
Please cite this article in press as: Ren L, et al. Multi-bearing remaining useful life collaborative prediction: A deep learning approach. J
Manuf Syst (2017), http://dx.doi.org/10.1016/j.jmsy.2017.02.013

ARTICLE IN PRESSG Model
JMSY-538; No. of Pages 9

Journal of Manufacturing Systems xxx (2017) xxx–xxx

Contents lists available at ScienceDirect

Journal  of  Manufacturing  Systems

journa l homepage: www.e lsev ier .com/ locate / jmansys

Technical  Paper

Multi-bearing  remaining  useful  life  collaborative  prediction:  A  deep
learning  approach

Lei  Ren a,b,∗,  Jin  Cui a,b,  Yaqiang  Sun a,b,  Xuejun  Cheng a,b

a School of Automation Science and Electrical Engineering, Beihang University, Beijing, China
b Engineering Research Center of Complex Product Advanced Manufacturing System, Ministry of Education, China

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 30 September 2016
Received in revised form 22 January 2017
Accepted 21 February 2017
Available online xxx

Keywords:
Cyber manufacturing
Bearing health analysis
Remaining useful life prediction
Data analytics
Deep learning
Industrial big data

a  b  s  t  r  a  c  t

Rolling  bearing  health  analysis  and remaining  useful  life  prediction  have  become  an  increasingly  crucial
research  area  that can  promote  reliability  and  efficiency  in  the modern  manufacturing  industry.  Internet-
of-Things  and  cyber  manufacturing  techniques  make  it convenient  to  collect  large  volumes  of  sensor  data
that  can  provide  powerful  support  for efficient  data  analytics  such  as  deep  learning.  The  combination  of
a massive  amount  of  available  data  and  advanced  machine  learning  models  brings  new  opportunities
for  bearing  remaining  useful  life  prediction.  This  paper  proposes  an integrated  deep  learning  approach
for  multi-bearing  remaining  useful  life  collaborative  prediction  by combining  both  time domain  features
and  frequency  domain  features.  The  method  can  extract  high-quality  degradation  patterns  of rolling
bearing  from  vibration  signals.  Regarding  features  extracted  from  bearing  vibration  signals,  in addition
to  three  conventional  time  domain  features,  a novel  frequency  domain  feature  is adopted  in the  proposed
method  as well.  Based  on the  extracted  features,  the  deep  neural  network  model  is  introduced  to  predict
the  remaining  useful  life of rolling  bearing.  We  evaluate  the performance  of  the  proposed  method  on  a  real
dataset  and  compare  it with  several  commonly  used  shallow  prediction  methods  Numerical  experiment
results  show  the  effectiveness  and  superiority  of  the  proposed  approach.

©  2017  Published  by  Elsevier  Ltd on behalf  of The  Society  of  Manufacturing  Engineers.

1. Introduction

Rapid development of Internet-of-Things as well as cyber man-
ufacturing [1–6] techniques are changing modern manufacturing
industry dramatically. A massive amount of industrial data are
generated from sensors in cyber manufacturing environment, pro-
viding new possibilities for further improvement of reliability and
efficiency for manufacturing industry. In addition, advances in AI
(Artificial Intelligence) oriented big data analytics are creating new
research opportunities for large-scale manufacturing data process-
ing and analysis.

As an indispensable element of modern factory machines,
rolling bearings play a critical role in industrial manufacturing sys-
tems, especially where rotating machinery and equipments serve
as the essential components. Bearing faults are usually considered
as one of the most frequent causes of mechanical failures [7,8].
Bearing reliability has a crucial impact on dependability, durabil-
ity and efficiency of the equipments in manufacturing industry.
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In recent years, research related to bearing degradation process
analysis and service time prediction has become an increasingly
important area [9].

The health status of a rolling bearing is influenced by a wide
variety of factors, i.e., running load, operating temperature, lubrica-
tion, installation, corrosion, material defects, and operation mode,
during the whole service life of the bearing. Each of these factors
has a unique effect on bearing health status, thus making bear-
ing remaining useful life prediction a rather complex problem [10].
In fact, multi-bearing collaborative analysis introduces more chal-
lenging issues in remaining useful life prediction, which aims at
predicting remaining useful life of a bearing by considering a group
of bearings with the same type under similar operating conditions.
Indeed, there often exist differences between respective degrada-
tion patterns in a group of bearings, so multi-bearing remaining
useful life collaborative prediction still faces great challenges.

Current existing bearing remaining useful life prediction
approaches can be generally classified into three categories, model-
based method, knowledge-based method, and data-driven method
[11]. Model-based method usually requires constructing control
equation to describe the operation principles [12]. Precision of
a model-based method depends on the accuracy of the estab-
lished model. Since it is difficult to describe the complex process
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of bearing degradation clearly and comprehensively, mechanism
model for bearing remaining useful life prediction is usually hard
to construct and has drawbacks from the perspective of predic-
tion accuracy. Knowledge-based method makes prediction based
on expert systems which take advantages of empirical knowl-
edge. Typically, knowledge-based methods are good at qualitative
evaluation rather than quantitative prediction [13]. Therefore,
knowledge-based methods are more suitable to make qualitative
predictions but have limitations in forecasting bearing remaining
useful life with high accuracy. Data-driven method, featured data
mining and machine learning, need not establish complex control
equations at the initial analytical stage. In addition, data-driven
methods are able to provide quantitative prediction results or prob-
abilistic distributions of predictive variables. Building appropriate
learning models for machine learning algorithms plays an essen-
tial role in data-driven approaches [14]. Both quantity and quality
of available data have an effect on the prediction precision of a
data-driven method.

In recent years, data-driven methods have become increasingly
popular by leveraging the advantages of data analytics method-
ology [15]. The development and application of deep learning
approach [16] have a tremendous impact on big data analysis tech-
nique research. Deep learning approach features high precision [17]
and big data processing capability [18], allowing the decrease of
modeling complexity [19]. Therefore, deep learning based data-
driven approach has the potential to provide new opportunities
for multi-bearing remaining useful life prediction. In addition, the
development of high-performance computing also supports the
implementation of complex machine learning algorithms to pro-
cess the large-scale data efficiently.

To address the issues of multi-bearing remaining useful life pre-
diction, this paper proposes an integrated deep learning approach
based on collaborative analysis of monitoring data from multi-
bearing vibration signals by combining both time domain features
and frequency domain features. The feature parameters system
consists of three features of time domain and one feature of fre-
quency domain. The time domain features include root mean
square (RMS), crest factor and kurtosis. All these three features
derive from classical time domain features for bearing vibration
signals analysis. The frequency domain feature is a newly defined
feature, named as frequency spectrum partition summation (FSPS),
which is represented as a six-dimensional vector in this paper. The
features extracted from the bearing vibration signals almost cover
a whole process of bearing degradation. The frequency domain
parameter is sensitive to the earlier stage and the later stage, while
the time domain features have advantages in representing the mid-
dle stage of bearing degradation process. The fully connected deep
neural network is adopted in the proposed multi-bearing remain-
ing useful life prediction model. And the deep neural network
related parameters are determined according to a series of grid
search experiments.

In order to validate the effectiveness of the proposed method,
numerical experiments are implemented on a real dataset, which
is provided by AS2M department of FEMTO-ST Institute, for perfor-
mance comparison with the gradient boosting decision tree (GBDT)
method, the support vector machine (SVM) method, BP neural net-
work, Gaussian regression method and Bayesian Ridge method.
Experimental results show the effectiveness and superiority of the
proposed approach.

The remaining paper is organized as follows. Section 2 inves-
tigates the related work. Section 3 presents descriptions of the
problem and the proposed methodology. Numerical experiment
details and result analysis are given in Section 4. Section 5 concludes
the paper.

2. Related work

In general, solutions for rolling bearing remaining useful life
prediction could be classified into three categories, model-based
prediction approach, knowledge-based prediction technique, and
data-driven prediction method.

System mechanism model is the foundation of model-based
prediction method. System state equations or control equations
for rolling bearing degradation process are established by analyz-
ing the complex relationships among bearing health status and
the main affect factors. Based on the state/control equations and
the current state of bearing, which can be used for initialization
parameters extraction, the remaining useful life of rolling bearing is
derived and calculated. Considering the noise in bearing state mon-
itoring data, filtering algorithms like Kalman filter [20] and particle
filter [21] are commonly adopted for signal preprocessing in order
to improve the performance of the model-based prediction method.
Theoretically, model-based prediction method is able to reflect the
nature and the law of a system adequately. The established system
model is expected to fully describe the mechanism and characteris-
tics of bearing degradation process, thus model-based method has
the potential to produce a reasonable forecasting result with high
accuracy. However, since there exists various affect factors for bear-
ing degradation process and some effect mechanisms are unclear
or unpredictable, so it is usually quite difficult or even impossible
to establish a precise and reliable mechanism model for bearing
remaining useful life prediction problem. It is for this reason that
model-based prediction method can only be used in very limited
application fields.

By leveraging the advantages of accumulated technical experi-
ence or knowledge on the relevant issue, knowledge-based method
makes prediction or judgment without the need of precise system
mechanism model. Accumulation of domain knowledge and rea-
sonable judgment of application situation are the crucial aspects
of the knowledge-based prediction method. Expert system [22]
and fuzzy logic [23] are commonly used classic knowledge-based
decision-making techniques. Knowledge and experience are fully
used to support the decision-making process. Knowledge-based
prediction method is widely adopted in various application fields,
especially in some qualitative decision making scenarios. How-
ever, knowledge-based method has limitations in solving high
precise quantitative prediction problems. Thus, knowledge-based
prediction approaches may  have difficulty in providing satisfactory
forecasting results of bearing remaining useful life.

Data-driven prediction method learns the latent association
relationships among bearing degradation process and its affect
factors automatically from the sensor monitoring data of rolling
bearing by utilizing machine learning algorithms or other intelli-
gent data analysis techniques. Then the well-trained data-driven
prediction model can be used for bearing remaining useful life pre-
diction. The forecasting precise depends on the quality and quantity
of the available training data as well as the effectiveness of the
learning algorithm. Data-driven prediction method has advantages
in both modeling aspect and quantitative prediction aspect, but it
requires the support of numerous high-quality available learning
data as well as effective data analysis techniques. Rapid devel-
opment and widely application of Internet-of-Things and cyber
manufacturing techniques as well as advances in intelligent data
analysis and high-performance computing techniques create new
opportunities for research of data-driven prediction method and
promote its development as well.

As the selected signal features and learning model varies, there
exists various data-driven prediction models for rolling bearing
remaining useful life forecasting problem. However, only if fea-
tures of high representational capability and suitable high efficient
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