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I. Introduction

The dependability of complex repairable systems depends strongly on the
efliciency of maintenance actions.

Corrective Maintenance (CM): After a failure, put the system into
a state in which it can perform its function again.

Preventive Maintenance (PM): When the system is operating, in-
tends to slow down the wear process.

Basic maintenance effect assumptions:

e As Bad As Old (ABAO): restores the system in the same state it

was just before maintenance.

e As Good As New (AGAN): restores the system as if it were new.

Reality is between these two extreme cases: Imperfect maintenance.
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Brown-Proschan model [83], CM is :

e AGAN with probability p,

e ABAO with probability 1 — p.

e repair effects (AGAN or ABAO) are mutually independent
and independent of already observed failure times.

CM effects can be characterized with random variables:

{1 if the i CM is AGAN
B; =

0 if the 2" CM is ABAO

Statistical studies when the {B;};>; are known:
Whitaker-Samaniego|89], Hollander-Presnell-Sethuraman [92], Kvam-Singh-
Whitaker [02], Bathe-Franz [96], Agustin-Pena[99],...
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Practical purposes : { B, };>0 are hidden variables.

e p=0: ABAO
p characterizes maintenance efficiency: e p = 1 : AGAN

e 0 < p < 1: imperfect

Joint assessment of CM efliciency and intrinsic wear-out:
Lim [98]; Lim-Lie[00]; Lim-Lu-Park|98]; Langseth-Lindqvist [04].

Presentation aim:
e Generalize the BP model to PM effects

e Assess PM efliciency and intrinsic wear-out when PM effects are
unknown

e Compute reliability indicators.
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II/ A maintenance data set

PM and CM times of a subsystem of a fossil-fired thermal plant of EDF"

1179 2640 4101 5562 7023 8035 8329 8376 8393 8455
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II1I. Notations
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0 PM PM

T1 T2

7'33
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IV. Model assumptions

e )\ (1) the failure rate of the new unmaintained system. A(t) = fg A(s)ds,
e Maintenance durations are not taken into account,

e PM are done at deterministic times, all the PM times are known

e CM are done at random times, CM are observed over [¢,T| (¢ < T)

o CM effects are ABAO,

e P M effects follow a Brown-Proschan model, i.e. PM effects are :

e mutually independent and independent of previous failure times,

e AGAN with probability p, 8. — 1 if the +" PM is AGAN
e ABAO with probability 1 — p. © 10 if the * PM is ABAO

PB;=1|T;,B;,_1)=P(B;=1)=0p
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V. Joint assessment of intrinsic wear-out and PM efficiency
a/ Mazximum likelihood method

Likelihood associated to a single observation of the failure process over
¢, t]:
Li(0) = 1, | N=n;(tny) P(Nt = nt)

Maximum Likelihood Estimator (MLE):

0 = arg max Lp(0) = arg max log(L7(6))

Notations: Lq(6) =1
LT,t<9> — fT

_nt—m-v
associated to the system new in 7 and observed over|c V T, t].

Ny =nj—n,(tn.+1 — T, ..., tn, — 7) = the likelihood

8 of 28



I[SBIS-2010 Laurent DOYEN

Let us denote : Dgn = (1 — p)mt__m H )\(tj — Tm)
_C\/ngtjgt

Two equivalent equations for likelihood recursive computation:

m,—
o [4(0) = Z p]l{m#()} Dtm e_(A<t_7m)_A((CVTm>—Tm))LCva(9)

_m:O

= forward computation algorithm.

O Lt<(9> — Z p]l{T?ét} D?_m 6—<A<Tm\/c>_/\<c>)[/7’m,t<9>

TE{Tl,...,Tmt_ it}

= backward computation algorithm.
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Proof of the equation used for the forward computation:

{Bm =1,{B; = 0}y« jgmt—}ogmgmt— is a partition of the probability space.
T 1S the last AGAN PM since ¢

Given By, = 1, the CM process can be divided into 2 independent processes.

mt_
L0) = | > plim (1 —pme ™

m=0 P(Bpn=1,{Bj=0}m<j<m, )

H )\<t] — Tm) 6_(A<t_7_m)_/\<<0\/7m>_7'm>)
_C\/ngtjgt

A\ J/

Given Bmzl,{Bj:O}m<j§mt_, CM times after m follow a NHPP initialized in 7,

Levrn(6)
Given By,=1, maintenances before T;;fOHOW a BP PM-ABAO CM model
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b/ MLE combined with moment estimation : A\(t) = afBtP 1

Power Law Process: FE[Ny] = a(TP — %) = ag = Np /(TP — P,

BP model | E|N¢| = a St, where

S; = Z Zpﬂ{k%o} )R (1 — 1) — ((TmT_ Ve)— 1))

MLE combined with moment estimation of a: ag, = ‘g]—;

E[&ﬁ,p] =

(8,p) = argmaxlog(Lr(agp, B,p)) and a=daj
(8,p) !

= Dimension reduction of the likelihood maximization space.
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¢/ Individual PM efficiency assessment

p characterized the average global PM efficiency.

The m™ PM effect can be characterized by:
7727, = P(Bm =1| Ny = ny, Ly, = inT)

which verifies:
Lc\/Tm<‘9) LTm,T(@)

Lp(0)

0

m

0
T = D

It can naturally be estimated by: 7

AN

e [, (0): intermediate computing values of the forward algorithm

o LijT(é): intermediate computing values of the backward algorithm
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d/ Ezrpectation-Maximization algorithm

Complete likelihood:
Li(0) = fr,, | Ne=ns,B,, ~b,, (tn,) P(Nt = 14| By, = by, ) P(By, = by,)

EM algorithm:
o Expectation (E) step: Compute Q(6|6;) = E% [log(L§(8)) | N]
e Maximization (M) step: 60,1 = arg max Q(010;.)

0;. — local likelihood maxima
k—o00
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Complete likelihood:

_Nt | My
t
Li(0) = [[[ MAs,) | e Je XA S TT pPo(1 — p)t =P
n=1

_m=1

where Ag is the virtual age, ie the time elapsed since the last perfect PM
m

I
Vs €|, Tmat]l N e, T AAg) = H As — Typ—;)] Prm
. 1=0
where B ' ="at time Ty, the last AGAN PM time is 7, ;"
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Complete likelihood:

E°[log(L§(0))| N]=Q(pl0)
—~

N, _ | .
Li0) = [ ][ MAs,) | e Je A(As) ds TT »Pr(1—p)=5n
n=1 m=1

\ &

A & 4

~~ ~~

E[log( . )] N]=Q2(Alf) E[log( . )] N]=Q1(p|0)

where Ay is the virtual age, ie the time elapsed since the last perfect PM
m

I
Vs Elrm, Tl N6, 7] MAs) = [ [Ms = mpy)] P
. 1=0
where B ' ="at time 7, the last AGAN PM time is 73, ;"
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Complete likelihood:

E’llog(L{(6))| N1=Q(pl0)
—— B

Ny |
t
Li() = | T] MAy,) | e Je A ds H p ~Bm
Eflog( )| N=Qa(A/6) EPllog( )| N-Q1(#10)

where Ay is the virtual age, ie the time elapsed Since the last perfect PM
m

Vs €)7m, Tina1] N e, T) AMAs) = ] | (s = i) o
1=0

where BZ! =“at time 7, the last AGAN PM time is 7,,,_;”
Tm m—i

e ()9 function of 71'787%,&. = EY []I{B iy | Ny = np, Ty, = tnT]

e ()1 function of 7Tm 0= 7T E9 { m ’ NT — nTaInT énT}
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E step: Compute for 0 <m < mp and 0 <17 < m,
6

Tmi

0
=FE ]I{B;nz} |NT:nTaznT:£nT

o myo(f) =1

0

o for m € {1,...,mr}, W%)o = Tm

efor 0 <m<mpand0 <1< m,

Toni it = Toni = pt =il (1 — p)i | | R T
(C\/Tm—i><tj§7'm+1

6—(/\((0\/Tm+1)—7m_2-)—A((c\/Tm_i)_Tm_m Lc\/Tm_iw)LTmH’T(@)
L7(0)
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M step: A(t) = a8tF1
0
® Diyl = [Zng ’nf()} /m

o fis1 = wrgmas | (log(n §) — Log(Sy(B) + (6~ 1)

Z Z 7Tm m,_——i Z ZOQ(tj — 7;)

TE{Tmc—f—l’“'aTmT_aT} 1=0 (C\/Tm _)<t'§’7’

T -

with Sy (6) = Z Z 7Tm M, —1

TS U Tme+15- 7Tm T} =
Tt J (r=7)" = ((eV 1 __) —73)")

o a1 = np/Sk(Br+1)
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V1. Reliability indicators

e Failure intensity: A\; = lima;_, AtP<Nt+At N, ]INt_, N,-)

Yo D, e MmN L (0
At =

ZZ:() D?}K At — Tm) 6_(A<t_7m>_/\<(cwm>_7m>Lc\/Tm(‘9)

i—

e Cumulative failure intensity: Ay = fot Mg ds

ANy = — Zlog 7




ISBIS-2010 Laurent DOYEN

o Reliability: P(Tx .1 > s| Ty, Np) = exp(—(As — Ap))

e Expected cumulative number of failures: E|Ns| Ty, Ny| =

ms

Np+| D>, (Ms—m)+ EIN_~|Inp, Nr] = Nr)p(1 - p)"
1=mp+1

- mop

1Y (A —7) = MT =) (1 —p)™ Tl
L 1=0 i
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VII. Application

The BP PM-ABAO CM model is implemented in MARS (Maintenance
Assessment of Repairable Systems): a free software developped by
LJK (Grenoble university) and EDF (French electricity utility).

Project Edit Data set Models Help

L &
(=] Data set window [BEE] odels window

File Edit Transform

Estimators | Indicators [ Simulator [ Validator [ PM optimization ‘

~
pata Name EDF
< Real Data
< Corrective & Preventive Mai Type CUla SRl : Data sets
Corrective Maintenances Write Protected [J
Preventive Maintenances Murmb £ dat _ ‘EDF ‘ =
b Simulated Dota umberof datal3s [0 l
times L i Initial intensity [weibull ¢
1 1179 PM o]
BEIE M effect s Bad As 0ld =
2 |68 2k PM effect [Eruwn Proschan < ]
[3 4101 2 B 4 Update all parameters
| save data set \[ Plot l Parameters
alpha|5,44772e-05 \[ init. IF,MJEE—UE]D common [ fixed & min
PM Efficiency of data set EDF beta |1,52007 \[ init. ”1,5 ]D common [ fixed & min
P 0,488968 init. 0,5 [] common [] fixed min max
index][1 e 3 4 3 ll[s 7 g 9 10 ‘ H ” ] E]
k 1179 |[z640 [a101 5562 |[f023  [|[][s4s4 10010 11494 |[12956 | 13662
Pi_ |lo.4894][0.4705]0.391/[0,21866][0.03667 |]|[4.142¢-05][0.9863 0,94 13][0.8632/j0,4941 LogL I'151«925 l [ Options Nelder-Mead l [ Estimate ]
|
OGS TOTITGTTITg WO =T
File Edit Zoom Move
[=] Data monitoring window [=E)x] o o WM S ® @ & @ {,)
File Edit Zoom Move
o« o EHE ] @ aadgh Model Weibull CM:As Bad As Old PM:Brown Proschan
0,007 =
Data set [EDF ] [Cumu\ative number of failures ¢ l :
0,006

Data set EDF

0,005

20
J 0,004
N

0,002 .

10 J_.—‘ 0,002

0.001

12000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
Data set - EDF

Failure Intensity
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0 1000 2000 3000 4000 5000 £000 7000 8000 S000 10000
times

Current Point:(5676,576;13,42373)
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e MLE combined with moment estimation:

~

1.84x1070, 3=1.95, §=0.602, log(Ly(a,B,p)) = —150.900

o)

e MLE computed with EM algorithm or direct maximization:

AN

1.87x107%, 58=1.94, p=0.614, log(Lp(&,[,p)) = —150.902

Q

0 | | | Ll L | i
0 2000 4000 6000 8000 10000 12000 14000

ﬂg%: 0.61 0.62 0.69 0.73 0.07 0.00 1.00 0.99 0.96 0.46

ABAO ABAO AGAN AGAN AGAN

Wearing out state at time ¢ = failures surge
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Quality of estimation: 6 = (1.9e — 6,1.9,0.61)

NESD: Norm. Emp. Standard Deviation ~ 60 000 simulations

NEB: Normalized Empirical Bias } estimated over
6*: MLE estimator when the B; are known

[nitial intensity: A\(t) = ozﬁtﬁ_l or \(t) = 6/77(75/77)5_1

EM is more robust than direct likelihood maximization

NEB NESD

o n B p Qv n 6 p
0 | 590% 36% 8.2% -9.4% 3300% 130% 35% 50%
0 | 580% 37% 92% -12% 13300% 130% 36% 51%

6* 118000% -24% -12% 0% | 5000% 35% 22% 25%
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Quality of individual PM efficiency estimation:

Empirical mean Empirical standard deviation

m" PM| 7 — B, p— Bm m? — B p— Bm
1 -7.8 e-2 -5.4 e-2 5.8 e-1 5.8 e-1

2 -9.3 e-2 -5.8 e-2 5.9 e-1 5.8 e-1

3 9.4 e-2 -5.8 e-2 5.9 e-1 5.7 e-1

4 -6.8 e-2 -5.8 e-2 0.0 e-1 5.6 e-1

5! -4.3 e-2 -5.6 e-2 5.3 e-1 5.2 e-1

§ 3.7 e-1 -6.1 e-2 6.4 e-1 5.8 e-1

7 -1.3 e-2 -5.8 e-2 2.8 e-1 4.6 e-1

8 7.2 e-3 -0.8 e-2 3.9 e-1 5.1 e-1

9 9.4 e-4 -5.4 e-2 4.0 e-1 5.2 e-1
10 -8.5 e-3 -95.5 e-2 4.7 e-1 5.0 e-1
Mean -7.5 e-2 -5.7 e-2 5.1 e-1 5.4 e-1

= Individual PM efficiency estimation is relevent after c
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0

Forecast reliability for 6
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V1II1. Prospects

e Maintenance times optimization
e Consider a more general distribution over | — oo, 1| for the B;.

e Develop confidence intervals and tests for the BP model
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