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Outline

= The optimization challenge

= Overview of simulation and optimization
tools in product development

= Optimal design example

(c) 2009 Successful Statistics LLC ég‘i‘i:ggfgéy\




Successful Statistics LLC

The Optimization Challenge

How can we reduce the variation of a system, relative to the specification limits?
How can we go from this ... To this?
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Four ways to improve capability:

= Challenge the specification limits — can they be wider?

= Challenge the assumptions in the analysis

= Reduce variation of the components and inputs to the system

= Change the average or nominal values of the components and inputs
to the system

Which strategy would you choose?
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Generic Product Design System

: Pilot .

Objective: Obijective: Objective: Obijective:
Design system Make a small Make a large Make money
that meets number that number with
customer satisfy acceptable
requirements performance process

tests capability

* Unexpected problems create costs and delays

* Good engineering should identify and prevent problems

e Design for Six Sigma (DFSS) tools, including simulation and
optimization, are the keys to preventing performance and
capability problems

s?uccessfuy\
tatistics
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The Old Way:
Test — Fix — Test - Repeat

Pilot

Design Prototype Production Production

.| Performance | | Pilot | Capability | | Produc-
Test Run Study tion

Design —> Build

Fix
Performance

Reduce
Variation

* Rework loops requiring redesign add months or years to
the schedule
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Design For Six Sigma Prevents
Problems in the Design Phase

Develo o :
. P Optimize . . Stochastic
Design —> Transfer > Simulation > .
. Performance Optimization
Function

* Every critical characteristic Y needs a transfer function f(X)
* Optimize to find the best X values
* Prevents performance problems

* Simulate to predict variation caused by tolerances and noise
variables

e Stochastic optimization finds X values for the least variation and
best process capability

* Prevents capability problems
* No bad surprises in later phases!
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Transfer Functions

= A transfer function is an = Example shown
equation Y = f(X) below:

= Can be calculated in Microsoft = White box transfer
Office Excel function:

= White box transfer function is Y=X1-X2-X3-X4
calculated from first principles

= Black box transfer function is a | %1 |
model estimated from a
designed experiment run on a
physical system

= Gray box transfer function is a
metamodel estimated from an
experiment run on a computer
model
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Simulation and Optimization Methods

= AfteraY =f(X) is expressed
by Excel formulas, many

options are available . % y
= (Deterministic)

optimization finds single X

values so that

Y is max / min / target Deterministic
— Excel Solver Sl

— Palisade Evolver Xopt % Yont
— TKSolver

= Monte Carlo simulation
predicts the distribution of /" Monte Carlo
Y, by generating random Simulation

values for X . ;m . ﬂ
— @Risk _ g )
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Stochastic Optimization

= Stochastic optimization

— wraps a numerical optimizer around Monte Carlo
simulation

— runs a simulation in each loop of the optimizer

— searches for settings of selected variables so that a
statistical parameter (mean, standard deviation, C,,,
etc.) is minimized, maximized, or hits a target

= RISKOptimizer is a stochastic optimizer that uses
@Risk to perform Monte Carlo simulation

Stochastic Optimization

/" Monte Carlo

{ \ Simulation
BES it
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Deterministic and Stochastic

Optimization

Deterministic Optimum

Ylu Y _ ka\]

:

[
X1 XE X
= Two X values resultin Y,

Deterministic optimizers
pick one of these two
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Stochastic Optimum

y = fX)

S B e

=
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X, resultsin less Y
variation. Stochastic
optimizers find X,
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Example: Solenoid Operated Gas
Shutoff Valve

" |n this valve, the solenoid pulls up a plate against a
spring, opening the valve. When current flow stops, the
spring closes the valve
= Spring force Y is a critical characteristic
— If force is too low, gas forces might push the valve open
— If force is too high, the solenoid might not open the valve
— Tolerance: Y=22+2N

= The spring is tested by compressing to length X,

measuring force X, then compressing to length X; — X,
and measuring force X,

"
Xa
) - I N %
: B ] """ —— %
i) = | =—
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Example: Transfer Function and
Initial Component Selections

| Develop = \White box transfer function:
Design Transfer = Yisforcein Newtons

Function
— Y=X7+Rx(X5-1)
= Risspring rate in N/mm
— R=(X8—=X7)/X6

[ | H H . . . .

|n||t|a| component = Lislength of space containing spring

values: — L=—X1+X2-X3+X4

F18 - .fr| =F13+F17*(F11-F18]
A B C D E F G H 1

& Part Feature Units Nominal +/- Tal Min Mlax
7 (X1 Plate Lip Height mim 3 0.1 2.9 3.1
B X2 Plate Height mim 5 0.1 4.9 5.1
9 X3 Stator Wall Depth mim 6.1 0.1 B 5.2
10 X4 Stator Spring gap depth mim 10.5 0.25 10.25 10.75
11 | X5 Spring Initial compression mim = 0.5 5.5 6.5
12 (X6 Spring Incremental compression  mm 0.5 .02 0.48 0.52
13 (X7 Spring Forcel M 21 0.2 20.8 21.2
14 (X8 Spring Force 2 M 23 0.2 22.8 23.2
15
16 L 8.4
17 R 4
18 Y

[ =4 s?uccessﬂy\
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Example: (Deterministic)
Optimization of Nominal Values

Develo e
: P Optimize
Design —>  Transfer
) Performance
Function

= Use Excel Solver
" Pick one X (like X4), to change
= Changing nominal X4 to 9.85 adjusts nominal Y to 22

F G H | | K L M E F
Mominal +/-Tol  Min Max Mominal

3 0.1 2.9 3.1 3
5 Y 5
61 Solver, Parameters [‘5__<| 61
10.5 | Set Target Cells FL 15 Solve I 9.85
6| Equal To: OMax OMin & valeof: |22 6

= = = Close
0.5 1 Ev Changing Cells: 0.5
21 | FF$10 GlUEss 21
23 Subject to the Conskraints: 23

add
6.4 = L 5.75
; Reset Al
Help
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Example: Monte Carlo Simulation to
Predict Variationin Y

Develop .
, Optimize : :
Design Transfer Simulation
. Performance
Function

= Using @RISK, specify distributions for inputs
= By default, choose uniform for all inputs

3
6 P\ @RISK - Define Distribution: K7 M[[=)[E3] Doistribution Random
7 |xl Mame ||'_|'I|:| H:“l'gl"_'f
3 X2
Cell =Rizklniform{H7 |7 RiskiNames{ T
9 _|X3 Formula
10 (x4

11 %5 || IBUriform{H7,17)
12 %G Funckion IInifarm

13 | X7
14 X8

2 Uniform
.52 Uniform 0.5
P1.2 Uniform 21
3.2 Uniform 23

Lip Height

Parameters Standard
Min H7
M I7

15 .

. 2l 8| =&
7 Add Owerlay

18

o |owE Wi - 5
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B vriformn(z 3.2.0)

Minirnurn 29000
Maxirnurn 31000

Mean 2.0000 L 5.75
Std Dev 0,0577 R A

Y 22

2,85
2,90
2,95
3.00
3.05

Cpk #NUM!
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Example: Monte Carlo Simulation
Specify Output and Settings

= Specify output variable
= Optionally, add units and tolerance limits

S | =RiskOutput{"Spring force", RiskUnits{"N"),RiskSixSigma( 20,24} | +K13+K17*K11-K16)

H 1 ] K L M M O P

= Calculate C, with RiskCpk function

| =RiskCpk(K18)

H . ) K = Simulation settings

L 5.75
R 4
Y 22
Iterations 10000 - o s % ¥
I | I Simulations |1 - L ‘ N
Cok]_ENUM. | Start  Advanced | Browse

] * =
|LH ﬁ:! E E i @' Simulation Analyses = || Results |E

Simulation Ri

as Data Review View Developer @ RISK
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Example: Monte Carlo Simulation
Predicted Variation, Initial Design

= Results after 10,000 trials:

" Predicted C,, = 0.49

= Only 85% in tolerance limits

= Major culprit: Initial compression of spring

= Suppose capability study found that X5 is normally distributed
with mean on target and standard deviation = 0.1 mm

M @RISK - Output: K18 M=1(E3 @RISK - Output: K18
Spring force Spring force
20,00 24,00 Correlation Coefficients (Spearman Rank)
0,30 - Initial compression .
0.25 4 Spring gap depth
' Bl sering force Height | -0.1 [
0.20 4 T — i i g 0,15
Minirourm 13,1401 Lip Height =
0.15 - Marimurn 25,8242 Wiall Depth 4 o=
Mean 22,0010 Farce 2 4 [ TRE
0.10 4 Std Dev 11,3505 Force 1 - I|:|||:|3
Walues 10000 )
0.05 4 Incremental compression -|:|.|:|3|
0.00 @ + ™M 9 & * w @ g
=2 Z &5 & ® & & % 4 5 ¢ 9 =8 o 5 o &8 =

Coefficient Yalue

D@ [ 7| A F BV 0y dee | | ME [T ] F 2 VA
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Example: Monte Carlo Simulation
Update Distribution from Data

L I s LS (R o 1

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

X1
X2
X3
x4

X5
b{s
X7
HE

B C D E
Part Feature Units
Plate Lip Height mm
Plate Height mim
Stator Wall Depth mm
Stator Spring gap depth mim
Spring Initial compression mm
Spri

Nominal +/- Taol

3
3

6.1
9.83

B

G H | 1 K
Min Max Distribution Random
0.1 2.9 3.1 Uniform 3
0.1 4.9 5.1 Uniform 5
0.1 6 6.2 Uniform 6.1
0.25 9.6 10.1 Uniform 9.85
0.5 5.5 6.5 N(6,0.1%)

A niforg

Spri

Sprin Marne |.'m't|'r.'|' COMPrEssion
Zell =RiskMormal{é,0.1 RiskName{Z11))
Farrmula

Il tcrmal(s, 0.1

Funckiar Mormal

Parameters Standard 5,835
M &

a 0.1

2 d=is)

Add Orverlaw

2.73
5.80
5.85
5.90

o @ [

5.95

6,00
6.05

|i .10

Initial compression
6.1645

B rormalieo

Minirnurn —a
Maxirnumn +oa
Mean E.0000
Std Dew  0,1000

6,20
6,25

Ik | Close

lw &5
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Example: Monte Carlo Simulation
Predicted Variation, Updated Design

= Results after 10,000 trials:

= Predicted C, = 0.82

= Only 99% in tolerance limits

= Better, but far from Six Sigma quality (C,, = 2.00)

M @RISK - Output: K18 I'LII'EIF'5__<| @RISK - Qutput: K18 |'__||'E| E'
Spring force Spring force
20.00 24.00 Carrelation Coefficients (Spearman Rank)
0.50 ] Spring gep depth { - ECEE
. Initial compression -
0.40 4 . Spting force Lip Height m
| Height
0.30 4 = =) Minirnurn 19,0195 =1d m
1 = S Maximum 248026 Wall Depth 4
0,20 = A Mean 219993 Force 1 oo
E 1] Il Std Drew 08172 Force 2 4 .D.DE
|
0.10 1 9 o Values 10000 Incremental compression - 0.0z |
0,00 @ w o+ o o o T @
o = N & £ 2 £ 5 5 & © S S S o
Coefficient Yalue

O @ [ F| | 7 B2 ) [ [ Q) = | [F s B2l [ b
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The Optimization Challenge

= We need to dramatically improve the capability of this
system. How can we do it?

v’ Challenge the specification limits

= Here, the tolerances are determined by the needs of the next
assembly level

v’ Challenge the assumptions

= One assumed distribution replaced by actual data
— Tighten all component tolerances

= Costly — should be a last resort

— Change nominal values, with no change in tolerances
= How? Let the computer figure it out

e
i I
T 4 1
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Example: Stochastic Optimization

" Consider each input variable and select a range
of possible nominal values

= Where needed, identify constraints on input
variables

= Change nominal values only — not tolerances

i B C D E F K L Y M Q
4
5 Optimization Criteria
6 Part Feature Units Mominal +/-" |Random Lower Upper Constraints
7 X1 Plate Lip Height mim 3 3 2 3
g |x2 Plate Height mim 5 5 4 7 EID{Z- D-:l:=-1_|
9 X3 Stator Wall Depth mim 5.1 5.1 3 7
10 |x4 Stator Spring gap depth mm 9.85 9.85 g 20
11 (X5 Spring Initial compression mm 6 f 6 5 10
12 | X6 Spring Incremental compression  mm 0.5 0.5 0.5 1
13 (X7 Spring Force 1 M 21 21 20 21.5
14 |x8 Spring Farce 2 N 23 23 22.5 24
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Example: Stochastic Optimization
Specify Model in RISKOptimizer

wpa
'“—/' [f__lx_. Haome Insert Page Layout Farmulas Data Review Wiew Developer ERISK RISKOptimizer

Cam Repnrts* —
’ PAPPONIN # RisKOptimizer - Model %]

Model Settings Start

Definition ©) Help ~ Dptimization Goal |Maximum j
Model Optimization Tools
(S z Cell =kz0 B

Skatiskic |'-.-'a|ue ﬂ

Adjustable Cell Ranges

Flinirn Fange M asirnum Yalues | | add. ..

Bl Recipe Delete |

=L10 == =Fi0 == =M1i0 Ay

=L11 == =Fl1 == =M11 Any
=Lz == =Flz == =Miz Ay
=L13 == =F13 == =M13 any ¥
Conskrainkts
Description Formula Tvpe Add. ..

@ Ik | Zancel |
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Example: Stochastic Optimization
Watch the Improvements in G,

—-‘} [f_;' Home Insert Page Layout Farmulas Data Review

@ » T

View Developer @RISK RISKCptimizer

4 Utilities ~
Maodel Settings || Start RISKOptimizer Watcher
Definition @/ Help - P
fModel Optimization Tools l aurnmarsy ] I=|:u;|] Population ] Diversiky ] ]
Last 4000 Simulations AllSimulatiors
3.5 3.5 5
3.0 1 3.0 f
2.5 1 2.9
2.0 4 2.0 4
1.5 1 1.5
1.0 4 1.0 4
D.S T T T T T T T 1 D.E T T T T T T T 1
[} ] = = = = o] o] o} L] = = = ] = ] = =
2 2 2 8 2 2 g = 5 8 & &8 8 &8 &8 &
- T U hes mog 8 8 B8 OF
Best= 3.1866 (Simulation #1372} Original= .9042 Completed Simulations= 2189 (2067 Yalid) Time= 00:02:44
@ & =] . (B
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Example: o - 2 NN

6 Part Feature Units MNominal |+
o timized DESi “ 7 |1 Plate Lip Height mm 3.007852
p g g8 X2 Plate Height mim 5.01775
9 X3 Stator Wall Depth mim 5.845372
- P d . d C 2 9 5 10 | X4 Stator Spring gap depth mim 9.85
re ICte PK - . 11 |X5 Spring  Initial compression mim 5.505472
12 (X6 Spring Incremental compression  mm 0.996172
u NOW What Should we 13 |X7 Spring  Force 1 N 21.49653
14 (X3 Spring Force 2 M 22.51746
do with tolerances?
* 16 L 6.014527
17 R 1.024852
13 ¥ 21.99967
M8 RISK - Output: K18 M= E3 @RISK - Output: K18 A=
Spring force Spring force
21,631 22,365 Correlation Coefficients (Spearman Rank)
20 —30 . Spring gap depth
. Initial compression -
181 B serina Force Lip Height: | e
121 | 2 Minimum 21,2236 Height - mm
4 S 3 Maximunn 22,5171 Farce 2 -
0.5 - 2 = Mean 22,0002 ] 0.2
. [ I Std Dew 02244 Wall Depth
044 |d 7 Valies 10000 Force 1 4 [T |
4 = Incremental compression - -|:|.|:|1|
0.0 : . . .
[F = n o w o wm o wm = w o fa] -+ o =] ¥ -+ fa]
8 8§ & & &8 H B & & ¢ 9 9 ¢ © © &g o
M Coefficient Yalue

Q| E [ T AT P AW e || (DME [T L F B V[
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Example Summary

= Next steps:

— Review optimized components for practicality. If
necessary, add more constraints and optimize again

— Since capability is now “too good,” consider wider
tolerances to lower cost

— When prototypes are available, verify the transfer
function

" |f the transfer function is correct and complete,
performance and capability problems will not
happen

= This can all be done in a few minutes, before the
first prototype is built

= Next steps for you: Try this on your systems!
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Shameless Self-Promotion

DFSS Statistics

Training programs
DESIGN FOR 59 data-driven tools & prog

SIX SIGMA  Tolerance design (3-day)

every engineer o .
STATISTICS needs to know  Efficient experiments (3-day)

 Statistical problem solving

Only $1.52 / tool! (9-day)
* DFSS tools and techniques
(5-day)

Six Sigma * Design your own!
Dlstrlb.utlon oA
Modeling DISTRIBUTION
How to select and MODELING
apply dozens of i > Web-based

distribution families e
. training now

available!

Andy@SuccessfulStatistics.Com
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