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Abstract Online remaining-useful-life (RUL) estimation is an effective method with respect to ensuring
the safety of complex-huge systems. Generally, current methods assume a specific degradation model when
degradation values are observed in the initial degradation phase. However, this assumption may not always
be robust enough owing to the often-ambiguous inherent incipient-degradation characteristic. Therefore,
besides model-parameter uncertainty, the uncertainty of the degradation model is worth examining in online
RUL estimations. In this paper, a Bayesian-updated expectation-conditional-maximization (ECM) algorithm
is adopted to address the uncertainty of prior parameters, and a modified Bayesian-model-averaging method
is used to deal with the uncertainty of the degradation model. Then, simulation studies are conducted to
analyze the effectiveness of the proposed fusion algorithm. Results suggest that the Bayesian-updated ECM
algorithm and modified Bayesian-model-averaging method effectively address the associated uncertainties
of model parameters and the degradation model itself. Finally, we apply the proposed fusion algorithm to
predict the RUL of a gyroscope.
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1 Introduction

Complex-huge systems play significant roles in a number of industries, such as manufacturing, aerospace
engineering, the military, and transportation. Failure in any one of these systems can have catastrophic
consequences with profound impacts and potential safety hazards [1-3]. Remaining-useful-life (RUL)
prediction is an important method with respect to avoiding serious consequences as well as ensuring
operational safety in various industries [4-6]. Unlike other common systems, complex equipment, such as
high-speed rails and aircraft carriers, is newly manufactured; accordingly, historical-degradation data are
nonexistent. This is problematic because common approaches that require historical-degradation data
to accomplish RUL predictions are rendered useless. To overcome this, online RUL prediction utilizes
online monitoring values; therefore, it is the optimal choice for complex-huge systems [7].

Usually, online RUL prognostics mainly comprise two aspects: model selection and model-parameter
estimation [8]. In the model-selection process, a specific degradation model is often assumed when the
degradation signals are observed in the initial degradation phase. However, the degradation characteris-
tics are often indistinct and usually lead to model uncertainty; for instance, the characteristics datasets
comprising the fatigue-crack growth data from Hudak and Saxena [9] and laser-device degradation data
from Meeker and Escobar [10]. Indeed, both of these degradation datasets have been modeled using
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different degradation paths: the Gamma-stochastic process [11] and the regression model [12] for the
fatigue-crack-growth data, and the Wiener process with both normal distribution [13] and skew-normal
distribution [14] for the laser-device data. However, owing to indistinct degradation characteristics, these
widely adopted degradation models should be carefully selected for particular application purposes. Be-
sides indistinct degradation characteristics, imprecise model-selection criteria can also result in model
uncertainty. Although various kinds of model-selection criteria have been proposed, such as minimum
description length [15], Akaike information criterion [16], Bayesian information criterion [12], and empiri-
cal average log-likelihood, current model-selection criteria are not comprehensive. Usually, they primarily
consider the sampling errors in parameter estimation [17]. Indeed, owing to indistinct degradation char-
acteristics and insufficient selection criteria, a fixed degradation model may be unscientific, especially for
real-time RUL prediction with incomplete degradation trajectory. Therefore, model uncertainty should
be considered when dealing with online degradation data. Once the degradation model is selected,
model-parameter estimation becomes the primary focus. In online RUL prognosis, Bayesian parame-
ter updating is an effective method with respect to accomplishing parameter estimation. Usually, the
accuracy of the estimated posterior Bayesian parameters is affected by the prior assumed parameters.
In current Bayesian parameter updating, constant prior-parameter distribution is often assumed [18].
However, the prior-parameter distribution of newly manufactured devices is usually unknown. Thus, the
uncertainty of the assumed prior parameters should be considered in online parameter estimating, and
new parameter-updating methods should be adopted in order to reduce the influence of prior-parameter
uncertainty.

In online RUL estimation, prior-parameter uncertainty affects the estimated-model posterior parame-
ters, and model uncertainty influences the parameter form. Indeed, posterior parameters and parameter
form both directly influence the prediction accuracy of RUL estimation. Thus, in order to simultane-
ously address prior-parameter uncertainty and model uncertainty, this paper proposes a novel fusion
algorithm in order to predict the online RUL of newly manufactured devices. This fusion algorithm
adopts a Bayesian-updated expectation-conditional-maximization (ECM) algorithm to address the prior-
parameter uncertainty; each time a new degradation value is observed, the prior parameters can be
updated so as to ensure estimation accuracy. Furthermore, by combining parameter-updating processes,
a modified Bayesian-model-averaging method is proposed to address the model uncertainty of online
RUL. Based on the modified Bayesian-model-averaging method, the degradation probability of each can-
didate model can be updated once a new degradation value is observed. Simulation studies and a gyro
case study indicate that the proposed fusion algorithm can obtain precise RUL-estimation results when
addressing prior-parameter uncertainty and degradation-model uncertainty.

This paper is organized as follows: Section 2 estimates the parameters of two candidate models using
the Bayesian-updated ECM algorithm; Section 3 calculates the RUL of the target system with a modified
Bayesian-model-averaging method; numerical experiments are provided in Section 4; and in Section 5, a
conclusion is provided.

2 Parameter estimation with Bayesian-updated ECM algorithm
2.1 Candidate degradation models

The estimated posterior parameters of the traditional Bayesian parameter-updating method are directly
affected by the assumed prior-parameter distributions, which are uncertain for newly manufactured de-
vices. Usually, the collaboration between Bayesian updating and expectation maximization (EM) algo-
rithms can be adopted in order to address this problem [19]. However, when the associated maximum
likelihood estimation is complicated, the M-step of the EM algorithm is computationally unattractive
and usually cannot be used to obtain analytical results [20]. Thus, in order to address prior-parameter
uncertainty, we adopt a Bayesian-updated ECM algorithm to estimate the posterior parameters. As for
candidate degradation-model selection, the selected models should possess similar characteristics, such
as monotonicity, concavity, and convexity. Thus, considering the fact that exponential models are widely
used in the prognostics of mechanical and electrical systems [21-23], we adopt two typical exponential
models in order to demonstrate the effectiveness of the Bayesian-updated ECM algorithm with respect
to estimating model parameters.

In the first model, the error term is described as an independent and identically distributed (IID)
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random variable. This means that the error terms, £(t1),...,e(tx), are IID random variables. Letting
X (t) denote the degradation, the model can be expressed as

0'2 0'2
X0 =grtboexp (Bt + )= F ) = petbrem(tion (=0 - F ). )

where ¢, is the fixed intercept representing initial degradation, 8, ~ N(uz1,02;) is a normal random
variable, 0, is a lognormal random variable that follows In 6, ~ N(pz0,02%,), and €,(t) ~ N(0,02) is a
normal distribution. For simplicity, this model could be rewritten as

Se(t) =0, + 8Lt +e.(t), (2)

where S, (1) = In(X (1) — ¢.), 0, = 0, — 02/2, B, = B, Then 0} ~ N(ilo, %) and B, ~ N(phy,02),
where (i = pa0 — 05 /2, [y = Haot-

In the second model, the error term is assumed as a Brownian motion [23]. In this case, the error
increments, which are denoted as e(t1),e(t2)—e(t1), ..., e(tx)—e(tg—1), are independent random variables.

Y'(t) can denote this kind of degradation process model, represented as

2 2
ayt

t
Y (t) = ¢y + 0y exp (ﬁytz +ey(t) — %) = y + 0y exp(Byt) exp (%(t) - 7) ) (3)

where ¢,, B,, and 0, are the same as the parameters in (1), but ¢,(¢) = o,W(¢) is a Brownian motion.
Similarly, we assume that 6,, §,, and €,(t) are mutually independent, and that they obey distributions
as follows: In6, ~ N(uy0,050), By ~ N(py1,04,), and ,(t) ~ N(0,02t). For simplicity, this model can
be re-expressed as

Sy(t) = 0y + Byt +ey(t), (4)

where S, (t) = In(Y(t) — ¢y), 0, = Infy, and B, = B, — 05/2. Accordingly, 0; ~ N(u;(),azo) and
By ~ N(ty1, 031), where pyo = fiyo, by = piy1 — 0y /2.

2.2 Bayesian parameter-updating method

Because our aim is to address real-time monitoring information, we adopt a Bayesian method to update
the model parameters. Assuming that the prior distributions of the candidate model parameters are
known, we can obtain the joint posterior distribution of stochastic parameters.

Let Sg1:6 = {Sz,1,52.2,---, 5k}, where Sy = In(X () — pz). Then, for the exponential model
with IID errors, the joint posterior distribution of the parameters can be expressed as 0., 82|Sz 1.5 ~
N(Me;,k,03;7k,u5;7k,0§é7k,pz,k) with [23]

k k k k
(D1 Swioag + pihoo2) Oy 0t + 02) = (O oaoti) o1y Switios) + pilhy02)
% % %
(k’a;%o +02) (> i Uilt? +02) = (i ti031)(2i:1 tia;%o)

N G)

ek =

k k k
(ko2o + 02) (D011 Suitiony + pihyo2) — (O, 021t) (Do Saioag + Wegos)
2 k k
(kgio +02)(> i1 U:%ﬁ% +02) - (i1 tigil)(Zi:l tigio)

k
030”3(2#1 U%lt? + 03)

: (6)

ek =

o—g;,k = 5 5 & 5 o 5 & 2z, L (7)
(szO + Jz)(Zi:l leti + Jz) - (Zi:l ti) 020071
2 2 k 2 2
0,(23;7k _ kgxgxl( ) + 09:) - , (8)

k
(kgio + 03:)(21:1 Ugﬁ% +02) - (Zi:1 ti) 03009251

—020021 Zle t; (9)

/1.2 2 k 2 42 2
kaO + Oz Zi:l Ua;lti + Oz

Px.k =
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Let Sy 1:x = {Sy,1, 5.2, .-, Syk}, where Sy, = In(Y (t) —y ) —In(Y (te—1) —py) and Sy 1 = In(Y (¢1)—
@y). Thus, for the exponential model with Brownian errors, the joint posterior distribution of the
parameters can be expressed as 6y, B[Sy 1.6 ~ N(o; oz, Jor B, ks 0;23/ o Pyk) with [19,23]

k
(Syroog + 1heoats) (oo ity + 02) — ongt1(00y >oiy Syi + 1y107)

0!k = 10
Ko, (0‘50 + U@%tl)(azltk + 05) — 050051751 ’ (10)
k
(051 D ie1 Syi + M;1U§)(U§t1 + ‘750) - ‘751(51;1050 + N;oaztl) 11
Hbyk = (02, + 0200) (02,1, + 02) — 02502t ’ ()
y0 PNTy1tk T 0y) = OypTy1t1
o2, = 7,901 (01t + 7,) (12)
0k — ’
Y (050 +a2t1)( yltk +02) - 0500511&
2 2 ( 2 2
02 = 7,71 (750 + 7, 1) (13)
By (020 + 02t1) (021t + 02) — 02go ta’
— 0,00 t
o = 0oy v (1)

V(0% + 020) (02t + 02)

Letting # and y denote the model with IID errors and the model with Brownian errors, respectively,
we can use Sc1.x = {S¢1,5¢2,...,5:k} to denote the observed degradation data of the corresponding
degradation model, where ¢ € {z,y}. The joint posterior distribution of parameters with the observed
degradation data S 1., can be expressed as 0., B.]Sc 1.1 ~ N (por k- Ug;,kvﬂﬁéykv a%bk, Perke)-

Based on precise priori-parameter distribution assumptions, the traditional Bayesian parameter-
updating method can obtain accurate posterior distributions for these unknown model parameters. How-
ever, in online prognostics for newly manufactured systems, prior-parameter distribution is usually uncer-
tain. Therefore, the accuracy of the posterior parameters with respect to the updated model is negatively
affected, which, in turn, can result in inaccurate RUL prediction. In order to reduce the influence of un-
certain prior information and computational complexity, we adopt a Bayesian-updated ECM algorithm
to update the model parameters based on the observed degradation data S. 1.x.

2.3 Bayesian-updated ECM algorithm

An ECM algorithm replaces the complicated M-step of the EM algorithm with several computationally
simpler CM-steps [24,25]. Therefore, the ECM algorithm is more attractive than the EM with respect to
parameter estimation, particularly when the associated complete data maximum likelihood estimation is
complicated. However, the ECM involves multiple iterative computations, which are time-consuming. In
order to address this problem, a Bayesian-updated ECM algorithm is adopted, which can obtain optimal
parameter estimation through an N-step calculating process for an N-dimensional parameter vector.

Let @, = [02, uly, tihy, 02, 0% ] denote the unknown prior parameters of candidate models, @, =
[oi ko B koo et s O 20 0 O 21 ) denote the estimated parameters based on the observed degradation data

Se1:k, and @(1,1 = [Az(;),u Eo)k,ﬂ’g),k,&féi,l, ASEZ,)C] denote the i-th iteration result of @, in the ECM
algorithm. Based on the candidate models, 6/, and BL are selected as hidden variables and @,y is treated
as the objective parameter vector. Accordingly, the E-step of the ECM algorithm can be expressed as

(OcklO) = By, 515, .., 60, nP(Se1k, 0. 51O 1)} (15)
where E% B11Se 1ok, @AS{L is the conditional expectation of hidden variables given @AEZ,)C and S 1.;. Further-
more, the CM-step could be written as

O/ — arguge1 (@010 = [627,# 106%1.520))

é(i+2/N) = arg %%Xl (@c,k|@£f§1/N) = [‘ﬁféﬂ) ﬂ’ig)k,ﬂ’gk,&fﬁfia&fm)

O — gt (9,007 = [ g0 il 20, 20), )
@(z+4/N) argm@%}(l (@Cﬂégﬁ/m _ [6?(i+1)’l2 i?kl)’ﬂ 1(:1+k1)a Afézi’&fizi]) ’

O = g (@@L ) = [, 5 42D, 26, 529



YuY, et al. Sci China Inf Sci  January 2021 Vol. 64 112205:5

where N = 5 is the dimension of vector @C, and @(ZH) is the maximum value of @, based on @(H_(N D/N)
from the derivative equation 01(O. |QC’ 0/ )/0}1 x=0.
In order to reduce computational costs, we modify the E-step in (15). The conditional distribution,

0., BLSc 1k, O Z)) in (15) is replaced by the posterior distribution (67, 8.|p(6L, 5.|Sc1:x)) in (5)—(14).
Accordmgly, the modified E-step can be rewritten as

W(Oc.kIp(0c, Bel Se.1:k)) = Eor,p11p(01,61150. 1) I P(Se, 15 e, BelOc) - (17)

Furthermore, the corresponding CM-step can be modified as

LY = argmax (O |p(0h B Ser ) = (02 il bl 1 %1 021 4],

OF[” = argmax1(@cxlp(Bh. Bl et i) V%) = [62 1, g g 1l s Tetrts 0t ],

6" = argmaxl(@c,up(e BLISe 1)) /) = [ac,mﬂco o Hy i T, Tt i) (18)
Cha fargmaxu ek P(0L, BLISe 1)) /D) = (62 ) il o ey o Te0 ks Ot ),

éc,k = arg%axl( c,k|p(92aBi|5c,1:k))(4/5) = [&c,bﬂc(),k’ﬂcl,k’&007k70017k])'

Based on (18), with the observed degradation data S¢ 1.k, the optimal prior parameters of the candidate

models @c,k = [&z,k;ﬂ207k;ﬂ217k7&007k;6‘c1,k] can be calculated. The specific calculation steps for each
candidate model are shown below.

(a) Calculation for model M,. The log-likelihood function of observed Sy 1.; should be expressed
as

1Hp(Sx,1:k;9;:aﬂ;:|@Lk)
— ]np(Sx 1'k|9;7 ﬁlz, @x,k) + lnp(egm B;'lek)

k 2
k+2 k Sy — 0 — Bt 1
:7%1 Qﬂf—lno i Z( I 5o Gaty) — 5ol (19)
j=1 zk
2 2
1 o2  — (0% — 1ror) - (Be = M1 p)
2 Lk 2‘730,1@ 209251,k '

Accordingly, the modified E-step is

1@k |p(0,,, B Sz, 1:k))
- Eea/uaﬁéz‘p(aévﬂ;|Sx,1:k){1np(sz,1:ka 9;7 ﬂ;/c|@x,k)}

k+2
=— ;— In 27t — 511103%,1@ — §1naio,k — Elnail,k
2 2
7#3;,1@ + Ug;,k = 240, kMo i+ 1 20,k B M%};,k + Uf;;,k =241 Kty g+ 1 a1k
20'930 k 2011 k
M 83— 250, (1ey k + ppyats) 1, g+ g g+ 2tj(Pa,kUG;,kUﬂ;,k+M9;7k:u6;,k)+t?(ﬂ%g,k +0% 1)
- Z 20.2 .
x,k
X (20)
Based on the CM-step in (18), we can compute the optimal prior parameters @, j as
k
Go = 12 S35 = 25k 5 (poy k + g, kt‘)+'u§’,k+0-§;7k
kT L ?
7 k 1 +2t (P, k00! kOB k + [Lo! kB! K k) + t?(ﬂ%;,k +U[23;,k) (21)

_ _ 2
Mxo,k = MB;Jw zo,k = Ue;,zca Mm,k = KL k> le,k =0p k

(b) Calculation for model M,. The log-likelihood function of the total observed data S, 1.; can be
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written as

I p(Sy.1:k, 0y, By Oy k)

= lnp(sy,lzkw;v ﬁ;v @y,k) + lnp(%, ﬂg/;|@y,k)
k+2

= 5 In 27 — Elna;k — 5111050,16 — §ln‘7§1,k (22)
2 k 2 2 2
B (Sy,l B % - ﬂ;tl) B Z (Sy,i - ﬁ;(tz - tifl)) B (9; - M;o,k) . (B'Iy - N;ug)
207 111 i—2 207 . (ti — ti1) 2070 1 205,

Accordingly, the E-step can be modified as

1O, k|p(0;, By|Sy.1:1))
= E%ﬁ; |p(9;aﬂ;|sy,1:k){1np(sy,1:k; ;aﬂ;|@y7k)}
k

2 2 2
= —Tln27t— 5 Inoy \ — Elnayo,k 3 Inoy,
2 2 2 2 2 2
N e 2p0; ko i + H yok ey T 218, byt 1 T Wyt
- - P
2 2U§O’k 2 2 QUyl’k 20,2 2
Sy = 28y (pey i + gy k1) + igy k0G0 + 20y k00 kOB K+ pey ke k) 8 (G Rt 05 k)

20—;,kt1
bS8y = 2Syanpyk(ti — tic1) + (3, x + 05 )t — ti)?

uo
2U§,k(ti — ti—l)

=2

(23)

Based on (18), we obtain the optimal @, 5 as

55,1*23%1(#9;,kJrM/s;,ktl)Jr#z;,k+"’§é,k+2t1(Py,k"%,k"’ﬁ;,kJrMe’y,k#/ﬁ@,ﬁ*tg(#é@,ﬁr”g;,k)
1 t
52 = = 2 2 2 ! 2

U:c,k = L n Xk: Sy,i_st,%“B;,k(t%_t7r71)+(l‘5£‘,k+‘75;wk)(ti_t7fl) 5 (24)

i—9 (tm_tm—l)

~ _ ~2 _ 2 ! _ ~2 _ 2
Fyo.k = Hoy ks Tyok = T61 ks Hy1k = KBk Oy e = 97 ke

Theorem 1. According to the results of (21) and (24), the estimated optimal prior parameters @Agk for
model M, or model M,, consist of the only maximum point of the derivative equation
NOc,k|p(0L; BelSe1:k)/0Oc 1 = 0.

Proof. First, from the E-step in (20) or (23), we can infer that @Acyk is the only solution of the derivative
equation (O, 1|p(0., B.|Sc1:1)/0Ocr = 0. Next, we prove that the estimated @, in (21) or (24)
maximizes the function 1(©, ,|p(0L., 5.|Sc1:%). Based on the expectation function in (20) or (23), the
second derivative on @, j can be expressed as

T 0 0 0 0
ck ck ,
Heo, e —Heo! K
70'2; 0 60047 0
2 2 Y2 c0,k c0,k
01Ok |p(0z; BelSe1:x)) _ 1 0 Fex k—Hglk (25)
- - - a )
8(957;&)@& ‘731,k p ‘731,k
: 1 o cl
symmetrical Sol T ot - 0
1 o 1@02
L 2001 1 c1,k
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where

k
_ Sij — 28,5 (poy k + pay kti) + NZ,',J@ + 05
Ty = Z . .

= L2t (pak00, k08 - peg ki k) 8 (1 g+ 05 )
Se1— 28y,1(poy 1 + pay t1) + “3;”“ + UEM + 2t1(py, k00, k08, & + 1oy Kl k) + t?(ﬂ%fy,k + U?a;,k)

Te=y =
v t

b Sy = 2Syanpyk(ti — tic1) + (3, + 05 ) (t — ti)?

+Z ) (ti —ti1) 7

=2

_ 2 2 / 12
Ye1 = Mokt Tor i — 20107 kleo g T 0,k

2
Ye2 = N%;,k + U?f;,k = 2ppy ke g 1 ke

Based on the obtained optimal value of @Agk = [&ik,ﬂ'c()’k,ﬂ'd’k, G0k, Oct k) I (21) or (24), the order
of principal minor determinants with respect to the second derivative matrix in (25) can be obtained as
follows:

A1|@c,k:éc,k < 0’ A2|@c,k:éc,k > 07 A3|@c,k:éc,k < 07 A4|('Dc,k:(;jc,k > 07 A5|@c,k:éc,k < 0.
The results show that Eq. (25) is a negative-definite matrix when @, = @Aqk. Therefore, @c,k =
[&ik,ﬂ'co’k,ﬂ'd’k, Ge0.k> Oct k] in (21) or (24) is the only maximum point of 1(@c’k| 0L, BL1Sc1:k))-

3 RUL prediction with modified Bayesian-model-averaging method

Based on the obtained parameter distributions using the Bayesian-updated ECM algorithm, we can
predict the RUL of the target system. However, owing to indistinct degradation characteristics and
insufficient model-selection criteria, the optimal model for the observed degradation data may be am-
biguous. Thus, this paper proposes a modified Bayesian-model-averaging method in order to address
model uncertainty. Accordingly, based on the probability of each candidate model and the estimated
model parameters, the RUL can be obtained.

3.1 Modified Bayesian-model-averaging method

Bayesian model averaging is an effective method of addressing model uncertainties [26,27]. Therefore,
in order to obtain an adaptive model probability for each candidate model for the online prognostics, a
modified Bayesian-model-averaging method is proposed. We use M, and M, to denote the candidate
models with IID errors and Brownian errors, respectively. Let RULj denote the RUL of the target system
with the observed data S. 1.1, at time ¢;,. Considering Bayesian model averaging, RUL;, can be calculated
as

RUL;, = ZCP(MC|SC71:;€)RULC7;€, (26)

where P(M.|S.1.,) is the posterior probability of model M., and RUL, j is the RUL of the target system
when M, is the correct degradation model. In original Bayesian model averaging, P(M.|Sc 1) is the
weight of the model average when S, 1. is obtained, which can be calculated using

P(Sc,lzk|Mc)P(Mc)

PO = S P8, s MO POL) 0

where P(S¢ 1.1/ M.) is the integrated likelihood of model M., and P(M,) is the assumed prior probability
of model M.. Letting @, = [0., 8], the integrated likelihood P (S 1.x|M.) can be expressed as

P(Su 1l M) = / L(Ser|Be, M) P(&.] M)A (28)

where L(Se 1.5|Pe, M) denotes the likelihood function of model M., and P(®.|M.) is the prior-probability
density of . when M, is the true model.
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However, in online prognosis, the parameters in (26)—(28) need to be updated once S is observed.
In order to solve this problem, a modified Bayesian-model-averaging method is proposed, and Eq. (27)

is modified as ( ML) PA(M )
P Sc 1:k Mc PA Mc Sc 1:k—1
Pa(M.|Sc1.1) = : : , 29
M Sek) = S~ P8, M) Pa (Mol S 1) (29)
where Pa(M,|Sc1:%) is the adaptive model probability of model M, at time ¢ = k with the degradation
data S¢1.5. At time ¢ = 1, letting the initial value Pa(M;|Sc1) = P(M.), Pa(M,|Sc1.x) can be updated
when Sc is observed. Let @ = [0, ;, 5, ;] denote the corresponding model parameters at time ¢ = k
with the data S¢ 1.5 In the same way, the integrated likelihood P(Sc 1.1|M.) of model M, is modified as

P(Se 1| M) = / L(Serih|Ber, Mo) P(Beg 1 |M.)dBo 1, (30)

where P (@ _1|M.) is the conditional prior density of @, ;_1 when M, is the true model, which can
be obtained using the Bayesian-updated ECM algorithm in (21) and (24). Based on (2) and (4), the
likelihood functions L(Sy,1:k|Pe k-1, Mz) and L(Sy 1.k|Py k-1, M) can be written as

k
1 b (Spi =0,y — B ti)
L(Sentlyps Bont) = | ———— | exp (—Z( T L
A /27-[0-3,1971 i=1 O—x,k—l
k _(Sywl_eg:,k—l_B;,k—ltl)2
/ / 1 207 1t
L(Sy,11k|9y,kflvﬁy,k71): e €Xp k (Sy.i—Bl oy (ti—ti 1)) . (32)
27‘(0%1971 7222 2057k71(t7,—t7,,1)

Owing to the complexities of (30), this paper adopts a large-sample approximation method in order to
numerically calculate the adaptive model probability Pa(M.|S¢1:1) in (29) at time ¢ = k. The detailed
steps are outlined below.

Step 1. Based on P(®.x—1|M.), simulate @, , from the corresponding distribution 7t(®,, ;) for
W, times, where r =1,2,..., W, and W, > 500000.

Step 2. According to (29) and (30), the adaptive model probability Pa(Mc|S.. ) is proportional to
the integrated likelihood P(S., ;. |M.), which can be approximated as

We
1 -
W, ZL(SQJ,IIIC|¢C,]€—17MC)' (33)

€ r=1

P(Sc,l:klMc) =

Owing to Ps(Mc|Sc1:k—1) o< P(Sc1:6| M) - Pa(M.|Se1:5—1), we obtain

1%%
1 - -
Sum, = <Wc 7; L(Sx,1:k|@c,k—1v MC)> “Pa(Mc[Se1:k-1)- (34)

Accordingly, the adaptive model probability can be calculated by

Sum,
PA(Mc|Sc,1:k) = m (35)

3.2 RUL calculation

Based on the posterior distribution of the parameters, RUL, j of model M. can be computed. For model
My, given Sy 1.1, the degradation Sy (¢t + T') at time ¢ = ¢ + T should follow the distribution:

Sx(T —+ tk)|Sx,1:k ~ N(‘[Lm(T + tk), 5’%(T + tk)),
fiz(T + ) = po ke + oy (T + tr) — 07 1/2, (36)
2T +ty) = U;;,k + U/%;,k(T +t5)* 02+ 200 k(T + tk)og kOB, k-
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Figure 1 The algorithm of RUL calculation for model M..
For the model M, the conditional degradation Sy (ty + T')|Sy, 1. at time ¢ = t;, + T follows

Sy(T + t)|Sy,1n ~ N (fiy (T + ti), 53 (T + tr)),
k
fy(T +tg) = Z Sy.i + ,LLﬁ;T =Sy (tx) + ,LLﬁ;,kT, (37)
1=1
oy (T +tx) = 05, 1 T° + 0y, T.

Assuming that w is the failure threshold, and based on the failure equation S.(T + ¢x) = Inw, RUL, 4
can be computed. For simplification, we replace the real degradation with the mean value in (36) and
(37). Letting fi.(T + tx) = Inw, RUL, ; can be approximated as

Inw — pgr  + 05 2
RUL, = Houk w2 bk, (38)
Hpy, k

Inw — Sy (tx)

RUL, =
15,k

(39)
Accordingly, based on the adaptive model probability obtained through the modified Bayesian-model-
averaging method, we can calculate the RULj of the target system using

RULy = ZC Pa(Mc|Sc k) - RULe )y = RULy 1 - Pa(Mg|Sz,1:6) + RULy i - Pa(My|Sy 1:1)- (40)

Figure 1 shows the algorithm of the RUL calculation for each candidate model Pg(M|Sc 1) - RULc k.

4 Numerical experiment

4.1 Simulation study

The objective of the proposed fusion algorithm is to address both parameter uncertainty and model
uncertainty. Therefore, we discuss the effectiveness of the Bayesian-updated ECM algorithm with respect
to parameter estimation and the effectiveness of the modified Bayesian-model-averaging method with
respect to model-probability computing.

4.1.1  Effectiveness of Bayesian-updated ECM algorithm

In order to verify the effectiveness of the Bayesian-updated ECM algorithm, we adopt a method to
estimate the parameters of specific degradation models. Based on statistical data, we select a set of
parameters for the candidate models. The distributions of the selected parameters are given in Table 1.

Based on Table 1, degradation trajectories with IID errors and Brownian errors can be obtained, all
of which possess similar monotonicity, concavity, and convexity. In order to demonstrate the Bayesian-
updated ECM algorithm, we adopt the distributions in Table 2 to estimate model parameters, and, for
the purposes of comparison, we adopt the Bayesian method in [28].
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Table 1 Distributions of the selected simulation parameters

Simulation parameter

Simulation distribution

0!, N(0.02,1 x 1079)
Exponential degradation with IID errors B, N(0.01,1 x 1079)
o2 0.1
0, N(0.02,1 x 1079)
Exponential degradation with Brownian errors B; N(0.01,1 x 1079)
o2 0.0004

Table 2 Prior-distribution assumption for Bayesian-updated ECM algorithm

Our method

Model Parameter Bayesian method [28]
Distribution 1 Distribution 2 Distribution 3
0 N(0.04,1 x 1079) N(0.04,1 x 1079) N(0.1,1 x 107%) N(0.2,1 x 107%)
M, Bl N(0.02,1 x 1079) N(0.02,1 x 1079) N(0.05,1 x 1079) N(0.1,1 x 1079)
o’i 0.01 0.01 0.01 0.01
0, N(0.04,1 x 1079) N(0.04,1 x 1076) N(0.1,1 x 1079) N(0.2,1 x 1079)
M, I N(0.02,1 x 1079) N(0.02,1 x 1079) N(0.05,1 x 1079) N(0.1,1 x 107%)
05 0.004 0.004 0.004 0.004
90 450
Threshold value Real RUL
80 400 N Bayesian method [28]
Degradation with IID errors - o o
70 350 Ny — — Our method-Distribution 1 1
A 2 — — Our method-Distribution 2
60 T 300 l/ — — Our method-Distribution 3 ]
o
T 50 o 2507y 4
£ |
& 40 = 200y
< 30 150 {1
20 100 {l
10| (a) 501 (b)
0 ' ' ' ' 0 ' ' :
0 100 200 300 400 0 100 200 300 400
Time (h) Time (h)
0.06 0.030 I
Real V_alue Ofﬂé Real value of u/
0.04 I\ - Bayesian method [28] 0.025 'l — Bayesian method [28]
| 8‘“ me:ﬁog—g{s:ﬁgu?on ; . Our method-Distribution 1
— — Our method-Distribution — b
0.02 N R O I Our method-Distribution 2
/ N " Our method-Distribution 3 X 0.020 ll — —  Our method-Distribution 3
Sy | N N By I
= 0 \ . 1 = J
S | \ S 0015
Z -002f Y vy 1 3 N
- 1 — T\ 0.010 N
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-0.04 r e 1
‘\ 0.005
-0.06{! 1
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Figure 2 (Color online) Results of Bayesian-updated ECM algorithm for model M,. (a) Simulated trajectory with IID errors;

(b) predicted RUL of model M,; (c) estimated ul,, of model Mg; (d) estimated pul,; of model M,.

Figures 2 and 3 show the results of model M, for the degradation trajectory with IID errors and the
results of model M, for the degradation trajectory with Brownian errors, respectively.

Figure 2(a) shows one simulated degradation trajectory with IID errors; the system fails at roughly
t = 402. In Figure 2(b), for this group of degradation trajectory IID errors, model M, can obtain an
accurate RUL at roughly ¢ = 175 using the Bayesian method. Indeed, compared to the Bayesian method,
the Bayesian-updated ECM algorithm performs better with different prior-parameter distributions and
can obtain an accurate RUL at roughly ¢t = 65. Figures 2(c) and (d) show that the estimated pl, and
phy of the Bayesian-updated ECM algorithm converge to real values at roughly ¢ = 90 and ¢ = 65,

respectively.
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Figure 3 (Color online) Results of Bayesian-updated ECM algorithm for model M,. (a) Simulated trajectory with Brownian
errors; (b) predicted RUL of model My; (c) estimated pj, of model My; (d) estimated pj; of model M,.

Figure 3(a) shows the simulated degradation trajectory with Brownian errors; the system fails at
roughly ¢ = 400. Figure 3(b) suggests that the Bayesian-updated ECM algorithm performs well with
different prior-parameter distributions and the estimated RULs converge to the real RUL at roughly
t = 60, whereas the estimated results of the Bayesian method converge to the real RUL at roughly
t = 200. Figures 3(c) and (d) show that the estimated s, and p;; of the Bayesian-updated ECM
algorithm converge to the real values at roughly ¢ = 75 and t = 30, respectively.

Based on the above results, the conclusion outlined below can be drawn.

(1) When adopting the proper degradation model to predict the RUL of the target system, both
the Bayesian-updated ECM algorithm and Bayesian method give accurate results based on sufficient
degradation data. This means that both algorithms are effective in processing online monitoring data.

(2) Compared to the Bayesian method, the Bayesian-updated ECM algorithm has better convergence
with real RUL under the same initial prior-parameter distribution. This indicates that the Bayesian-
updated ECM algorithm can obtain more precise degradation parameters in the initial degradation period.

(3) The Bayesian-updated ECM algorithm can obtain accurate yul,, and p.,, which are the core param-
eters of RUL prediction.

(4) Although different initial prior distributions are adopted, the results estimated by the Bayesian-
updated ECM algorithm converge to the real RUL in a relatively short period of time. This means that
the Bayesian-updated ECM algorithm effectively addresses the uncertainty of initial prior-parameter
distribution, and that it can obtain an accurate RUL when the selected degradation model is appropriate
for the observed monitoring data.

4.1.2  Effectiveness of modified Bayesian-model-averaging method

In order to verify the effectiveness of the modified Bayesian-model-averaging method, we compare it with
the original method. The simulated trajectories in Figures 2(a) and 3(a) are adopted as the objective
degradation paths. Distribution 1 in Table 2 is adopted to estimate the model parameters, and the
prior-model probabilities are set as follows: (1) P(M,) = 1/3 and P(M,) = 2/3, (2) P(M,) = 1/2 and
P(M,)=1/2, and (3) P(M,) =2/3 and P(M,) = 1/3.

Figure 4 suggests that the results of model M, cannot converge with the real RUL for the degradation
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Figure 4 (Color online) Effectiveness of modified Bayesian-model-averaging method for trajectory with IID errors.
(a) Modified Bayesian model averaging for trajectory with IID errors; (b) original Bayesian model averaging for trajectory with
IID errors; (c) the obtained model probability of the modified Bayesian model averaging for model M; (d) the obtained model
probability of the original Bayesian model averaging for model M,..

trajectory with IID errors. Moreover, the RUL of the modified Bayesian-model-averaging method in
Figure 4(a) converges with the predicted RUL of M, at roughly ¢ = 125; however, the original Bayesian
model averaging in Figure 4(b) converges with predicted RUL of M, at roughly ¢t = 150. Figure 4 suggests
that the obtained model probabilities of the modified Bayesian model averaging and the original Bayesian
model averaging can converge, but the results of the former perform better than the latter.

Figure 5 shows that the RUL of model M, cannot converge with the real RUL with respect to the
degradation trajectory with Brownian errors. Indeed, both the modified Bayesian model averaging and
the original Bayesian model averaging converge with the real RUL; however, the modified Bayesian model
averaging has better convergence than the original. Figures 5(c) and (d) show that the obtained model
probabilities of the modified Bayesian model averaging converge at roughly ¢ = 75; however, the results
of the original Bayesian model averaging converge at roughly ¢t = 130.

Based on the above results, the conclusion outlined below can be drawn.

(1) Unfaithful models may lead to inaccurate RUL-prediction results. Therefore, in order to ensure a
proper degradation model is obtained, it is essential to consider the model-selection process.

(2) Both the modified and original Bayesian-model-averaging methods effectively address model un-
certainty; moreover, the inaccurate degradation model slightly effects the RUL-prediction results of the
averaged results.

(3) Compared to the original Bayesian-model-averaging method, the modified Bayesian-model-
averaging method has a higher convergence speed; moreover, it addresses the uncertainty of initial model
probability better than the original with respect to the online RUL prediction.

4.2 Case study

Gyroscopes are vital devices with respect to the inertial platform of strategic missile inertial navigation
systems (INSs). When the inertial platform is operating, high-speed rotating of the gyroscope can result
in rotation-axis deterioration. Indeed, this will eventually result in the deformation of the gyroscope’s
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Figure 5 (Color online) Effectiveness of modified Bayesian model averaging for trajectory with Brownian errors.
(a) Modified Bayesian model averaging for trajectory with Brownian errors; (b) original Bayesian model averaging for trajec-
tory Brownian errors; (c) obtained model probability of modified Bayesian model averaging for model M,; (d) obtained model
probability of original Bayesian model averaging for model M,,.

Figure 6 Illustration of a deformed motor bearing.

motor bearing, which will result in gyroscope drift as well as failure of the gyroscope and the inertial
platform [29]. Statistical analysis shows that gyroscope failure is largely the result of the bearings;
moreover, gyroscope drift is responsible for 70.

In Figure 6, a deformed motor bearing of a gyroscope is shown, which is obtained using a scanning
electron microscopy S-3700N. The maximum length of the metal flake is 155 wm, which is the result of
deformation. Indeed, deformations such as these are reflected by the gyroscope drift.

In our experiment, the monitoring interval is 2.5 h and the failure threshold is 0.37°/h. In practice,
this threshold is strictly enforced because INS devices are critical in navigated weapon systems. In
order to illustrate the validity of our method, we adopt different prior-model parameters and prior-model
probabilities in order to predict the RUL of the observed gyroscope in Figure 7(a). With the prior-model
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Figure 7

(Color online) Effectiveness of the proposed algorithm. (a) The observed drift data of the gyroscope; (b) estimated

RUL of different prior parameters; (c) estimated RUL of different prior probabilities; (d) estimated RUL of our method.

Table 3 Prior-distribution assumption for observed drift data

Model Parameter Distribution 1 Distribution 2 Distribution 3
0! N(0.0025,1 x 10~9) N(0.005,1 x 1079) N(0.0075,1 x 1079)
M., B, N(0.001,1 x 1079) N(0.002,1 x 1079) N(0.003,1 x 1079)
a2 0.01 0.01 0.01
0,, N(0.0025,1 x 10~%) N(0.005,1 x 107%) N(0.0075,1 x 10~%)
M, B, N(0.001,1 x 1079) N(0.002,1 x 1079) N(0.003,1 x 1079)

2
Ty

0.00004

0.00004

0.00004

probability assumption P(M,) =1/2 and P(M,) = 1/2, Figure 7(b) shows the results of different prior-
model parameters that are shown in Table 3. With Distribution 1 in Table 3, Figure 7(c) shows the
results of different prior-model probabilities. With the prior-model probability assumption P(M,) = 1/2
and P(M,) = 1/2 and Distribution 1 in Table 3, Figure 7(d) shows the predicted RUL results of our
method, the single model M, and the single model M,,.

Figure 7(a) shows the observed gyroscope drift; the inertial platform fails at ¢ = 180 h. Figures 7(b)
and (c) show that our method can effectively address prior-parameter uncertainty and model uncertainty:
the estimated RULs of different prior-parameters and different prior-model probabilities converge to the
real RUL at roughly ¢ = 60. In Figure 7(d), although the single model M, and the single model M,
could not effectively address the observed drift data of the gyroscope, the proposed method can obtain
an accurate RUL based on the advantages of the Bayesian-updated ECM algorithm and the modified
Bayesian-model-averaging method. Indeed, this indicates that the proposed fusion method should be
adopted when model uncertainty and parameter uncertainty both exist.

5 Conclusion

In this paper, we studied the problem of online RUL prediction for newly manufactured systems that
lack historical-degradation data. The method for RUL prediction was based on two typical exponential
models. In particular, we examined posterior-parameter estimation with prior-parameter uncertainty in
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online RUL prognostics, as well as online RUL prediction with degradation-model uncertainty for newly
manufactured systems using real-time degradation data. With respect to the former, a Bayesian-updated
ECM algorithm was proposed by combining an ECM algorithm and the traditional Bayesian updating
method. In our parameter-estimating method, the prior parameters were updated by the ECM algorithm
each time a new degradation value was observed. This implies that our method can reduce prior-parameter
uncertainty, thereby ensuring RUL-estimation accuracy. With respect to the latter, we used a modified
Bayesian-model-averaging method that relies on the prior-parameter-updating process. Combining the
updated prior parameters of the degradation model, the prior-probability term of the original Bayesian-
model-averaging method was updated. This implies that the degradation-model uncertainty can be
processed by updating the prior parameters. Indeed, combining the advantages of Bayesian-updated
ECM and the modified Bayesian-model-averaging method, our fusion algorithm can obtain an accurate
RUL result for newly manufactured systems that lack historical-degradation data. Overall, this paper
analyzes the uncertainties of prior-parameter distribution and prior-model probability with two typical
exponential models. Future work can and should extend this study to stochastic-process degradation
models, such as Wiener, Gamma, and inverse Gaussian process models.
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