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(An Inspection-Maintenance Policy.
for a System with Various Types of Maintenance)

%j*
%**

Abstract

An inspection-maintenance policy is investigated for a system having various states.
A policy is characterized by the type of maintenance and the next inspection time.
Maintenance actions are classified into various types according to the depth of mainte-
nance. Policy evaluation criterion is the expected cost accumulated up to the failure
of the system. The problem is formulated as a Markov decision process and an opti-
mal policy is found by using a policy improvement procedure. A numerical example
illustrates the policy for a system having five states.

I.H B
gL e 2 o 44 (preventive maintenance) £ Al
<54 Aol vt A £A A4dE FRE I &
€ Service %9 &iF v}, o] & Service
BEE A&y ¥ EE i (replacement), X
4 (repair), 7 A(inspection) £o¢] gz}, 23w
Service 5% & o, 2427 dwlu g 40
depth(throughness) & ZAstEd] o], 4™ o
b 9A B HetA AFZRE Tk Q94 Q9
2 2y g dTs ge] A g+
duig 28 EiE A2 A E o4gA T
EalErtd He F A2 il g A&y
A E AN e} A5 e TESE At A&
wo] aAAE et FFAE Aleld Fzdd R FHsh4
HEE F 4 8 Aol A=Y AL dzdq
A= & Barlows} Proschan®] He] givH(1, 27.

A RBEE TRASE
L HRHAR

7

2Fe AAE BNAT T
4A Ael9 A el
SEEREPRET

Barlow¢} Proschan-&
Atz Adstw Ak
Az g 2248 Ao Fr oo
AR E ALe v HPF A S FUH. 2w
I FA A4t Ze] A2y AME ez TE
o] ) A A 2 d 2 Eo] o] dTHe]
alek(s, 4, 5. 6, 8 9, 10, 11, 12].

ol ZY B AL A&H ANE 0, 1,

FETL ‘0L good, ‘U-n—1L& degraded, ‘v
failure A& VER T2 g}, obge A &Rle] %
o Al g Aol AHAA F4 0 A4AY AMAL
2 AT A4S FHAE A ANE 2A
& F e AFsd A vl i 42 e 43 A
AF7] Ee Aage] om e ofiolw MALow

e, BO R

Az s Fert st BAE AddTFAAE 7 gl
t}. 53] Flehinger(5)¥ A7t ZA F A gwle}

Fad o, Az At ‘v’ (m=1, -, n) o]4e]
= W8] F+ Control limit rules} =}a) <4314
.

28]} Flehinger(5) 54 Control limit ruled] =



FAAE AL o]y Fo] LHH A ‘W (m=
1 -, ») Aol Hatstd F22 A& FA &
o gch. & AFANAE Azdel FEAdel A4
¥ Aold] 3 FEd wE Az FRANE R
A% A4e Bdd A289 HAH A=, F AN E
SAFT 2 AdelA i e B4E T AL
S AAskn obgd ¥ AAAE AAse A
AL ¢l wg AR A sl A RA g

X AT AE %4 H3s AEE AE B
wAHL B4 AFA Ho dEd A g
ot Ad ook ek, HEAPY 23 ‘new 4
w9} “failure’ A8 Aeld] =3t Axd wE 48 F
7kAe] (intermediate state) &% A ehe] A 284 4
#l ¥ 3}71 Markov Processg w&vix §o24 o &
o] 4 9ot oA AAstAAE § A4 2}
o =38 o 238 A ay dgst skEsha HH,
£ dFAE 2 d =38 O d8 Auay B
+% 44 249 gAw sgch. 5 254 dde
249 FE(depth)d] F& FELEH BFFdE A
o] ‘new’st ‘failure’s] T Ad2E g 4 Jo
g, ¥wgo] o] = 24 Yl & FETF 254FY
Azdge ‘new Ao sArsiActa 44% F g

3 AT AE g AAAAY Ake] olakx H4
Zk (discrete integer value)& Zt& 7 % S-galsld.
wpeba] Aabe} Ask AxPe) Aes gAH g o
8 5T 24 38 2 49 Aed, A4F v A
AR AREY HAE FAA L e AP
ok gt F & AT AE AA4A LA E Axd
o 7 AdeA A g daF LA LRAARA
S WEARAE FeE st AdE EE A A
st T8 msieh

I. =4 st

ogt

80 ¥ 75 MY

I-1

7, 72 A29Y A E TAE index,
i, j=0, 1, -, n,

0& ‘new’ 1, »-, n—1-& ‘degraded’, #& “failure’
A& & viebd e,

At A 2RE 741 AW 29 transition rate,
=0, 1, «, #—2

i A 2R ZAgdd 2229 transition rate
=0, 1, -, n—1

K:old A4z vhg AAAA AT,

s

8

K=
o},

P; : I-step transition probability, & P, {system is.
in state j at k+1]|system was in state ¢ at &}

P*;; : k-step transition probability

Cr: A w4

Cr: 3% v &

o(f) : ARG Azse] {A4ud & 3 BF ¢
st wEEE Ay o) <7, weF () =iolH
BEeE A g Ao 2.

Cipiir : AAN A A &ule] {4dd g & o)
A e B4E A Fed = dlg, g @) =7
ol Cipr=0

ot A A Azge] [ A glg & Hile 24
o g 2 BFFE g AR AE VR
4., Fo=00@, Hz 293,

Falo: AAFE 2AR A 29 F Ay o A vk} de-
cision 6:% 23S £ rule,

=0, 1, «, n—1

1, 2, =+, 9 discrete integer value® s}2

v; : policy improvement procedures] A olwl FoiAt
policyell #l &t ¢ A= ¢ ‘relative value’

-2 7t H

oA 4 E HEAFL &l 2] AYY
A+t
) AL 0, 1, o, n T i & A4 E AL
+ ok

Gi) 0} #8 T2 P EL A&d Y HIAHYZE 4k
gited 14 no 2 ZFE HI: AG AHE
VERg Al "l

Gii) Al2d A9 w3+ transition rates 4;
pdl g8 A4=E€ time homogeneous markov
process& #&v},

(iv) #2 ‘absorbing’4l# B4 P,.g 1615}, o] pro-

cessY transition diagram-< <28 1)} 2},
€)) .llo<,ux“'<,un—1

ol=l & HEtahg & 1Al A&ule A AN, Azdey
iAedl e Aol WAMGE ole At ey
Y Hel e (ARG 0 A 2 25t Pl Aty
iANAA -1 A2 v FuEAA EA A
.

(2§ 2> AL A& Adst o de As
T 2 ¥ 2 F 2eFedd JE2t i $§ ek
Wit

obge o] YL ol e sFAE AYA) ek



{22! 1> Transition Diagram

p()=i—1:Ciin

o) =1—2:Cii
e()=2:Can

p()=1:Cx
o()=0:C

a® 2w 279

() Azdd Al AA4E SsAt G

Gi) A4E F2gle] AxHle el & LA T} (per-
fect).

(i) & AA7ARAY A A+ AL F Y 3
A FE #¢7 ¢ dinite set)ol k. F,

{klk=1, 2, 3, +~} linite sete] =},

(iv) A4 9 2FE8A47L A5A 2] w8 A

& A== Fr.

1-3 Z2&e| H7H

B 2YdA nge] AT F dv AP A4
Az A& WA A Folok. F AAE B8
AzEY A E AT oo AAeE, Beeg, o
Bz A4 wRAAY penaltyn) & S AALAd
it stee AR A4 ¢ Tl =2

oyl A A A& Al A 1d & b A Ak
A8 Az A je BEE Tz e, oy
AANA Alxdl A igeta e p()R RTE
| FA ez QA al o) Ay 2269 transition
o] Wy stA HH, o2 E5E AEFE g A4

FERA ] 8 A2 thg A A A A 2" A
7b JE BEE AN T AR jd E2E
olvt. webA olwl AAtA A& Al /D W
g Apl A Al A gt jU FEL o)A 2
B A Azl jAE 2 2 g Aot

wtelA o] d 8 HEL

Pt

2 FA

o]y At A AR Aeist /o
A A" Aestjd A w4 E F de o
g3t 2

G) j=nol A%

Sl | =

& 7ol HAHNA g% Afde 2L Ciyw
9 A g Cot Fo2 o= 8 & D842
Cipr+Ci e )
2 Folad

(i) j=»n% A%
ZF 3] WA A e BFulE Chuwm, RAAME
Cr, 239 E& Cot B2 F 49 &L
Cips +Ci1+Cr
2 FojAr.
w24 ole] o] Wl & A&

S:(C;,(,-,+C,)P",,u>,,-+ Ciy s +Cr1+Cr) P¥ ptirsa
=(C.‘.,m+C1)j§n%Pl',,(i),j+CpP",,,(i),n
=(C;¢<¢>+C1)+Cspk¢ci>,n

2 Foizlw

2 3T AL AR AAE dse AdAE T
st (time independent), 4dle] =l wissinE

(state dependent), Markov stationary policy7} =

. ek AAE B A4 FA el A A

e et delm A vie] Al gol 1A uAA

7= A siA 2, 7).

oWl AL A Azd At igE | chg 2 Akl

A Az At s AL 34 wAAAAY HA

& A e Be AR g e & AR 9 o

2 AAAA A2 Frt jolmr p8 AHAY

o] Hr}. webA

Ui=[C.‘Mn"'CI'f‘CFP",:m,n]+:Z=-:P"¢<<i>,j v; (5

£=0, 1, =, n—1
o] Hrh.
olAl g A% AFEF v, =0, 1, -, n—18
Zrel H &7 425 gt AFFHE e



-4 Policy Improvement Procedure

A4 policy® 271 1514 % policy enumeration®]
Wy e A48 4 At § w9 policy T &
policys A =ted v, £=0, 1, », =18 4 )l &3
Ty =0, 1, -, n—1%& 3 4L£E ¥ policy®:
gowl Hr}

2} akel A e 7 23 KgE AAd e
policy¥ 4= o}F 2 g% AshA Aok & At

‘absorbing’ Ael gt & =1¢] policyFE
I{. (2K) (SK) ...... (%K) n/K" ......... (6)
2.8 Fola o] Wy FHAe]A %tz Howard

(7114 ¢] policy improvement procedure® AH-8-3+71
2 g

Policy Improvent Procedure

;% et ol F g
n-1
;= (Cipiy +Cr+CrP%;ci35m) +§0Pl'¢<i>,j v;

......... (7)
Step 0: 9419 policy® A= g+t
Tteration Cycle
Step 1: 3849 policydl A o4& wk&Este viE &

E ] A8l @=0. 1, -, n—1) A3
n=1
;= (Cipci» +Ci+CrP¥piiryn) +§0Pk,(i>,f v;
Step 2: & Argjoj A uiel Step 1288 AR 0,7k
& AHE3kd
n~1
;= (Cipci» +C1HCrP*, 533n) '*'jg__v'_.opk,p(m; vy
£ Hiz2 sk (@), K)E T3
15 2E o d@& (=0, 1, -, n—=1) w55
new policys g},

O

nle¢k new policys} previous policyst F43td =
A o] optimal policyelvt. 3=l @ew new policy
£ present policy® % Step 12 7FA 49L&+,

i. H& oix

Axwo] A 4 & A0, 1, 2, 3, 49 54
ola AATFZeeM HE 5 gt AR K7 b 4
g el 1, 2, 38l ASol 2 =Yg ALdte B
=}

oldl st AL 5 4 B)A st 1,044
A e ARG FAg A & 7A 5 o

+ parameter® Ay, A, Aa Mo, g1, pa, ps, Cr, Cp,
Cio, Cazoy Cai, Ca, Ca, Csp0)tlh,

£ dAdAE Ce=5, C;=0.2, C,e=Cu=Cx=0.3,
C20=Cu=0.6, C2=0.92 5l 4ZFEL WA 1
sket.

i) A=A=4=1
=0, 11=0.5 p:=15 ps=3
o*=((0,%, 1,3, 3, G3,3N
i) =1, Ah=1, =2
#o=0, ;=0.5, p2=1.5, us=3
o*=((0,3), (1, 3) 2,3, G,3N
iil) do=1, 4=2, L=
#o=0, m=0.5, ,uzls H#3=3

a*=((0,3), (1,3, 2,3, 3,30
iv) =1, 44=2, =3

=0, £1=0.5, p.=1.5, ps=3

c*=((0,3), 0,3, 2,3, 3,3)
v) A=l A=2, 2.=10

#e=0, m=1, p2=2, ps=10

o*=((0,9, (1,3, 2.3, 3,3

# A4 EI:‘&P-% aEel 3UgE A A%

& 94 god A4ARE ®3
o] A5 G) B GiDY a%onxw
EER

=

MbE"l 7t b sl SobskE (v)d 7 %

B AAA AzEe Aust 19 A% o R B
£ 3t Aol AP Aol HArt.

)8 AFANANY 29 FE 59
stepeell A8 @A glol & A dA ZAYNE e
ol AY 14 AAdRA Ha 24t X &5
AAA g 1 B2E 2v9AZ Fd st 343 43
A9 24K FEFE PAA Hel, A g 3
kel A Wt AFFAY @A FEFE wA
A Egh dubd ez E3lge] 2 g HAFE A
AW A AFAN 2 JMe BEo| Step Tl Al glel
18] 2AAA L ol 1A F 229 F B2 3N F
g AAA, Axge)l Ay 2 Add 9A 2E 4
ek, o] A E owl HHY 2FE ANA ¥E
Aol 4AARe] Hew] ol nr d ¥Hsis Az
BEE S E & A4 E, 25E A g 3
$51 AL FIHA Az-le]l mAARA A FH7
WEel Aom fHHAA,

ZAAE



V.2 £

2 o T /11 = Markov degradation property® =
AL 59 G 25PN E THsd 2YE A
L7 R °1f‘/ﬁl 239 4N A ¥ B5AH
4 37—?45}314 A4 B 74 A FLg AL
A2 Tz oY TRE 4 A A9 v
2 —6’—'] T F Ae 8 o3& AAAAN g A
.8 2 Ano A8 decisions] ¥ 4oz EalA 5}
] Markov decision Process2# ¢ AANE 7H5A s
4. olal me} s AR AT 9 SE FLR
e AA A& e 24 2 A3 9= o]+ policy
improvement procedured] A-£02 £olsiA AHAR
F Ageh oleiw 2y @ AAY Fae ddAoR

del & shaistm 4 AR},

Z s zdud #el AAACE
£ 22 periodicgr AR 2} 3 47 ol
oh, mE B mEA A zgiqq Fz% ‘control limit
policy’ #ej8] FAF2E tigat e 5+ & 73
224 z3tslaAl =}, %— control limit policy’dl] 4l
8 AATx g control limitE molst & =
o=, K), ~m—1, K), (0, K),- 0, K)
# =l ‘control limit policy’ stell A& AAF A
A} 7L

o}

had Ads F

PEREE

]4 7+ F7re] K=z fixed 53, & periodic 39
AR L A4, mAR 4 HsE F2A o
A FA He] g7l A Fel.

ety FA FRAAAE & 2y AT
o dabdel sk 3

=g G 243 208 Al 7k ‘new’ sl ‘failure’
Aol 8] 4FHlk RokE Aol Fol@ wate.

B 2 A4E A4 eolo Azkg A te] A4
Wz shgdE ®eAAR =27 R AE o
&8 Fast 2A FHAHEzE o HeE A4 Aol
A 7+% continuousdHAl AR Ftd RYE A& Aol
b s

= |

{1) Barlow, R.E. and F. Proschan, Mathematical
Theory of Relialility, John Wiley & Sons Inc.,
New York, 1965.

(2) Barlow, R.E., L.C. Hunter, and F. Proschan,
“Optimal checking procedure,” /. Soc. Indust.
Appl. Math., Vol. T, No. 4, 1963, pp. 1078—
1091.

(3) Derman, C. and J. Sacko,
periodically inspected equipment,” Naval Re-
search Logistics Quarterly, Vol. 7, No. 4, 1960,
pp. 597—607.

(4) Derman, C., “Optimal replacement and mainte-
nance under Markorvion deterioration with pr-
obability bounds of failure,” Mgmt. Sci., Vol.
9, No. 3, 1963, pp. 478—481.

(5) Flehinger, B.]J., “A Markovian model for the
analysis of the effects of marginal testing on
system reliability,” Awnals of Mathematical
Statistics, Vol. 33, June, 1962, pp. 754—766.

(6) Gertsbakh, 1. B., Models of Preventive Mainte-
nance, North-Holland Publishing Co., Amster-
dam, 1977.

(7) Howard, R.A., Dynamic Probabilistic Models,
Vols. 1—2, John Wiley & Sons Inc., New York,
1971,

(8) Jewell, W.S., “Markov-renewal programming,
I and I,” Oper. Res., Vol. 1, Dec. 1963, pp.
938—971.

(9) Kao, E., “Optimal replacement and rules when
changes of state are Semi-Markovian,” Oper.

es., Vol. 21, No. 6, 1973, pp. 1231—1249.

(10) Mine, H. and H. Kawai, “An optimal mainte-

“Replacement of

nance policy for a 2-unit parallel system with
degraded States,” IEEE Transactions on Reli-
ability, Vol. R-23, June, 1974, pp. 81—86.

(11) Mine, H. and H. Kawi,
ment of a 1-unit system with a wearout state,”
IEEE Transactions on Relialilily, Vol, R-23,
No. 1, 1974, pp. 24—29.

(12) Mine,H. and H. Kawai, “An optimal inspec-
tion and replacement policy,” IEEE Transac-
tions on Relialility, Vol. R-24, No. 5, 1975,
pp. 305—309.

“Preventive replae-



