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Motivation

* Degradation
» Failures
* Reliability

UNCERTAINTY

7

© Kurt Michel / pixelio.de

» Detection
« Diagnosis
* Prognosis

Modelling

o Statistical models
* Physical models
» Hybrid models

© Thomas Max Miiller / pixelio.de

Preventive and
condition-based
maintenance
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Models and Uncertainty Analysis

* Formula-based
* Num. Simulation

(Variable) Input X ;U)/ Output ¥
(Mathematical) » Current degradation state
Data / Measurements 5 Model N Detected failure mode
e Future health condition
f . L
]P)X Uncertainty propagation ]P)Y
Sources of uncertainty in modelling Mathematical notation
. n _
« Data / Measurements fiR"—R V=7X)
where

* Model parameters T
X=X, Xp)
« Model structure x

i DLR
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How to derive the output distribution?

]P)X Uncertainty propagation ]P)Y

» Standard approach: Monte Carlo simulation (MC)

~

y@ L yW™ NS | P | —— PY

N - o
Numerical
Random sample estimate of P*
Random sample based on based on
based on P¥ unknown PY yD, .., y®™ True PY

* In general, large samples necessary!
» Approximate results only!
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Alternative approach: Point Estimate Method (PEM)

» Often it is sufficient to know some basic statistics of the output distribution
Mean: E(Y)  Variance: Var(Y) kth moment: E(Y*)

o Approximation scheme (= core element of PEM):

jﬂ g(x) pdfy(x) dx = wy g(GF[0]) + wy Z g(GF[+9]) + - + W’"Z g (GF[iﬂ, ...,iﬂ])

m times

with suitable weights w; and

deterministic sample points ? - = g="f

X; 0+ _
 GF|[O] 1 = E(Y)
° N = f?
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Standard scheme (m = 2)

| 900 patxG) dx = wo g(GFIOD + wy )" g(GFLE5]) + w5 Y g(GFI£9, £9])
Q

where
n%-7n 4-n 1
W0—1+ 18 W1—1—8 Wz—g 19—\/§

» Weights determined such that scheme is exact for polynomials g: R* — R
(degree < 5) in case of standard Gaussian inputs X; fori =1,...,n

» Transformation of the sample points in case of other input distributions

1000

£ 800 n N
: 2 coo e 1 3)
Number of sample points @ S
g 400 / 2 9
N =2n%+1 A ; 19
0 ‘ ' | | 4 33 (25)
0 5 10 15 20
Input dimension 1 5 51
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Example of use: Track degradation

« Simple Petri net model for track degradation (without maintenance):

7 T; T3 T
P 1 P 2 P3 P 4 .P5
—> e — o e S e S
New state Opportunistic Routine Speed Line closure
maintenance maintenance restriction required
possible required required

(cf. Andrews, 2012)

« Stochastic transitions: T,.~W(f,-, 1)
(i.e., Weibull distributed duration [in days] before jumping to the next “health state™)

T T, T3 Ty
B, (shape) 1.5 1.5 1.6 1.7
1N, (scale) 600 500 370 280
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Example of use: Track degradation

Estimated track reliability based on MC simulation 10,000
Sample points
100% SN
90% - A\ —— No opportunistic
80% - maintenance required
70% -
> or | — =No routine
— o0% maintenance required
S 50% -
@ 40% - ~ = No speed restriction
30% required
20% - _
. No line closure
10% - required
0% - -——

0 500 1000 1500 2000 2500 3000
Time since renewal [days]
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Example of use: Track degradation
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 Duration [in days] before reaching state P,,, after renewal or new construction:

h 7; 7 7
S P1 Pz P3 P4 Ps
TS — ZTT B — e . B R — —
r=1 New state Opportunistic Routine Speed Line closure
maintenance maintenance restriction required
possible required required
T, 541.6 | 367.8 T, |-0.68% | +0.50% T, |+0.00% | -0.03%
T, 993.0 | 478.7 T, |-1.00% |-0.03% T, |+0.00% | -0.03%
Ts 1324.8 | 523.7 Ty | -0.56% | +0.50% T; | +0.01%  —0.05%
T, 1574.6 | 545.1 T, |-0.49% | +0.67% T, |+0.01% |-0.07%
10,000 25 (1)

Sample points

Sample points
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Example of use: System reliability

« Composite system with three (stochastically) independent components:

X X

X3

» Exponential life distributions: X;~Exp(f;) = Reliability: RXi(t) = exp(— i_)

» System reliability (= probability that the system “survives” until time t):

Rsys(t) = Rx, (t)Rx, (t) + Rx,(t) — Rx, (t) Ry, (t) R, (t)

7
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Example of use: System reliability

Rgys(t) = ex (—i—i>+ex (—i>—ex (—t L t)
syst ) = S T TR, TP TR TP\ TR B B

» Parameters g; fixed - Deterministic function!

Exemplary

e But, B; uncertain > Random variable for each t! assumptions!

B,~T(2,0.5) B,~UU(1,3)  Bu~LogN(1,0.4)

pdf,, (%)
o o
o °
G B O
pdt,, ()
o ‘o
o (8] S
pdf,, ()
o oo’ o
ok Wk

X X

« Apply PEM (in comparison to MC) for estimating E(Rsys(t)) and Var(Rgys(t))
dependingon t
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Example of use: System reliability

Expected system reliability based on PEM and MC simulation

10,000 19 (1)
Sample points MonteCarlo == =PEM Sample points

'1 -
0.8
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o 1 2 3 4 5 6 7 8 9 10
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Example of use: System reliability

Variance of the system reliability based on PEM and MC simulation

10,000

Sample points

0.02
=20.015
o
o 0.01
j—
S
> 0.005

0

19 (1)
MonteCarlo == =PEM Sample points

/

0

1 2 3 4 5 6 7 8 9 10
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Example of use: Failure diagnosis using decision trees

e Decision tree;:

i.".
X > 0.532

P —— ).

No failure
EEEEEREN Xl } ﬂ-496

SETET]

Failure type 1

* Results:

X; = 0.532

T, X < 0.496
Ta,

-!,,.

.........h...............

: Failure type 2 §

‘I-Ill'lll-"-l-"l-"-l“l e l'

W Exact @ Monte Carlo || PEM
No failure Failure type 1 Failure type 2
e A A
W Y N
1 25w g8
0.9 3 § 3 o o .
0.8 i 2
0.7
0.6
0.5
0.4
03 2 333 2 2
o o o e =1 2 3 223
ot $E° 58t sEs R .
. J ] |
| m"” It °ee° I _ - m”” |
E(flZ=2z) E(filZ=z) E(L|lZ=z) E(GlZ=zn) E(|Z=z) Ef|Z=z) E4lZ=z) E(f|Z=z) E(4]Z2=2z)
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Analyzing uncertainties in model response using the
point estimate method: applications from railway asset
management
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Abstract

Predicting current and futuse states of rail infrastructure based on existing data and
measurcments is csential for cptimal maintenance and operation of
Saatistical and'or ather complex models provide helpfial toals for detects
extrapolating cusrent states ino the futare. This. however, inherently gives rise o
uncertaintics in the model response that must be analyzed canclully 10 avoid misleading
results and senclusions. Commenly, Monte Carlo (M) simulations are used for such
analyscs which oflen roquire a large number of sample points to be cvaluated for
comvergence. Morcover, cven if quite close to the exact distributions, the MC approach
mecessarily pmnics appreccimate results only. In cantrast to that. the present contribution
way ol important statistical quantitics of the model
response, That is the so-called point estimate method (PEM) which can be shown to be
exngt under sertnin constraints and which useally (i.e., depending on the number of input
wvarinbles) works with only a few specific sample points. Thus. this method helps 1o
reduce the computational load for model evaluation considerably in the case of complex

models or in large-scale applications, Based on three more of less academic examples
from the wide field of railway asset managemeal, the performanse of the PEM is

d d: i} track degrad: linbsility nalysis of composite systems and iii)
failure detection identificats ing decision trees, Adv a5 well as limitati

the PEM i pari M simulati di d.

Kevwords

Uncertainty propagation analysis, reliahility, nsset management, prognostics, health
mamagement, point eslimals medl
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Summary: Assets and drawbacks of PEM

Flexible approach (Easy to apply)

Reduction of computing time because of small samples (compared to MC)
Exact results (for “polynomial models” with given maximum degree)
Applicable to various types of distributions (by transforming sample points)
Reproducible results (deterministic approach)

Approximate calculation of the full output distribution possible by
combining PEM with further approaches (e.g., polynomial chaos expansion)

Basic statistics of the output distribution only (when using the original PEM)
Stochastically independent inputs required

No general guarantee concerning the accuracy of the results
(i.e., no convergence as N — o)

CC e
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Thanks for your attention!

Thorsten.Neumann@DLR.de
+49 (0)30 67055-208

German Aerospace Center (DLR)
Institute of Transportation Systems

Rutherfordstr. 2
12489 Berlin
Germany

http://www.dIr.de/ts/
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