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strong tracking particle filter for
machinery condition prognosis

Chengliang Li, Zhongsheng Wang, Shuhui Bu, Hongkai Jiang
and Zhenbao Liu

Abstract

A reliable prediction method is very important to avoid a catastrophic failure. This paper presents a novel method for
machinery condition prognosis, named least squares support vector regression strong tracking particle filter which is
based on least squares support vector regression combing with strong tracking particle filter. There are two main
contributions in our work: first, the regression function of least squares support vector regression is extended,
which constructs a bridge for the application of combining data-driven method with a recursive filter based on
extend Kalman filter; second, an extend Kalman filter-based particle filter is studied by introducing a strong tracking
filter into a particle filter. The strong tracking filter is used to update particles and produce importance densities which
can improve the performance of the particle filter in tracking saltatory states, and finally strong tracking particle filter
improves the prediction performance of least squares support vector regression in predicting saltatory states. In the
experiment, it can be concluded that the proposed method is better than classical condition predictors in machinery

condition prognosis.
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Introduction

Remaining useful life (RUL) prediction is one of the
key techniques in machinery prognostics and condi-
tion-based maintenance (CBM). In order to reduce
the occurrence of catastrophic failures, it is necessary
to predict the RUL of machinery equipment at early
stages which allows people to take the required cor-
rective actions in time. Hybrid prediction methods,
with the ability of overcoming limitations of single
approach, have become a research hotspot.
According to recent literatures,'® failure prognostics
methods can be classified into two main categories:
model-based and data-driven method for prognostics.

Model-based methods can provide accurate results
for prediction only when we could get a proper math-
ematical model for a specific system. However, it is
usually difficult to build accurate fault growth
models in most real-world applications, especially
when the process of fault propagation is complex or
is not fully understood. Data-driven methods, on the
other hand, employ the collected condition data to
derive the fault propagation models. Least squares

support vector regression (LS-SVR)’ as a data-
driven method has been successfully applied to
long-term series prediction.'® LS-SVR based on the
structural risk minimization principle has stronger
generalization capability than neural network, and
also it has less computational complexity than support
vector regression (SVR).

Recently, much attention has been paid to the
research of prediction algorithms, in which, particle
filter (PF) combined with model-based method or
data-driven based method is a hot issue, because it
shows excellent performance in dealing with the non-
linear and non-Gaussian problems.'' It has been
successfully applied in target tracking,'? robot localiza-
tion,'? fault detection'*!” and so on. The framework
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Figure |. Model-based method combined with particle filter for prognosis.
EKPF: extended Kalman particle filtering; UKPF: unscented particle filtering; STPF: strong tracking particle filter.

for prognosis of model-based method combined with
PF is shown in Figure 1. Some works have integrated
data-driven method with PF method as a feasible prog-
nostic framework. Zhang et al.'® introduced a multi-
fault modeling approach for fault diagnosis and failure
prognosis, where recursive least square algorithm was
employed to justify the parameters’ values of bearing
fault progression models online in the PF framework.
Chen et al."” proposed an integrated failure prognostic
algorithm, which used an adaptive neuro-fuzzy infer-
ence system (ANFIS) to model the fault degradation
process and incorporated the ANFIS into a high-order
PF to carry out multi-step ahead prediction. Saha
et al.®® presented a prognostic method using the
Bayesian learning framework, which applied relevance
vector machine (RVM) regression to collect param-
eters of cell failure mechanism model offline and fed
the developed model into an online PF diagnosis and
prognosis procedure. But these works do not consider
an important issue: particle degeneracy in the PF
method. Particle degeneration is an inherent defect of
the particle filtering method, affecting the PF algorithm
for the further development. Resampling technique
can solve degradation problem in a certain extent,
but it brings particularly prominent sample impover-
ishment problem in a long-period estimation. Selecting
a proper importance density function is another
common method to solve degradation problem.
Freitas et al.>' proposed extended Kalman particle fil-
tering (EKPF) method in which PF integrates with
extended Kalman filtering (EKF). Merwe et al.>? pro-
posed unscented particle filtering (UKPF) method in
which PF integrates with unscented Kalman filtering
(UKF). Rao-Blackwellised particle filter*® is to divide
the state space into deterministic and probabilistic
parts. It is also analytically solved for the former
while using PF for the latter. Wang and Xie®* proposed
the enhancing particle swarm optimization based par-
ticle filter (EPSOPF) to improve the performance of PF
in impoverishment phenomenon. In a general situ-
ation, these works can solve the degradation issue as
well, but there would be a great error when predicting
the saltatory state system as shown in Figure 2(a). The
time domain feature shows that most of the bearing
fatigue time is consumed during the period of material
accumulative damage, while the period of crack propa-
gation is relatively short. Correct prognosis of the
machine condition is based on tracking the machine
condition accurately, and therefore a good predictor
not only can predict the gradual state, but also can
predict the saltatory state as Figure 2(b) presents.

Thus, when the PF is applied to condition prognosis,
the main problem is how to avoid particle degeneration
and sample impoverishment to improve the ability
when predicting the saltatory state. Some researchers
focus on that the above important issue. Thrun et al.>
proposed risk sensitive particle filters (RSPF) which
generate particles according to a distribution that com-
bines the posterior probability with a risk function. By
incorporating a cost model into particle filtering, states
that are more critical to the system performance and
more likely to be tracked and the RSPF method were
used to rover fault diagnosis,”® and Orchard et al.?’
presented the proposed risk-sensitive PF (RSPF)
framework and analyse the main advantages and dis-
advantages of its implementation, using actual failure
data measuring battery capacity.

In this paper, a new method is proposed by intro-
ducing strong tracking filter (STF)*® algorithm which
is also EKF-based to deal with the abovementioned
problems. It is sensitive to prediction error by adjust-
ing the prediction variance, and the filter gain is sen-
sitive to the change of the system state. Three kinds of
good performance of STF algorithm can be concluded
as follows: (1) Better performance in the tracking
when system has saltatory state. Even though the
system reaches a steady state, the tracking ability in
the gradual state and salutatory state continues hold-
ing. (2) Better performance in robustness when model
is uncertainty. (3) Modest computational complexity.
Obviously, items (1) and (2) are benefit to overcome
the EKF’s defects. Item (3) will be helpful for real-
time applications. In this study, the proposed method
inherits the first merit of STF algorithm, which is used
to improve the PF performance, and then the per-
formance of the predictor (LS-SVR) can be improved
when system has saltatory state. Suboptimal fading
extended Kalman filtering (SFEKF)?® is one of the
STF algorithms. In the proposed method, we put for-
ward a strong tracking particle filter (STPF) to update
particles and to produce importance density. The
STPF improves the tracking ability in saltatory state
by alleviating particle degeneration and sample
impoverishment. Moreover, we also solve another
problem which has never been solved in previous
works. That is, traditional framework of data-driven
method cannot directly combine with the EKF-based
PF (Example: STPF) which is illustrated in Figure 3.
This is because the STPF is based on EKF, which
linearizes about an estimate of the current mean and
covariance with the Taylor expansion for first-order
linear truncation (state transition matrix is a Jacobian
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Figure 2. Methods for predicting (a) traditional method and (b) proposed method.
LS-SVR PF: least squares support vector regression particle filter; LS-SVR STPF: least squares support vector regression strong

tracking particle filter.

Data-driven method H

Only combine with

Cannot directly combine with

Particle filter

X

EKF-based particle filter
(EKPF and STPF)

Figure 3. Traditional data-driven particle filter for prognosis.

EKPF: extended Kalman particle filtering; STPF: strong tracking particle filter.

matrix). It ignores the rest of the higher order term,
and nonlinear problem is transformed into linear. In
this processing we need to derive Jacobian matrix. To
overcome the problem, a new part ““first partial derive
function of data-driven predictor” is added to the
traditional data-driven PF framework, which builds

a bridge between data driven method and EKF-
based particle filter. Finally, a novel integrated prog-
nostic method, named LS-SVR STPF, is proposed in
this paper. The proposed method has the capability of
prognosing exact failure when saltatory state arises in
a system.
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The remainder of this paper is organized as fol-
lows: in the next section, the proposed method is
introduced in detail. The LS-SVR and trend predic-
tion of states based on LS-SVR are introduced. In
section “LS-SVR STPF”, the regression function of
LS-SVR is extended, we derive the first order partial
derivative function of LS-SVR regression function for
SFEKF, and STPF is also presented. In section “LS-
SVR STPF method for failure prognosis”, the overall
proposed algorithm for prediction is illustrated.
Section “Experiments and results” presents the
experiment setup and results, and the comparisons
of the proposed method with other methods are pro-
vided. Finally, we conclude our work in section
“Conclusions”.

LS-SVR STPF

Model-based method can be combined with EKF-
based PF to improve its performance, but it is a
hard issue to obtain a proper mathematical model in
real applications; therefore, data-driven method
cannot directly combine with the EKF-based PF. In
this section, the proposed method which can over-
come the limitation is introduced in detail. The dia-
gram of our method is shown in Figure 4.

The whole method (LS-SVR STPF) can be
separated into four parts: (1) data-driven method
(LS-SVR is chosen in this paper), (2) predictor, (3)
extend of regression function, and (4) EKF-based par-
ticle filter.

Brief review of LS-SVR

Suykens and Vandewalle introduced least squares
support vector machines,” whose formulation
employs equality type constraints. This allows the
solution to be found by solving a set of linear equa-
tions, instead of the quadratic programming problem
that classical SVMs solve.

The training set is depicted as D = {(P,-, Vi)l

space, LS-SVM regression involves solving the follow-
ing optimization problem.

min J(w, &) = % wiw + % CeTe (1)

subject to

wlp(P)+b—yi+q=0, i=12....,.M (2
where C >0 is a regularization parameter, ¢(-) is the
nonlinear mapping function in kernel space, & is the
error variable and b is the bias term. The Lagrangian
for the problems (1) and (2) are given by

C
L(w, b, &.0) =5 (w'w) + = 1]

| —

M
- Zai(WT¢(Pi) +b+&—-y) (3
i1

where o; is the Lagrangian multiplier that may be
of any sign, as follows from the equality con-
straints of the Karush—-Kuhn-Tucker (K—K-T) condi-
tions. These conditions may be compactly written in
the form

1
K+-—1 o Y
elll=L] @
T 0 b 0
where Y= [yl,yz,...,yM]T; e 1s a vector of ones of
appropriate dimension, « = [a,®y, . .. ,ay]! are the
Lagrange parameters, I is an identity matrix of appro-

priate dimension and K denotes the kernel matrix.
The linear kernel, where

¢(Pi, P;) = (P, P}) (5)

the polynomial one, where

i=1,2,...,M}, P,e R,,y; € R, where P; is the ¢(Pi, Pj) _ (1 4 (Pi,Pj))2 6)
input data and y; the output data. In the primal
IS-SVRSTPF = 4 taiaaaes @ """""""""
@ First partial
Drive the first partial derive
Predictor derive function of =l function
predictor function ( Jacobian
@ matix )
Data-driven method H e e i T (_fumbine with El(flla:_e:;paﬂfc'le
(LS-SVR) @ (SIT?;'}
I B Predi

Figure 4. The proposed method.

LS-SVR STPF: least squares support vector regression strong tracking particle filter; LS-SVR: least squares support vector regression;
EKF: extend Kalman filter; STPF: strong tracking particle filter.
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and the Gaussian kernel, defined by

P, - P’
¢(Pi, Pj) = exp <— %)a §>0 (7

are commonly used kernel functions.
The resulting LS-SVM regressor is given by:

M
fP) =" (P, P)+ b ®)
i=1

For a fixed choice of K and the regularization param-
eter C, equation (4) constitutes a system of linear
equations that can easily be solved for b and «.

LS-SVR predictor

In general, there are two methods to model the
LS-SVR predictor. One is direct prediction and the
other is recursive prediction. For short-term predic-
tion, the direct prediction method is always used; for
RUL prediction, recursive prediction method is
always utilized since we do not know how many
step-ahead predicted values can reach the health con-
dition threshold value (or failure indicator) at every
prediction time instant.

The detailed illustration of recursive prediction
method is given below:

T
P= [Pl P - Pk—m+1]
X1 X2 e Xm
X2 X3 s Xl
= . o . ©)
Xke—m+1  Xk—m+2 - .- Xk
and

X1 Xm+1
. X2 Xm+42
Xk—m+1 Xk+1

where m is the embedding dimension, named mth
order Markov model." P is the input matrix and
X is the output vector. k denotes current time
instant. Then LS-SVR model can be trained with
P and X. The regressive function (or m-order
model) is

I—m

Xy =Zai¢(Pi,Ps)+b (11)

i=1

thus, the prediction of the state at 7, is

I—m

X1 = Z i p(Pi, Pr_yy1) + b (12)
par)

Let Pr_pio = [Xk—mt2 Xk—mt3 - - - Xk )%k_,_l], then the
prediction at #;, is

k—m+1

X2 = Z oip(Pi, Pr_nin) + b (13)
P

Recursively, the prediction model at #; is

k—m+1
Xy = Z tip(Pi, Pr—m+j) + b (14)

i=1
where Pk,erj = [xk,mﬂ- oo Xk Xl -e . xkﬂ;l].

LS-SVR regression function extend for SFEKF

The failure evolution of nonlinear systems can be
explained by the state evolution model (15) and the
observation model (16).

X1 = flk, wie, xp) + Tyevye (15)
Yiepr = h(k + 1, x541) + e (16)

where k>0 is the variable of discrete time; x € R" is
the variable of state; u € R’ is the vector of input;
»y € R" is the vector of output, nonlinear state func-
tion f; RFxR'"—-R", . R" - R". T e R" x RY is
known matrix, v, is ¢ dimension and e; is m dimen-
sion Gaussian white noise.

Elvi] = Elex] =
E [Vkva ] = Oidyj =
Elece! ] = Ridi; =0
E[vkejT] = Qibrj =

where QO is symmetric nonnegative fixed array; Ry
is symmetric negative fixed array. Initial state
xo~ N(xp,Py), and x, vy and e, are statistical
independence.

In the proposed method, the optimal state estima-
tion X4 1x+1 and optimal estimate covariance P41
are obtained for producing particles in PF framework.
The state transition F(k, %) needs to be computed
firstly in SFEKF algorithm. The detailed process of
SFEKF algorithm is given in Ref. 28. Here, equation
(16) can be simply described as y, = x; + e, since
both the model state x;, and output y, represent the
machine condition indicator (or monitoring index).

Downloaded from pic.sagepub.com at Northwestern Polytechnical University on April 17, 2014


http://pic.sagepub.com/
http://pic.sagepub.com/

Li et al.

1053

The state transition F(k, £¢) is defined to be the fol-
lowing as equation (17).

oftk, i, x)

o 17)

F(k, &) =

X =Xp|k

where u; € R is zero, if there is no input controlling
parameter.

In this subsection, we will describe the derivation
of the first-order partial derivative function of LS-
SVR regression function for SFEKF. The partial
derivative function of LS-SVR put up a bridge for
LS-SVR and SFEKF. The trained LS-SVR can get
m-order model f{-) (equation (18)) and fault growth
model (equation (19)):

k—m+1
fus-svr(P) = Y ai(Pi, Py) +b (18)
=1
X511 = fs-svr(Py) + wy (19)
where Py =[x, pt1,...,Xs] 1S m dimension input

vector. Here, f1s-syr(Ps) is a scalar output of pre-
dictor. wy is the noise."

Computing f(P,) derivative on element Xx, is
expressed as V, frs-syr(Ps) € R, the derivation pro-
cess is as follows:

X of L.s- P
Vi, frs-svr(Py) = %

3 U s-svr(Py)\ 9P,

Equations (21) and (22) must be computed for the
result of equation (20), where ‘)&%i’,f“’) e R™™ and
g% e RV are as follows:

Us-svr ! o, Pis Py)
1

\Y - = =
P fLs-sVR 2 2 9P,
= [V‘\'ferls D) VS]lxm (21)
P il X
EZM:[O...OI]IXM (22)

0X; 00X,

Vi, frs-svr(Ps) can be derived by equations (20)—(22).
The result is as follows:

Wfis-svr(P) _ | (Wis-svr(Po)) 0Py
X, o 0P, 0X;
[0 --- 0 V57ﬂ1+1
0 -0 Vx—m—&-Z
=Tr . . . =V;
L0 -+ 0 Vs mxm

(23)

In equation (18), ¢(-) is selected as a Gauss kernel
function

—||P, — P;||?
oPPy=expl Pl o
202
(24)
Ve, fLs-SVR
_ "‘f‘ , (PP
=1 2
k—m+1 2
—[IPy — Pl 1
= ; oz,-exp{iza2 }(—;)(PS—P,-)
i=1,2,. k—m+1 (25)

Combing with equations (20) and (22), equation (25)
can derive the V, frs-syr(Ps) when Gauss kernel
function was chosen.

The state transition F of m-order model f{.) can be
computed by equation (26) as

Fk, %) =

I rs-svr(Ps) Tr U s-svr\ OP;
0% B oPy 0%

(26)

Then, equation (26) is as a ““bridge” to realize the LS-
SVR predictor combining with SFEKF.

Strong tracking particle filter

STF as the new importance density function is intro-
duced into PF algorithm for particles update, and
finally gets the approximate posterior state pdf as the
importance density function, which is equation (27).

Q(x2|x2—1’yk) = N<)%;c+1|k’ P;c+1\k> (27)

The new particles are produced from importance
density function, and then the resampling is carried
out after updating weight. The STFPF is as follows:

STPF algorithm:

Step 1: Initiate the system. Setting k=0, sampling
based on the initial value Xo;p and Pgp, get initial par-
ticle collection {{x}, 1/a)li=1,2, ....n}.

Step 2: Call the SFEKF?® to update the each particle
on the particle collection, getting the particle of the
importance density.

q(Xil Xy ) = N(“%;H-llk’ PL+1\/¢>
Step 3: Update weight of each particle

Plld) P ,)
q (X1 3%)

i
Wy = Wy
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LS-SVR STPF
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' Fault growth
| [Cross-validation | growth model = aumgsz
——— | wimrssvr ||
! : v b e i R 5
| Drive the eq(25) _ | Draw particles I

for EFEKF "~ | from SFEKF |
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Carry out machine fault '
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prediction

2N No

ew testing%

available?

Yes

[ Updata weights ]

[ Resampling ]

—
-+

Figure 5. Flowchart of the proposed method for machine failure probability and RUL prediction.
RUL: remaining useful life; LS-SVR: least squares support vector regression; SFEKF: Suboptimal fading extended Kalman filtering.

Step 4:  Weight normalization Step 7: k=k+1, return step 2
ol = :)5« A LS-SVR STPF method for failure
i1 @ prognosis

The flowchart of the proposed method for machine
Step 5: State estimate fault probability and RUL prediction is shown in
Figure 5. In the whole flowchart, “LS-SVR STPEF”
. S ; is introduced into the classical framework'* for failure

e = Zwk X Xk prognosis.
=l When LS-SVR STPF method is used for prognosis
and the p-step-ahead prediction is operated, values of
Step 6: If the valid number of the sample existing particles are updated, but w; remains
Ny < n/3,then resampling unchanged, predicting state in the future time point
of k+1, k+2,...,k+p, and resulting in failure pre-
diction probability*’ and RUL. The detail processing

x}; NN<?AC§<+1\1¢+1 P2+l|k+1)
b . .
flow is listed below.
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Baaring 2 Baaring 3 Bearing 4

Figure 6. Bearing test rig.*°

Step 1: The LS-SVR is trained with available condi-
tion data to model the fault propagation process, and
then equation (25) is derived for connecting STF.
Step 2: The fault growth model (equation (18)), rep-
resented by the LS-SVR and the process noise, is
employed with an STPF to draw a set of particles.
According to the values of the particles and current
weights, one-step-ahead condition prediction can be
carried out: the long-term (p-step-ahead) condition
prediction also can be computed by successively
taking the expectation of the model update (equation
(18)) for every future time instant, considering the
calculated condition value associated to each particle
as initial condition value for the next step prediction,
as shown in

* _ i i Lk
Xerp = E[karp]» Xietp = Xpgp T Whp—1

When all of the predicted values associated with each
particle reach the predefined condition threshold,
fault prediction probability can be computed based
on Ref. 29, that is

N
fault( k) = Y o 1(Xi syt € @), € [1.p)

i=1

where the p=1 in the paper. wy is the failure thresh-
old. I(4) is a Boolean function. If the A is true,
I(A)=1, otherwise 1(4)=0; and the expected value
of RUL can be obtained from the RUL pdf, as
shown below:

N
RUL = l'w}_, (28)
i=1

where N is the total number of particles, /' is the RUL
of the ith particle, and o|_, is the weight of the
ith particle at time instant kK — 1. When a new meas-
urement becomes available, the weights can be

calculated according to equation (18). If the valid
number of the sample N,y < N/3, then resampling
has to be done.

Step 3: Repeat step 2 until failure probability and
machine RUL prediction are complete.

Experiments and results

The failure prognostics method presented previously
is tested on a condition-monitoring database taken
from Ref. 30, and contains several bearings tested
until the failure. The test data were extracted from
NASA’s prognostics data repository.>® During the
experiments, four bearings were tested under constant
conditions. The angular velocity was kept constant at
2000 rpm, and a 6000 Ib radial load was applied onto
the shaft and bearings (Figure 6). On each bearing,
two accelerometers were installed for a total of eight
accelerometers (one vertical, and one horizontal) to
register the accelerations generated by the vibrations,
with a sampling frequency equal to 20 kHz. For simu-
lation purposes, the data which is produced by bear-
ing 3 and has inner race defect is chosen, and the data
that finally twelve days (in the last 12 days) is used in
our experiments, because the state change is not obvi-
ous in the first 23 days.’!

Seven features, ¢.g. mean, median, standard vari-
ance, skewness, root mean square, standard error, and
kurtosis are extracted from the original signal. In
order to improve the feature information and com-
pute effectively, the local linear embedding (LLE)*
which is a nonlinear feature dimension reduction
method for the high dimension sample space is used
for feature extraction. The feature produced by LLE
is taken as the monitoring index. In our experiment,
12 (empirical value) is chosen in LLE as the number
of nearest neighbours, and the one dimension feature
subspace is extracted in original feature space. The
flow diagram of new feature producing processing is
shown in Figure 7.
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Figure 7. The flow diagram of processing of new feature extraction.

RMS: root-mean square; LLE: local linear embedding.

Firstly, in order to compare the performance in
one-step-ahead prediction of other classical predictors
with our method (predictor), the results of prediction
are presented in Figure 8. The predictor is trained
with monitoring index acquired from a bearing with
inner race defect in vertical, and the test monitor
index is the same bearing in horizontal with noise,
the LS-SVR is trained with training set to model the
fault growth model. Figure 8 shows the comparison
results of the fourth-order and one step-ahead

prediction for the monitoring index of inner race
defect in the last 12 days. According to Figure 8(a)
to (c), it can be concluded that LS-SVR, LS-SVR PF
and LS-SVR EKPF fail to capture the system’s new
dynamics after about 10 days, so that prediction
values of low accuracy are output. But the proposed
method (Figure 8(d)) can capture the system’s dynam-
ics quickly and accurately.

Figure 9(a) shows the absolute error of fourth-
order and one-step-ahead prediction by the four
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LS-SVR: least squares support vector regression; LS-SVR PF: least squares support vector regression particle filter; LS-SVR EKPF: least
squares support vector regression extended Kalman particle filtering.
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Table I. Prediction of RMSE comparison for faulty bearing.

Four-order and

one-step ahead RMSE RMSE
prediction of RMSE (1-12 days) (10-12 days)
LS-SVR 0.0083 0.4302
LS-SVR PF 0.0127 0.6071
LS-SVR EKFPF 0.0075 0.2546
Proposed algorithm 0.0010 0.0010

RMSE: root-mean square error; LS-SVR: least squares support vector
regression; LS-SVR PF: least squares support vector regression particle

filter.

algorithms in 12 days. And Figure 9(b) shows abso-
lute error in the last three days. In order to evaluate
the prediction performance, the root-mean square
error  (RMSE)* is used as measuring metric.
Prediction results are given at different time range in
Table 1. It is clear that the prediction accuracy of the
proposed approach is superior to the LS-SVR, LS-
SVR PF and LS-SVR EKPF.

Then, the ultimate objective of fault prediction is to
obtain fault probability and the RUL prediction,
which is the remaining time before the system fault
indicator crosses its corresponding failure threshold.
Due to the indeterminacy of prediction, the result
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vector regression extended Kalman particle filtering.

should be described in the form of probability, and
given a predetermined failure threshold of a state. In
our experiment, the predetermined failure threshold is
set to 0.1, the value which corresponds to about 11th
day in the last time.** When the processing of one-
step-prediction finishes, the fault probability is calcu-
lated in every step. The fault probability values of the
every step resulting from LS-SVR PF, LS-SVR EKPF
and the proposed method are shown in Figure 10(a)
to (c). When the fault probability value exceeds the
threshold 0.5, the fault probability value is high, and
the system can be considered to have a failure at this
point of time. We also clearly see that the four meth-
ods have similar performance in approximately nine
days before, and different performance in the
later days.

Fault probability can be seen in Figure 10(a),
which is calculated by LS-SVR PF. According to
Ref. 23, the fault probability can be calculated. The
fault probability values which exceed the threshold
are very sparse, especially after the 11th day, the
results and actual condition compare unfavorably.
In Figure 10(b), most of the fault probability values
calculated by LS-SVR EKPF exceed the threshold,
but the values are below 0.6, and still do not conform
to the actual situation. The proposed method is com-
pared with the former two methods. Most values of
fault probability are ranged in 0.7 and 1 after the 10th
day. The result is shown in Figure 10(c). Because the
prediction performance is good, the predicted results

are consistent with the actual values. It correctly cap-
tures the system response effectively, especially at the
end of the testing phase.

In order to make the experimental results more
clear, fault probability distribution of each day is
counted with boxplot form. From the fault develop-
ment analysis of the experiment data, we can conclude
that the fault probability should be in range between
0.5 and 0.8 on the 11th day, while the results of the
former two methods are not consistent with the actual
condition (Figure 10(d) and (e)). But the proposed
method can output the correct range result as pre-
sented in Figure 10(f).

Figure 11 depicts the implementation process of
the prediction algorithm for RUL prediction'* The
long-term predictions start at time #;, According to
the fault probability in every day, the RUL predic-
tions are carried out from the ninth day using the
current estimate for the state pdf as initial condition.
Then the long-term predictions are carried out until
the predicted values of all particles reach a predefined
failure threshold. Based on the result, the RUL of
each particle is determined, and used to form an
RUL pdf. The RUL expectation can be obtained
from the RUL pdf based on equation (28).

Figure 12 (a) to (c) shows the results of the prob-
ability distribution of RUL which was obtained by
LS-SVR PF, LS-SVR EKPF, and the proposed
method in the important days (9.5th, 10th and
10.5th), because values of the fault probability are
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Figure 13. RUL prediction results. (a) LS-SVR; (b) LS-SVR PF; (c) LS-SVR EKFPF and (d) Proposed method.
RUL: remaining useful life; LS-SVR: least squares support vector regression; LS-SVR PF: least squares support vector regression
particle filter; LS-SVR EKPF: least squares support vector regression extended Kalman particle filtering

Table 2. Prognostics performance metrics.

Accuracy RMSE a—X CRA
LS-SVR 0.354 2 2.445 False 0.152
LS-SVR PF 0.298 3 3.036 False 0.104
LS-SVR EKPF 0.321 1.980 False 0.213
Proposed method 0.603 1.002 True 0.390

RMSE: root-mean square error; LS-SVR: least squares support vector
regression; LS-SVR PF: least squares support vector regression particle

filter.

also higher in these days before the failure of the bear-
ing. As the results, the expectation of the predicted
RUL is separately 3.716, 3.750 and 4.135 (the unit is
days) with LS-SVR PF. 3.211, 2.764 and 2.988 with
LS-SVR EKF, and 1.143, 2.156, 0.962 with the
proposed method. And when using the proposed
method, the probability distribution of RUL has
smaller variance and less number of peaks than
the results of LS-SVR PF and LS-SVR EKPF in

10.5th day.

In order to better quantify the prognostic per-
formance, the o —A performance metric which is
defined in Ref. 35 was used, and RUL prediction
result from the LS-SVR, LS-SVR PF, LS-SVR
EKPF, and the proposed method using the test
data set are shown in Figure 13. The o parameter
is set to 30 (acceptable region) for the estimation of
o — A, the parameter is equal to 30%, and A is equal
to 0.5. However, A is set 0, 0.25, 0.5, and 0.75 for the
estimation of CRA.* And another three results of
evaluate metric are given in Table 2; the accuracy
metric for failure prognostics techniques were pro-
posed in Ref. 36. RMSE as measuring metric was
proposed in Ref. 33. The results of the former
three methods are far away from the actual RUL
values in the most significant time points. The pro-
posed method outputs the RUL values in that the
significant time points are very close to the real RUL
values. From the results shown in Table 2, we can
conclude that the performance of the proposed
method is superior to that of the LS-SVR, LS-SVR
PF, and LS-SVR EKPF.
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Conclusions

Machinery condition prognosis is important for
monitoring the degradation conditions. A novel
method has been presented, which is based on
LS-SVR predictor and STPF. LS-SVR is used to
model the fault propagation trend. STF is combined
with first-order partial derivative of LS-SVR predictor
as a new importance function is introduced into the
particle filter for improving the tracking ability in
machine system state changes more drastic conditions
and then improving the performance of predictor in
prediction. Experiment results show that the proposed
method has much greater values of performance met-
rics accuracy and CRA, and has lower RMSE. o — A
can illustrate that the proposed method owns more
excellent confidence level. Therefore, LS-SVR, LS-
SVR PF and LS-SVR EKPF are not suitable for fail-
ure prediction of this kind of system which has salta-
tory states, and proposed method has the much better
performance in this respect. In future, other data-
driven methods combined with STPF or RSPF will
be investigated for prognosis, and more comprehen-
sive experiments will be performed.
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Appendix A

Notation
b bias term
C regularization parameter

D
e

Srs-svr(-)
F()
I

Negyr

Prk
Pk

q(-)

W
x

Xk
X411k
X}

x*

Y

o
o

training set in LS-SVR

Gaussian white noise in the observation
model

m-order model trained by LS-SVR
state transition function

identity matrix

time instant

kernel matrix

RUL of the 7 th particle

Lagrangian function

embedding dimension

number of training samples

number of particles

normal distribution function

valid number of the sample

input vector in predictor

number of step in long-term condition
prediction

input matrix in predictor

optimal estimate covariance in time k
predict covariance in time k
important density function
controlling parameter

Gaussian white noise in state evolution
model

noise in (19)

variable of state in (15)

optimal state estimation in time k
prediction in time k

state of the ith particle

expectation value of particles

output vector in LS-SVR

a vector of the Lagrange parameters
Lagrangian multiplier

bandwidth parameter in Gaussian
kernel function

differential operator

error variable

kernel function

weight of the ith particle at time k — 1
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