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Robust Parameter Designs

Experimental designs containing 2 types of factors:

controllable factors that the experimenter can manipulate
both during the experiment and during production.

noise factors that can be manipulated during the
experiment but are normally uncontrollable.

Goal: To find robust operating conditions, i.e., levels of the
controllable factors where the values of the response variables
are both desirable and relatively insensitive to variation in the
noise factors.




Two Approaches

1. Crossed arrays (Genichi Taguchi)

2 designs are created, 1 for the controllable factors and 1 for the
noise factors.

Taguchi called these designs inner and outer arrays.
An inner array is created for the controllable factors.
At each location of the inner array, the outer array is performed.

2. Combined arrays (Doug Montgomery’s response surface
method)
A single design is created for both the controllable and noise
factors.

Interactions between controllable factors and noise factors reveal ( 3 J
location of robust operating conditions.




Example #1 - Crossed Arrays

* Myers, Montgomery, and Anderson-Cook (2009) provide an
example aimed at minimizing the rate of soldering defects.

* Response: Y = defects per million joints

* Controllable factors:
X1 = temperature
X2 = speed
X3 = flux density
X4 = preheat temperature
X5 = wave height

Noise factors:

Z1 = variation in temperature
Z2 = variation in conveyor speed
/3 = type of assembly




Step 1: Specify response

Design of Experiments Wizard - Define Responses

Deszign file:  <untitled:

Comment: IHDbust parameter soldering study

Murmber of responzes: |1 ::ll

Rezponze Mame Urnits Analyze Goal Target Impact [1-5]  Senaitivity tirirmum b asirnum
1 Idefects Iper mnillion joints ISNF!:SmaIIer ;I IMa:-cimize LI ID.5 |3.D IMediu _I I I
2 |va2 | [Mean | |Maximize | |05 [z0 JMedum =] | |
3 I"v"ar_3 I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
4 I"v"ar_4 I IMean ;I IMar:imize LI IU.5 |3.D IMedium _I I I
& IVar_E I IMean ;I IMaHimize LI ID.5 |3.D IMedium _I I I
B IVar_E I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
7 IVar_?" I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
g I\-"ar_S I IMean ;I IMar:imize LI IU.5 |3.U IMedium _I I I
g I\-"ar_ﬂ I IMean ;I IMar:imize LI IU.5 |3.U IMedium _I I I
VR T | [Mean | |Maximize | |05 [z0 JMedum =] | |
11 I'V'ar_11 I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
12 I"v"ar_'lz I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
13 I\-"ar_13 I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
14 IVar_M I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
15 IVar_15 I IMean ;I IMaHimize LI IU.5 |3.U IMedium _I I I
16 I\-"ar_'lE I IMean ;I IMar:imize LI IU.5 |3.U IMedium _I I I




Step 2: Specify factors

[ Design of Experiments Wizard - Define Factors
Deszign file:  <untitled:
Comment; IFh:uI:uust parameter soldering study
MHumber of controllable process factors: |5 j MHumber of contrallable mixture components: |0 j Mumber of noize factors: |3 j
Factor Mame nits Tupe Role Lo High Levels
B Itemperature Idegrees F IE:::ntinuu:uus ;I Controllable |4ED |51|:| |'|,2,3,4
B Ispeed Ifta’min IEDntinuDus ;I Caontrollable I-_"'-2 I'“:I |'|,2,3,4
C Iflu:-: dersity I IEDntinuDus ;I Cantrollable I':'-E' ITD |'|,2,3,4
] Ipreheat temperature Idegrees F IEn:nntinuclus ;I Controllable |15':| IEDD |'|,2,3,4
E Iwa'-.fe height Iinches IEn:nntinuclus ;I Controllable ID-5 ID-E |'|,2,3,4
F Itemperature dewiation IdegreesF IEDntinuDus ;I Moaoise |'5 |5 |'|,2,3,4
G Ispeed deviation Ifta"min IEDntinuDus j Moize I'D-2 ID-2 |'|,2,3,4
H Iassemhl_u type I IEDntinuDus j Moaoise I1 I2 |'|,2,3,4
I IFau:tu:ur_I I IEDntinuDus j I-'I.EI I'I.EI |'|,2,3,4
J IFau:tu:ur_J I IEDntinuDus j I-'I.EI I'I.EI |'|,2,3,4
K. IFau:tu:ur_K I IEDntinuDus j I-'I.EI I'I.EI |'|,2,3,4
L |Fau:tu:ur_L | ||:.;.ntinu.3us ~| |-1.n |1.u |1,2,3,4
b |Fau:tu:ur_h-1 | ||:.;.ntinu.3us ~| |-1.n |1.u |1,2,3,4
Total for controllable mixture components:; I'IEI— Factors &t | Factors M-2 |




Step 3: Select design

Design of Experiments Wizard - Select Design

Dezign file:  zolder. zgx Fobust Parameter Dezigh
Comment: |Hubust parameter soldering study Process factors:
" Combined array
Seqgment Factors Rung Blocks Dresign * Crogsed arap
Optians... Cortrallable process & 1] 1] Press the Options button.
Misture components 0 1] 1]
Optians... Moise factors 3 I I Press the Ophiaons buttan.
COMBIMED g 1] 1] Samples per rin: |1
BLOCEK. termperature zpeed flux denzity preheat bemperature wave height te -~
deqrees F ft./rniry deqrees F inches
[+
‘ | v
Cancel R erandamize Help




Step 3: Select design (cont.)

First select the design for the controllable factors.

Designs for Continuous or Two-Level Factors |E|

— Deszign Clasz ok,

" Screening
Cancel
" Rezponze Suface

 Multlevel Factarial Help

s

& Orthogonal Amray




Step 3: Select design (cont.)

Orthogonal Array Options

— Design
L4120
L& [2"7)
L9 [3"4
L12[2™11)
L16[2™15]
L1E (475

o)

L25 [57E]
L27 (3713

Y Y Y Y Y Y

-
-~
-~
-
-
-

L18[2M1x3°7) O

r—u
r-h

L32 (2°31)

L32 [2™1x4"9)
L36 [2"11x3™12]
L36 [2°3x3"13)
L50 (214511
L54 [2"153"25)
LG4 [2°63)

LG4 [4x21)

L&1 [340)

Replicate Dezsign

MHurnber:

B

[~ Randomize

Cancel
Back

Help

il

N NNNNREPR PP
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P RPNDNNDN R

NEFRPNEFENEDNRE
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Column Assignments

Factar
A

m 3 [ m

1T
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Cancel

Back

Help

di




Step 3: Select design (cont.)

Design of Experiments Wizard - Select Design

Dezign file;  C:\Dochatal Bhzolder. zgx Robust Parameter Dezsign
Comment; |Fh:u|:uust parameter zoldering study Process factors:
" Combined array
Segment Factaors Runz Blocks Design * Crossed amray
Controllable process 5 ] 1 LE[277]
isture components 0 ] ]
Optians... Moize factars 3 n n Press the Options button,
COMBIMED g g 1 Samples per mwn;: |1
BLOCEK, temperature zpeed flux denzity preheat temperature wave height te -
degrees F ft./mnir degrees F inches
1 1 430.0 ie na9 150.0 0.5
2 N 430.0 ie 1.0 200.0 0.6
a N 430.0 10.0 na9 150.0 0.6
4 1 430.0 10.0 1.0 200.0 0.5
5 1 5100 ie na9 200.0 0.5
E |1 510.0 72 1.0 150.0 0.
7 5100 10.0 na9 200.0 0.6
a 1 510.0 10.0 1.0 150.0 0.5
‘ | »
(] Cancel Rerandomize Help




Step 3: Select design (cont.)

Next select the design for the noise factors.

Designs for Continuous or Two-Level Factars =
— Design Clazs 0K I
" Screening
Cancel

" Responze Suface

" Multlevel Factorial Help

* Orthogonal Amray




Step 3: Select design (cont.)

Orthogonal Array Options

[ Deson
©LaR) O LzEm Replicate Dezsign el |
LB 27 L322 (2M1=47) Nurnber Column Assignments
CoLaEy) C LR o Back |
CoUZEe] O LI 203t Help | Ec"ﬂtﬂf Calurnn
 L16[2M5 ¢ L50[2™1%5™11) | [~ Randomize . 12 Lancel |
COLIG[4°8] LS4 [2™1x3725) H |3— Back |
r'\- o £ r‘i o

L18(2™1%3"7) O LG4 (2°63] Help |
COLISEE] O LE4 [4x21)
L7 (EM3 L8l (3M40)

1 1

NN R e

2 2
1 2
2 1




Step 3: Select design (cont.)

Design of Experiments Wizard - Select Design

Design file: C:ADocDatalBhzolder sgx Robust Parameter Dezign
Comment; |Fh:ubust parameter zoldering study Process factors:
™ Combined array
Segment Factors Runs Blocks Design + Crozsed aray
Options. .. Contrallable process 5 8 1 L8 [277]
bixture componentz [ 1] 1]
Moize factars 3 4 1 L4 [2°3)
COMBIMED g 32 1 Samples per rur; |1
BLOCE, temperature speed flux dengity preheat temperature wave height te -~
degrees F ft./mnin degrees F inches
1 1 430.0 7.2 03 1500 ns -B.L
2 N 4800 72 09 150.0 ns AL
3N 480.0 72 09 150.0 ns 5.0
4 N 430.0 72 039 150.0 ns 5.0
5 |2 430.0 72 1.0 200.0 0E AL
E |2 430.0 7.2 1.0 200.0 0E B
7|2 430.0 7.2 1.0 200.0 0E 5.0
g |2 430.0 7.2 1.0 200.0 e 5.0
q |3 430.0 10.0 03 1500 e B.L
10 |3 480.0 100 09 150.0 0B AL
11 |3 480.0 100 09 150.0 0B 5.0
12 |3 430.0 10.0 03 150.0 0E 5.0
13 |4 430.0 10.0 1.0 200.0 ns AL
14 |4 430.0 10.0 1.0 200.0 ns AL
iR 14 ARM N mnn 10 2nnn ne AN
q | 3
0K Cancel Rerandomize Help




Step 8: Analyze data

Signal-to-Noise Ratio (Smaller the Better) - For
situations in which the response is to be minimized,
Taguchi proposed analyzing

n 2
SNR, = -10log Z[y?j
=1

n = number of rows in outer array

Filename: solder2.sgx




Step 8: Analyze data (cont).

Standardized Pareto Chart for defects(SNRS)

A:temperature

E:wave height

:preheat temperature

B:speed

0 4 8 12 16 20 24
Standardized effect




Step 8: Analyze data (cont.)

Main Effects Plot for defects(SNRS)

defects(SNRS)
A
ol
T
L

temperature flux density wave height
speed preheat temperature




Step 9: Optimize response

Step 9: Optirmize the responses

F.esponse Values at Optimum

Response Prediction |Lower 95.0% Limit Lpper 95.0% Limit Desirability

defects(SNES) [-39.6803 -40.8836 -38.4951 0984796
Factor Settings at Optumum

Facior Setting

temperature 5100

speed 72

flux density 0.9

preheat temperatwe | 2000

wave height

0.3




Step 9: Optimize response
(Cont.)

Estimated Response Surface Mesh
speed=7.2,preheat temperature=200.0

defects(SNRS)
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Example #2 - Combined Array

* Myers, Montgomery, and Anderson-Cook (2009) provide an
example optimizing the quality of color television images.

* Response: Y = reception quality in decibels

* Controllable factors: Noise factors:
X1 = filter tabs Z1 = image bits
X2 = sampling frequency Z2 = voltage




Step 1: Specify response

Design of Experiments Wizard - Define Responses

Design file:  <untitled:

Comment: |E|:|Inr televizion zignal study

Mumber of responzes: |1 j

Responze Mame itz Analyze Goal Target Impact [1-5]  Senzitivity b irirnuam b asirmuim
1 Ileception quality Idecibels IMean ;I IMa:-:imize ;I IEI.E |3.D IMedium LI ID |4EI

a2 | [Mean | [Masimize ~] 05 [z0 [Medium =] | |
3 IVal_3 I IMean LI IMa:-:imize ;I IU.5 |3.U IMedium LI I I
4 IVal_4 I IMean ;I IMa:-:imize ;I ID.5 |3.D IMedium ;I I I
5 [va5 | [Mean | [Masimize ~] 05 [z0 [Medium =] | |
G IVal_B I IMean LI IMa:-:imize ;I IU.5 |3.U IMedium LI I I
7 IVal_?" I IMean LI IMa:-:imize ;I IU.5 |3.U IMedium LI I I
N | [Mean | [Masimize ~] 05 [z0 [Medium =] | |
S T | [Mean | [Masimize ~] 05 [z0 [Medium =] | |
10 |Var_1EI I IMean LI IMa:-:imize ;I IU.5 |3.U IMedium LI I I
1 [ati | [Mean | [Masimize ~] 05 [z [Medum -] | |
12 |12 | [Mean | [Masimize ~] 05 [z [Medum -] | |
13 IVal_13 I IMean LI IMa:-:imize ;I IU.5 |3.U IMedium LI I I
14 [Va_1d | [Mean | [Masimize ~] 05 [z [Medum -] | |
15 [va_15 | [Mean | [Masimize ~] 05 [z [Medium =] | |
16 |va_te | [Hean | [Masimize ~] |05 EE [Medium =] | |
Cancel | Help |




Step 2: Specify factors

Design of Experiments Wizard - Define Factors

Dezign file:  C:A\DocD atal Bhbvsignal s
Carnrment: ICu:ulu:ur televizion signal study
Murnber of controllable process factors: |2 j Murnber of controllable mixture compaonents: [0 j Murnber of noize factaors: |2 j
Factar Mame itz Type Role Loy High Levels

A [fiker tabs | | Continuous » | Controllable 5.0 |21.0 1.2

B |sampling frequency |MH2 IEuntinuuus ;I Contrallable IE.25 |13.5 |'|,2

C  [image bits | | Contiruous | Noise [2se0  |stzo fic

D [voltage [vaks | Continuous | Noise [tooo faono 1o

E IFactur_E I IEu:untinucuus ;I I-'I.EI |1.EI |1,2,3,4

F |Factu:ur_F I ID::ntinuu:uus ;I I-'I.U |1.U |1,2,3,4

G |Factnr_l3 | IE:::ntinuu:uus j I-'I.EI |1.EI |1,2,3,4

H IFactu:ur_H I IEu:untinucuus j I-'I.EI |1.EI |1,2,3,4

| IFactur_I I IEu:untinucuus ;I I-'I.EI |1.EI |1,2,3,4

J |Fau:tu:ur_J I ID::ntinuu:uus ;I I-'I.U |1.U |1,2,3,4

K. IFactu:ur_K I IEu:untinucuux ﬂ I-'I.EI |1.EI |1,2,3,4

L IFau:tu:ur_L I IEu:untinucuus ;I I-'I.EI |1.EI |1,2,3,4

b |Factu:ur_h-1 I IE:::ntinuu:uus ;I |-1.U |1.U |1,2,3,4

Total for controllable misture components: IW Factors A-k | Factors H-2 |




Step 3: Select design

Design of Experiments Wizard - Select Design

X

Design file: C:ADocD atalBhtvsignal zgx Fobust Parameter Design

(a3 =T o oo Eelevizion signal study {+ Combined array
Segment Factors Runs Blocks Design *" Crossed aray
Options. .. Process factors 4 0 1] Press the Options buttarn,

Misture components 0 1] 0
1] 0 1]

COMBINED 4 i 0 Samples perrur [1

BLOCE, filter tabs zampling frequency image bits voltage -
Hz wiolts

Cancel Ferandomize Help




Step 3: Select design (cont.)

Select a single design for both the controllable and noise factors.

Designs for Continuous or Two-Level Factors

— Deszign Class 0K I

" Screening -
ance

" Responze Surface

i+ Multilewvel Factornial Help

" Orthogonal Amay




Step 3: Select design (cont.)

Multilevel Factorial Design Options

Factar Levels Rurnsz: 36 Errordf: 23 ak.

i |3

At téhs - Replicate Design Cerrra]

zgampling frequency 3

image bitz 2 HLTEET Back
’7 ac

violbage |2 0 -

Help

| Randomize




tep 3: Select design (cont.)

Design of Experiments Wizard - Select Design

Design file:  C:A\DocD atalB\bvzignal zgx Raobust Parameter Design
Comment; ID::IDI television signal study " Combined aray
Segment Factors Fiung Blocks Deszign " Crossed anay
Options... | Process fackars 4 36 1 Fultilenel Factarial
Dphionz... | tisture componentz 0 1] a
Dptions... | 1] 1] 0
COMBINED 4 s 1 Samples per mwn: |1
BLOCE filker tabg zampling frequency image: bitz vollage =
tHz wvolts
1 |1 5.0 E.25 256.0 100.0
2 1 13.0 E.25 28E.0 100.0
3 1 21.0 E.25 28E6.0 100.0
4 1 5.0 9875 256.0 100.0
5 1 13.0 9875 256.0 100.0
E |1 21.0 9875 256.0 100.0
7 1 5.0 135 256.0 100.0
g 1 13.0 138 28E.0 100.0
9 1 21.0 1356 28E.0 100.0
10 (1 5.0 E.25 5120 100.0
11 |1 130 E.25 120 100.0
12 1 21.0 E.25 5120 100.0
13 (1 5.0 9875 5120 100.0
14 |1 130 9875 120 100.0
1R 1 210 qR7R 120N mnnn T
4| | »
0k | Cancel | Rerandamize | Help |




Step 4: Select model

The default model has two-factor interactions and quadratic
effects for the 3-level factors.

DOE Wizard Model Options

— Process Factors Model — Miwture Components bodel— 0
i Mean € fdean
Cancel
" Linear [Main Effects) € Linear

" Z-Factar Interactions " Duadratic Help

dii.

& Quadratic " Special Cubic
i Cubic " Cubic

|nelude: Exnclude:

A filter tabs
B:zampling freguency
C:image bitz
[r:voltage

A

AB

AL

AD

BB

EC
ED
co




Step 8: Analyze data

Standardized Pareto Chart for reception quality

C:image bits
Afilter tabs
B:sampling frequency | |
D:voltage | |
BC | | |
AB | |
AC
BD
AD
AA
BB
CD

10 20 30 40
Standardized effect

Filename: tvsignal.sgx




Step 8: Analyze data (cont.)

Interaction Plot for reception quality

37 .
i remes . N
- [ sampling frequency=13.5
'c_g | i
z 291 ]
c
= . _
2 o5f .
S N _
-
21 .
- sampling frequency=6.25
5.0 21.0
filter tabs

Reception quality is good at high sampling frequency, or at low sampling
frequency and low filter tabs.




Step 8: Analyze data (cont.)

Interaction Plot for reception quality

38 -

I /\ image bits=256.0-
35 Hmage bits=256.0

image bits=512.0 |

w
N

reception quality
N
O
[
|

N
(o]
T | T T
|

N
w

limage bits=512.0

N
o

6.25 135

sampling frequency

Reception quality is less affected by changes in image bits at high
sampling frequency.




Step 8: Analyze data (cont.)

Interaction Plot for reception quality

38 _
rimage bits=256.0 ]
35 N
| image bits=512.0 image bits=256.0

w
N

reception quality
N
O
[
|

N
(o]
T | T T
|

2 ]
20_— image bits=512.0 |
5.0 21.0
filter tabs
Reception quality is less affected by changes in image bits at low filter ( =0 J

tabs.




Step 9: Optimize response

“Desirability “—on a scale of 0 to 1, how desirable
are the values of the response variables at a
selected combination of the controllable factors.

In this case, desirability is a combination of the
mean response and the standard deviation of the
response at that combination. The transmission of
error formula is used to estimate the std. deviation:

se = i{ﬁyé(;z( 2) O'Z:| +0°




Analysis Options

DOE Wizard Analysis Options

— Deszign Region
" Spherical
* Cuboidal

— Robugt Parameter Dezigns

Hange aof noize factors:

20 zigma

1.0

10.0 )

Prediction limits:

|E|5.EI %

OF.

Cancel

Help

Importance of standard desiation relative to the mean:

b amirnum for standard desaation in dezirability funchion:




Step 9: Optimize response
(cont.)

Step 9 Optimize the responses

Eesponze Values at Optitmam

Responses Chofimized | Frediction | Lower 25 0% Limdd | Upper 25 0% Limif
reception gualits VEes 353544 345018 36.207

Standard Deviafion Dresirabilify
0758624 0.2R3626

Factor Settings at Optitmun
Factor

filter tabs
satmplin g fregquency

Transmission of error formula used to estimate the std. deviation of the
response at the optimal conditions.

Se = Zr: W(X’Z)G +o°

YA
o 0z




Step 9: Optimize response
(cont.)

) Desirability Plot
image bits=512.0,voltage=200.0

Desirability
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
14.2 0.8
0.9
1.0

i

Desirability
5
il

10.2

12 8lzsampling frequency

filter tabs 20 4 6.2




Step 9: Optimize response
(cont.)

sampling frequency
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More Information

(1) Myers, R. H., Montgomery, D. C. and Anderson-Cook, C. M.
(2009). Response Surface Methodology: Process and Product
Optimization Using Designed Experiments, 37 edition. New York:
John Wiley and Sons.

(2) Statgraphics Centurion PDF file: Doe Wizard — Inner-Outer Arrays

(3) Statgraphics Centurion PDF file: Doe Wizard — Robust Parameter
Designs

(4) www.statgraphics.com




