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Remaining Useful Life Prediction of Aeroengine Considering Frailty

WU Xianbiao, CAIJing
(College of Civil Aviation/College of Flight, Nanjing University of Aeronautics &. Astronautics, Nanjing, 211106, China)

Abstract: The proportional hazard model uses multiple variables to synthesize multiple parameters to predict
the remaining useful life of the system. However, because the traditional proportional hazard model is based
on the assumption that multiple research samples are independent and identically distributed, that is, the basic
failure rate is the same, but for aero engines, there are differences in basic failure rates due to different
operating environments and uses. Studies have shown that ignoring differences between samples can lead to
serious bias in the estimates. To this end, this study will introduce the concept of frailty that is used to express
the non-independence between samples, and establish a more general vulnerability proportional hazard model
for aircraft engines, which will be used for the first time to predict the remaining useful life of aircraft engines.
The example shows that the average error of the prediction results based on the proportional hazard model
with frailty is 4.6% , while the average error of the prediction results based on the traditional proportional
hazard model is 6.9% , which verifies the effectiveness of the proportional hazard model with frailty in the
prediction of the remaining useful life of aero engine.

Key words: proportional hazard model; frailty; Newton-Raphson iterative method; aeroengine; remaining

useful life

Az R ENHLIE N AL LR e e — o R A 3R A% 75 i T90 00 BE 08 e AR XU 1) 22 2,
HZB) M. MR R SN T i RS ILAEE T R B E RO . RIR R
R T A B S A D BOR 2 — AR BN, A B B0 07 35 BEAS AT A3 R - T R o3 B A 5 i

E S TUE : B UL MR A58 Az G137 2k b (5256 %) FF 3k 4 (k520190724 % Bh i H .
%5 B #A : 2020-05-17; 1& 1T H 8§ : 2020-06-18
BIEES 455, W W%, E-mail: caijing@nuaa.edu.cn,

SRR REKIR, 2555 25 O 5 1k i 25 & S ILR A% 2 A B0 [ ). R B0 28 A0 K K 27 27 4T, 2020, 52(4) : 580-587.

WU Xianbiao, CAI Jing. Remaining useful life prediction of aeroengine considering frailty[J]. Journal of Nanjing Universi-
ty of Aeronautics & Astronautics, 2020, 52(4) :580-587.



5 4 3] TR , 55 « 75 JBE 55 8 A o 2= 2z 3l WL AR A A7 iy $50 0 581
AL T AL FL 7 N WS R S HLAE D LU 9] £ 16 462 70 R AR 2% T 22 A B A R R
MR IR A G ARMER L ER A W B RY , ZRE R SIHLRI A 75 15 i, (5L BG4 e o A8 A1 s 4> 1k

G5 5 T B 3 M 0 O i R AT i S R B LI A7 i
T, AR AR A S R B HLIR AR B AR AE 2 Y
B ln) B, K R Ab AT 0 HE SR BE AR B (Exhaust gas
temperature margin, EGTM ) #F 17 4 77 i H
XI5 A5 L T s & S LAY sl 1k e AR Ak B i
TR AL RL 2R FH EM B 145 3 S 400 S 5 o A
Zhao %5 5 X5 it 25 & Bl WL R RO B R AR AR 2D 1 A
B0, e — Fh B ml G A s T DL S RO
T4 5 A W TN, BE B HLES 5 T BRI R R,
P2 0 24 585 5 10 T iy as 1 9 4k 5 i o

2 A X A R S LA TR A TR A R AT T
R TR 8 T, AE A7 A — S A BB o e SOk
(L] Sk [2]55 51 R FH EGTM 5% A & By B HE AR
B fii 22 (Delta exhaust gas temperature, DEGT){E
9 RRAE S B AT B0 8 TR S BN, A ST
I 2 W s ALV e o B Y H A E B2 8, 5 ) T
TR o S PR AR v R S B AT R A
O Ay — A= LB EGTM A DEGT 4b
HoAb Z B 418 10 AR D sk, R, o 1 JF
3T 2 S 800 kL A7 a B, SCER [5]58 i
C-MAPSS {5 HAF 2 GLHE KU Al R TR 4
BLIEATE B 5F 21 A RS S B TR R F A i
D 5 SCHR (31368 3= 445 AH [ S AR BLAY Dy st ) £ 4 ik
A 1 J7 RGN B s 5 25 B R/ AR SR )
AL /INREAS T J7 T EL A AR 4F i 4 ) R R L SCEk
(63 FH $5c /Iy = 3¢ 34 1) o AL 530 vk vy 900 A5 Y
{HAF7E 35 % oR B0 S BOME DL s R B 2 55030 7 (1)
R BB UK BE A DB AN 58 43 1 TR) R B0
LN TT R 58 A B AL L S ) A A 45 R M RE IR 2L AR
R N VAL R R N e e e Ll A
S PR AE O

g Tl P O SR S i U Y 22 2 R
R, L A9 e B A5 U AR Oy — b R 23 At 24> 1 E S B
PR B SRR A O RAAY , H B A AR EOR AR T
A A7 o3 A R AL AE O A 1972 4R 48t LIORE 15
BNz AT I AR 22 51 A B AE R B Bl
F1%) ) 4% 77 i U o SCR (8 T Ao ST K R0 R A
K3 B Z2 A W2 10 & S LT RE B9 52 e, I % i =S
R ENHLA TR 4 77 am AT O . SCHR (94 SCHR 817
Femh b, 35 F Just In Time B CHLAPU (4 1+
AT TAAL o 20 PR A5 5L T L A0 A B B AL A Ay T
Z A S RO A R S PLYE R 1Y S Y, 0 AR 4R
LS g FE TARE B S5 6, T 9] 1o 16 A5
R VR L P (oI D X 3 ]
WAE,

Z[A)AH EL ST, BE AR B9 B AR 2R AR AR TR] o S B
b BRI AE AR AR S B HE N R — B YA
[l == A S AL FATLR s AT BB A A [, A AR
SRR IRANTA] o AR 1 [F] — L5 (9 A [R] A
23 R S AL ORI BEAT RIS R [R5 A S HL A
i 2 1) — R A AR G o SCHR[12] 8% 176 1 Rl
SR A M 59 P A SRR FE PR O S B . 3
HR (13 R A~ A =2 1) #1936 Ao =l ok Sz 4 g B R A [] 34
SRR PR3 AR B A AR EL AR AR B B BILARON
FL b, 2 W 2 8] A AR S A5 B B0 R AR PR
B Qi e R B0 AR Ok IR N A T iR
Xt e 55 PR HEAT O 9T (R 22 B v fE BR 2 U . MR A
ARG 553 P PR 9 S 56 40 A DA A S g3 A B R 3R
.3z ] Gibbs ik ) B ZR B I B 5 0 R 9% 7 IR
L7 J L 2 R E) EM I AR08 3 35 AN w2
AR, FIE AR I EM BE R AL T 5 1 1
& B B AL S 8 H  EM G312 I ROR % 5
25 SE ) UG AR Y R, 2 5 B A R R AR B
F WY, FUA 25 e 55 1 23 A RO B O 1 SR A
LG, OF BB Sy LR A R D5 22 94— IE
M S8 43 A A0 AT LA iy e 58 64 20 A ek B H
(LY (RN S R R I e o = S T R o
95 39T 20 AT RN BOIE R A A o AR AR R IE R
e P AR] b 23 A1 BREOGS JE 55 M PR 5 AR BE 8 AR B
b 2 TR AR 2 T) B AR DGR Sk [21 1A SRk [22]
PP T ME 58 P DR e DA B A 1 0, BB T A
A R hl A A5 2 A T Y DR AT e A 23
s THEZAE .

S SCA Al B 3555 P TR I DA 5 2 A1 4 6 il
b 3 R AT AR A S B e 0 R o S
P L 9] & B A8 0, SR 5 32 A 4 SR 2R 3k Ak
it . oo, B e ss v Lo il fa 5 2 5m
Ut s A Sl BIL Y 3R A4 75 i I, K IR 53 P L 491 s I A
T2 ¢ L 491 16 I8 A 250 30 % 743 i 00 #) 45 SR 247
LA, L3R I3 T e 58 M L 091 116 86 A6 28 O J 75 iy 931
0 I

1 FEsstEte Bl g e s i

HR A A 2 Ak — e 5 e P AR IR 3 AR R AR
AAER o MLz K S LAE D LR A S 2% R 40, HoAk g
AR AL RS Z RN R ARG . Bl e e A 2 i T
RERS o0 M 2 A R AR PE PR R IR AL i R R i T 32
18 T E A A7 i 60 00, — SRR A L 1 £ RS 1 Y



582 [T AR || A N N B %52 %
M| Z(1))=2A(2)exp(yZ(2))=Ao(1)" L) exp( c;)
exp(y1 Z, ()T y. Zo(t)F o+ ypZp(2)) (1) [ u)= N n (4)
b ZFOR VAR  y FB AR R R A, (1) B 3 F(g)'<0>”

AR BRBE SR < A e 20 R KR R
i, 45 B A B A Ar(Ar>0) , S Ar#aIE T O
BF L FE XL (2, A+ ) H BRI A ME R . R 80 bR
BA()RTLAR R Ry

P(T<<t+ At <<T)
At " R(2)

e MR R PR B R () R n] SR

A(1)= (2)

A f()
B 51 1 o 45 7 BE A SR 5% 2 A Tl R 4 A
LS RSB ERAAL, B T RAUR LA
i — IR DA A 2R 3 A, DR Ik 4 2 B0 A R L A
R AL ] L 2
AMAZ(1))= 2 (1) exp(yZ(1))=
B

B—1
ﬁ(;) cexp(yZ(1))

3)

F T A ABLAR o 5 A7 7 A 5 20 R AL M
T M 555 M D BRI S 43 A, T LA 25 22 A e 59
DAL 8 A i R R 2 5 e (LA S e R L5
277) o WIEEN 1,05 220 0 BN 5 43 A HE R 1 bR

W 55 P L 1 16 o B OED T 14 557
A([zj‘Z(Za’j’)):/IO(ij)'exp(yZ(Z/j))' U —

f(;) cexp(7Z(t))u (5)
N S I e

AN IS R B S RO R A . X B A
A S BB R R — 2, 4 e 5 [R5 A4 A [ A 2

S SlAIL R BOROHE BEAT IR R RO 2 A A T R G
P, D55 AR RSP Bl — W 55 1k T e, ()
— A~ S Bl HIL Y R I 55 1 DR A T AT ke s 1
TN IS T

2 ST

AR SR PE MR KA SR eR BN T 7 % % e 55 M L
BR[0T AR D R M 555 0 R R A T A T O TR
UMLK R IR 2, 1 50 T B E I 55 M EL B i
LAY ) P 5 B R AR . T B pR R R R

R(z‘,-j):exp(— J:Jﬁ(s)ds) =

exp(ﬁfﬁ(;) ds-exp (72, (1,))-u )(6)

PRt AR AR X C6) R A5 508 7 ) A3 R AR R 8

ﬁnw—(mﬂf dumﬁwmmﬂwm)
oY (7)
ZEJO (258,07 )" R(25 By, ) f () du
Lo, O 1,0, =0FmBE, 0, = 1R KRR BIEXHEM RALR RBCHN
Ro WA KA SR pRBSUBURT B8, 15 31— M L 151) 1 oy A
InL(u,B,n,7)= 1n(1‘[1‘[j Su)du At B,y ) Rt B0y, u))
EZ (J fa;ﬂﬂi,%uz-)‘”-R(lu;ﬁ,n,%ud-f(uf)du) (8)
TR (8RB E 5 f )
[T 8.0,y w)”
Z=1/0+ EH )-exp (yz,( 1JE A st ;ln | TN (1/0) (9)
H(=(1,/nY [ exp () d 2
(8) 153 20 g A 53 A 19 2 80 AR A A D e B M S5 AT
INL(u.B.n.y.0)= JEEEs



5 4 3]

FEMR I , 55« 7% BB 55 1 1 0 2 K Sl WL TR 4% 75 i T 583

0

Wi, ) Al — RN

T2 8.9y u)”

oo ,
j (zu)" ! cexp (—zu;)d(zu;) =

InL(u,8,7,7,0)= S| ——
nlL(u,B,n,7.0) ;n 279V (1/0)

Eln (I'(d;+1/0) H (28,77 )"

o o, FoR 55 248 K B AL T R ORI AR

faf A 1 2 (1) AS 4 45 Mg 585 1k X 7 e, , A 3
W SHAEEE B, .y, 0. BB 4 G0-hr R AR &AL
F18 Wi S5 B R, 3 R A - T R 3 AR AT SR i
XF 2 (11) 3K £ 4> 2 80 — B fi 5 5, 75 3100 7T L
(Jacobian) #i [4 K

d(InL(B,y,y,0 A(InL(B,n,y,0
fuh[“(%” »“M(%M’ﬂ

(12)
X (1) & A2 0K — O v 5 50, 15 2006 2
(Hessian )% f4
F(x)=

[7(InL(B,7,7,0)) @ (nL(B,7.7,0))]
o’ 00

(13)

@*(nL(B.7.7.0)) & (InL(B.7.7.0))
dpa0 a0

K e =[B.y.y.0 ] BEE I B 5L

ﬁﬁﬂi%ﬂﬁn23&@10:[,80,770770760] ,'f’h/\it
(14) 7t
x(/z\l):x(/l)_<F l(l'n))f(l"(n)) n=0,1,2,3,--

(14)
Y, 19z, B ZEERN EAE R[S

HoAhi A

r1/6+d, (10)

J:m(zui)w Yexp (—zu)d(zu;) | =

Eln((1/6+ E( ) exp (yz,; (£,))"" “0°'T(1/0)| (11)

3 EGIaH

TR AR SCHR A G 55 M L B S B A A
(A 0PE | 1B R 5L RS % sh AL B e i o, IR
1. ERES B A : DEGT .GWEM (X 9 1 #E &
fis 22 ) . GPCN25 (& JE % 7 %% i i 22 ) . ZVBIF
(A JE 5% 7 4 2h 8 I 22 ) L ZVB2R (& JE 5% 7 Ik 3l
B 22 ) . EGTHDM (HE IR EH ) o B 1%m
(4 2 & B ML A5 A 2 506 s ) A8 b A il 2%, LR 8
W2, WEILTATLLAE 1, RS A S SR
] 22 6] V5 A AR 5 1 R O &R LR 45 A S HGE
B I RS AT L, R T R E RSN G
HE

— M, T UL 25 & & S HLECE 2 AT
FER DGR . R 3G T AHOC R B, A
% % Re[03,05), £ »~ it M X
R&[0.5,0.8), £m 1 JE MK ; R€[0.8,1), £R
EEME., £3%,1495 5664 5,270 5 5 608
555 R S LB 22 ) A7 AE e AR OGP L U T R
il 1< | 2 vl G

BT AR R AR AR BB E A S B
fli T E WL 4. K 2(a) FTE 2(b) 4390 2 L 1 fe
Wy 5 7R R Jfe 55 P L 61 A I AE R S O T i i 8K
Pl B A B 22 78 SR VR B AT OB, N A bR R 5 4 IR
5 IR RMREZE ., HiR2E /T 0.000 1

®1 EFHHFHRIZR

Table 1 Aero engine replacement record

SN LOW/h ¢ DEGT/C GWEFM/% GPCN25/% ZVBIF/% ZVB2R/% EGTHDM/C
149 4 055 0 11.43 3.104 1.4977 0.798 5 0.240 16.51

149 7095 1 9.122 3.371 1.783 2 0.313 8 0.457 9.277

271 3282 0 22.68 7.579 2.123 4 0.644 9 0.991 —10.37
664 2751 0 7.767 7.798 2.117 5 0.8619 0.457 18.26

664 5264 1 10.00 5.780 1.537 8 0.106 7 0.552 3.731

e — U dE 25 6 LS 45 28, SN £R G5, LOW R PR il Ja] .
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Table 2 Trends of changes in the status of an engine
TSI DEGT /C GWFM /% GPCN25 /% ZVBIF /% ZVB2R /% EGTHDM /C
161 —4.537 5.38 1.704 0 0.200 0 1.000 0 21.639 6
191 —3.541 5.372 1.898 7 0.208 0 1.016 4 16.099 3
2 000 1.704 6.778 2.549 9 0.600 0 1.000 0 13.836 5
2104 8.578 5.347 1.873 5 0.2114 1.0337 3.896 7
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Table 3 Correlation coefficient between data Table 4 Parameter estimation results
SN 149 270 243 608 663 664 2 Jifs 55 14 PH A58 545 PH i1
149 1 0.48 0.42 0.35 0.37  0.92 B 1.999 8 2.127 9
270  0.48 1 0.49 0.91 —0.47 0.22 Ui 2940.23 2403.6
243 0.42  0.49 1 0.22 —0.04 0.3 71 —0.0529 —0.004 9
: : : : : : : 'z 0.3511 —0.1389
608 0.35 0.91 0.25 1 —0.66 0.10 73 —3.334 3 0.099 6
663 0.37 —047 —0.04 —0.66 1 0.62 Y —0.644 4 —0.0325
664 0.92 0.22 0.3 0.10 0.62 1 Ys —3.656 —3.655
Ve 0.018 2 —0.0187
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Table 5 Fitting results of various engine parameters
Fond
P —WHE R BN/ S5
DEGT P,=—0.013 P,=—9.35¢—07 P,=—0.0059 P,=2.886e—10 P,=——3.97¢—06
’ =9.883 =1.116 =0.014 33 P,=—3.639
P,=0.000 1 P,=5.154e—08 P,=0.000 3 P,=3.3e—11 P,——2.85e—07
GWFM
P,=5.403 P,=—5.887 P,=0.000 7 P,=5.359
) P,=0.001 P,=1.796e—08 P,——6.171e—05 P,=5.603e—12 P,=——4.095¢—08
GPCN25
P,=—1.837 P,=2.005 P,=0.0001 P,=1.913
JVBIE P,=0.001 P,=6.019¢—09 P,=—0.000 101 3 P1:8.478€*12 P,——8.313e—08
e =0.088 =0.1451 =0.000 35 P,=0.005 5
P= P,——1.713e—08 P,=—0.000 13 P,——6.20de—12 P,—4.811e—08
ZVB2R
P,—1.026 2 P,=0.8655 P;=—5.489¢—05 P,=0.967 8
P,=0.0017 P,=1.193e—06 P,=——0.007 425 P,=—3.004e—10 P,—=4.351e—06
EGTHDM
=2.569 8 P.=13.75 P,—=—0.016 2 P,=18.7
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Table 6 Coefficients of determination for fitting methods

E)

ay  CUEE CwEG Skme mEms
DEGT 0.164 8 0.337 2 0.3917 0.3719
GWFM 0.080 7 0.112'1 0.137 7 0.139 7
GPCN25  0.4233 0.468 9 0.478 2 0.479 2
ZVBIF 0.554 4 0.556 2 0.563 7 0.602 9
ZVB2R 0.01124  0.1985 0.250 5 0.264 3
EGTHDM 0.190 2 0.3629 0.386 1 0.386 1
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Table 7 RUL prediction of the proportional hazard
model with frailty

Ay RUL/ PR RUL/

T a5 W2/ %
h h
2104 5597 589 6 5.07
3998 3773 400 2 5.7
5081 300 4 2919 —2.9
6114 1797 188 6 4.7

*8 [LBIEKEE RUL BN
Table 8 RUL prediction of proportional hazard model

M A9 RUL/ SZBR1 RUL/

T A WA/
h h
2104 5581 589 6 5.3
3998 3772 400 2 5.7
5081 260 8 2919 10.7
6114 199 6 188 6 —5.8

Pl 4 oy i) 4 BT HEASE T R A B0 R AR
20,3035 Fl1 45 25 I 14 4% G5 L A7) S 66 455 70 00 Jfg 55 14
B fE B B AL sk il 2k . Hop 2o i R RoR A
2 G 55 P 1 % 8 L A5 I A5 TR 1Y) 2R 808 R B, 2
1 1 28 2 7% s 55 M L B3 1 56 7R 17 2 ek e i 2%

M AT LU - 000 R AR A B A 375 3
F10 W 553 A L 8 o 660 A 8 0 o3 T gy, 30 P O i
B AR 22 8] B SR A7 AR AR DG A B0 H R A /b WA
USTIRTRE/ Al LNSE P S € N RN
Width 2, Al 145 80 00 14 G5 He ) fis 16 A5 80 2 3R I B
o I 55 1 B R A R G kR L R, R TR
551, B B s 6 4S80 A7 A 2 8 RCR AN T =i A TR)
R, 35 SCHR (14000 BF 58 2518 — B

x K ¥ ¥ 5 52 %

Yo RELABEREEAAERE

ST e 5 e 1 o B AR 2 3 R 2/
4.0r skl )/
. 35t ¥/
23.0 355K
25t TSy
2.0t g
Kyst : ‘?\\

1.0} v\ 304445
051 | 20540

0'00 2 000 6 000 8 000

4000
t/h
B4 KRR

Fig.4 Failure rate comparison

4 & &

BEXTIL 25 e SRR AR 22 ) A A 1 Al ik <7 4 1)
R, SR FH M 5553 P 3 s R A 22 i) 9 AR DG, ST T
T A A BN B4 0 25 K S BIL I 558 P L 491 i e A
8 3ot A1 e 555 A D AU 2R Dy 1 i A, 4
T TRRAIIR SR, 4 I T T AR R R AR kAL
LSBT IT ik

i 3 S B 58 5 56 E 1M 58 P L ] £ B A R Y
AR B T A S S LR AR A A T Y o
P 5 3d 3 R BCR I 2 L, SR T 458 B9 IE B
A FE R AU R 10 28 R Sl AL /MR AR (] R
7 A2 i 175 T 2 S 500 ) A 75 i T B4 o A 1

SE Wk

[1] s, XUE®R, s T - BER R e k3

MLEI A AFammmLl]. RE T RSB THA, 2018, 40
(12): 121-127.
HUANG Liang, LIU Jungiang, GONG Yingjie. Resid-
ual life prediction of aeroengines based on the consis-
tency test[J]. Journal of Systems Engineering and
Electronics, 2018, 40(12): 121-127.

(2] xUHsk, S, Z2uta, % BT RENL Wiener if 72

PRI 25 e S LT 4 A i O [T ). s =4l , 2015, 36
(2): 564-574.
LIU Junqiang, XIE Jiwei, ZUO Hongfu, et al. Resid-
ual lifetime prediction for aeroengines based on Wiener
process with random effects[J]. Chinese Journal of
Aeronautics, 2015, 36(2): 564-574.

[3] ZHAO Shenkun. Remaining useful life estimation of
mechanical systems based on the data-driven method
and Bayesian theory[J]. Journal of Mechanical Engi-
neering, 2018, 54(12): 115.

[4] YOU G, PARK S, OH D. Real-time state-of-health
estimation for electric vehicle batteries: A data-driven
approach[J]. Applied Energy, 2016, 176: 92-103.

[5] gty , TAEME LG, 4 3T 2 RUZ A5 A K
BT I 1 2 I 2% 1 A =S Bl FL R 4 2 i 0 [T ]



5 4 3]

NN

BB NE IS M n A R S L A

SR 587

[6]

[7]

[8]

[9]

[11]

3E38 32 4 AR ,2019,19(5) : 106-115.

CHE Changchang, WANG Huawei, NI Xiaomei, et
al. Residual life prediction of aeroengine based on
multi-scale permutation entropy and LSTM neural net-
work [J]. Journal of Traffic and Transportation Engi-
neering, 2019,19(5): 106-115.

SUNGR AL AL, AUbAR , 45 HE T LS-SVM B A
P RE TSP 0 2 kS ILLE B A TR O s (D). 32
iz i TR, 2015, 15(3): 96-104.

MA Xiaojun, REN Shuhong, ZUO Hongfu, et al.
Prediction method of aero-engine life on wing based on
LLS-SVM algorithm and performance reliability[J].
Journal of Traffic and Transportation Engineering,
2015, 15(3): 96-104.

REAE, A dtam, WU, 45 . R 5% 4 14 B
H[J]. M R A= ﬂ;uldc% 2 4%, 2009, 41(2) .
253-256.

NI Xiancun, ZUO Hongfu, CHEN Fengteng, et al.
Civil aircraft rotable spare part forecasting[J]. Journal
of Nanjing University of Aeronautics &. Astronautics,
2009, 41(2): 253-256.

. R R 2l ML B A S b 1Y) i TR 5 4R A e
FOTERTFED ). A B RO ZS AT K K2, 2008.
RONG Xiang. Research on life prediction and mainte-
nance decision method in civil aviation engine health
management[ D ].

Nanjing: Nanjing University of

Aeronautics and Astronautics, 2008.

#F . APU RGRARS W 5 B 0K 5E (D). ¥
A MR AR K2, 2018.

DONG Ping. Research on condition monitoring and
maintenance decision of APU system[D]. Nanjing:
Nanjing University of Aeronautics and Astronautics,
2018.

ek, BRIEEAE HCRH . BT RE A IXURS A Y A i A
SN AEAE PSR [T ). W25 B 1% 4# . 2006, 21(4)
716-721.

ZUO Hongfu, ZHANG Haijun, RONG Xiang. Con-
dition based aero-engine maintenance decision method
using proportional hazards model[J].Journal of Aero-
space Power, 2006, 21(4): 716-721.

SR, ARG, PNIE UK . T HG A KU A2 11 25 5 L
Y AT ST AL U E & 4, 2017
(12): 65-72.

GUO Jian, XU Zongchang, SUN Hanbing. Opportu-
nistic maintenance threshold optimization of equipment
based on proportional hazard model[J]. Computer In-
tegrated Manufacturing Systems, 2017(12): 65-72.
KHAN S A, KHOSA S K. Generalized log-logistic
proportional hazard model with applications in survival
analysis[ J]. Journal of Statistical Distributions and Ap-
plications, 2015, 3(1): 16

[13]

[14]

[15]

[16]

[18]

[19]

[21]

VAUPEL J W, STALLARD M E. The impact of
heterogeneity in individual frailty on the dynamics of
mortality[J]. Demography, 1979, 16(3): 439-454.
SAHU S K, DEY D K. A comparison of frailty and
other models for bivariate survival data[J].
Data Analysis, 2000, 6(3): 207-228.
FETT IR LRI 2R M 55 1 ) A I A R ) 45 %
USRS AR AT LT]. v il K22 2 4R CH SRR 22 i)
2014,53(5): 39-46.

WANG Ningning, XU Shuyi. The estimation and ap-
plication for cox model with Weibull frailty via hierar-
chical-likelihood [J].
Universitatis Sunyatseni, 2014, 53(5): 39-46.

A, R, R T MCMC R 2SRl
Weibull [T )5 45 5 ke T 5 0 I [T]. 28 48 05 2%
#f2, 2006, 18(5): 1161-1163.

LIN Jing, HANG Yuqi, ZHU Huiming,
Weibull regression model based on MCMC and its ap-

Lifetime

Acta Scientiarum Naturalium

et al.

plication in reliability [J]. Journal of System Simula-
tion, 2006, 18(5): 1161-1163.

FAL L . UM 2 B T e s i 5 e L o S MO R
fEIFID] AR EREHOR K, 2017.

WANG Siru. Semiparametric estimation for shared-
frailty models with doubly-censored data[D]. Hefei:
University of Science and Technology of China,2017.
B EAE . FIH EM Bk At B b g 281 s
FRHE, 2016, 29(8): 68-69.

HAO Yumei. Parameters for the lifetime estimating
model by EM algorithm[J]. Electronic Science and
Technology, 2016, 29(8): 68-69.

GUO G, GERMAN R. Estimating a multivariate pro-
portional hazards model for clustered data using the
EM algorithm, with an application to child survival in
guatemala[J]. Journal of the American Statistical As-
sociation, 1992, 87(420): 969-976.

RE, My, 8, % Cox LI Frailty £ & {7
R EE BT P E TR S, 2014 (3) -
161-163.

ZHU Yu, MEI Yang, LI Jie, et al. Introduction and
software implementation of Cox proportional risk
framework model[ J]. Chinese Journal of Health Statis-
tics, 2014(3): 161-163.

KEIDING N, ANDERSEN P K, KLEIN J P. The
role of frailty models and accelerated failure time mod-
els in describing heterogeneity due to omitted covari-
ates [J]. Statistics in Medicine, 1997, 16 (2) :
215-224.

ELBERS C, RIDDER G. True and spurious dura-
tion dependence :
al hazard model [M |.
ers, 1982.

The identifiability of the proportion-

[S.1.] : Interscience Publish-

(¥ RER)



