CL PRI ST AR A SRR

“”u%'l/'i % 5

C ONTROL DECISION

ETERATLREN TR T SRR S A
LER, FEIELE, IR

SIFHASL:
BRI AR A FET s i R0 —ociB A vl SE M AR S04k ). #5505 23R, 2024, 39(11): 3727-3735.

TEZR B2 View online: https:/doi.org/10.13195/j.kzyjc.2023.1369

LT ARG HoAh S

Articles you may be interested in

% BRI 2% S VE S AR LR B R R UL
Prediction of bearing remaining useful life involving difference and similarity of degradation trajectories

Pt 503, 2021, 36(11): 2832-2840  hitps://doi.org/10.13195/j.kzyjc.2020.1028
BT IR L I P IR AT 1) A 7R A A i T 7 ik

Remaining useful life prediction of bearing based on deep temporal feature transfer

PR 5P 2021, 36(7): 1699-1706  https:/doi.ore/10.13195/).kzyjc.2019.1809

TR R SRR A AR SRR R G SRR R
Multi-model switching identification for non—uniformly sampled systems based on Gaussian mixture model clustering

Pl 5HIK. 2021, 36(12): 2946-2954  hitps://doi.org/10.13195/j kzyjc.2020.0671
BT BENLARER AR AL 1 1R Al S A5 R

Degradation process and maintenance planning based on random coefficient regression model

PRl 5P 2021, 36(3): 754-760  https://doi.org/10.13195/j.kzyjc.2019.1087
BT B 2] B 1) i RN BLY 22 B G5

Interactive evolutionary computation based on transfer learning grey support vector regression

Pl 5 PR, 2021, 36(10): 2399-2408  hitps://doi.org/10.13195/j kzyjc.2020.0420


http://kzyjc.alljournals.cn
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2023.1369
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.1028
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1809
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0671
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1087
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0420

393 5511 W = % 5 xR Vol.39 No.11
20244 114 Control  and  Decision Nov. 2024

ET¥EShdiEn T RUAEMEEESITE

ZEY, AAEY, N2 E
(WS TR B, PRRTISRE 010051)

7 OE: T ST IR AT B AN AN 5 R A TR, 7E 45 A R A P e AR AR R A S B AL |
P& — PP AR 22 PRI T n R AR B, 5T Copula bR UHE 37 G 10 e it R IR AR AR A, S M
REIR 1 38 26 15 M BB AT AF DG 5 2 9 77 THD W AN A4 22 S5 P JEAT R 5 S8 0, R FH P A BB 8 A R A vk, s J xS e B A
BUFI Copula bR R S HUB ATl Th; Be, 25 T AR AR R Bayes BLI%, 73 5l 4 H AN i 2 SIIME Al T FTIE £k
B TR ARAREAUL 752, R FH SR A 52 T R A e 7 A8 FH 3 i AT T 5 J 33 B AR AL R 1) 52 4810 5040 B0 e
P& AR RN S THHEWT 7732 (18 R0, 0t 7= i i S 190 577 1 24 A R g e R Hh AL

SRR WS LR, DI BOW SRR KL E I Copula BR%; BRI o) 415 B 75 o T

FESES: TB114.3 XHEFRER: A

DOI: 10.13195/j.kzyjc.2023.1369

SIFRN: L&A, EIELE, 0. BT R g R 1 Z JCiB A AT SR M AR VA [0]. $a i 5 RO, 2024, 39(11):
3727-3735.

A bivariate degradation model for reliability analysis based on inverse
Gaussian process

AN Qi-meng, YAN Zai-zait, SUN Li-jun
(College of Science, Inner Mongolia University of Technology, Hohhot 010051, China)

Abstract: In order to get the reliability estimation and remaining useful lifetime (RUL) prediction of a product, a
bivariate inverse Gaussian (IG) degradation model is proposed based on the degradation information of the population
and units. The bivariate degradation model is established based on Copula function, and the model can capture
heterogeneities of degradation rates and correlation between two performance characteristics within the population.
Then, the two-stage expectation maximization (EM) algorithm is used to estimate parameters of marginal distributions
and Copula function successively. In addition, based on the degradation characteristics of individuals and Bayes’
theorem, we propose simulation studies to estimate the missing observations and future observations, and get
unit-specific RUL using future observations. To verify the feasibility of the proposed model and inference methods, a
numerical example about heavy machine tools is proposed, and suggestions are put forward for the preventive
maintenance and health management of products.

Keywords: 1G process; two-stage EM algorithm; Copula function; missing observations; RUL prediction
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H 8, B 75 A\ 51 K H Wiener i #2781, Gamma it
FEPL 1 = 4 (inverse Gaussian, 1G) i F210-11 DL K F5
¥ #i (exponential dispersion, ED) i #2121 25 3k i ik
FE IR R, AR R 2 nl S A
REIRAL I AR AN AT 30 ), BOPE BRI e A
B, T IG I R 138 & o T oA AL A v, 72
0 A FRL I IR AL AR 2 B T T2 K. Wang
ZEN01 % B, AT Wiener Fl Gamma i #2, IG 13 2 Xt
GaAs WO A3 13L& O8RS 4F, IR I EE J K
¥, (expectation maximization, EM) 5753847 T S8k
i Ye SN IGE 7 IG I A2 & — Pl fR 52 & iainid 42,
NIGEFE IR WA RS T R AF M B R RE.

AR, 0 TR R — S AR AN, B A TE
W23 52 BN To VR UL ) P A0 ERL 2R 1R s ), 5 IR A 3
Y5 I A ZE S 3], e SR B Y 3 Fof B AL R0
IG i PR, RV BEAT LIS RS BT | [t LR B A5 Y AT L
TR W% SRR 3R F 45 7 1% 22 (mean squared error,
MSE) 58 UE | BE HLIE AL B8 e 8 50 47 Hh A0l & GaAs i
HAE R AL Peng 5140 I\ UL Hr 1) £ B8 HH Ok, 1)
1B T IGIR AR (1) 73 AT HE B, Jiang SISV AT T
FE T IG ik A2 48 5E B 7 I 1B Ak 5258, - 3R15 145
Y2 FOR = i AT S FE I XAl o ) 25 R A 22
SV B 1G 1T FE, Huynh(' 52 B 7 38 I 0000 44 & A
A8 0 LU SR IR E TR A I R Y. R A AT
PR R BAN B A PE R T, T S B S I R B, 44 R
Gual™ A B A A EZ A RRIR AL, H iR &
) B A AH O 0% & I, m] 5 M 4 T B AR, X I, Pan
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4, i B /R Al R4k S R 2 (Markov chain Monte
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.
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AY; ~1G(pAij, (Mig)?),
- ’ (1
pt~ N(w,o7?).

d
Hahi; = AA(tig-n) = Altyy) — Altig-n) = t§; —



F11H ZLE R R T S AL 69 Z BT S AL 5 iE A 3729

q
figg-y

AN A ZE SRR, AY;, [fIPDF
favy, (Ayilp="n,q) =

n(Aij)?

QAyU (Aylju )\Z]) ] .
2

A4 1G 3 A2 7 g B O, A IR A
AZ; = [AYi, AY, ..., AY,, | I PDF )y

xexp[—

fAZi (A2z|77> q,w, U) =
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M-step: E(lc) % w Flly Kb T, AR TR

M
=67 - My,
=1
M
My =Y.
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FHABLAR 5 2 (15), 5 21 & F1 4. 26 2 f B EM 53 an 55
E2R.
E3X2 A1l Copula BREUH S 4UA.
N: OO, Fu(AykijlG6) (G = 1,2, ... ;i =
1,2,...,M;k=1,2).
i Oc.
& s5=0;
WS H O,
E-step: i id M-H il FEE A AEAS {o; )
it p, el
M-step: 5 KL E(l¢), = (15), 15 2] é(cs+1);
if|@g+1) — @g)| < e then
60 = OE;
else
s=s+1;
10. %[5 % E-step;
11.end
12. #ith Oc.
R E B =107°.
2.2 ERAREIRMETT
P R A EE 7 1 2 IR S BB R 1 1 0L,
LART ik T S 2k 4 B L DLI2S260) SR AS S Ok B
Al THE J5 A Re 3dE — 28 U RUL. WA 5515 1B 4k
B K 17 L H AR R T5 s
F£T Copula BREERT, 2 uij o RN, A
& (Zj;)'a) — c(viy.ussla). (16)
Hor g IR 53 5040, 3 FE R p (i) = 1
BB 4 TP A1 RE PR R AL B
Y141 Y12 -
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e A T o

f(vz‘j|uij,ai) =

Yi,ihs Y1,i(hi+1) - -+ Yling

Y241 Y2,i2 -+ Y2,k U2,i(hit1) -+ Y2iing
For gio 5 BRI, RIVERE 10000 40 50 ¢,
e 2 B B {25, 5 = hi + 1, i} SRR
ET E *1&W,$Uﬁﬁﬁ(16)fﬁl‘|‘ﬂ%iﬁﬁ. G,
F{yrijd = 1,2, on b M {yajnj = 1,2,..., b}
AT GRS O, Org, F1 Oc; R JF, B 1L
Javi, (Byrijl@r i, 01,6,m, 1) AR EAH] integrate()
BREORAS {y105,7 = hi + 1, n} B9 A1 B UE
Fl(Ayl,ij‘(Dl,ia&l,ianlaQ1) J'JF/{QJ %lﬂjj uw,ﬁﬁ
FFH M-H #7715, I BAT SR AT m(a) Az,

AzQi,@(s)) #] Markov B /1 7= 2 Ff AR agl), H A
Azpi = [AYkit, AYriz, - - -, Ay n, |, BETTE L K A7)
71 f (vigluij, o WﬂMH%ﬁ%%ﬁﬁK%,KF
HTA élz)j = Iy ( |w21a0—2177727q2) Rt Ayélz)]
EEHT,*/\D’?%%@?EEIT{EZ/Q 4 = Y- + Ay2 4
(G=h; +1,...,n) BRAG. EE LIRS RIKIFE1
éﬂﬁ%ﬁiﬁ?&ﬁfrﬁy;zm BEMTAF 2 o 45 WIFMEL S briE
72\ BAS XA, BUAL L Ga i (n, 1) N UEHIR G L
AR ANSE 3 Fs.

R3S

LT ygyihi,ay)(r = 1,2,...
Ori(k=1,2);

Bt Y2,i(hi+1)-

) R)a N> 4k (:}k,i:

Lo wigh,4+1) = F1(AY1Lihi+1) @1, 1,6, 115 q1)5

2. for each r do

3. Hif(v ffﬁﬂ [Ui(h,+1), ET))—&EEEUZ((? 1)

4. Ayg,)(h 11y = =Fy ( i(hs +1)|W2 i5 02,5512, Q2)
(1)

S: Yni(hiar) = Y2iins T Ay2 i(hit1)

6. end

7. iﬁﬁ392,1’(%4-1) - ZyQ i(hi+1)"

2.3 RULFM

FLO T RS P i — BRI RR A A

Hm, HF SR R E B 6. DI, N T 4
ﬂﬁwﬂﬂmﬁaj& 1R RV AR IR AL R,
il 3 G BRI RS SR, B i B 447 AR 28, 1
IET 5T, HEATAMAR 1) 25 A TUI AN 0] 5 BE DAL

T H AN B AN RE, 2 B L E
Ve, () B K B R KBE Dy I Z0 T, s AR R AL
IS8, B )5 = inf{#|Yy,.;(t) > Dy}, e inf R H 5.
2 pug,; [ E I, T, 5 HIRE R0 A5 BRI BN

_ n —
P (i e, ) = 84| - (Ak(6) = D )] -

S \/27 () + D )| (D)
ot BN g(up i Azka) B, Tg 1053 A B %
Fr, ( —Foo Fry (g by @) g (g 11 Az i) dpg 1
AR AT SEFE R Ry, (t) = P(Ty; > t).

OnIBA B AN R G R R R T, =
min (T3 ;, Tb; ), W AT 56 2 R 4R
Ri(t)=1—-P(Ty; <t)— P(Tz; < t)+
P(Ty; <t,Th; < 1)
R T il A R T SE R R R W, AN AR 6 R R S R AN
1 43 A1 R A BT 2208 A DA SR AT, iR AL, 7 vk,
53 1T AT SE M 48 A5 AT, 75 R Copula iR 0TI IR 46 &
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(Y1i(nit1)s Y2,imary) (0 = 1,2, M), H 5, F TR
W' {y145,7=1,2,. .. ,ni B {y2ij, 5 = 1,2,. .., h}
HEAT AN TR O, « O, F Oc, FI I M-H Hi ¥
TR m(a; Az, Azy ) P ERER o 2T oY
H Copula BRI HU A B S HAFEA (uij, v5) V5D SR )5, 8@
i Ay ﬁfl) = Fy ( (s )|W1270117771>Q1) il
Ayélms b= =Fy 1( Vi e )|W2 iy 02,0, 125 G2), 77 AIRAF IS
(DX 1] [t i, + A8 REREH AGLDD L AgShP, 53
T ARAFARIR A B LA (yillsnlll), ﬁélﬁ,j}rl))

TE 25 78 5% 2% B AH 1 0 T, R R A 2 P 4
G0 1 e, 1)) AT RUL 0 £ 25 B o1 e
2, P I GBA FRUINAE (R ASADL 7 V2 SR A9 58 1 I
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BHiR4 A AT O 58 BEPEAL.

LN 045 )(7“ = 1,2,..., R), Y1.in;» U2.in;» M> Qkc»
Whyi» Oi» Di(k = 1,2);

iﬁﬁ-’ﬂj Py, Ry.

1. £g=0;

2. for each r do

3. EEC(’LLZ']',UU‘(IET))EEE%UU,’Uij(s’r),s = 172,
S

4.  foreach s do

5. Azﬁs;}') = F1_1(U§;’T)|0~J1,¢751,m771;‘]1);

6. Ayé;;) = szl(v,(s"r)|@2i,52ianzaQ2);

T B = Yrm A

8. gészz'r)b +1) — y2 in; T Ayész;)’

9. if 91516)1 tyy =Dy oor yé (TT)L 1y = D2 then

10. g=g+1

11. end

12. end

13. P = %,R(” 1- P

14. end
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15. 5t P, = — ZP{%Rl ZRY).
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381 i PR R GE 3 L VAR PR R R R PR Ay fi s D 2R 100,
i B Dh A AR AR DSk, NN R R 2 3 B e ]
AR B A s SR 02t s ARG BE AN A HH D AR ) R
BB Dy A1 Do, K Peng SE RSV H MR, 1% Dy =
351 Dy =120.

I A5 BB R 256 R Bk M e A AH K
K FR, HE B8 WL IIAE A7 76 B 2R, B0CAT 06 2 0] 1 3B ik
FEAT B B, LR B F B S HUh T ML, &k 1%
Clayton Copula B i STATLREHR (1) — JeiB AL B4,

e R AR L1 1G I RPN A 14 e AR AL 2 dE, 248
J& F| H Clayton Copula 8B4k EAH R R, HHEE 2.1
PR B EM BVE RIS R 1 I SRl 2

F1 RHNSHENMEITLER

OG, AT E O16, Al THE Oc, fliTHA
w1 0.905 1 w2 7.000 1 o 0.092 1
o1 54.1574 o2 43.0230 K 61.8450
" 0.9243 N2 0.0233
q1 0.9274 q2 1.8909

gy | A 1) BB AP 4 IR P s 1 R
[ 4% R 53 A 36 2 R WAL o A5 (LT 6
P 1, P 2 BB A k2 d K T A 2, A 1 £
B A 2 B /. R [F) A R A ok 2 B B 2
O 4 A 2 5 SR BT A A T .

w2, BIETER

fi1,i BB bRtk 72 f2; YA bR 7
fi1,1 1.10291 0.02224 fi2,1 0.14284  0.00047
fi1,2 1.103 81 0.02245 fiz,2 0.14287  0.00048
f1,3 1.103 02 0.02233 fi2,3 0.14286  0.00047

H1 2% A 20 A me; Az, Azyy) FIM-H ARV,
BN 3 PR a;. FA: AR 2 FIPASPEREAE CHE
J55 B, A 1 IR BEAH DG HE S A 5.

#3 o EITER

& #ME bRtz 95 % EAFIX[H]

é 9.9545 12327 (7.8711,12.6182)
&s 11.8219 2.1943 (8.3321,17.0714)
a3 11.5950 1.9110 (8:4734,15.7934)
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T4 BRERBIEMMGITER

AR Peng 25121 (i
B IB A B
¥IE bRtz 95 % B {5 X [l ¥IME PRz 95 % B {5 X[l

y2(t111) 737143 12427 (71.3024,76.5355) 723070 3.5640 (65.6415,79.754 1)

y2(t2,9) 57.3295 1.4935 (55.4999,60.0819) 56.2580 4.6402 (48.7133,67.0282)
yg(tzJo) 75.1567 2.8787 (69.4602,81.2396) 69.664 4 6.3348 (59.0339,83.9852)
y2(t2,11) 80.0010 3.1868 (75.948 4,89.200 5) 74.4539 6.9049 (62.828 1,90.0355)
yg(tgyn) 80.1363 0.4568 (79.2493,80.966 1) 84.4378 5.5315 3(75.1971,96.8852)

Ya(taa1) Flya(ts11). N T 504 56 IE T 52 th 7 VR 1)
B NE, K yo (th 1) WAL R B E R AT G 1, 45 2R
MR AR, HR AW W, AR go (81 11) B 22 AR ifE
22195 % B A7 X K B35 /N T Peng S5 45 21 it
A1, PR VEAS B 1 A 4 AN BRI B A 12 R
I, AR I AR ST A 45 SR s A 22 AVEL (S X G FE B
ZIN, 2 B FH i i R AR A v 5k 2 AR I Al TR
=8

R T DUl LR S R 5 B L R A
FEAG V18R R Hh 8 5] 7R 1R ZE 45 100, 20 B 9 LU A LR 3 38
AL TR Ay T S 2R B B AR % 2 AR 1 R BT R AR,
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A o), AR AR W B 5 BT AR 34N [EAMA
5, B AS RN [ 0, A (5] B 3 85 MLE 72
RIFSH, AR B 2 firR. B0 S A 219 BAgs o5y N
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FEEAT AT, 3 R BT 45 R R S P, RS
A L T E R IR AL B B MSE, B8 1 Fr /3 45 /AL T
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TR A 1R 22 B /).

HiES EETHR2ME T ya(tas)
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.end
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B2 ETREMGIy(ls) BIRIE

®5 IMERETRARBOMIHER

R 1 R 2 iR 3
[T A
Bl briEZE MSE ol i MSE LN i MSE

ya(ti11) 73.714 12427 24801 73.565 15279 3.1084 72.908 44376 24,026
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R A5 HE) FO0I 175 50 2% B HR RS W RUL B0, TR0 e W 25 iy 23 A A2 B9 32 BA PDF. |1 & 3 7T AL, AN A G
I AR TR 32 BV SRR MBI RE R, ORI Rede sy A 0 A NI RUL BB BURZE 7 3R 0 A dr 418

FRAIB B A A TR L« BRAIR IR 22, X 7 i i 482 T s
PE4EB RIS AT RO E B A B 2R
BT B SR B Al AN SR 2.3 55 AN TS iy Tl
DA AT & BT SRR, RIS B0 B 3 B IR 7 i 75 i
oA AN P 4 B (R SR L AR G B i {E U ik
X E RN 5 1245 21 10 A7 iy Bdle AT 4 AL, #0322 )

435128 36.537 5+ 33.004 0 F135.708 5; #H N f) RUL )
5> 912N 7.5375.7.004 0 F116.708 5. H1 &4 7] I, ANk
[F1) 16 1] 5 JBE R A A7AE 22 57 AR 2 R AT S 3 R Pk
AN B B4 S AT ALK T4, + ST,
AR 1RO 3 1 ] HE B AR TE R /)N, B AR S AT I ()42
Wty + 10,3477 ¥R R34 BRI AE T A2 52 Bs



3734 = # 5 & K %39%
WIS AT R S AR 2 T TR 4EAE, fRAE AN A 2 Mras BB UE T TR A . A SRR

FEIBAT IR ) 2 4 A L FIAMAR 3 i A 52 15 R B&
IS TR) 58— B, AT AE [F] — IS 18] 8 I T 95 M 4%, R AIF
1 A HE P IS AT ) [R) B SR B iy [ 28 5% A3

0.4t
0.3}
a
~ 0.2F
0.1f
0
32 34 36 38 40
g
(a) ME1HIH GO
=
@]
(=T
26 28 30 32 34 36 38
]
(b) ME2 W FE AT
89
@)
a9
30 32 34 36 38 40
=i
(c) MAE3HFH A
B3 MrES
1.00 =
= 075¢
=
®0.50}
o
= 0.25}¢
0
0
M b 5]
B4 MEAIRE
4 & @

FAEMARZE 7 HLEREA DG — e IG B AL AR AL
AJ S AT RUL FA e b 2238 20 LLAS 21, RE 0 7™ i
BRI VEAEAE RS ATIRGUE BE. Oy T D% ) e, A
SCRR 1AM R BRR B A 5 i T AT T ST
Ailt RO 92k, FFAE BB AL L A v 25 e M IR AL
R, S B SEORG A (14 AT B BE A4S TF A RUL T, 52451 73

g5t

1) 2% T Bayes # i SAFIAMAIR I (E BB
A4 22 H0 R M IP) 25 3 AT, 33 17 21 1 A A P R AR A R
(e

2) FETAMEIR AL, 32 1 T Al TE AN SRS E 8
IR TV, 2T A AL T SRR EAR A T B A v
7 BAG XK E A MSE, #2 /5 T RUL TRINRS .

3) K B4 H S HUAh T 7 VAN 2 FEAN R R AR
(RIASEADL 77 ¥ I T HILPR 5491, 6 AN [RI A A ) 3R A4 T
M REAHAR M L 73 i AT S8 R I A AE B 2 22 e, e
XFAMA BB AR FE T AT SE 1 A0 AT A 2.

4) J T~ S 43 i 25 A5 B 5 SRS B B
TR AN 2 J 1B R4 A%, DLERAIE 22 4P /M A1
HIANAR 3 72 [7] — I 18] J& T 1B Ve 4E A2, DRIk = vl 58 B
() [F) By PR L4 B A

AR NCLT P 77 T e FE A 7

1) F|H Vine Copula i& #UHE 37256 5 18 SARFI A
USENSYIESIwEY iR iR

2) T AR B R ZE S T, AL LR G RE R
(1R PSR R T AH B (1) G T HE BB 732

SE 3Tk (References)

[1] Meeker W Q, Escobar L A. Statistical methods for
reliability data[M]. New York: John Wiley and Sons,
1998: 11-14.

Nelson W B. Accelerated testing: Statistical models, test
plans and data analyses[M]. New York: Wiley, 1990:
254-266.

Huang W, Dietrich D L. An alternative degradation

(2]

(3]
reliability modeling approach using maximum likelihood
estimation[J]. IEEE Transactions on Reliability, 2005,
54(2): 310-317.

Meeker W Q, LuValle M J. An accelerated life test model
based on reliability kinetics[J]. Technometrics, 1995,
37(2): 133-146.

Cui Z, Liou J J, Yue Y. A new extrapolation method
for long-term degradation prediction of deep-submicron
MOSFETs[J]. IEEE Transactions on Electron Devices,
2003, 50(5): 1398-1401.

[6] Ye Z S, Xie M. Stochastic modelling and analysis
of degradation for highly reliable products[J]. Applied
Stochastic Models in Business and Industry, 2015, 31(1):
16-32.

Tl &7, AR S RO T RN E S W
T 15 1 4 R R [, B ) 5 e 3R, 2024, 39(3):
1003-1011.

(Gan J, Shu T, Shi H, et al. Integrated modeling of
stand-alone scheduling and predictive maintenance under
heterogeneous loads[J]. Control and Decision, 2024,



%118 U S B T S AL 0 LR AT S AL it ME 3735

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

39(3): 1003-1011.)

A, Ak HE, TR, 55 5 TR A 309 5 marker 2
PR LRGP r] SEVE LI BT 0], F 5 TR, 2020,
35(2): 461-468.

(Zheng L, Du Y H, Xing L N, et al. Product reliability
modeling and analysis using degradation and marker
data[J]. Control and Decision, 2020, 35(2): 461-468.)
TKRIRZL, W51, BRAE, 55 RARR S % ARG
V45 AR HEAE PSR [7]. F2 ] 5 TR, 2024, 39(6):
2069-2078.

(Zhang X H, Tao Q Q, Yang T X, et al. Optimal switching
and condition-based maintenance decision of cold/warm
mixed stanby system[J]. Control and Decision, 2024,
39(6): 2069-2078.)

Wang X, Xu D H. An inverse Gaussian process model
for degradation data[J]. Technometrics, 2010, 52(2):
188-197.

Ye Z S, Chen N. The inverse Gaussian process as
a degradation model[J]. Technometrics, 2014, 56(3):
302-311.

Yan W A, Xu X F, Bigaud D, et al. Optimal design
of step-stress accelerated degradation tests based on the
Tweedie exponential dispersion process[J]. Reliability
Engineering & System Safety, 2023, 230: 108917.

Peng C Y. Inverse Gaussian processes with random
effects and explanatory variables for degradation data[J].
Technometrics, 2015, 57(1): 100-111.

Peng W W, Li Y F, Yang Y J, et al. Inverse Gaussian
process models for degradation analysis: A Bayesian
perspective[J]. Reliability Engineering & System Safety,
2014, 130: 175-189.

Jiang P H, Wang B X, Wang X F, et al. Inverse Gaussian
process based reliability analysis for constant-stress
accelerated degradation data[J]. Applied Mathematical
Modelling, 2022, 105: 137-148.

Huynh K T. An adaptive predictive maintenance
model for repairable deteriorating systems using inverse
Gaussian degradation process[J]. Reliability Engineering
& System Safety, 2021, 213: 107695.

Pan Z Q, Balakrishnan N, Sun Q, et al. Bivariate
degradation analysis of products based on Wiener
processes and copulas[J]. Journal of Statistical
Computation and Simulation, 2013, 83(7): 1316-1329.
Xu A C, Shen L J, Wang B X, et al. On modeling bivariate
Wiener degradation process[J]. IEEE Transactions on
Reliability, 2018, 67(3): 897-906.

Fang G Q, Pan R, Wang Y K. Inverse Gaussian processes
with correlated random effects for multivariate
degradation modeling[J]. European Journal of
Operational Research, 2022, 300(3): 1177-1193.

Liu Z Y, Ma X B, Yang J, et al. Reliability modeling
for systems with multiple degradation processes using
inverse Gaussian process and copulas[J]. Mathematical
Problems in Engineering, 2014, 2014: 829597.

o B, FF DI 537 5 Copula 32 FIPEREIR {6 T
FEVERRL S PRALTTIAIEFE D). B AR EORE, 2016:

29-30.

(Hao H B. Research on performance degradation
reliability modeling and assessment method based on
Bayesian updation and Copula theory[D]. Nanjing:
Southeast University, 2016: 29-30.)

[22] Nelsen R B. An introduction to copulas|[M]. New York:
Spring Science & Business Media, 2006: 17-23.

[23] BEE X, BEEALE. MOS0 —oniB A R G SEE

FRIEM (3] 9 5 Tk K224l FARRE AR, 2023,
42(3): 193-199.
(Duan B Y, Yan Z Z. Batch effects on the reliability of
binary degradation systems[J]. Journal of Inner Mongolia
University of Technology: Natural Science Edition,
2023, 42(3): 193-199.)

[24] Dempster A P, Laird N M, Rubin D B. Maximum
likelihood from incomplete data via the EM algorithm[J].
Journal of the Royal Statistical Society — Series B:
Methodological, 1977, 39(1): 1-22.

[25] Peng W W, Li Y F, Yang Y J, et al. Bivariate analysis
of incomplete degradation observations based on inverse
Gaussian processes and copulas[J]. IEEE Transactions on
Reliability, 2016, 65(2): 624-639.

[26] Ye Z S, Chen N, Tsui K L. A Bayesian approach
to condition monitoring with imperfect inspections[J].
Quality and Reliability Engineering International, 2015,
31(3): 513-522.

[27] G, T, KR, 55 s et B R R4

TR A% A3 i TN e TN A DR B (7). P 5 1R 3R, 2022,
37(10): 2647-2656.
(Zeng J C, Wu X Y, Zhang X H, et al. Remaining useful
life prediction and predictive maintenance decision
of accelerated shock damage deteriorating system[J].
Control and Decision, 2022, 37(10): 2647-2656.)

(28] XU/, 55, A AR, 25 RE R A B 7 R k5 R AR

P 9 Bl 7K RUL F500 [J]. 4% 1 55 ok 58, 2021, 36(11):
2833-2840.
(Liu X F, Feng W, Bo L. Prediction of bearing
remaining useful life involving difference and similarity
of degradation trajectories[J]. Control and Decision,
2021, 36(11): 2833-2840.)

[29] 2T BEEHUR M]. dbat: 7 Tl i fitt, 2005:
18-19.

(Li X M. Numerical control machine tool[M]. Beijing:
Publishing House of Electronics Industry, 2005: 18-19.)

[30] FkskF. BEEOHrEER [M]. PU%: 792 TR
L, 2013: 7-8.

(Zhang Y R. Basic theories of circuit analysis[M]. Xian:
Xidian University Press, 2013: 7-8.)

fEEE T

GLAF (1998—), 2o, Wil -Az, MFE ] FE 4 HT I 7L,
E-mail: 2450415390@qq.com;

FITELE (1964—), 5, B4R, A3, WNFw SN
M« RBESR TR ZEHT 5T, E-mail: zz.yan@163.com;

P (1994—), 5, A, AT SEPE M It AL,
E-mail: sunlj1015@163.com.



