fig. 6. From the results, it can be seen that the
proposed method can reduce the inter-domain discrepancy of
distributions. Compared with other methods, the learned fea-
tures of the proposed method are inter-class separable, which
makes the features more discriminative. It validates that the
proposed method can reduce the distribution discrepancies
of data obtained from different machines.

Conclusion

In this paper, we have proposed a CNN-based method in com-
bination with DA and prototype learning for fault diagnosis.
The proposed method takes raw vibration signals as inputs
and achieves high classification accuracies on four trans-
fer tasks. The experiments on two popular bearing datasets
show effective transfer performance when a few labeled tar-
get samples are available. Compared with existing DA-based
methods, the proposed method can be applied to address
the problem when the classes from the source and target
domains are partially overlapping. With only a few labeled
target samples in training, the model can distinguish target
classes and reject the samples from unknown source classes.
Moreover, the model quickly converges with high accuracy
as the labeled target samples increase in training. In future
work, we will utilize other metrics for similarity measure-
ment instead of Euclidean distance and increase the number
of prototypes for each class. Overall, the effectiveness of
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the proposed method makes it a promising method for fault
diagnosis.
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