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Reliability Analysis
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e Himmelblau function
e Nonlinear two dimensional state functio
e Nonlinear limit state function g(x1,x2)=0

e Three separated domains with high failure probability density

2 Weimarer Optimierungs- und Stochastiktage 6.0, 15./16. Oktober 2009 dqﬁor\do



Reliability Analysis

MLS approximation of g

MLS approximation of g

e Directional Sampling

e Design evaluations: 2612
e PF = 1.99E-06 (1.99E-06)
e Standard error: 3.46E-07
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Reliability Analysis

MLS approximation of g

MLS approximation of g
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e Adaptive Sampling

e Design evaluations: 1500
e PF = 1.56E-06 (1.99E-06)
e Standard error: 1.25E-07
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Reliability Analysis

Quadratic regression of g INPUT: x1 vs. INPUT: x2
( 1. Approximation / All samples )
I

0
.

INPUT: x2

-2

INPUT: x1

e C(Classic response surface method
e Design evaluations: 6
e PF = 2.89E-05 (1.99E-06)

S Weimarer Optimierungs- und Stochastiktage 6.0, 15./16. Oktober 2009 dqrjor“do



x2
-2.5 -2 -15 -1 -0.5 0 0.5

-3

-3.5

Reliability Analysis

MLS approximation of g INPUT: x1 vs. INPUT: x2
( 4. Approximation / All samples )
I I

INPUT: x2

oL
N

4 35 -3 25 -2 -15 -1 -05 0 0. -4 2

INPUT: x1
Adaptive response surface method - Sigma level dependent

Adaptive sampling on MLS (optiSLang 3.0) ® N <15 _
Design evaluations: 22 = Single adaptive DOE

o f
PF = 1.94E-06 (1.99E-06) 33&2?2?%3 unsafe
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Adaptive response surface approximation

(= Reliability settings e
Load/Save Presets e Sampling methods on the
reliability algorithm | Adaptive response surface - | MLS apprOXimation:
Parameters e Adaptive Sampling
Assumed failure probability | |3.4e-f | Directional Samp“ng
FETATIS) T ;:;;:T:;:ET{%\/ e sSupports more than
Number of directions |directional sampling + | two failure domains
Initial DoE schema | D-optimal quadratic v | e and Sigma level
Initial axial multiplier |10 | independent

Following DoE sche mes |I]—nptimal linear vl /. C|USter anaIySIS to deteCt

Rotate DoE schemes W number of failure domains

Maximum number of clusters (3 < with high failure probability

- Rotatable adaptive designs
of experiments to improve
the approximation

= e accuracy

Max. number of adaptions |E

|
|
Accuracy of failure probability [35] 50,0 |
|

Limit bound of parameter changes [34] |2.IZI

/ Weimarer Optimierungs- und Stochastiktage 6.0, 15./16. Oktober 2009 dqﬂgr\(‘lo



Reliability Analysis

MLS approximation of g

INPUT: x1 vs. INPUT: x2
( 5. Approximation )
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e Adaptive response surface method

e Directional sampling on MLS (optiSLang 3.1)
e Design evaluations: 58

e PF = 1.67E-06 (1.99E-06)

INPUT: x1
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Norm of Realization

DUTPUT; myeta we, DUTPUT; myPoeser v, DUTPUT : Equivalent Stress Maximim
{ 2. Approxirmatson )

Diesign podnt
Supports
Unsafe domain

9 Weimarer Optimierungs- und Stochastiktage 6.0, 15./16. Oktober 2009 C‘Iqﬁgr\do



Example: Axial Turbine Blade

= Load/Save Presets
Robust
| Mame | Distribution | Mean | cCo¥ | Stddev | LowercCut | UpperCut | Format |&cti.]Zon..) reliability algorithm |ﬂ-dﬂlﬁil-'ﬂ response surface "|
1| myomega Mormal  |-2244.215413.] 002 4456430827 .. - 5 sp2014f | 1 | [v
2 | DS_hub_sngle Mormsl  |-0336986054. 002 0006739761, - - szna4t | 1| v - Parameters
3 | DS_shroud_angle Mormal  |-0478574512. 002 0.003571490... - B w204t | [ | [
: : DS_caTvt__angle Mormsl  |-9E&1E17021. 002 0.193636340... - - 920141 E : [ Assumed failure probability |3.4e-5 |
, in Mormal  |1002.859199... 002 20057184 - - w2014t | [ | [
g | ptin Mol 3050000 0.03 91500 - - 2014t | vl | [
B pout Marmal grooo0 | o002 17400 ; - %2014t | 1 | ¥ Sampling method |directiunal sampling '|
g : iy hir P Mormsl 1004 4 : 0.03 30.13190099... - - 2044t | [ : ¥
a | iy PR Mortsl 27402 | oo £.613059999... - - szna4i | vl | [ L
10 | myStesicP Morml 4340 | 005 21.70000000... - 5 sp2014f | 1| v Humber of directions |1 0ooo |
1 | mySteelDensity Marmal 78500 | 0. 78.5 - - szna4i | vl [ [
12 | mySteelLambda Marmal 505 | 0.04 242 - - 2014t | [ | [v] Initial DoE =chema ||:I-uptimal quadratic v|
13 | DS_FBlendRotor Mormsl ng | ooz 0.016000000... - - szna4i | [ | v
14 | Youngs_Madulus Marmal 20E11 | 0.03 £.0E9 . - G204t | [ | [ . _ o
15 | Poissons_Ratio Mormsl 03 ! 01 0.03 - - 204t | vl | [ Initial axial multiplier |1 o |
16 | aMP_v_1 Mormal 0o | nfinty  [0a@2re414r . - - s2014g | [ | [¥]
17 | AMP_Y_2 Maral 00 | Infinty  |0.007495567... - - %2014 | [1 | [A Following Dok schemes |D-Dpﬁmiﬂ| linear "|
18 | amP_v_a Mortal 0o | finty  [0005198775.. - - s2014g | [ | [
19 | AMP Y 4 Marmsl 0.0 | Infinty | 0.003323636... : - s2014g | W] | [ Rotate DoE schemes ]
(20 | AMPY.S Mortal 0o | finty  [00027E1396... - - s2014g | [ | [
21 | amp v Mormal 0o | nfinty  [0001999197. - B w2014g | [ | ¥ )
22 | ame vy Mormsl 0o | nfinty  [0.00M87636S... - - 20149 | [ | [V LT TG AT |E |
23 | amp v.E Marmal 0.0 | Infinty  |0.001647552... - - %2049 | W] | [ .
24 | AMPY G Normel 0o | Infinty | 0.001336831.. - } %2014 | 1 | 1 Max. number of adaptions 5 |
25 | aMp_z1 Mortsl 0o | finty  [02a7083430... - - s2014g | [ | [
25 | AMPZ2 Maral 00 | Infnity 000541863 .. - - %2014 | [1 | [A Accuracy of failure probability [%] 10 |
27 | ampra Mortal 0o | nfinty  [0.003653600... - - s2014g | [ | [
28 | AMP_Z 4 Marmsl 0.0 | Infinty  |0.002228785... : 3 w2014y | [ | [ Limit bound of parameter changes [%] |2.I:| |
22| amprs Mortal 0o | nfinty 000887426, - - s2014g | [ | [
30 | aMP T g Marmsl 0.0 | Infinty | 0.001529446... - - w2014g | [ | ¥
M| amer7 Mormsl 0o | mfinty 0001421394 - - w2049 | [ | [V Reset | Cancel | ‘ 0K |
32 [ ampzs Mormal 0.0 | nfinty (0001041140, - - %2049 | 1 | ¥
33| AMPza Mormsl 0.0 | nfinty  [o.208022689... - - 5,20.14g E
Cancel Save State C it g g
Lo | ‘ Mame | Function aclive
LimitStress |. £ 2.8e9-Equi _Stress_| { Ldl
LimitEta |DE myeta-0.795 v
}Limitpnwar @& myPower-1.0e6 v
e n=9relevant random ‘
param eterS Add Limit State Function || Remove Limit State Function H OK || Cancel ‘
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Example: Axial Turbine Blade

OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT
( 2. Approximation )

[621] WNWIXe ssa43s juajeainby 11Nd1NoO

l el
'« 3clustered areas with
high failure probability

: Equivalent_Stress_Maximum

yinerileﬁ]
1.

QUTPUT: m
1.2

QUTPUT: myeta vs. QUTPUT: myPower
[ 2. Approximation )
- g

L
-
3
[] :. .i.'
‘e :"f‘
" "'..’
L . L N}
- .r
- =
. ;_"
Design point

Designs an LSF
*  Safe domain
Supports
. Unsafe domain

L ] L]
. C e % b Tewe® _ ! .|
0.785 0.79 0,795 0.8 0.805 0.81 0.815 0.82
) UTPUT: myeta
£ Save State Condition
[ Save State Condition
Mame | Function | active ||
|LimitStress |@£ 2.8¢9-Equivalent_Stress_Maximum | [
Liniteta [0£ myeta-0.795 il
LimitPower [0Z myPower-1.0e6 | b4 |
|
| Add Limit State Function | | Remove Limit State Function | | 0K | | Cancel |
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Reliability Analysis

n = 9 random parameters

N = 141 design evaluations
Pf = 2.4e-7 < 3.4e-6 (4.5 sigma)
Six Sigma Design

Calculation of the MPP or desi
point
Corresponding FORM result

Method : Directional Sampling on Adaptive
Response Surfaces (ARSM-DS)

Selected data

Number of designs :

Complete directions :

. 2. Approximation

141 (7 failed)

10000 7 10000

Number of samples :

Total :

Safe domain :
Unsafe domain :
Failure strings :
Unsuccessful :

Probability of failure :
Standard deviation error

myomega

DS _gv_angle
Ttin

ptin

pout

myAirCP

myAirR
Youngs_Modulus
Poissons_Ratio

Distance median - design point (beta)

Probability of failure (FORM)

Most probable failure point:

19590
15143
4447
0

0

2.45e-07 ( 2.45e-07 )

: 4.771e-08 ( 4.771e-08 )

:-2217.04008841
:-9.99561718295
:960.730885684
1266629.901461
:90929.4317189
:1023.31803947
:279.505216069
1202109405683
:0.285449914136

: 5,623

: 9.372e-09
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RDO - Examples




Overview

* Braninfunction
* Beam under dynamic load

* New highdimensional Example
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Braninfunction

5.1 5 ’ 1
f(x,z) = (z—mx2—|—Ex—6) + 10 (l _ﬁ) cos(x) + 10

uiuelq
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Braninfunction

Objective History

125 150 175 200
I I I I

ective Value

260
I

75
|

50
|

25
|

| |
5 10 15 20 25 30 35 40
Optimization Designs

deterministic parameter:
-5<x<10

stochastic parameter:
c,=2
w =2
minimize:

Ogbranin() = p(f(x)) + o (f(2))

* ARSM / 25LHS
* SR:1.00/5%
* Minimum found at x = 10

* 47 runs




Example - simple beam

l F, sin ot

-----
...........
--------
..............
.
---------------
------------------------------

Optimization parameter:
d[0..1]

h{0..1]

Stochastic parameter:
F,lu=2e5,0=2e4]

o[u=60,6=6]
Objective:

min(d*h)

Constraint:

P.(w, >0.005) <0.01

Design height h

0.0 0.2 0.4 0.6 0.8 1.0
Design width w

5 Dirk Roos / David Schneider -

RDO Examples 15./16.10. 09 WOST 6.0



Results

a comparison

solver runs Algorithm | solverruns
1200 EA/FORM 15000
EA/FORM 15000
1000 ARSM/LHS 1188
psl 3.0 basic settings* ARSM/ARSM 1060
800 psl| 3.0 better settings* ARSM/ARSM 490
psl 3.0 SR5%* ARSM/ARSM 256
. ARSM/ARSM 382
600 Dsl 3.1 SR10% ARSM/ARSM 217
400
200
osl 3.0 basic settings* osl 3.0 SR5%* WOST 5.0 academic**
WOST 4.0 osl 3.0 better settings* WOST 5.0 stable
0.25
0.20
0.5 Best objective
0.10
h - - -
0.00 /
osl 3.0 basic settings* osl 3.0 SR5%* WOST 5.0 academic**
WOST 4.0 osl 3.0 better settings* WOST 5.0 stable
st ae 051 3.0 DETEr e gs” x oslt3 ? results calculated with libOptiSLang++
: : : not stable
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Highdimensional Example

Combination of Rosenbrock-function and Hyperplane

1

n

rosenB(dy, ... .d,)

[(1 - I'q;)Q + 100(1‘24_1 o IEJQ] hy_’pé’?"P([)’, Po, - - - me) — 6\/5 - Zopt

Linear regression of hyperplane

6000 |

5000 ﬂ

4000 |

=2
<
o

0]
n}
o
o
3
]

)po.\quaso“

3000
2000

1000 |

—

2 15 127&2;25*"\\'

05 .1
d1

L
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Nuzmber of Parameter

Highdimensional Example

min(rosenB(dy, ... ,d,))
—24<x; <24
PlhyperP(3,po, . ...pm) +vVn* (dy) < 0] < 3.4FE —6

Design Number: 3515

2.2193

20

40 60
Relative Size to Bounds [%]

80

100

onse
2 P 3

Number of Res

1

RESPONSE DATA: (Design Number: 3515)

I I
p_failure (approx.)
5.44567e-09

p_failure (original)
9.36235e-10

il I Y
rosenBrock (approx.)
107.185

rosenBrock (original)
8.47949

0 20 40 60 80 100
Relative Size to Response Range [%]
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Outlook

Better decision criteria for SR
Easy and understandable parameters
Apply to total space

Find and use best metamodel

Braninfunction: 17 designs

Simple beam: 81 designs

Rosenbrock/hyperplane: less than 500 designs

9

Dirk Roos / David Schneider - RDO Examples

15./16.10. 09 WOST 6.0



RDO - Examples
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