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SHORT INTRODUCTION TO ENGINEERING ASSET MANAGEMENT

E eoerirg t ma 1ent focuses on an integrative analysis of the life cycle of
physical assels by using Lools and melhods Tor the quartifczlion of technical 2nd

aconamic risks in arder to suppart investrment decisions.
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TYPE OF SYSTEMS CONSIDERED IN THIS WORK

- From 2 to 50 components of & hydroelectric power plant: turbines, generatars,
transformers

- Common stock of spares, initial stock with ¢

BT s
A =

number af parts

- Haorizon of study: A0 years



Reference strategy
Corrective maintenance only
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Reference strategy
Corrective maintenance only

. 1 oM
TealtTerd o
— Clnmpanendt |
Tireskern = [
[y bt e
Healther - T T
Ei
—— Clomponewt 2 :-'
Fy
= g
Tirakent — —
o (SRR [ b3 ]
i x
— &tnock
1
el

Preventive stralegy
Corrective and Preventive maintenance
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ORDER OF MAGNITUDE OF COSTS

- Costs of maintenarce and forced cutage have different order of mzgnitude:

- Preventive maintenance: ~ 100 ke
- Corrective mairterance: ~ 500 ke
+ Forced outage: ~ 30000 k€ month

» Failures of the components are random events = LCC is a random variable

- Expected cost of 2 strategy estimated with Monte Carlo scerarios

[listogram of the cost generated by two different maintenance strategics
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MAIN G

Industrial goal

For a given syster, ﬁnd the o
rinirtizes the ex

erministic (oper loop) mairtenance strategy that
o of the LCC

Optimization challerges:

scale optimization problem (up to &0 companents)

+ Expected LCC computed with the simulation model WIME:
2 < objective tunction

- WME uses Mante-Carlo simulations to estimate the expected LCC: no access to the
true value of the objective but only noisy evaluations

. |: ;'.s

| ons af the ohjective function are e
Industrizl case with 80 components: ~ :3h far

ction (with 10° scenzrios)



WORK SUMMARY

Blackbox optimization
+ Use the simulation model YME: blackbox

» Mew variant of EGO with sequertial initial
design and metamodel validation

=51 54

- Comparison with a direct search method

[ T T
Hurazer chevyluziizas

+ Accurate simulation of the dynamics
- Small space of maintenarce strategies
- Systern with few components

Contribution
Blackbox approaches for optimal
maintenance scheduling



Blackbox optimization

+ Use the simulation model YME: blackbox

» Mew variant of EGO with sequertial initial
design and metamodel validation

- Comparison with a direct search method

+ Accurate simulation of the dynamics
- Small space of maintenarce strategies
- Systern with few components

Contribution

Blackbox approaches for optimal
maintenance scheduling

Stechastic optimal control

s Aralytical expression of the dynamics
— We open the blackbox!

Maintenarce optimization problem
solved with a decomposition method

CElack

Coordination
Corvips 1 Cormp 2

- Simplified expression of the dynamics
+ General mzinlenance stralegios
+ Large-scale systems

Contribution {submitted paper)

A decomposition method by interaction
prediction for the optimization of
maintenance scheduling [BCCL20-1]
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OUTLINE

1 Formalization of the maintenance optimization problem



Component ¢ at time { characterized by X, ; = (L5, A: ;) where:

Fip e {01} Regime of the component Ay e |
- By — 1o Healthy - fge for a healthy component
ime sirce lzst failure for a broken

© # = 0 Broker
componcnt

+ 8 € M Number of spare parts in the stock at time &
sy € {0, 1) Control on companent ¢ at time £

<y — 00 No preventive maintenance

©u = 1t Preventive maintenance



DYNAMICS OF THE COMPONENTS

+ Time discretized with time step At

- bynamics of a companent from time step (1o £+ L
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MAINTENANCE OPTIMIZATION PROBLEM

Mzinzenance cost ji(Xeued Forzed outage c:nst_;""—o::_\] grooai)
T
F e
tXﬁ.I]E\wa (Z ZJ”(A“ i)+ ZJ: (X105 Knie) )
' - i=1 =0 t=0

St Xy = (X St Woggn), Xea = WIS

Cynamics of component &

S — fs{\XL,-._ cees Xy gs S.‘.\). S0 — s W

Tenarics o7 the stock

=N

where (W ,),21"

I are random variables that maodel failure scerarios,

- Maintenance cost: additive in time and components

- Forced outage cost: additive in time, coupling the companeants



A decomposition method component by component for the
maintenance problem



SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea

Use a decomposition by intaraction prediction [MMT70] to iteratively find the best
maintenance policy separately for each compenent and coordinate the components
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SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea
Use a decomposition by intaraction prediction [MMT70] to iteratively find the best
maintenance policy separately for each compenent and coordinzte the components
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SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea

Use a decomposition by intaraction prediction [MMT70] to iteratively find the best
maintenance policy separately for each compenent and coordinate the components
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SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea
tion prediction [MMT70] to iteratively find the best
for each component and coordinate the components

Use a decompaosition by inter;
maintenance policy separately
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SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea
Use a decomposition by intaraction prediction [MMT70] to iteratively find the best
maintenance policy separately for each compenent and coordinate the components
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SKETCH OF A DECOMPOSITION METHOD BY COMPONENT

General idea
Use a decomposition by intaraction prediction [MMT70] to iteratively find the best
maintenance policy separately for each compenent and coordinate the components
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THE AUXILIARY PROBLEM PRINCIPLE [COHBO] FOR A DECOMPOSITION BY COMPONENT

- Chaice of an cuxiliary problem that can be decomposed in independent subproblems

- Subproblem on component ¥ at iteration { + 1:

min L (_,r';,-(/\if: w4+ X Xf,_)) F coordination terms
[ X © A R ’
8 Xeoor — N (Ko, 56w, Wigr), 9t

- Subproblem an the stock 5

win coordination terms

Hes

st Sier = SR(X] L XD 8, W



FIXED POINT ALGORITHM FOR THE DECOMPOSITION BY COMPONENT

- Original problem: dimension nT
+ Decormposition: o problems of dimension 7 per iteration

Algorithm 1 Fixed poinl algoritbm

Start with (X", 8V, «") and AY, set { =0

Af iteration I ] 1:
« Forcomponent s =1....,n da:

© Solve

[x‘.,n\.‘}‘é%-\..z.u,m (_,h[_\g, wid 5 (N K -\.-.-)) + coordinatior torms

sl Xt = FE(X 00 S e, Wi, W
with any methad (here with the blackbox optimization alzorithm MAJS TADOS]),
solution (X170, W™t
- Compute an aptimal multiplicr :\.f;"" “or the constraint using the adjoint state

- Similarly for the stock, solution 5"~ and optimal multiplier 4\’

Stop it max number L of iterations reached, else [ + I+ 1 and start new iteration




USING A VARIATIONAL METHOD IN A DISCRETE CASE

The fixed point algorithm is based on varational technigues:

+ Gradient of the system dynamics appears in the coordination terms
+ Gradienl ol the coslappears v Lhe rmulliplior updale slep

But the system is characterized by integer varizbles, they are relaxed:

+ Regime ol the componenl: Fg e [0.1]
- Mumber af spare parts: S; e
- Contrals: w; € [0. 1]

Ihe dynamics is ren-smooth, it is also relaxed:

- Relaxation controlled by a parameter o
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3 Numerical results: Application to the industrial case



DESCRIPTION OF THE INDUSTRIAL CASE

Parameter Value
Number of components 80
Initial number of spare parts 5, 16
Horizon T A0 yedrs
Time of supply for the spare parts 2 years
Discount factor .08
Yearly forced outage cosl 10000 k€[ year

Comp. 1 Comp. 2 Comp. i =3
[t cost 5 ke 5 ke 30 ke
CM cost 100 ke 250 k€ 200 k&
Failure distribution W(2.3.10) W4, 20} W3, 10}
Mean time to failure B85 years 1IR3 years RO years

1 maintenance decision ezch year for eack component
— Proklam in dimension &0 x 40 — 3200

Reference algorithm @ MADS applied directly to the original optimization problem



SAMPLE AVERAGE APPROXIMATION

Original proklem:

min L (70X, )
(X Hu)oA xS

51 O(X, S u, W) —0

- §iX, w) represents the overall mainterance and forced outage costs

- 8(X, 8, w, W) represants the dynamics of the systam

Seample Average Approximation with @ Monte-Carlo scenarnios wy, ... wer

1Y
i — FlX (o), e
ix:.'a','__\,-.n:u,%xsx,l . EZ_:IJ‘ (g, )

SO (X{wy), S{wy)u, Wiwy)) =0 ¥q



3 Numerical results: Application to the industrial case

31 Parameter tuning



PARAMETER TUNING: PROCEDURE DESCRIPTION

+ Relaxation contralled at iteration { by a parameter o'

« Update of the relzxation parameter at each iteration: a't! = &' + A
As o — oo, the relaxed dynamics corverges to the real ane

- Need to tune a' ard Ao
- Other parameters to tune: %, Ay, 7, 1y (no time for details in this talk]

Tuning procedure for the vactor of parameters p = (e, Aw, ~Y, Ay, ey, )

« Define bounds for the values of the parameters: o = [2,200], Aex € [0, 200], .

- Drawe 200 values of pwith an optimized Latin Hypercube Sampling [DCI3]

- Optimization with each of the sampled values {j.e. 200 runs} on a smallar test
case (10 components): computation time ~ 4h



USING SENSITIVITY ANALYSIS TO TUNE AN OPTIMIZATION ALGORITHM |

Qualitative appreach: Cobwel: plots

— Visualize the best combinations of parameters far the optimizatian

— Aa

Optimal
cxpociod cosl

Conclusion
Mo clear result, except for A~ and ry.



USING SENSITIVITY ANALYSIS TO TUNE AN OPTIMIZATION ALGORITHM Il

Quantitative approach: the Morris method [Mora1],

— Screening metbod: sensitivity of the optimization quantited by elementary effects.

- Morris elementary effects

o GIKI0 A

& 1a

i R « tean of the elementary effects ju

; » Quantifies the influence af a param

-5 A . eter on the result of the optimization

o TE

= Fam
< Slandard devialion @ of the elemen-
tary effects:
— Measures the ron-linear effects and
the interactions between parameters
on the result of the optimization

! il ] i [N

Meen goof the abaclute clunentary effects
Conclusion

Mo screening passible, all inputs are influential with non lirearfinteraction effects.



PARAMETER TUNING: CONCLUSION

luning procedure for the vector of parameters p = {a', Ac, 4", Ay, v, rg):

- Define bounds for the values of the parameters: o £ [2, 200], Aw & [0, 200], ...

- Drawve 200 values of p with an optimized Latin Hypercube Sampling

- Optimization with each of the sampled values {i.e. 200 runs) on a smaller test
case (10 components): computation time ~ 4h

Final choice
We simply take the best parameter p for the 80-component case,

EE



OUTLINE

3 Numerical results: Application to the industrial case

3.2 Results on the 80-component case

EE



COMPARISON OF THE LIFE CycLE COST

Only CMs MADS  Decomposilion

Expected cost (ke) 463106 12820 11290

Cap MADS [ Decomposition: 129

Diﬁtl‘ibu‘pion of tllle Life Cyele Cost,

}Q]UUU' : BN Decomposition
% MADS
S 7501
)
=1
= 250
- |
i 10000 12000 14000 16000

Cost (k€]
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ANALYSIS OF THE MAINTENANCE STRATEGIES

Decorposition MADS
Mean number of PMs/component 5.6 7.0
Mean time between PMs 6.1 years B.0 years
Mean number of failures/component 1.37 1.13
Number of forced outages 3210000 1,/10000

Cumularive munber of *Ms )
b P Clnearitnsion of she expecterd Life Cyele Coat
— LRk b I axi vl=

MADS, 258 Pyl o P Gzl Ch et PM et

Sk AnOG aing RN o000 0
i R | T R | B 1 LETR N




OUTLINE

4 Conclusion



CONCLUSION

Summary:

+ Formulation of the maintenance scheduling problem as & stochastic aptimal
conlrol program

- To our knowledge, first time that a decomposition scheme kased on the Auxiliary
Problem Principle is applied to maintenance optimization

- Relaxation of the system needed to use the fxed-point algorithm
- Successful application on an industrial case with 20 components

[BCCL20-1] T. Bittar, P. Carpentier, J-Ph, Chancelier, and ). Lonchampt.
A Decomposition Method by Interaction Prediction for the Optimization of
Maintenance Scheduling.
Submitted to Annals of Operations Research, 2020,

Perspectives:

- Complexification of the model: add a control for the stock management strategy,
consider degraded slales for Lhe cornponertl

- Could we apply the decomposition methadology in a robust optimization
framewark?



RELATED WORK

In this talk: Sample Average Approximzation

- Use a fixed set of scenarios to approximate the expectatian

- Algarithm based on the deterministic suxiliary Prablem Principle (aFP)
Other possibility: Stochastic Approximation

+ Use one different scenario at each iteration of the algorithm

+ Algorithm based on the stochastic APP
Theorelical contribulions W the stochastic APP:

- Measurability of the iterates of the algorithm in a Banach space

- Extension of convergence results to the Banachk case

+ Derivation of eflcicnoy eslimales
[BCCL20-2] T Bittar, P Carpentier, J-Plh. Chancelier, and |. Lonchampt.

The stochastic Auxiliary Problem Principle in Banach spaces:

measurability and convergence.
To be submitted soan.
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CONTRIBUTIONS AND COMMUNICATIONS SUMMARY

Contributions:

[BCCL20-1] 1. Bittar, B Carpentier, J-Ph. Chancelier, and J. Lonchampt.
A Decomposition Method by Interaction Prediction for the Optimization
of Maintenance Scheduling,
Submitted to Annals of Gperations Research, 2020.

[BCCL20 2] T. Bittar, P. Carpentier, J Pk. Chancelier, and ). Loncharpt.
The stochastic Auxiliary Problem Principle in Banach spaces:
measurability and convergence,
To be submitted soon.

[BCCL20 3] T. Bittar, P Carpentier, ] Ph. Chancelier, and ). Lonchampt.
Blackbox approaches for optimal maintenance scheduling.
Within the thesis.

Conference talks:

- Journées SMAI-MODE, online (09/2020)
- PGMO Days, Saclay (12/2019)
- International Conference in Stachastic Programming X, Trondheim (0//2019)

- Qptimization Days 2079, HEC Montréal (05/2019)



Thank you for your attention!



THE BLACKBOX ALGORITHM MADS [AD08&]

Al ileration &, Tor the minirizglion of a cosl funclion J;

- Current iterate ug, mash A,

- Global searck {exploratior}: Flexible step, possible use of heuristics and
user-defined strategios o choose evalugtion points ), wl on M,

Bmrorellalioari® o ] .y p—i .
+ Local search {exploitation): Evaluation points wp™ .-~ ,uy " chosenina

nelshbourhood Py < Mg of the best incumbent point g

esh update:

- | there cxists ¢ such that .f{-.u._,‘{_‘| < ) thon e = -uf, and incrcasc the mesh
parameter

+ Else g = g and decroase the mesh parameter

;\ﬂ;




MORRIS METHOD CHEAT SHEET

Denote by p— (p1.. ... p) the vector of parameters

- nrardamized one-at-a-time experiments

+ Elemenlary effect while perturbating py in experiment j:

A+ ey — A(ptD
4

aih (piDy —

wilh pl7 the value of the veclor of paramelers in Lhe j-Lh experiment, A Lhe
model output {tha optimization output in our case) and ¢; the i-th vector of the
canonical basis of B

We define two indices for each parameter py

- Mean index;

i

o 1 i
g =N (|o’%f |) = " Z rf.:"']

i1

- Standard deviation index:

& = v"l\-"a.r (rr’.i"';]) = - r)fi[;'.} — Z r}.’éﬁ



	Formalization of the maintenance optimization problem
	A decomposition method component by component for the maintenance problem
	Numerical results: Application to the industrial case
	Parameter tuning
	Results on the 80-component case

	Conclusion
	Appendix

