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Multi-component system state space partition model based on Markov
process

ZHANG Xiao-hong"?!, ZHANG Xin"2, SHI Guan-nan', GAN Jie':

(1. Division of Industrial and System Engineering, Taiyuan University of Science & Technology, Taiyuan 030024,
China; 2. Research Centre for Innovation and Development of Equipment Manufacturing Industry, Key Research Bases

for Humanities and Social Sciences in Shanxi, Taiyuan 030024, China)

Abstract: With the complexity of industrial systems and the increasing degree of intelligence, the normal operation
of the system is seriously restried by the reliability and safety of the system. Long-term work operation will increase
the risk of system failure and reduce its safety and stability. In order to reduce the impact of system failure on product
quality and production cost, the optimal maintenance decision problem of the system has gradually become a research
hot topic. Analyzing the degraded state of the system facilitates can help make correct maintenance decisions for the
system, extending system uptime and reducing the economic losses. For system consisting of multiple components that
are identical and degraded independently, a multi-state joint degradation space partition model for multi-component
systems under discrete state modeling is established. According to the division of the joint degradation state space, the
combination of all maintenance requirements and their probability calculation formula are given, a stationary probability
model of the system state is established using Markov process theory. The correctness and effectiveness of the model are
verified by numerical experiments.

Keywords: multi-units systems; discrete state modeling; deterioration state space partitioning method; Markov process;
stationary probability
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APp,—1(t) = APy, () — ppPr, () = 0,

:p>p+1a"'7f_17

_MfPIi(t):Ov z; = f.

AP, —1(t)
(16)

3.5 HRZHHRENTFRBERTE
XF T2 B R G AR — B, 2T AN 1S 2

p—1 p—1 _
AP () o S PP (t){1 - [ P (t)}M '
TR =0 xp=1
M—-2 o—1 p—1
SR -1 )
=1 x 1 Tp=0
) k= k
pp p PL () +ppPr(t) =0, 2 =1
Tp=p

P, (t) = Pp,—1(t), ;. = 2,3,...,0— 1;

AP, _1(t) — uoni(t){l - [2 Pt (t)]M’l_

(-3 [13 P w[or-1-0Y Pro]]}-

=1 zp=1 =0
AP, (t)=0, zi;=0,0+1,...,p—1;

AP, 1(t) = APy, (t) = pp Pr; () = 0,

—psPe(t) =0, zi = f.

T, =p,p+1,...

)‘P’M -1 (t)
(17
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4 HBEFRASHERITHE
BRAE SRS T FU, 23 ¢ A~ SR I A], R4
A LA A e 2 W I SR, o A A e 22 T 4
&, n MR ENSYEE, 0 <m+ 1 +n < ML
SAHE T RAGRAEKME NP, o ().
4.1 BRHLEETKREEGHEITE
B R G, AR o B 2 Bs.
DH4l=0,m=0,0<n< 1, HBHIEFIZAT,

BRI A DR S TE AR DX 1 AT [X 38 2 A, bk X3 AR
HARIRN
p—1
Py (t) = P&y py0,(t) + Péypyo, (t) = Z Py, (t)
x;=1

(18)
2) M1 =0, m=1,n =0, #ikbT Tl 4E
BIX 33, BEIX Ik AR IR i R om A

f-1
t)=> Pu(t)

3) ¥l =1, m =0, n =0, #1FifEXIR4 40T
W I 2165, B DX 4 A B % FT 2
PA,(t) = P&, pyo, (8) = Pr(t).
42 EREESBGHIEERBAMEITE
W 2 G5 b, 45107 8 Kl 49 P 3 .
D% =0,m=0,0<n< 2, RELEBAE
FEA WSS BRI X IR (1, 1), — R
UM IR (1,2) Jo (2, 1), A SR LS e 5 1 X
(2, 2), FEAERE R TR A

Py (t) = P(%*(,PUO0 (t) + 2PC2‘0P001(t) + P(%*OPUOQ (t) =

[ifaﬁ)

P} (t) = (19)

Pég P10g (

(20)

p—1 9
[}jaﬁﬂ- 1)
)M =0,1<m<2,0<n< I HE-N
T TR E P 418 YR T R LA B AE R P 4R

A1 X 3k (3, 1) A1 T
BB R RN N

T 4E1E 3014 2 1 X 31, 3),

o—1 f—1
z;=1 T;=p

(22)

A WA BT R E P4 AR RS 6

5 B 1T G- A DX SRR A 2 B ML 2 42 X 3K
(3,2), BB 1 HIAL 2 G- AZ DA R F 2 ) TR 4 42 X

182, 3), PR R I T 4R A2 (4 DX 4R (3, 3) = 0, 4
MR AR

P%Q (t) = 2P£0P101 (t)+Pg'()PQOU (t) =

p—1 /-1 /-1 2
23 Pu®) Y. P+ [ Pu)]
T;=0 Ti=p T;=p
Y1 KI<2m=0n=0HRE—
{7 32 O A 0 DX R 0 P R A
1IX3 (4, 1), AR m 4R 51 2 X3 (1, 4) TR o,
UEENE AR TTRIR N

(23)

ZP

Wﬁ’[‘%ﬁ#%%ﬁﬁzlﬂa}ﬁéﬁfﬁﬁﬁiﬁ/ﬁ (4.4), 412
SIS
f%ﬁﬂrzf%ﬁM%@):f#@f- (25)
HM0<1<2,0<m<2-100<n< 1R,
~A+B1¢ﬁﬁ%é&ﬁ$):éﬁ1l&% ANER A 75 BT 4E 15
) DX 30, 4 A 1 B Js 4EAZ, S0 2 TR Bl 2 4
&, X3RN (3,4) (2, 4). H 4% 2 Wb Ja 442, 4 1 T
B BRHL = 4E0E, XI80h (4,3) I (4,2). M RN
N

(24)

Pg'l (t) = 2P§'1P000 - 2Pf

2P3'1P100 (t) + 2P51P001 (t) =

E:P E:P

4.3 *Eﬂ?)%llﬁ:iﬁﬂ; Z‘Zéﬂé’fﬁ%$1+ﬁ

FH 1] 4 Fir s 1 3304 R G 1) 25 A R 223 TR il oy
SEIR AT DUHE G RS RS TR A A MR, B85
L

DHXI=0,m=0,0<
X3 2H A MR N

P, (t) = Py, (t) + P, (t) + Py, (t) + Pp, (1),
Py, (t) =
P, (t) =
Pgopool (t)PCl‘OPOOO (t) + P%OPOOO (t)Péopool (1),
Pg,(t) =

PE,py0, () PE py0, (t) + P&y py0, (1) Py pyo, (1),

Pg,(t) = P2, py0, () P,y pyo, (1)-
)% =0,1<m<30<n
A R TR 4B SN

Pc%lpl (t) =

2P (1) )+ 2P (1) (26)

n < 3N, RYGIEF 24T

Pg‘opooO (t)P(ljoPoOo (1),

27
<28 fER—A
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Pl?;l (t) = P1231 (t)Pé(]PUOO (t) + Pgop(]Oo (t)PllDl (t)'
(28)

TR AR T B 4 (K 4 & 2 A
Py, (t) = P, () P&, py0, () + P, (t) P2, py0, (t)+
P¢,p,0,(t)Pp, (t) + P, (t)Pp, (t).  (29)
3N E T 4R A MR
Pp(t) = P2, (t) P&, pyo, (t) + Pp, () P2, 0, () +
PE, () Pp, (1). (30)
3)H1 <1 <3, m=0, n=0F fEE— AT
L S 4B I SN
P2, (t) = P&, (1) P&, pyo, () + P&y pyoy (1) P, (1)
(31)
TP AN 0 T R 5 A B T AL S
P, (t) = P2, (t)Po, py0,(t) + P2, () PE, (1) (32)
3B T M R B A A RN
P, (t) = P2, (t)PS, (1) (33)
HM0<1<3,0<m<3-,0<n< 1A, —
AN T B S YRS, 5 — AN R B 4EAE 1
Pglpl (t) =
P p (1) Péy py0, (1) + PZ, (t)Péopool (t)+
PE,(t)Pp, (t) + P&, p,0, (1) Pe, (t) + P, (1) P2, (1)
(34)
— AN T AR S A1, 5 PSSR T
P2, p,(t) = P2, p, ()P, py0, (t) + P&, p, (t) Pp, (t)+
P2, ()P, (t) + P2, p,0,(t) P, (). (35)
T AN A2 e AR 5 1, 5y — AR R T
P2, p, (t) = P2, (t) P2, p,0, (t) + P2, (t)Pp, (t)+
P, p, ()P, (2). (36)
44 EZMHRGHBEREEFRITERBRN
Z AT RGBT R H CL P, O, KIHEZ

P o (t)ERTHERIE ST
DHI=0,m=0,0<n< MW, FH

Py (t) =

P+ Py () +-+ P

Unm—1

(t) + PJ, (6);

Pt (t) = P50, () Ph pyoy (1)
P(% (t) = ngz_oolon (t)Pé‘OPUOO (t)+
Pgﬁ;olonil(t)Péopool (t), 0 <n < M;

Por (1) = P plon ()P pyo, (1) (37)
DH=0,1<m<M0<n<M-18,5F
PRl () = Incmarn Phr (1) Péy pyo, (8)+
Tacmenn)(PE () PE, pyo, (E)+
(38)
BIKISM, m=0,n=00,H
PEL(t) = Luean PE T (#) Py pyo, (1) +
PN PE () + Ta=n) PE plo, (P, (1).
(39)
HH0<I<MO<m<M—-1,0<n <1,
H
ngm (t) =
I(l+m<M)Pc]§l4P?,,ll (t)Pcl*opooo (t)+

PSp! ()P po, () + PO (8)Pp (H)+

PA e (P, () + Tu=n) P plo, () PS, (1), (40)
La(x) AfemR AL, e XOH

1, z € A,
Ia(z) =

0, z ¢ A
5 HESEL
fE R, OB R RSB TR R KA,
F2 T R B Matlab T BR il R S AOIRAES 1A
R B il S A1 75 SR 2H S MR B A
51 FREEERBEMVERMESH
BT i b AR BORAS o PR P, (¢) B
BEEE VS|
Py (t) = [P, Py, .
L RN RE T SRS W TR M, ry
IR YEAE TSR A A MR Z AL LLREE RGN, 4
f=15p=10,0=6, A = 0.852, y, = 0.211, p,, =
0.232, py = 0.263, 15 2 ZARES KPR A
P,,(t) =[0.0797, 0.0797, 0.0797, 0.0797, 0.079 7,

0.0797, 0.0797, 0.0797, 0.0797, 0.0627,

P f =15 41)
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0.0493, 0.0387, 0.0304, 0.0239, 0.0775]".
(42)
FH U5 A R B R G IR S BT R R
2R N BB FERE SR Fr 14 1. 35 2
1,2 BUE A 1 1A
K5 UL E B RGO R S0 &, AT
RN EAT R G rh SRS BT Ra N
P,.(t) =[0.0889, 0.0889, 0.0889, 0.0889, 0.0889,
0.0838, 0.0789, 0.0744, 0.0701, 0.0551,
0.0433, 0.0340, 0.026 7, 0.0210, 0.0681]T
(43)
i TH 2 SR AT A0, SR AS A F AR R 2 AR 1,
BB THRAGWRZ AN, BT W RS0 &
WL2 B35 3, 30 T WL 4EA8 E, BT fS i &% 4E 12
W26 [X 3 A 8 0 AN ), 1B 45 SR R R0 A2 e, 7o 9 1Y
5. EETT DL, R G0 R R 1 S LU 2
IEHH.
52 BHMSH
R APV e L e i el WA R N
AR R, I, 452 N ok DA R G2 A 401, 5 #
ML TP 4EAEIRES BUE o, p 3T RGURAS PR
oA
HAh S HARFEAA, 53 Bl OB L2 | B 4E R
A BE, AT 153 204 [F HEAS RS B E S XS B 71, 7o
AR L, 4N 1 .

#1 ARYEEHRERII N, r TUHRL

BB E 1 o
o=3 1.0532 1.1093
o=5 1.0139 1.0297
o="T 0.9897 0.9795
o=9 0.9868 0.9737
p=7 0.9828 0.966 0
p=9 0.9908 0.9817
p=11 1.008 6 1.0172
p=13 1.0213 1.043 1

S4B REo = 3,5, 7,9 FEAT IR
2 SECE MR/, 2 T 4 BE 5 BN
p="17,9, 11, 13 B, X5 B 4EA& B E 1) B R R 2
FOP R ME R (AR 1k, 2500 3B Wi 48 R, IR L2 4
16 DX 3B K, TRUB 4EAE (1 X el /)N, AEAS IR 2 A8 /)N,
TR, ry, ro 2R/ T 11T p 22 K, TG 451 (X

BAR R, B IR AR K R ZE R 28 ey, ro PR
T L ARy, ro BEARHIMERAE DR FFAE 1 RN LA

HoAh S BORFEAAL, 7390 S8 H A I FL 2= Tl
K7 A& T (8] 53 790 iR A BRI F8 B AT T S 8 o,y T
S5 S T 1) IR AN BRI HR 000 AT I S8 g, A AERAS
x; W B I [A] IR IR E0 2 A I S O 3 2 R 4t
i RS (IR ME 2R 2 F oy ] & 405 75 SR AL S M
Z iy i0FR 2 Fios.

x2 TESHUSENEEr, ro BHIFR

ZH 1 T2
A = 0.902 1.0144 1.0290
A = 0.882 1.008 8 1.0176
A = 0.862 1.0030 1.0059
A = 0.842 0.9970 0.9940
o = 0.281 1.0097 1.0196
o = 0.261 1.007 1 1.0143
o = 0.241 1.004 4 1.008 8
o = 0.221 1.0015 1.0030
pp = 0.302 0.9951 0.9902
pp = 0.282 0.996 5 0.9929
pp = 0.262 0.9979 0.9957
pp = 0.242 0.9993 0.998 6
py =0.293 0.9993 0.9986
py =0.273 0.9998 0.9995
py = 0.253 1.0003 1.0005
py =0.233 1.0008 1.0017

ST Sk TR, B IS RE AN 25 L 2 5078 1 2
£ SR GURA K PR A8 1, AT SR 4844 75
SRZLA O (VT S AR R Fy AR, LTI Ty 1
S0 5 58 1 4 16 e 50 00 1 A TE A A 8.

6 & »

A SRS 2 50 R BT T B AR A 23 1]
153 BORE AR AR v 95 4 [X 348 5 48 76 SR 4 AL g %
Rie 22, HES T R 2 300 R G0 A 75 SR 4L 4 1138
FAMEZ 5 A R, T O R B R B IR SRR T R %
B IRAS (0 PR N2, Rl S0 S B BaE T PR M
TR 5E SR FLAR I I TE R P A 280k

JE SRR IE T, KR AR I A 25 bR S 2 ) A
3BV F RN R 10 208 % F BB AR L S ok
Sy SR RN R T B3 S S R VR, T LU A i A 2
R PRV FUBRARE 7 395 5 TR B A, b, T 44k 0 9 3
TR UERS 5 45 1 PR AR I 25 S 1] L,
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IZﬁ;:féA ,upaZ:]-7.]:p7p+1aaf_1’
9] . .
u uf;Z:L]:f;
K, =K'=
n=| ”] 0, otherwise.
7Z.:17‘: ) +1a"'7 _]-7 . .
/l,p j pp f 14 A7Z:17j:2737""f;
0, otherwise. Ky = [Kij} =
0, otherwise.
i=1j=;
K = K12 = {" 7= Ni=1j=12...,f
0, otherwise. b=
0, otherwise.
) Ni=1,5=23,....f;
K3 =[KS] = 2)
0, otherwise. 1 i—923 o—1, =i
) ) ) Koy = [K?]l} — ) PR) ’ ) )
b— Ai=1,7=1 0, otherwise.
0, otherwise. ) o
1,:=23,...,0—1, j=1—1;
2) K22 — K22
0, otherwise.
1,:=23,...,p—1, j =14
Ky =[K]] =
0, otherwise. \ ) L
9 Z:070+ yees D=L, ] =10
1,i=2,3 p—1,7=1—1; K = K] = {
Ky = [Ki2j2] =< Y ’ ’ 0, otherwise.
0, otherwise.
Mo, i:0a0+17"'3p_]-7j:i;
3) K3y = °
A 1 Fo1, e 0, otherwise.
12 , 1=D,D s =L =1
K31:[K§jl}: ’ K3 = K33
0, otherwise.
Ky = [K3] = L i=o0,0+1,...,p=1, j=p,p+1,.... f;
0, otherwise.
N i=pptl,... f-1, j=i-1; ) O
0, otherwise. Ai=o0+1,...,p=1 =4
Kﬂzmﬁp:
4) 0, otherwise.
y V=7, =1
Ky =[K}}]= i J:d 4
0, otherwise. Ki = [Kz'j] =
- Ni=f j=i—1; ppt XA i=pp+1l....f-1 =4
Ky = [Kjj] = .
0, otherwise. 0, otherwise.
BiFB K = [K;7] =
D Ni=pptl .. f-1 j=i—1;

11
Ky = [Kij] =

Mo, izlaj:0a0+17"'ap71;

0, otherwise.

Li=1Lj=pp+1l....f;

Ky =[K7] =
0, otherwise.

— 131 _
Kis = K] =

0, otherwise.

5)

5 Mf,Z:f,]:'l,
K51:[Kij1]_

0, otherwise.

_ 52
K52 = (K]

0, otherwise.
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