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Robust Design

Goals for Desighed Experiments

€ Understanding relationships between design parameters and product

performance
€ Understanding effects of noise factors

€ Reducing product or process variations
Robust Designs

A robust product or process performs correctly, even in the presence of
noise factors

Noise factors may include:
€ Parameter variations

€ Environmental changes
€ Operating conditions

€ Manufacturing variations
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Application Cases

Robust Design Case: PING

PING

38 Years of What Works.

ISISTAINLESS IRONS

With New Cushin Insert
+ Ofers the same innovative design found
inthe copper and nickel models

=« Contrals unwanted viDratons. oroviaing
a mare positive feel
* JMEproved oouics, siimmer topline .

1 it - NEChING wedge W 47, W2 4057, 552, 52 545, 53
5 &L 81" In men's & ladles’ right hand, 15T irons e
awallable with Cushin tieal or praphite shaffs

CUSHIN SHAFT

= Selective flltening Insert

I« Filtars umsantad frequencies for more positive
feedback

Call For Prices On All Ping Products!

ZING 2 IRONS and
WEDGES

= Desigred taincraase the
effectlve Niting area

= Provioes maximum

= [ntensifled wealgnong on the permeLer ensures forgiveness on
cansistent distance and accuracy off-canter hits

* Unique cavity design perfects the tone and feei of the = Features citreme
club on impact welghting

« Nickel alloy Is tougher than copper or stainiess steel
but produces the softest feel "

= Density of copper imtansifies walghnt In key areas to
provice maximum forgivenass an off-Center hits

= Finehy-tuned cavity design provides consistency
across the club face

5L 1 oo - pitching wedge, W LS & LW In
Sc men's & Bdies” right & Jef hand, IING 2 Iroms &
=Y wedpes ae available with stéel or graphite shafts,
=¥ Fing 2 Recu wedges avaltable i right hand ol

¥
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Application Cases

Robust Design Case: AKIA

KOREA GOLF SHOW
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Application Cases

Robust Design Case: Digital Camera vs. Tank
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Robust Design

What is the better picture ???

Mr. Pareto Head by Mike Crossen

Whoat the average driver sees. What Mr Pareto Heod sees.

23 M Craasan
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Robust Design

Exploiting Non-Linearity

Output
Response Y
YB

Use the extra “degrees
of freedom” to search
for robust set points.

YA

Input
Parameter X
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Parameter Design Procedure

Step 1: P-Diagram

Step 1: Select appropriate controls, response, and noise factors to
explore experimentally.

€ Controllable input parameters U rel e

Noise

€ Measurable performance response Factors
€ Uncontrollable noise factors
Measurable Product
Performance «———— or
Response Process

Controllable
The P-Diagram Input

Parameters
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Parameter Design Procedure

Step 1. P-Diagram Example — Brownie Mix

€ Controllable Input Parameters
- Recipe ingredients (quantity of eggs, flour, chocolate)
- Recipe directions (mixing, baking, cooling)
- Equipment (bowls, pans, oven)
€ Uncontrollable Noise Factors
-Quality of ingredients (size of eggs, type of oil)
- Following directions (stirring time, measuring)

- Equipment variations (pan shape, oven temp)

€ Measurable Performance Response
- Taste testing by customers

- Sweetness, moisture, density
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Parameter Design Procedure

Step 2: Objective Function
Step 2: Define an objective function (of the response) to optimize.
€ Maximize desired performance
€ Minimize variations
€ Quadratic loss

@ Signal-to-noise ratio

Types of Objective Function

Larger-the-Better Smaller-the-Better
e.g. performance e.g. variance
f(y)=y f(y)=1/y?
Nominal-the-Best Signal-to-Noise
e.g. target e.g. trade-off
F(y)=1/(y—ty f(y)=10log|y* / o?]
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Parameter Design Procedure

Step 3: Plan the Experiment

Step 3: Plan experimental runs to elicit desired effects.
€ Use full or fractional factorial designs to identify interactions
€ Use an orthogonal array to identify main effects with minimum of trials

€ Use inner and outer arrays to see the effects of noise factors
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Parameter Design Procedure

Step 3: Plan the Experiment — Full Factorial
& Consider k factors, n levels each

€ Test all combinations of the factors
€ The number of experiment is nk

€ Generally this is too many experiments, but we are able to reveal all of

interactions

Expt. # Parameter A Parameter B

1 Al B1

, " o 2 factors, 3level each:
3 Al B3 nk = 32 =9 trials

4 A2 B1

5 A2 B2

6 A2 B3 4 factors, 3level each:
; 22 z; nk = 34 =81 trials

9 A3 B3
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Parameter Design Procedure

Step 3: Plan the Experiment — One Factor at a Time

® Consider k factors, n levels each
@ Test all levels of each factor while freezing the others at nominal level
€® The number of experiment is nk + 1

€ BUT this is an unbalanced experiment design

Expt. # Parameter A Parameter B Parameter C Parameter D
1 Al B1 c2 b2 4 factors, 2 levels each:
2 Al B2 Cc2 D2
3 Al B3 C2 D2 nk + l =
4 A2 B1 c2 D2 2*4+1=09trials
5 A2 B2 Cc2 D2
6 A2 B3 C1 D2
7 A3 Bl C3 D2
8 A3 B2 Cc2 D1
9 A3 B3 Cc2 D3
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Parameter Design Procedure

Step 3: Plan the Experiment — Orthogonal Array
® Consider k factors, n levels each

@ Test all levels of each factor in a balanced way
€ The number of experiment is order of 1 + k(n-1)
€ This is the smallest balanced experiment design

€ BUT main effects and interactions are confounded

Expt. # Parameter A Parameter B Parameter C Parameter D
1 Al B1 c1 D1 4 factors, 3 levels each:
2 Al B2 c2 D2 1 +Kk(n-1) =
3 Al B3 Cc3 D3
4 A2 B1 7. D3 1+ 4(3-1) =9 trials
5 A2 B2 c3 D1
6 A2 B3 c1 D2
7 A3 B1 c3 D2
8 A3 B2 c1 D3
9 A3 B3 c2 D1
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Parameter Design Procedure

Step 3: Plan the Experiment — Using Inner and Outer Arrays
€ Induce the same noise factor levels for each combination of controls in a

balanced

3 factors, 2 levels each:

manner |
L4 outer array for noise
4 factors, 3 levels each: 1
| O inner array for controls El E1 E2 E2
F1 F2 F1 F2
1 G2 G1 G2 G1
Al B1 Cl D1
Al B2 Cc2 D2
Al B3 C3 D3
Inner * Outer =
A2 B1 C2 D3
L9 * L4 =
A2 B2 C3 D1 .
36 trials
A2 B3 Ci D2
A3 Bl C3 D2
A3 B2 Cl D3
A3 B3 Cc2 D1
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Parameter Design Procedure

Step 4: Run the Experiment

Step 4: Conduct the experiment
€ Vary the input and noise parameters
€ Record the output response

€ Compute the objective function
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Parameter Design Procedure

Step 4: Run the Experiment — Paper Airplane Experiment

Expt. # Weight Winglet Nose Wing Trials Mean Std. Dev S/N
1 Al Bl C1 D1
2 Al B2 C2 D2
3 Al B3 C3 D3
4 A2 Bl C2 D3
5 A2 B2 C3 D1
6 A2 B3 C1 D2
7 A3 B1 C3 D2
8 A3 B2 C1 D3
9 A3 B3 C2 D1

19 Intelligent Process Systems Laboratory, SNU



Parameter Design Procedure

Step 5: Conduct Analysis

Step 5: Perform analysis of means

€ Compute the mean value of the objective function for each parameter
setting

€ |dentify which parameters reduce the effects of noise and which ones can
be used to scale the response. (2-Step Optimization)
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Parameter Design Procedure

Step 5: Conduct Analysis — Analysis of Means (ANOM)

Plot the average effect of each factor level

SIN Ratio (dB)

Factor Effects on S/N Ratio

‘/ best levels of
15.0 - B1 '/ these factors

Choose the

140 4 2 a1 -
13.0 - \ B / P20 D3 u
%) .
12.0 53 ./. D/é
11.0 - B2 |
Scaling factor?
10.0

Prediction of Response
E[#n(Ai,Bj,Ck,DI)|= u+a +b, +c, +d,
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Parameter Design Procedure

Step 6: Select Parameter Setpoints

Step 6: Select parameter setpoints
€ Choose parameter settings to maximize or minimize objective function

# Consider variations carefully. (Use ANOM on variance to understand

variation explicitly.)

Advanced Use:

€ Conduct confirming experiments

€ Set scaling parameters to tune response

@ lterate to find optimal point

€ Use higher fractions to find interaction effects

® Test additional control and noise factors
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Parameter Design Procedure

Step 6. Select Parameter Setpoints — Confounding Interactions

€ Generally the main effects dominate the response. But sometimes
Interactions are

important. This is generally the case when the confirming trial fails.

€ To explore interactions, use a fractional factorial experiment design.

A

S/N

—e Al
— A2
— A3

B1 B2 B3
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Parameter Design Procedure

Alternative Experiment Design Approach: Adaptive Factor One at a Time

& Consider k factors, n levels each

& Start at nominal levels

€ Test each level of each factor one at a time, while freezing the previous ones at best

level so far

€ The number of experiment is order of nk + 1

€ Since this is an unbalanced experiment design, it is generally OK to stop early

@ Helpful to sequence factors for strongest effects first

@ Generally found to work well when interactions are present

Expt. # Param. A Param. B Param. C Param. D Response
1 Al Bl C2 D2 5.95
2 Al B2 c2 D2 5.63
3 Al B3 C2 D2 6.22 A3
4 A2 B1 C2 D2 6.70 Bl
5 A2 B2 C2 D2 6.58
6 A2 B3 C1 D2 4.85
7 A3 Bl C3 D2 5.69 C2
8 A3 B2 C2 D1 6.60
9 A3 B3 Cc2 D3 6.98 D3

4 factors, 2 levels each:
nk +1 =
2*4+ 1 =9trials

Ref: Forthcoming paper
by Dan Frey
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Key Concepts of Robust Design

€ Variation causes quality loss

€ Two-step optimization

€ Matrix experiments (orthogonal arrays)
€ Inducing noise (outer array or repetition)
€ Data analysis and prediction

@® Interactions and confirmation
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