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Joint Optimization of Inspection, Maintenance and Spare Parts Inventory
Based on POMDP Model
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Abstract: In the research direction of joint optimization of maintenance and spare parts inventory s
most of the existing research assumed that the system condition monitoring was perfect and ignored the de-
tection errors in practical applications. In order to solve the above problems, a single-component system
containing imperfect condition monitoring and fixed inspection and maintenance intervals was studied, and
the condition-based maintenance (CBM) and spare parts inventory management problems of the systems
were considered. POMDP were used to model the system and derive the system state transfer probabili-
ties. In order to deal with the complex belief state spaces and improve the algorithm solution efficiency, an
improved Perseus algorithm was used. In the numerical case section, the effectiveness of the algorithm was
verified, and then the optimal policy structure was analyzed to show that the belief states may represent the
state information relatively reasonably compared with the observations, and the effectiveness of the spare
parts inventory is also demonstrated by comparing the cases without spare parts inventory.
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AT UL Y By JR AT R e 5K i #2 (partially observable
Markov decision processes, POMDP )£ 7 Sk 4 i
AW ENRGORERME T @R AER, H
2 X T 5 A ARG U0 A ) 8, 5 [ 25
AN FE Y FR A RS VR GE Y A RS A S
) POMDP #RIHESL , Be b . %5 8 & 1 R A7 I &R
SRR R R BT R RO NP IS BN R TN
Aa |, A SCHEF POMDP 8RSk o itk 1

0 3l%

HEME 5 A PR IR AT RIS D0 AL IR) R H Al B2 A
fidt B B IR ) BIF T R R A R 9 R O A R
M 2 /A DAL i A7 i ke A 16 O 4 e 3R 8 A 15
BLAY RUBS: +AE 72 52 BRI v 02 R 215 S s D A7
TEDRZE . ML T B AR 5 & U1 PEAF B A LA Y
SEfl b2 RS W DR 25 B AT E . W

i Perseus 5 15 , #fF 58 A 56 36 W5 I R (9 901 4 &
Y %5 HH# . 2024 - 05 - 16

ES£TA: HEARB¥E4S (72071044) ; Y1544 BF 58 A4 B F
S ERAE R (KYCX24_0358)

(condition-based maintenance , CBM) 5 £& 4 £ 1%
Y B 1k ) R
- 1853 -



hE LM T AR 2 36 B 2 S 2025 4F 8 H

RS S W0 4848 0 R R A7 B A ik
I A 29T . LIAE SR B R ) Rk ot
& (Markov decision processes, MDP) X} #3544 &
AN AEAE 5 25 1 R A7 SR 0 36 5 00 Ak ) 80 36 A 7
AL Il T 5 w2k AR R AT R % . WANG
SERSR 2K T R T I P R A IR 5 T S A R B
GG 4R A8 5 25 PE A7 R s 6 A D Ak Tn) A,
ZHENG F5 4 46 W 18] B% P4 & 25 B 1) K-out-of -
N R G/ CBM 5 & {41714 0] 3 d2 4 S MDP, {H
SR X S I A I A 11 T S AR A PR S O o
(), WA 2 ROIRAS Wi 22 . IRASAF B e g ik
T A R b B 25 A2 B MRS A 52 L Qi A SRR I AR
S M 5 B R B 55 55 B AL IR o B s
FEARR2ZETY,

PR WM AE AR Z RO A EHA
DR 25 BARAS W 5 B K A Ak . R 20 AR A
PORINGE S it el LB S0 N o VRN R 4
FHIBATE B LR TR T POMDP #ig i s & 1]
FEPEVEAN . X RS A5 A X e R B T
U FR G0 0 W B AT A B N T AR LA
MRS BP i 28 W 45 T A5 AR, DL S as 4T A
LK IR 4E 1S . ROUX S 06—~ Bl AL IR £k i B
T 2R G AR POMDP B8, MORATO 2
i kK 2 2 DU 2% F POMDP A5 45 45 X
ML SRS A 3EAT IR AL A OF 5 5T s & X
() 2 B0 R s 247 %5 He . & B POMDP £ B %
AR T A . NGUYEN 25 fdi B v 7 e 75 il
RGN 2% L 4R T — Rl T POMDP #5541
5 2 1 1 2l 25 W A 5 L K AN [R] W 0 A Y 2
VEAE SRy P 5705 o, AH L A8 3R s AR T B 4 A 2K
Ho LR AR R 2 RS W S R K R A
B4 1) B A5 O POMDP #5 , H 5 [5] B 2% IR 25
W Al B R A A A S TR 2, A () B i B
BRI 2358 7 POMDP #5881 T {5 /& 45 8] 1Y 4 i
ARk

ARSI RGN S BT
AN 58 S IR S W R A R AR A B, SEBR R — ik
e B B R 2 R R B T R R e
PR R LN OR U E A o W 2 5
A& T8 109 P9 2R G5 50 I 455 AL A XU 7 G 8 ) 3
W 22 W I AR W D1 R 58 SRS AR BCR
HURH A0 ) AEAS 1 it . A G A6 T A 0 1 [) st T L g
FT 8 AR PEAE 0 AT 2 408 40 1 750K

AR SO FEESTERAT T  OFF 524 58 35 1IR3
W R By CBM 5 4 14 P A7 8 BRLEK & A0 AL 0]

- 1854 -

I 1% 1] B AR POMDP 24 ; @ % Fi QMDP
J7 B Perseus 5%, AR = oK A 22 24 5 & R
23 [A] F POMDP BRI B 808 s Q LRI T 55 0 &
45 R A5 L 98 E 2 AY Perseus B3% , 3141 CBM
A AF AR A DLl B b 220k

1 AR

LS TRV 2 B A IR A M AR AR R 22 L
AT TR AR R I 2 ] AR R R A
RS AR . RGBS R A AE
B 21 B LR E X R B 2 (). T Gamma i 72
X B 1R A A B AL 2ok R R Oy B R
JE A L o7 Ay R A R A B AR 4 0 3B AL
S OB R A A AR AR A 2 (2) IR AL Gamma
R, HPERE 2 (0)=0, KB E N F, B4
x(t)=F Wi R 3, 8 Gamma o 2 B A Ml
N7 3 PR BT AR A R A T LR R

x(t+ At)—x(t)~G(alt, ) (1)
K a WIBRSEGL I RIES G G() R Gamma i #21)
SR R bR A

F G0 IR A W AE A8 AR A AT L R L

T 7R SR R A8 SR W a5 2 TR O 2R
o R

KB T, o M
1
t

BRI,
B1 ®Ea5EMNAHXER

Fig.1 The relationship between inspection and

monitoring points
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Fig.2 Sequence of events
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Fig.3 Schematic diagram of the interaction between

agent and environment
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Fig.4 Diagram of component failure curves
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Fig.9 Analyzing states and actions during simulation
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S Ch Cy T, T, N
30 40 50 0 5 10 4 6 8 1 2 3 3 5 10
A 5.92 6.05 6.18 4.23 6.18 6.95 6.05 6.18 6.31 5.57 6.18 6.71 6.95 6.18 6.15
A TE AH 6, Y AR AN R O BsF, W B B A AR A 1 ments [ J]. Journal of Changsha University of Sci-
i A5 K HH B 28 il AN R b . 8 A B Y R /Al ence & Technology (Natural Science) , 2023, 20
SR IO A 4 0 60 R/ 5 (2): 10726
b B T 55 1 4 S S/ T A 16 K 300 300 2 [2] ;I P(Ii, 1\iH.(,)U Y. Join; (;ptimizlation (();f ;Iondiftion-
o . . ase aintenance and Spare Parts Orders for a
A %’ﬁ:lTWJ iy 93 5k 20 @ﬁ\ 4 %ﬁ: VI S AR Two-unit System [ C] //2022 Global Reliability and
E;J’_?;ilm/l;‘ iﬂ;{ii$ ﬂf:{fji&giﬁu[g?gg:g Fi Prognostics and Health Management. Yantai, 2022:
GRS . e s X T HOR S E N THOL ] 1-6.
B 5P A 1 RN O I B AR B 3] WANG Jingjing, QIU Qingan, WANG Huanhuan.
IN AR R N AL & 5 3005 & 25 1) 4 )3 10 1 Joint Optimization of Condition-based and Age-
B 1 RCR R R, 3T HOAE S bR A g g D based Replacement Policy and Inventory Policy for a
R 48 5F 2B Bk A L % N=10 8f . 4 I Two-unit Series System[J]. Reliability Engineering
N =5, K 1] 00 28 5 A 52 FF 250/ o AH 120 s i) e &. System Safety, 2021, 205: 107251.
BT, A 41 s BRI E] 850 5. [4] ZHENG Meimei, LIN Jie, XIA Tangbin, et al.
Joint Condition-based Maintenance and Spare Provi-
5 %ﬁg’ sioning Policy for a K-out-of-N System with Fail-
ures during Inspection Intervals[J]. European Jour-
AT AR AN SE IR WD B P AR Gt O LA nal of Operational Research. 2023, 308(3) : 1220-
YA 5 4 15 1A A A IR A P A ) R %U’%MV 1232.
o B R 2 B R G S X G AT B SR AT [5] TCHAKOUA P. WAMKEUE R. TAMEGHE T
245 LA [ 58 K AG JE B 00 4 e L IR A A4S R Ij‘] A, et al. A Review of Concepts and Methods for
T HEAT A 52 26 00 R 25 W 0 L 76 A 46 A 0 1 T 2 [ Wind Turbines Condition Monitoring [C] /2013
O A B A LT ord Canres on Compuier s Inpriation Feeh
e nology “CIT). Sousse, Tunisia, : 1-9.
Review of Condition-based Maintenance: Its Prog-
J3 POMDP SRR T QMDP 5334 it 26 T 1 i nostic and Operational Aspects[ J]. Frontiers of En-
Perseus 53 LA SR fif 3 00 f5 O 5K W . £ B0 52 4 gineering Management, 2020, 7(3); 323-334.
HHIGIE T ki Perseus SR PERE L 4 AT E SRS (7] SRELHE, BB AR . #HAE G . 56T 8840 vl L4 Ey /R ]
GBI RN IR U INA Y DR L R e SR R 0 L LK 4 80 25 TS VE 4 O k.
T A SR O L R IR A T LA A TEBLAR T . 2016, 27(18): 2482-2486.
FH R A] o L% [ ARG 462 1] 5 1 e e 1 XU ZHANG Hongqi, SHAO Xiaodong, HU Xiangtao.
S BB ST AT LA LT 368 97 1 - D B Dénamic fRelialbility Asshess‘melnt Method Eﬁa]sed }cl)n
N S - e o 3 POMDP for Electromechanical Equipment[ J|. Chi-
Zﬁi;;&; ﬁi;ﬁgg;;;;;ﬂ Hf:;;;f@% na Mechanical Engineering. 2016, 27 (18) : 2482-
d -7 2486.
@R L PR BT OF R R RS M T [ st s . LR R SR 2
POMDP #E8) LUSUAE SR fif 5735 o BB HE A7), o R BLB TR L 2019, 30(3) s
349-353.
Sk LIU Daling, HUANG Xiaogang. Condition Moni-
(10 BRJET, SR04 & R 10000 7 vk B 5% 45 34 toring and Preventive Maintenance of Ballastless
(U] KYPH T RF2MCARE =R, 2023, 20 Track Systems for High-speed Railways[J]. China
(2): 10-26. Mechanical Engineering. 2019, 30(3): 349-353.
XU Zhaoping, GUO Bo. A Research Review on [9] ROUX M, FANG Y P, BARROS A. Maintenance

Fault Prognostic Techniques for Complex Equip-
1862 -

Planning under Imperfect Monitoring: an Efficient



T POMDP BRI #4815 s PR EAF BB b ——EEl XUk R —i

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

POMDP Model Using Interpolated Value Function
[J]. IFAC-PapersOnLine, 2022, 55 (16) . 128-
135.

MORATO P G. NIELSEN J S, MAT A Q. et al.
POMDP Based Maintenance Optimization of Off-
shore Wind Substructures Including Monitoring[ C ]/
13th International Conference on Applications of Sta-
tistics and Probability in Civil Engineering. Seoul,
2019:1-8.

NGUYEN K T, DO P, HUYNH K T, et al. Joint
Optimization of Monitoring Quality and Replacement
Decisions in Condition-based Maintenance[ J]. Reli-
ability Engineering &. System Safety, 2019, 189:
177-195.

ZHAO Fei, LIU Xuejuan, PENG Rui, et al. Joint
Optimization of Inspection and Spare Ordering Policy
with Multi-level Defect Information[ J]. Computers
&. Industrial Engineering, 2020, 139: 106205.

IR 2 PECIR A T AR 1 R Y Bk g A I R A
A HME[ D] AP . 7RSS KA, 2017,
ZHANG Ao. High Speed Railway Traction Power
Supply Equipment Maintenance Strategy Consider-
ing State Evolution Process[ D]. Chengdu: South-
west Jiaotong University, 2017.

ke, B, RRER . L ST 2 S f
1R 5 1R 10 R 2 Al R R R R AR P AR LT R HL AR
T A, 2014, 25(22): 3066-3072.

ZHANG Long, HUANG Wenyi, XIONG Guol-
lang, et al. Assessment of Rolling Bearing Perfor-
mance Degradation Using Gauss Mixture Model and
Multi-domain Features[ J]. China Mechanical Engi-
neering, 2014, 25(22): 3066-3072.

van NOORTWIJK J M. A Survey of the Applica-
tion of Gamma Processes in Maintenance [ J]. Reli-
ability Engineering & System Safety. 2009, 94(1) .
2-21.

NEWBY M J, BARKER C T. A Bivariate Process
Model for Maintenance and Inspection Planning[J].
International Journal of Pressure Vessels and Piping,
2006, 83(4): 270-275.

SUTTON R S, BARTO A G. Reinforcement
Learning: an Introduction [M]. Cambridge: The
MIT Press, 2018.

[18] BRODY D C, HUGHSTON L P, MACRINA A.
Dam Rain and Cumulative Gain[ J]. Proceedings of
the Royal Society A: Mathematical, Physical and
Engineering Sciences, 2008, 464 (2095) : 1801-
1822.

[19] PARK C. PADGETT W J. Accelerated Degrada-
tion Models for Failure Based on Geometric Brown-
ian Motion and Gamma Processes[ J]. Lifetime Data
Analysis, 2005, 11(4) . 511-527.

[20] SHANI G, PINEAU J, KAPLOW R. A Survey of
Point-based POMDP Solvers [ J].
Agents and Multi-Agent Systems, 2013, 27(1): 1-
51.

[21] VIRIN Y, SHANI G, SHIMONY S E, et al. Scal-
ing Up: Solving POMDPs through Value Based
Clustering[ C]/AAAIT Conference on Artificial Intel-
ligence. Vancouver, 2007:1290-1295.

[22] YANG Li. YE Zhisheng, LEE C G, etal. A Two-

phase Preventive Maintenance Policy Considering

Autonomous

Imperfect Repair and Postponed Replacement [ J].
European Journal of Operational Research, 2019,
274(3): 966-977.

(23] Jl—wl, 5B, 2. T Z2- kR Jm
ZMURGEHEBIALT]. KYPB T REERE K
REE2RD . 2023, 2002) : 27-34.

ZHOU Yifan, GUO Kai, LI Bangcheng. Mainte-
nance Optimization of Multi-component System
Based on Multi-agent Reinforcement Learning[J].
Journal of Changsha University of Science & Tech-
nology (Natural Science), 2023, 20(2): 27-34.
(HE K B)

EERB 2 05200048 L B RTSEAE . BFSETT 1 4R B AR
5%, A—w GEGER) . 5198144 i M Eifiag s
Ui, BFSE TS 1) g AR AR A R AR SE . E-mail: yifan.
zhou@seu. edu. cn,

AR SCH IS

FEBIL, XA, i — M. 3% F POMDP #8578 i 46 18 5 46 14 12 A7 Bk
AARARLT]. Hh EHL T AR 2025, 36(8) : 1853-1863.

WANG Kai, GU Liudong, ZHOU Yifan. Joint Optimization of In-
spection s
POMDP Model[ J]. China Mechanical Engineering, 2025, 36(8) :
1853-1863.

Maintenance and Spare Parts Inventory Based on

1863



