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Iterative RDO procedure

It is absolutely necessary to understand booth domains:
e the design space of optimization
» as well as the robustness/reliability space
to be able to formulate a successive RDO problem.

e starting with a consecutively approach of using sensitivity
analysis, robustness evaluation and deterministic optimization
for achieving a robust optimal design is recommended.

iNe safety fastors

i detarministic optimization
evaluation

| _ robustness proof
sensitivity analysis
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Example Application
forming simulation of a small BMW car body part

opticlang

forming simulation

| _
Scanning of design Y (LS DY.NA)
space/robustness domaint B 'g:_%pp'ngl :
using LHS Sampling \‘ B evaluation .

_ - meta format extraction

EMPUT parameter
T 4 ]

statistical post processing
single values/statistics _on_structure
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SETSILpT

Optimization domain e v Lo UipBowal T |
_beadl 35000 | 350.0 _continugus | ¥
_ besd2 | 35000 | g;g:u | 3500 | cominuous | [
beadd | 35000 | 0.0 | 3500 | cominuous | v
beadds | 35000 0.0 350.0 COfiuGLUS [l
® 12 beads fO rces (0'350 N) beads | 35000 | 0.0 | 3500 | cominuous | (¥
_beadé | 35000 | 0.0 | 3500 | confinugus | iC]
. _ bead7 | 35000 | 0.0 3500 | continuous | I'Sr
® - bead8 | 35000 | 00 2500 | cominuous | ¥
beagld | 35000 | 0.0 | 3500 | cominuous | I
beadll | 350.00 4.0 350.0 | continvous | ¥
__beadl? 35000 | 0.0 | 3500 | comtinuous | [
tool_binder Eljl'.'ll:l-l'.'ll:l a0, E0000.0 2O0000_0 continuous | I

| cancel | | oK |

= Paramater Trea Q@ E

Tree
¢ £ parameter tree
® = parameter section
® (39 quertrasger.stimwand oy
& IO whote file
Ed peadt
EH peasz
@ bead?
Ed peads
Ed peads
Ed peads
Ed peanr
EH peans
@ beadd
$ beadld
Ed pead11
Ed peao1z
EH rool_binder
T Py of 100l binger |5
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Sensitivity Analysis with Reference Simulation

Which design parameter, result values and objectives are
sensitive ?

<100 optiSLang Latin Hypercube Sampling

CRALCS (1=08 n=0.21 . True strain)
MAPPING o MAPPING o .
me =
c ntou fEfr ctive Plastic Strain Cot fF ormability: Mid. Surfac
max i pt I

min=0, at elems# 68943
max=0.844814, at elemd# 74851

jor True Strain

Maj

02—
0.

] Formability Diagram - CRLCS (t=0.8 n=0.21, True strain) {auf majestix}) E

Limit % FLC: ¢ _| Cracks

Safety margin % FLC: 20 _I Risk of eracks

Allowahle thinning: 0.3 I Severe thinning

Essential thinning: .02 I Inadequate stretch

WT

Allowable thickening: 601

R-value: 1.82 _| Wrinkling tendency | Wrinkles

T

Close

° dynardo



Sensitivity Study

only two design are admissible regarding the FLD Crack value

Design Mumbser: 78 Degign Number: 54

tool_binder
3750
MAPPlNG

Time =
Contours of anibllhy: Mid. Surface

CRLCS [t-0.8 =021, True strain)
[¥]

bead12
33.25

a
LN

Major True Strain

Mirvor True Strain

(= Formability Diagram - GRLCS (t=0.8 n=0.21, True strain) (auf majestix) | X
Limit % FLC: a I Cracks

36.75 Safety margin % FLC: o0 _| Risk of cracks

bead4 Allpwahle thinning: 0.3 _| Severe thinning

61.25 =
Essential thinning: 002 I Imadieapaate stretch

bead3 i 3

106 75 Allowahle thickening: .EM"
R-valua: 182 _| Wrinkling tondoncy

bead2

22.75 f

bead]

50.75

o 20 0 &0 10 Ri,la!wc Elrl to E-o s Iﬁﬁ
Relative Size to Bounds ["u'i;.]
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ensitivity — Correlation

Rasl apace)
(ACKING >

e N0 importance ranking possible
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Robustness Evaluation using 100 LHS Sampling

0.025

Robustness domain

= Scatter of all 12 beads forces . Min: | 243
_ o Mean: 275
e Scatter of tool binder force ogma: e

Skewness: 2.08e-16
Kurtosis: 2.723

e Scatter of friction (normal

Normal

0.005 0.01 0.015 0.02

e Scatter of Sheet metal thickness S%: 2524
. . 250 260 270 280 290 300
= Scatter yield stress and plasticity INPUT: yield_stress

value (R-value) (normal distribution, CoV_0.05)

Robustness evaluation for the best Design of the Sensitivity
study (max. FLD_ crack=0.73)

Does the safety distance ensure Robustness ??
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Robustness Evaluation

e 6% failure (maximum FLD_crack > 1.0)

e high coefficients of determination (93% linear correlation base)
e clear ranking (only scatter of yield stress, bead 6 force and friction

has important correlation to FLD_crack scatter)

CoD adjusted (Subspace)
< ALL INPUTS vs. CRACKING =

2]

Coefficient of Determination (linear)
full model: adjusted R*= 93 %

[N

d
Subspace vs. ALL INFUTS
CRACKING

6

subspace dimensian:
carrelation length:

INPUT pﬂrameter

2

INPUT: friction
7 %

L INPUT: beadt
17 %

INPUT: beadd | "o
-0 % 5 80

INPUT: beadl2 g 60
1 % | 40

INPUT: thickness 20
2 %

0,
INPUT: R_Value ]

il

INPUT: vi tress
T

name; CRACKING
alue: Maximum

min. value: 1]

max. value: 5.1528

palette range:  -D.085735 _ 51528

0 10 20 30 40 50 &0

adjusted R= [%] of OUTPUT: max_cracking
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Deterministic Optimization

» design improvement from two admissible sensitivity study designs
e increase if safety distance (max. FLD crack<0.70)
 weighted objective

4. Objective Function Edit Dialog il
Name: |Dhjective |
active: [v|
MHarme | Function | Weight
cracking summ_cracking 1000.0
thinning summ_thinning 1.0
hardening summ_hardening 1.0
| Hew | ‘ Remaove | | OK | | Cancel |

e optiSLang Default setting of evolutionary design improvement
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summ_hardenin

Evolutionary optimization

e stop after 80 design evaluations
e max. FLD_ crack value =0.68

Design Number: 68

CALCS (1=0.8 n=0:#1, True sirsin)
MAFPIN o7 T
Time = 0
Contours of Formability: Mid. Surface

0 1 1 1 |
Response History os "
T T T T T
_ oal Nl " | |
©  New generation -
— History [summ_hardening) | ]
or 1 £
5
=z J
/ 3
o5
Fr o
0z [ 0z 04
Mlinnr Trise Strain
T Formability Diagram - CRLCS (t=0.8 n=0.21, True strain) (auf majestix) [ x|
ol Limit % FLC: |0: _I Cracks
Safety margin % FLC: 20 _I Risk of cracks
Allowable thinning: 6.3 _I Severe thinning
2t
L L Essential thinning: .02 _I Inadetmate stretch

1 | 1 1
o 25 50 75 100 125 150 175
Design Number

Allowable thickening: 0.01

R-value: 182 _{ Wrinkling tendency _I Wrinkles

Close

0 20 40 60 80
Relative Size to Bounds [%]
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Robustness Check

Robustness evaluation for the Design 78 68 (max.
FLD_ crack=0.68)

Does the safety distance ensure Robustness ??

» no failure within 50 design realizations ol
e max. FLD_crack value =0.80 7|

w
- _ gm
e max. 3-Sigma FLD_crack value =0.88 ,

/) R Sg

- Normal
5%: 0.5431
95%: 0.7657

CRACKING CRACKING o | 4
< Maximum = < Quantile[0.99865] = 0.55 0. 6 0. 65 0 7 0.75

QUTPUT: max_cracking

Coefficient of Determination (quadratic [no mixed terms])
full model: adjusted R2= 9 %

of TNPUT: beadB 00
- 0 O/ﬂ 80
| INPUT: bead11 60
1% 40
wl I INPUT: t;n&kness 20
‘0
3 I INPUT: beadé 0
[ 3%
Eo— . INPUT: Rﬁ\;’alue
3 . INPUT: bead9
- %
Tl - INPUT: bead1
z 12 %
- INPUT: tool_binder
14 %
name: CRACKING ~F INPUT: friction
value: Maximum name: CRACKING 20 %
min, vhlue: 0 valye: Quantile[0.99865) II\IPUT: yield_stress
max_ value: 0.78949 min. value: Lo

o]
max. value: 0.87637 S 0 60 80

palette range:  -0.087317 ... 0.78949 | adjusted R2 [%] of QUTPUT: max_cracking
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Example Iterative RDO procedure (300 solver runs

CRACKING
. . Cob adjusted (Subs)
Maximum < AL IS ve! CRAEKING >

N 10| coefficient of Determination (quadratic [ne mixed terms])
; o8 Tull model: adjusted A3 98 % &
X T T A T T 1
2 o INPUT: beada
| 0.4 o 80
o L ™ INPUT: bead12 €0
’ 0.0 a0
INPUT:_beads 20
29 0
)|

INPUT: friction
INPUT: R_Value

INPUT p:laramet T

2

INPUT: beadt
15 %

| il CRACKING e 1 | N
value: Maximum - - - :
";L-! [} 10 20 30 40 50 60
i, vplue: D adjusted R? [%] of OUTPUT: max_cracking
INPUT: bead? vs. DUTPUT: max_thining, r = 0.443 e P
paletta ranga:  -DLOBSTIS . 51530 r
— - o = subsgace dmenson: 100
Coefficient of Determination [quadeatic [no mioed terms]] i carrelation lergth: Ll -
5%

fal model: adjusted RE= 6

Camuisbin (w0} (has spac
INPUT: boads
L)

el v, CAAERING =

INPUT: toslmingar
5%

ghistness evaluation

Safety factor crack =1/0.70

5 10
From: REVALUATE ; Samples

seng

o CMED-aR e, P )

MAPPING

oty o crmabisty: b Surtace

samm_hard
54

s P B

75 100 125 180
Désign Number

] b
Salety g L [P
At by LE] Srvees thinning
s
A Ochening: | 801
URE ) Wbl ey

Figure: FLD plot and diagram start design

Figure: optimized robust final design
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How robust is the iterative RDO procedure?

Design maximum Robustness evaluation
FLD_crack optima FLD_ crack value
candidate

78 sensitivity | 0.73 6 % failure

78 68 EA 0.68 no failure at 50 designs

max. FLD crack=0.80
max. 3Sigma value=0.88

78 179 EA 0.70 19 9% failure

78 200 ARSM | 0.64 23 % failure

54 58 EA 0.685 509% failure

e effect is highly nonlinear
e No “constant” safety distance

Response History

< New generation
—— History (summ_hardening) |

8 68 EA

hy ;/78_179_EA
i

1 I 1 I 1 |
o 25 50 75 100 125 150 175
Design Number

summ_hardenimg
52 54 6 58
T T T

50
T

14
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(simultaneously) RDO methodology

Because of the highly nonlinear robustness behaviour an automatic
Robust Design Optimization procedure with simultaneously
dealing with optimization and reliability domain is the final dream.

Because RDO simultaneously deals
with optimization and robustness
analysis computational effort becomes
very high. Therefore the challenge in
applying RDO is to find a payable
balance between effort and reliability
of the robustness measurements.

Co-simulation of optimization and
reliability analysis like doing a Latin
Hypercube Sampling for every
optimization design is possible, but
the effort multiplies.

& cunordo



RDO (EA/LHS)

Spending 330 runs using EA/LHS

That approach try to automate the manual iterative
process

RDO using evolutionary alrorithm in the optimization

domain and Latin Hypercube Sampling in Robustness
IS used.

Robustness within the optimization is introduced using
a 3-sigma-bound at the max. crack value. The 3-
sigma bound is checked with estimation of standard
variation using 10 LHS samplings.

Start Design of optiSLang evolutionary Design
Improvement is Design_78_Sensitivity

(6 Generations =6*5*11 LHS5=330)

T %5

L]

16
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RDO (EA/LHS)

14

12

NMumber of PﬂaramEtEr

4

10

6

Design Number: 1

Relative Size to Bounds [%)]

61.25,

L 1

0 20 40 &0 80 100

5

i

Termsl%bjcctwe |Constraints

Objective History

Design Mumber

; . ; ; -
|| INEQUAL: 3sigma bound -
0.0941642 B
| OBl ob;ective x
58.07686 E
I M{objective): hardening &
580766 | 3

1] 20 &0 100

40 a0

[%] of Data Range

G 9 o
&
ECI ].
m L ! 4
o3
o W i /
2|1 1
sat — I\ H
8 [ \ }
m - .:'\.
u
0 50 100 150 200 250

OBIECTIVE DATA: (Best Design #277) Stochastic data to gt the robustness value{s) for Degign 27

0.6 0.65 0.7 0.75 0.8
T T T T T

255 260 265 370 275 280 285 290 295

INPUT: yield_stress

8 10 12 14

lurnI:E:E:r of Parameter

=

=t

After 6 generations the objective is improved from 59.6

auf 58.08 with a deterministic max. cracking value of

0.656 and a estimated 3-sigma-value of 0.90.

Best Design #277

'l

0 20 40 60 80
Relative Size to Bounds [%]

100
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Robustness Check

Robustness evaluation for the Design 78 RDO_233 (max.

FLD_ crack=0.68)

e two failure within 50 design realizations (4% failure)

e max. FLD_crack value > 1.00

w
at
-
ol
CRACKING et
< Maximum = =
~l
n
1
[=]
=

name: CRACKIMG
value: Maximum

min. value: 0
max. value: 4.0291

palette range: 0..1

OUTPUT: max_cracking

Min: 0.5459
Max: 1.334
Mean: 0.7258
Sigma: 0.1305
CV: 0.1798
Skewness: 2.282
= Kurtosis: 11.31
Marmal
5%: 0.5112
G95%; 0.9404
0.6 0.8 1 1.2
OUTPUT: max_cracking
Coefficient of Importance (linear)
full model: adjusted R2 = 83 %
T T T
w INPUT: tool_binder 100
Q
= 2 0 80
= INPUT: thickness
g 2% 60
o INPUT: friction 40
f. 6 9% 20
=P MNPUT: bead& a
% 19 %
- H INPUT: yield_stres: J
39 %

1]

10

1 1
20 30 40 50

adjusted Col [%] of OUTPUT: max_cracking
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RDO (adaptive RSM/LHS)

= Parameter Tree (aul r| = 0O | X
Tree

L & parameter e

Spending 300 runs using ARSM/LHS

Using the experience from the sensitivity study and
the deterministic optimization we reduce the design
space of optimization to 5 variables (4 beads and the
tool binder).

RDO using adaptive (local) RSM in optimization
domain and Latin Hypercube Sampling in Robustness
IS used.

Robustness within the optimization is introduced using
a 3-sigma-bound at the max. crack value. The 3-
sigma bound is checked with estimation of standard
variation using 10 LHS samplings.

With that strategy 3 RSM Iterations are possible!
(3 Iterations*10 optimal DOE *11 LHS=330)

® = parameler section
& (Y8 quertraeger_stmwand. dvn
[ {D wiioke file
B peacs
beadf

HEH

= Dirads
B peanlo
'T fool_binder
=

53 friction

......
O peadl

EH pean?

Ed beadl

! beads

™ paan?

1 peadd

OO peadll

EH peagi2
ES inickness

& (38 Hasoe, tommOs_s1d ke

i) whos= file

:r" B_Walas
|._—f‘ wield_siress

“‘l; R45

"% RGO

"hs seale_ield_siress
o B out tat
¢ I whose file

B2 summ_cratking

signal section
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RDO (adaptive RSM/LHS)

Objective History

N

|

ective Value

(2]
243 1

| 1 d4a
i i i i i 1 i 5
50 0 50 100 150 200 250
Design Number - : : - -
a 20 40 G0 EO 100

w
o
™~
g}
mL
i)
ot
el
(=]
o
T

0

I
&0

)
20 40 EO 100 Relative Size to Bounds [Y%]
Relativie Size to Bounds [Y%]

L:ﬂ OBJECTIVE DATA: ':EEE't DE‘Eigﬂ- # 123} Stochagles dats to el b mobusiness valuels) for Desgn 223
@ T T T T 2r . L]
i INEQUAL: 3sigma bound .
Wk B
& [ 0.274292 75
v = .
5 -
el 0BJ: abée:‘.tive 2
s 62.1884 18 .
i =] [ ] -
omt 2al .
E 55 b
0 20 40 &0  BO 100 al "
F [%] of Data Range " L : i
013 0.135 f.14 145 015
ENPLUIT: Fricticn

After three iterations the objective is increased from 59.6 auf
62.15 with a deterministic max. cracking value of 0.62 and
a estimated 3-sigma-value of 0.73.
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Robustness Check
Robustness evaluation for the Design

T T T T T

78 RDO_233 (max. FLD crack=0.68) =\ TN

1

- no failure within 50 design realizations /R T $87 1]
e max. FLD crack value =0.83 sof [ ‘ m

e max. 3-Sigma FLD_crack value =0.99 il e g |
e scatter of process forces insignificant for "Il | .- ]

F L D Scatte r o0 I:-IEE'J.',ik.ITPL-'T un?mx crac llé::l'l?q5 o

Coefficient of Importance [Imear,

- - full model: adjusted R2 = 79 9
e highest FLD-values now at different e
i e _—I INPUT: tool_binder 100
locations : 2% 80
E"“ L yield_stress G0
24 %
0.8 < Hasimn - CRACKING - i
0.7 < Quantile[0.99865] > & |- 20
=
: 0.9 =~ 0,

1 1
i 10 30 40 50
adjusted Col [%] of OUTPUT: max_cracking

name: CRACKING
value: Maximum

name: CRACKIN
value: Quantlle[O 99865]

N f
AL min. value:
max. value:

0
0.82585

palette range:  -0.10494 0.82595

min. value:
max. value: 0.99105

palette range: 0 0.99105
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How robust is the automatic RDO procedure?

Design Deterministic | Summ 3- Faillureat | Number
max. Hardening | Sigma | Robustness | of Solver
FLD_crack Bound Check Runs
using 50
LHS
Sensitivity Analysis
Design 78 Sensitivitét | 073 | 56 | - | 6% | 200

iterative RDO procedur e using safety distance

Design 179 EA 0.70 52.29 -- 19 % 430
Design 200 ARSM 0.64 53.68 -- 23 % 450
automatic RDO procedur e using 3-sigma-bounds

Design RDO 277 EA LHS 0.656 5808 | 0.92 4% 530

e robustness evaluation of final designs very important

e the 3-sigma-bound (estimated with 11 LHS) was not
sufficient

e challenge of RDO is the balancing of improvement
(optimization) and level of reliability (robustness)
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e Sensitivity Study and Robustness evaluation are very helpful to
define and run a iterative or simultaneously RDO

e In practical applications the design space and robustness space are
different with some overlap

e Effort for iterative RDO high (300-500 runs)
e Effort for simultaneously RDO higher effort =500

e Improvement of RDO algorithms regarding number of runs and
reliability/robustness measurements still necessary

« Balance of most efficient optimization algorithms in reduced design
spaces combined with sufficient robustness measurements promising

e Robustness evaluation of the final design absolutely necessary

||
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