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Chapter 1

Introduction to Designing Experiments

A Beginner’s Tutorial

This tutorial chapter introduces you to the design of experiments (DOE) using JMP’s custom designer.
It gives a general understanding of how to design an experiment using JMP. Refer to subsequent chap-

ters in this book for more examples and procedures on how to design an experiment for your specific
project.
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About Designing Experiments

About Designing Experiments

Increasing productivity and improving quality are important goals in any business. The methods for
determining Aow to increase productivity and improve quality are evolving. They have changed from
costly and time-consuming trial-and-error searches to the powerful, elegant, and cost-effective statisti-
cal methods that JMP provides.

Designing experiments in JMP is centered around factors, responses, a model, and runs. JMP helps you
determine if and how a factor affects a response.

My First Experiment

If you have never used JMP to design an experiment, this section shows you how to design the experi-
ment and how to understand JMP’s output.

Tip: The recommended way to create an experiment is to use the custom designer. JMP also provides
classical designs for use in textbook situations.

The Situation

Your goal is to find the best way to microwave a bag of popcorn. Because you have some experience
with this, it is easy to decide on reasonable ranges for the important factors:

* how long to cook the popcorn (between 3 and 5 minutes)

* what level of power to use on the microwave oven (between settings 5 and 10)

* which brand of popcorn to use (Top Secret or Wilbur)

When a bag of popcorn is popped, most of the kernels pop, but some remain unpopped. You prefer to

have all (or nearly all) of the kernels popped and no (or very few) unpopped kernels. Therefore, you
define “the best popped bag” based on the ratio of popped kernels to the total number of kernels.

A good way to improve any procedure is to conduct an experiment. For each experimental run, JMP’s
custom designer determines which brand to use, how long to cook each bag in the microwave and what
power setting to use. Each 7un involves popping one bag of corn. After popping a bag, enter the total
number of kernels and the number of popped kernels into the appropriate row of a JMP data table.
After doing all the experimental runs, use JMP’s model fitting capabilities to do the data analysis. Then,
you can use JMP’s profiling tools to determine the optimal settings of popping time, power level, and

brand.

Step 1: Design the Experiment

The first step is to select DOE > Custom Design (Figure 1.1). Then, define the responses and factors.

uononpo.auj L
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Figure 1.1 Select the Custom Designer

3 Analyze  Graph  Tools  Wiew

Custom Design

@ Screening Design
*-I-' Response Surface Design
i} Full Factorial Design

A Mixture Design

Choice Design

= Space Filing Design
. Monlingar Design
ﬁ Taguchi Arrays

@ Augment Design

[E sample Size and Power

Define the Responses: Popped Kernels and Total Kernels

There are two responses in this experiment:
* the number of popped kernels

* the total number of kernels in the bag. After popping the bag add the number of unpopped kernels
to the number of popped kernels to get the total number of kernels in the bag.

By default, the custom designer contains one response labeled Y (Figure 1.2).

Figure 1.2 Open and Close the Responses Panel by Clicking the Disclosure Icon

¥~ Custom Design

Responses

VT Add Response v] [ Remove ] [ Mumber of Responses. .. ]

Responze Mame Goal Lowver Limit Upper Limit Importance

' Maximize

aptional iterm

You want to add a second response to the Responses panel and change the names to be more descrip-
tive:

1 To rename the Y response, double-click the name and type “Number Popped.” Since you want to
increase the number of popped kernels, leave the goal at Maximize.

2 To add the second response (total number of kernels), click Add Response and choose None from
the menu that appears. JMP labels this response Y2 by default.

3 Double-click Y2 and type “Total Kernels” to rename it.
The completed Responses panel looks like Figure 1.3.
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Figure 1.3 Renamed Responses with Specified Goals

¥ = Custom Design
¥ Responses

Maxirnize
Add Response v] [ Remove ] [ Mumber of Responses... ]
Match Target ¢
Minimi Response Mame Goal Loweer Limit Upper Limit Impaorance
inimnize

éNumberPopped |Maximize | | |
flane Total Kernsls [Mone [ [ [

L optional itern

Define the Factors: Time, Power, and Brand

In this experiment, the factors are:

* brand of popcorn (Top Secret or Wilbur)

* cooking time for the popcorn (3 or 5 minutes)

* microwave oven power level (setting 5 or 10)

In the Factors panel, add Brand as a two-level categorical factor:

1 Click Add Factor and select Categorical > 2 Level.

2 To change the name of the factor (currently named X1), double-click on its name and type Brand.
3 To rename the default levels (L1 and L2), click the level names and type Top Secret and Wilbur.
Add Time as a two-level continuous factor:

4 Click Add Factor and select Continuous.

5 Change the default name of the factor (X2) by double-clicking it and typing Time.

6 Likewise, to rename the default levels (-1 and 1) as 3 and 5, click the current level name and type in
the new value.

Add Power as a two-level continuous factor:
7 Click Add Factor and select Continuous.
8 Change the name of the factor (currently named X3) by double-clicking it and typing Power.

9 Rename the default levels (currently named -1 and 1) as 5 and 10 by clicking the current name and
typing. The completed Factors panel looks like Figure 1.4.

Figure 1.4 Renamed Factors with Specified Values

¥ Factors
Add Factor | | Remove | &dd N Factors 1
[aime Role Changes  Walues
 Brand Categorical Easy Top Secret il
ATime Continuous Easy 3 5
Arower Continuous Easy 5 10

10 Click Continue.
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Step 2: Define Factor Constraints

The popping time for this experiment is either 3 or 5 minutes, and the power settings on the micro-
wave are 5 and 10. From experience, you know that

* popping corn for a long time on a high setting tends to scorch kernels.

* not many kernels pop when the popping time is brief and the power setting is low.

You want to constrain the combined popping time and power settings to be less than or equal to 13,
but greater than or equal to 10. To define these limits:

1 Open the Constraints panel by clicking the disclosure button beside the Define Factor Constraints
title bar (see Figure 1.5).
2 Click the Add Constraint button twice, once for each of the known constraints.

3 Complete the information, as shown to the right in Figure 1.5. These constraints tell the Custom
Designer to avoid combinations of Power and Time that sum to less than 10 and more than 13. Be
sure to change <= to >= in the second constraint.

The area inside the parallelogram, illustrated on the left in Figure 1.5, is the allowable region for the
runs. You can see that popping for 5 minutes at a power of 10 is not allowed and neither is popping for
3 minutes at a power of 5.

Figure 1.5 Defining Factor Constraints

104
9]
-g 8- ¥ Define Factor Constraints
£
B Time + Powver |2 s
5 Titne + Power |z«
4 T T T
3 4 5

Step 3: Add Interaction Terms

You are interested in the possibility that the effect of any factor on the proportion of popped kernels
may depend on the value of some other factor. For example, the effect of a change in popping time for
the Wilbur popcorn brand could be larger than the same change in time for the Top Secret brand. This
kind of synergistic effect of factors acting in concert is called a two-factor interaction. You can examine
all possible two-factor interactions in your a priori model of the popcorn popping process.

1 Click Interactions in the Model panel and select 2nd. JMP adds two-factor interactions to the
model as shown to the left in Figure 1.6.

In addition, you suspect the graph of the relationship between any factor and any response might be
curved. You can see whether this kind of curvature exists with a quadratic model formed by adding the
second order powers of effects to the model, as follows.

2 Click Powers and select 2nd to add quadratic effects of the continuous factors, Power and Time.
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My First Experiment
The completed Model should look like the one to the right in Figure 1.6.
Figure 1.6 Add Interaction and Power Terms to the Model
¥ Model ¥ Model
[Main EFFects] [Interactions V] Remove [Main EFFects] [Interactions V] Remo,
Mame qg Estimahility Mame Estimabm
Intercept 3rd Meceszary Intercept Mecess  3rd
Brand 4th Mecessary Brand Mecess  #th
Time: Sth Mecezszary Time Mecesz  Sth
Powver Mecesszary Powver Mecesszary
rand*Time Mecessary Branc*Time Mecesszary
Brand*Povver Mecessary Branc*Poweer Mecezszary
Time*Povwer Mecessary Timesd Mecessary
Time*Time Mecesszary
Powver*Power Mecesszary
.

Step 4: Determine the Number of Runs

The Design Generation panel in Figure 1.7 shows the minimum number of runs needed to perform
the experiment with the effects you've added to the model. You can use that minimum or the default
number of runs, or you can specify your own number of runs as long as that number is more than the
minimum. JMP has no restrictions on the number of runs you request. For this example, use the
default number of runs, 16. Click Make Design to continue.

Figure 1.7 Model and Design Generation Panels

¥ Model
[Main EFFects] [Interactions v]
[aime E=timahility
Intercept Mecesszary
Brand Mecesszary
tirme Mecesszary
Powver Mecesszary
Brand*time Mecesszary
Brand*Povver Mecesszary
time*Poweer Mecesszary
time*time Mecesszary
Powver*Power Meceszary

¥ Design Generation

O Group runs into random blocks of size:

Humber of Runs:

3 Minimum El
® Defautt 18
O User Specified
Make Design

Step 5: Check the Design

When you click Make Design, JMP generates and displays a design, as shown on the left in Figure 1.8.
Note that because JMP uses a random seed to generate custom designs and there is no unique optimal
design for this problem, your table may be different than the one shown here. You can see in the table
that the custom design requires 8 runs using each brand of popcorn.

uononpo.auj L
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Scroll to the bottom of the Custom Design window and look at the Output Options area (shown to the
right in Figure 1.8. The Run Order option lets you designate the order you want the runs to appear in
the data table when it is created. Keep the selection at Randomize so the rows (runs) in the output table
appear in a random order.

Now click Make Table in the Output Options section.

Figure 1.8 Design and Output Options Section of Custom Designer

v/~ Custom Desiyn v Design Evaluation

M Desiyr } = Prediction Variance Profile
Run Brand Time Power : .
3 \Wilbur 3 gag209 ¥ Fraction of Design Space Plot
4 Willaur 5] 10 ¥ = Prediction Variance Surface
5 Top Secret 3 7 ¥ Relative Variance of Coefficients
B Top Secret 5 5
7 Top Secret 3983825 7540435 4 Design Diagnostics
g Wilkar 5 5 Qutput Options
9 Top Secret 5 g
10 Top Secret 3 7 Run Order: Randomize b
11 Top Secret 5 5 Make JMP Table from design plus
12 Wilkaur 5 6507 Mumber of Certer Poirts: 0
13 Willauir El 8 Mumber of Replicates: il

14 wibur 4005273 5994727
15 Top Secret 3 10 Maks Table
16 Top Secret 5 ]

4 Design Evaluation

The resulting data table (Figure 1.9) shows the order in which you should do the experimental runs and
provides columns for you to enter the number of popped and total kernels. According to the table,
cook the first bag of Top Secret for five minutes using a power setting of eight (rounded value). Next,
cook a bag of Wilbur for five minutes at a power of eight, then cook Top Secret for three minutes using
a power setting of seven, and so forth.

You do not have fractional control over the power and time settings on a microwave oven, so you
should round the power and time settings, as shown in the data table. Although this altered design is
slightly less optimal than the one the custom designer suggested, the difference is negligible.

Tip: Note that optionally, before clicking Make Table in the Output Options, you could select Sort
Left to Right in the Run Order menu to have JMP present the results in the data table according to the
brand. We have conducted this experiment for you and placed the results, called Popcorn DOE
Results.jmp, in the Sample Data folder installed with JMP. These results have the columns sorted from
left to right
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Figure 1.9 JMP Data Table of Design Runs Generated by Custom Designer

Introduction to Designing Experiments

My First Experiment

= Custom Design L =
Design  Custom Desian( = | Brand Time | Power |Number Popped | Total Kernels
Criterion D Optimal 1|Tap Secret 5 o . o
¥ Screening 2 |wilbur 5 ] . .
~ Model ) 3 |Top Secrat 3 7 . .
: gg”;g?;?;g 4| Top Secret 3 10 . .
A | Wilbur 3 10 . .
~ Columns (570} B [vilhur 5 5 . .
il Brand %k 7 [witbur 4 G . o
A Time % 2 [Top Secrat 5 g . .
A Powerk 9| Top Secret 3 T ] ]
4 Number Popped 3k
A Total Kernels 3k 1 | Wafp EtEEE g g = =
11 | Wilbur 3 7 . .
= ROWS 12 [Wilbur 3 8 . .
All rows 5 13 [Wilbur 4 9 ] ]
Selected 1] 14 |Wilbur 5 7 o o
Excluded 1] 14 | Top Secret 4 7 o o
Hidden 0 16 | Tap Secret 3 10 . .
Labelled 1]

Step 6: Gather and Enter the Data

Pop the popcorn according to the design JMP provided. Then, count the number of popped and
unpopped kernels left in each bag. Finally, enter the numbers shown below into the appropriate col-

umns of the data table.

9

We have conducted this experiment for you and placed the results in the Sample Data folder installed

with JMP. To see the results, open Popcorn DOE Results.jmp from the Design Experiment folder in

the sample data. The data table is shown in Figure 1.10.

Figure 1.10 Results of the Popcorn DOE Experiment

scripts to

= Popcorn DOE Results 4 = Number Total
Design  Custom Desian( = Brand Time |Power ||Popped | Kernels
Criterion D Optirnal 1 |Top Secrat 3 7 30 420
> Screening 2| Top Secret 3 7 120 420
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> Calumns (510} £ | Top Secret 5 5 400 420
ik Brand & 7 |Top Secrat 5 3 350 420
A Time % 8| Top Secret 5 8 370 380
j Power 3 9 [wilbur 3 7 374 400
> ?;;’}b;;rzzrspid* 10 |wilbur g 8 340 440

11 |wilbur 3 10 20 410
~ Rows 12 |wilbur 4 & 440 460
All rowes 16 13 |Wilbur 4 ] 340 400
Selected 0 14 | Wilbur 5 5 170 370
Excluded o 15 |Wilbur 5 7 370 380
IRITEEE 0 16 |wilbur 5 8 420 450
Lahelled 1}

analyze data

results from
experiment
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Step 7: Analyze the Results

After the experiment is finished and the number of popped kernels and total kernels have been entered
into the data table, it is time to analyze the data. The design data table has a script, labeled Model, that
shows in the top left panel of the table. When you created the design, a standard least squares analysis
was stored in the Model script with the data table.

1 Click the red triangle for Model and select Run Script.

The default fitting personality in the model dialog is Standard Least Squares. One assumption of
standard least squares is that your responses are normally distributed. But because you are modeling the
proportion of popped kernels it is more appropriate to assume that your responses come from a bino-
mial distribution. You can use this assumption by changing to a generalized linear model.

2 Change the Personality to Generalized Linear Model, Distribution to Binomial, and Link Func-
tion to Logit, as shown in Figure 1.11.

Figure 1.11 Fitting the Model
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Time*Time
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-
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Transform =
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3 Click Run Model.

4 Scroll down to view the Effect Tests table (Figure 1.12) and look in the column labeled Prob>Chisg.
This column lists p-values. A low p-value (a value less than 0.05) indicates that results are statistically
significant. There are asterisks that identify the low p-values. You can therefore conclude that, in this
experiment, all the model effects except for Time*Time are highly significant. You have confirmed
that there is a strong relationship between popping time (Time), microwave setting (Power), pop-
corn brand (Brand), and the proportion of popped kernels.
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Figure 1.12 Investigating p-Values

¥| Effect Tests

LR
e U i — p-values indicate significance.
Brand 1 85470408 ) ;
Time(3,5) 1 7i7soEze Values with * beside them are
Power(5,10) 1 12782254 .
st 1\ i p-values that indicate the results
Brand*Power 1 39430267 are statistically significant.
Time*Power 1 7.82649458
Time*Time 1 33027281
Powver*Power 1 19.011628

To further investigate, use the Prediction Profiler to see how changes in the factor settings affect the

numbers of popped and unpopped kernels:

1 Choose Profilers > Profiler from the red triangle menu on the Generalized Linear Model Fit title
bar. The Prediction Profiler is shown at the bottom of the report. Figure 1.13 shows the Prediction
Profiler for the popcorn experiment. Prediction traces are displayed for each factor.

Figure 1.13 The Prediction Profiler

. Prediction trace
Prediction trace

Disclosure icon to Prediction trace P for Power
open or close the for Brand or lime
Prediction Profiler

¥| = Prediction Profiler

{Murmber
opped)
0764264
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predicted value
of the response/

Top Secret—o - ----------

L3 Y U A
95% confidence g - - < @
interval on the mean
I’CSPOHSC Top Secret . 75
Brand Tirm Powver

Factor values (here, time = 4)

2 Move the vertical red dotted lines to see the effect that changing a factor value has on the response.
For example, drag the red line in the Time graph right and left (Figure 1.14).
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Figure 1.14 Moving the Time Value from 4 to Near 5
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As Time increases and decreases, the curved Time and Power prediction traces shift their slope and
maximum/minimum values. The substantial slope shift tells you there is an interaction (synergistic
effect) involving Time and Power.

Furthermore, the steepness of a prediction trace reveals a factor’s importance. Because the prediction
trace for Time is steeper than that for Brand or Power (see Figure 1.14), you can see that cooking time
is more important than the brand of popcorn or the microwave power setting.

Now for the final steps.

3 Click the red triangle icon in the Prediction Profiler title bar and select Desirability Functions.

4 Click the red triangle icon in the Prediction Profiler title bar and select Maximize Desirability. JMP
automatically adjusts the graph to display the optimal settings at which the most kernels will be
popped (Figure 1.15).

Our experiment found how to cook the bag of popcorn with the greatest proportion of popped kernels:
use Top Secret, cook for five minutes, and use a power level of 8. The experiment predicts that cooking
at these settings will yield greater than 96.5% popped kernels.
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Figure 1.15 The Most Desirable Settings
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Chapter 2

Examples Using the Custom Designer

The use of statistical methods in industry is increasing. Arguably, the most cost-beneficial of these
methods for quality and productivity improvement is statistical design of experiments. A trial-and
-error search for the vital few factors that most affect quality is costly and time-consuming. The purpose
of experimental design is to characterize, predict, and then improve the behavior of any system or pro-
cess. Designed experiments are a cost-effective way to accomplish these goals.

JMP’s custom designer is the recommended way to describe your process and create a design that works
for your situation. To use the custom designer, you first enter the process variables and constraints, then
JMP tailors a design to suit your unique case. This approach is more general and requires less experi-
ence and expertise than previous tools supporting the statistical design of experiments.

Custom designs accommodate any number of factors of any type. You can also control the number of
experimental runs. This makes custom design more flexible and more cost effective than alternative
approaches.

This chapter presents several examples showing the use of custom designs. It shows how to drive its
interface to build a design using this easy step-by-step approach:

Key engineering steps: process knowledge
and engineering judgement are important.

Doscrive >> Des.g> CO..ect>> >>pd>

Identify factors ~ Compute design Use design to set Compute best fit Use model to find

and responses.  for maximum factors: measure  of mathematical best factor settings
information from response for each model to data for on-target
runs. run. from test runs. responses and

minimum variability.

Key mathematical steps: appropriate
computer-based tools are empowering.
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Creating Screening Experiments

You can use the screening designer in JMP to create screening designs, but the custom designer is more
flexible and general. The straightforward screening examples described below show that ‘custom’ does
not mean ‘exotic.’ The custom designer is a general purpose design environment that can create screen-

ing designs.

Creating a Main-Effects-Only Screening Design

To create a main-effects-only screening design using the custom designer:

1 Select DOE > Custom Design.

2 Enter six continuous factors into the Factors panel (see “Step 1: Design the Experiment,” p. 3, for
details). Figure 2.1 shows the six factors.

3 Click Continue. The default model contains only the main effects.
4 Using the default of eight runs, click Make Design.

Note to DOE experts: The result is a resolution-three screening design. All the main effects are
estimable, but they are confounded with two factor interactions.

Figure 2.1 A Main-Effects-Only Screening Design

¥ = Custom Design
4 Responses
¥ Factors

Add Factor | | Remove | Add M Factors 1

MName Role Changes Walues
il 1 Continuous  Easy -1 1
a2 Cortinuous  Easy 1 1
vz Continuous  Easy -1 1
il xa Continuous  Easy -1 1
dxs Cortinuous  Easy 1 1
s Continuous  Easy 1 Al
¥ Define Factor Constraints
¥ Model
[Main EFFects] lII'ItEraEtiUI‘IS v]
Maime Estimabilty
Intercept Mecessary
®1 Mecessary
X2 Mecessary
H3 Mecessary
x4 Mecessary
HS Mecessary
HE Mecessary

v Design Generation

D Group runs into random blocks of size:

Humber of Runs:

3 Miniirmuem T
(&) Detautt
) User Specified
Make Design

¥ ™ Custom Design

4 Responses

P Define Factor Constraints

¥ Factors
P Model
v Design

Run X1

1 1

2 -1

3 -1

4 El

5 1

B 1

7 El

8 1

| Design Evaluation

¥

3
1
1
1
1
1
1
1
1

P = Prediction Variance Profile

| Fraction of Design Space Plot

¥ = Prediction Variance Surface

P| Relative Variance of Coefficients

¥ Alias Matrix

> Design Diagnostics

Output Options
Run Order:

Make JMP Table from design plus
Mumber of Center Points:
Mumber of Replicates:

Randomize

[ o

5 Click the disclosure button (¢ 4 on Windows/Linux and » ¥ on the Macintosh) to open the
Alias Matrix. Figure 2.2 shows the Alias Matrix, which is a table of zeros, ones, and negative ones.

sojdwexyg g
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The Alias Matrix shows how the coefficients of the constant and main effect terms in the model are
biased by any active two-factor interaction effects not already added to the model. The column labels
identify interactions. For example, the columns labeled 2 6 and 3 4 in the table have a 1 in the row for
X1. This means that the expected value of the main effect of X1 is actually the sum of the main effect of
X1 and the two-factor interactions X2*X6 and X3*X4. You are assuming that these interactions are neg-
ligible in size compared to the effect of X1.

Figure 2.2 The Alias Matrix

¥| Alias Matrix

Effect 12 13 14 15 16 23 24 25 26 34 35 36 45 46 56
Intercept o o o o o o o o 0 o o o o o
1 o o o o o o o o @ o o o o o

X2 o o o o 1 o o o 1) 1] o o -1 o o

X3 o o 1 o o o o o o o o o o o -1

x4 o 1 o o o o o -1 o o o o o o o

XS o o o o o o -1 o o o o -1 o o o

XE 1 o o o o o o o o o -1 o o o o

Note to DOE experts: The Alias matrix is a generalization of the confounding pattern in frac-
tional factorial designs.

Creating a Screening Design to Fit All Two-Factor Interactions

There is risk involved in designs for main effects only. The risk is that two-factor interactions, if they
are strong, can confuse the results of such experiments. To avoid this risk, you can create experiments
resolving all the two-factor interactions.

Note to DOE experts: The result in this example is a resolution-five screening design. Two-factor
interactions are estimable but are confounded with three-factor interactions.

Select DOE > Custom Design.

2 Enter five continuous factors into the Factors panel (see “Step 1: Design the Experiment” in

Chapter 1, for details).
3 Click Continue.
4 In the Model panel, select Interactions > 2nd.
5 In the Design Generation Panel choose Minimum for Number of Runs and click Make Design.
Figure 2.3 shows the runs of the two-factor design with all interactions. The sample size, 16 (a power of

two) is large enough to fit all the terms in the model. The values in your table may be different from
those shown below.
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Figure 2.3 All Two-Factor Interactions
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¥ Model
¥ Design
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¥ Fraction of Design Space Plot
¥ = Prediction Variance Surface
¥ Relative Variance of Coefficients
¥ Alias Matriz

P Design Diagnostics
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Figure 2.4 shows the alias matrix table of zeros and ones. The columns labels identify an interaction.
For example, the column labelled 1 2 refers to the interaction of the first and second effect, the col-

umn labelled 2 3 refers to the interaction between the second and third effect, and so forth.

Look at the column labelled 1 2. There is only one value of 1 in that column. All others are 0. The 1

occurs in the row labelled X1*X2. All the other rows and columns are similar. This means that the
expected value of the two-factor interaction X1*X2 is not biased by any other terms. All the rows
above the row labelled X1*X2 contain only zeros, which means that the Intercept and main effect

terms are not biased by any two-factor interactions.

Figure 2.4 Alias Matrix Showing all Two-Factor Interactions Clear of all Main Effects
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A Compromise Design Between Main Effects Only and All Interactions

In a screening situation, suppose there are six continuous factors and resources for 7 = 16 runs. The
first example in this section showed an eight-run design that fit all the main effects. With six factors,
there are 15 possible two-factor interactions. The minimum number of runs that could fit the constant,
six main effects and 15 two-factor interactions is 22. This is more than the resource budget of 16 runs.
It would be good to find a compromise between the main-effects only design and a design capable of
fitting all the two-factor interactions.

This example shows how to obtain such a design compromise using the custom designer.
1 Select DOE > Custom Design.

2 Define six continuous factors (X1 - X6).

3 Click Continue. The model includes the main effect terms by default. The default estimability of
these terms is Necessary.

Click the Interactions button and choose 2nd to add all the two-factor interactions.

5 Select all the interaction terms and click the current estimability (Necessary) to reveal a menu.
Change Necessary to If Possible, as shown in Figure 2.5.

Figure 2.5 Model for Six-Variable Design with Two-Factor Interactions Designated If Possible
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Make Design 3
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6 Type 16 in the User Specified edit box in the Number of Runs section, as shown. Although the
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desired number of runs (16) is less than the total number of model terms, the custom designer
builds a design to estimate as many two-factor interactions as possible.

7 Click Make Design.

After the custom designer creates the design, click the disclosure button beside Design Evaluation to
open the Alias Matrix (Figure 2.6). The values in your table may be different from those shown below,
but with a similar pattern.

Figure 2.6 Alias Matrix
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All the rows above the row labelled X1*X2 contain only zeros, which means that the Intercept and main
effect terms are not biased by any two-factor interactions. The row labelled X1*X2 has the value 0.333
in the 1 2 column and the same value in the 4 6 column. That means the expected value of the estimate
for X1*X2 is actually the sum of X1*X2 and any real effect due to X4*X8.

Note to DOE experts: The result in this particular example is a resolution-four screening design.
Two-factor interactions are estimable but are aliased with other two-factor interactions.

Creating ‘Super’ Screening Designs

This section shows how to use the technique shown in the previous example to create ‘super’ (supersat-
urated) screening designs. Supersaturated designs have fewer runs than factors, which makes them
attractive for factor screening when there are many factors and experimental runs are expensive.

In a saturated design, the number of runs equals the number of model terms. In a supersaturated
design, as the name suggests, the number of model terms exceeds the number of runs (Lin, 1993). A
supersaturated design can examine dozens of factors using fewer than half as many runs as factors.
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The Need for Supersaturated Designs

The 27~ and the 215! fractional factorial designs available using the screening designer are both satu-
rated with respect to a main effects model. In the analysis of a saturated design, you can (barely) fit the
model, but there are no degrees of freedom for error or for lack of fit. Until recently, saturated designs
represented the limit of efficiency in designs for screening.

Factor screening relies on the sparsity principle. The experimenter expects that only a few of the factors
in a screening experiment are active. The problem is not knowing which are the vital few factors and
which are the trivial many. It is common for brainstorming sessions to turn up dozens of factors. Yet, in
practice, screening experiments rarely involve more than ten factors. What happens to winnow the list
from dozens to ten or so?

If the experimenter is limited to designs that have more runs than factors, then dozens of factors trans-
late into dozens of runs. Often, this is not economically feasible. The result is that the factor list is
reduced without the benefit of data. In a supersaturated design, the number of model terms exceeds the
number of runs, and you can examine dozens of factors using less than half as many runs.

There are drawbacks:

* If the number of active factors approaches the number of runs in the experiment, then it is likely
that these factors will be impossible to identify. A rule of thumb is that the number of runs should
be at least four times larger than the number of active factors. If you expect that there might be as
many as five active factors, you should have at least 20 runs.

* Analysis of supersaturated designs cannot yet be reduced to an automatic procedure. However, using
forward stepwise regression is reasonable and the new Screening platform (Analyze > Modeling >
Screening) offers a more streamlined analysis.

Example: Twelve Factors in Eight Runs

As an example, consider a supersaturated design with twelve factors. Using model terms designated If
Possible provides the software machinery for creating a supersaturated design.

In the last example, two-factor interaction terms were specified If Possible. In a supersaturated design,
all terms—including main effects—are If Possible. Note in Figure 2.7, the only primary term is the
intercept.

To see an example of a supersaturated design with twelve factors in eight runs:
1 Select DOE > Custom Design.

2 Add 12 continuous factors and click Continue.

3 Highlight all terms except the Intercept and click the current estimability (Necessary) to reveal the
menu. Change Necessary to If Possible, as shown in Figure 2.7.
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Figure 2.7 Changing the Estimability
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4 The desired number of runs is eight so type 8 in the User Specified edit box in the Number of

Runs section.

5 Click the red triangle on the Custom Design title bar and select Simulate Responses, as shown in

Figure 2.8.

Figure 2.8 Simulating Responses
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6 Click Make Design, then click Make Table. A window named Simulate Responses and a design
table appear, similar to the one in Figure 2.9. The Y column values are controlled by the coefficients
of the model in the Simulate Responses window. The values in your table may be different from

those shown below.
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Figure 2.9 Simulated Responses and Design Table
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7 Change the default settings of the coefficients in the Simulate Responses dialog to match those in
Figure 2.10 and click Apply. The numbers in the Y column change. Because you have set X2 and
X10 as active factors in the simulation, the analysis should be able to identify the same two factors.

Note that random noise is added to the Y column formula, so the numbers you see might not necessar-
ily match those in the figure. The values in your table may be different from those shown below.

Figure 2.10 Give Values to Two Main Effects and Specify the Standard Error as 0.5
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To identify active factors using stepwise regression:

1 To run the Model script in the design table, click the red triangle beside Model and select Run
Script.

2 Change the Personality in the Model Specification window from Standard Least Squares to
Stepwise.

3 Click Run Model on the Fit Model dialog.

4 In the resulting display click the Step button two times. JMP enters the factors with the largest
effects. From the report that appears, you should identify two active factors, X2 and X10, as shown
in Figure 2.11. The step history appears in the bottom part of the report. Because random noise is
added, your estimates will be slightly different from those shown below.
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Figure 2.11 Stepwise Regression Identifies Active Factors
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Note: This example defines two large main effects and sets the rest to zero. In real-world situations, it
may be less likely to have such clearly differentiated effects.

Screening Designs with Flexible Block Sizes

When you create a design using the Screening designer (DOE > Screening), the available block sizes for

the listed designs are a power of two. However, custom designs in JMP can have blocks of any size. The

blocking example shown in this section is flexible because it is using three runs per block, instead of a

power of two.

After you select DOE > Custom Design and enter factors, the blocking factor shows only one level in
the Values section of the Factors panel because the sample size is unknown at this point. After you com-

plete the design, JMP shows the appropriate number of blocks, which is calculated as the sample size

divided by the number of runs per block.

For example, Figure 2.12 shows that when you enter three continuous factors and one blocking factor

with three runs per block, only one block appears in the Factors panel.
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Figure 2.12 One Block Appears in the Factors Panel
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The default sample size of nine requires three blocks. After you click Continue, there are three blocks in
the Factors panel (Figure 2.13). This is because the default sample size is nine, which requires three

blocks with three runs each.

Figure 2.13 Three Blocks in the Factors Panel
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If you enter 24 runs in the User Specified box of the Number of Runs section, the Factors panel
changes and now contains 8 blocks (Figure 2.14).
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Figure 2.14 Number of Runs is 24 Gives Eight Blocks
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If you add all the two-factor interactions and change the number of runs to 15, three runs per block
produces five blocks (as shown in Figure 2.15), so the Factors panel displays five blocks in the Values

section.
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Figure 2.15 Changing the Runs to 15
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Click Make Design, then click the disclosure button (¢ 4 on Windows/Linux and p ¥ on the
Macintosh) to open the Relative Variance of Coefficients report. Figure 2.16 shows the variance of each
coefficient in the model relative to the unknown error variance.

The values in your table may be slightly different from those shown below. Notice that the variance of
each coefficient is about one-tenth the error variance and that all the variances are roughly the same
size. The error variance is assumed to be 1.

Figure 2.16 Table of Relative Variance of the Model Coefficients

¥| Relative Variance of Coefficients
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K23 0ovs 0763

The main question here is whether the relative size of the coefficient variance is acceptably small. If not,
adding more runs (18 or more) will lower the variance of each coefficient.

For more details, see “The Relative Variance of Coefficients and Power Table,” p. 68.

Note to DOE experts: There are four rows associated with X4 (the block factor). That is because
X4 has 5 blocks and, therefore, 4 degrees of freedom. Each degree of freedom is associated with one
unknown coefficient in the model.

Checking for Curvature Using One Extra Run

In screening designs, experimenters often add center points and other check points to a design to help

determine whether the assumed model is adequate. Although this is good practice, it is also ad hoc. The
custom designer provides a way to improve on this ad hoc practice while supplying a theoretical founda-
tion and an easy-to-use interface for choosing a design robust to the modeling assumptions.

The purpose of check points in a design is to provide a detection mechanism for higher-order effects
that are contained in the assumed model. These higher-order terms are called porential terms. (Let q
denote the potential terms, designated If Possible in JMP) The assumed model consists of the primary
terms. (Let p denote the primary terms designated Necessary in JMP)

To take advantage of the benefits of the approach using If Possible model terms, the sample size should
be larger than the number of Necessary (primary) terms but smaller than the sum of the Necessary
and If Possible (potential) terms. That is, p < 7 < p+g. The formal name of the approach using If
Possible model terms is Bayesian D-Optimal design. This type of design allows the precise estimation of
all of the Necessary terms while providing omnibus detectability (and some estimability) for the If
Possible terms.
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For a two-factor design having a model with an intercept, two main effects, and an interaction, there
are p = 4 primary terms. When you enter this model in the custom designer, the default minimum runs
is a four-run design with the factor settings shown in Figure 2.17.

Figure 2.17 Two Continuous Factors with Interaction
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Now suppose you can afford an extra run (7 = 5). You would like to use this point as a check point for
curvature. If you leave the model the same and increase the sample size, the custom designer replicates
one of the four vertices. Replicating any run is the optimal choice for improving the estimates of the
terms in the model, but it provides no way to check for lack of fit.

Adding the two quadratic terms to the model makes a total of six terms. This is a way to model curva-
ture directly. However, to do this the custom designer requires two additional runs (at a minimum),
which exceeds your budget of five runs.

The Bayesian D-Optimal design provides a way to check for curvature while adding only one extra run.
To create this design:

1 Select DOE > Custom Design.

2 Define two continuous factors (X1 and X2).

3 Click Continue.
4

Choose 2nd from the Interactions menu in the Model panel. The results appear as shown in
Figure 2.18.

Figure 2.18 Second-Level Interactions
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5 Choose 2nd from the Powers button in the Model panel. This adds two quadratic terms.
6 Select the two quadratic terms (X1*X1 and X2*X2) and click the current estimability (Necessary) to
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see the menu and change Necessary to If Possible, as shown in Figure 2.19.

Figure 2.19 Changing the Estimability
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Now, the p = 4 primary terms (the intercept, two main effects, and the interaction) are designated as
Necessary while the g = 2 potential terms (the two quadratic terms) are designated as If Possible. The
desired number of runs, five, is between p =4 and p + g = 6.

7 Enter 5 into the User Specified edit box in the Number of Runs section of the Design Generation
panel.

8 Click Make Design. The resulting factor settings appear in Figure 2.20. The values in your design
may be different from those shown below.

Figure 2.20 Five-Run Bayesian D-Optimal Design
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9 Click Make Table to create a JMP data table of the runs.

10 Create the overlay plot in Figure 2.21 with Graph > Overlay Plot, and assign X1 as Y and X2 as X.
The overlay plot illustrates how the design incorporates the single extra run. In this example the
design places the factor settings at the center of the design instead of at one of the corners.
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Figure 2.21 Overlay Plot of Five-run Bayesian D-Optimal Design
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Creating Response Surface Experiments

Response surface experiments traditionally involve a small number (generally 2 to 8) of continuous fac-
tors. The & priori model for a response surface experiment is usually quadratic.

In contrast to screening experiments, researchers use response surface experiments when they already
know which factors are important. The main goal of response surface experiments is to create a predic-
tive model of the relationship between the factors and the response. Using this predictive model allows
the experimenter to find better operating settings for the process.

In screening experiments one measure of the quality of the design is the size of the relative variance of
the coefficients. In response surface experiments, the prediction variance over the range of the factors is
more important than the variance of the coefficients. One way to visualize the prediction variance is
JMP’s prediction variance profile plot. This plot is a powerful diagnostic tool for evaluating and com-

paring response surface designs.

Exploring the Prediction Variance Surface

The purpose of the example below is to generate and interpret a simple Prediction Variance Profile Plot.
Follow the steps below to create a design for a quadratic model with a single continuous factor.

1 Select DOE > Custom Design.

2 Add one continuous factor by selecting Add Factor > Continuous (Figure 2.22), and click
Continue.

3 In the Model panel, select Powers > 2nd to create a quadratic term (Figure 2.22).
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Figure 2.22 Adding a Factor and a Quadratic Term
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4 In the Design Generation panel, use the default number of runs (six) and click Make Design
(Figure 2.23). The number of runs is inversely proportional to the size of variance of the predicted
response. As the number of runs increases, the prediction variances decrease.

Figure 2.23 Using the Default Number of Runs
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5 Click the disclosure button (¢p 4 on Windows/Linux and p ¥ on the Macintosh) to open the
Design Evaluation outline node, and then the Prediction Variance Profile, as shown in
Figure 2.24.

For continuous factors, the initial setting is at the mid-range of the factor values. For categorical factors,
the initial setting is the first level. If the design model is quadratic, then the prediction variance func-
tion is quartic. The y-axis is the relative variance of prediction of the expected value of the response.

In this design, the three design points are —1, 0, and 1. The prediction variance profile shows that the
variance is a maximum at each of these points on the interval -1 to 1.

Figure 2.24 Prediction Profile for Single Factor Quadratic Model
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The prediction variance is relative to the error variance. When the relative prediction variance is one,
the absolute variance is equal to the error variance of the regression model. More detail on the Predic-
tion Variance Profiler is in “Understanding Design Evaluation,” p. 64.

6 To compare profile plots, click the Back button and choose Minimum in the Design Generation
panel, which gives a sample size of three.

7 Click Make Design and then open the Prediction Variance Profile again.
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Now you see a curve that has the same shape as the previous plot, but the maxima are at one instead of
0.5. Figure 2.25 compares plots for a sample size of six and sample size of three for this quadratic
model. You can see the prediction variance increase as the sample size decreases. Since the prediction
variance is inversely proportional to the sample size, doubling the number of runs halves the prediction
variance. These profiles show settings for the maximum variance and minimum variance, for sample
sizes six (top charts) and sample size three (bottom charts). The axes on the bottom plots are adjusted to
match the axes on the top plot.

Figure 2.25 Comparison of Prediction Variance Profiles

“ariance
“ariance

0 0
T T | L T T T T T
- wn o um = - wn o um =
o ' o
1} 07
*1 *1

“ariance
“ariance

0 0
T T | L T T T T T
- wn o um = - wn o um =
o ' o
1} 07
*1 *1

Tip: Control-click (Command-click on the Mac) on the factor to set a factor level precisely.

8 To create an unbalanced design, click the Back button and enter a sample size of 7 in the User Spec-
ified text edit box in the Design Generation panel, then click Make Design. The results are shown
in Figure 2.26.

You can see that the variance of prediction at —1 is lower than the other sample points (its value is 0.33
instead of 0.5). The symmetry of the plot is related to the balance of the factor settings. When the
design is balanced, the plot is symmetric, as shown in Figure 2.25. When the design is unbalanced, the
prediction plot might not be symmetric, as shown in Figure 2.26.
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Figure 2.26 Sample Size of Seven for the One-Factor Quadratic Model
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Introducing /-Optimal Designs for Response Surface Modeling

The custom designer generates designs using a mathematical optimality criterion. All the designs in this
chapter so far have been D-Optimal designs. D-Optimal designs are most appropriate for screening
experiments because the optimality criterion focuses on precise estimates of the coefficients. If an exper-
imenter has precise estimates of the factor effects, then it is easy to tell which factors’ effects are impor-
tant and which are negligible. However, D-Optimal designs are not as appropriate for designing
experiments where the primary goal is prediction.

I-Optimal designs minimize the average prediction variance inside the region of the factors. This makes
I-Optimal designs more appropriate for prediction. As a result /-Optimality is the recommended crite-
rion for JMP response surface designs.

An I-Optimal design tends to place fewer runs at the extremes of the design space than does a D-Opti-
mal design. As an example, consider a one-factor design for a quadratic model using 7 = 12 experimen-
tal runs. The D-Optimal design for this model puts four runs at each end of the range of interest and
four runs in the middle. The /-Optimal design puts three runs at each end point and six runs in the
middle. In this case, the D-Optimal design places two-thirds of its runs at the extremes versus one-half
for the I-Optimal design.

Figure 2.27 compares prediction variance profiles of the one-factor /- and D-Optimal designs for a qua-
dratic model with (7 = 12) runs. The variance function for the /-Optimal design is less than the corre-
sponding function for the D-Optimal design in the center of the design space; the converse is true at

the edges.
Figure 2.27 Prediction Variance Profiles for 12-Run /-Optimal (left) and D-Optimal (right) Designs
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At the center of the design space, the average variance (relative to the error variance) for the /-Optimal
design is 0.1667 compared to the D-Optimal design, which is 0.25. This means that confidence inter-
vals for prediction will be nearly 10% shorter on average for the /-Optimal design.

To compare the two design criteria, create a one-factor design with a quadratic model that uses the
I-Optimality criterion, and another one that uses D-Optimality:

1

N A N N

Select DOE > Custom Design.

Add one continuous factor: X1.

Click Continue.

Click the RSM button in the Model panel to make the design /-Optimal.

Change the number of runs to 12.

Click Make Design.

Click the disclosure button (¢p 4 on Windows/Linux and p ¥ on the Macintosh) to open the
Prediction Variance Profile, as shown on the left in Figure 2.27.

Repeat the same steps to create a D-Optimal design, but select Optimality Criterion > Make
D-Optimal Design from the red triangle menu on the custom design title bar. The results in the Pre-
diction Variance Profile should look the same as those on the right in Figure 2.27.

A Three-Factor Response Surface Design

In higher dimensions, the /-Optimal design continues to place more emphasis on the center of the
region of the factors. The D-Optimal and /-Optimal designs for fitting a full quadratic model in three
factors using 16 runs are shown in Figure 2.28.

To compare the two design criteria, create a three-factor design that uses the /-Optimality criterion, and
another one that uses D-Optimality:

1

N

0 NN N W

Select DOE > Custom Design.

Add three continuous factors: X1, X2, and X3.

Click Continue.

Click the RSM button in the Model panel to add interaction and quadratic terms to the model and
to change the default optimality criterion to /-Optimal.

Use the default of 16 runs.

Click Make Design.

The design is shown in the Design panel (the left in Figure 2.28).

If you want to create a D-Optimal design for comparison, repeat the same steps but select
Optimality Criterion > Make D-Optimal Design from the red triangle menu on the custom design
title bar. The design should look similar to those on the right in Figure 2.28. The values in your
design may be different from those shown below.
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Figure 2.28 16-run /-Optimal and D-Optimal designs for RSM Model
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Profile plots of the variance function are displayed in Figure 2.29. These plots show slices of the vari-
ance function as a function of each factor, with all other factors fixed at zero. The /-Optimal design has
the lowest prediction variance at the center. Note that there are two center points in this design.

The D-Optimal design has no center points and its prediction variance at the center of the factor space
is almost three times the variance of the /-Optimal design. The variance at the vertices of the D-Opti-
mal design is not shown. However, note that the D-Optimal design predicts better than the /-Optimal
design near the vertices.

Figure 2.29 Variance Profile Plots for 16 run /-Optimal and D-Optimal RSM Designs
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Response Surface with a Blocking Factor

It is not unusual for a process to depend on both qualitative and quantitative factors. For example, in
the chemical industry, the yield of a process might depend not only on the quantitative factors temper-
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ature and pressure, but also on such qualitative factors as the batch of raw material and the type of reac-
tor. Likewise, an antibiotic might be given orally or by injection, a qualitative factor with two levels.
The composition and dosage of the antibiotic could be quantitative factors (Atkinson and Doneyv,

1992).

The response surface designer (described in “Response Surface Designs,” p. 115) only deals with quan-
titative factors. You could use the response surface designer to produce a Response Surface Model
(RSM) design with a qualitative factor by replicating the design over each level of the factor. But, this is
unnecessarily time-consuming and expensive. Using custom designer is simpler and more cost-effective
because fewer runs are required. The following steps show how to accommodate a blocking factor in a
response surface design using the custom designer:

1 First, define two continuous factors (X1 and X2).

2 Now, click Add Factor and select Blocking > 4 runs per block to create a blocking factor(X3). The
blocking factor appears with one level, as shown in Figure 2.30, but the number of levels adjusts
later to accommodate the number of runs specified for the design.

Figure 2.30 Add Two Continuous Factors and a Blocking Factor

¥ Factors
Add Factor | | Remove | &dd N Factors 1
[aime Role Changes  Walues
i Cortinuous Easy -1 |1
a2 Cortinuous Easy -1 |1
H3 Blocking Easy 1

3 Click Continue, and then click RSM in the Model panel to add the quadratic terms to the model
(Figure 2.31). This automatically changes the recommended optimality criterion from D-Optimal
to /-Optimal. Note that when you click RSM, a message reminds you that nominal factors (such as
the blocking factor) cannot have quadratic effects.

Figure 2.31 Add Response Surface Terms

¥ Model

[Main EFFects] [Interactions v] @J
[aime E=timahility

Intercept Mecesszary

1 Mecesszary

H2 Mecesszary

H3 Mecesszary

H1* Mecesszary

M2 Mecesszary

HI2H2 Mecessary

4 Enter 12 in the User Specified text edit box in the Design Generation panel, and note that the Fac-
tors panel now shows the Blocking factor, X3, with three levels (Figure 2.32). Twelve runs defines
three blocks with four runs per block.
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Figure 2.32 Blocking Factor Now Shows Three Levels

¥ Factors
Add Factor | | Remove | &dd N Factors 1
[aime Role Changes  Yalues
i Cortinuous Easy -1
a2 Cortinuous Easy -1
H3 Blocking Easy 1 2 3
¥ Define Factor Constraints
¥ Model

[Main EFFects] [Interactions v]

: Mame E: y
Intercept Mecesszary
1 Mecesszary
H2 Mecesszary
H3 Mecesszary
L1 Mecessary
D12 Mecessary
oo Mecessary

5 Click Make Design.

6 In the Output Options, select Sort Right to Left from the Run Order list.

7 Click Make Table to see an /-Optimal table similar to the one on the left in Figure 2.33.

Chapter 2

Figure 2.33 compares the results of a 12-run /-Optimal design and a 12-run D-Optimal Design.

To see the D-Optimal design:
1 Click the Back button.

2 Click the red triangle icon on the Custom Design title bar and select Optimality Criterion > Make

D-Optimal Design.
3 Click Make Design, then click Make Table.

Figure 2.33 JMP Design Tables for 12-Run /-Optimal and D-Optimal Designs

¥ |-Optimal Design

Run X1 X2 X3
1 1 -1
2 -1 o1
3 0 o1
4 0 1 1
5 0 -2
[ 0 0oz
7 -1 1 2
3 1 1 2
] -1 -3

10 0 0 3
11 1 0 3
12 0 1 3

¥ D-Optimal Design

Run X1

1

[ = S R N U ]

9
10
11
12

P L LY

=

Ty 4 |

k3

L3 LD L3 LRI RD ORI RIS s L

Figure 2.34 gives a graphical view of the designs generated by this example. These plots were generated
for the runs in each JMP table by choosing Graph > Overlay Plot from the main menu and using the

blocking factor (X3) as the Grouping variable.

Note that there is a center point in each block of the -Optimal design. The D-Optimal design has only

one center point. The values in your graph may be different from those shown below.
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Figure 2.34 Plots of -Optimal (left) and D-Optimal (right) Design Points by Block.

¥~ |-Optimal Design Overlay Plot
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¥ ~'D-Optimal Design Overlay Plot
14
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Either of the above designs supports fitting the specified model. The D-Optimal design does a slightly
better job of estimating the model coefficients. The diagnostics (Figure 2.35) for the designs show

beneath the design tables. In this example, the D-efficiency of the /-Optimal design is about 51%, and
is 55% for the D-Optimal design.

The I-Optimal design is preferable for predicting the response inside the design region. Using the for-

mulas given in “Technical Discussion,” p. 53, you can compute the relative average variance for these

designs. The average variance (relative to the error variance) for the -Optimal design is 0.5 compared
t0 0.59 for the D-Optimal design (See Figure 2.35). This means confidence intervals for prediction will
be almost 20% longer on average for D-Optimal designs.

Figure 2.35 Design Diagnostics for I-Optimal and D-Optimal Designs

Design Diagnostics

| Dptimal Design

[ Efficiency 5085352
G Efficiency 7647609
A Efficiency 37.51264

Average Wariance of Prediction  0.49973
Design Crestion Time (seconds) 0.083333

Design Diagnostics
D Cptimal Design

[ Efficiency 54 95522
G Efficiency 7812822
A Efficiency 325789

Average Wariance of Prediction  0.59185
Design Crestion Time (seconds) 0.083333
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Creating Mixture Experiments

If you have factors that are ingredients in a mixture, you can use either the custom designer or the spe-
cialized mixture designer. However, the mixture designer is limited because it requires all factors to be
mixture components and you might want to vary the process settings along with the percentages of the
mixture ingredients. The optimal formulation could change depending on the operating environment.
The custom designer can handle mixture ingredients and process variables in the same study. You are
not forced to modify your problem to conform to the restrictions of a special-purpose design approach.

Mixtures Having Nonmixture Factors

The following example from Atkinson and Donev (1992) shows how to create designs for experiments
with mixtures where one or more factors are not ingredients in the mixture. In this example:

* The response is the electromagnetic damping of an acrylonitrile powder.

* The three mixture ingredients are copper sulphate, sodium thiosulphate, and glyoxal.

* The nonmixture environmental factor of interest is the wavelength of light.

Though wavelength is a continuous variable, the researchers were only interested in predictions at
three discrete wavelengths. As a result, they treated it as a categorical factor with three levels. To create
this custom design:

1 Select DOE > Custom Design.

2 Create Damping as the response. The authors do not mention how much damping is desirable, so
right-click the goal and create Damping’s response goal to be None.

3 In the Factors panel, add the three mixture ingredients and the categorical factor, Wavelength. The
mixture ingredients have range constraints that arise from the mechanism of the chemical reaction.
Rather than entering them by hand, load them from the Sample Data folder that was installed with
JMP: click the red triangle icon on the Custom Design title bar and select Load Factors. Open
Donev Mixture Factors.jmp, from the Design Experiment folder in the sample data. The custom
design panels should now look like those shown in Figure 2.36.

Figure 2.36 Mixture Experiment Response Panel and Factors Panel

¥| ™ Custom Design

¥| Responses

Add Response | | Remove [NumberoFResponses...]

: Responze Mame Goal Lowver Limit Upper Limit Importance
{Damping [Mone T T T
aptional iterm
¥ Factors
Add Factor | | Remove | &dd N Factors 1
[aime Role Changes  Walues

Al cusod Mixture Easy 0z 08

Alrazs203 Mixture Easy 0.2 0.8

) Glyoxal Mixture Easy a 0.6

~ Wavelength Categorical Easy L1 |L2 |L3

The model, shown in Figure 2.37 is a response surface model in the mixture ingredients along with the
additive effect of the wavelength. To create this model:

1 Click Interactions, and choose 2nd. A warning dialog appears telling you that JMP removes the
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main effect terms for non-mixture factors that interact with all the mixture factors. Click OK.

2 In the Design Generation panel, type 18 in the User Specified text edit box (Figure 2.37), which
results in six runs each for the three levels of the wavelength factor.

Figure 2.37 Mixture Experiment Design Generation Panel

¥ ™ Custom Design

¥ Responses

¥ Factors
Add Factor | | Remove | &dd N Factors 1
: [aime Role Changes Values
dcusod Mixture Easy |02 08
Alnazs203 Mixture Easy 0.2 0.8
AGIyoxaI Mixture Easy a 0.6
i w Wiavelength Categorical  Easy L1 L2 L3

¥ Define Factor Constraints

¥ Model
[Main EFFects] [Interactions v] [Powers V] [ScheFFe Cubic] [Remove Term
[aime E=timahility

CusSod Mecesszary =]
Ma25203 Mecesszary

Glyoxal Mecesszary

CuSO4Ma2S203 Mecesszary

CuSO4Ghyoxal Mecesszary

CuSOdhNavelenath Mecesszary

Ma25203* Glyoxal Mecesszary b
Ma25203%avelength Meceszary il

v Design Generation

O Group runs into random blocks of size:

Humber of Runs:
3 Minimum 12
® Defautt 24

) User Specified
3 Click Make Design, and then click Make Table.

The resulting data table is shown in Figure 2.38. The values in your table may be different from those
shown below.
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Figure 2.38 Mixture Experiment Design Table

w Custom Design ¢ -
Design Custom Desian || + Cu504 | Ha25203 | Ghyoxal ath
Criterion D Cptimal 1 0.s 0.z (] .
Sl 2| o= 0.z oL .
ZRLEsED 3| o2 05| 03Ut .
4| 08 0.2 oLz .
5 05 0.2 0.3|L3 .
= Columns (510) I 02| 063 .
A cusod
gt 7| 0s 05 o|L3 .
A Gyoxal 3k g 0z 08 o|L3 .
il Wavelength ] 0.5 0.2 0.3|L1 -
Al Damping 3 10 0.2 0.2 06 (L2 .
11 05 05 oLt .
¥ Rows 12 0.5 0.z 03(Lz .
Al roves 16 13 0.z 0.8 oLt .
Selected o 14| 02 08 oLz .
E::;um g 15 0.2 0.2 06| L1 .
L'ab;'; . . 16| 05 0.5 oLz .
17| 02 05 0.3|L3 .
18| 02 05 0.3|L2 .

Chapter 2

Atkinson and Donev also discuss the design where the number of runs is limited to 10. In that case, it

is not possible to run a complete mixture response surface design for every wavelength.

To view this:

1 Click the Back button.

2 Remove all the effects by highlighting them and clicking Remove Term.
3 Add the main effects by clicking the Main Effects button.
4

In the Design Generation panel, change the number of runs to 10 (Figure 2.39) and click Make
Design. The Design table to the right in Figure 2.39 shows the factor settings for 10 runs.

Figure 2.39 Ten-Run Mixture Response Surface Design

Make Design

¢ . = v Design

Design Generation fun
i Group rung into random blocks of size: 2 1
2

Humber of Runs: 3
O Minimum S 4
O Defautt 5
@ User Specified 10 S
g

9

o

Cus504 Ha25203

0z
0g
0g
0z
0z
0z
0g
0z
0z
0z

0g
0z
0z
0z
0g
0z
0z
0g
0z
0z

Glyoxal Wavelength Damping

o
o
o
06
o
06
o
o
06
06

L1
L1
L2
L2
L3
L1
L3
L2
L3
L3

Note that there are necessarily unequal numbers of runs for each wavelength. Because of this lack of

balance it is a good idea to look at the prediction variance plot (top plot in Figure 2.40).

5 Open the Design Evaluation outline, then open the Prediction Variance Profile.

The prediction variance is almost constant across the three wavelengths, which is a good indication that

the lack of balance is not a problem.

The values of the first three ingredients sum to one because they are mixture ingredients. If you vary

one of the values, the others adjust to keep the sum constant.

6 Select Maximize Desirability from red triangle menu on the Prediction Variance Profile title bar, as
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shown in the bottom profiler in Figure 2.40.

The most desirable wavelength is L2, with the CuSO4 percentage decreasing from about 0.4 to 0.2,
Glyoxal percentage is zero, and Na2S2083 is 0.8, which maintains the mixture.

Figure 2.40 Prediction Variance Plots for Ten-Run Design

v Design Evaluation

¥| = Prediction Variance Profile

Wariance
0.335238

=} =} =} =} = = =
0.35 0.24 L1
Ma25203 Glyoxal ‘Wavelength

v Design Evaluation

f-‘ Prediction Variance Profile

Variance
0.547619

L2
CusSod4 Ma25203 Glyoxal ‘Wavelength

Experiments that are Mixtures of Mixtures
As a way to illustrate the idea of a ‘mixture of mixtures situation, imagine the ingredients that go into
baking a cake and assume the following:
* dry ingredients composed of flour, sugar, and cocoa
* wet (or non-dry) ingredients consisting of milk, melted butter, and eggs.

These two components (wet and dry) of the cake are two mixtures that are first mixed separately and

then blended together.

The dessert chef knows that the dry component (the mixture of flour, sugar, and cocoa) contributes
45% of the combined mixture and the wet component (butter, milk, and eggs) contributes 55%.

The objective of such an experiment might be to identify proportions within the two components that
maximize some measure of taste or consistency.

This is a main effects model except that you must leave out one of the factors in order to avoid singular-
ity. The choice of which factor to leave out of the model is arbitrary.

For now, consider these upper and lower levels of the various factors:
Within the dry mixcure:

* cocoa must be greater than 10% but less than 20%

* sugar must be greater than 0% but less than 15%

¢ flour must be greater than 20% but less than 30%
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Within the wet mixture:

* melted butter must be greater than 10% but less than 20%

* milk must be greater than 25% and less than 35%

* eggs constitute more than 5% but less than 20%

You want to bake cakes and measure taste on a scale from 1 to 10
Use the Custom Designer to set up this example, as follows:

1 In the Response Panel, enter one response and call it Taste.

2 Give Taste a Lower Limit of 1 and an Upper Limit of 10. (You are assuming a taste test where the
respondents reply on a scale of 1 to 10.)

3 In the Factors Panel, enter the six cake factors described above.

4 Enter the given percentage values of the factors as proportions in the Values section of the Factors
panel.

The completed Response and Factors panels should look like those shown in Figure 2.41.

Figure 2.41 Completed Responses and Factors Panel for the Cake Example

¥ = Custom Design
¥ Responses

[ Add Response v] [ Remove ] [ Mumber of Responses... ]

Response Mame Goal Loweer Limit Upper Limit Impartance
Taste |Maximize |1 10
¥ Factors
Mame Fole Changes  Values

4 cocos Mixture Easy 0.1 0.2
al sugar Mixture Easy 0 0.15
ll Flour Mixture Easy 0.2 0.3
a4l Butter Mixture Easy 0.1 0.2
ll wilk: Mixture Easy 0.25 0.35
dEggs Mixture Easy 0.0s 0.2

5 Next, click Continue.
6 Open the Constraints pane and click Add Constraint twice.
7 Enter the constraints as shown at the top in Figure 2.42.

By confining the dry factors to exactly 45% in this way, the mixture role of all the factors ensures that
the wet factors constitute the remaining 55%.

8 Open the Model dialog and note that it lists all 6 effects. Because these are mixture factors, includ-
ing all effects would render the model singular. Highlight any one of the terms in the model and
click Remove Term, as shown.
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Figure 2.42 Constraints to Define the Double Mixture Experiment

#| Define Factor Constraints

Add Constraint

| 1|c:0c:0a+ | 1|sugar+ | 1|f|0ur+ | D|buﬂer+ | D|milk+ | D|eggs ER
| 1|c:0c:0a+ | 1|sugar+ | 1|f|0ur+ | D|buﬂer+ | D|milk+ | D|eggs ER
¥ Model
[ Main Effects ] [ Interactions v] [ Cross ] [ Powers v] [ Scheffe Cubic ] | Remave Term i
[aime E=timahility o

Cocos Mecesszary

Sugar

Flour

Butter

Milk: ecessary

N  cessary

9 To see a completed example, choose Simulate Responses from the menu on the Custom Design
title bar.

10 In the Design Generation panel, enter 10 as the number of runs for the example. That is, you would
bake cakes with 10 different sets of ingredient proportions.

11 Click Make Design in the Design Generation panel, and then click Make Table.

The table inFigure 2.43 shows that the two sets of cake ingredients (dry and wet) adhere to the propor-

tions 45% and 55% as defined by the entered constraints. In addition, the amount of each ingredient
in each cake recipe (run) conforms to the upper and lower limits given in the factors dialog.

Figure 2.43 Cake Experiment Conforming to a Mixture of Mixture Design

= Custom Design o~ =
Design Custam Design| T | |Cocoa | Sugar | Flour Butter Milk Egas Taste
Criterion D Optimal 1 ozo| o005 o020 o010 ozs| ozo @0
Sllei] 2|| v20] oo oz2d|| oio] o03s| o010 ees
= Constraint
< DOE Dialog 3|l o20] ooo| o2 o020 o028 oo 7
4[| 015 ooo| oa3d|| ois| o03s| oos| ea3s
> Calumns (7/0) 5[ 01s] ooo| oad|| o01s] o038 oo s2s
4 Cocoa ¥ 6| 040| o045| oz ozo| o025 o040| 577
ﬁ Elﬁarr: 71 0a0| 01s| oz ozo| o30| o005| s02
4 Butter % s|| o1o| o1s| oz2dl| oio] o3s| oan| sa7
A Milk %k gl oqo[ oos| oad|| o1o| ozs[ oz 414
A Eggs g 10| o10] oos| oad| o1o| o025 o020 s
4l Taste sk

/
Each run sums to 0.45 (45%) Each run sums to 0.55 (55%)

Note: As a word of caution, keep in mind that it is easy to define constraints in such a way that it is
impossible to construct a design that fits the model. In such a case, you will get a message saying
“Could not find a valid starting design. Please check your constraints for consistency.”
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Special-Purpose Uses of the Custom Designer

While some of the designs discussed in previous sections can be created using other designers in JMP or
by looking them up in a textbook containing tables of designs, the designs presented in this section can-
not be created without using the custom designer.

Designing Experiments with Fixed Covariate Factors

Pre-tabulated designs rely on the assumption that the experimenter controls all the factors. Sometimes
you have quantitative measurements (a covariate) on the experimental units before the experiment
begins. If this variable affects the experimental response, the covariate should be a design factor. The
pre-defined design that allows only a few discrete values is too restrictive. The custom designer supplies
a reasonable design option.

For this example, suppose there are a group of students participating in a study. A physical education
researcher has proposed an experiment where you vary the number of hours of sleep and the calories for
breakfast and ask each student to run 1/4 mile. The weight of the student is known and it seems impor-
tant to include this information in the experimental design.

To follow along with this example that shows column properties, open Big Class.jmp from the Sample
Data folder that was installed when you installed JMP.

Build the custom design as follows:

1 Select DOE > Custom Design.

2 Add two continuous variables to the models by clicking Add Factors and selecting Continuous,
naming them calories and sleep.

3 Click Add Factor and sclect Covariate, as shown in Figure 2.44. The Covariate selection displays a
list of the variables in the current data table.

Figure 2.44 Add a Covariate Factor

¥ Factors
Add Factor | | Remove | &dd N Factors 1

Conkinuous Role Changes  Walues
Categorical 3 Continuous Easy |.1 |1
Elocking » | Continuous Easy E 1
Mixture l!
Constant
Uncontrolled

£ : Add Factor button. Double click on & factar
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Figure 2.45 Design with Fixed Covariate

JMP: Select the column of covariates

name

5 Click Continue.

6 Add the interaction to the model by selecting calories in the Factors panel, selecting sleep in the
Model panel, and then clicking the Cross button (Figure 2.46).

Figure 2.46 Design With Fixed Covariate Factor

¥| Factors

Add Factor | | Remove | &dd N Factors 1

Changes  Walues

Easy -1 1
) sleep Cortinuous Easy -1 1
) weeight Covariate Easy B4 172
¥ Define Factor Constraints
¥ Model
[aime R E=timahility
Intercept Mecesszary

Mecessary
Mecessary
Mecesszary

7 Click Make Design, then click Make Table. The data table in Figure 2.47 shows the design table.
Your runs might not look the same because the order of the runs has been randomized.
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Figure 2.47 Design Table for Covariate Example

~ Custom Design 4, =
Design Custom Design |[ calories | sleep | weight b
Criterion O Optimal 1 = K| a5 .
> Screening 2 1 1 123 -
 hodel 3 1 1 74 =
< Columns (410 8 1 Al 948 5
Al calories 3k g A A & .
A sleep 3k B 1 1 54 =
Al weight 3 7 1 1 128 .
a vk & 1 Sl 79 .
3 1 T .
SR 10 1 1] aw .
g"|mcth 43 11 1 1 &7 .
electe
Excluded o e <! L S 2
Hiclden 0 13 -1 -1 105 o
Labelled 0 14 gl 1 95 2

Note: Covariate factors cannot have missing values.

Remember that weight is the covariate factor, measured for each student, but it is not controlled. The
custom designer has calculated settings for calories and sleep for each student. It would be desirable if
the correlations between calories, sleep and weight were as small as possible. You can see how well the
custom designer did by fitting a model of weight as a function of calories and sleep. If that fit has a
small model sum of squares, that means the custom designer has successfully separated the effect of
weight from the effects of calories and sleep.

8 Click the red triangle icon beside Model in the data table and select Run Script, as shown on the
left in Figure 2.48.

Figure 2.48 Model Script

= Clistom Design = ¥| = Model Specification
Design  Custom Design| calories | sleep | weight | Y Select Columns Pick Role Wariables Persanality:
Criterion . D Optimal 1 1 1 g5 . dl calories dll weeicht Emphasis:
> Screening 2 1 1 123 - ll zleep aptional
3 1 B 74 . A weight
— A
p— 4 1 -1 145 . Weight | | optional Numeric
I
5 -1 -1 G4 o
Delete 5 7 1 o . optional Nomeric
Al SRR AR = a a ano _ i
aptional

Construct Model Effects

calories
sleep
Cross calories*slesp

Mest

9 Rearrange the dialog so weight is Y and calories, sleep, and calories*sleep are the model effects, as
shown to the right in Figure 2.48. Click Run Model.

The leverage plots are nearly horizontal, and the analysis of variance table shows that the model sum of
squares is near zero compared to the residuals (Figure 2.49). Therefore, weight is independent of
calories and sleep. The values in your analysis may be a little different from those shown below.
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Figure 2.49 Analysis to Check That Weight is Independent of Calories and Sleep

¥| = calories ¥ = sleep
¥ Leverage Plot ¥ Leverage Plot
180 180
160+ 160+
=] . & . .
E % 140+ g % 140+ . .
= = =
BSam B 2120 I 777777 ..
e - gb [P i
2 100 2 Troo |
T 7 B iR L EEEE TN I--
&0 a0 1 -
H .
60 T T T T T 60 T T T T T
-0 05 a 3 10 -0 05 i) | 1.0
calories Leverage, P=0.7853 sleep Leverage, P=0.9565
¥| Analysis of Variance

Source DF  Sumof Sguares  Mean Sguare F Ratio

fdocel 3 99.200 33067 00622

Error 36 19124 500 931.244  Probh=F

C. Tatal 349 19224 .000 0.9754

Creating a Design with Two Hard-to-Change Factors: Split Plot

While there is substantial research literature covering the analysis of split plot designs, it has only been
possible in the last few years to create optimal split plot designs (Goos 2002). The split plot design
capability accessible in the JMP custom designer is the first commercially available tool for generating
optimal split plot designs.

The split plot design originated in agriculture, but is commonplace in manufacturing and engineering
studies. In split plot experiments, hard-to-change factors only change between one whole plot and the
next. The whole plot is divided into subplots, and the levels of the easy-to-change factors are randomly
assigned to each subplot.

The example in this section is adapted from Kowalski, Cornell, and Vining (2002). The experiment
studies the effect of five factors on the thickness of vinyl used to make automobile seat covers. The
response and factors in the experiment are described below:

* Three of the factors are ingredients in a mixture. They are plasticizers whose proportions, m1, m2,
and m3, sum to one. Additionally, the mixture components are the subplot factors of the experi-
ment.

* Two of the factors are process variables. They are the rate of extrusion (extrusion rate) and the tem-
perature (temperature) of drying. These process variables are the whole plot factors of the experi-
ment. They are hard to change.

* The response in the experiment is the thickness of the vinyl used for automobile seat covers. The
response of interest (thickness) depends both on the proportions of the mixtures and on the effects
of the process variables.

To create this design in JMP:

1 Select DOE > Custom Design.

2 By default, there is one response, Y, showing. Double-click the name and change it to thickness.
Use the default goal, Maximize (Figure 2.50).

3 Enter the lower limit of 10.
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4 To add three mixture factors, type 3 in the box beside Add N Factors, and click Add Factor >
Mixture.

5 Name the three mixture factors m1, m2, and m3. Use the default levels 0 and 1 for those three fac-
tors.

6 Add two continuous factors by typing 2 in the box beside Add N Factors, and click Add Factor >
Continuous. Name these factors extrusion rate and temperature.

7 Ensure that you are using the default levels, —1 and 1, in the Values area corresponding to these two
factors.

8 To make extrusion rate a whole plot factor, click Easy and select Hard.

9 To make temperature a whole plot factor, click Easy and select Hard. Your dialog should look like
the one in Figure 2.50.

Figure 2.50 Entering Responses and Factors

¥| ™ Custom Design

¥| Responses

[Add Response v] [Remove ] [N Responses... ]
Responze Mame Goal Lowver Limit Upper Limit Importance

thickness |Maximize |1 u]

¥ Factors
Add Factor | | Remove | &dd N Factors 1

[aime Role Changes  Walues

dlm Mixture Easy a 1
dmz Mixture Easy a 1
dmz Mixture Easy a 1
ll extrusion rate Continuous Hard -1 1
Atemperature Cortinuous Hard -1 1

10 Click Continue.

11 Next, add interaction terms to the model by selecting Interactions > 2nd (Figure 2.51). This causes
a warning that JMP removes the main effect terms for non-mixture factors that interact with all the
mixture factors. Click OK.

Figure 2.51 Adding Interaction Terms

¥ Model

[Main EFFects] [Interactions v] [Powers V] [ScheFFe Cubic] [Remove Term

Naime Estimaility
mi 3rd Meceszary
m2 ath Meceszary
m3 Mecesszary
m1*m2 Sth Mecessary
m1*m3 Mecessary
m *extrusion rate Mecessary
m1*temperature Mecessary
m2*m3 Mecessary
m2*extrusion rate Mecessary
m2*4temperature Mecessary
m3*extrusion rate Mecessary
m3*temperature Mecessary
extrusion rate*tempersture Mecezszary

12 In the Design Generation panel, type 7 in the Number of Whole Plots text edit box.
13 For Number of Runs, type 28 in the User Specified text edit box (Figure 2.52).
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Figure 2.52 Assigning the Number of Whole Plots and Number of Runs

v Design Generation

Mumber ofwhole Picts| 7]
Humber of Runs:
3 Minimum 13
) Defautt 24
@ User Specified
Make Design

ST

Note: If you enter a missing value in the Number of Whole Plots edit box, then JMP considers many

different numbers of whole plots and chooses the number that maximizes the information about the
. . .. . ’ -1 -1. .

coefficients in the model. It maximizes the determinant of X"V ' X where V! is the inverse of the

variance matrix of the responses. The matrix, V, is a function of how many whole plots there are, so

changing the number of whole plots changes V, which can make a difference in the amount of informa-

tion a design contains.

14 Click Make Design. The result is shown in Figure 2.53.
Figure 2.53 Partial Listing of the Final Design Structure

¥| Design

15 Click Make Table.

16 From the Sample Data folder that was installed with JMP, open Vinyl Data.jmp from the Design
Experiment folder, which contains 28 runs as well as response values. The values in the table you
generated with the custom designer may be different from those from the Sample Data folder,

shown in Figure 2.54.

Run Wwhale Plots

1

W o m ot B W R

w

10
11
12

LB L) L W L) R R RD ORI S s

ml m2 m3 extrusion rate  temperature
a a 1 -1 1
a 1 a -1 1
(0] 01 a -1 1
05 a 05 -1 1
1 a a 1 1
a 0.4 06 1 1
a 1 a 1 1
05 a 05 1 1
a 1 a 1 -1
a a 1 1 -1
a 05 05 1 -1
05 02 a 1 -1
a a 1 -1 -1
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Figure 2.54 The Vinyl Data Design Table

Chapter 2

> vinyl data =
Design Custom Design Whole Plats [ m m2 m3 | extrusionrate | temperature thickness
Criterion D Cptimal 101 o 1 o = = 4
> Model 21 1 1] 1] -1 -1 10
31 1] 1] 1 -1 -1 3
S Celvilis (A1) 41 05| o] os 4 4 g
th Vhols Picts 3 AE 0s| 05| o 4 1 8
i 2 HE ol 1] o 4 1 5
al m2 3%
dms %k 72 1 1] 1] -1 1 5
Al extrusion rate 3 §|2 0 0 1 -1 1 2
l temperature 3 9|3 1] 1 1] 1 = 7
A thickness 3k 103 0| o0s| os 1 K 9
1|3 1] 1] 1 1 -1 14
¥ Rows 12 |3 1 1] 1] 1 -1 12
Al roes 25 13 |4 1] 1 1] 1 1 5
Selected o 14 |4 i i 1 1 1 2
Excluded o 15 |4 1 0 0 1 1 5
Hidcen o 16 |4 05| ol os 1 1 7
Labeled 0 17 1= 1 n n 1 1 14

17 Click the red triangle icon next to the Model script and select Run Script. The dialog in Figure 2.55

appears.

The models for split plots have a random effect associated with the whole plots’ effect.

As shown in the dialog in Figure 2.55, JMP designates the error term by appending &Random to the
name of the effect. REML will be used for the analysis, as indicated in the menu beside Method in
Figure 2.55. For more information about REML models, see the /MP Statistics and Graphics Guide.

Figure 2.55 Define the Model in the Fit Model Dialog

Report: Fit Model

' Model Specification

Select Columns

il Plots
Am

Amz

Am3

il extrusion rate
dltemperature
dlthickness

Pick Role Yariables

dlthickness
aptional

aptional Nurmeric
aptional Nurmeric

aptional

Construct Model Effects

ml& RSE Mixdure
m2& RSE Mixdure
m3& RSE Mixdure

mi*m2

ml *exdrusion rate
Degree m1#tempersture
Aftributes v m2*m3

Tranzform =
Mo Intercept

m2*exdrusion rate

Personality. | Standard Least Squares ¥
Emphasis: | inimal Report 2

Method: REML (Recommended) %

Unhounded Yariance Components
|:| Estimate Only Yariance Components

Whole Plot2& Random -

18 Click Run Model to run the analysis. The results are shown in Figure 2.56.
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Figure 2.56 Split Plot Analysis Results

¥| ™ Response thickness

¥| Summary of Fit

RSquare 0.85681

RSquare Adj 0.7422558

Root Mean Scuare Errar 1.97493

Mean of Response 6.892857

Observations (or Sum Wits) 28

¥ Parameter Estimates

Term Estimate  Std Error  DFDen  tRatio  Probef]
mi 94464752 0.959604 .89 9.55 =.0001*
m2 5.5378571 1120267 1035 450 0.0007*
m3 55546291 1.030955 8786 5.39 0.0005*
m1*m2 -6.458845 583806 1336 111 0.28%

m1*m3 §.5532671 S.607183 1315 1.53 01505
m1*extrusion rate -0.647611 0958111 7.261 -0.68 0.5200
m1*temperature -1.8151 0861061 7.328 -1.89 00990
m2*m3 10575333 5226599 13.04 202 0.0640
m2*extrusion rate 0.2944425 0997579 8162 0.30 07752
m2*temperature 1.2044413 0993319 §.065 1.21 0.2596
m3*extrusion rate 26611621 08790587 7733 272 00272
m3*temperature -1.498647 097904 773 -1.53 01657

extrusion rate*tempersture -1.866921 0740743 2853 -252 00903
¥ Random Effect Predictions
¥| REML Variance Component Estimates
Random Effect “ar Ratio  “ar Component  Std Error 95% Lowwer  95% Upper Pt of Total

‘Whole Plots 06350069 2476745 28711536 3346713 8.3002091 38.835
Residual 39003453 1.5895101 20073457 10607283 61.162
Total 53770963 100.000

-2 LogLikelihood = &2.032495402

Technical Discussion

This section provides more technical information about /-, D-, and Bayesian D-Optimal designs in

JMP

D-Optimality:

* is the default design type produced by the custom designer except when the RSM button has been
clicked to create a full quadratic model.

* minimizes the variance of the model coefficient estimates. This is appropriate for first-order models
and in screening situations, because the experimental goal in such situations is often to identify the
active factors; parameter estimation is key.

* is dependent on a pre-stated model. This is a limitation because in most real situations, the form of
the pre-stated model is not known in advance.

* has runs whose purpose is to lower the variability of the coefficients of this pre-stated model. By
focusing on minimizing the standard errors of coefficients, a D-Optimal design may not allow for
checking that the model is correct. It will not include center points when investigating a first-order
model. In the extreme, a D-Optimal design may have just p distinct runs with no degrees of freedom

for lack of fit.

* maximizes D when

D = det[X X]

sojdwexyg g
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D-optimal split plot designs maximize D when

D = det[ X'V 'X]

where V “lis the block diagonal variance matrix of the responses (Goos 2002).

Bayesian D-Optimality:

is a modification of the D-Optimality criterion that effectively estimates the coefficients in a model,
and at the same time has the ability to detect and estimate some higher-order terms. If there are
interactions or curvature, the Bayesian D-Optimality criterion is advantageous.

works best when the sample size is larger than the number of Necessary terms but smaller than the
sum of the Necessary and If Possible terms. That s, p + ¢ > 7 > p. The Bayesian D-Optimal design
is an approach that allows the precise estimation of all of the Necessary terms while providing
omnibus detectability (and some estimability) for the If Possible terms.

uses the If Possible terms to force in runs that allow for detecting any inadequacy in the model con-
taining only the Necessary terms. Let K be the (p + ) by (p + ¢) diagonal matrix whose first p diag-
onal elements are equal to 0 and whose last 4 diagonal elements are the constant, 4. If there are
2-factor interactions then £ = 4. Otherwise £ = 1. The Bayesian D-Optimal design maximizes the
determinant of (X'X + K). The difference between the criterion for D-Optimality and Bayesian
D-Optimality is this constant added to the diagonal elements corresponding to the If Possible terms
in the X'X matrix.

I-Optimality:

minimizes the average variance of prediction over the region of the data.

is more appropriate than D-Optimality if your goal is to predict the response rather than the coeffi-
cients, such as in response surface design problems. Using the /-Optimality criterion is more appro-
priate because you can predict the response anywhere inside the region of data and therefore find the
factor settings that produce the most desirable response value. It is more appropriate when your
objective is to determine optimum operating conditions, and also is appropriate to determine
regions in the design space where the response falls within an acceptable range. Precise estimation of
the response therefore takes precedence over precise estimation of the parameters.

maximizes this criterion: If f"(x) denotes a row of the X matrix corresponding to factor combina-
tions x, then

I=[ £()(X'X) ™ fix)dx
R

= Trace[(X'X)'M]

where
M = jf(x)f(x)'dx
R

is a moment matrix that is independent of the design and can be computed in advance.

Bayesian I-Optimality:

Bayesian /-Optimality has a different objective function to optimize than the Bayesian D-optimal

design, so the designs that result are different. The variance matrix of the coefficients for Bayesian



Chapter 2 Examples Using the Custom Designer 55
Technical Discussion

I-optimality is X'X + K where K is a matrix having zeros for the Necessary model terms and some con-
stant value for the If Possible model terms.

The variance of the predicted value at a point x; is:
) (o -1
var(Y‘Xo) = (xo(x X+ K) )Xo
The Bayesian /-Optimal design minimizes the average prediction variance over the design region:

= Trace[(X'X +K)'M]
where M is defined as before.
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Chapter 3

Building Custom Designs
The Basic Steps

s

JMP can build a custor design that both matches the description of your engineering problem and
remains within your budget for time and material. Custom designs are general, flexible, and good for
routine factor screening or response optimization. To create these tailor-made designs, use the Custom

Design command found on the DOE menu or the Custom Design button found on the DOE panel of
the JMP Starter.

This chapter introduces you to the steps you need to complete to build a custom design.
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Creating a Custom Design
To begin, select DOE > Custom Design, or click the Custom Design button on the JMP Starter DOE
page. Then, follow the steps below.
* Enter responses and factors into the custom designer.
¢ Describe the model.
¢ Select the number of runs.
* Check the design diagnostics, if desired.
*  Specify output options.
* Make the JMP design table.

The following sections describe each of these steps.

Enter Responses and Factors into the Custom Designer

How to Enter Responses
To enter responses, follow the steps in Figure 3.1.
Figure 3.1 Entering Responses

Click to enter lower and upper
limits and importance weights.

To enter one v Responses

response at a @— [Add Response V] [Remove] [Number of Responses... ]

time’ click then Responss Mame Goal Lot Limit portance
' Maximize | 7

select a goal type: evional itemn

Maximize, Match
Target, Minimize,

or None.
Double-click to edit Click to change the response goal,
the response name, if if desired.
desired.

Tip: To quickly enter multiple responses, click Number of Responses and enter the number of
responses you want.

Specifying Response Goal Types and Lower and Upper Limits

When entering responses, you can tell JMP that your goal is to obtain the maximum or minimum
value possible, to match a specific value, or that there is no response goal.

The following description explains the relationship between the goal type (step 3 in Figure 3.1) and the
lower and upper limits (step 4 in Figure 3.1):

g wuolsnd ¢©
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* For responses such as strength or yield, the best value is usually the largest possible. A goal of
Maximize supports this objective.

e The Minimize goal supports an objective of having the smallest value, such as when the response is

impurity or defects.

* The Match Target goal supports the objective when the best value for a response is a specific target
value, such as a dimension for a manufactured part. The default target value is assumed to be mid-
way between the given lower and upper limits.

Note: If your target response is not equidistant from the lower and upper acceptable bounds, you can
alter the default target after you make a table from the design. In the data table, open the Column Info
dialog for the response column (Cols > Column Info) and enter the desired target value.

Understanding Response Importance Weights

To compute and maximize overall desirability, JMP uses the value you enter as the importance weight
(step 4 in Figure 3.1) of each response. If there is only one response, then importance weight is unnec-
essary. With two responses you can give greater weight to one response by assigning it a higher impor-
tance value.

Adding Simulated Responses, If Desired

If you do not have values for specific responses, you might want to add simulated responses to see a
prospective analysis in advance of real data collection:

1 Create the design.

¥~ Custnm Desinn
. Save Responses
A Load Responses
Save Factors

Load Fackars

Set Random Seed

Simulate Responses k

Save x Matrix

2 Before you click Make Table, click the red triangle icon in the title bar and select Simulate
Responses.

3 Then, click Make Table to create the design table—the Y column contains values for simulated
responses.

4 For custom and augment designs, a window (Figure 3.2) appears along with the design data table. In
this window, enter values you want to apply to the Y column in the data table and click Apply. The
numbers you enter represent the coefficients in an equation. An example of such an equation, as
shown in Figure 3.2, would be, y = 28 + 4X1 + 5X2 + random noise, where the random noise is dis-
tributed with mean zero and standard deviation one.
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Figure 3.2 In Custom and Augment Designs, Specify Values for Simulated Responses

il
~ Custom Design 1 =
Design Custom Design || - 1 H2 kid
= Model 1 1 -1 27.32
i 2 1 1 351
E gl g@@ 3 -1 1 29.06
¥| Simulate Responses 4 -1 -1 218
Effects W
Constant 28
1 4
H2 5
Error Std. 1
Apply

How to Enter Factors

To enter factors, follow the steps in Figure 3.3.

Figure 3.3 Entering Factors in a Custom Design

To add one factor, click Add Factor and select a fac-
tor type: Continuous, Categorical, Blocking,
Covariate, Mixture, Constant, or Uncontrolled
(see description below).

To add multiple factors, type the
number of factors in the Add N
Factors box, click the Add
Factor button, and select the
factor type.

Add Factor | | Remove | &dd N Factors 1
Click and select Mame Rale Changes  WValues

i Cortinuous Easy |-1 |1
Add Level to @—v %2 Categorical  Essy L1 [

increase the
number of levels.

Double-click to edit

the factor name.

Click to indicate that

or Hard. Changing to
Hard will cause the
resulting design to be a
split plot design.

Types of Factors

changing a factor’s setting
from run to run is Easy

Click to enter or change fac-
tor values. To remove a
level, click it, press the
delete key on the keyboard,
then press the Return or
Enter key on the keyboard.

When adding factors, click the Add Factor button and choose the type of factor.

61
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Add Fackor v

Categorical ! 3

Blocking 3
Covariate

Mixture

Constant
Uncontrolled

Continuous Continuous factors are numeric data types only. In theory, you can set a continuous
factor to any value between the lower and upper limits you supply.

Categorical Either numeric or character data types. Categorical data types have no implied order.
If the values are numbers, the order is the numeric magnitude. If the values are character, the
order is the sorting sequence. The settings of a categorical factor are discrete and have no intrinsic
order. Examples of categorical factors are machine, operator, and gender.

Blocking Either numeric or character data types. Blocking factors are a special kind of categorical
factor. Blocking factors differ from other categorical factors in that there is a limit to the number
of runs that you can perform within one level of a blocking factor.

Covariate Either numeric or character data types. Covariate factors are not controllable, but their
values are known in advance of an experiment.

Mixture Mixture factors are continuous factors that are ingredients in a mixture. Factor settings
for a run are the proportion of that factor in a mixture and vary between zero and one.

Constant Either numeric or character data types. Constant factors are factors whose values are
fixed during an experiment.

Uncontrolled Either numeric or character data types. Uncontrolled factors have values that can-
not be controlled during an experiment, but they are factors you want to include in the model.

Factors that are Easy, Hard, or Very Hard, to Change - Creating Optimal Split-Plot
and Split-Split-Plot Designs

Split plot experiments are performed in groups of runs where one or more factors are held constant
within a group but vary between groups. In industrial experimentation this structure is desirable
because certain factors may be difficult and expensive to change from one run to the next. It is conve-
nient to make several runs while keeping such factors constant. Until now, commercial software has not
supplied a general capability for the design and analysis of these experiments.

To indicate the difficulty level of changing a factor’s setting, click in Changes column of the Factors
panel for a given factor and select Easy, Hard, or Very Hard from the menu that appears. Changing to
Hard results in a split-plot design and Very Hard results in a split-split-plot design.

See “Creating Random Block Designs,” p. 71, for more details.

Defining Factor Constraints, If Necessary

Sometimes it is impossible to vary factors simultaneously over their entire experimental range. For
example, if you are studying the affect of cooking time and microwave power level on the number of
kernels popped in a microwave popcorn bag, the study cannot simultaneously set high power and long
time without burning all the kernels. Therefore, you have factors whose levels are constrained.
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To define the constraints:

1 After you add factors and click Continue, click the blue disclosure button (4 % on Windows/Linux
and » ¥ on the Macintosh) to open the Define Factor Constraints panel.

2 Click the Add Constraint button. Note that this feature is dis- = Custom Design
abled if you have already controlled the design region by entering (=
disallowed combinations or chosen a sphere radius. ¥ Factors
3 Specify the coefficients and their limiting value in the boxes pro- ¥| Define Factor Constraints
vided, as shown to the right. When you need to change the direc-
tion of the constraint, click on the default less than or equal e K2 [z

button and select the greater than or equal to direction.

4 To add another constraint, click the Add Constraint button again and repeat the above steps.

Describe the Model

Initially, the Model panel lists only the main effects corresponding to the factors you entered, as shown
in Figure 3.4. However, you can add factor interactions or powers of continuous factors to the model.
For example, to add all the two-factor interactions and quadratic effects at once, click the RSM button.

Figure 3.4 Add Terms

9[ * Custom Design

} Responses
¥ Factors

’[Deﬁne Factor Constraints ]

¥ Model |
[Main Effects ][Interactions v] Powers || Remove Term
[aime E=timahility
Intercept Mecesszary
1 Mecesszary
H2 Mecesszary

Table 3.1 summarizes the ways to add specific factor types to the model.

Table 3.1 How to Add Terms to a Model

Action Instructions

Add interaction terms involving selected | Click the Interactions button and select 2nd, 3rd, 4th,
factors. If none are selected, JMP adds all |or 5th. For example, if the factors are X1 and X2 and you
of the interactions to the specified order. |click Interactions > 2nd, X1*X2 is added to the list of
model terms.

Add all second-order effects, including Click the RSM button. The design now uses -Optimal-

two-factor interactions and quadratic ity criterion rather than D-Optimality criterion.
effects
Add selected cross product terms 1 Highlight the factor names.

2 Highlight term(s) in the model list.
3 Click the Cross button.

Add powers of continuous factors to the |Click the Powers button and select 2nd, 3rd, 4th, or
model effects 5th.
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Select the Number of Runs

The Design Generation panel (Figure 3.5) shows the minimum number of runs needed to perform the
experiment based on the effects you've added to the model (two main effects in the example above). It

also shows alternate (default) numbers of runs, or lets you choose your own number of runs. Balancing
the cost of each run with the information gained by extra runs you add is a judgment call that you con-
trol.

Figure 3.5 Options for Selecting the Number of Runs

¥ ™ Custom Design
4 Responses
¥ Factors
¥ Define Factor Constraints
¥ Model

v Design Generation

O Group runs into random blocks of size:

Humber of Runs:

3 Minimum 3
® Defautt 4
O User Specified I:l
Make Design

The Design Generation panel has these options for selecting the number of runs you want:

Minimum  is the smallest number of terms that can create a design. When you use Minimum, the
resulting design is saturated (no degrees of freedom for error). This is an extreme and risky
choice, and is appropriate only when the cost of extra runs is prohibitive.

Default isa custom design suggestion for the number of runs. This value is based on heuristics for
creating balanced designs with a few additional runs above the minimum.

User Specified s a value that specifies the number of runs you want. Enter that value into the
Number of Runs text box.

Note: In general, the custom design suggests a number of runs that is the smallest number that can be
evenly divided by the number of levels of each of the factors and is larger than the minimum possible

sample size. For designs with factors at two levels only, the default sample size is the smallest power of
two larger than the minimum sample size.

When the Design Generation panel shows the number of runs you want, click Make Design.

Understanding Design Evaluation
After making the design, you can preview the design and investigate details by looking at various plots
and tables that serve as design diagnostic tools.
Although different tools are available depending on the model you specify, most designs display
* the Prediction Variance Profile Plot
* the Fraction of Design Space Plot

¢ the Prediction Variance Surface Plot
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¢ the Relative Variance of Coefficients and Power Table
¢ the Alias Matrix
* Design Diagnostic Table.

These diagnostic tools are outline nodes beneath the Design Evaluation panel, as shown in Figure 3.6.
JMP always provides the Prediction Variance Profile, but the Prediction Surface Plot only appears if

there are two or more variables.

Figure 3.6 Custom Design Diagnostic Tools

¥ ' Custom Design

} Responses

P Factors
} Define Factor Constraints
P Model
¥ Design
Run X1 X2
1 1 1
2 -1 1
| 1 1
4 Kl 1

¥ Design Evaluation
P = Prediction Variance Profile
P| Fraction of Design Space Plot
P~ Prediction Variance Surface
P| Relative Variance of Coefficients
P| Alias Matrix
¥ | Design Diagnostics

The Prediction Variance Profile

The example in Figure 3.7 shows the prediction variance profile for a response surface model (RSM)
with 2 variables and 8 runs. To see a response surface design similar to this:

Chose DOE > Custom Design.

In the Factors panel, add 2 continuous factors.

Click Continue.

In the Model panel, click RSM.

Click Make Design.

Open the Prediction Variance Profile.

() WV R NG I O]
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Figure 3.7 A Factor Design Layout For a Response Surface Design with 2 Variables

9[ Design ] 9[@ Prediction Variance Profile ]
Run x1 x2 189 : !
1 1 1 1 : :
_— i , ,
2 i -1 B 1 : :
3 -1 -1 £ 0 1 ' ,
4 1 A £2 05 A :
3 1 0 { : :
6 i i 04 . ,
7 g 1 JLE Y A A L N R A A AL
8 a a g = 8 S
i i
1 ®2

’[ Fraction of Design Space Plot ]
’[@) Prediction Variance Surface ]

’[ Relative Variance of Coefficients ]

The prediction variance for any factor setting is the product of the error variance and a quantity that
depends on the design and the factor setting. Before you collect the data the error variance is unknown,
so the prediction variance is also unknown. However, the ratio of the prediction variance to the error
variance is not a function of the error variance. This ratio, called the relative variance of prediction,
depends only on the design and the factor setting and can be calculated before acquiring the data. The
prediction variance profile plots the relative variance of prediction as a function of each factor at fixed
values of the other factors.

After you run the experiment, collect the data, and fit the model, you can estimate the actual variance
of prediction at any setting by multiplying the relative variance of prediction by the mean squared error
(MSE) of the least squares fit.

It is ideal for the prediction variance to be small throughout the allowable regions of the factors. Gener-
ally, the error variance drops as the sample size increases. Comparing the prediction variance profilers
for two designs side-by-side, is one way to compare two designs. A design that has lower prediction
variance on the average is preferred.

In the profiler, drag the vertical lines in the plot to change the factor settings to different points. Drag-
ging the lines reveals any points that have prediction variances that are larger than you would like.

Another way to evaluate a design, or to compare designs, is to try and minimize the maximum variance.
You can use the Maximize Desirability command on the Prediction Variance Profile title bar to iden-
tify the maximum prediction variance for a model. Consider the Prediction Variance profile for the
two-factor RSM model shown in Figure 3.8. The plots on the left are the default plots. The plots on
the right identify the factor values where the maximum variance (or worst-case scenario) occur, which
helps you evaluate the acceptability of the model.

Figure 3.8 Find Maximum Prediction Variance

9[@ Dradictian arianca Profile
ze Desirability

] 9[@ Prediction Variance Profile
1.5 R

“ariance
0.423077
“ariance
1.319273

0100067 1
1 X2
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The Fraction of Design Space Plot

The Fraction of Design Space plot is a way to see how much of the model prediction variance lies above
(or below) a given value. As a simple example, consider the Prediction Variance plot for a single factor
quadratic model, shown on the left in Figure 3.9. The Prediction Variance plot shows that 100% of the
values are smaller than 0.5. You can move the vertical trace and also see that all the values are above
0.332. The Fraction of Design Space plot displays the same information. The X axis is the proportion
or percentage of prediction variance values, ranging from 0 to 100%, and the Yaxis is the range of pre-
diction variance values. In this simple example, the Fraction of Design plot verifies that 100% of the
values are below 0.5 and 0% of the values are below approximately 0.3. You can use the crosshair tool
and find the percentage of values for any value of the prediction variance. The example to the right in
Figure 3.9 shows that 75% of the prediction variance values are below approximately 0.46.

The Fraction of Design space is most useful when there are multiple factors. It summarizes the predic-
tion variance, showing the fractional design space for all the factors taken together.

Figure 3.9 Variance Profile and Fraction of Design Space

9[ Fraction of Design Space Plot
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’[ Fraction of Design Space Plot ] D[ Fraction of Design Space Plot ] Fraction of Space
¥ Relative Variance of Coefficients | ¥ Relative Variance of Coefficients | ¥ Relative Variance of Coefficients

The Prediction Variance Surface

When there are two or more factors, the Prediction Variance Surface plots the surface of the prediction
variance for any two variables. This feature uses the Graph > Surface Plot platform in JMD and has all
its functionality. Drag on the plot to rotate and change the perspective. Figure 3.10 shows the Predic-
tion Variance Surface plot for a two-factor RSM model. The factors are on the x and y axes, and the
prediction variance is on the z axis. You can clearly see the high and low variance areas for both factors.
Compare this plot to the Prediction Variance Profile shown in Figure 3.8.
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Figure 3.10 Prediction Variance Surface Plot for Two-Factor RSM Model

¥ ™ Prediction Variance Surface ¥ ™ Prediction Yariance Surface

Variance

You can find complete documentation for the Surface Plot platform in /MP Statistics and Graphics
Guide.

The Relative Variance of Coefficients and Power Table

Before clicking Make Table in the custom designer, click the disclosure button ( ¢ 4 on Windows/
Linux and p ¥ on the Macintosh) to open the Relative Variance of Coefficients table.

The Relative Variance of Coefficients table (Figure 3.11) shows the relative variance of all the coeffi-
cients for the example RSM custom design (see Figure 3.7). The variances are relative to the error vari-
ance, which is unknown before the experiment, and is assumed to be one. Once you complete the
experiment and have an estimate for the error variance, you can multiply it by the relative variance to
get the estimated variance of the coefficient. The square root of this value should match the standard
error of prediction for the coefficient when you fit a model using Analyze > Fit Model.

The Power column shows the power of the design as specified to detect effects of a certain size. In the
text edit boxes, you can change the alpha level of the test and the magnitude of the effects compared to
the error standard deviation. The alpha level edit box is called Significance Level. The magnitude of
the effects edit box is called Signal to Noise Ratio. This is the ratio of the absolute value of the regres-
sion parameter to sigma (the square root of the error variance).

If you enter a smaller alpha (requiring a more significant test), then the power falls. If you increase the
magnitude of the effect you want to detect, the power rises.

The power reported is the probability of finding a significant model parameter if the true effect is Sig-
nal to Noise Ratio times sigma. The Relative Variance of Coefficients table on the left in Figure 3.11
shows the results for the two-factor RSM model.

As another example, suppose you have a 3-factor 8-run experiment with a linear model and you want
to detect any regression coefficient that is twice as large as the error standard deviation, with an alpha
level of 0.05. The Relative Variance of Coefficients table on the right in Figure 3.11 shows that the
resulting power is 0.984 for all the parameters.
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Figure 3.11 Table of Relative Variance of Coefficients

9[ Relative Variance of Coefficients ] ¥| Relative Variance of Coefficients
Significance Level Significance Level
Signal to Maize Ratio Signal to Maize Ratio
Effect Variance Power Effect WVariance Power
Intercept 0.423 0153 Intercept 0125 0.954
1 0.231 0.231 1 0125 0.954
H2 0.231 0.231 H2 0125 0.954
EAREA 0.505 0106 ®3 0125 0.954
H1¥H2 0.250 0215
HIRH2 0.505 0106

The Alias Matrix (Confounding Pattern)

Click the Alias Matrix disclosure button (% % on Windows/Linux and » ¥ on the Macintosh) to

open the alias matrix (Figure 3.12).
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The alias matrix only appears for custom designs if all factors are two-level factors. The table shows the

aliasing (if any) between the model terms and all the two-factor interactions. It allows you to see the

confounding pattern in D-Optimal and /-Optimal designs.
Figure 3.12 Alias Matrix

¥| Alias Matrix
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The Design Diagnostics Table

Open the Design Diagnostics outline node to display a table with relative D-, G-, and A-efficiencies,

== T = e = T R = Y =

o= R = e R = Y =

== T = = = T R = Y = Y )

o= T = = e R = Y =

average variance of prediction, and length of time to create the design. The design efficiencies are com-

puted as follows:

D-efficiency = 100(‘1‘IX’XI 1 f’)
Np

V4
trace(ND(X’X)_1

F
G-efficiency = 100 NV,

OMm

A-efficiency = 100

where
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* Np is the number of points in the design

* pis the number of effects in the model including the intercept

* Oy is the maximum standard error for prediction over the design points.

These efficiency measures are single numbers attempting to quantify one mathematical design charac-
teristic. While the maximum efficiency is 100 for any criterion, an efficiency of 100% is impossible for

many design problems. It is best to use these design measures to compare two competitive designs with
the same model and number of runs rather than as some absolute measure of design quality.

Figure 3.13 Custom Design Showing Diagnostics

P Model
4 Design
v Design Evaluation
¥ = prediction Variance Profile
¥ Fraction of Design Space Plot
P = Prediction Variance Surface
P Relative Variance of Coefficients

v Design Diagnostics

| Cptimal Dezign

D Efficiency 40 54457
G Efficiency g7 69083
A Efficiency 2599299

Average Yariance of Prediction  0.496709
Design Creation Time (seconds)  0.1EEEET

Specify Output Options

Use the Output Options panel to specify how you want the output data table to appear:

IO - T
Run Order: | i Sort Left ko Right

Make JMP Table from design plus Randomize
Mumber of Center Point=: Sort Right to Left
Mumber of Replicates:

L)

Run Order lets you designate the order you want the runs to appear in the data table when it is created.
Choices are:

Keep the Same  the rows (runs) in the output table will appear as they do in the Design panel.
Sort Left to Right  the rows (runs) in the output table will appear sorted from left to right.
Randomize the rows (runs) in the output table will appear in a random order.

Sort Right to Left the rows (runs) in the output table will appear sorted from right to left.

Randomize within Blocks  the rows (runs) in the output table will appear in random order within
the blocks you set up.
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Add additional points using options from Make JMP Table from design plus

Number of Center Points: Specifies additional runs placed at the center of each continuous fac-
tor’s range.

Number of Replicates: Specify the number of times to replicate the entire design, including cen-
terpoints. Type the number of times you want to replicate the design in the associated text box.
One replicate doubles the number of runs.

Make the JMP Design Table

When the Design panel shows the layout you want, click Make Table. Parts of the table contain infor-
mation you might need to continue working with the table in JMP. The upper-left of the design table
can have one or more of the following scripts:

* a Screening script runs the Analyze > Modeling > Screening platform when appropriate for the
generated design.

* aModel script runs the Analyze > Fit Model platform with the model appropriate for the design.

¢ aconstraint script that shows any model constraints you entered in the Define Factor Constraints
panel of the Custom Design dialog,.

* a DOE Dialog script that recreates the dialog used to generate the design table, and regenerates the
design table.

Figure 3.14 Example Design Table

This area identifies the design type that generated the

. . . ¥ Custom Design O~ L

table. Click Custom Design to edit. Dosion  Custombesdn| e | %1 | x2 | v
Criterion | Cptimal 1 -1 1
Model is a script. Click the red triangle icon and select —~ E‘;‘;‘ée[')ialog 2 0 0
Run Script to open the Fit Model dialog, which is used i - ?1 1
to generate the analysis appropriate to the design. ;‘30'“““*”3 (G10) S

1

. . . . . A2k 8 ! 0
DOE Dialog is a script. Click the red trangle icon and A vk 7 0 0
B ol 4

select Run Script to recreate the DOE Custom Dialog
and generate a new design table.

Creating Random Block Designs

It is often necessary to group the runs of an experiment into blocks. Runs within a block of runs are
more homogeneous than runs in different blocks. For example, the experiment described in Goos
(2002), describes a pastry dough mixing experiment that took several days to run. It is likely that ran-
dom day-to-day differences in environmental variables have some effect on all the runs performed on a
given day. Random block designs are useful in situations like this, where there is a non-reproducible
shock to the system between each block of runs. In Goos (2002), the purpose of the experiment was to
understand how certain properties of the dough depend on three factors: feed flow rate, initial moisture
content, and rotational screw speed. It was only possible to conduct four runs a day. Because day-to-day
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variation was likely, it was important to group the runs so that this variation would not compromise the
information about the three factors. Thus, blocking the runs into groups of four was necessary. Each
day's experimentation was one block. The factor, Day, is an example of a random block factor.

To create a random block, use the custom design and enter +| Design Generation

responses and factors, and define your model as usual. In the Group runs into random blocks of size: | 4]
Design Generation panel, check the Group runs into random
. Humber of Runs:
blocks of size check box and enter the number of runs you oot O SRS
O Minimum 24

want in each block. When you select or enter the sample size, 8 Defaut 48
- . Uzer Specified _28
the number of runs specified are assigned to the blocks. Sl

Make Design

In this example, the Design Generation Panel shown here des-

ignates four runs per block, and the user-specified number of runs (28) indicates there will be seven
days (blocks) of 4 runs. If the number of runs is not an even multiple of the random block size, some
blocks will have a fewer runs than others.

Creating Split Plot Designs

Split plot experiments happen when it is convenient to run an experiment in groups of runs (called
whole plots) where one or more factors stay constant within each group. Usually this is because these
factors are difficult or expensive to change from run to run. JMP calls these factors Hard to change
because this is usually how split plotting arises in industrial practice.

In a completely randomized design, any factor can change its setting from one run to the next. When
certain factors are hard to change, the completely randomized design may require more changes in the
settings of hard-to-change factors than desired.

If you know that a factor or two are difficult to change, then you can set the Changes setting of a factor
from the default of Easy to Hard. Before making the design, you can set the number of whole plots you
are willing to run.

For an example of creating a split plot design, see “Creating a Design with Two Hard-to-Change Fac-

tors: Split Plot,” p. 49.
To create a split plot design using the custom designer:

1 In the factors table there is a column called Changes. By default, changes are Easy for all factors. If,
however, you click in the changes area for a factor, you can choose to make the factor Hard to
change.

2 Once you finish defining the factors and click continue, you see an edit box for supplying the num-
ber of whole plots. You can supply any value as long as it is above the minimum necessary to fit all
the model parameters. You can also leave this field empty. In this case, JMP chooses a number of
whole plots to minimize the omnibus uncertainty of the fixed parameters.

Note: If you enter a missing value in the Number of Whole Plots edit box, then JMP considers many
different numbers of whole plots and chooses the number that maximizes the information about the

coefficients in the model. It maximizes the determinant of X'V~ X where V ! is the inverse of the vari-
ance matrix of the responses. The matrix, V; is a function of how many whole plots there are, so chang-
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ing the number of whole plots changes V, which can make a difference in the amount of information a
design contains.

To create a split plot design every time you use a certain factor, save steps by setting up that factor to be
“hard” in all experiments. See “Identify Factor Changes Column Property,” p. 87, for details.

Creating Split-Split Plot Designs

Split-split plot designs are a three stracum extension of split plot designs. Now there are factors that are
Very-Hard-to-change, Hard-to-change, and Easy-to-change. Here, in the top stratum, the
Very-Hard-to- change factors stay fixed within each whole plot. In the middle stratum the
Hard-to-change factors stay fixed within each subplot. Finally, the Easy-to-change factors may vary
(and should be reset) between runs within a subplot. This structure is natural when an experiment cov-
ers three processing steps. The factors in the first step are Very-Hard-to-change in the sense that once
the material passes through the first processing stage, these factor settings are fixed. Now the material
passes to the second stage where the factors are all Hard-to-change. In the third stage, the factors are
Easy-to-change.

Schoen (1999) provides an example of three-stage processing involving the production of cheese that
leads to a split-split plot design. The first processing step is milk storage. Typically milk from one stor-
age facility provides the raw material for several curds processing units—the second processing stage.
Then the curds are further processed to yield individual cheeses.

In a split-split plot design the material from one processing stage passes to the next stage in such a way
that nests the subplots within a whole plot. In the example above, milk from a storage facility becomes
divided into two curds processing units. Each milk storage tank provided milk to a different set of curds
processors. So, the curds processors were nested within the milk storage unit.

Figure 3.15 shows an example of how factors might be defined for the cheese processing example.

Figure 3.15 Example of Split-Split Response and Factors in Custom Designer Dialog

¥ ™ Custom Design

v Responses

[Add Response v] [Remove] [Number of Responses... ]

Responze Mame Goal Lowver Limit Upper Limit Importance
Consistancy |N0ne |NA A A
¥ Factors
Add Factor | | Remove | &dd N Factors |_1|
[aime Role Changes “alues

ﬁs{orage 1 Continuous “ery Hared T4 1 o
ﬁs{orage 2 Continuous “ery Har Easy 1

all curdz 1 Continuous Hard Hard 1

allcurds 2 Continuous Hard 1

allcurds 3 Continuous Hard = 1

allcurds 4 Continuous Hard -1 1

dllcurds 5 Continuous Hard -1 1

A cheese Continuous Easy -1 1 i
A cheese 2 Continuous Easy -1 1 d
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Creating Strip Plot Designs

In a strip plot design it is possible to reorder material between processing stages. Suppose units are
labelled and go through the first stage in a particular order. If it is possible to collect all the units at the
end of the first stage and reorder them for the second stage process, then the second stage variables are
not nested within the blocks of the first stage variables. For example, in semiconductor manufacturing
a boat of wafers may go through the first processing step together. However, after this step, the wafers in
a given boat may be divided among many boats for the second stage.

To set up a strip plot design, enter responses and factors as usual, designating factors as Very Hard,
Hard, or Easy to change. Then, in the Design Generation panel, check the box that says Hard to
change factors can vary independently of Very Hard to change factors, as shown in Figure 3.16.
Note that the Design Generation panel specified 6 whole plots, 12 subplots, and 24 runs.

When you click Make Design, the design table on the right in Figure 3.16 lists the run with subplots
that are not nested in the whole plots.

Figure 3.16 Example of Strip Split Factors and Design Generation panel in Custom Designer Dialog

¥ ™ Custom Design ¥ ™ Custom Design
esponses esign
¥ Resp | Desig
¥ Factors Run Whole Plots Subplots deposition 1
1 1 1 -1
Add Factor | | Remove | &dd N Factors 1 5 4 5 1
[aime Role Changes  Yalues 3 1 | -1
dll deposition 1 Continuous Wery Hard |1 1 4 1 4 -1
dll deposition 2 Continuous Wery Hard |1 1 5 2 5 1
At 1 Cortinuous Hard -1 1 3 2 3 1
detch 2 Cortinuous Hard -1 1 7 2 7 1
deteh 3 Cortinuous Hard -1 1 8 2 8 1
detch 4 Cortinuous Hard -1 1 a 3 a -1
all clesn 1 Continuous Hard -1 1 10 3 10 -1
llclesn 2 Continuous Eazy -1 1 1 3 1 -1
allclesn 3 Continuous Eazy -1 1 12 3 12 -1
7 13 4 1 1
Define Factor Constraints 14 4 5 4
¥ Define Factor Constraints 15 4 3 1
16 4 4 1
» Model i 5 5 4
Dosign-G i 18 5 5 1
Hard ta change factors can vary independently of Yery Hard to change factors 123 : ; '1
Mumber of Whale Plots 5] 21 & a 1
Number of Subplots 22 5 10 1
23 G 11 1
Humber of Runs: 24 B 12 1
3 Minimum 13
O Defautt 16
@ User Specified
Make Design

Special Custom Design Commands

After you select DOE > Custom Design, click the red triangle icon on the title bar to see the list of
commands available to the Custom designer (Figure 3.17). The commands found on this menu vary,
depending on which DOE command you select. However, the commands to save and load responses
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and factors, the command to set the random seed, and the command to simulate responses are available
to all designers. You should examine the red triangle menu for each designer you use to determine
which commands are available. If a designer has additional commands, they are described in the appro-
priate chapter.

Figure 3.17 Click the Red Triangle Icon to Reveal Commands

E% DOE- Custom Design

v Cuetam Nacinn
Save Responses
Load Responses
Save Factors

Load Fackars Factors

S Conskraink:
e Lanstraints Changes  Walues

Load Constraints

Set Random Seed

Simulate Responses

Save x Matrix

Optimality Criterion 3
MNumber of Starts

Sphere Radius of button. Double click on & factor
Disallowed Combinations

Advanced Options 3

S Save Script ko Script Window

The following sections describe these menu commands and how to use them.

Save Responses and Save Factors

If you plan to do further experiments with factors and/or responses to which you have given meaning-
ful names and values, you can save them for later use.

To save factors or responses:

1 Select a design type from the DOE menu.

2 Enter the factors and responses into the appropriate panels (see “Enter Responses and Factors into
the Custom Designer,” p. 59, for details).

3 Click the red triangle icon on the title bar and select Save Responses or Save Factors.

Save Responses creates a data table containing a row for each response with a column called
Response Name that identifies the responses. Four additional columns identify more informa-
tion about the responses: Lower Limit, Upper Limit, Response Goal, and Importance.

Save Factors creates a data table containing a column for each factor and a row for each factor
level. The columns have a column property (noted with an asterisk icon in the column panel)
called Design Role that identifies them as DOE factors and lists their type (continuous, categori-
cal, blocking, and so on).

4 Save the data table.

Load Responses and Load Factors

If you have saved responses and factors, you can quickly apply them to your design and avoid retyping
this information each time you run an experiment.
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To design an experiment using responses or factors you have previously saved:

1 Open the data table that contains the factor names and levels.

2 Select a design type from the DOE menu.

3 Click the red triangle icon on the title bar (Figure 3.18) and select Load Responses or Load
Factors.

Figure 3.18 Loading Factor Names and Values from a JMP Table

¥ T Cunetam Nacion
Save Responses

Load Responses

I

Sek Random Seed

Simulate Responses

S — o —

Tip: It is possible to create a factors table by keying data into an empty table, but remember to assign
each column a factor type. Do this by right-clicking the column name, selecting Column Info, and
then selecting Column Properties > Design Role. Lastly, click the button in the Design Role area and
select the appropriate role.

Save Constraints and Load Constraints

In custom, augment, and mixture designs, if you set up factor constraints and plan to do further exper-
iments with them, you can save them for later use. You can quickly apply these constraints to your
design and avoid retyping this information each time you run an experiment.

To save factor constraints:

1 Select a design type from the DOE menu.
2 Enter the factor constraints into the appropriate panels (see “Enter Responses and Factors into the
Custom Designer,” p. 59, for details).

3 Click the red triangle icon on the title bar (Figure 3.18) and select Save Constraints. Save
Constraints creates a data table that contains the information you enter into a constraints panel.
There is a column for each constraint. Each has a column property called Constraint State that iden-
tifies it as a ‘less than’ or a ‘greater than’ constraint. There is a row for each variable and an additional
row that has the inequality condition for each variable.

4 Save the data table.
To design an experiment using factor constraints you have previously saved:

1 Open the data table that contains the constraints.
2 Select a design type from the DOE menu.
3 Click the red triangle icon on the title bar (Figure 3.18) and select Load Constraints.
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Set Random Seed: Setting the Number Generator

The design process begins with a random starting design. To set the random seed that the custom
designer uses to create this starting design, click the red triangle icon in the design title bar
(Figure 3.18) and select Set Random Seed.

The window that appears shows the generating seed for that design (Figure 3.19). From this window,
you can set a new random number and then run the design again.

If you use the same seed as a previous design, you will get the same design again.

Figure 3.19 Setting the Random Seed

JMP: Please Enter a Number.

Choose a positive whole number as a seed for a random starting design, | 1084940514

[ Ok ][ Cancel ]

Note: The random seed is also used when you simulate responses to be used with a design, as
described next.

Simulate Responses

Often, when you define a custom design (or any standard design), it may be ¥| ¥ Snaca Eilling Nacian
. . . Save R
useful to look at properties of the design with response data before you have I
. Load Responses
collected data. The Simulate Responses command adds random response val- Save Factors
ues to the JMP table that the custom designer creates. To use the command, Load Factors
select it before you click Make Table. When you click Make Table to create the
design table, the Y column contains values for simulated responses. cet Random Seed

Simulate Responses

For custom and augment designs, an additional window appears with the
design data table that lists coefficients for the design you described in the
designer panels. You can enter any coefficient values you want and click Apply to see new Y values in

o Save X Matrix

the data table. An example of an equation for a model with two factors and interaction (Figure 3.20)
would be,

y=19 +2X1 + (-5)X2 + 6X1X2 + random noise,
where the random noise is distributed with mean zero and standard deviation one.

Figure 3.20 Example of a Custom Design with Simulated Responses

Model (]i=1 3]

= Custom Design ¢ - ¥| Simulate Responses
e Do T !

. . Intercept 19
I Screening 2 -1 -1 27 B2 ¥1 2
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Save X Matrix: Viewing the Design (X) Matrix in the Log

To create a script and save the design matrix as a table property in a data table, click the red triangle
icon in the Custom Design title bar (Figure 3.17) and select Save X Matrix. A script is saved as a table
property called Design Matrix. When you run this script, JMP creates a global matrix called X and dis-
plays its number of rows in the log. If you do not have the log visible, select View > Log (Window >
Log on the Macintosh).

Optimality Criterion: Changing the Design Criterion (D- or /- Optimality)

To change the design criterion, click the red triangle icon in the Custom Design title bar (Figure 3.21)
and select Optimality Criterion, then choose Make D-Optimal Design or Make I-Optimal Design.

Figure 3.21 Changing the Design Criterion

¥| ¥ Cuctam Nacian
o Save Responses

Load Responses

Save Factors

Load Fackars

Set Random Seed

Simulate Responses

Save ¥ Matrix

Optimality Criterion W v Recommended
Murber of Starks Make D-Optimal Design
Sphere Radius Make I-Optimal Design
Disallowed Combinations

Advanced Options 3

Save Script bo Script Window

The default criterion for Recommended is D-optimal for all design types unless you have used the
RSM button in the Model panel to add effects that make the model quadratic. For specific information
about optimality criterion, see “Technical Discussion,” p. 53.

Number of Starts: Changing the Number of Random Starts

To override the default number of
random starts, click the red triangle Choose a positive whale number far the number of random starting designs.
icon in the Custom Design title bar

(Figure 3.17) and select Number of Lok J[ Coce |

Starts. When you select this com-

mand, the window shown here appears with an edit box for you to enter the number of random starts
for the design you want to build. The number you enter overrides the default number of starts, which
varies depending on the design.

JMP: Please Enter a Number.

Note: If the design iterations are taking too long, click the Cancel button. The Custom Designer
stops and gives the best design found at that point.
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Why Change the Number of Starts?

One difficulty with the creation of optimal designs is that the methods used do not always find the glo-
bally optimal design in cases where the optimal design is known from theory. For example, orthogonal
designs are D-optimal with respect to a linear additive model and a cubic design space.

As the number of factors and sample size increase, the optimization problem becomes harder. It is easy
for an optimizer to converge to a local optimum instead of a global optimum.

It is useful to know that:

* If random starts are used for the optimization, the design produced at the end is not always the
same. Increasing the number of random starts tends to improve the optimality of the resulting
design.

¢ For designs with all two-level factors, there is a formula for the optimal determinant:
If D is the determinant, 7 is the sample size, and ¢ is the number of columns in the design matrix,
the LogD = cLogn.

If the determinants that result from the random starts match the formula above, the algorithm stops.
The design is D-optimal and orthogonal.

Default Choice of Number of Random Starts: Technical Information

JMP does not start over with random designs until a jackpot is hit. The time it takes for one iteration of
the algorithm (coordinate exchange) increases roughly as the product of the sample size and the num-

ber of terms in the model. By doing a large number of random starts for small sample sizes and reduc-
ing this number proportional to the square of the sample size as the designs get larger, the total time it
takes to generate a design is kept roughly constant over the range of usual sample sizes.

The Custom Designer always attempts to find globally optimal designs when such designs are known
from theory. For example,

* 2-level fractional factorial designs are globally D-optimal for all main effect and two-factor interac-
tion models

¢ Latin-Square designs are D-optimal for main effect models assuming the right sample size and num-
bers of levels of the factors.

¢ Plackett-Burman designs are D-optimal for main effect models.

If the custom designer can identify one of these special cases, it does many more random starts. In gen-
eral, however, the default number of random starts is controlled by the sample size, n, as follows:

Table 3.2 Sample Size and Random Starts

Sample Size Number of Starts
9 or fewer 80

from 9 to 16 40

from 17 to 24 10

from 25 to 32 5

more than 32
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Note the following exceptions:

¢ If each factor has only two levers, the number of terms in the model is one greater than the number
of factors, and the sample size is a multiple of 4, then multiply the default number of starts shown in
the table above by 40.

o If the design is I-optimal divide all the sample sizes in the table above by 2 and add 1.
* If the design could be a Latin Square, the Custom Designer does 1000 random starts.
e If the number of terms in the model is greater than 100, though, the number of random starts is 1.

After each random start, the design is checked to see if it is globally optimal, and if so, the iterations
stop. Therefore, even if the default number of starts is large, it may only take a small fraction of the
default number to find the globally optimal design. Again, if the process seems to be taking too long,
use the Cancel button to see the best design found at that point.

Sphere Radius: Constraining a Design to a Hypersphere

You can constrain custom and augmented designs to a hypersphere by editing the sphere radius. Before
making the design, click the red triangle icon in the Custom Design title bar (Figure 3.17) and select
Sphere Radius. Enter the appropriate value and click OK.

Note that hypersphere constraints do not work with other constraints. Also, split plot designs cannot be
generated with hypersphere constraints.

If you have designed any factor’s changes as Hard (see “Factors that are Easy, Hard, or Very Hard, to
Change - Creating Optimal Split-Plot and Split-Split-Plot Designs,” p. 62, and “Creating Random
Block Designs,” p. 71), the sphere radius item becomes unavailable. Conversely, once you set the sphere
radius, you cannot make a factor Hard to change.

Disallowed Combinations: Accounting for Factor Level Restrictions

JMP gives you the flexibility to disallow particular combinations of levels of factors. You can do this for
custom and augmented designs except for experiments with mixture or blocking factors. This feature
can also be used with continuous factors or mixed continuous and categorical factors.

For example, in a market research choice experiment, you might want to exclude a choice that allows all
the best features of a product at the lowest price. In this case, the factor Feature has levels of worst (1),
medium (2), and best (3), and the factor Price has levels of high (1), medium (2), and low (3). You
want to exclude the third Feature level (best) and the third Price level (low).

To disallow a combination of factor levels:

1 Begin by adding the factors.

2 Click the red triangle icon in the title bar (Figure 3.17) of the designer window and select
Disallowed Combinations. Note that this menu item is not available if you have already defined
linear inequality constraints.

3 Enter a Boolean expression that identifies what you do not want allowed (Figure 3.22). JMP evalu-
ates your expression, and when it sees it as true, it disallows the specified combination.
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Note: When forming the expression, use the ordinal value of the level instead of the name of the level.
If the level names of the factor called Price are high, medium, and low, their associated ordinal values
are 1, 2, and 3.

For example, in Figure 3.22, Feature==3 & Price==3 will not allow a run containing the best
features at the lowest price. If there were two disallowed combinations in this example, you would
use Feature==3 & Price==3 | Quality==3 & Price==3, which tells JMP to disallow a run
with the best features at the lowest price or a run with the best quality and lowest price.

Figure 3.22 Enter a Boolean Expression

£ Enter Expression

Specify constraint script or expression that returns a non-zero value for
infeasible factor combinations.

Feature==3 & Price==3

4 Make the design table. It excludes the combination of factors you specified, as shown in Figure 3.23.
Figure 3.23 No Row Contains L3 for Both Price and Feature
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Advanced Options for the Custom Designer

The following options are for advanced design of experiment users.

Changing the Search Points Per Factor

For a main effects model, the coordinate exchange algorithm in the custom designer only considers the
high and low values. However, you can change this so the algorithm considers more search points. For
example, if you enter 5, then JMP considers five equally spaced settings for each factor. The 5 levels are
considered, but all 5 levels may not appear in the output table. The Custom Designer finds a D- or
[-Optimal design, which might not need to include all 5 levels.

To change the search points:
1 Select DOE > Custom Design.

2 Click the red triangle icon in the title bar (Figure 3.17) of the designer window and select
Advanced Options > Search Points Per Factor.

3 Enter a positive integer and click OK.
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4 Make the design.

Altering the Mixture Sum

If you want to keep a component of a mixture constant throughout an experiment, then the sum of the
other mixture components must be between 0.001 and 1. You may have one or more fixed ingredients
so that the sum of the remaining add to less than one but more than zero. To alter the mixture sum:

1 Select DOE > Custom Design.

2 Click the red triangle icon in the title bar (Figure 3.17) of the designer window and select
Advanced Options > Mixture Sum.

3 Enter a positive number and click OK.

4 Make the design.

Split Plot Variance Ratio

The optimal split plot design depends on the ratio of the variance of the random whole plot variance to
the error variance. By default, this variance is one. If you have some prior knowledge of this variance
ratio, you can supply it by following these steps:

1 Select DOE > Custom Design.

2 Click the red triangle icon in the title bar (Figure 3.17) of the designer window and select
Advanced Options > Split Plot Variance Ratio.

3 Enter a positive number and click OK.

4 Make the design.

Prior Parameter Variance

If you have specified If Possible as the Estimability for any factors in your model, then you can use this
option to also specify the weight used for these terms. Default values are one. Larger values represent
more prior information and a smaller variance. Variances are the reciprocals of the entered values.

1 Select DOE > Custom Design.

2 Click the red triangle icon in the title bar (Figure 3.17) of the designer window and select
Advanced Options > Prior Parameter Variance.

3 Enter a positive number for each of the terms for which you want to specify a weight and click OK.

4 Make the design.

Save Script to Script Window

This command creates the script for the design you described in the Custom Designer and saves it in an
open script window.
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Assigning Column Properties

Columns in a data table can contain special column properties. Figure 3.24 shows that a column called
Stretch has two special properties: Role and Response Limits, that were assigned by the Custom
Designer when the table was created. To see the example in Figure 3.24, open Bounce Data.jmp from
the Design Experiment folder found in the sample data installed with JMP. Then, right-click the col-
umn name in the data table and select Column Info. When the Column Info dialog appears, click on
the property you want to see.

Figure 3.24 Column Properties Menu in the Column Info Dialog

Stretch g@g|

‘Stretch’ in Table 'Bounce Data' / Column Properties
Column Mame | Stretch [ Lock — Farmula
Apply R
ange Check,
Data Type Mumeric ¥
] List Check.
oSk IR sl e s Value Labels

Format Best v Width[_g] Value Ordering
Column Properties W
A
Rale Responze Limits s
Coding

Responze Limits are bounds on a responze's
range of acceptability. The prediction and
contour profilers use these values. Click

Mixture
Row Order Levels

below to key in values. Spec Limits

Match Target v Control Limits
Response Limiks

Impaortance Design Role

Factar Ch
Aot Desirability _‘"C o i-hanges

Lowver 350 . Sigma

Iichille 430 . Units

Upper 550 R Distribution

Time Frequency
Other ...

All special column properties are covered in the /MP User Guide. The following discussion gives details
about properties specific to DOE and that are useful for analyzing DOE data.

Define Low and High Values (DOE Coding) for Columns

For continuous variables, the Coding column property transforms data in the range you specify from —1
to +1. When you analyze the coded variable, JMP uses those transformed data values to compute mean-
ingful parameter estimates. You can specify the range in which the low and high values of the column
are transformed.

By default, when JMP generates a design table from values entered in the Factors panel, it uses those
values as the low and high values of the coding property. If a column has one or more limits missing,
JMP substitutes the data’s minimum and maximum for the high and low values.

You can use the Column Info dialog to manually add or delete a coding property, or change the range
in which the low and high values are transformed. Figure 3.25 shows the coding values for the
Temperature variable in the Reactor 8 Runs data table from the Design Experiment Sample Data.
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Figure 3.25 Coding Column Property in Column Info Dialog
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Set Columns as Factors for Mixture Experiments

You might have a column in a data table that is one of several factors that form 100% of a mixture. You
can set up the column so JMP uses it to automatically generate a no-intercept model when you analyze
the data with the Fit Model platform. The following example uses the Donev Mixture Data from the
Design Experiment sample data

To set up the CuS04 column as a mixture factor, first select Cols > Column Info to see the Column
Info dialog for CuS04. Then continue as follows:

1 Select Mixture from the Column Properties drop-down menu. Upper and Lower limits, and the
sum of the limits appear in a panel on the dialog, as shown in Figure 3.26. You can use these limits,
or enter your own values.

2 Optionally, check the boxes beside L PseudoComponent Coding, U PseudoComponent Coding,
or both L and U PseudoComponent Coding. Using the example in Figure 3.26, where the mix-
ture sum value is 1, the terms are coded as:

XL = (X;—L)/(1-L) for the L pseudocomponent
XU = (U;=X))/(U=-1) for the U pseudocomponent

where L; and U, are the lower and upper bounds, L is the sum of Z; and U'is the sum of U..

Note: If you check either L PseudoComponent Coding or U PseudoComponent Coding for the
mixture coding of one mixture factor and you check the other alternative for one or more other mixture
factors in the model, of if you check both boxes for one or more of the mixture factors, the Fit Model
platform uses the L coding if (1 — L) < (U - 1), and the U coding otherwise. If only one coding box is
checked consistently for all mixture factors in the model, then only that one pseudocomponent coding
is used.

In the Fit Model report, the main effects are labeled with the coding transformation. Crossed effects
are not labeled, but coding values are used. All the features of fitting, such as the profilers and saved
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formulas, respect the pseudocomponent coding but present the un-coded values in the tables and

plots.

3 Select the Design Role Column Property, and choose Mixture from its drop down menu.

Building Custom Designs
Assigning Column Properties

4 Click OK. The properties icon ( 3% ) now appears next to the column name in the columns panel,
indicating the column contains one or more column properties.

Figure 3.26 Column Info to Create Mixture Column For Analysis
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5 Repeat the above steps for any other mixture factors that will be included in the model.

Define Response Column Values

You can save response limits in a column, which means you can run analyses without having to re-spec-
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ify response limits each time. Saving these limits in a column facilitates consistency. For example, if you

run an analysis that employs these limits, then come back later and change the data, you can run a new
analysis using the same limits without having to reenter them. To see the example in Figure 3.27, open

Bounce Data.jmp from the Design Experiment folder in the sample data installed with JMP.

Figure 3.27 shows the panel with values that specify lower, middle, and upper limits, and a desirability
value. You can also select a possible goal for a DOE response variable: Maximize, Match Target,
Minimize, or None. If you have more than one response, you can enter an importance value, which lets
JMP know how to weigh the importance of one response against another.

To enter response limits:

1 Double-click the column name in the data grid. The Column Info dialog appears.

2 Select Response Limits from the Column Properties drop-down menu.
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3 Complete the settings in the window, as described in Figure 3.27.

4 Click OK. The properties icon ( % ) now appears next to the column name in the column panel of
the data table to indicate that the column contains a property.

Figure 3.27 Define Response Column Values
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Assign Columns a Design Role

The Custom designer in JMP assigns design roles to factors when you create the design. However, you
can assign a property to a column that identifies a factor column as a continuous, categorical, blocking,
covariate, mixture, constant, signal, or noise factor. The example in Figure 3.28 shows the Whole Plots
factor in the Vinyl Data.jmp table from the Design Experiment sample data assigned the Random
Block design role.

To give a column a design role:

1 Double-click the column name in the data grid. The Column Info window appears.
2 Select Design Role from the Column Properties drop-down menu, as shown in Figure 3.28.
Design role information appears on the right.

3 Click the Design Role drop-down menu and select how you want JMP to use the factor column:
Continuous, Categorical, Blocking, Covariate, Mixture, Constant, Signal, Noise, Uncontrolled,
or Random Block.

4 Click OK to see the property icon (% ) next to the column name in the data table’s column panel.
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Figure 3.28 Assign a Design Role to a Factor Column
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Identify Factor Changes Column Property

To create split plot or split-split plot designs, you must identify a factor as having values that are hard to
change, or very hard to change. This is done in the DOE design panel (see “Creating Split Plot
Designs,” p. 72, for details) each time you design an experiment. However, if you know that every time
you use that factor, you want it to be considered hard or very hard to change, you can save yourself
steps by setting up a column property to be used in all experiments using that factor. To do this:

1 Double-click the column name in the data grid to see the Column Info dialog for that column.

2 Select Factor Changes from the Column Properties drop-down menu, as shown in Figure 3.29.

3 Click the Factor Changes button and select Easy, Hard, or Very Hard from the Factor Changes
drop-down menu.

4 Click OK. The properties icon ( s ) now appears next to the column name in the column panel of
the data table.

Note: Although you can save design roles for factors, which are then automatically used each time
those factors are loaded, you must always verify that the model for the design you create is correctly
entered into the DOE custom designer.
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Figure 3.29 Factor Changes Column Property
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How Custom Designs Work: Behind the Scenes

The custom designer starts with a random set of points inside the range of each factor. The computa-
tional method is an iterative algorithm called coordinate exchange (Meyer and Nachtsheim, 1995). Each
iteration of the algorithm involves testing every value of every factor in the design to determine if
replacing that value increases the optimality criterion. If so, the new value replaces the old. This process
continues until no replacement occurs for an entire iteration.

To avoid converging to a local optimum, the whole process is repeated several times using a different
random start. The custom designer displays the best of these designs. For more details, see the section
“Optimality Criterion: Changing the Design Criterion (D- or I- Optimality),” p. 78.

Sometimes a design problem can have several equivalent solutions. Equivalent solutions are designs
with equal precision for estimating the model coefficients as a group. When this is true, the design algo-
rithm may generate different (but equivalent) designs when you click the Back and Make Design but-
tons repeatedly.
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Screening Designs

=

Screening designs are some of the most popular designs for industrial experimentation. They examine

many factors to see which have the greatest effect on the results of a process.

Screening designs generally require fewer experimental runs, which is why they cost less. Thus, they are
attractive because they are a relatively inexpensive and efficient way to begin improving a process.

Often screening designs are a prelude to further experiments. It is wise to spend only about a quarter of
your resource budget on an initial screening experiment. You can then use the results to guide further
study.

The efficiency of screening designs depends on the critical assumption of effect sparsity. Effect sparsity
results because real-world processes usually have only a few driving factors; other factors are relatively
unimportant. To understand the importance of effect sparsity, you can contrast screening designs to full
factorial designs:

¢ Full factorial designs consist of all combinations of the levels of the factors. The number of runs is
the product of the factor levels. For example, a factorial experiment with a two-level factor, a
three-level factor, and a four-level factor has 2 x 3 x 4 = 24 runs.

* By contrast, screening designs reduce the number of runs by restricting the factors to two (or three)
levels and by performing only a fraction of the full factorial design.

Each factor in a screening design is usually set at two levels to economize on the number of runs
needed, and response measurements are taken for only a fraction of the possible combinations of levels.
In the case described above, you can restrict the factors to two levels, which yield 2 x 2 x 2 = 8 runs.
Further, by doing half of these eight combinations you can still assess the separate effects of the three
factors. So the screening approach can reduce the original 24-run experiment to four runs.

Of course, there is a price for this reduction. This chapter discusses the screening approach in detail,
showing both pros and cons. It also describes how to use JMP’s screening designer, which supplies a list
of popular screening designs for two or more factors. These factors can be continuous or categorical,
with two or three levels. The list of screening designs you can use includes designs that group the exper-
imental runs into blocks of equal sizes where the size is a power of two.
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Screening Design Examples

This chapter is divided into two sections. The first section consists of two examples using screening
designs. The second section outlines the procedures to follow to create a screening design to match your
needs.

Using Two Continuous Factors and One Categorical Factor

Suppose an engineer wants to investigate a process that uses an electron beam welding machine to join
two parts. The engineer fits the two parts into a welding fixture that holds them snugly together. A
voltage applied to a beam generator creates a stream of electrons that heats the two parts, causing them
to fuse. The ideal depth of the fused region is 0.17 inches. The engineer wants to study the welding
process to determine the best settings for the beam generator to produce the desired depth in the fused
region.

For this study, the engineer wants to explore the following three inputs, which are the facrors for the
study:

* Operator, who is the technician operating the welding machine

* Rotation Speed, which is the speed at which the part rotates under the beam

¢ Beam Current, which is a current that affects the intensity of the beam

After each processing run, the engineer cuts the part in half. This reveals an area where the two parts
have fused. The Length of this fused area is the depth of penetration of the weld. This depth of pene-
tration is the response for the study.

The goals of the study are to:

* find which factors affect the depth of the weld

¢ quantify those effects

* find specific factor settings that predict a weld depth of 0.17 inches

To begin this example, select DOE > Screening Design from the main menu. Note that in the
Responses panel, there is a single default response called Y. Change the default response as follows:

1 Double-click the response name and change it to Depth (In.).

2 The default goal for the single default response is Maximize, but the goal of this process is to get a
target value of 0.17 inches with a lower bound of 0.12 and an upper bound of 0.22. Click the Goal
box and choose Match Target from the drop-down menu, as shown in Figure 4.1.
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Figure 4.1 Screening Design Response With Match Target Goal
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3 Click the Lower Limit text edit area and enter 0.12 as the lower limit (minimum acceptable value).
Then click the Upper Limit text edit area and enter 0.22 as the upper limit (maximum acceptable

value).
This example has one categorical factor (Operator) and two continuous factors (Speed and Current).
4 Add the categorical factor by clicking the Add button beside 2-Level Categorical.

5 Add two continuous factors by typing 2 in the Continuous box and clicking the associated Add
button.

6 Double-click the factor names and rename them Operator, Speed, and Current.

Set high and low values for Speed to 3 and 5 rpm. Set high and low values for Current to 150 and

165 amps, and assign Mary and John as values for the categorical factor called Operator, as shown in
Figure 4.2.

Figure 4.2 Screening Design with Two Continuous and One Categorical Factor
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Screening Design
Specify Factor:

Add a Continuows or Categorical factor by clicking its button. Double click
on a factor name ar level to edi i

8 Click Continue.

9 Select Full Factorial in the list of designs, as shown in Figure 4.3, and then click Continue.
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Figure 4.3 List of Screening Designs for Two Continuous and One Categorical Factors
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In the Output Options section of the Display and Modify Design panel that appears, click on the Run
Order menu and select Sort Left to Right, which arranges the runs in the JMP design data table (see
Figure 4.7). Then click Make Table to create the JMP table that contains the specified design.

The table in Figure 4.4 appears. The table uses the names for responses, factors, and levels you speci-
fied. The Pattern variable shows the coded design runs. You can also see the table produced in this
example by selecting Help > Sample Data > Design of Experiments > DOE Example 1.jmp.

Figure 4.4 The Design Data Table
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Using Five Continuous Factors

As illustrated in the previous section, experiments for screening the effects of many factors usually con-
sider only two levels of each factor. This allows the examination of many factors with a minimum num-
ber of runs.

The following example, adapted from Meyer, ¢t al. (1996), demonstrates how to use JMP’s screening
designer when you have many factors. In this study, a chemical engineer investigates the effects of five
factors on the percent reaction of a chemical process. The factors are:

* feed rate, the amount of raw material added to the reaction chamber in liters per minute
* percentage of catalyst

* stir rate, the RPMs of a propeller in the chamber

* reaction temperature in degrees Celsius

e concentration of reactant
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To start the example:

1 Select DOE > Screening Design.

Chapter 4

2 You see one default response called Y. Change the default response name (Y) to Percent Reacted.

3 The Goal is to maximize the response, but change the minimum acceptable reaction percentage to
90 (Lower Limit), and upper limit to 99 (Upper Limit), as shown in Figure 4.5.

Add five continuous factors.

5 Change the default factor names (X1-X5) to Feed Rate, Catalyst, Stir Rate, Temperature, and

Concentration.

6 Enter the high and low values, as shown in Figure 4.5.

Figure 4.5 Screening for Many Factors
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Specify Factor:

Add a Continuows or Categorical factor by clicking its button. Double click

on a factor name ar level to edi i

7 Click Continue. Now, JMP lists the designs for the number of factors you specified, as shown to the

left in Figure 4.6.

8 Select the first item in the list, which is an 8-run fractional factorial design with no blocks.
9 Click Continue to see the Display and Modify Design panel on the right in Figure 4.6.
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Figure 4.6 Two-level Screening Design (left) and design output options (right)

¥ '® Screening Design
4 Responses
¥ Factors
v Design List

Choose a design by clicking on itz rovw in the list.

Mumber  Block
Of Runs Size  Design Type

g actional Fa &
g 4 Fractional Factarial
12 Plackett-Burman
16 Fractional Factarial
16 g Fractional Factarial
16 4 Fractional Factarial
16 2 Fractional Factarial
32 Full Factarial

32 16 Full Factarial

32 g Full Factarial

32 4 Full Factarial

32 2 Full Factarial

Resolution
- what iz estimable

3 - Main Effects Cnly

3 - Main Effects Cnly

3 - Main Effects Cnly

3 - All 2-factor interactions

4 - Some 2-factor interactions
4 - Some 2-factor interactions
4 - Some 2-factor interactions
=6 - Full Resolution

o+ - Al 2-factor interactions
o+ - Al 2-factor interactions
4 - Some 2-factor interactions
4 - Some 2-factor interactions

¥ '™ Screening Design
4 Responses
¥ Factors
v Display and Modify Design
¥ Change Generating Rules
¥ Aliasing of Effects
¥ Coded Design
¥ Design Evaluation
v Qutput Options
Run Order: Randomize

Make JMP Table from design plus
Mumber of Certer Points: o
Mumber of Replicates: Ju]

The design dialog has options shown in Figure 4.7 that can modify the final design table.

Figure 4.7 Output Options for Design Table

¥ '™ Screening Design

4 Responses
¥ Factors

v Display and Modify Design
¥ Change Generating Rules
¥ Aliasing of Effects
¥ Coded Design

¥ Design Evaluation
v Qutput Options

Run Order: Randomize
Make JMP Table from design plus

Mumber of Certer Points: o
Mumber of Replicates: Ju]

Keep the Same

Randormize
Sort Right to Left

95

10 Click Make Table to create the data table shown in Figure 4.8 that lists the runs for the design you
selected. Note that it also has a column called Percent Reacted for recording experimental results,

showing as the rightmost column of the data table.
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Figure 4.8 JMP Table of Runs for Screening Example

 Fractional Factarial 0 = Feed Stir Percent
Design Fractional Factorial || & ~._| Pattern | Rate | Catalyst | Rate | Temperature | Concentration Reacted

¥ Screening 1 [---++ 10 1 100 180 5] D
 hodel 2 [ctt- 10 1 120 180 3 "
¥ Columns (7/0) 3[4+ 10 2 100 140 5] D
th Pattern & 4 [-++-- 10 2 120 140 3 D
4l Feed Rate 3 5 [+---- 15 1 100 140 3 o
A Catalyst 3¢ 6 [+otr 15 1 120 140 [ .
ll Stir Rate 3 T [++-+- 15 2 100 180 3 D
A Temperature 3 G [+++++ 15 2 120 180 5] D
4l Concertration 3

dll Percent Reacted

Of the five factors in the reaction percentage experiment, you expect a few to stand out in comparison
to the others. Let’s take an approach to the analysis that looks for active effects.

11 To run the model generated by the data shown in Figure 4.8, open Reactor 8 Runs.jmp from the
Design Experiment folder found in the sample data that was installed with JMP. This table has the
design runs and the results of the experiment.

12 In the design data table, click the Screening script that shows on the upper left of the data table, and
select Run Script. Or, you can choose Analyze > Modeling > Screening to analyze the data. Select
Percent Reacted as Y and all other continuous variables as X. Click OK.The report is shown in
Figure 4.9.

Figure 4.9 Report for Screening Example
¥ = Screening for Percent Reacted

¥ Contrasts

Individual ~ Simultaneous

Term Contrast Lentht-Ratio  p-Value p-Value Aliases

Catalyst 10,1250 1.10 0.2370 0.8401 Temperature*Feed Rate

Temperature B.6250 072 0.4237 0.9531 Catalyst*Feed Rate

Feed Rate 6.1250 0.67 0.5627 1.0000 Catalyst*Temperature, Concentration™stir Rate
Concentratian -1.8750 H -0.20 0.8581 1.0000 Feed Rate*Stir Rate

Stir Rate -0.3760 -0.04 09602 1.0000 Feed Rate*Conceniration
Catalyst™Concentration 3.1280 :l 0.34 0.7769 1.0000 Temperature™Stir Rate
Tempetature*Concentration -6.3750 ’_ -0.69 0.4444 0.9999 Catalyst*Stir Rate

¥ Half Normal Plot

11 -
10 +
9
a8

Absolute Contrast

T T T T
oo 05 1.0 1.5 2.0
Half Marmal Quantile

Lenth PSE=9.1875
P-alues derived from a simulation of 10000 Lenth t ratios

Note: Analysis of the screening data is covered in the section “Create a Plackett-Burman design,”
p. 106 at the end of this chapter.
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Create a Fractional Factorial Design

To begin, select DOE > Screening Design, or click the Screening Design button on the JMP Starter
DOE page. Then, see the following sections for each step to create a screening design:

“Enter Responses,” p. 97

“Enter Factors,” p. 98

“Choose a Design,” p. 99

“Display and Modify a Design,” p. 102

“Specify Output Options,” p. 105

“View the Design Table,” p. 106

AN N W N

Enter Responses
To enter responses, follow the steps in Figure 4.10.
Figure 4.10 Entering Responses

Click to enter lower and upper
limits and importance weights.

To enter one ¥ Responses

response at a @—[Add Response V] [Remove] [Number of Responses... ]

time, Clle thCIl Responze MName Goal. : Lowver Li UpI et Limit Invportance
' Maimize | . .

select a goal type: aptioga tem

Maximize, Match
Target, Minimize,

or None. ) )
Double-click to edlt_ Click to change the response goal,
the response name, if if desired.
desired.

Tip: To quickly enter multiple responses, click the Number of Responses button and enter the num-
ber of responses you want.

Specifying Goal Types and Lower and Upper Limits
When entering responses, you can tell JMP that your goal is to obtain the maximum or minimum
value possible, to match a specific value, or that there is no goal.

The following description explains the relationship between the goal type (step 3 in Figure 4.10) and
the lower and upper limits (step 4 in Figure 4.10):

¢ For responses such as strength or yield, the best value is usually the largest possible. A goal of
Maximize supports this objective.
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* The Minimize goal supports an objective of having the smallest value be the most desirable, such as
when the response is impurity or defects.

* The Match Target goal supports the objective when the best value for a response is a specific target
value, such as dimensions of a manufactured part. The default target value is assumed to be midway
between the lower and upper limits.

Note: If your target range is not symmetric around the target value, you can alter the default target
after you make a table from the design. In the data table, open the response’s Column Info dialog by
double-clicking the column name, and enter an asymmetric target value.

Understanding Importance Weights

When computing overall desirability, JMP uses the value you enter as the importance weight (step 4 in
Figure 4.10) as the weight of each response. If there is only one response, then specifying importance is
unnecessary. With two responses you can give greater weight to one response by assigning it a higher
importance value.

Enter Factors

Next, you enter factors. The Factors panel’s appearance depends on the design you select. Entering fac-
tors is the same in Screening Design, Space Filling Design, Mixture Design, and Response
Surface Design. This process is described below, in Figure 4.11.

Figure 4.11 Entering Factors

¥| Factors

To enter factors, type the ——{fagg] [ 1] continuous
number of factors and click 215 Gl

Add. 3-Level Categorical
Highlight the factor and Name Role Values
%1 Continuaus IE 1

click the Remove Selected
button to remove a factor in

the list.
Double-click to Click to enter factor values. To remove a level, click
edit the factor it, press the delete key on your keyboard, then press
name. the Return or Enter key on your keyboard.

Types of Factors
In general, when designing experiments, you can enter different types of factors in the model. Below is
a description of factor types from which you can choose when creating screening designs:

Continuous Continuous factors have numeric data types only. In theory, you can set a continuous
factor to any value between the lower and upper limits you supply.

Categorical Categorical factors (either numeric or categorical data types) have no implied order.
If the values are numbers, the order is the numeric magnitude. If the values are character, the
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order is the sorting sequence. The settings of a categorical factor are discrete and have no intrinsic
order. Examples of categorical factors are machine, operator, and gender.

After you enter responses and factors, click Continue.

Choose a Design

The list of screening designs you can use includes designs that group the experimental runs into blocks
of equal sizes where the size is a power of two. Highlight the type of screening design you want to use
and click Continue.

Figure 4.12 Choosing a Type of Screening Design

Screening Design
3 Factors
Chooze a Design

Mumber  Block Resolution

Of Runs Size  Design Type - what iz estimable

4 I 13l 3 - Main Effects Cnly

g Full Factarial =6 - Full Resolution

g 4 Full Factarial o+ - Al 2-factor interactions
g 2 Full Factarial 4 - Some 2-factor interactions
aptional iterm

The screening designer provides the following types of designs:

Two-Level Full Factorial

A full factorial design has runs for all combinations of the levels of the factors. The samples size is the
product of the levels of the factors. For two-level designs, this is 2% where £ is the number of factors.
This can be expensive if the number of factors is greater than 3 or 4.

These designs are orthogonal. This means that the estimates of the effects are uncorrelated. If you
remove an effect in the analysis, the values of the other estimates remain the same. Their p-values
change slightly, because the estimate of the error variance and the degrees of freedom are different.

Full factorial designs allow the estimation of interactions of all orders up to the number of factors. Most
empirical modeling involves first- or second-order approximations to the true functional relationship
between the factors and the responses. The figure to the left in Figure 4.13 is a geometric representation
of a two-level factorial.

Two-Level Fractional Factorial

A fractional factorial design also has a sample size that is a power of two. If £ is the number of factors,
the number of runs is 25~ P where p < k. The fraction of the full factorial is 2P. Like the full factorial,
fractional factorial designs are orthogonal.

The trade-off in screening designs is between the number of runs and the resolution of the design. If
price is no object, you can run several replicates of all possible combinations of 7 factor levels. This
provides a good estimate of everything, including interaction effects to the mth degree. But because
running experiments costs time and money, you typically only run a fraction of all possible levels. This
causes some of the higher-order effects in a model to become nonestimable. An effect is nonestimable
when it is confounded with another effect. In fact, fractional factorials are designed by deciding in
advance which interaction effects are confounded with the other interaction effects.
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Resolution Number: The Degree of Confounding

In practice, few experimenters worry about interactions higher than two-way interactions. These
higher-order interactions are assumed to be zero.

Experiments can therefore be classified by resolution number into three groups:

* Resolution = 3 means that main effects are confounded with one or more two-way interactions,
which must be assumed to be zero for the main effects to be meaningful.

¢ Resolution = 4 means that main effects are not confounded with other main effects or two-factor
interactions. However, two-factor interactions are confounded with other two-factor interactions.

* Resolution = 5 means there is no confounding between main effects, between two-factor interac-

tions, or between main effects and two-factor interactions.

All the fractional factorial designs are minimum aberration designs. A minimum aberration design is
one in which there are a minimum number of confoundings for a given resolution. For DOE experts,
the minimum aberration design of a given resolution minimizes the number of words in the defining
relation that are of minimum length.

The figure on the right in Figure 4.13 is geometric representation of a two-level fractional factorial
design.

Figure 4.13 Representation of Full Factorial (Left) and Two-Level Fractional Factorial (Right) Designs

-1, -1 l

-1,-1,1

Plackett-Burman Designs

Plackett-Burman designs are an alternative to fractional factorials for screening. One useful characteris-
tic is that the sample size is a multiple of four rather than a power of two. There are no two-level frac-
tional factorial designs with sample sizes between 16 and 32 runs. However, there are 20-run, 24-run,
and 28-run Plackett-Burman designs.

The main effects are orthogonal and two-factor interactions are only partially confounded with main
effects. This is different from resolution-three fractional factorial where two-factor interactions are
indistinguishable from main effects.

In cases of effect sparsity, a stepwise regression approach can allow for removing some insignificant
main effects while adding highly significant and only somewhat correlated two-factor interactions. The
new Screening platform in JMD, Analyze > Modeling > Screening, is a streamlined approach for look-
ing at sparse data. This platform can accept multiple responses and multiple factors, then automatically
fits a two-level design and shows significant effects with plots and statistics. See “Screening Designs,”
p. 89 of JMP Statistics and Graphics Guide for documentation of the Screening platform.
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Mixed-Level Designs

If you have qualitative factors with three values, then none of the classical designs discussed previously
are appropriate. For pure three-level factorials, JMP offers fractional factorials. For mixed two-level and
three-level designs, JMP offers complete factorials and specialized orthogonal-array designs, listed in

Table 4.1

If you have fewer than or equal to the number of factors for a design listed in the table, you can use that
design by selecting an appropriate subset of columns from the original design. Some of these designs are
not balanced, even though they are all orthogonal.

Table 4.1 Table of Mixed-Level Designs

Design Two-Level Factors Three-Level Factors
L18 John 1 7

L18 Chakravarty 3 6

L18 Hunter 8 4

L36 11 12

Cotter Designs

Cotter designs are used when you have very few resources and many factors, and you believe there may
be interactions. Suppose you believe in effect sparsity— that very few effects are truly nonzero. You
believe in this so strongly that you are willing to bet that if you add up a number of effects, the sum will
show an effect if it contains an active effect. The danger is that several active effects with mixed signs
will cancel and still sum to near zero and give a false negative.

Cotter designs are easy to set up. For 4 factors, there are 24 + 2 runs. The design is similar to the “vary
one factor at a time” approach many books call inefficient and naive.

A Cotter design begins with a run having all factors at their high level. Then follow # runs each with
one factor in turn at its low level, and the others high. The next run sets all factors at their low level and
sequences through £ more runs with one factor high and the rest low. This completes the Cotter design,
subject to randomizing the runs.

When you use JMP to generate a Cotter design, the design also includes a set of extra columns to use as
regressors. These are of the form factorOdd and factorEven where factor is a factor name. They are con-
structed by adding up all the odd and even interaction terms for each factor. For example, if you have
three factors, A, B, and C:

Table 4.2

AOdd = A + ABC AEven = AB + AC
BOdd = B + ABC BEven = AB + BC
COdd = C + ABC CEven = BC + AC

Because these columns in a Cotter design make an orthogonal transformation, testing the parameters
on these combinations is equivalent to testing the combinations on the original effects. In the example
of factors listed above, AOdd estimates the sum of odd terms involving A. AEven estimates the sum of
the even terms involving A, and so forth.

Because Cotter designs have a false-negative risk, many statisticians discourage their use.
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How to Run a Cotter Design

By default, JMP does not include a Cotter design in the list of available screening designs (Figure 4.12).
However, if you want to make a Cotter design:

1 Immediately after entering responses and factors (and before clicking Continue), click the red trian-
gle icon in the Screening Design title bar.

¥ ¥ €craaning Nocinn

< Save Responses

Load Responses

Load Fackars

Set Random Seed

Simulate Responses

2 Select Supress Cotter Designs (to uncheck it), as shown to the right.

Changing the setting via the red triangle menu applies only to the current design. To alter the setting for
all screening designs:

1 Select File > Preferences.
2 Click the Platforms icon.
3 Click DOE to highlight it.
4 Uncheck the box beside Suppress Cotter Designs.

Display and Modify a Design

After you select a design type, click the disclosure buttons (¢p 4 on Windows/Linux and p ¥ on the
Macintosh) to display the design and show modification options using the Display and Modify Design
panel to tailor the design (Figure 4.14).

Figure 4.14 Display and Modification Options
v Display and Modify Design
4 Change Generating Rules

¥ Aliasing of Effects
¥ Coded Design

Change Generating Rules Controls the choice of different fractional factorial designs for a given
number of factors.
Aliasing of Effects Shows the confounding pattern for fractional factorial designs.

Coded Design Shows the pattern of high and low values for the factors in each run.

Aliasing of Effects

To see which effects are confounded with which other effects, click the disclosure button (¢ 4 on
Windows/Linux and p ¥ on the Macintosh) to reveal the Aliasing of Effects panel. It shows effects
and confounding up to two-factor interactions (Figure 4.15).
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Figure 4.15 Generating Rules and Aliasing of Effects Panel

v Display and Modify Design
*¥| Change Generating Rules

Factorzs Temperature Concentration

Feed Rate [F]
Catalyst
Stir Rate

¥| Aliasing of Effects

Effects Aliases

Feed Rate = Tempersture*Concertration

Catalyst = Stir Rate*Concentration

Stir Rate: = Catalyst*Concentration

Temperature = Feed Rate"Concentration

Concentration = Feed Rate*Temperature = Catalyst*Stir Rate

Feed Rate*Catalyst = Stir Rate*Temperature
Feed Rate*Stir Rate = Catalyst*Tempersture

¥ Coded Design
For example, a full factorial with five factors requires 2° = 32 runs. Eight runs can only accommodate a

full factorial with three two-level factors. It is necessary to construct the two additional factors in terms
of the first three factors.

The price of reducing the number of runs from 32 to eight is effect aliasing (confounding). Confound-
ing is the direct result of the assignment of new factor values to products of the coded design columns.

In the example above, the values for Temperature are the product of the values for Feed Rate and
Concentration. This means that you can’t tell the difference of the effect of Temperature and the syner-
gistic (interactive) effect of Feed Rate and Concentration.

In the example shown in Figure 4.15, all the main effects are confounded with two-factor interactions.
This is characteristic of resolution-three designs.

Look at the Confounding Pattern

JMP can create a data table that shows the aliasing pattern for a specified level. To create this table:

1 Click the red triangle at the bottom of the Aliasing of Effects area.
2 Select Show Confounding Pattern (Figure 4.16).
Figure 4.16 Show Confounding Patterns

¥| Aliasing of Effects

Effects Aliazes

Feed Rate = Temperature*Concentration

Catalyst = Stir Rete*Concentration

Stir Rate = Catalyst*Concentration

Temperature = Feed Rate*Concentration

Concertration = Feed Rate*Tempetature = Catalyst*Stir Rate

Feed Rate*Catalyst = Stir Rate*Tempersture
Feed Rate*Stir Rate = Catalyst*Temperature

» v%Show Confounding Pattern
Cutput Options
Fun Order: Randomize hd
Make JMP Table from design plus
Mumber of Center Paints:

L4
Mumber of Replicates: ljl

3 Enter the order of confounding you want to see (Figure 4.17).
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Figure 4.17 Enter Order of Confounding in Text Edit Box

JMP: Please Enter a Number.

Show kable of aliases to what order?

Ok ][ Cancel ]

4 Click OK.

Figure 4.18 shows the third order aliasing for the five-factor reactor example. The effect names begin
with C (Constant) and are shown by their order number in the design. Thus, Temperature appears as
“4”, with second order aliasing as “1 5” (Feed Rate and Concentration), and third order confounding
as “1 2 3” (Feed Rate, Catalyst, and Stir Rate).

Figure 4.18 The Third Level Alias for the Five-Factor Reactor Example

¥ Confounding Pattern || 4 =
> Effect Mames Alias Names

1]c =235=145

¥ Columns (2/0) 21 =234 =45

1l Effect Mames 3|2 =134 =35

il Llias Mames 4112 =34 =135=245
5|3 =124 =25
6|13 =24 =125=345

= Riovvs 7123 —14-5

Al rowys 26 sl123 415

gaTifi g 9|4 =123 =15

wciude

Hiciclen g 1014 =23 =5

Labelled il 11]24 =13=125=345
120124 =3 =25
13|34 =12=135=245

Understanding Design Codes

In the Coded Design panel, each row represents a run. Plus signs designate high levels and minus signs
represent low levels. As shown in Figure 4.19, rows for the first three columns of the coded design,
which represent Feed Rate, Catalyst, and Stir Rate are all combinations of high and low values (a full
factorial design). The fourth column (Temperature) of the coded design is the element-by-element
product of the first three columns. Similarly, the last column (Concentration) is the product of the sec-
ond and third columns.

Figure 4.19 Default Coded Designs

-

= Feed Rate
¥| Coded Design
Codes Catalyst Temperature  Concentration
——t
e
——t— - - *
—++—+ -t * -
+——t+ na * -
—++ - +
S +—= + +

ot

+
I
I
+
+
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Changing the Coded Design

In the Change Generating Rules panel, changing the check marks and clicking Apply changes the
coded design; it changes the choice of different fractional factorial designs for a given number of fac-
tors. The Coded Design table in Figure 4.19 shows how the last two columns are constructed in terms
of the first three columns. The check marks in the Change Generating Rules table shown in

Figure 4.20 for Temperature now show it is a function of Feed Rate, and Catalyst. The check marks
for Concentration show it is a function of Feed Rate and Stir Rate.

If you check the options as shown in Figure 4.20 and click Apply, the Coded Design panel changes.
The first three columns of the coded design remain a full factorial for the first three factors (Feed Rate,
Catalyst, and Stir Rate). Temperature is now the product of Feed Rate and Catalyst, so the fourth
column of the coded design is the element by element product of the first two columns. Concentration
is a function of Feed Rate and Stir Rate.

Figure 4.20 Modified Coded Designs and Generating Rules

¥| Change Generating Rules

Factors Tempersture Concentration

Feed Rate
Catalyst O
Stir Rate [

¥ Aliasing of Effects
¥| Coded Design

Codes
———t+
.
—+——+
e
R
+—+—+
=t

ot

Specify Output Options

Use the Output Options panel (Figure 4.21) to specify how you want the output data table to appear.
When the options are the way you want them, click Make Table.

Figure 4.21 Select the Output Options

4 Design Evaluation
v Qutput Options

Keep the Same
Run Crder: Rancomize v/

hake JMP Table from desion plus Randormize
Mumber of Center Point=: 1] Sort Right ko Left
Mumber of Replicates: Ju]
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Run Order Lets you designate the order you want the runs to appear in the data table when it is
created. Choices are:

Keep the Same—the rows (runs) in the output table appear as they do in the Design panel.
Sort Left to Right—the rows (runs) in the output table appear sorted from left to right.
Randomize—the rows (runs) in the output table appear in a random order.

Sort Right to Left—the rows (runs) in the output table appear sorted from right to left.

Randomize within Blocks—the rows (runs) in the output table will appear in random order
within the blocks you set up.

Number of Center Points  Specifies additional runs placed at the center points.

Number of Replicates Specify the number of times to replicate the entire design, including cen-
terpoints. Type the number of times you want to replicate the design in the associated text box.
One replicate doubles the number of runs.

View the Design Table

Click Make Table to create a data table that contains the runs for your experiment. In the table, the
high and low values you specified are displayed for each run.

Figure 4.22 The Design Data Table

The name of the table is The column called Pattern shows the pattern of low values
the design type that denoted “~” and high values denoted “+”. Pattern is especially
enerated it. vari i .
ted it useful as a label variable in plots
This script
allows you to lhzctiopalGactos] "~ Feed Stir Percent
. Design Fractional Factorial || & ~-._| Pattern Rate | Catalyst | Rate | Temperature | Concentration Reacted
screen for active s seresning P — 1 T o e .
CffCCtS. = Model 2| -++- 10 1 120 180 3
< Calumns (710) 3 |-+t 10 2| 1m0 140 B
il Pattern &2 L i 10 2 120 140 3
A Feed Rate* 5|+ 15 1 100 140 3
A Catalyst * B |+-+-+ 15 1 120 140 B
A Stir Rate 3 7 [+4ote 15 2| 100 180 3
4l Temperature 3 g [+ees 15 2| 120 150 &
4l Concertration 3
4l Percent Reacted

Create a Plackett-Burman design

The previous example shows an 8-run fractional factorial design for five continuous factors. But sup-
pose you can afford 4 additional runs. First, repeat the steps shown in the previous sections. This time,
use the Load Responses and Load Factors commands to define the design, as follows:

1 Select DOE > Screening Design.

2 Select Load Responses from the red triangle menu on the Screening Design title bar. Navigate to
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the Design Experiment folder in the Sample Data installed with JMP and open the file called

Reactor Response.jmp.

3 Next, select Load Factors from red triangle menu on the Screening Design title bar. Navigate to the
Design Experiment folder in the Sample Data installed with JMP and open the file called

Reactor Factors.jmp.

These two commands complete the DOE screening dialog for you, with the correct response and factor

names, goal and limits for the response, and the values for the factors.

4 Click Continue on the completed Screening design dialog to see the list of designs in Figure 4.23,
and chose the Plackett-Burman, as shown.

Figure 4.23 Design List for 5-factor Plackett-Burman Screening Design

v Screening Design

4 Responses

¥| Factors
Mame Role Walues
dFeed Rate Continuous 10 15
ll Catalyst Continuous 1 2
ll =tir Rte Continuous 100 120
ATempera{ure Continuous 140 180
ll Concentration Continuous 3 B
v Design List

Choose a design by clicking on its row in the list.

Mumber  Block
Of Runs Size  Design Type

Resolution
- what iz estimable

g Fractional Factarial
g 4 Fractional Factarial
12 kett-Burman
16 Fractional Factarial
16 g Fractional Factarial
16 4 Fractional Factarial
16 2 Fractional Factarial
32 Full Factarial

32 16 Full Factarial

32 g Full Factarial

32 4 Full Factarial

32 2 Full Factarial

3 - Main Effects Cnly

3 - Main Effects Cnly

3 - Main Effects Cnly

3 - All 2-factor interactions

4 - Some 2-factor interactions
4 - Some 2-factor interactions
4 - Some 2-factor interactions
=6 - Full Resolution

o+ - Al 2-factor interactions
o+ - Al 2-factor interactions
4 - Some 2-factor interactions
4 - Some 2-factor interactions

5 Click Continue.

After you select the model from the Design list, the outlines for modifying and evaluating the model
appear. In the Custom designer, you have the ability to form any model effects you want. The Screen-
ing designer creates the design effects based on the design you choose. In particular, the full factorial
with all ewo-factor interactions has no aliasing of the included interactions, as shown in Figure 4.24.
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Figure 4.24 No aliasing of the included interactions

v Display and Modify Design
4 Change Generating Rules
¥| Aliasing of Effects

Effects Aliases
Mo effect up to two-way interactions aliazed
weith any other effect up to two-way interactions.

¥ Coded Design
4 Design Evaluation
v Qutput Options

Run Crder: Sort Left to Right w
Make JMP Table from design plus

Mumber of Certer Points: o

Mumber of Replicates: u]

A complete discussion of the Design Evaluation options is found in Chapter 3, “Building Custom
Designs.”

To continue with this example, do the following:

6 Choose Sort Left to Right in the Output Options panel.
7 Click Make Table to see the design runs shown in Figure 4.25.

Examine the data table and note the Pattern variable to see the arrangement of plus and minus signs
that define the runs. This table is used in the analysis sections that follow.

Figure 4.25 Listing of a 5-factor Placket-Burman Design Table with Results

 Plackett-Burman 4- -~ Feed Stir Percent Percent
Design Plackett-Burman || = ) .| Pattern | Rate |Catalyst | Rate | Temperature | C ation | Reacted Reacted
¥ Screening 1 [——- 10 1 100 180 8 o 69
> Mocel 2 [——+— 10 1 120 140 3 L] 53
< Calumns (810 ] — 10 1] 120 140 B . 59
A Feed Rete 3 2 e 10 2| 100 140 B . 70
A Catalyst % [} 10 2| 100 180 5 . 78
A stir Rate 3 [ 10 2| 120 180 3 . a5
Al Temperature 3¢ T+ 15 1 100 140 g - 63
4l Concentration 3 8 |+-—+- 15 1| 100 180 3 . 61
o percent Reacted ¥ g [+—ter 15 1| 120 180 B . 42
? 10 [++-— 15 2| 100 140 3 . 61
T 12 11 [+++—— 13 2 120 140 5] L] 51
S = 12 [+++4s 15 2| 120 180 B . 52

Analysis of Screening Data

After creating and viewing the data table, you can now run analyses on the data. As an example, open
the data table called Plackett-Burman.jmp, found in Design Experiment folder in the Sample Data
installed with JMP. This table contains the design runs and the Percent Reacted experimental results
for the 12-run Plackett-burman design created in the previous section.
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Using the Screening Analysis Platform

The data table has two scripts called Screening and Model, showing in the upper-left corner of the

table, that were created by the DOE Screening designer. You can use these scripts to analyze the data,

however it is simple to run the analyses yourself.

1 Select Analyze > Modeling > Screening to see the completed launch dialog shown in Figure 4.26.
When you create a DOE design table, the variable roles are saved with the data table and used by the
launch platform to complete the dialog.

Figure 4.26 Launch Dialog for the Screening Platform

liil Screening

Looking st lots of effects to help decide which to put in the model.
Select Columns Cast Selected Columns into Raoles Action

thPattern - ll Percert Reacted
dFesd Rate aptional numeric

dcataiyst A Feed Rate
Alstir Rate A Catalyst

ATemperature il stir Rate

ﬁCDncerdration A Temperature
Percent Reacted A concertration
Recall
sptianal
Help

2 Click OK to see the Screening platform result shown in Figure 4.27.

The Contrasts section of the Screening platform results lists all possible model effects, a contrast value
for each effect, Lenth #ratios (calculated as the contrast value divided by the Lenth PSE (pseudo-stan-
dard error), individual and simultaneous p-values, and aliases if there are any. Significant and margin-
ally significant effects are highlighted. See the chapter on analyzing Screening designs in the Statistics
and Graphics Guide for complete documentation of the Screening analysis platform.
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Figure 4.27 Results of the Screening Analysis

¥ > Screening for Percent Reacted

¥| Contrasts
Individual Simultaneous
Term Contrast Lenth t-Ratio p-Yalue p-Yalue
§.33333 285 0.0266* 04773
5.00000 1.73 0.0945 0.5555
Feed Rate -4.50000 | -1.55 01226 06665
Stir Rate -0.83333 -0.29 0.7943 1.0000
Concentration -0.50000 \T -017 05758 1.0000
[ Temperature 5.44331 * | 1.85 0.0743 04674
Catalyst*Feed Rate -0.27MT o+ f -0.09 0.9341 1.0000
Temperature*Feed Rate -0.35490  * -043 0.9043 1.0000
i ate S06842 * | 1.75 0.0915 0.5409
Temperature*Stir Rate 192450 * J 066 0.5473 1.0000
Feed Rate*Stir Rate -1.93793  * |— -0.67 0.46595 1.0000
¥ Half Normal Plot
9
5 HCatalyst
74
R ’
o Tl
£ g AR
5] +
z 44
T 3
1=
g 24 +o
1 5
F
o e
g —
a0 05 1.0 15 20 25

Half Mormal Guantile

Lenth PSE=2 89652
Asterisked terms were forced orthogonal. Analysis is order dependent.
P-Values derived from a simulation of 10000 Lenth t ratios.

3 Examine the Half Normal plot in Figure 4.27.

Using the Fit Model Platform

The Make Model button beneath the Half Normal Plot creates a Fit Model dialog that includes all the
highlighted effects. However, note that the Catalyst*Stir Rate interaction is highlighted, but the Stir
Rate main effect is not. Therefore, that interaction shouldn’t be in the model.

4 Click the Make Model Button beneath the Half Normal Plot to see the completed Fit Model dialog
in Figure 4.28.

5 Highlight the Catalyst*Stir Rate interaction and click Remove on the Fit Model dialog.

6 Then click Run Model to see the analysis results.
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Figure 4.28 Create Fit Model Dialog and Remove Unwanted Effect

Select Columns

thPattern

Feed Rate
dllcatalyst

stir Rate
ATemperature
allConcertration
llPercert Reacted

¥~ Model Specification

The Actual-by-Predicted Plot

Pick Role ‘ariahles Personality: | Standard Least Squares w
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The Whole Model actual-by-predicted plot, shown on the left in Figure 4.29, appears at the top of the
Fit Model report. You see at a glance that this model fits well. The mean line falls outside the bounds of
the 95% confidence curves (red-dotted lines), which tells you the model is significant. The model
p-value (p = 0.0178), R?%, and RMSE appear below the plot. The RMSE is an estimate of the standard
deviation of the process noise, assuming that the unestimated effects are negligible.

In this example, the Pattern variable is designated as a label column. To show labels in the plot (on the
right in Figure 4.29), shift click to select points of interest, right-click the graph, and select Row Label.
The pattern variable displayed in the data table serves as the label for each point. Also, you can hover

over a point to see the label.

Figure 4.29 An Actual-by-Predicted Plot

LE Response Percent Reacted

v Response Percent Reacted

¥ Whole Model ¥ Whole Model
¥| Actual by Predicted Plot ¥| Actual by Predicted Plot
100 - 100
Sm [
904 a0+ :
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S o 0o 8= 704
I3 o % ................
& .- o & --
[ = & 60
i i
50+ 50 T
40 T T T T 40 i T T
40 a0 =1) 70 g0 90 100 40 a0 =1) 70 g0 a0 100
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P=0.0175 R5g=0.70 RMSE=5 9954 P=0.0175 R5g=0.70 RMSE=5 9954
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The Scaled Estimates Report

¥ Docnanca Darcant [

4 Regression Reporks

Estimates 3

Effect Screening * | v Scaled Estimates k
Factar Profiling ¥ Mormal Plat
Raow Dialgnostics L4 EBaves Plat...
Save C s
awe Lalmns L Pareto Plat

Scripk

To see a scaled estimates report, use Effect Screening > Scaled Estimates found in the red triangle
menu on the Response Percent Reacted title bar. When there are quadratic or polynomial effects, the
coefficients and the tests for them are more meaningful if effects are scaled and coded. The Scaled Esti-
mates report includes a bar chart of the individual effects embedded in a table of parameter estimates.
The last column of the table has the p-values for each effect.

Figure 4.30 Example of a Scaled Estimates Report

¥| Scaled Estimates

Scaled
Term Estimat Std Error t Ratio Prob:{t|
Intercept 661 GEEET 2586739 2545 =.0001*
Catalyst(1,2) §.3333333 2586739 32 0.0124*
Temperature(140,150) 3 2586739 1.83 0.0903
Catalyst*Temperature 53 2596739 212 0.0670

A Power Analysis

¥| = Catalvsti1.2\
v

o )

The Fit Model report has outline nodes for the Catalyst and Temperature effects. To run a power anal-
ysis for an effect, click the red triangle icon on its title bar and select Power Analysis.

This example shows a power analysis for the Catalyst variable, using default value for o (0.05), the root
mean square error and parameter estimate for Catalyst, for a sample size of 12. The resulting power is

0.802, which means that in similar experiments, you can expect an 80% chance of detecting a signifi-
cant effect for Catalyst.
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Figure 4.31 Example of a Power Analysis

¥ ™ Catalyst(1,2)

4 Leverage Plot

¥ Power Details Dialog
Catalyst(1,2)
Click and Enter 1, 2 or a sequence of values for each:

14 o & Humber

From: | 0.050| 5995369 §.333333 12
Ta
By

Solve for Power

D Solve for Least Significant Mumber

D Solve for Least Significant Yalue

D Adjusted Power and Confidence Interval

[ Done ][ Cancel ][ Help ]

Calculations will be done on all combinations of sequences.

Screening Designs
Analysis of Screening Data

¥ ™ Catalyst{1,2)
4 Leverage Plot
¥| ™ Power Details
Test Catalyst(1,2)
Power

00300 5993369 8333333 1

14 o & Humber/ Power
0.5020

Refer to the JMP Statistics and Graphics Guide for details.
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Response surface designs are useful for modeling a curved quadratic surface to continuous factors. A

response surface model can pinpoint a minimum or maximum response, if one exists inside the factor
region. Three distinct values for each factor are necessary to fit a quadratic function, so the standard
two-level designs cannot fit curved surfaces.

The most popular response surface design is the central composite design, illustrated in the figure to the
left below. It combines a two-level fractional factorial and two other kinds of points:

*  Center points, for which all the factor values are at the zero (or midrange) value.

*  Axial (or star) points, for which all but one factor are set at zero (midrange) and that one factor is set
at outer (axial) values.

The Box-Behnken design, illustrated in the figure on the right below, is an alternative to central com-
posite designs. One distinguishing feature of the Box-Behnken design is that there are only three levels
per factor.

Another important difference between the two design types is that the Box-Behnken design has no
points at the vertices of the cube defined by the ranges of the factors. This is sometimes useful when it
is desirable to avoid these points due to engineering considerations. The price of this characteristic is
the higher uncertainty of prediction near the vertices compared to the central composite design.

Central Composite Design Box-Behnken Design

L fractional factorial points
-

axial points

center points
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A Box-Behnken Design: The Tennis Ball Example

A Box-Behnken Design: The Tennis Ball Example

The Bounce Data.jmp sample data file has response surface data inspired by the tire tread data
described in Derringer and Suich (1980). The objective of this experiment is to match a standardized
target value (450) of tennis ball bounciness. The bounciness varies with amounts of Silica, Silane, and
Sulfur used to manufacture the tennis balls. The experimenter wants to collect data over a wide range of
values for these variables to see if a response surface can find a combination of factors that matches a
specified bounce target. To follow this example:

1 Select DOE > Response Surface Design.

2 Load factors by clicking the red triangle icon on the Response Surface Design title bar and selecting
Load Factors. Navigate to the Sample Data folder installed with JMP, and open Bounce
Factors.jmp from the Design Experiment folder.

3 Load the responses by clicking the red triangle icon on the Response Surface Design title bar and
selecting Load Responses. Navigate to the Sample Data folder, and open Bounce Response.jmp
from the Design Experiment folder. Figure 5.1 shows the completed Response panel and Factors
panel.

Figure 5.1 Response and Factors For Bounce Data

¥| ™ Response Surface Design

¥| Responses

Add Response v] [ Remove ] [ Mumber of Responses. .. ]

Responze Mame Goal Lowver Limit Upper Limit Importance
Stretch [Match Target 350 [ss0 ]
¥ Factors
Mame Ruole “alues
ll silica Cortinuous 07 1.7
ll suifur Cortinuous 15 25
ll Silane Cortinuous 40 60

After the response data and factors data are loaded, the Response Surface Design Choice dialog lists the
designs in Figure 5.2.

Figure 5.2 Response Surface Design Selection

Responze Surface Design 3 Factars
3 Factors Box-Behnken
Chooze a Design Display and Maodify Design
Mumber  Block Center O Opt!nns
OfRuns Size Points Design Type | Euloicer Randomize h
16 2 Central Composite Design Mumber of Certer Points:
20 B CCD-Unifarm Precision Mumber of Replicates:
20 B B CCD-Orthogonal Blocks Make Table
23 9 CCh-Orthogonal
aptional iterm

The Box-Behnken design selected for three effects generates the design table of 15 runs shown in
Figure 5.3.

In real life, you would conduct the experiment and then enter the responses into the data table. Sup-
pose you completed the experiment and the final data table is Bounce Data.jmp.

1 Open Bounce Data.jmp from the Design Experiment folder found in the sample data installed with
JMP (Figure 5.3).
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Figure 5.3 JMP Table for a Three-Factor Box-Behnken Design

¥ /Bounce Data 1 =
Design Box-Behnken || + Pattern Silica Sulfur Silane Stretch
= Modsl 1|0 07 15 50 570
= Calumns (5/0) 2 [-+0 07 25 50 285
T —— 3 [+-0 1.7 15 50 260
Al Silica 3 4 |++0 17 23 50 433
A suiur % 5 |0-- 12 13 40 422
A siane %k 6|0+ 12 15 50 351
A Stretch 3 7 |0+- 12 25 40 278
8 |0+ 12 25 50 392
¥ Rows 9 |(-0- o7 23 40 431
All rows 15 10 | +0- 17 23 40 372
g:';i:i g 11 |0+ 07 23 60 474
. a 12 |+0+ 1.7 23 50 394
Labeled 0 13 {000 12 23 50 395
14 {000 12 23 50 394
15 | 000 12 23 50 395

Chapter 5

After opening the Bounce Data.jmp data table, run a fit model analysis on the data. The data table
contains a script labeled Model, showing in the upper left panel of the table.

2 Click the red triangle next to Model and select Run Script to start a fit model analysis.
3 When the Fit Model dialog appears, click Run Model.

The standard Fit Model analysis results appear in tables shown in Figure 5.4, with parameter estimates

for all response surface and crossed effects in the model.

The prediction model is highly significant with no evidence of lack of fit. All main effect terms are sig-

nificant as well as the two interaction effects involving Sulfur.

Figure 5.4 JMP Statistical Reports for a Response Surface Analysis of Bounce Data

= Response Stretch

v Summary of Fit

RSouare
RSquare &dj

Root Mean Soguare Error

Mean of Response

Observations (or Sum Wigts)

- Analysis of Variance

Source DF
filociel g
Error =l
. Taotal 14

¥| Lack Of Fit

Source

Lack Of Fit
Pure Error
Total Error

DF

0.999777
0.999375
1.957481
391.3333
15
Sum of
Squares Mean Square F Ratio
88453 553 952518 2485.146
19.730 355 Prob>F
88473333 =.0001*
Sum of F Ratio
Squares Mean Square 09792
11 750000 5391667 Prob>F
8.000000 4.00000 0.5411
19 750000 Max RSq
0.9339

P Parameter Estimates

| Effect Tests

Source
Silica(.7,1.71 1
Silane(40 600 1
Sulfur(l 8,28 1
Silane*Silica 1
Sulfur*Silica 1
1
1
1
1

Hparm

Sulfurtsilane
Silica*Silica

Silane*Silane
Sulfur*Sulfur

DF

g

Sum of
Squares
12580125
855.000
5778125
0.250
52441 000
8556.250
2592 925
0.231
46535 251

F Ratio
3260.791
245 0633
1462 816

00833
1327620
2166.139
B56 4362

0.05584
1176033

Prob > F
=.0001*
=.0001*
=.0001*
08114
=.0001*
=.0001*
=.0001*
0.8186
=.0001*

See the chapter “Standard Least Squares: Introduction” of JMP Statistics and Graphics Guide for more
information about interpretation of the tables in Figure 5.4.

The Response Surface report also has the tables shown in Figure 5.5.
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Figure 5.5 Statistical Reports for a Response Surface Analysis

Summary of the parameter
estimates

Lists the critical values of the
surface factors and tells the kind
of solution (maximum, mini-
mum, or saddle point). The
solution for this example is a
saddle point. The table also
warns that the critical values
given by the solution are outside
the range of data values.

¥| Response Surface

Coef
Silica(.7,1.7) Silane(40,50) Sulfur(1 8,2.8) Stretch
Silica(0.7 1.7 265 -0.25 1145 -40.125
Silane(40,60) . 025 4625 11
Sulfur(l 8,2.8) . . 355 26575
¥ Solution
Wariahle Critical Yalue

Silica(l.7,1.7) 1.7912411
Silane(40,60) 23424426
Sulfur(1.8,2.8) 21986422
Solution is & SaddliePaint
Critical values outside data range
Predicted Yalue at Solution 360.38355
¥ Canonical Curvature

Eigenvalues and Eigenvectars
Eigenvalus £2.9085 3.2989 -74.9554
Silica(0.7 1.7 052779 -0.28579 -047486
Silane(40 607 019280 0.94634  -0.25837
Sulfur(1.8,2.8) | 0.526587 012315 0.54087

Shows eigenvalues and eigenvectors of the effects. The eigenvector
values show that the dominant negative curvature (yielding a maxi-
mum) is mostly in the Sulfur direction. The dominant positive cur-
vature (yielding a minimum) is mostly in the Silica direction. This is
confirmed by the prediction profiler in Figure 5.8.

See the chapter “Standard Least Squares: Exploring the Prediction Equation” of JMP Statistics and
Graphics Guide for details about the response surface analysis tables in Figure 5.5.

The Prediction Profiler

Next, use the response Prediction Profiler to get a closer look at the response surface and help find the
settings that produce the best response target. The Prediction Profiler is a way to interactively change
variables and look at the effects on the predicted response.

1 If the Prediction Profiler is not already open, click the red triangle on the Response title bar and
select Factor Profiling > Profiler, as shown in Figure 5.6.

Figure 5.6 The Profiler
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The first three plots in the top row of plots in the Prediction Profiler (Figure 5.7) display prediction
traces for each x variable. A prediction trace is the predicted response as one variable is changed while
the others are held constant at the current values (Jones 1991).

The current predicted value of Stretch, 396, is based on the default factor setting. It is represented by
the horizontal dotted line that shows slightly below the desirability function target value (Figure 5.7).
The profiler shows desirability settings for the factors Silica, Silane, and Sulfur that give a value for
Stretch of 396, which is well away from the specified target of 450.

The bottom row has a plot for each factor, showing its desirability trace. The profiler also contains a
Desirability column, which graphs desirability on a scale from 0 to 1 and has an adjustable desirability
function for each y variable. The overall desirability measure is on the left of the desirability traces.

Figure 5.7 The Prediction Profiler
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2 To adjust the prediction traces of the factors and find a Stretch value that is closer to the target, click
the red triangle on the Prediction Profiler title bar and select Maximize Desirability. This command
adjusts the profile traces to produce the response value closest to the specified target (the target given

by the desirability function). The range of acceptable values is determined by the positions of the
upper and lower handles.

Figure 5.8 shows the result of the most desirable settings. Changing the settings of Silica from 1.2 to
0.94, Silane from 50 to 46, and Sulfur from 2.3 to 2.1 raised the predicted response from 396 to the
target value of 450. Finding maximum desirability is an iterative process so your results may differ
slightly from those shown below.
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Figure 5.8 Prediction Profiler with Maximum Desirability Set for a Response Surface Analysis
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See the JMP Statistics and Graphics Guide for further discussion of the Prediction Profiler.

A Response Surface Plot (Contour Profiler)

Another way to look at the response surface is to use the Contour Profiler. Click the red triangle on the
Response title bar and select Factor Profiling > Contour Profiler to display the interactive contour pro-
filer, as shown in Figure 5.9.

The contour profiler is useful for viewing response surfaces graphically, especially when there are multi-
ple responses. This example shows the profile to Silica and Sulfur for a fixed value of Silane.

Options on the Contour Profiler title bar can be used to set the grid density, request a surface plot
(mesh plot), and add contours at specified intervals, like those shown in the contour plot in Figure 5.9.
The sliders for each factor set values for Current X and Current Y.

Figure 5.9 Contour Profiler for a Response Surface Analysis
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Figure 5.10 shows the Contour profile when the Current x values have Lo and Hi limits in effect,
which cause shaded regions to show on the contour.

Figure 5.10 Contour Profiler with High and Low Limits
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The Prediction Profiler and the Contour Profiler are discussed in more detail in the JMP Statistics and
Graphics Guide.

Geometry of a Box-Behnken Design

The geometric structure of a design with three effects is seen by using the Scatterplot 3D platform. The
plot shown in Figure 5.11 illustrates the three Box-Behnken design columns. You can clearly see the
center points and the 12 points midway between the vertices. For details on how to use the Scatterplot
3D platform, see the /MP Statistics and Graphics Guide.
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Figure 5.11 Scatterplot 3D Rendition of a Box-Behnken Design for Three Effects

v = Scatterplot 3D

123

Creat

Response Surface Methodology (RSM) is an experimental technique invented to find the optimal

ing a Response Surface Design

response within specified ranges of the factors. These designs are capable of fitting a second-order pre-
diction equation for the response. The quadratic terms in these equations model the curvature in the

true response function. If a maximum or minimum exists inside the factor region, RSM can estimate it.
In industrial applications, RSM designs usually involve a small number of factors. This is because the
required number of runs increases dramatically with the number of factors. Using the response surface

designer, you choose to use well-known RSM designs for two to eight continuous factors. Some of

the

se designs also allow blocking.

Response surface designs are useful for modeling and analyzing curved surfaces.

To start a response surface design, select DOE > Response Surface Design, or click the Response
Surface Design button on the JMP Starter DOE page. Then, follow the steps described in the follow-
ing sections.

“Enter Responses and Factors,” p. 124

“Choose a Design,” p. 124

“Specify Axial Value (Central Composite Designs Only),” p. 125
“Specify Output Options,” p. 126

“View the Design Table,” p. 126
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Enter Responses and Factors

Chapter 5

The steps for entering responses are the same in Screening Design, Space Filling Design, Mixture
Design, Response Surface Design, Custom Design, and Full Factorial Design. These steps are out-

lined in “Enter Responses and Factors into the Custom Designer,” p. 59

Factors in a response surface design can only be continuous. The Factors panel for a response surface
design appears with two default continuous factors. To enter more factors, type the number you want
in the Factors panel edit box and click Add, as shown in Figure 5.12.

Figure 5.12 Enter Factors into a Response Surface Design

¥| ™ Response Surface Design

*¥| Responses

Add Response v | | Remove | | Mumber of Responses...
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W hdaximize

aptional iterm

¥ Factors
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Remove Selected
Mame Role Walues

A Cortinuous -1 1

Az Cortinuous -1 1

PE] Cortinuous -1 1

Responze Surface Design
Specify Factors

Specify desired number of factors. Double click on & factor name or setting

to edit it.

Click Continue to proceed to the next step.

Choose a Design

Highlight the type of response surface design you want and click Continue. The next sections describe
the types of response surface designs shown in Figure 5.13.

Figure 5.13 Choose a Design Type
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Box-Behnken Designs

The Box-Behnken design has only three levels per factor and has no points at the vertices of the cube
defined by the ranges of the factors. This is sometimes useful when it is desirable to avoid extreme
points due to engineering considerations. The price of this characteristic is the higher uncertainty of
prediction near the vertices compared to the central composite design.

Central Composite Designs

The response surface design list contains two types of central composite designs: uniform precision and
orthogonal. These properties of central composite designs relate to the number of center points in the
design and to the axial values:

*  Uniform precision means that the number of center points is chosen so that the prediction variance
near the center of the design space is very flat.

¢ For orthogonal designs, the number of center points is chosen so that the second order parameter
estimates are minimally correlated with the other parameter estimates.

Specify Axial Value (Central Composite Designs Only)

When you select a central composite (CCD-Uniform Precision) design and then click Continue, you
see the panel in Figure 5.14. It supplies default axial scaling information. Entering 1.0 in the text box
instructs JMP to place the axial value on the face of the cube defined by the factors, which controls how
far out the axial points are. You have the flexibility to enter the values you want to use.

Figure 5.14 Display and Modify the Central Composite Design

Central Composite Design
Dizplay and Modify Design

Axial Walue: 1.000

) Rotatakle 1.682
) Orthogonal 1.287
(*) OnFace 1.000
) User Specified

|:| Inzcribe

Rotatable makes the variance of prediction depend only on the scaled distance from the center of
the design. This causes the axial points to be more extreme than the range of the factor. If this
factor range cannot be practically achieved, it is recommended that you choose On Face or spec-
ify your own value.

Orthogonal makes the effects orthogonal in the analysis. This causes the axial points to be more
extreme than the —1 or 1 representing the range of the factor. If this factor range cannot be prac-
tically achieved, it is recommended that you choose On Face or specify your own value.

On Face leaves the axial points at the end of the -1 and 1 ranges.

User Specified uses the value you enter in the Axial Value text box.

If you want to inscribe the design, click the box beside Inscribe. When checked, JMP rescales the

whole design so that the axial points are at the low and high ends of the range (the axials are -1 and 1
and the factorials are shrunken based on that scaling).
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Specify Output Options

Use the Output Options panel to specify how you want the output data table to appear. When the
options are specified the way you want them, click Make Table. Note that the example shown in
Figure 5.15 is for a Box-Behnken design. The Box-Behnken design from the design list and the Output
Options request 3 center points for a single replicate.

Figure 5.15 Select the Output Options

Responze Surface Design
3 Factars
Box-Behnken
Dizplay and Modify Design
Output Options

Run Order: Randomize i

Make JMP Table from design plus
Mumber of Certer Points:
Mumber of Replicates:

Run Order provides a menu with options for designating the order you want the runs to appear in the
data table when it is created. Menu choices are:

Keep the Same the rows (runs) in the output table will appear as they do in the Design panel.
Sort Left to Right the rows (runs) in the output table will appear sorted from left to right.
Randomize the rows (runs) in the output table will appear in a random order.

Sort Right to Left the rows (runs) in the output table will appear sorted from right to left.

Randomize within Blocks the rows (runs) in the output table will appear in random order within
the blocks you set up.

Add additional points with options given by Make JMP Table from design plus:
Number of Center Points  Specifies additional runs placed at the center points.

Number of Replicates ~Specify the number of times to replicate the entire design, including cen-

terpoints. Type the number of times you want to replicate the design in the associated text box.
One replicate doubles the number of runs.

View the Design Table

Now you have a data table that outlines your experiment, as described in Figure 5.16.
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Figure 5.16 The Design Data Table

The column called Pattern identifies the coding of the factors. It shows
all the codings with “+” for high, “~” for low factor, “a” and “A” for low
and high axial values, and “0” for midrange. Pattern is suitable to use as

The name of the table a label variable in plots because when you hover over a point in a plot of

is the design type that the factors, the pattern value shows the factor coding of the point.

generated it.

This script fits a
model using the
values in the
design table.

There are
three center
points.

Runs are in a random order.
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Chapter 6

Full Factorial Designs

i

A full factorial design contains all possible combinations of a set of factors. This is the most fool proof
design approach, but it is also the most costly in experimental resources. The full factorial designer sup-
ports both continuous factors and categorical factors with up to nine levels.

In full factorial designs, you perform an experimental run at every combination of the factor levels. The
sample size is the product of the numbers of levels of the factors. For example, a factorial experiment
with a two-level factor, a three-level factor, and a four-level factor has 2 x 3 x 4 = 24 runs.

Factorial designs with only two-level factors have a sample size that is a power of two (specifically 2f
where fis the number of factors). When there are three factors, the factorial design points are at the ver-
tices of a cube as shown in the diagram below. For more factors, the design points are the vertices of a

hypercube.

Full factorial designs are the most conservative of all design types. There is little scope for ambiguity
when you are willing to try all combinations of the factor settings.

Unfortunately, the sample size grows exponentially in the number of factors, so full factorial designs are
too expensive to run for most practical purposes.
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The Five-Factor Reactor Example

The following example, adapted from Meyer ¢z al. (1996) and Box, Hunter, and Hunter (1978), shows

a five-factor reactor example.

Previously, the screening designer was used to investigate the effects of five factors on the percent reac-
tion of a chemical process (see “Screening Designs,” p. 89). The factors (Feed Rate, Catalyst, Stir

Rate, Temperature, and Concentration) are all two-level continuous factors. The next example studies
the same system using a full factorial design.

1
2
3

Select DOE > Full Factorial Design.

Click the red triangle icon on the Full Factorial Design title bar and select Load Responses.

In the sample data (installed with JMP), open Reactor Response.jmp found in the Design

Experiment Sample Data folder.

Click the red triangle icon on the Full Factorial Design title bar and select Load Factors.

In the sample data (installed with JMP), open Reactor Factors.jmp found in the Design

Experiment folder.

The completed dialog should look like the one shown in Figure 6.1.

Figure 6.1 Full Factorial Example Response and Factors Panels

¥| Responses

[ Add Response v] [ Remove ] [ Mumber of Responses. .. ]

Responze Mame Goal Lowver Limit Upper Limit Importance
Percert Reacted Masimize Jan lag 1
¥ Factors
[Continuous v] [Categorical v] [Remove ]
Mame Role Walues
A Fesd Rate Cortinuous 10 15
il Catalyst Continuous 1 2
ll =tir Rt Continuous 100 120
) Tempersture Cortinuous 140 180
ll Concentration Continuous 3 B

Full Factorial Design

Specify Factor:

Add a Continuows or Categorical factor by clicking its button. Double click

on a factor name ar level to edi i

6 Click Continue to see the Output Options panel. In the Output Options panel, select Sort Left to
Right from the Run Order menu, as shown to the right. This command defines the order of runs as
they will be in the final JMP design table.

Full Factorial Design
222 2x2 Factorial

utput Cption:
Fun Crder:

Mumber of Runs:
Mumber of Center Point=:
Mumber of Replicates:

Randomize b

32

Keep the Same
Sort Left ko Right

Randormize
Sort Right to Left
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7 Click Make Table.

The design data table (Figure 6.2) contains a run for every combination of high and low values for the
five variables, which covers all combinations of five factors with two levels each. Since there are five
variables, there are 2°=32 runs. Initially, the table has an empty Y column named Percent Reacted for
entering response values when the experiment is complete.

To see the completed experiment and continue this example, open Reactor 32 Runs.jmp found in the
Design Experiment Sample Data folder.

Figure 6.2 Partial Listing of Reactor 32 Runs.jmp from the Sample Data Folder

~Reactor 32 Runs LA Percent

Design  2x2x2x2x2 Factarial | + Feed Rate | Catalyst | Stir Rate | Temperature | Concentration | Reacted
= Fit Mocel 1 10 1 100 140 3 51
2 10 1 100 140 5 56
3 G (L) | 10 1 100 180 3 &9
i Pattern Iy —— 10 1 100 180 & 44
¢ | £ 5| [= 10 1 120 140 3 53
ﬁ gtai:?aiﬁ B |-+-+ 10 1 120 140 [ 29
Al Tempersture 3k [l 10 1 120 180 3 [
A corcertration ¢ g [tes 10 1 120 120 & 49
l Percert Reacted 3¢ 9 |-+--- 10 2 100 140 3 63
A0 [-+--+ 10 2 100 140 5 70
- Rowes A1 | 4-+- 10 2 100 180 3 94
T e IR 10 2 100 180 5 78
Selected g 13 |4t 10 2 120 140 3 54
Excluded n] 14 | -++-+ 10 2 120 140 5 E7
Hirlran n 15 | s 1n = 190 180 = ag

Analyze the Reactor Data

Begin the analysis with a quick look at the response data before fitting the factorial model.
1 Select Analyze > Distribution.
2 Highlight Percent Reacted and click Y, Columns. Then click OK.

3 Click the red triangle icon on the Percent Reacted title bar and select Normal Quantile Plot. The
results are shown in Figure 6.3.

Figure 6.3 Distribution of Response Variable for Reactor Data

9[@ Distributions ]
9[@ Percent Reacted ]

100
m
Note that this initial analysis 0]
shows some experimental runs - .
with a very high percent reacted
70
response.
60—
50 -
40
T T T T T
-3 -2 -1 o 1 2 g
Mormal Guantile Plat
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Start the formal analysis with a stepwise regression. The data table has a script stored with it that auto-
matically defines an analysis of the model with main effects and all two-factor interactions.

4 Click the red triangle icon next to the Fit Model script and select Run Script. The stepwise analysis
begins with the Stepwise Regression Control panel shown in Figure 6.4.

5 The probability to enter a factor (Prob to Enter) in the model should be 0.05.

6 The probability to remove a factor (Prob to Leave) should be 0.1.

Figure 6.4 Stepwise Control Panel

¥| ™ Stepwise Fit
Responze: Percent Reacted
¥| Stepwise Regression Control

Prob to Erter Enter Al
(Enter 1]

Prohto Leave

Direction: pfixed w Remove Al

Rules: Combine 4

7 A useful way to use the Stepwise platform is to check all the main effects in the Current Estimates
table. However, make sure that the menu beside Direction in the Stepwise Regression Control panel
specifies Mixed (see Figure 6.4).

8 Check the boxes for the main effects of the factors as shown in Figure 6.5.
9 Click Go.
Figure 6.5 Starting Model For Stepwise Process

¥| Current Estimates

SSE DFE MSE RSoguare RSguare Adj Cp A

264275 26 101 64423 061592 0.5460 21064 153.2429
Lock Entered Parameter Estimste nDF S5 'F Ratio" “Prok=F"
Intercept 655 1 a 0.000 1.0000
O Feed Rate(10,15) 06875 1 15125 0449 07028
O Catalyst(1 2) ars 1 3042 29928 00000
O Stir Rate100,120) 03z 1 3125 003 08522
O Temperature(140,180) 5375 1 9245 9085 00057
O Concertration(3.6) 3425 1 325 3074 00913
O O Catalyst*Feed Rate 0 1 15125 0144 07076
O [0 st Rate’Feed Rate o1 45 0043 08381
[0 [0  Temperature*Feed Rate 0 1 6125 0058 08115
[0 [0 concentration*Fesd Rate 0 1 0125 0001 08728
O O  stir Rate*Catalyst o0 1 8125 005 08115
[0 [0  Temperature*Catalyst 0 1 14045 25357 00000
[0 O concentration*Catalyst 0 1 32 0306 05848
[l 1 Concentration*Tempersture 1} 1 965 14450 00003

The mixed stepwise procedure removes insignificant main effects and adds important interactions. The
end result is shown in Figure 6.6. Note that the Feed Rate and Stir Rate factors are no longer in the
model.

g |euojoe jiInd 9

subiso



134 Full Factorial Designs Chapter 6
The Five-Factor Reactor Example

Figure 6.6 Model After Mixed Stepwise Regression

¥| Current Estimates

SSE DFE MSE RSoguare RSguare Adj Cp A

2885 26 11.096154 0.9554 09504 51781815 5236669
Lock Entered Parameter Estimste nDF S5 'F Ratio" “Prok=F"
Intercept 655 1 a 0.000 1.0000
O [0 FeedRate(1015) 0 1 15425 1383 02506
O Catalyst(1 2) 975 2 44455 200362  0.0000
O O stirRatecioo,120) 01 3125 0274 0054
O Temperature(140,180) 5375 3 3297 99.043 00000
O Concertration(3.6) 3125 2 12805 57700 0.0000
O O Catalyst*Feed Rate 0 2 3025 1406 02647
O [0 st Rate’Feed Rate 0 3 2275 065 05672
[0 [0  Temperature*Feed Rate 0 2 21.25 0954 0.3993
[0 [0 concentration*Fesd Rate 0 2 15.25 0670 05212
O O  stir Rate*Catalyst o 2 925 0397 06763
O Temperature*Catalyst 6625 1 14045 126.575 0.0000
[0 O concentration*Catalyst 0 1 32 3119 0089
O Concentration*Temperature Bl 1 958 87237 0.0000

10 Click the Make Model button in the Stepwise Regression Control panel. The Model Specification
window that appears is automatically set up with the appropriate effects (Figure 6.7).

Figure 6.7 Fitting a Prediction Model

¥| = Model Specification

Select Columns Pick Role Variahles Personaty: | standard Least Squares ¥
1l Pattern dll Percent Reacted .

Emphasis: w
Al Feed Rate optional Effect Leverage
il Catalyst
A stir Rate - =
A Temperature Waeight [ | aptional Numeric
.l Concertration i :

Iu aptional Nurmeric
dll Percent Reacted
aptional

Construct Model Effects

Catalyst

Temperature

Cross Concentration
Temperature*Catalyst

Mest
£5 Concentration*Temper ature

Macros

~
2 oo
cEd
3 @
A

|:| Mo Intercept

11 Click Run Model to see the analysis for a candidate prediction model (Figure 6.8).

The figure on the left in Figure 6.8 shows the actual by predicted plot for the model. The predicted
model covers a range of predictions from 40% to 95% reacted. The size of the random noise as mea-
sured by the RMSE is only 3.3311%, which is more than an order of magnitude smaller than the range
of predictions. This is strong evidence that the model has good predictive capability.

The figure on the right in Figure 6.8 shows a table of model coefficients and their standard errors
(labeled Parameter Estimates). All effects selected by the stepwise process are highly significant.
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Figure 6.8 Actual by Predicted Plot and Prediction Parameter Estimates Table

¥| Actual by Predicted Plot

1

Percent
Reacted Actual

uli}

a0
80
70
B0
I Bt

40

T T T T T

40 a0 =1) 70 g0 a0
Percent Reacted Predicted

P=.0001 RSg=0.96 RMSE=3.3311

100

] 9[ Parameter Estimates

Term Estimate
Intercept B5.5
Catalyst(1,2) 975
Temperature(140,180) 5.375
Concentration(3,6) -3125
Temperature*Catalyst 6.625
Concentration*Temper ature -85

Std Error  t Ratio Prob>[t]
0588859 11123 =.0001*
0588859 1656  =.0001*
0.555559 913 =.0001*
0.555559 -531  =.0001*
0588859 1125 <0001%
0588859 934  <0001*

The factor Prediction Profiler also gives you a way to compare the factors and find optimal settings.

1 To open the Prediction Profiler, click the red triangle on the Response Percent Reacted title bar and
select Factor Profiling > Profiler, as shown in Figure 6.9.

Figure 6.9 Selecting the Profiler

¥| = Bacnanca Parcant Reacted
Regression Reports  #
Estimates
Effect Screening

Factor Profiling

Row Diagnostics
Save Columns

Scripk

Temperature(140,130)
Concentration(3,6)

3

Interaction Flots !

3
3
3
Y| Cortour Prafiler
' Mixkure Profiler
Cube Plots

B Cox ¥ Transformation

Temperature*Catalyst

Concentration*Tempers

Surface Profiler

Figure 6.10 shows the profiler’s initial display. The Prediction Profiler is discussed in more detail in the
chapter “Response Surface Designs,” p. 115, and in the chapter “Standard Least Squares: Exploring the
Prediction Equation” of JMP Statistics and Graphics Guide.

Figure 6.10 Viewing the Profiler

»| >
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Desirahility

Prediction Profiler

100
a0
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B0,
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1.5
Catalyst

150+
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L e
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160
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T T T
W oo W
L T

1.00-

Desirahility

2 Click the red triangle on the Prediction Profiler title bar and select Maximize Desirability to see the
profiler in Figure 6.11.
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Figure 6.11 Viewing the Prediction Profiles at the Optimum Settings
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The goal is to maximize Percent Reacted. The reaction is unfeasible economically unless the Percent
Reacted is above 90%. Percent Reacted increases from 65.5 at the center of the factor ranges to
95.875 + 2.96 at the most desirable settings. The best settings of all three factors are at the ends of their

ranges. Future experiments could investigate what happens as you continue moving further in this
direction.

Creating a Factorial Design
To start a full factorial design, select DOE > Full Factorial Design, or click the Full Factorial Design
button on the JMP Starter DOE page. Then, follow the steps below:
* “Enter Responses and Factors,” p. 136

e “Select Output Options,” p. 137
* “Make the Table,” p. 138

Enter Responses and Factors

The steps for entering responses are outlined in “Enter Responses and Factors into the Custom

Designer,” p. 59

The steps for entering factors in a full factorial design are unique to this design. To add factors, see
Figure 6.12.
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Figure 6.12 Entering Factors in a Full Factorial Design

To enter factors, click either the Continuous
button or the Categorical button and select a
factor type, level 2 - 9.

¥| Factors

[ContinuousI v] [Categorical v] [Remove]

[aime Role “alues
A Continuaus [ [1
thx2 Categarical | Lz | Lz
Double-click to edit Click to enter values or change the level names. To remove
the factor name. a level, click it, press the delete key on the keyboard, then

press the Return or Enter key on the keyboard.

When you finish adding factors, click Continue.

Select Output Options

Use the Output Options panel to specify how you want the output data table to appear, as illustrated in
Figure 6.13:

Figure 6.13 Output Options Panel

Full Factorial Design
K the 5

2x2%2x2x2 Factorial DS S

utput Option: Sort Left ko Right

Murmber of Runs: 32 Sort Right to Left

Mumber of Certer Points: m

Mumber of Replicates: m
Make Table

[

Run Order gives options to designate the order you want the runs to appear in the data table when it is
created. Choices are:

Keep the Same the rows (runs) in the output table will appear as they do in the Design panel.

Sort Left to Right the rows (runs) in the output table will appear sorted from left to right.

Randomize the rows (runs) in the output table will appear in a random order.

Sort Right to Left the rows (runs) in the output table will appear sorted from right to left.
Add additional points to the data table with these options:

Number of Center Points  Specifies additional runs placed at the center of each continuous factor’s
range.

Number of Replicates Specify the number of times to replicate the entire design, including cen-
terpoints. Type the number of times you want to replicate the design in the associated text box.
One replicate doubles the number of runs.
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Make the Table

When you click Make Table, the table shown in Figure 6.14 appears.

Figure 6.14 Factorial Design Table

The name of the table is the design type that generated it.

> 2n3 Fadori%l

Design 2x3 Factorial
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Chapter 6
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resents

2 | for continuous factors, a plus

sign represents high levels

for continuous factors, a minus
sign represents low levels

level numbers represent values
of categorical factors
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Mixture Designs

A
FARY

The mixture designer supports experiments with factors that are ingredients in a mixture. You can
choose among several classical mixture design approaches, such as simplex, extreme vertices, and lattice.
For the extreme vertices approach you can supply a set of linear inequality constraints limiting the
geometry of the mixture factor space.

The properties of a mixture are almost always a function of the relative proportions of the ingredients
rather than their absolute amounts. In experiments with mixtures, a factor's value is its proportion in
the mixture, which falls between zero and one. The sum of the proportions in any mixture recipe is one
(100%).

Designs for mixture experiments are fundamentally different from those for screening. Screening exper-
iments are orthogonal. That is, over the course of an experiment, the setting of one factor varies inde-
pendently of any other factor. Thus, the interpretation of screening experiments is relatively simple,
because the effects of the factors on the response are separable.

With mixtures, it is impossible to vary one factor independently of all the others. When you change the
proportion of one ingredient, the proportion of one or more other ingredients must also change to
compensate. This simple fact has a profound effect on every aspect of experimentation with mixtures:
the factor space, the design properties, and the interpretation of the results.

Because the proportions sum to one, mixture designs have an interesting geometry. The feasible region
for the response in a mixture design takes the form of a simplex. For example, consider three factors in
a 3-D graph. The plane where the sum of the three factors sum to one is a triangle-shaped slice. You can
rotate the plane to see the triangle face-on and see the points in the form of a ternary plot.

x3

triangular feasible region
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Mixture Design Types

To create a mixture design, choose DOE > Mixture Design, enter the responses and factors into the ini-
tial mixture designer panel, and click Continue. You then see the Choose Mixture Design Type panel
shown in Figure 7.1. Select one of the designs from the panel:

Optimal invokes the custom designer with all the mixture variables already defined.
Simplex Centroid lets you specify the degree to which the factor combinations are made.
Simplex Lattice lets you specify how many levels you want on each edge of the grid.

Extreme Vertices lets you specify linear constraints or restrict the upper and lower bounds to be
within the 0 to 1 range.

ABCD Design generates a screening design for mixtures devised by Snee (1975).
Figure 7.1 Mixture Design Selection Dialog

Choose Mixture Design Type

Optimal Create a design tailored to meet specific requirements.
simplex Centroid | FPUN each ingredient without mixing, then mix equal K
praporions of K ingredients at a time to the specified limit. 2
Simplex Lattice Triangular grid. Number
Specify number of levels per factar.  of Levels
5
Extreme Vertices | [ ind the vertices ofthe simplex. Then Degree
add the mid-paints of the edges and 2

averages ofvertices to the specified degree.

Linear Canstraint | Add linear constraints on the relative proportions
of ingredients. Click ance for each constraint.

ABCD Design A mixture design for factar screening.

Back.

After you select the design type, choose the number of runs in the Design Generation panel and click
Make Design.

The following sections describe each mixture design type and show examples.

The Optimal Mixture Design

The Optimal mixture design choice invokes the custom designer with the mixture variables entered

into the response and factors panels. To create an optimal mixture design:

1 Select DOE > Mixture Design.

2 Enter factors and responses. The steps for entering responses are outlined in “Enter Responses and
Factors into the Custom Designer,” p. 59.

3 After you enter responses and factors, click Continue.
Click Optimal on the Choose Mixture Design Type panel.

5 Add effects to the model using the instructions below.
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Adding Effects to the Model

Initially, the Model panel lists only the main effects corresponding to the factors you entered, as shown
in Figure 7.2.

Figure 7.2 The Model Panel

¥ Model
[Main Effects] [Interactions v] [Powers V] [Scheffe Eubic] [Hemove Tem
[aime E=timahility
1 Mecesszary
H2 Mecesszary
H3 Mecesszary

However, you can add factor interactions, specific crossed factor terms, powers, or Scheffe Cubic terms
to the model.

¢ To add interaction terms to a model, click the Interactions button and select 2nd, 3rd, 4th, or 5th.
For example, if you have factors X1 and X2, click Interactions > 2nd and X1*X2 is added to the list
of model effects.

* To add crossed effects to a model, highlight the factors and effects you want to cross and click the
Cross button.

* To add powers of continuous factors to the model, click the Powers button and select 2nd, 3rd,
4th, or 5th.

*  When you want a mixture model with third-degree polynomial terms, the Scheffe Cubic button
provides a polynomial specification of the surface by adding terms of the form X1*X2*(X1-X2).

The Simplex Centroid Design

A simplex centroid design of degree £ with 7 factors is composed of mixture runs with
* all one factor

* all combinations of two factors at equal levels

* all combinations of three factors at equal levels

* and so on up to /4 factors at a time combined at £ equal levels.

A center point run with equal amounts of all the ingredients is always included.

Creating the Design

To create a simplex centroid design:
1 Select DOE > Mixture Design.

2 Enter factors and responses. The steps for entering responses are outlined in “Enter Responses and
Factors into the Custom Designer,” p. 59.

3 After you enter responses and factors, click Continue.
4 Enter the number of ingredients in the box labeled K. JMP will create runs for each ingredient with-
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out mixing, then create runs that mix equal proportions of K ingredients at a time to the specified
limit.

5 Click the Simplex Centroid button.

6 View factor settings and Output Options, as illustrated in Figure 7.3.

Figure 7.3 Example of Factor Settings and Output Options

¥ ™ Mixture Design

4 Responses

¥ Factors
Mixture Design
SFactors
¥| Factor Settings
Run X x2 %3
1 1.00000 000000  0.00000
2 000000  1.00000  0.00000
3 000000 000000  1.00000
4 050000 050000  0.00000
5 050000 000000 050000
6 000000 050000 050000 Keep the Same
7 033333 033333 033333 Sort Left ko Right
Dizplay and Modify Design Randomize
CQutput Options Sort Right to Left
Run Ordler: Randamize v Randomize within Blocks

Make JMP Table from design plus
Mumber of Replicates:

7 Specify Run Order, which is the order you want the runs to appear in the data table when it is cre-
ated. Run order choices are:

Keep the Same the rows (runs) in the output table will appear as they do in the Design panel.
Sort Left to Right the rows (runs) in the output table will appear sorted from left to right.
Randomize the rows (runs) in the output table will appear in a random order.

Sort Right to Left the rows (runs) in the output table will appear sorted from right to left.

Randomize within Blocks the rows (runs) in the output table will appear in random order
within the blocks you set up.

8 Specify Number of Replicates. The number of replicates is the number of times to replicate the
entire design, including centerpoints. Type the number of times you want to replicate the design in
the associated text box. One replicate doubles the number of runs.

9 Click Make Table.

Simplex Centroid Design Examples

The table of runs for a design of degree 1 with three factors (left in Figure 7.4) shows runs for each sin-
gle ingredient followed by the center point. The table of runs to the right is for three factors of degree 2.
The first three runs are for each single ingredient, the second set shows each combination of two ingre-
dients in equal parts, and the last run is the center point.

a 4NN 2

subiso



144 Mixture Designs
The Simplex Centroid Design

Figure 7.4 Three-Factor Simplex Centroid Designs of Degrees 1 and 2

Fun ¥1 w2 k3 Fun Wl K2 K3

1 1 ] 0 1 1 0 0

2 0 1 0 2 0 1 0

3 0 0 1 3 0 0 1

4 0,333 0.333 0333 4 0% 0h8 0
5 0gs o 05
G o o8 05
T o033z 0333 0333

To generate the two sets of runs in Figure 7.4:

Choose DOE > Mixture Design.

1

(VNS VI )

Enter three mixture factors.
Click Continue.

Chapter 7

Enter 1 in the K box, and click Simplex Gentroid to see the design on the left in Figure 7.5.

Click the Back button, then click Continue, and enter 2 in the K box. Then click Simplex
Centroid to see the design on the right in Figure 7.5.

Figure 7.5 Create Simplex Centroid Designs of Degrees 1 and 2

Mixture Design
SFactors

¥| Factor Settings

Run 1
1.00000
0.00000
0.00000
0.33333

oW R =

As another example:

Choose DOE > Mixture Design.

1

N N

Enter five factors and click Continue.
Use the default value, 4, in the K box.

Click Simplex Centroid.

X2
0.00000
1.00000
0.00000
0.33333

X3
0.00000
0.00000
1.00000
0.33333

Mixture Design

SFactors

¥| Factor Settings

Run

- mn B W R =

1
1.00000
0.00000
0.00000
0.50000
0.50000
0.00000
0.33333

X2
0.00000
1.00000
0.00000
0.50000
0.00000
0.50000
0.33333

X3
0.00000
0.00000
1.00000
0.00000
0.50000
0.50000
0.33333

Click Make Table to see the 31-run JMP data table shown in Figure 7.6.
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Figure 7.6 Partial Listing of Factor Settings for Five-Factor Simplex Centroid Design

¥ Simplesx: Certroid 1 =
Design Simplex Centraid | 1 H2 ®3 x4 X5 kid
= Madel 1 | 033333333 | 033333333 i 0 | 033333333 -
2 i i 0s 0s i -
2 LAt ({240 3 025 025 0 025 025 .
Ak 4 025 0 025 025 025 .
¥z % s 0.2 0.2 0.2 0.2 0.2 -
: ii : 6 i i 1 i i -
A5 % 7 0s 0s i i i -
FEE S g o 0| 033333333 | 0.33333333 | 0.33333333 o
9 i i i i 1 -
= Rows 10 0 | 033333333 | 033333333 0 | 033333333 -
All roves 3 11 1] 0.5 1] o5 1] L]
Selected i 12 025 025 025 025 i -
Excluded 0 13 025 025 025 i 025 -
Hiclclen a 14 0 1 0 0 0 -
Ll o 15 | 033333333 0 0| 033333333 | 0.33333333 .
16 i i i 1 i -
17 | 0.33333333 | 0.33333333 | 0.33333333 1] 1] o
A Y — pep—— n -
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The Simplex Lattice Design

The simplex lattice design is a space filling design that creates a triangular grid of runs. The design is

the set of all combinations where the factors’ values are 7 / 7, where 7 is an integer from 0 to 2 such that

the sum of the factors is 1.
To create simplex lattice designs:

1 Select DOE > Mixture Design.

2 Enter factors and responses. The steps for entering responses are outlined in “Enter Responses and
Factors into the Custom Designer,” p. 59.

3 Click Continue.

4 Specify the number of levels you want in the Mixture Design Type dialog (Figure 7.1) and click

Simplex Lattice.

Figure 7.7 shows the runs for three-factor simplex lattice designs of degrees 3, 4, and 5, with their cor-

responding geometric representations. In contrast to the simplex centroid design, the simplex lattice

design does not necessarily include the centroid.
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Figure 7.7 Three-Factor Simplex Lattice Designs for Factor Levels 3, 4, and 5

¥| Factor Settings

Run i xi2 xi3
1 0.00000 0.00000 1.00000
2 0.00000 0.33333 0.BEBET
3 0.00000 0.BEBET 0.33333
4 0.00000 1.00000 0.00000
5 0.33333 0.00000 0.BEBET
5] 0.33333 0.33333 0.33333
T 0.33333 0.BEBET 0.00000
a8 0.BEBET 0.00000 0.33333
9 0.BEBET 0.33333 0.00000

10 1.00000 0.00000 0.00000
| |
" | |
Tl

¥| Factor Settings

Run

W o m ot W Ry =

w

10
11
12

14
15

X1
0.00000
0.00000
0.00000
0.00000
0.00000
0.2:3000
0.2:3000
0.2:3000
0.2:3000
0.50000
0.50000
0.50000
0.7:3000
0.7:3000
1.00000

X2
0.00000
0.2:3000
0.50000
0.7:3000
1.00000
0.00000
0.2:3000
0.50000
0.7:3000
0.00000
0.2:3000
0.50000
0.00000
0.2:3000
0.00000

X3
1.00000
0.7:3000
0.50000
0.2:3000
0.00000
0.7:3000
0.50000
0.2:3000
0.00000
0.50000
0.2:3000
0.00000
0.2:3000
0.00000
0.00000

¥| Factor Settings

Run

W o m ot W Ry =

w

10
11
12

14
15

17
18

20
21

X1
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.20000
0.20000
0.20000
0.20000
0.20000
0.40000
0.40000
0.40000
0.40000
0.60000
0.60000
0.60000
0.50000
0.50000
1.00000

X2
0.00000
0.20000
0.40000
0.60000
0.50000
1.00000
0.00000
0.20000
0.40000
0.60000
0.50000
0.00000
0.20000
0.40000
0.60000
0.00000
0.20000
0.40000
0.00000
0.20000
0.00000

Chapter 7

X3
1.00000
0.50000
0.60000
0.40000
0.20000
0.00000
0.50000
0.60000
0.40000
0.20000
0.00000
0.60000
0.40000
0.20000
0.00000
0.40000
0.20000
0.00000
0.20000
0.00000
0.00000

Figure 7.8 lists the runs for a simplex lattice of degree 3 for five effects. In the five-level example, the
runs creep across the hyper-triangular region and fill the space in a grid-like manner.

Figure 7.8 JMP Design Table for Simplex Lattice with Five Variables, Order (Degree) 3

SFactors

¥| Factor Settings

Run

W o m ot W Ry =

9
10
11
12
13
14
15
16

P ———

X1
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

X2
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333

X3
0.00000
0.00000
0.00000
0.00000
0.33333
0.33333
0.33333
0 BBEET
0 BBEET
1.00000
0.00000
0.00000
0.00000
0.33333
0.33333
0 BBEET

x4
0.00000
0.33333
0 BBEET
1.00000
0.00000
0.33333
0 BBEET
0.00000
0.33333
0.00000
0.00000
0.33333
0 BBEET
0.00000
0.33333
0.00000

X5
1.00000
0 BBEET
0.33333
0.00000
0 BBEET
0.33333
0.00000
0.33333
0.00000
0.00000
0 BBEET
0.33333
0.00000
0.33333
0.00000
0.00000

17
18
19
20
21
22
23
24
25
26
27
28
29
30
3
32
33
34
35

0.00000
0.00000
0.00000
0.00000
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333
0.33333
0 BBEET
0 BBEET
0 BBEET
0 BBEET
1.00000

0 BBEET
0 BBEET
0 BBEET
1.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.33333
0.33333
0.33333
0 BBEET
0.00000
0.00000
0.00000
0.33333
0.00000

000000 000000 033333
000000 033333 0.00000
033333 000000  0.00000
000000 000000 0.00000
000000 000000  0BGGEET
000000 033333 033333
000000  0BBGEY  0.00000
033333 000000 033333
033333 033333 0.00000
0EBBE67  0.00000  0.00000
000000 000000 033333
000000 033333 0.00000
033333 000000  0.00000
000000 000000 0.00000
000000 000000 033333
000000 033333 0.00000
033333 000000  0.00000
000000 000000 0.00000
000000 000000 0.00000
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The Extreme Vertices Design

The extreme vertices design accounts for factor limits and selects vertices and their averages (formed by
factor limits) as design points. Additional limits are usually in the form of range constraints, upper
bounds, and lower bounds on the factor values.

The extreme vertices design finds the corners (vertices) of a factor space constrained by limits specified
for one or more of the factors. The property that the factors must be non-negative and must add up to
one is the basic mixture constraint that makes a triangular-shaped region.

Sometimes other ingredients need range constraints that confine their values to be greater than a lower
bound or less than an upper bound. Range constraints chop off parts of the triangular-shaped (simplex)
region to make additional vertices. It is also possible to have a linear constraint, which defines a linear
combination of factors to be greater or smaller than some constant.

The geometric shape of a region bound by linear constraints is called a simplex, and because the vertices
represent extreme conditions of the operating environment, they are often the best places to use as
design points in an experiment.

You usually want to add points between the vertices. The average of points that share a constraint
boundary is called a centroid point, and centroid points of various degrees can be added. The centroid
point for two neighboring vertices joined by a line is a second degree centroid because a line is two
dimensional. The centroid point for vertices sharing a plane is a third degree centroid because a plane is
three dimensional, and so on.

If you specify an extreme vertices design but give no constraints, a simplex centroid design results.

Creating the Design

Follow these steps to create an extreme vertices design. The next sections show examples with specific
constraints.

1 Select DOE > Mixture Design.

2 Enter factors and responses. These steps are outlined in “Enter Responses and Factors into the Cus-
tom Designer,” p. 59. Remember to enter the upper and lower limits in the factors panel (see
Figure 7.9).

3 Click Continue.

4 In the Degree text box, enter the degree of the centroid point you want to add. The centroid point
is the average of points that share a constraint boundary.

5 If you have linear constraints, click the Linear Constraints button for each constraint you want to
add. Use the text boxes that appear to define a linear combination of factors to be greater or smaller
than some constant.

6 Click Extreme Vertices to sce the factor settings.
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7 (Optional) Change the order of the runs in the data table when it is created. Run order choices are:

Keep the Same—the rows (runs) in the output table will appear as they do in the Design panel.

Sort Left to Right—the rows (runs) in the output table will appear sorted from left to right.

Randomize—the rows (runs) in the output table will appear in a random order.

Sort Right to Left—the rows (runs) in the output table will appear sorted from right to left.

Randomize within Blocks—the rows (runs) in the output table will appear in random order
within the blocks you set up.

8 (Optional) Type the sample size you want in the Choose desired sample size text box.

9 (Optional) Click Find Subset to generate the optimal subset having the number of runs specified in
sample size box described in Step 8. The Find Subset option uses the row exchange method (not
coordinate exchange) to find the optimal subset of rows.

10 Click Make Table.

An Extreme Vertices Example with Range Constraints

The following example design table is for five factors with the range constraints shown in Figure 7.9,
where the ranges are smaller than the default 0 to 1 range.

1 Select DOE > Mixture Design.
2 Add two additional factors (for a total of 5 factors) and give them the values shown in Figure 7.9.

3 Click Continue.

4 Enter ‘4" in the Degree text box (Figure 7.9).

Figure 7.9 Example of Five-factor Extreme Vertices

¥ ™ Mixture Design

Y Responses

~¥| Factors
MName Role Walues
i Miture 0.05 0.25
dxz2 Wi iture 0.1 03
Ax3 hiture 0.1 03
Ay Mixture 04 0.4
dxs W iture 0.05 0.25

5 Click Exreme Vertices.

Choaose Mixure

Optimal

Extreme Yertices

Bark

Desigh Type

Create a design tailored to meet specific requirements

Run each ingredient without miding, then mix equal K
proportions of K ingredients at a time to the specified [imit. 4
Triangular grid. Number

Specify number of levels per factor.  of Levels
3
Find the wertices of the simplex. Then Degree
add the mid-points ofthe edges and 4
averages of vertices to the specified degres
Linear Constraint [Add linear constraints on the relative propartions
ofingredients. Click once for each constraint.

A midure design for factor screening

6 Select Sort Left to Right from the Run Order menu.
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7 Click Make Table. Figure 7.10 shows a partial listing of the resulting table. Note that the Rows
panel in the data table shows that the table has the default 116 runs.

Figure 7.10 JMP Design Table for Extreme Vertices with Range Constraints

v Extreme Vertices 4 =
Design  Extreme Yertices || - 1 2 K3 4 S by
kel 1 0ns 04 02 04 025 .
2 005 01 025 04 02 .
= Columns (B/T) 3 005 01 | 026666667 | 0 36666667 | 021666667 .
FEE 4 0.05 0.4 0.3 04 045 .
FEeR S 5 005 015 015 04 025 .
A3k & 0.05 045 0.3 0.4 04 .
: i; : 7 005 02 01 04 025 .
a7 % a 005 02 02 04 015 .
q 005 02 03 04 005 .
= 10 005 025 01 04 02 .
s P 11 005 025 025 04 005 .
Selected 0 12 005 | 026RERAET 01 | 0 366EEET | 0.2166AEET .
Bl B 13 005 | 0 26666667 | 026666667 | 0 3EGEEEE7 005 .
Hiclclen i 14 005 03 01 04 015 .
Labelled 0 15 005 03 015 04 01 .
16 005 03 02 04 005 .
e oo — oo oo oo B

Suppose you want fewer runs. You can go back and enter a different sample size (number of runs).

8 Click Back, then click Continue.
9 Enter ‘4’ in the Degree text box and click Exreme Vertices.

10 In the sample size text box, enter ‘10° as the sample size.

11 Click Find Subset to generate the optimal subset having the number of runs specified. The result-
ing design (Figure 7.11) is the optimal 10-run subset of the 116 current runs. This is useful when
the extreme vertices design generates a large number of vertices.

Figure 7.11 JMP Design Table for 10-Run Subset of the 116 Current Runs

~ Extreme Vertices 4 =
Design Extreme Vertices || 1 H2 ®3 x4 X5 kid
¥ Model 1 0.05 01 0.3 0.4 015 o
< Calumns (8) 2 0.05 0.3 0.2 0.4 0.05 o
Ak 3 0.05 0.3 0.3 01 0.25 o
A% 4 0.05 0.3 01 0.3 0.25 o
VEEE 3 5 015 01 01 0.4 0.25 o
FELE 5 0.25 01 0.3 01 0.25 o
A sk 7| o2 0.1 03 03| 005 .
dl ok g 0.25 0.2 01 0.4 0.05 o
9 0.25 0.3 01 01 0.25 o
= Rows 10 0.25 0.3 0.3 01 0.05 o
All rovwes 10
Selected o

Note: The Find Subset option uses the row exchange method (not coordinate exchange) to find the
optimal subset of rows.
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Consider the classic example presented by Snee (1979) and Peipel (1988). This example has three fac-
tors, X1, X2, and X3, with five individual factor bound constraints and three additional linear con-

straints:

Table 7.1 Linear Constraints for the Snee and Peipel Example

X1 > 0.1 90 < 85%X1 + 90*X2 + 100%X3

X1 < 0.5 85*X1 + 90*X2 + 100*X3 < 95
.4 <0.7*

X2 £0.7

X3 <£0.7

To enter these constraints:

1 Enter the upper and lower limits in the factors panel.
Click Continue.

Click the Extreme Vertices button.

N N

settings like those shown on the right in Figure 7.12.
6 Click Make Table.

Figure 7.12 Constraints

Extreme Yertices | Find the vertices of the simplex. Then Degres

add the mid-points of the edges and
averages of vertices to the specified degree.

Linear Constraint | &6d inear constraints on the relative proportions

of ingredients. Click once for each constraint.

A mixture design for factor screening.

[ &g w1+ [ oo w2+ [ 100 %3 [o o
[ &g w1+ [ oo w2+ [ 100 3 [ oo
o7 w1+ [ o w2 [ 1] %3 [oew

¥| Factor Settings

Run 1
1 0.50000
2 0.50000
3 026667
4 010000
5 040000
6 0.33333
7 0.30000
§ 010000

9 0.50000
10 0.38333
11 041667
12 018333
13 021667

X2
010000
0.2:3000
010000
0.33000
0.57000
0.50000
031167
0.46000
047500
010000
037500
0.22500
0.53500

Dizplay and Modify Design

Output Options
Run Order:
D Cptimal Subset

Choose desired sample size:

X3
0.40000
0.2:3000
063333
0.5:3000
0.33000
016667
0.38833
0.44000
0.32500
0.51667
0.20833
0.59167
0.24833

Click the Linear Constraint button three times. Enter the constraints as shown in Figure 7.12.

Change the run order to Sort Right to Left, and keep the sample size at 13 to see the 13-run factor

This example is best understood by viewing the design as a ternary plot, as shown at the end of this
chapter, in Figure 7.14. The ternary plot shows how close to one a given component is by how close it
is to the vertex of that variable in the triangle. See “Creating Ternary Plots,” p. 152, for details.
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Extreme Vertices Method: How It Works

If there are linear constraints, JMP uses the CONSIM algorithm developed by R.E. Wheeler, described
in Snee (1979) and presented by Peipel (1988) as CONVRT. The method is also described in Cornell
(1990, Appendix 10a). The method combines constraints and checks to see if vertices violate them. If
so, it drops the vertices and calculates new ones. The method named CONAEYV for doing centroid
points is by Peipel (1988).

If there are no linear constraints (only range constraints), the extreme vertices design is constructed
using the XVERT method developed by Snee and Marquardt (1974) and Snee (1975). After the verti-
ces are found, a simplex centroid method generates combinations of vertices up to a specified order.

The XVERT method first creates a full 2~ design using the given low and high values of the 7f-1
factors with smallest range. Then, it computes the value of the one factor left out based on the restric-
tion that the factors’ values must sum to one. It keeps the point if it is in that factor’s range. If not, it
increments or decrements it to bring it within range, and decrements or increments each of the other
factors in turn by the same amount, keeping the points that still satisfy the initial restrictions.

The above algorithm creates the vertices of the feasible region in the simplex defined by the factor con-
straints. However, Snee (1975) has shown that it can also be useful to have the centroids of the edges
and faces of the feasible region. A generalized 7-dimensional face of the feasible region is defined by
nf— n of the boundaries and the centroid of a face defined to be the average of the vertices lying on it.
The algorithm generates all possible combinations of the boundary conditions and then averages over
the vertices generated on the first step.

The ABCD Design

This approach by Snee (1975) generates a screening design for mixtures. To create an ABCD design:

1 Select DOE > Mixture Design.
2 Enter factors and responses. The steps for entering responses are outlined in “Enter Responses and
Factors into the Custom Designer,” p. 59.

After you enter responses and factors, click Continue.
Click the ABCD button.
View factor settings and Output Options.

A N W

Specify Run Order, which is the order you want the runs to appear in the data table when it is cre-
ated. Run order choices are:

Keep the Same—the rows (runs) in the output table will appear as they do in the Design panel.
Sort Left to Right—the rows (runs) in the output table will appear sorted from left to right.
Randomize—the rows (runs) in the output table will appear in a random order.

Sort Right to Left—the rows (runs) in the output table will appear sorted from right to left.

Randomize within Blocks—the rows (runs) in the output table will appear in random order
within the blocks you set up.

7 Specify Number of Replicates. The number of replicates is the number of times to replicate the
entire design, including centerpoints. Type the number of times you want to replicate the design in
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the associated text box. One replicate doubles the number of runs.
8 Click Make Table.

Creating Ternary Plots

A mixture problem in three components can be represented in two dimensions because the third com-
ponent is a linear function of the others. The ternary plot in Figure 7.14 shows how close to one (1) a
given component is by how close it is to the vertex of that variable in the triangle. The plot to the left in
Figure 7.13 illustrates a ternary plot.

Figure 7.13 Ternary Plot (left) and Tetrary Plot (right) for Mixture Design

X1(1,0,0)

(113, 1/3, 1/3)
(172, 1/2,0)
—>

(0.1,0.1,0.8

X2 (0, 1, 0) X3 (0,0, 1)

The Peipel (1979) example referenced in “An Extreme Vertices Example with Linear Constraints,”
p. 150 is best understood by the ternary plot shown in Figure 7.14.

To view a mixture design as a ternary plot:

1 Create the Peipel mixture data as shown previously, or open the table called Peipel.jmp, found in the
Design Experiments folder of the Sample Data Library.

2 Choose Graph > Ternary Plot.

3 In the ternary plot launch dialog, specify the three mixture components and click OK.

The JMP Ternary plot platform recognizes the three factors as mixture factors, and also considers the

upper and lower constraints entered into the Factors panel when the design was created. The Ternary
plot uses shading to exclude the unfeasible areas excluded by those constraints.

The Peipel data had additional constraints, entered as linear constraints for the extreme vertices design.
Each constraint is a line, drawn by the line graphics tool on the ternary plot. There are six active con-

straints, six vertices, and six centroid points shown on the plot, as well as two inactive (redundant) con-
straints. The feasible area is the inner white polygon delimited by the design points and constraint lines.
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Figure 7.14 Diagram of Ternary Plot Showing Peipel Example Constraints
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Fitting Mixture Designs

When fitting a model for mixture designs, you must take into account that all the factors add up to a

constant, and thus a traditional full linear model will not be fully estimable.

The recommended response surface model, called the Scheffé polynomial (Scheffé 1958), does the fol-

lowing:

* suppresses the intercept

¢ includes all the linear main-effect terms

¢ excludes all the square terms (such as X1*X1)
¢ includes all the cross terms (such as X1*X2)
To fit a model:

1 Choose DOE > Mixture Design and make the design data table. Remember that to fit a model, the
Y column in the data table must contain values, so either assign responses or click the red triangle

menu and select Simulate Responses before you click Make Table.

2 The design data table stores the model in the data table as a table property. This table property is a

JSL script called Model, located in the left panel of the table.

3 Right-click the model and select Run Script to launch the Fit Model dialog, which is automatically

filled with the saved model.
4 Click Run Model on the Fit Model dialog.
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In this model, the parameters are easy to interpret (Cornell 1990). The coefficients on the linear terms
are the fitted response at the extreme points where the mixture consists of a single factor. The coeffi-
cients on the cross terms indicate the curvature across each edge of the factor space. Your values may be
different from those shown below.

Figure 7.15 Fitting a Mixture Design
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The model report usually has several sections of interest, including the whole model tests, Analysis of
Variance reports, and response surface reports, which are described below.

Whole Model Tests and Analysis of Variance Reports

In a whole-model Analysis of Variance table, JMP traditionally tests that all the parameters are zero
except for the intercept. In a mixture model without an intercept, JMP looks for a hidden intercept, in
the sense that a linear combination of effects is a constant. If it finds a hidden intercept, it does the
whole model test with respect to the intercept model rather than a zero-intercept model. This test is
equivalent to testing that all the parameters are zero except the linear parameters, and testing that they
are equal.

The hidden-intercept property also causes the R? to be reported with respect to the intercept model
rather than reported as missing.
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Understanding Response Surface Reports

When there are effects marked as response surface effects “&RS,” JMP creates additional reports that
analyze the fitted response surface. These reports were originally designed for full response surfaces, not
mixture models. However, if JMP encounters a no-intercept model and finds a hidden intercept with
linear response surface terms, but no square terms, then it folds its calculations, collapsing on the last
response surface term to calculate critical values for the optimum. This can be done for any combina-
tion that yields a constant and involves the last response surface term.

The contour plot feature of these reports does not fold to handle mixtures. If you want a contour plot
of the surface, you can do any of the following:

* Save the model prediction formula and then create a ternary plot with Graph > Ternary Plot.
* Refit the model using a full response surface that omits the last factor.

* Create a separate contour plot with Graph > Contour Plot, and add points to make the plot less
granular.

A Chemical Mixture Example

Three plasticizers (pl, p2, and p3) comprise 79.5% of the vinyl used for automobile seat covers (Cor-
nell, 1990). Within this 79.5%, the individual plasticizers are restricted by the following constraints:
0.409 <x1<0.849,0<x2<0.252,and 0.151 <x3 <0.274.

Create the Design

To create Cornell’s mixture design in JMP:

1 Select DOE > Mixture Design.

2 In the Factors panel, use the three default factors but name them p1, p2, and p3, and enter the high
and low constraints as shown in Figure 7.16. Or, load the factors with the Load Factors command
in the red triangle on the Mixture Design title bar. To import the factors, open Plastifactors.jmp,
found in the Design Experiment Sample Data folder that was installed with JMP.

Figure 7.16 Factors and Factor Constraints for the Plasticizer Experiment

¥| Responses
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3 Click Continue.
4 Enter 3 in the Degree text box.
5 Click Exreme Vertices.
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6 Click Make Table. JMP uses the 9 factor settings to generate a JMP table (Figure 7.17).

Figure 7.17 Extreme Vertices Mixture Design
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7 Add an extra five design runs by duplicating the vertex points and center point, to give a total of 14
rows in the table.

Note: To identify the vertex points and the center (or interior) point, use the sample data script called
LabelMixturePoints.jsl in the Sample Scripts folder installed with JMP.

8 Run the LabelMixturePoints.jsl to see the results inFigure 7.18, and highlight the vertex points and
the interior point as shown.

Figure 7.18 Identify Vertices and Center Point with Sample Data Script
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9 Select Edit > Copy, to copy the selected rows to the clipboard.

10 Select Rows > Add Rows and enter 5 as the number of rows to add

11 Click the At End radio button on the dialog, then click OK.

12 Highlight the new rows and select Edit > Paste to add the duplicate rows to the table.

The Plasticizer data with the results (Y'values) that Cornell obtained are available in the Sample data.
Open Plasticizer.jmp in the Sample Data folder installed with JMP to see this table (Figure 7.19).
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Figure 7.19 Plasticizer.jmp Data Table from the Sample Data Library
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Use the Cornell plasticizer data from the Sample Data library (Figure 7.19) to run the mixture model:

1 Right-click the table property named Model on the upper-left of the data table and select Run

Script, which runs a script that displays a completed Fit Model dialog. Click Run Model to see the
response surface analysis.

Plasticizer.jmp contains a column called Pred Formula Y. This column was added after the analysis

by selecting Save Columns > Prediction Formula from the red triangle menu in the Response Y
title bar of the analysis report. To see the prediction formula, right-click (Ctrl+click on the Mac) the

column name and select Formula:
0-50.1465*p1 — 282.1982*p2 — 911.6484*p3 + p2*p1*317.363 +
p3*p1*1464.3298 + p3*p2*1846.2177

Your values may be different from those shown here.

Note: These results correct the coefficients reported in Cornell (1990).

The Response Surface Solution report (Figure 7.20) shows that a maximum predicted value of
19.570299 occurs at point (0.63505, 0.15568, 0.20927).
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Figure 7.20 Mixture Response Surface Analysis

The Prediction Profiler
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The report contains a prediction profiler.

3 If the profiler is not visible, click the red triangle in the Response Y title bar and select Factor

Profiling > Profiler. You should see the initial profiler shown in Figure 7.21.

The crossed effects show as curvature in the prediction traces. Drag one of the vertical reference lines,

and the other two move in the opposite direction maintaining their ratio.

Note: The axes of prediction profiler traces range from the
upper and lower bounds of the factors, p1, p2, and p3,

¥/~ Prediction Profiler
v Confidence Intervals

entered to create the design and the design table. When you Sensitivity Indicator

experiment moving a variable trace, you see the other traces
move such that their ratio is preserved. As a result, when the
limit of a variable is reached, it cannot move further and only
the third variable changes.

4

Profile at Boundary W v Turn at Boundaries

at Bounds

v Desirability Functions
Maximize Desirability

To limit the visible profile curves to bounds that use all three variables, use the Stop at Boundaries
command from the menu on the Prediction Profiler title bar.

If needed, select the Desirability Functions command to display the desirability function showing
to the right of the prediction profile plots in Figure 7.22.

Then select Maximize Desirabilty from the Prediction Profiler menu to see the best factor settings.
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The profiler in Figure 7.22, displays optimal settings (rounded) of 0.6350 for p1, 0.1557 for p2, and
0.2093 for p3, which give an estimated response of 19.5703.

Figure 7.21 Initial Prediction Profiler
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Figure 7.22 Maximum Desirability in Profiler for Mixture Analysis Example
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The Mixture Profiler

The Fit Model report also has a Mixture Profiler that is use- /= Racnnnca ¥

L. o dosnonea ¥
ful for visualizing and optimizing response surfaces from Egression Reports

Estimates »
mixture experlments. Effect Screening 3
Factor Profiling 2 Profiler
Many of the features are the same as those of the Contour Row Diagnostics  »|  [taraction Flots
Profiler however some are unique to the Mixture Profiler: ga‘fetc°'”m”5 : Conkour Prafiler
crip .
* A ternary plot is used instead of a Cartesian plot, which Cube Plots 5
enables you to view three mixture factors at a time. Bose Conc ¥ Transformation

Surface Profiler

¢ Ifyou have more than three factors, radio buttons let you
choose which factors to plot.

¢ If the factors have constraints, you can enter their low and high limits in the Lo Limit and Hi Limit
columns. This shades non-feasible regions in the profiler.

7 Select Factor Profiling > Mixture Profiler from the menu on the Response Y title bar to see the mix-
ture profiler for the plasticizer data, shown in Figure 7.23.

Figure 7.23 Mixture Profiler for Plasticizer Example
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A Ternary Plot of the Mixture Response Surface

You can also plot the response surface of the plasticizer data as a ternary plot using the Ternary graph
platform and contour the plot with information from an additional variable:
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1 Choose Graph > Ternary Plot.

2 Specify plot variables (p1, p2, and p3) and click X, Plottting, as shown in Figure 7.24. To identify
the contour variable (the prediction equation), select Pred Formula Y and click the Contour
Formula button. The contour variable must have a prediction formula to form the contour lines, as
shown by the ternary plots at the bottom in Figure 7.25. If there is no prediction formula, the ter-
nary plot only shows points.

Figure 7.24 Launch Dialog for the Ternary Plot Platform
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3 Click OK and view the results, as shown in Figure 7.25. By default, the ternary plot displays contour
lines only, but you can request a fill, as shown, with the Contour Fill command found in the red tri-

angle menu on the Ternary Plot title bar.

Figure 7.25 Ternary Plot of a Mixture Response Surface
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Chapter 8

Discrete Choice Designs

The Discrete Choice designer creates experiments with factors that are product attributes. A collection
of attributes is called a product profile. Respondents choose one in each set of product profiles.

Industrial experimentation deals with the question of how to improve processes to deliver better prod-
ucts. Choice experiments help a company prioritize product features for their market. The purpose of a
choice experiment is to define a product that people want to buy.

Choice experiments always involve people comparing prospective products and picking the one they
prefer. For example, suppose a computer company wants to update its high-end laptop. Laptops have
many features that are important to customers such as processor speed, hard disk size, screen size, bat-
tery life, and price. To build a laptop that customers want, the computer company needs to know the
relative importance of each feature. Most people prefer a faster computer with more storage, longer bat-
tery life, and a low price. What the company does not know is how much more an extra hour of battery
life is worth to a customer or whether doubling the hard disk size is as important as doubling the pro-
cessor speed. A choice experiment can answer these questions and indicate the optimal set of trade-offs
among product features.
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Introduction

Introduction

Most choice experiments involve conducting a market research survey. The survey consists of a series of
questions about attributes of interest about a potential new product or product modification. For
example, a computer manufacturer might be interested in manufacturing a new laptop and wants
information about customer preference before beginning an expensive development process. Computer
characteristics change so rapidly that it is crucial to quickly identify the attributes that help the manu-
facturers to design and build a new machine most likely to capture enough market share to be profit-

able.

Often, the attributes are obvious. For example, the consumer wants a laptop that has a large screen,
weighs almost nothing, costs almost nothing, and lasts forever on a single battery charge. The question,
then, is how much is the customer willing to compromise these desires? How important is each of these
attributes, and which kinds of trade off is the customer most likely to accept and still purchase a new
machine?

Assume a simple situation where a computer manufacturer wants to examine preferences for four possi-
ble laptop configurations. Notice that there are no ‘right’ or ‘wrong’ selections. Instead there are just
preferences. A well designed questionnaire and proper analysis of results can tell a manufacturer how to
proceed. The manufacturer wants information about the following four laptop attributes.

e size of hard drive disk (40 GB or 80 GB)

* speed of processor (1.5 GHz or 2.0 GHz)

* battery life (4 Hrs or 6 Hrs)

* cost of computer ($1000, $1200 or $1500)

If a survey were constructed that offered the possibility of choosing any combination of these attributes,
a respondent would be forced to evaluate 24 possible combinations and make a single response. Instead
each respondent usually evaluates several choice sets and for each choice set, chooses the preferred pro-
file. In the simplest situation, each respondent chooses between sets of two profiles.

Then, you analyze the choices of multiple respondents. A well designed choice experiment, correctly
analyzed is a efficient way to give the researcher the most information for the least time and expense.

Table 1 shows hypothetical results from a single survey designed to collect information about consumer
preferences about laptop computers.

* Each column in the survey identifies a laptop aztribute.
* Each line in the survey defines a laptop profile, which is a collection of attribute values.
* Each choice set consists of two attribute profiles.

* All of the attribute values are allowed to change across the two profiles in a choice set.
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Table 8.1 Hypothetical Choice Survey Results from a single Respondent, Subject ID 2

For each pair, please check the combination of attributes you find most appealing.

Disk Size Speed Battery Life Price Preference
1 1 40 GB 1.5 GHz 6 hours $1,000 _X_
2 80 GB 1.5 GHz 4 hours $1,200 _
2 1 40 GB 1.5 GHz 4 hours $1,500 _
2 80 GB 2.0 GHz 4 hours $1,200 X
3 1 40 GB 2.0 GHz 4 hours $1,200 _X_
2 80 GB 2.0 GHz 6 hours $1,500 _
4 1 40 GB 2.0 GHz 4 hours $1,000 _X_
2 80 GB 1.5 GHz 6 hours $1,200 _
5 1 40 GB 1.5 GHz 6 hours $1,000 _X_
2 40 GB 2.0 GHz 4 hours $1,500 _
6 1 40 GB 2.0 GHz 6 hours $1,200 X
2 80 GB 1.5 GHz 4 hours $1,500 _
7 1 40 GB 2.0 GHz 6 hours $1,500 _
2 80 GB 1.5 GHz 4 hours $1,000 _X_
8 1 40 GB 1.5 GHz 4 hours $1,200 _
2 80 GB 2.0 GHz 4 hours $1,000 X

The DOE Choice designer can create a survey like that shown in Table 8.1. However, to create an
effective design, the Choice designer needs information about the attributes. For example, most laptop
attributes have values that are intrinsic preferences. That is, a bigger disk size is better, longer battery
life is better, and so forth. The purpose of conducting a choice survey is to find out how the potential
laptop purchasers feels about the advantages of a collection of tractates.

One way to gain prior information about attributes in a survey is to conduct a single example survey,
analyze the results, and use those results as prior information to create the final survey instrument.

This chapter shows how to create a sample survey and use its results as prior information for a final sur-
vey design

Create an Example Choice Experiment

The Choice design can create a survey like the one in Table 1. As an example,

1 Choose Doe > Choice Design, and complete the initial dialog as shown in Figure 8.1.
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Figure 8.1 Choice Design Dialog with Attributes Defined

¥ = Choice Design
¥| Attributes

Add Factor | | Remove | Add M Factors 1

Mame Role Adtribute Levels
¥ Dizk Size Categorical 40 GB S0 GB
» Speed Categorical 1.5 GHz 20GHz
* Battery Life Categorical 4 Hrs GHrs
¥ Price Categorical 1,500 [$1,200 [$1,000

Specify Aftributes

Add s Continuous or Categorical sttribute by clicking its button. Double click
on an attribute name or level to edit it.

2 Click Continue. For this example, use the default values in the Model Control panel and in the
Design Generation panel, as shown in Figure 8.2.

Optionally, you can use the DOE Model Controls panel to add interactions to the choice model in sit-
uations where you expect there are interactions and want to generate profile sets that will help detect

them.

Figure 8.2 Design Generation Panel for the Laptop Experiment
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The values in the Design Generation panel describe the laptop survey.

Number of attributes that can change within a choice set

There are four laptop attributes.

Entering 4 as the number of attributes that can change within a choice set means that the Choice
designer can change 4 or fewer attribute values within a single choice set. You can enter fewer
than the total number of attributes to constrain the total number that can be changed within a
choice set. This might be a reasonable thing to do if you had a large number of attributes and you
want to make it easier for the respondents to make a choice. For example, a survey might be
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interested in 20 or more attributes of a cell phone, but show and change only 5 or fewer
attributes in a choice set.

Number of profiles per choice set This example has two profiles per choice set. You can design
choice experiments with more than two profiles in a choice set.

Number of choice sets per survey There are eight choice sets in the example survey but often
there are many more.

Number of surveys The example only shows a single survey. Normally you expect multiple
respondents and would request more than one survey.

Expected number of respondents per survey  You might want to give surveys to 10 people, but
use two different surveys. So you enter 2 as the Number of surveys and 5 as the Expected
number of respondents per survey.

Note: Recall that this first example is used to generate prior information, then used to create a more
realistic survey. This example is a single survey given to a single respondent.

3 Click Make Design to sce the example survey results in Figure 8.3.

Figure 8.3 Survey Results based on a Simple Model and Default Prior Information
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3 40GE 20 GHzZ 4 Hrs  §1,200
3 80GE 20GHzZ BHrz  §1,500
4 40GE 20 GHzZ 4Hrs  $1,000
4 80GE 1.5 GHZ GHrs 1,200
S 40GE 1.5GHz GHrs 1,000
5 40GE 2.0 GHz 4Hrs  §1,500
=] 40GE 20 GHzZ BHrs  §1,200
=] 80GE 1.5GHZ 4 Hrz  §1,500
7 40GE 20 GHzZ BHrz  §1,500
7 80GE 1.5GHZ 4 Hrs  §1,000
g 40GE 1.5 GHzZ 4 Hrs  §1,200
g S0GE 20GHz 4 Hrs  §1,000

O Cutput separate tables for profiles and responses
@ Combine profiles and responzses in one table

The Radio buttons beneath the design settings let you choose between having the survey settings in one
JMP table and gathering survey results in a second table, or generating a single table that shows the set-
tings and has an additional column for the choice response.

You can see that there are eight choice sets, each consisting of two laptop profiles. At this point you can
press Back and modify the design, or click Make Table and generate the JMP table shown in
Figure 8.4.

This default design was created with no given prior information. Without prior information, the
Choice designer has no way of knowing which attribute levels are better. That is, the Choice designer
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cannot know that a lower price might be more desirable than a higher price, a faster machine is better
than a slower machine, and so forth. As a result, you can see that some choice sets might not convey
useful information. The analysis results are used as prior information in a new Choice design dialog.

Figure 8.4 JMP Data Table for Preliminary Laptop Choice Survey
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3 2 «|40GE  [1.5GHz |4 Hrs $1,500
4 2 «|80GE  |[200GHz |4 Hrs $1,200
5 3 «|40GE |20 GHz |4 Hrs $1,200
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Analyze the Example Choice Experiment

Once a survey deign is complete, a respondent chooses one profile from each set, entering ‘1’ for the
chosen profile and ‘0’ for the rejected profile. Suppose a respondent completed the example survey as
shown in Figure 8.5. You can now analyze these results using the Choice platform in the Analyze menu
(Analyze > Modeling > Choice).

Note: When you create a survey data table, the default name of the table is Choice Profiles. A Choice
analysis is saved with the table as a script that references the default data table name. This example table
is saved as Laptop Design.jmp in the Design of Experiment folder of the Sample data. Note in

Figure 8.5 that the script was modified to reference the table named Laptop Design.
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Figure 8.5 JMP Table with Survey Choice Sets and Responses

Chapter 8
! Laptop Design 0 | Choice Response
Design Dizcrete Choice || - . § Set Indicator | Disk Size | Speed |BatteryLife | Price
1 1 1[40 GB 1.8 GHz |6 Hrs $1,000
2 1 0(80 GB 1.8 GHz |4 Hrs $1,200
3 2 0(40 GB 1.8 GHz |4 Hrs $1,500
4 2 1(80GB 2.0GHz |4 Hrs $1,200
5 3 1[40 GB 2.0GHz |4 Hrs $1,200
el B 3 0[s0GE  [2.0GHz [ Hrs $1,500
ik Choice Set
th Response Indicator 7 4 1[40 GB 2.0GHz |4 Hrs $1,000
ik Disk Size g 4 0(80 GB 1.8 GHz |6 Hrs $1,200
W Spesd 9 5 1[40 GB 1.5 GHz |6 Hrs $1,000
il Battery Life 10 5 0(40 GB 2.0GHz |4 Hrs $1,500
th, Price 11 B 1[4068  [20GHz [BHrs §1,200
12 4 0(80 GB 1.5 GHz |4 Hrs $1,500
13 7 0(40 GB 2.0 GHz |6 Hrs $1,500
14 7 1(80GB 1.5 GHz |4 Hrs $1,000
14 g 0(40 GB 1.5 GHz |4 Hrs $1,200
16 g 1(80GB 2.0GHz |4 Hrs $1,000

khoice(
Profile DataTablel
Profile Grouping(
Profile IDY
Profile Effects(
Launch Dialog

"Laptop Design®™ ),
:Choice Set ),
:Response Indicator ),
:Disk Size,

1Speed,

:Battery Life,

:Price } |

¥ Choice Dialog
¥| Profile Data

Select Data Table | Laptop Design

Select Columns

thChoice Set
‘Response Indicator

Pick Role Yariables

whaDisk Size tha Choice Set
thspeed aptional
thBsttery Lite

theFrics

Construct Model Effects

Disk Size

Speed
Price

Macros  w
Degres

Tranzform =

Profile ID | | il Responze Indicator

Firth Bias-adjusted Estimates

4 Click the Choice script in the Laptop Design data table and select Run to analyze that data with the
Choice modelling platform from the Analyze menu.

When you run the Choice model script, the Choice launch dialog shown in Figure 8.6 appears, The
Choice dialog is designed to cover a variety of choice survey results, which can include data saved in

multiple data tables. This example has all data contained in a single table. For details about using the
Choice analysis dialog, see Chapter 30, “Choice Modeling,” in the JMP Statistics and Graphics User
Guide.

Figure 8.6 Choice Model Fitting Dialog
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Design a Choice Experiment Using Prior Information

5 Click Run Model on the Choice model fitting dialog.
6 An additional dialog then appears asking if this is a one-table analysis with all the data in the Profile
Table, which is the case in this sample survey. Click Yes in this dialog to continue.

The analysis shows as in Figure 8.7.

To design the final choice survey using prior information, you will need to enter estimates of the mean
and variance of the attribute parameter estimates. The analysis on the left in Figure 8.7 has estimates of
the attribute means, called Estimate, and estimates of the standard deviation of the attributes, called
Std Error. An easy way to see the variance of the attributes is to capture the analysis in a JMP table and
compute the variance:

7 Right click on the Parameter Estimates report and choose Make into Data Table from the menu, as
shown.
8 In the new Untitled data table, create a new column and call it Var.

9 Select Formula from the Cols menu (Cols > Formula), or right-click at the top of the Var column
and select Formula for the menu that shows.

10 In the Formula Editor, click the Std Error column in the column list and click the exponent button
(@) on the formula editor panel to compute the variance shown on the right in Figure 8.7.

Figure 8.7 Analysis of the sample Laptop Survey

¥/~ Choice Model — Untitled ¢ = -
¥| Parameter Estimates = Term Estimate | Error
Term Estimate Std Error 1| Disk Size[40 GB] |0.07842 |0.4799//0.23038
Disk Size[40 GB] 007542569 04799542066 ¥ Columns (1] 2| Speed[1.6 GHz] |-0.23007 0_5309/ 028191
:xeaﬁj T:'E] : g;ggngg: g:gggfg:?;g i Term 3 | Battery Life[4 Hrs] |-0.02064 |0.528% |0.27901
ety Lite| [§=3 =L . i N
Price[$1,000] 102765703 07633468524 g ;S;'rgate 4 Prfce[m L e (05 [ER
Price($1,200] 000408286 N ARAR31N541 4 {rar 5| Price[$1,200] 0.00408 D.Gﬁ% 0.46735
.
Alce 43,502 la:jle St .
2L agLikefinood asgpy  oMTne /
_2Firth LogLikelihood 2,087 S0rt by Column...
. 2
Converged in Gradient - k Std Encd

Make Combined Data Table
Make Into Matrix

Firth Biss-adjusted Estimates

This preliminary survey with its analysis gives you the information needed to design a final survey
appropriate for gathering information from multiple respondents. Keep in mind that in a real situation,
you might have prior information about factor attributes and not need to do a sample design.

Note: Leave the Untitled data table with the mean and variance information open to be used in the
next example.

Design a Choice Experiment Using Prior Information

In some situations, you will know from previous surveys or experience how to give prior information to
the Choice designer about product attributes. This example continues by designing the laptop experi-
ment again, using the analysis information gained from the sample design.

1 Choose DOE > Choice Design and enter the attributes and values as before.
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Click Continue to see the Choice design panels in Figure 8.8.

3 Now enter the values from the JMP table created by the previous analysis into the Prior Mean and
Prior Variance Matrix panels of the Choice Design dialog, as shown in Figure 8.8. You can
copy-and-paste to transfer the values from the data table to the Choice dialog panels.

Figure 8.8 Enter Prior Mean and Variance Information from Preliminary Survey

copy and paste to
enter information

Estimate

Std
Error

0.0784

0.4800

0.2304

-0.2301

0.5310

0.2819

-0.0206

0.5282

0.2790

1.0277

0.7633

0.5827

0.0041

0.6836

0.4674

\

Enter mean
estimates

Enter variance

estimates

¥| = Choice Design

¥| Attributes
Mame Role Aftribute Levels
 Dizk Size Categorical 40 GB |80 =B
» Speed Categorical 1.5 GHz |2.D GHz
 Battery Life Categorical 4 Hrs |B Hrs
v Frice Categorical 1,000 [$1,200 [$1,500
¥ Model

» DOE Model Controls
*| Prior Specification
D lgnore prior specifications. Generate the Liility Meutral desion.

¥| Prior Mean
Effect Prior Mean
Disk Size 0.075
Speed -0.23
Battery Life -0.02
Price 1 1.028
Price 2 0.004

D lgnore prior variance. Generate the local desion for the prior mean.
¥| Prior Variance Matrix
Effect Disk Size Speed BatteryLife Price1 Price 2

0.230) 0.000 0.000 0.000 0.000

0.282 0.000 0.000 0.000

Battery Life 0.278 0.000 0.000
Price 1 0.583 0.000
Price 2 0.467

4 Design Generation

4 Enter the values into the Design Generation panel, as shown in Figure 8.9.

Four or fewer attribute levels can change within a choice set.
There are two profiles per choice set.

Each survey has eight choice sets.

The design generates two separate surveys.

Five respondents are expected to complete each survey (for a total of 10 respondents).
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Figure 8.9 Design Specifications for final Laptop Survey

Figure 8.10 Design Runs for Two Choice Surveys

¥| Design

Survey
1

¥ ™ Choice Design
¥ Attributes
¥ Model

¥| Design Generation

4
2
g
2
5

Discrete Choice Designs
Administer the Survey and Analyze Results

Mumber of attributes that can change within & choice set

Mumber of profiles per choice set

Mumber of choice sets per survey

Mumber of surveys

Expected number of respondents per survey

5 Click Make Design to see a design similar to the one shown in Figure 8.10.

Choice Set Digk Size Speed BatteryLife Price

1

Lo R e = T B O R N

80 GB 1.5GHz
40 GB 2.0GHzZ
40 GB 2.0GHzZ
80 GB 1.5GHz
80 GB 20GHz
40 GB 1.5GHz
40 GB 2.0GHzZ
80 GB 1.5GHz
40 GB 1.5GHz
80 GB 20GHz
80 GB 20GHz
40 GB 1.5GHz
80 GB 20GHz
40 GB 1.5GHz
40 GB 1.5GHz
80 GB 20GHz

4 Hrs $1,200
& Hrs $1,000
4 Hrs $1,200
& Hrs $1,000
6 Hrs $1,500
4 Hrs $1,200
6 Hrs $1,500
4 Hrs $1,000
& Hrs $1,000
4 Hrs $1,200
4 Hrs $1,200
6 Hrs $1,500
6 Hrs $1,200
4 Hrs $1,000
4 Hrs $1,500
6 Hrs $1,200

B3 ORDRD ORI R ORI ORI BRI ORI R ORI BRI RD ORI ORI R

C‘ Cutput separate tables for profiles and responzes
@' Combine profiles and responses in one table

9

9
10
10
11
11
12
12
13
13
14
14
15
15
16
16

40 GB
80 GB
80 GB
40 GB
40 GB
80 GB
40 GB
80 GB
40 GB
80 GB
40 GB
80 GB
40 GB
80 GB
40 GB
80 GB

20GHzZ
1.5 GHz
20GHzZ
1.5 GHz
20GHzZ
1.5 GHz
1.5 GHz
20GHzZ
20GHzZ
1.5 GHz
1.5 GHz
20GHzZ
20GHzZ
1.5 GHz
20GHzZ
1.5 GHz

4Hrs $1,500
6 Hrs $1,200
4Hrs $1,000
6 Hrs $1,200
6 Hrs $1,200
4Hrs $1,000
4Hrs $1,200
6 Hrs $1,000
6 Hrs $1,200
4Hrs $1,500
6 Hrs $1,200
4Hrs $1,500
4Hrs $1,200
6 Hrs $1,500
4Hrs $1,000
6 Hrs $1,200

173

6 Click Make Table. The final data table will have runs for ten survey respondents, giving a total of
160 observations (2 profiles * 8 choice sets * 2 surveys * 5 respondents = 160 observations).

Administer the Survey and Analyze Results

The survey data table with is results is stored in the Sample Data Design Experiment folder installed
with JMP. Figure 8.11 is a partial listing of the survey data table with results. The Choice script created
by the Choice designer and saved with the survey data table can be used to analyze the data. As shown

previously, the default script accesses the default data table created by the Choice designer named
Choice Profiles. If necessary, change the data table name in the script to the name you used for the

final design table. Note in Figure 8.11, the data table name is changed to Laptop Results.

1 To continue with this example, open the table called Laptop Results, saved in the Design Experi-
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Administer the Survey and Analyze Results

ment folder of the Sample Data.

Figure 8.11 Partial Listing of Final Survey with Results

Chapter 8

Initial Choice Platform Analysis

 Laptop Results 0 - Choice | Response Battery
Design Discrete Choic|= | Respondent | Survey | Set Indicator |Disk Size Speed Life Price
T E 22 2 2 11 0(80 GB 1.5 GHz 4 Hrs $1,000
% Run Script 23 2 2 12 0(40 GB 1.5 GHz 4 Hrs $1,200
Edit 24 2 2 12 1(80GB 2.0 GHz B Hrs $1,000
[Delete 25 2 2 13 1[40 GB 2.0 GHz B Hrs $1,200
26 2 2 13 0(80 GB 1.5 GHz 4 Hrs $1,500
¥ Columns (800 27 2 2 14 0(40 GB 1.5 GHz B Hrs $1,200
i Regpondent 28 2 2 14 1(80GB 2.0 GHz 4 Hrs $1,500
il Suyey 29 2 2 14 1[40 GB 2.0 GHz 4 Hrs $1,200
i Cholge 3ot 30 2 2| 18 0[soee  [15GHz  [BHrs  |$1,500
il Response Indicator
i, Disk Size )l 2 2 16 1[40 GB 2.0 GHz 4 Hrs $1,000
ik Spee 32 2 2 16 0(80 GB 1.5 GHz B Hrs $1,200
il BlatterLife 55 3 1 1 1(80GB 1.5 GHz 4 Hrs $1,200
i Price 34 3 1 1 0(40 GB 2.0 GHz B Hrs $1,000
55 3 1 2 0(40 GB 2.0 GHz 4 Hrs $1,200
36 3 1 2 1(80GB 1.5 GHz B Hrs $1,000
Choice(
Profile DataTable{ "Laptop Results™ ),
Profile Grouping{ :Fespondent, :3urvey, :Choice Set ),
Profile ID{ :Response Indicator ),
Profile Effects{ :Disk 3ize, :3peed, :Battery Life, :Price }
Launch Dialog
)

2 To analyze the data, click the Choice script saved with the data and select Run Script from the

menu to see the completed dialog shown in Figure 8.12.

Note that this dialog has three grouping variables (Respondent, Survey, and Choice Set, whereas the
dialog shown Figure 8.6 had only the Choice Set grouping variable because there was a single survey
and a single respondent. This example included multiple surveys and respondents, which must be
included in the analysis.

Figure 8.12 Choice Model Fitting Dialog to Analyze the Laptop Survey

¥ Choice Dialog
¥| Profile Data

Select Data Table | Laptop Results

Select Columns

‘Respondent
‘Survey

thChaice Set
‘Response Indicator
thDisk Size

‘Speed

thaEisttery Life
theFrics

Pick Role Yariables

ik Responze Indicator
i, Responcent

il Survey
il Choice Set

Construct Model Effects

Disk Size

Speed
Biattery Life

Price

Firth Bias-adjusted Estimates

3 Click Run Model on the Fit Model dialog. The query again appears asking if the analysis is a
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one-table analysis with all the data in the profile table. Click Yes to see the initial analysis result

shown in Figure 8.13.

The results are clear. The most significant attribute is Speed (Prob < .0001). Disk Size and Price are

also significant, but Battery Life is not.

Figure 8.13 Initial Analysis of the Final Laptop Survey

¥| = Choice Model

¥| Parameter Estimates

Term

Dizk Size[40 GB]
Speed[1.5 GHz]
Battery Life[4 Hrs]
Price[$1,000]
Price[$1,200]

Ao
-2*LogLikelihood

-2*Firth LogLikelihood

Estimate
-0.45465597
-0.66462595
-0.25966701

1035350585
-0.08693113

77 895675
57 044564
50097456

5td Error
01566656541
04726760550
0155937058352
0.3103813357
0.2103135075

Converged in Gradient
Firth Bias-adjusted Estimstes
¥/ Effect Likelihood Ratio Tests

L-R
Source ChiSquare DF Prob>ChiSq
Disk Size 10.045 1 0.0015* |
Speed 20.904 1 =.0001*
Battery Life 3.036 1 00514
Price 15154 2 0.0005*

Find Unit Cost and Trade Off Costs with the Profiler

You would like to know how changing the price, or other characteristics, of a laptop affects the desir-
ability as perceived by potential buyers. This desirability is called the uzility value of the laptop
attributes. The profiler shows the utility value and how it changes as the laptop attributes change.

4 Select Profiler from the menu on the Choice Model title bar to see the Prediction Profiler in
Figure 8.14.

Figure 8.14 Default Prediction Profiler for Laptop Choice Analysis

¥ ® Chaira Madal

= -
o ¥ Likelihood Ratio Tests RedictionlRiofiles

Confidence Inkervals 4 . .
i i @ 249 : :
Correlation of Estimates = g 2 ] : :
Effect Marginals Eo 0. .. ],./‘] .................
oo o b v v 0
24 : :
-4 |
i @ o H H & & 2 4 4
Save Lkility Formula o o % % £ £ 2 8 8
Save Gradients by Subject = & s = =+ w = 5 =
= o 4 Hrs
Model Dialog 40 8 1.5 GHz Battery $1,000
Script 3 Disk Size Speed Life Price

When each attribute value is set to its lowest value, the Utility value is —0.3406. The first thing you
want to know is the unit utility cost.

5 To find the unit utility cost, move the trace for price to and note how the Utility value changes.
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Compare the Utility values in Figure 8.14 and Figure 8.15. The value of Utility changes from —0.3406
to —2.3303 when cost is raised from $1,000 to $1,500. That is, raising the price of a laptop $500.00

lowers the utility (or desirability) approximately 2 units. Thus, you can say that the unit utility cost is
roughly $250.00.

Figure 8.15 Compare Change in Utility Over Price

¥| = Prediction Profiler

T T T T T T T T
g 3 % & Se® B B B
= o 4 Hrs
40 8 1.5 GHz Battery $1,200
Dizk Size Speed Life Price

¥| = Prediction Profiler

1.5 GHz

2.0GHz

4 Hre - - 1
G Hrs—

$1 000

T T T T
& 8 5 &
s 8 = =

. 4 Hrz
40 8 1.5 GHz Battery $1 500
Dizk Size Speed Life Price

With this unit utility cost estimate you can now vary the other attributes, note the change in utility, and
find an approximate dollar value associated with that attribute change. For example, the most signifi-
cant attribute is speed (see Figure 8.13).

6 In the Prediction Profiler, set Price to its lowest value and change Speed to its higher value.

You can see in Figure 8.16 that the Utility value changes from the original value shown in Figure 8.14
of —0.3406 to 0.9886, for a total change of 1.3292 units. If the unit utility cost is estimated to be
$250.00, as shown above, then the increase in price for a 2.0 GHz laptop over a 1.5 GHz laptop can be
computed to be 1.3292*$250.00 = $332.30. This is the dollar value the Choice survey provides the

manufacturer as a basis for pricing different laptop products. You can make similar calculations for the
other attributes.

Figure 8.16 Change Speed in Profiler and Note Utility Value

¥| = Prediction Profiler

0.935654
+0.643522

551,% ....... I/I }_ﬁ——I

Utility

1.5 GHz

2.0GHz
AHrad-------
G Hrs—

$1 000

T T T T
& 8 5 &
s 8 = =
. 4 Hrz
40 8 20GHz Battery $1,000
Dizk Size Speed Life Price

This simple Choice survey and its analysis shows how this kind if information can be used to help man-
ufacturers and retailers identify important product attributes and assign values to them.
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The Choice designer allows more complex designs, such as designs with interactions and other terms.
The Choice analysis platform can be used to analyze complex designs, and it can be used to incorporate
data from multiple data sets that include demographic information about the respondents.
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Space-filling designs are useful in situations where run-to-run variability is of far less concern than the
form of the model. Sensitivity studies of computer simulations is one such situation. For this case, and
any mechanistic or deterministic modeling problem, any variability is small enough to be ignored.

For systems with no variability, randomization and blocking are irrelevant. Replication is undesirable
because repeating the same run yields the same result. In space-filling designs, there are two objectives:

The first objective is to prevent replicate points by spreading the design points out to the maximum
distance possible between any two points.

The second objective is to space the points uniformly.

The following methods are implemented for these types of designs:

The Sphere-Packing method emphasizes spread of points.

The Latin Hypercube method is a compromise between spread of points and uniform spacing.
The Uniform method mimics the uniform probability distribution.

The Minimum Potential method minimizes energy designs in a hypersphere.

The Maximum Entropy method measures the amount of information contained in the distribution
of a set of data.

The Gaussian Process IMSE Optimal method creates a design that minimizes the integrated mean
squared error of the gaussian process over the experimental region.

v = Overlay Plot e Overlay Plot
1.2

12
1.0 10
08 05

05 06

X2
X2

0.4 0.4

02 02

0.0 0.0

-0.2

T T T T T T 02 i T T T T T
-02 00 02 04 06 08 10 -02 00 02 04 06 08 10

1 1




Contents

Introduction to Space-Filling Designs .. .......... oot 181
Sphere-Packing Designs . . .« oottt e 181
Creating a Sphere-Packing Design. . ........ oo i i 181
Visualizing the Sphere-Packing Design . ......... .. . i i i 183
Latin Hypercube Designs. . .. ...ttt e e e 184
Creating a Latin Hypercube Design. .. ... .. o o 184
Visualizing the Latin Hypercube Design ... ... ... i i 185
Uniform Designs . .« ..o vttt e 186
Comparing Sphere-Packing, Latin Hypercube, and Uniform Methods. . ............... ... ... 187
Minimum Potential Designs. . ... ... oottt e 189
Maximum Entropy Designs. ... ..o 190
Gaussian Process IMSE Optimal Designs. . ... ... i 192
Borehole Model: A Sphere-Packing Example .. ... o i i 192
Create the Sphere-Packing Design for the Borehole Data .......... ... ... ... .. ... 193
Guidelines for the Analysis of Deterministic Data. . ..., 194

Results of the Borehole Experiment. .. ...t e 195



Chapter 9 Space-Filling Designs 181
Introduction to Space-Filling Designs

Introduction to Space-Filling Designs

Space-filling designs are useful for modeling systems that are deterministic or near-deterministic. One
example of a deterministic system is a computer simulation. Such simulations can be very complex
involving many variables with complicated interrelationships. A goal of designed experiments on these
systems is to find a simpler empirical model that adequately predicts the behavior of the system over
limited ranges of the factors.

In experiments on systems where there is substantial random noise, the goal is to minimize the variance
of prediction. In experiments on deterministic systems, there is no variance but there is ias. Bias is the
difference between the approximation model and the true mathematical function. The goal of
space-filling designs is to bound the bias.

There are two schools of thought on how to bound the bias. One approach is to spread the design
points out as far from each other as possible consistent with staying inside the experimental boundaries.
The other approach is to space the points out evenly over the region of interest.

The Space Filling designer supports the following design methods:
Sphere Packing maximizes the minimum distance between pairs of design points.

Latin Hypercube maximizes the minimum distance between design points but requires even
spacing of the levels of each factor. This method produces designs that mimic the uniform distri-
bution. The Latin Hypercube method is a compromise between the Sphere-Packing method and
the Uniform design method.

Uniform  minimizes the discrepancy between the design points (which have an empirical uniform
distribution) and a theoretical uniform distribution.

Minimum Potential spreads points out inside a sphere around the center.

Maximum Entropy measures the amount of information contained in the distribution of a set of
data.

Gaussian Process IMSE Optimal creates a design that minimizes the integrated mean squared
error of the Gaussian process over the experimental region.

Sphere-Packing Designs

The Sphere-Packing design method maximizes the minimum distance between pairs of design points.
The effect of this maximization is to spread the points out as much as possible inside the design region.

Creating a Sphere-Packing Design

To use the Sphere-Packing method:
1 Select DOE > Space Filling Design.
2 Enter responses and factors. (See “Enter Responses and Factors into the Custom Designer,” p. 59.)

3 Alter the factor level values, if necessary. For example, Figure 9.1 shows the two existing factors, X1
and X2, with values that range from 0 to 1 (instead of the default -1 to 1).
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4 Click Continue in the dialog.
Figure 9.1 Space-Filling Dialog for Two Factors

¥ = Space Filling Design

¥ Responses

add Respanse | [ Remove | [ Mumber of Responses... |
Response MName Gioal Lowver Limit Upper Limit Importance
N |Maximize

1] cortinuous Change Values to 0 and 1
Mame Rale Walues

I Cortinuous [o ’ [1

bl Continuous lo |1

Specify Factors

Specify desired number of factors. Double click on a factor name or setting to edit it.

5 In the design specification dialog, specify a sample size (Number of Runs). Figure 9.2 shows a sam-
ple size of eight.

Figure 9.2 Space-Filling Design Dialog

Space Filling Design Methods
Murmbar of Runs: g

Optimal Packing of Spheres

Sphere Packing
ﬂ'? Inside of a Cube.

Latin Hypercube Latin HyperCube with Optimal Spacing

Unifarm Uniform Design
Minimum Potential Minimum energy designs in a spherical region.
Maximurn Entropy Maximum entropy designs for a Gaussian process

zaussian Process IMSE Optimal | INteUrated mean square error optirmal designs for a Gaussian
process

Back.

6 Click Sphere Packing.

JMP creates the design and displays the design runs and the design diagnostics. Figure 9.3 shows the
Design Diagnostics panel open with 0.518 as the Minimum Distance. Your results might differ
slightly from the ones below, but the minimum distance will be the same.

Figure 9.3 Sphere-Packing Design Settings and Design Diagnostics

¥ Design Diagnostics

imum Nearest
Run ScaledX1 ScaledX2 ~Distance Point

1.00000 0418
0.13398 0418
0.50000 . 0418

0.00000 0.518
0.50000 0.518
0.13397 0.518
0.00000 0.518
0.00000  1.00000 0.518
di¢crepancy = 0.0469

Design Table

LI @ W@ L

Make Table Back.



Chapter 9 Space-Filling Designs 183

7

Sphere-Packing Designs

Click Make Table. Use this table to complete the visualization example, described next.

Visualizing the Sphere-Packing Design

To visualize the nature of the Sphere-Packing technique, create an overlay plot, adjust the plots frame

size, and add circles using the minimum distance from the diagnostic report shown in Figure 9.3 as the
radius for the circles. Using the table you just created:

1
2
3

Select Graph > Overlay Plot.
Specify X1 as X and X2 as Y, then click OK.

Adjust the frame size so that the frame is square by right-clicking the plot and selecting
Size/Scale > Size to Isometric.

Right-click the plot and select Customize. When the Customize panel appears, click the plus sign
to see a text edit area and enter the following script:

For Each Row(Circle({:X1, :X2}, 0.518/2))

where 0.518 is the minimum distance number you noted in the Design Diagnostics panel. This
script draws a circle centered at each design point with radius 0.259 (half the diameter, 0.518), as
shown on the left in Figure 9.4. This plot shows the efficient way JMP packs the design points.

Now repeat the procedure exactly as described in the previous section, but with a sample size of 10
instead of eight.

Remember to change 0.518 in the graphics script to the minimum distance produced by 10 runs.
When the plot appears, again set the frame size and create a graphics script using the minimum dis-
tance from the diagnostic report as the diameter for the circle. You should see a graph similar to the
one on the right in Figure 9.4. Note the irregular nature of the sphere packing. In fact, you can
repeat the process a third time to get a slightly different picture because the arrangement is depen-
dent on the random starting point.

Figure 9.4 Sphere-Packing Example with Eight Runs (left) and 10 Runs (right)
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Latin Hypercube Designs

In a Latin Hypercube, each factor has as many levels as there are runs in the design. The levels are
spaced evenly from the lower bound to the upper bound of the factor. Like the sphere-packing method,
the Latin Hypercube method chooses points to maximize the minimum distance between design
points, but with a constraint. The constraint maintains the even spacing between factor levels.

Creating a Latin Hypercube Design

To use the Latin Hypercube method:
1 Select DOE > Space Filling Design.

2 Enter responses, if necessary, and factors. (See “Enter Responses and Factors into the Custom
Designer,” p. 59.)

3 Alter the factor level values, if necessary. For example, Figure 9.5 shows adding two factors to the
two existing factors and changing their values to 1 and 8 instead of the default -1 and 1.

Figure 9.5 Space-Filling Dialog for Four Factors

¥ = Space Filling Design

¥| Responses

[Add Response v] [Remove] [N Responses... ]

Responze Mame Goal Lowver Limit Upper Limit Importance
' |Maximize |
¥ Factors
Continuaus
Remove Selected
Mame Role Walues

A Cortinuous 1 g

Az Cortinuous 1 g

P Es] Cortinuous 1 g

s Cortinuous 1 3

Space Filing Design
Specify Factors
Specify desired number of factors. Double click on & factor name or setting
to edit it.

Click Continue.

5 In the design specification dialog, specify a sample size (Number of Runs). This example uses a
sample size of eight.

6 Click Latin Hypercube (see Figure 9.2). Factor settings and design diagnostics results appear similar
to those in Figure 9.6, which shows the Latin Hypercube design with four factors and eight runs.

Note: The purpose of this example is to show that each column (factor) is assigned each level only
once, and each column is a different permutation of the levels.
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Figure 9.6 Latin Hypercube Design for Four Factors and Eight Runs with Eight Levels

4 Factars
Space Filing Latin Hypercube
¥ Factor Settings

Run

- mon B L R =

g

X1
7.00000
2.00000
5.00000
5.00000
4.00000
1.00000
§.00000
3.00000

X2
4.00000
5.00000
2.00000
§.00000
7.00000
5.00000
3.00000
1.00000

v Design Diagnostics

Run

- mon B L R =

g

Scaled®1
055714
014286
0.57143
0.71429
0.42857
0.00000
1.00000
0.28571

ScaledX2
0.42857
0.71429
014286
1.00000
055714
0.57143
0.28571
0.00000

dizcrepancy = 00375

X3
2.00000
1.00000
3.00000
4.00000
7.00000
5.00000
§.00000
5.00000

ScaledX3
014286
0.00000
0.28571
0.42857
055714
0.71429
1.00000
0.57143

Visualizing the Latin Hypercube Design
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To visualize the nature of the Latin Hypercube technique, create an overlay plot, adjust the plot’s frame

size, and add circles using the minimum distance from the diagnostic report as the radius for the circle.

First, create another Latin Hypercube design using the default X1 and X2 factors.

N N

Figure 9.7 Latin Hypercube Design with two Factors and Eight Runs

Space Filing Latin Hypercube
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Click Make Table.

Select Graph > Overlay Plot.

Specify X1 as X and X2 as Y, then click OK.
Right-click the plot and select Size/Scale > Size to Isometric to adjust the frame size so that the

frame is square.
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Be sure to change the factor values so they are 0 and 1 instead of the default —1 and 1.
Click Continue.
Specify a sample size of eight (Number of Runs).
Click Latin Hypercube. Factor settings and design diagnostics are shown in Figure 9.7.

The minimum

3 distance
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10 Right-click the plot, select Customize from the menu. In the Customize panel, click the large plus
sign to see a text edit area, and enter the following script:
For Each Row(Circle({:X1, :X2}, 0.404/2)),
where 0.404 is the minimum distance number you noted in the Design Diagnostics panel
(Figure 9.7). This script draws a circle centered at each design point with radius 0.202 (half the
diameter, 0.404), as shown on the left in Figure 9.8. This plot shows the efficient way JMP packs
the design points.

11 Repeat the above procedure exactly, but with 10 runs instead of eight (step 5). Remember to change
0.404 in the graphics script to the minimum distance produced by 10 runs.

You should see a graph similar to the one on the right in Figure 9.8. Note the irregular nature of the
sphere packing. In fact, you can repeat the process to get a slightly different picture because the arrange-
ment is dependent on the random starting point.

Figure 9.8 Comparison of Latin Hypercube Designs with Eight Runs (left) and 10 Runs (right)

¥ = Overlay Plot ¥ = Overlay Plot

1.

14 -
" Q

06—

X2

0.4

0.2 R
0

02 T T T T 0z T T T T T
-02 0 02 04 06 08 1 -02 0 02 04 06 08 1

1 1

Note that the minimum distance between each pair of points in the Latin Hypercube design is smaller
than that for the Sphere-Packing design. This is because the Latin Hypercube design constrains the lev-
els of each factor to be evenly spaced. The Sphere-Packing design maximizes the minimum distance
without any constraints.

Uniform Designs

The Uniform design minimizes the discrepancy between the design points (empirical uniform distribu-
tion) and a theoretical uniform distribution.

Note: These designs are most useful for getting a simple and precise estimate of the integral of an
unknown function. The estimate is the average of the observed responses from the experiment.

1 Select DOE > Space Filling Design.

2 Enter responses, if necessary, and factors. (See “Enter Responses and Factors into the Custom
Designer,” p. 59.)

3 Alter the factor level values to 0 and 1.
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4 Click Continue.

5 In the design specification dialog, specify a sample size. This example uses a sample size of eight
(Number of Runs).

6 Click the Uniform button. JMP creates this design and displays the design runs and the design diag-

nostics as shown in Figure 9.9.

Note: The emphasis of the Uniform design method is not to spread out the points. The minimum
distances in Figure 9.9 vary substantially.

Figure 9.9 Factor Settings and Diagnostics for Uniform Space-Filling Designs with Eight Runs

¥| Factor Settings ¥| Design Diagnostics
Run 1 X2 Run  ScaledX! Scaled<2 Minimum Distance Mearest Point
1 043532 083541 1 043332 09354 0.284 3
2 056091 031491 2 058091 031491 0332 B
3 069276 0.51486 3 0EB9276 081486 0277 T
4 018514 0E9286 4 018314  0B9286 0.285 5
5 006460 043504 5 008460 043504 0.285 4
6 0350939  0.08905 6 030959  0.06908 0332 2
T 08140 056557 T 081410 056557 0277 3
§ 082807 019080 § 082607 019080 0.386 2

dizcrepancy = 0.0046

7 Click Make Table.

A Uniform design does not guarantee even spacing of the factor levels. However, increasing the number
of runs and running a distribution on each factor (use Analyze > Distribution) shows flat histograms.

Figure 9.10 Histograms are Flat for each Factor when Number of Runs is Increased to 20
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Comparing Sphere-Packing, Latin Hypercube, and Uniform
Methods

To compare space-filling design methods, create the Sphere Packing, Latin Hypercube, and Uniform
designs, as shown in the previous examples. The Design Diagnostics tables show the values for the fac-
tors scaled from zero to one. The minimum distance is based on these scaled values and is the mini-
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mum distance from each point to its closest neighbor. The discrepancy value is the integrated difference
between the design points and the uniform distribution.

Figure 9.11 shows a comparison of the design diagnostics for three eight-run space-filling designs. Note
that the discrepancy for the Uniform design is the smallest (best). The discrepancy for the Sphere-Pack-
ing design is the largest (worst). The discrepancy for the Latin Hypercube takes an intermediate value
that is closer to the optimal value.

Also note that the minimum distance between pairs of points is largest (best) for the Sphere-Packing
method. The Uniform design has pairs of points that are only about half as far apart. The Latin Hyper-
cube design behaves more like the Sphere-Packing design in spreading the points out.

For both spread and discrepancy, the Latin Hypercube design represents a healthy compromise solu-
tion.

Figure 9.11 Comparison of Diagnostics for Three Eight-Run Space-Filling Methods

*¥| Design Diagnostics - Sphere Packing
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5 056496  0.06460 0.44 7
B 0314 0.43909 0.276 1
7 083092 0.30959 0.2582 4
§ 018696 051304 0.283 1

dizcrepancy = 0.0046

Another point of comparison is the time it takes to compute a design. The Uniform design method
requires the most time to compute. Also, the time to compute the design increases rapidly with the
number of runs. For comparable problems, all the space-filling design methods take longer to compute
than the D-optimal designs in the Custom Designer.
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Minimum Potential Designs

The Minimum Potential design spreads points out inside a sphere. To understand how this design is
created, imagine the points as electrons with springs attached to every other point, as illustrated to the
right. The coulomb force pushes the points apart, but the springs pull them together. The design is the
spacing of points that minimizes the potential energy of the system.

Minimum Potential designs:

* have spherical symmetry

* are nearly orthogonal

* have uniform spacing

To see a Minimum Potential example:

1 Select DOE > Space Filling Design.

Enter responses and factors. (See “Enter Responses and Factors into the Custom Designer,” p. 59.)

Click Continue.

In the design specification dialog (shown on the left in Figure 9.12), enter a sample size (Number of
Runs). This example uses a sample size of 12.

2
3 Alter the factor level values to 0 and 1, if necessary.
4
5

(@)Y

Click the Minimum Potential button. JMP creates this design and displays the design runs (shown
on the right in Figure 9.12) and the design diagnostics.

Figure 9.12 Space-Filling Methods and Design Diagnostics for Minimum Potential Design

Space Filling Design Methods ¥ Design Diagnostics
Murnber of Runs: | 12 Minimurn  Nearest
Sphere Packing Optimal Packing of Spheres Run ScaledX1 ScaledX2 ScaledX3 Distance Point

Inside of a Cube. 097320 062495 060234 0.526 3

11 0.78530 063053 011113 0.528
12 0.38325 0.01539  0.538900 0.526
discrepancy= 0.0111
Design Table

Bark

n
1

Latin Hypercube Latin HypsrCubs with Optimal Spacing Z DBIBTS - DOB4BT 046100 0528 8
3 072434 024477 DBEEIT 0.526 B
Unifaorm Uniform Design 4 002680 037506  0.39766 0.528 9
i  0M410 036846  0.BBRET 0.528 12
Minimum Potential %‘ Minimum energy designs in a spherical region B 057870 074619  0.92801 0.526 3
Maximurm Entropy Maximum entropy designs for a Gaussian process TooDBszm o 0A7IIE 03619 0528 3
8 014760 082672 063809 0.528 4
Gaussian Process IMSE Optimal | Integrated mean square error optimal designs for a Gaussian 9 042130 0.253%1 0.07199 0.526 4
process 10 0.27566 0.79524 013322 0.528 1
1}
5

Make Table Back

7 Click Make Table.

You can see the spherical symmetry of the Minimum Potential design using the Scatterplot 3D graphics
platform.

1 After you make the JMP design table, choose the Graph > Scatterplot 3D command.
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2 In the Scatterplot 3D launch dialog, select X1, X2, and X3 as Y, Columns and click OK to see the
initial three dimensional scatterplot of the design points.

3 To see the results similar to those in Figure 9.13, double-click on the axes to scale them, and use the
Normal Contour Ellipsoids option from the menu in the Scatterplot 3D title bar.

Now it is easy to see the points spread evenly on the surface of the ellipsoid.

Figure 9.13 Minimum Potential Design Points on Sphere
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Maximum Entropy Designs

The Latin Hypercube design is currently the most popular design assuming you are going to analyze
the data using a Gaussian-Process model. Computer simulation experts like to use the Latin Hypercube
design because all its projections onto the coordinate axes are uniform.

However, as the example at the top in Figure 9.14 shows, the Latin Hypercube design does not neces-
sarily do a great job of space filling. This is a two-factor Latin Hypercube with 16 runs. Note that this
design appears to leave a hole in the bottom right of the overlay plot.
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Figure 9.14 Two-factor Latin Hypercube Design
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Design Space Filing Latin Hype|| = X1 X2 v = Overlay Plot
¥ Mocel 1 1|  -D8E6EEET
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Latin Hypercube design

The Maximum Entropy design is a competitor to the Latin Hypercube design for computer experi-
ments because it optimizes a measure of the amount of information contained in an experiment. See
the technical note below. The two-factor Maximum Entropy design shown in Figure 9.15 covers the
region better than the Latin hypercube design in Figure 9.14. The space-filling property improves as
the number of runs increases without bound.

Figure 9.15 Two-Factor Maximum Entropy Design
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Technical Note: Maximum Entropy designs maximize the Shannon information (Shewry and
Wynn (1987)) of an experiment, assuming that the data come from a normal (m, s?R) distribution,
where

_ 2
Rz‘j = exp[—%@k(xik—xjk) J

is the correlation of response values at two different design points, x; and x;. Computationally, these
designs maximize [R|, the determinant of the correlation matrix of the sample. When x; and x; are far
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Gaussian Process IMSE Optimal Designs

The Gaussian process IMSE optimal design is also a competitor to the Latin Hypercube design because

it minimizes the integrated mean squared error of the Gaussian process model over the experimental

region.

You can compare the IMSE optimal design to the Latin Hypercube (shown previously in Figure 9.14).
The table and overlay plot in Figure 9.16 show a Gaussian IMSE optimal design. You can see that the
design provides uniform coverage of the factor region.

Figure 9.16 Comparison of Two-factor Latin Hypercube and Gaussian IMSE Optimal Designs
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1
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Note: Both the Maximum Entropy design and the Gaussian Process IMSE Optimal design were cre-
ated using 100 random starts.

Borehole Model: A Sphere-Packing Example

Worley (1987) presented a model of the flow of water through a borehole that is drilled from the
ground surface through two aquifers. The response variable y is the flow rate through the borehole in

m?>/year and is determined by the equation

2T (H,~H)

}/:

2LT
u

ln(r/rw) 1+

In(r/ rw)rw2

w

There are eight inputs to this model.
7,, = radius of borehole, 0.05 to 0.15 m
r = radius of influence, 100 to 50,000 m

T,, = transmissivity of upper aquifier, 63,070 to 115,600 m?/year
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H,, = potentiometric head of upper aquifier, 990 to 1100 m

7= transmissivity of lower aquifier, 63.1 to 116 m*/year
H;= potentiometric head of lower aquifier, 700 to 820 m
L = length of borehole, 1120 to 1680 m
K, = hydraulic conductivity of borehole, 9855 to 12,045 m/year
This example is atypical of most computer experiments because the response can be expressed as a sim-

ple, explicit function of the input variables. However, this simplicity is useful for explaining the design
methods.

Create the Sphere-Packing Design for the Borehole Data

To create a Sphere-Packing design for the borehole problem:
1 Select DOE > Space Filling Design.
2 Click the red triangle icon on the Space Filling Design title bar and select Load Factors.

3 Open the Sample Data folder installed with JMP. In the DOE folder, open Borehole Factors.jmp
from the Design Experiment folder to load the factors (Figure 9.17).

Figure 9.17 Factors Panel with Factor Values Loaded for Borehole Example

¥ Factors
Continuous
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oo 0 Ry Continuous 13 082
diogior Continuous 2 47
ATy Continuous 63070 115600
Pl Cortinuous 3.1 116
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I Cortinuous 700 520
s Cortinuous 1120 1680
Ay Continuous 9555 12045

Note: The logarithm of r and 7, are used in the following discussion.

4 Click Continue.

5 Specify a sample size of 32 runs, as shown in Figure 9.18.
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Figure 9.18 Space-Filling Design Method Panel Showing 32 Runs

Space Filing Design
2 Factors
Space Filing Design Methods
Choose Sample Size

[ Sphere Packing Optimal Packing of Spheres
Inside of & Cube.

[ Latin Hypercube ] Latin HyperCube with Optimal Spacing

[ Unifarm ] Uniform Design

[ Minimum Potential ] Minimum energy designs in & spherical region.

[ Maximum Enkropy ] Maiximum entropy designs for & Gaussian process

[Gaussian Process IMSE Optimal ] Integrated mean square error optimal designs for & Gaussian process

6 Click the Sphere Packing button to produce the design.

7 Click Make Table to make a table showing the design settings for the experiment. The factor set-
tings in the example table might not have the same ones you see when generating the design because
the designs are generated from a random seed.

8 To see a completed data table for this example, open Borehole Sphere Packing.jmp (Figure 9.19)
from the Design Experiment Sample Data folder installed with JMP. This table also has a table vari-
able that contains a script to analyze the data. The results of the analysis are saved as columns in the

table.
Figure 9.19 Borchole Sample Data

= Borehole Sphere Packing LN
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I8 et 3| -na208202 2 63070 | 787453851 990 | 712562595 1680 12045 | 141 643972
4 13| 2521853 3070 31| 994937857 700 | 16712256 | 084508027 | 137105859
S (k) 5| 12818251 | 275621225 3070 | G31003347 | 1047 52096 20 | 161419327 | 12044 7583 | 14 5443173
ﬁ:”%g;"‘;“ 5 13 2| 115373914 | 115939627 | 108521039 a20 1680 | 116740186 | 13 4385116
u]
ATf* 7| 12528827 47| 084801565 116 900 | 71581919 | 1679.96528 9855 | 15 7654872
A% &| -1.2751133 47| B31357733| 110110022 1110 a20 1120 12045 | 27 5470676
Ak 3 13 2 3070 116 1110 | 705262054 | 158851033 | 107137698 | 21 5205326
Ak 10 13| 461421766 115600 631 101412022 20 | 1468 66543 | 104751983 | 109048754
ALk 1 082 47 115600 | 115338111 1110 | 762574254 | 1155 59827 12045 | 257 234604
PR S 12 082 47| Bs7o72718| 112983532 | 107819028 700 | 163976411 | 111836565 | 184016172
A Rk 13 | 08956276 47| 113453352 116 200 a20 1680 12045 | 515248634
ﬁ:ggﬂ‘;‘# 14 082 | 468538198 | 966245656 £3.1 1110 | 813067911 | 1676.07222 | 11354 9597 | 149964109
LN 15 082 | 20480977 3070 | 114731053 1110 @20 | 167727628 | 118612706 | 14690071
d true model b 16 | -1 2262786 | 357799341 | 113944 663 116 | 109845537 a20 1120 9855 | 27 1109034
| T s £ 17 13| 46516901 115600 116 1110| 700000753 1680 12045 | 23172246
 prediction hiss & 18| -0.8371702 47 115600 | 64555023 | 991 55747 700 1680 | 11141 5642 | 126820106

Guidelines for the Analysis of Deterministic Data

It is important to remember that deterministic data has no random component. As a result, p-values
from fitted statistical models do not have their usual meanings. A large F statistic (low p-value) is an
indication of an effect due to a model term. However, you cannot make valid confidence intervals
about the size of the effects or about predictions made using the model.
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Residuals from any model fit to deterministic data are not a measure of noise. Instead, a residual shows

the model bias for the current model at the current point. Distinct patterns in the residuals indicate
new terms to add to the model to reduce model bias.

Results of the Borehole Experiment

The example described in the previous sections produced the following results:

A stepwise regression of the response, log y, versus the full quadratic model in the eight factors, led
to the prediction formula column.

The prediction bias column is the difference between the true model column and the prediction
formula column.

The prediction bias is relatively small for each of the experimental points. This indicates that the
model fits the data well.

In real world examples, the true model is generally not available in a simple analytical form. As a result,

it is impossible to know the prediction bias at points other than the observed data without doing addi-

tional runs.

In this case, the true model column contains a formula that allows profiling the prediction bias to find
its value anywhere in the region of the data. To understand the prediction bias in this example:

1
2
3

4

Select Graph > Profiler.
Highlight the prediction bias column and click the Y, Prediction Formula button.

Check the Expand Intermediate Formulas box, as shown at the bottom on the Profiler dialog in
Figure 9.20, because the prediction bias formula is a function of columns that are also created by
formulas.

Click OK.

The profile plots at the bottom in Figure 9.20 show the prediction bias at the center of the design
region. If there were no bias, the profile traces would be constant between the value ranges of each fac-

tor. In this example, the variables Hu and HI show nonlinear effects.
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Figure 9.20 Profiler Dialog and Profile of the Prediction Bias in the Borehole Sphere-Packing Data
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glogm R ¥, Prediction Formula | | allrediction bias
log10 R aptional Nomeric
it
A
A - - .
ﬁ;
e
al -Help
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The range of the prediction bias on the data is smaller than the range of the prediction bias over the
entire domain of interest. To see this, look at the distribution analysis (Analyze > Distribution) of the
prediction bias in Figure 9.21. Note that the maximum bias is 1.826 and the minimum is —0.684 (the
range is 2.51).

Figure 9.21 Distribution of the Prediction Bias

¥| = Distributions ¥ Quantiles
¥| prediction bias 100.0% maximum 1.826
99.5% 1.626
2_] . 97.5% 1.826
90.0% 0.458
1.5+

Ta.0% guartile 007y
50.0% median  -0.028

14 250%  quartle 0145

10.0% -0.451
054 ; 25% -0.684
0.5% 0684

0~ [ @ 0.0%  minimum <0634

The top plot in Figure 9.22 shows the maximum bias (2.91) over the entire domain of the factors. The
plot at the bottom shows the comparable minimum bias (—4.84). This gives a range of 7.75. This is
more than three times the size of the range over the observed data.
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Figure 9.22 Prediction Plots showing Maximum and Minimum Bias Over Factor Domains
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Keep in mind that, in this example, the true model is known. In any meaningful application, the

response at any factor setting is unknown. The prediction bias over the experimental data underesti-
mates the bias throughout the design domain.

There are two ways to assess the extent of this underestimation:

* Cross-validation refits the data to the model while holding back a subset of the points and looks at
the error in estimating those points.

Verification runs (new runs performed) at different settings to assess the lack of fit of the empirical
model.
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Chapter 10

Nonlinear Designs

p

Design of experiments with models that are nonlinear in their parameters is available using either the
DOE menu or the JMP Starter DOE category, as shown below.

Nonlinear designs offer both advantages and disadvantages compared to designs for linear models.

On the positive side, predictions using a well chosen model are likely to be good over a wider range of
factor settings. It is also possible to model response surfaces with more curvature and with asymptotic

behavior.

On the negative side, the researcher needs a greater understanding of both the system and of the non-

linear design tool.

DOE Menu

M Analyze Graph  Tools
@ Custom Design

@ Screening Design

*-I-' Response Surface Design
i} Full Factorial Design

A Mixture Design

hiice Design
Space Filing Design
|_’ Monlinear Des

ﬁ Taguchi Arrays k

@ Augment Design

[E sample Size and Power

Click Category:
File

Basic

Model
Muttivariate
Reliability
Graph
Surface
Measure
Cortral

poe |
Tahles

SAS

JMP Starter

Experimental Design. Define factors and design a table of experimental runs.

@ Cuskom Design Create a design tailored to meet specific requirements.

@ Screening Design Sift through many factors to find the few that have the most effect.

,ﬁ, Response Surface Design | Find the best response allowing quadratic effects (curvature).

Chaice Design Find the combination of sttribute levels that your customers like the most..
Conjoint analysis.

. | Monlinear Design ‘h‘ Creste an optimal desian for models that are nonlinear in the parameters.

% Space Filling Design Designs for computer simulation modeling.

@ Full Factorial Design Generate all possible combinstions of the specified factor settings.

:@ Taguchi Arrays Make inner and outer arrays from signal and noise factors.

s Mixture Design Cptimize & recipe for & mixture of several ingredients.

@ Augment Design Add more runs to an existing data table. Replicate, add centerpoints, fold

over or add model terms.

Sample Size and Power Plat any twio of the power to detect an effect, the sample size, and the

effect size given the third. Or compute one given the ather twa.
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Examples of Nonlinear Designs

The Nonlinear Designer allows scientists to generate optimal designs and optimally augment data for
fitting models that are nonlinear in their parameters. Such models, when they are descriptive of the
underlying process, can yield more accurate prediction of process behavior than is possible with the
standard polynomial models.

To use the Nonlinear Designer, you first need a data table that has

¢ one column for each factor

* one column for the response

* acolumn that contains a formula showing the functional relationship between the factor(s) and the
response.

This is the same format for a table you would supply to the nonlinear platform for modeling.

The first example in this section describes how to approach creating a nonlinear design when there is
prior data. The second example describes how to approach creating the design without data, but with
reasonable starting values for the parameter estimates.

Using Nonlinear Fit to Find Prior Parameter Estimates

Suppose you have already collected experimental data and placed it in a JMP data table. That table can
be used to create a nonlinear design for improving the estimates of the model’s parameters.

To follow along with this example, open Chemical Kinetics.jmp from the Nonlinear Examples folder
found in the sample data installed with JMP.

Chemical Kinetics.jmp (Figure 10.1) contains a column (Model (x))whose values are formed by a for-
mula with a poor guess of the parameter values.

Figure 10.1 Chemical Kinetics.jmp

¥ Chemical Kinetics 1 =
Motes Mevers, RH. (198E| + Welocity () Concentration Modlel ()
1 0.0773595 0417 0.04
< Columns (3/0) 2 00655714 0417 0.04
A velosity () 3 00519351 0417 0.04
all Concentration 4 0.0737034 0.533 0.04
A Madel () 2= 5 0.0738753 0833 0.04
5 0.0712396 0.533 0.04
< Rows 7 0.065042 167 0.04
Al rows 3 g 0.0547667 167 0.04
Selected 0 9 0.0457125 375 0.04
Excluded 0 10 0.0642727 375 0.04
Hiclclen 1] 11 00613005 6.25 0.04
Labelled a 12 0.0643576 6.25 0.04
13 0.0393552 6.25 0.04

First, fit the data to the model using nonlinear least squares to get better parameter values.
1 Select Analyze > Modeling > Nonlinear.
2 Select Velocity (y) and click Y, Response on the nonlinear launch dialog.

3 Select Model (x) and click X, Predictor Formula (see Figure 10.2). Note that the formula given by
Model (X) shows in the launch dialog.
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Figure 10.2 Initial Nonlinear Analysis Launch Dialog

Fitting patameters in formula of Predictor column to ¥ calumn

Select Columns Cast Selected Columns into Roles Action
diveiocty (v) Alveiocty i)
.l Concertration m dviodel )
aptional Numeric
aptional Nameric
aptional Numeric

aptioral

¥ Predictor column must have formula

Formulas

Fredictor | Parametert
{max =004, k=0},
(%max § (k + :Concentration)) * : Concentration

)
‘m—_—w—_’
4 Click OK on the launch dialog to see the Nonlinear control panel.
5 Click the Go button on the Nonlinear control panel to see the results (Figure 10.3).

Figure 10.3 Nonlinear Fit Results

¥| ™ Nonlinear Fit
Responze: Velocity (), Predictor: Model ()
¥| Control Panel

Converged in Gradient

Criterion Current Stop Limit .
Heration 3 &0 The Save Estimates button adds the new fitted
b Change 1 £1720546-8 Te-15 rameter values in the Model (x) column in th
Relative Gradiert  2064974e6 | 0.0000p4 parameter values € colu €
Gradient 1.8284546e-7 | 0.0AG001 Chemical Kinetics.jmp data table.
-Reset
The Confidence Limits button computes confi-
Parameter  Current Walue Lock

ZSE 00008192453 dence intervals used to create a nonlinear design.

M 13

0.0569555362
-011347 3173
Save Estimates

Wmax
k

These ranges are the intervals for Vmax

orrence s Ponvergence Criterion___0.00001] and k. They are asymptotically normal.
2 Goal SSEfor €L 00011800381 Use these limits to create a nonlinear
¥ Solution desi . MP
SSE  DFE MSE RMSE esign in JMP.

0.0005152453 11 74477e-5 0.00863
Parameter Estimate  ApproxStoEr) Lowver CL Upper CL
WmE 00569555362 000325866 0.05009514 006419545

k -0A13473173 002529458 -01671995  -0.04454589

Solved By: Analytic MR
¥ Plot
6 Click the Confidence Limits button to produce confidence intervals.
7 Click Save Estimates to add the new fitted parameter values in the Model (x) column in the
Chemical Kinetics.jmp data table, which contains the formula:
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Vmax

T 5 " Concentration
[ k+ Concentraﬂon]

Note: Leave the nonlinear analysis report open because these results are needed in the DOE nonlinear
design dialog described next.

Now create a design for fitting the model’s nonlinear parameters.

1 With the Chemical Kinetics.jmp data table open, select DOE > Nonlinear Design.

2 Complete the launch dialog the same way as the Nonlinear Analysis launch dialog shown previously.
That is, Select Velocity (y) and click Y, Response. Select Model (x) and click the X, Predictor
Formula. Figure 10.4 shows the completed dialog.

Figure 10.4 Initial Nonlinear Design Launch Dialog

Create an optimal design for models that are nonlinesr in the parameters

Select Columns Cast Selected Columns into Roles Action
Aveiocty (1) Avelosty () o

Concentration

%, Predictor Formula | | g Model () Cancel
‘Weight

X Predictor column must have farmula Remave

Recall

Help

3 Click OK to see the completed Design panels for factors and parameters, as shown in Figure 10.5.

Figure 10.5 Nonlinear Design Panels for Factors and Parameters

¥ ™ Nonlinear Design

¥ Factors
Mame Role Walues
ll Concentration Continuous 047 625

¥ Parameters

Mame Distribution Walues
Wimax Marmal |D.D284??91 S0958913 |D.085433?542988?38
k Marmal |-D.DSB?3858829901 43 |-D.1 0209755597043
v Design Generation
Mumber of Runs:

Note that in Chemical Kinetics.jmp (Figure 10.1), the range of data for Concentration goes from
0.417 to 6.25. Therefore, these values initially appear as the high and low values in the Factors control

panel as follows:

4 Change the factor range for Concentration to a broader interval—from 0.1 to 7 (Figure 10.6).

Note that the 4 priori distribution of the parameters Vmax and k is Normal, which is correct for this

example. Change the current level of uncertainty in the two parameters using the analysis results.

5 Look back at the analysis report inFigure 10.3 and locate the upper and lower confidence limits for
Vmax and k in the Solution table. Change the values for Vmax and k to correspond to those limits,
as shown in Figure 10.6.

a JeauljuoN Ol

subiso



204 Nonlinear Designs Chapter 10
Examples of Nonlinear Designs

Now you have described the current level of uncertainty of the two parameters.

Figure 10.6 Change Values for Factor and Parameters

¥ = Nonlinear Design

¥| Factors
Mame Role Walues
A Concentration Continuous |D.1 7

¥| Parameters

Mame Distribution “alues
ima Mormel [o.0s [0.054
K Mormal |-0.87 |-0.044

6 If necessary, type the desired number of runs (15) into the text box.
Use commands from the menu on the Nonlinear Design title bar to get the best possible design:
7 Select Number of Starts from the menu on the title bar and enter 100 in the text box.

8 Select Advanced Options > Number of Monte Carlo Samples and enter 2 in the text box.

9 Click Make Design to preview the design (Figure 10.7). Your results may differ slightly than those
shown for the additional runs.

Figure 10.7 Selecting the Number of Runs

v Design

Run Concentration Velocity (y)
1 0417 007738
v Design Generation %) 0417 0.068571
Enter Mumber of Runs (counting 13 included runs): 15 3 0417 0.081935
> 4 o7 0.073703
5 o7 0073875
G o7 0.07124
7 167 0.065042
g 167 0.054767
9 375 0.045713
10 375 0064273
1 6.25 0061301
12 6.25 0.064355
13 6.25 0.0359359

14 0132626

15 0132626

10 Click Make Table.
This creates a new JMP design table (Figure 10.8) whose rows are the runs defined by the nonlinear

design.

Note: This example creates a new table to avoid altering the sample data table Chemical Kinetics.jmp.
In most cases, however, you can augment the original table using the Augment Table option in the
Nonlinear Designer instead of making a new table. This option adds the new runs shown in the Design
to the existing data table.
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Figure 10.8 Making a Table with the Nonlinear Designer

= Monlinear Design P - i
Design Monlinear Design (| - Concentration | Velocity () | Model (x)
= Mads! 1 0.417 | 0.0773895|0.0782487 |
Output Options 2 0.417 | 0.0BBET14|0.0782487 |
Make Table 3 0.417 | 0.0813351 |0.0782487 |
4 0.7 | 0.0737034 | 0.0679748
Augment Table
= Columns (30) 5 0.7 | 0.0738753 | 0.0679748
o Concentration 3 i 0.7 | 0.0712396 |0.0675745
A velocty () 7 167 00B5042| 0061108
Al Model (x)19R |
g 1.67 | 0.0547667 | 0.061108 |
] 3.75| 0.0487128 | 0.0587330 | _
10 3.75 | 0.0642727 | 0.0587330 |
> Rows
11 6.25 | 0.0613005 | 0.0580080 |-
All roves 15
S a 12 6.25 | 0.0643576 | 0.0580080 |-
Excluded 0 13 6.25 | 0.0393892 | 0.0580080 |-
Hidden i] 14| 013262625 = |0.3943929 |-
Labelled a 181 013262625 =|0.3943929 |-

The new runs use the wider interval of allowed concentration, which leads to more precise estimates of
k and Vmax.

Creating a Nonlinear Design with No Prior Data

This next example describes how to create a design when you have not yet collected data, but have a
guess for the unknown parameters.

To follow along with this example, open Reaction Kinetics Start.jmp, found in the Design Experiment
folder in the sample data installed with JMP. Notice that the table is a template. That is, the table has
columns with properties and formulas, but there are no observations in the table. The design has not
yet been created and data has not been collected.

This table is used to supply the formula in the yield model column to the Nonlinear DOE platform.
The formula is used to create a nonlinear design for fitting the model’s nonlinear parameters. The for-
mula looks like this:

1.9279710%
Exp t1-—m]
100 Reaction Temperature

1.9279710% 1.681971%

* Expl- Explﬂ-—m]*ﬂeacn'on T.l'me]-Exp -Exp G-—m]*ﬁ’eacn’on T.fmeH
Reaction Temperature Reaction Temperature
1.681971% 1.9279710%
Exp|t3 a ]-Exp t1- a H

Reaction Temperature Reaction Temperature

This model is from Box and Draper (1987). The formula arises from the fractional yield of the inter-
mediate product in a consecutive chemical reaction. It is written as a function of time and temperature.

1 With the Reaction Kinetics Start.jmp data table open, select DOE > Nonlinear Design to see the
initial launch dialog.

2 Select observed yield and click Y, Response.

3 Select yield model (the column with the formula) and click X, Predictor Formula.

The completed dialog should look like the one in Figure 10.9.
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Figure 10.9 Nonlinear Design launch Dialog

Select Columns

4l Reaction Time

4l Reaction Temperature
y |

dll ohserved vield

Create an optimal design for models that are nonlinesr in the parameters
Cast Selected Columns into Raoles

dll ohserved vield oK
%, Predictor Formula | | 4l vield madel
‘Weight aptional Nurmeric

X Predictor column must have farmula

Chapter 10

Action
Cancel

Remave

Recall

Help

Click OK to see the nonlinear design Factors and Parameters panels in Figure 10.10.

5 Change the two factors’ values to be a reasonable range of values. (In your experiment, these values
might have to be an educated guess.) For this example, use the values 510 and 540 for Reaction
Temperature. Use the values 0.1 and 0.3 for Reaction Time.

6 Change the values of the parameter t1 to 25 and 50, and t3 to 30 and 35.

Click on the Distribution of each parameter and select Uniform from the menu to change the distri-
bution from the default Normal (see Figure 10.10).

8 Change the number of runs to 12 in the Design Generation panel.

Figure 10.10 Change Factor Values, Parameter Distributions, and Number of Runs

¥ = Nonlinear Design

¥| Factors
Mame Role Walues
A Reaction Temperature  Continuous |51 a |54D
A Resction Time Continuous |D.1 |D.3
¥| Parameters
Mame Distribution Walues
t Urifarm [z5 [so
t3 Plorr=at |an |as

v Design Generation

Mumber of Runs:

Make Design

Lognormal
Exponential

Marmal !
12

9 Click Make Design, then Make Table. Your results should look similar to those in Figure 10.11.

Figure 10.11 Design Table

= Monlinear Design L2 = Reaction Reaction
Design Monlinear Design (| - ~__|Temperature | Time |observed yield |yield model
¥ Model 1 540.00 0.3 o 55.093235
2 540.00 0.3 o 55.093235
¥ Columns (440) 3 540.00 0.3 B 55.093235
A Reaction Temperature 3¢ 4 540.00 0.3 B 58093235
4 Reaction Time 3 5 531.45 0.4 «| aa7asgear
] ClASEREE SE * [3 540,00 03 | s3peszEs
CIgERmeEh - 7 53965 01 = | 545975641
SRows g 53965 01 = | 545975641
T 12 9 510.00 01 = | 11.2590504
Selected 0 10 53965 01 = | 545975641
Excluded 0 11 531 44 01 = | 397192502
Hiclclen 1] 12 51000 01 = | 11.2590504

10 To analyze data that contains values for the response, observed yield, open Reaction Kinetics.jmp
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from the Design Experiment folder in the sample data installed with JMP (Figure 10.12).

11 To analyze data that contains values for the response, observed yield, open Reaction Kinetics.jmp
from the Design Experiment folder in the sample data installed with JMP (Figure 10.12).

Figure 10.12 Reaction Kinetics.jmp

First, examine the design region with an overlay plot.

12 Selecting Graph > Overlay Plot.
13 Select Reaction Temperature and click Y

 Reaction Kinetics 0 -
Design Monlinear Design (| - Reaction Temperature | Reaction Time | observed yield | yield model
¥ Model 1 240 0.3 a7 55.093235
2 240 011 56 57 3016426
= Columns (410) 3 540 03 53| 58093235
] IREEHER ERREEE * 4 530 02 53| s54.9142081
4l Reaction Time 3
4l observed vield 3 ) 210 01 12 11.2580504
Al vield model 2k 5] 240 0.3 a7 55.093235
7 240 0.3 29 55.093235
S Rows 8 510 01 10| 112590804
e 12 9 517 01 18| 17.8546023
Selected 1] 10 530 0.21 56 95 9538913
Excluded o 1 240 011 56 57 3016426
Hidden o 12 540 0.3 59 58.093235
Labelled o

14 Select Reaction Time and click X as shown in the Overlay Plot launch dialog in Figure 10.13.

15 Click OK to see the overlay plot in Figure 10.13.
Figure 10.13 Create an Overlay Plot

The Plat of ¥ as X varies continuously

Select Columns Cast Selected Columns into Raoles
dreaction Temperature 4mReaction Temperature
dlReaction Time aptional numeric
Aobzerved wield
Ayield model

COptions Left Scale/Right Scale
Sort ¥ Al Reaction Time 1
D ¥ Log Scale 5

Grouping | | cetional
D Left ¥ Log Scale

Right % Log Scale

Action

v = Overlay Plot

240+

wn

)

)
1

Reaction Temperature
o
()
o
1

525 .
5204 *
T T T T T T T T T
04 01s 0z 025 03

Reaction Time

Notice that the points are not at the corners of the design region. In particular, there are no points at
low temperature and high time—the lower right corner of the graph.

16 Select Analyze > Modeling > Nonlinear.
17 Select observed yield and click Y, Response.

18 Select yield model and click the X, Predictor Formula, then click OK.

19 Click Go on the Nonlinear control panel.
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20 Now, choose Profilers > Profiler from the red triangle menu on the Nonlinear Fit title bar.

21 To maximize the yield, choose Maximize Desirability from the red triangle menu on the Prediction
Profiler title bar.

The maximum yield is approximately 63.5% at a reaction temperature of 540 degrees Kelvin and a
reaction time of 0.1945 minutes.

Figure 10.14 Time and Temperature Settings for Maximum Yield

¥| = Prediction Profiler

Sensitivity Indicator

ohserved

v Desirability Functions

Maximization Cptions k

Maximize for each Grid Point ; 7
Save Desirabilities % e 5o
o
Set Desirahilities L 24
Save Desirability Formula b= L
o
Reset Fackor Grid 24 !
L e e [ (e R |
WoOWwoWoOWwow o — Wt N0 [=TT T BT R
ErhaEBREdd 2 3 @ O e S
240 01944535
Reaction Reaction
Temperature Time Desirahility

Creating a Nonlinear Design

To begin, open a data table that has a column whose values are formed by a formula (for details about
formulas, see the JMP User Guide). This formula must have parameters.

Select DOE >Nonlinear Design, or click the Nonlinear Design button on the JMP Starter DOE page.
Then, follow the steps below:

* “Identify the Response and Factor Column with Formula,” p. 208

*  “Set Up Factors and Parameters in the Nonlinear Design Dialog,” p. 209
* “Enter the Number of Runs and Preview the Design,” p. 210

*  “Make Table or Augment the Table,” p. 211

Identify the Response and Factor Column with Formula

1 Open a data table that contains a column whose values are formed by a formula that has parameters.
This example uses Corn.jmp from the Nonlinear Examples folder in the sample data installed with
JMP.

2 Select DOE > Nonlinear Design to see the initial launch dialog.
3 Select yield and click Y, Response. The response column cannot have missing values.

4 Select quad and click X, Predictor Formula. The quad variable has a formula that includes nitrate
and three parameters (Figure 10.15).
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5 Click OK on the launch dialog to see the Nonlinear Design DOE panels.
Figure 10.15 Identify Response (Y) and the Column with the Nonlinear Formula (X)

Create an optimal design for models that are nonlinesr in the parameters
Select Columns Cast Selected Columns into Raoles Action
i s
i s
X Predictor column must have formula

Set Up Factors and Parameters in the Nonlinear Design Dialog

First, look at the formula for quad, shown in Figure 10.16, and notice there are three parameters.
These parameters show in the Parameters panel of the Nonlinear design dialog, with initial parameter
values.

Figure 10.16 Formula for quad has Parameters a, b, and ¢

=a+ h*[na’trate-29.45] +c* [n.ftrate-29.45] 2

b
nitrate-29.45 <- |
2%c
Wz

else = a-

Use Figure 10.17 to understand how to set up factor and parameter names and values.
* The initial values for the factor and the parameters are reasonable and do not need to be changed.

¢ If necessary, change the Distribution of the parameters to Uniform, as shown in Figure 10.17.
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Figure 10.17 Example of Setting Up Factors and Parameters

Double-click to edit the factor

Click to enter or change factor values.
or parameter name.

*| = Nonlingar Design

¥ Facto
Marge Role Walues
allritrat Continuous 663 104.53
aptionaiterm

¥| ParAmeters

Mame Distribution Walues

a Unifarm 2500 7500
b Unifarm a0 150
c Unifarm -0.75 -2.25

aptional iterm

v Design Generation
Erter Mumber of Runs (courting 144 included runs);

Make Design

Click to edit the distribution: Uniform,
Normal, Lognormal, or Exponential.

Enter the Number of Runs and Preview the Design

1 The Design Generation panel shows a default number of runs needed to perform the experiment.
This example needs one run for each observation (144) plus three additional runs for the three

parameters giving 147 as a total minimum number of runs. Enter 147 in the Number of Runs edit
box.

2 Click Make Design before creating the data table to preview the design. Figure 10.18 shows a par-
tial listing of the design.
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Figure 10.18 Example Preview Design

¥ ™ Nonlinear Design

- T T T

¥ Design Run  nitrate  yield

Run nitrate  yield 130 2464 940575

1 959 4713 131 2308 6278.35

2 751 104945 132 442  §368.39

3 8 153789 133 B326 737955

4 1383 511624 134 46 #1208

5 201 883598 135 1656 477133

6 3281 984972 136 2545 6930.61

7 5268 958895 137 4153 861687

8 B424 47458 138 6148 92509

9 2341 6550.39 133 82439 796753

10 2009 778335 140 1335 51584

11 3836 948595 141 3333 7E744

12 474 913861 142 2945 78634

13 6823 607936 143 @161 778094

14 2458 284344 144 7303 815196
15 1856 623716 145 10453
16 2632 79617 146 10453
17 3088 869112 147 10453

8264 590583

Make Table or Augment the Table

3 The last step is to click either Make Table or Augment Table. The Make Table command creates a
new table (Figure 10.19) with all runs included. The Augment Table command adds the new runs
to the existing table.

Figure 10.19 Partial Listing of an Example Nonlinear Design Table

¥ Monlinear Design ¢ =
Design Monlinear Design (| nitrate yield quad
= Model 1| g9s=9 4713 | 2422 3706
2| 7s 1049.45 | 20839546
3 g 1537 89 | 2164 84625
~ Calumns (3/0) 4| 1393 511524 | 30855044
] IS * 5| 294 533595 | 495481625
ﬁ :'S:i ﬁ 6| 329 9584972 | 53280426
7| sze8 955895 | 651355065
= Rows 8| 5424 9474 68 | BEG6 BEEET
All rows 147 = a| 234 BE50.39 | 43412776
Selected 0 10| 2003 776335 | 39325856
Excluded i 111 3838 945595 | 5771,91785

Advanced Options for the Nonlinear Designer

For advanced users, the Nonlinear Designer has the two additional options, as shown in Figure 10.20.
These advanced options are included because finding nonlinear DOE solutions involves minimizing
the integral of the log of the determinant of the Fisher information matrix with respect to the prior dis-
tribution of the parameters. These integrals are complicated and have to be calculated numerically.

The way the integration is done for Normal distribution priors uses a numerical integration technique
where the integral is reparameterized into a radial direction, and the number of parameters minus one
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angular directions. The radial part of the integral is handled using Radau-Gauss-Laguerre quadrature
with an evaluation at radius=0. A randomized Mysovskikh quadrature is used to calculate the integral
over the spherical part, which is equivalent to integrating over the surface of a hypersphere.

Note: If some of the prior distributions are not Normal, then the integral is reparameterized so that
the new parameters have normal distribution, and then the radial-spherical integration method is
applied. However, if the prior distribution set for the parameters does not lend itself to a solution,
sometimes the process fails and gives the message that the Fisher information is singular in a region of
the parameter space, and advises changing the prior distribution or the ranges of the parameters.

Figure 10.20 Advanced Options for the Nonlinear Designer

¥ ® MNanlinoar Nacinn

< Save Responses

Save Factors fe Yalues
artinuoLs [2:x]

Simulate Responses
Y Mumber of Starts

Mumber of Monte Carlo Samples

M Monte Carlo Spheres

The following is a technical description for these two advanced options:

Number of Monte Carlo Samples sets the number of octahedra per sphere. Because each octa-
hedron is a fixed unit, this option can be thought of as setting the number of octahedra per

sphere.

N Monte Carlo Spheres are the number of nonzero radius values used. The default is two
spheres and one center point. Each radial value requires integration over the angular dimensions.
This is done by constructing a certain number of hyperoctahedra (the generalization of an octa-
gon in arbitrary dimensions), and randomly rotating each of them.

Technical Note: The reason for the approach given by these advanced options is to get good inte-
gral approximations much faster than using standard methods. For instance, with six parameters, using
two radii and one sample per sphere, these methods give a generalized five- point rule that needs only
113 observations to get a good approximation. Using the most common approach (Simpson’s rule)
would need 5° = 15,625 evaluations. The straight Monte Carlo approach also requires thousands of
function evaluations to get the same level of quality in the answer.

Keep in mind that if the number of radii is set to zero, then just the center point is used, which gives a
local design that is optimal for a particular value of the parameters. For some people this is good
enough for their purposes. These designs are created much faster than if the integration is performed.
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Quality was the watchword of 1980s, and Genichi Taguchi was a leader in the growth of quality con-

sciousness. One of Taguchi’s technical contributions to the field of quality control was a new approach
to industrial experimentation. The purpose of the Taguchi method was to develop products that worked
well in spite of natural variation in materials, operators, suppliers, and environmental change. This is
robust engineering.

Much of the Taguchi method is traditional. His orthogonal arrays are two-level, three-level, and
mixed-level fractional factorial designs. The unique aspects of his approach are the use of signa/ and
noise factors, inner and outer arrays, and signal-to-noise ratios.

The goal of the Taguchi method is to find control factor settings that generate acceptable responses
despite natural environmental and process variability. In each experiment, Taguchi’s design approach
employs two designs called the inner and outer array. The Taguchi experiment is the cross product of
these two arrays. The conzrol factors, used to tweak the process, form the inner array. The noise factors,
associated with process or environmental variability, form the outer array. Taguchi’s signal-to-noise ratios
are functions of the observed responses over an outer array. The Taguchi designer supports all these fea-
tures of the Taguchi method. You choose from inner and outer array designs, which use the traditional
Taguchi orthogonal arrays, such as 14, L8, and L16.

Dividing system variables according to their signal and noise factors is a key ingredient in robust engi-
neering. Signal factors are system control inputs. Noise factors are variables that are typically difficult or
expensive to control.

The inner array is a design in the signal factors and the outer array is a design in the noise factors. A sig-
nal-to-noise ratio is a statistic calculated over an entire outer array. Its formula depends on whether the
experimental goal is to maximize, minimize or match a target value of the quality characteristic of inter-
est.

A Taguchi experiment repeats the outer array design for each run of the inner array. The response vari-
able in the data analysis is not the raw response or quality characteristic; it is the signal-to-noise ratio.

The Taguchi designer in JMP supports signal and noise factors, inner and outer arrays, and sig-
nal-to-noise ratios as Taguchi specifies.
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The Taguchi Design Approach

The Taguchi method defines two types of factors: control factors and noise factors. An inner design

constructed over the control factors finds optimum settings. An ouzer design over the noise factors looks

at how the response behaves for a wide range of noise conditions. The experiment is performed on all

combinations of the inner and outer design runs. A performance statistic is calculated across the outer

runs for each inner run. This becomes the response for a fit across the inner design runs. The table

below lists the recommended performance statistics.

Table 11.1

Goal

S/N Ratio Formula

nominal is best

_2
S _ r
N IOIOg(fzj

larger-is-better (maximize) s o1
= = _10log| 135
N Og(n 7 Yfz}
7
smaller-is-better (minimize
( ) S = —IOIOngZYZJ
N nG

Taguchi Design Example

The following example is an experiment done at Baylock Manufacturing Corporation and described by
Byrne and Taguchi (1986). The objective of the experiment is to find settings of predetermined control
factors that simultaneously maximize the adhesiveness (pull-off force) and minimize the assembly costs

of nylon tubing,.

To follow along with this example, open the Byrne Taguchi Data.jmp table found in the Design Exper-
iment folder of the Sample Data installed with JMP. Or, generate the original design table on your own

using DOE > Taguchi Arrays.

The signal and noise factors in the Byrne Taguchi Data for this example appear in the table below.

Table 11.2

Factor Name Type Levels Comment

Interfer control 3 tubing and connector interference

Wall control 3 the wall thickness of the connector

Depth control 3 insertion depth of the tubing into the connector
Adhesive control 3 percent adhesive

Time noise 2 the conditioning time

Temperature noise 2 temperature

Humidity noise 2 the relative humidity
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To start this example:
1 Select DOE > Taguchi.
2 Click the red triangle icon on the Taguchi Design title bar and select Load Factors.

3 When the Open File dialog appears, open the factors table, Byrne Taguchi Factors.jmp found in
the Design Experiment Sample Data folder installed with JMP.

The factors panel then shows the four three-level control (signal) factors and three noise factors, as
shown in Figure 11.1.

Figure 11.1 Response, and Signal and Noise Factors for the Byrne-Taguchi Example

v= Taguchi Design

v Response
Response Mame Goal Lower Limit Upper Limit Importance
by Larger |s Better |,
¥| Factors
Mame Role Walues
tha nterfier Signal 1 2 3
vl Signal 1 2 3
th Depth Signal 1 2 3
th Achesive Signal 1 2 3
tha Time Meise L1 L2
‘Temperature Maoise L1 L2
s Humiclty Neise U L2
TFactors
Choose Innet and Outer Atray Designs
Inner Array Outer Array
Mumber Desgign Mame
v L27 - Taguchi La
a1 Full Factorial

4 Highlight L9-Taguchi to give the L9 orthogonal array for the inner design.
5 Highlight L8 to give an eight-run outer array design.
6 Click Continue.

The outer design has three two-level factors. A full factorial in eight runs is generated. However, it is

only used as a guide to identify a new set of eight columns in the final JMP data table—one for each
combination of levels in the outer design.

7 Click Make Table to create the design table shown in Figure 11.2.
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Figure 11.2 Taguchi Design Before Data Entry

L SH

o Interfer | Wall | Depth | Adhesive Pattern | — | ——+ |[—+— | —4++ | +— | +—+ ++— | +++ | Mean | Ratio
1[4 q q q R, . . . . . . . . . .
2[4 2 2 2 = Tai] . . . . . . . . . .
304 3 3 3 —tt . . . . . . . . . .
4|2 q 2 3 0-0+ . . . . . . . . . .
5= 2 3 q 00+- . . . . . . . . . .
G2 3 q 2 0+=0 . . . . . . . . . .
7|3 q 3 2 +=+0 . . . . . . . . . .
gl 2 q 3 +0-+ . . . . . . . . . .
9|3 3 2 q ++0- . . . . . . . . . .

Now suppose the pull-off adhesive force measures are collected and entered into the columns contain-
ing missing data, as shown in Figure 11.3. The missing data column names are appended with the let-
ter Y before the levels (+ or ) of the noise factors for that run. For example, Y--- is the column of
measurements taken with the three noise factors set at their low levels.

8 To see the completed experiment, open the data table, Byrne Taguchi Data.jmp found in the Design
Experiment Sample Data folder installed with JMP. Figure 11.3 shows the completed design.

Figure 11.3 Complete Taguchi Design Table (Byrne Taguchi Data.jmp)

4 ¥

) Interfer | Wall | Depth  Adhesive | Pattern | Y--- et Yok | Yokt Yo Yo+ | ¥e- | Yarr | Mean ¥ | SN Ratio Y
1 (1 1 1 1 - 156 95 1648 1989 196 196 20 191 17.525 24 02534
21 2 2 2 -00a 13 16.2 194 196 187 198 242 2148 19.475 2552164
31 3 3 3 -+t 16.3 16.7 191 156 226 182 233 204 19.025 2533476
4 (2 1 2 3 0-0+ 18.3 17.4 1849 186 | 188 232 247 20125 2590425
a2 2 3 1 00+- 19.7 186 194 251 256 214 275 253 22525 2690753
G2 3 1 2 0+-0 16.2 16.3 20 195 147 196 225 247 19.225 2532574
73 1 3 2 +-+0 16.4 191 184 236 168 1586 243 216 19.85 2571081
g3 2 1 3 +0-+ 142 156 151 168 178 196 232 244 183373 24 5323
93 3 2 1 ++0- 161 199 193 173 2341 227 226 256 2 2615198

The column named SN Ratio Y is the performance statistic computed with the formula shown below.
In this case, it is the “larger-the-better” (LTB) formula, which is —10 times the common logarithm of
the average squared reciprocal:

1 1 1 1 1
—10L0g10 [an [(Y— _ _)2 (Y— _ +)2 (Y— + _)2 (Y— ++2 (Y+ _ _)2

1 L1 L1 ]]
Y+=+)2 (Y++2)7 (Y++4)?

This expression is large when all of the individual y values are small.

Analyze the Data

The data in Byrne Taguchi Data.jmp are now ready to analyze. The goal of the analysis is to find factor
settings that maximize both the mean and the signal-to-noise ratio.

1 Click the red triangle icon next to Model on the upper left of the data table and select Run Script.
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The Model script produces the Fit Model dialog shown in Figure 11.4.

The Fit Model dialog that appears automatically has the appropriate effects. It includes the main effects
of the four signal factors. The two responses are the mean (Mean Y) and signal-to-noise ratio (SN Ratio
Y) over the outer array.

Figure 11.4 Fit Model Dialog for Taguchi Data

¥~ Model Specification

Select Columns Pick Role Yariables Personality: | Standard Least Sguares s
thariterfer ¥ e Emphsasis: | Effect Leverage v
vl il =M Retio v
hDepth optional

i 2chesive
whapttern Weight || cptional numeric m Run Modsl
ﬁv"' Freq aptional numeric

et

m
-

v+
v+ Construct Madel Effects
v+
s il
. Adhesive
Ao
Degres
Aftributes v
Tranzform
D Mo Intercept

2 Click Run Model on the Fit Model dialog.

The prediction profiler is a quick way to find settings that give the highest signal-to-noise ratio for this
experiment.

3 To open the Prediction Profiler, click the red triangle on the Response Mean Y title bar and select
Factor Profiling > Profiler.

The profile traces (Figure 11.5) indicate that different settings of the first three factors would increase
SN Ratio V.

Figure 11.5 The Prediction Profiler

¥| = Prediction Profiler
234

214

194

Mean %
17.525

174

265

SN Ratio v
2402534

Interfer Wzl Depth Adhesive

4 To find optimal settings, click the red triangle on the Prediction Profiler title bar and select
Desirability Functions. This adds the row of traces and a column of function settings to the pro-
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filer, as shown in Figure 11.6. The default desirability functions are set to larger-is-better, which is
what you want in this experiment. See the chapter “Standard Least Squares: Perspectives on the Esti-
mates” of JMP Statistics and Graphics Guide for more details about the prediction profiler.

5 Again click the red triangle on the Prediction Profiler title bar and select Maximize Desirability to
automatically set the prediction traces that give the best results according to the desirability func-
tions.

In this example, the settings for Interfer and Wall changed from L1 to L2 (see Figure 11.5 and

Figure 11.6). The Depth setting changed from L1 to L3. The settings for Adhesive did not change.

These new settings increased the signal-to-noise ratio from 24.0253 to 26.9075.

Figure 11.6 Best Factor Settings for Byrne Taguchi Data
¥| = Prediction Profiler

¥/ = Dradiction Drofilar
v Confidence Intervals

Mean %
22825

Sensitivity Indicator

SN Ratio v
2690753

Maximize for each Grid Point

S e e e

Save Desirabilities 24—
Set Desirabilities - ---
Save Desirability Formula - 7
o

Desirahility
0.952905

Reset Factor Grid

o -

® = &
2 2 3 1 = =
Interfer Wzl Depth Adhesive Desirahility

Creating a Taguchi Design
To start a Taguchi design, select DOE >Taguchi Arrays, or click the Taguchi Arrays button on the
JMP Starter DOE page. Then, follow the steps below:
* “Detail the Response and Add Factors,” p. 219
* “Choose Inner and Outer Array Designs,” p. 220
* “Display Coded Design,” p. 221
*  “Make the Design Table,” p. 221

Detail the Response and Add Factors

The Responses panel has a single default response. The steps for setting up the details of this response
are outlined in Figure 11.7. For information on importance weights and lower and upper limits, see
“Understanding Response Importance Weights,” p. 60.
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Figure 11.7 Setting Up the Response

Click to enter lower and upper
limits and importance weights.

®

¥ ™ Taguchi Design

¥ Response

Rezponse Name Goal Lot Lirpd Ugpper Limit Importance
A Larger |z Better
Double-click to edit Click to change the response goal:
the response name. Larger Is Better, Nominal is Best,

Smaller is Better, or None.

The steps for setting up the factors are outlined in Figure 11.8.

Figure 11.8 Entering Factors

Click to add a signal, then select a

signal type: 2 Level, or 3 Level. To change the value of a signal or noise,
or click and then type the new value.
Click to add a noise. @
* Facto

¥| Factors

[ Signal v] [ Noise ] [ Remaove ]

Mame Role “alues
i1 Signal [1 [2
3 Level 2 Sigral 1 |2

Double-click to edit
the factor name.

When you finish adding factors, click Continue.

Choose Inner and Outer Array Designs

Your choice for inner and outer arrays depends on the number and type of factors you have.

Figure 11.9 shows the available inner array choices when you have eight signal factors. If you also have
noise factors, choices include designs for the outer array. To follow along, enter eight two-level Signal
factors and click Continue. Then highlight the design you want and again click Continue. This exam-
ple uses the L12 design.
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Figure 11.9 Selecting a Design for Eight Signal Factors

SFactors
Choose Inner and Outer Array Designs

Inner Array
Design Mame

L16
L3z
LG4
L125

After you click Continue, a dialog appears that asks to you specify how many times you want to per-
form each inner array run. Specify one (1) for this example.

Display Coded Design

After you select a design type, click the disclosure buttons ( <k % on Windows/Linux and p ¥ on the
Macintosh) to display the Coded Design (Figure 11.10).

Figure 11.10 Coding for Eight Factor L12 Design

Taguchi Design
SFactors
Taguchi Array L12
Design Description and Display

¥| Coded Design

Codes

-

The Coded Design shows the pattern of high and low values for the factors in each run. For more
details on the coded design, see “Understanding Design Codes,” p. 104.

Make the Design Table

When you click Make Table, a table similar to that shown in Figure 11.11 appears. In the data table,
each row represents a run. In the values for the Pattern variable, plus signs designate high levels and
minus signs represent low levels.
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Figure 11.11 Taguchi Design Table for Eight Factor L12 Design
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If you treat experimentation as an iterative process, you can master the temptation to assume that one

successful screening experiment has optimized your process. You can also avoid disappointment if a
screening experiment leaves behind some ambiguities. The augment designer helps facilitate experi-
mentation as an iterative process.

The augment designer modifies an existing design data table, supporting your iterative process. It gives
the following five choices:

* replicate the design a specified number of times

* add center points

e create a foldover design

¢ add axial points together with center points to transform a screening design to a response surface
design

* add runs to the design using a model that can have more terms than the original model

This chapter provides an overview of the augment designer. It also presents a case study of design aug-
mentation.
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A D-Optimal Augmentation of the Reactor Example

This example, adapted from Meyer, ez al. (1996), demonstrates how to use the augment designer in
JMP to resolve ambiguities left by a screening design. In this study, a chemical engineer investigates the
effects of five factors on the percent reaction of a chemical process.

To begin, open Reactor 8 Runs.jmp found in the Design Experiment Sample Data folder installed
with JMP. Then selecc Augment Design from the DOE menu. When the initial launch dialog appears:
1 Select Percent Reacted and click Y, Response.

2 Select all other variables except Pattern and click X, Factor.

3 Click OK on the launch dialog to see the Augment Design dialog in Figure 12.1.

Note: You can check Group New Runs into Separate Blocks to add a blocking factor to any design.
However, the purpose of this example is to estimate all two-factor interactions in 16 runs, which cant
be done when there is the additional blocking factor in the model.

Figure 12.1 Augment Design Dialog for the Reactor Example

¥ ™ Augment Design

¥| Factors
Mame Fole Changes  “alues
AFeed Rate Continuous Easy 10 15
diCatalyst Continuous Easy 1 2
At Rate Cortinuous Easy 100 120
ﬁTemperature Continuous Easy 140 180
A Concentration Continuous Eazy 3 3

|:| Group newy runs into separate hlock
Augmertation Choices

[Rephcate] [Add Centerpoints] [Fold Over] [Add Axial] [F\ugment]

4 Now click Augment on the Augment Design dialog to see the display in Figure 12.2.

This model shown in Figure 12.2 is the result of the model stored with the data table when it was cre-
ated by the Custom designer. However, the augmented design is to have 16 runs in order to estimate all
two-factor interactions.
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Figure 12.2 Initial Augmented Model

¥ ~ Augment Design

Chapter 12

¥ Factors
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¥ Constraints
¥ Model
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Feed Rate
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Stir Rate
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¥ Factor Design
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G 13 il 100 140 3 a3
G 13 il 120 140 G a5
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Make Design

To continue with the augmented reactor design:

5 Choose 2nd from the Interactions menu as shown in Figure 12.3. This adds all the two-factor inter-
actions to the model. The Minimum number of runs given for the specified model is 16, as shown

in the Design Generation text edit box.

Figure 12.3 Augmented Model with All Two-Factor Interactions

¥ Constraints

¥ Model
[Main EFFects] [Interactions v] -
Intercept
Feed Rate 3rd
Catalyst ath
Shir Rate Sth
Tempersture
Concentration
Catalyst*Stir Rate
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Feed Rate*Catalyst

Feed Rate*Stir Rate

Feed Rate*Temperature
Feed Rate*Concentration
Catalyst*Temperature

Stir Rate*Temperature

Stir Rate*Concentration
Temperature*Concentration

6 Click Make Design.
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JMP now computes D-optimally augmented factor settings, similar to the design shown in Figure 12.4.

Figure 12.4 D-Optimally Augmented Factor Settings

Run FeedRate  Catalyst  Stir Rate Tempersture Concentration Percent Reacted

¥| Design
1 10 1
2 10 1
3 10 2
4 10 2
5 15 1
G 15 1
7 15 2
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10 15 1
11 10 2
12 10 1
13 10 1
14 15 2
15 15 2
16 15 2

100
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100
120
100
120
100
120
120
100
100
100
120
120
100
120

180
180
140
140
140
140
180
180
140
180
180
140
140
140
140
180

B

WM W W W WL MW@ W W@ L

44
66
70
54
53
a5
a3
7]

Note: The resulting design is a function of an initial random number seed. To reproduce the exact fac-

tor settings table in Figure 12.4, (or the most recent design you generated), choose Set Random Seed

from the popup menu on the Augment Design title bar. A dialog shows the most recently used random

number. Click OK to use that number again, or Cancel to generate a design based on a new random

number. The dialog in Figure 12.5 shows the random number (12834729) used to generate the runs in

Figure 12.4.

Figure 12.5 Specifying a Random Number

| T Anamant Nacinn

Save Responses

Save Factars Choose a positive whole number as a seed for a random starting design.

Load Fackars

Save Constraints OK

] [ Cancel

Load Constraints

Simulate Response: k

Show Diagnostics

Save x Matrix

Optimality Criterion 3
MNumber of Starts

Sphere Radius

Disallowed Combinations
Advanced Options 3

7 Click Make Table to generate the JMP table with D-Optimally augmented runs.

Analyze the Augmented Design

Suppose you have already run the experiment on the augmented data and recorded results in the

Percent Reacted column of the data table.

1 To see these results, open Reactor Augment Data.jmp found in the Design Experiment Sample

Data folder installed with JMP.
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It is desirable to maximize Percent Reacted, however its column in this sample data table has a
response limits column property set to Minimize.

2

Click the asterisk next to the Percent Reacted column name in the Columns panel of the data table
and select Response Limits, as shown on the left in Figure 12.6.
In the Column Info dialog that appears, change the response limit to Maximize, as shown on the
right in Figure 12.6.

Figure 12.6 Change the Response Limits Column Property for the Percent Reacted Column

= Columns (61)
4l Feed Rate s
4l Catalystse

4l Stir Rate sk

4l Temperature 3k
4l Concentration

e

You are now ready to run the analysis.

'Percent Reacted' in Table 'Reactor Augment Data’'

Column Mame
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[ Lock
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T 1

4 To start the analysis, click the red triangle for Model in the upper left of the data table and select

Run Script from the menu, as shown in Figure 12.7.

Figure 12.7 Completed Augmented Experiment (Reactor Augment Data.jmp)

> Reactor Augment Data

Design

Edit

Delete
l stir Rate 3k
dl Temperature 3k

4l Concentration s
l Percert Reacted 3¢

Augmented Design ||

> Rows
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Selected
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Feed Rate | Catalyst | Stir Rate | Temperature | Concentration | Reacted
1 10 1 100 180 5] 44
2 10 1 120 180 3 GG
3 10 2 100 140 5] 70
4 10 2 120 140 3 54
5 13 1 100 140 3 53
5] 13 1 120 140 5] 55
7 13 2 100 180 3 93
g 13 2 120 180 5] g2
9 13 2 120 180 3 95
10 13 2 120 140 5] 63
15 11 10 2 100 140 3 63
0 12 10 1 120 180 5] 49
il 13 13 1 100 140 5] 63
1] 14 13 1 100 180 3 51
1] 13 10 1 120 140 5] 29
16 10 2 100 180 3 94

The Model script, stored as a table property with the data, contains the JSL commands that display the
Fit Model dialog with all main effects and two-factor interactions as effects.

5 Change the fitting personality on the Fit Model dialog from Standard Least Squares to Stepwise,

as shown in Figure 12.8.
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Figure 12.8 Fit Model Dialog for Stepwise Regression on Generated Model

¥ ™ Model Specification
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dllPercent Reacted

Construct Model Effects

Catalyst
St Rate

Tempersture
[_nest ]| eortation
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Transform > Feed Rate*Temperature 57
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6 When you click Run Model, the stepwise regression control panel appears. Click the check boxes for

all the main effect terms.

Important: Choose Mixed from the Direction menu and make sure Prob to Enter is 0.050 and Prob
to Leave is 0.100. These are not the default values. You should see the dialog shown in Figure 12.9.

Figure 12.9 Initial Stepwise Model

¥| = Stepwise Fit
Responze: Percent Reacted

¥| Stepwise Regression Control

Praok to Enter
Prohto Leave

Direction: pied 4
Rules: Combing 4

¥| Current Estimates

SSE DFE MSE RSquare RSquare Adj Cp AIC

12571055 10 12571055 06933 0.5399 §1.62366
Lock Entered Parameter Estimate nDF S5 'F Ratio™ 'Prob=F"
Intercept B6.8125 1 a 0.000 1.0000
I:‘ Feed Rate(10,15) 44375 1 3150625 2506 01445
I:‘ Catalyst(1,2) 101153546 1 1520195 12,083 0.0059
I:‘ Stir Rate(100,120) -0.3653546 1 1883516 0016 0.9025
I:‘ Temperature(140,150) 611535462 1 5956264 4.420 0.0615
I:‘ Concentration(3,6) -1.7884615 1 4158173 0.331 0.5779
I:‘ I:‘ Catalyst*Stir Rate a 1 34665875 3427 0.0872
I:‘ I:‘ Catalyst*Concentration a 1 4644643 0.345 0.5712
I:‘ I:‘ Feed Rate*Catalyst a 1 2548951 0015 0.5954
I:‘ I:‘ Feed Rate*Stir Rate a 1 0064103 0.000 0.9534
[0 [0 FeedRate*Temperature 0 1 0730769 0.005 09439
I:‘ I:‘ Feed Rate*Concentration a 1 0016454 0.000 09916
I:‘ I:‘ Catalyst*Temperature a 1 BE7.5205 101890 o010
[0 [0 stir Rate*Temperature 0 1 225625 0164 05345
I:‘ I:‘ Stir Rate*Concentration a 1 2571429 0015 0.5950
[0 [0  Temperature*Concentration 0 1 631.1429 9.074 0.0147
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7 Click Go to start the stepwise regression and watch it continue until all terms are entered into the
model that meet the Prob to Enter and Prob to Leave criteria in the Stepwise Regression Control
panel.

Figure 12.10, shows the result of this example analysis. Note that Feed Rate is out of the model while
the Catalyst*Temperature, Stir Rate*Temperature, and the Temperature*Concentration interactions
have entered the model.

Figure 12.10 Completed Stepwise Model

¥| = Stepwise Fit
Responze: Percent Reacted
¥| Stepwise Regression Control

Prob to Enter -Enter Al
Prohto Leave

Direction: pfixed w Remove Al

Rules: Combine 4

(o) () () (e )

¥| Current Estimates

SSE DFE MSE RSquare RSquare Adj Cp AIC

14 g 175 0.9966 0.9936 . 138635
Lock Entered Parameter Estimate nDF S5 'F Ratio™ 'Prob=F"
Intercept 651730769 1 o 0.000 1.0000
[0 O FeedRater10,15) 0 1 1821862 1.047 03402
O Catalyst(1,2) 101153846 2 2086357 596102  0.0000
O Stir Rate(100,120) -0.3653546 2 1207143 34.480 0.0001
O Temperature(140,150) 611535462 4 2113795 301.971 0.0000
O Concentration(3 6] -1 7584615 2  BO0EB2S 171607 0.0000
O O Catalyst*Stir Rate o 1 051823 0270 06196
O O Catalyst*Concentration o 1 0069231 0.035 08373
O O Feed Rate*Catalyst o 2 43570813 1.362 0.3254
O O Feed Rate*Stir Rate o 2 1.885965 0467 06479
[0 [0 FeedRate*Temperature 0 2 2552632 0669 0.5467
O O Feed Rate*Concentration o 2 1.838346 0.433 06355
O Catalyst*Temperature 617307692 1 SBE61593 323520 0.0000
O Stir Rate*Temperature 252692308 1 1187308 67 546 0.0000
O O Stir Rate*Concentration o 1 1.86823 1146 03199
O Temperature*Concertration  -6.5576923 1 5590433 319453 0.0000

8 After Stepwise is finished, click Make Model on the Stepwise control panel to generate this reduced
model, as shown in Figure 12.11.

9 Click Run Model and fit the reduced model to do additional diagnostic work, make predictions,
and find the optimal factor settings.
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Figure 12.11 New Prediction Model Dialog
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Tranzform =

|:| Mo Intercept

The Analysis of Variance and Lack of Fit Tests in Figure 12.12, indicate a highly significant regression
model with no evidence of Lack of Fit.

Figure 12.12 Prediction Model Analysis of Variance and Lack of Fit Tests

¥ ™ Response Percent Reacted
P Actual by Predicted Plot
¥ Summary of Fit
v Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
hocdel 7 4084 4375 S83.491 333.4235
Errar g 14.0000 1750 Prob>F
. Total 15 40954375 =.0001*
¥ Lack Of Fit

Sum of F Ratio
Source DF Squares Mean Square 0.2157
Lack Of Fit 5 5.500000 091667 Prob>F
Pure Error 2 §.500000 425000 08394
Taotal Errar g 14.000000 Max RSq

0.3979

The Sorted Parameter Estimates table in Figure 12.13, shows that Catalyst has the largest main effect.
However, the significance of the two-factor interactions are of the same order of magnitude as the main
effects. This is the reason that the initial screening experiment, shown in the chapter “Screening
Designs,” p. 89, had ambiguous results.
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Figure 12.13 Prediction Model Estimates Plot

¥| Sorted Parameter Estimates

Term
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Temperature(140 1500

Stir Rate*Temperature
Concentration(3,8)

Stir Rater100,120)

Estimate
10.115385
E.1730769
-6.557692
E.1153546
28269231
-1.758462
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8.24
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Prob-[t|
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| = 0001 *

=.0001*

| = 0001 *

| = 0001 *

1

0.0012#
03181

10 Chose Maximimize Desirability from the menu on the Prediction Profiler title bar.

Chapter 12

The prediction profile plot at the bottom in Figure 12.14, shows that maximum occurs at the high lev-
els of Catalyst, Stir Rate, and Temperature and the low level of Concentration. At these extreme set-
tings, the estimate of Percent Reacted increases from 65.17 to 98.38.

Figure 12.14 Maximum Percent Reacted
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0.75-

Desirahility

To summarize, compare the analysis of 16 runs with the analyses of reactor data from previous chapters:

e “Screening Designs,” p. 89, the analysis of a screening design with only 8 runs produced a model
with the five main effects and two interaction effects with confounding. None of the factors effects
were significant, although the Catalyst factor was large enough to encourage collecting data for fur-

ther runs.

e “Full Factorial Designs,” p. 129, a full factorial of the five two-level reactor factors, 32 runs, was first
subjected to a stepwise regression. This approach identified three main effects (Catalyst,



Chapter 12 Augmented Designs 233

Creating an Augmented Design

Temperature, and Concentration) and two interactions (Temperature*Catalyst,
Contentration*Temperature) as significant effects.

By using a D-optimal augmentation of 8 runs to produce 8 additional runs, a stepwise analysis
returned the same results as the analysis of 32 runs. The bottom line is that only half as many runs
yielded the same information. Thus, using an iterative approach to DOE can save time and money.

Creating an Augmented Design

The augment designer modifies an existing design data table. It gives the following five choices:

Replicate replicates the design a specified number of times. See “Replicate a Design,” p. 233.
Add Centerpoints adds center points. See “Add Center Points,” p. 235.
Fold Over creates a foldover design. See “Creating a Foldover Design,” p. 236.

Add Axial adds axial points together with center points to transform a screening design to a
response surface design. See “Adding Axial Points,” p. 237.

Augment adds runs to the design (augment) using a model, which can have more terms than the
original model. See “Adding New Runs and Terms,” p. 238.

Replicate a Design

Replication provides a direct check on the assumption that the error variance is constant. It also reduces

the variability of the regression coefficients in the presence of large process or measurement variability.

To replicate the design a specified number of times:

1

Open a data table that contains a design you want to augment. This example uses Reactor 8
Runs.jmp from the Design Experiment Sample Data folder installed with JMP.

Select DOE > Augment Design to sce the initial dialog for specifying factors and responses.
Select Percent Reacted and click Y, Response.

Select all other variables (except Pattern) and click X, Factor to identify the factors you want to use
for the augmented design (Figure 12.15).

Figure 12.15 Identify Response and Factors

5

Add more runs to an existing data table. Replicate, add centerpoints, fold over or add model
terms.

Select Columns Cast Selected Columns into Raoles Action
ik Pattern Al Percent Reacted
= - : 2l Numeric [ pe— ]
dll Feed Rate -
il Percent Reacted st Rate =l
il Temperature
Help

Click OK to see the Augment Design panel shown in Figure 12.16.
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6 If you want the original runs and the resulting augmented runs to be identified by a blocking factor,
check the box beside Group New Runs into Separate Block on the Augment Design panel.

Figure 12.16 Choose an Augmentation Type

¥ = Augment Design

¥ Factors
[aime Role Changes “alues
AFeed Rate Continuous Easy 10 15
“Catalyst Continuous Easy 1 2
A stir Rate Continuous Easy 100 120
ﬁTempera{ure Continuous Easy 140 180
A Concentration Continuous Easy 3 B

|:| Group newy runs into separate block
Augmentation Choices

[Renlicate] [Add Centerpoints] [Fold Over] [Add Axial] [Augment]

7 Click the Replicate button to see the dialog shown on the left in Figure 12.17. Enter the number of
times you want JMP to perform each run, then click OK.

Note: Entering 2 specifies that you want each run to appear twice in the resulting design. This is the
same as one replicate (Figure 12.17).

8 View the design, shown on the right in Figure 12.17.
Figure 12.17 Reactor Data Design Augmented With Two Replicates

* Factor Design

. Percent
upaties ([ et S2eth R Run Feed Rate Catalyst Stir Rate Temperature Concentration Reacted
[ oK ] [ Canel ] 1 10 1 100 180 G 44

2 10 1 120 180 3 B6
3 10 2 100 140 G 70
4 10 2 120 140 3 54
3 15 1 100 140 3 53
G 15 1 120 140 G 55
T 15 2 100 180 3 93
g 15 2 120 180 G g2
9 10 1 100 180 G

10 10 1 120 180 3

1 10 2 100 140 G

12 10 2 120 140 3

13 15 1 100 140 3

14 15 1 120 140 G

15 15 2 100 180 3

16 15 2 120 180 G

¥ = Prediction Variance Profile

¥ = Prediction Variance Surface
lake Table

9 Click the disclosure icons next to Prediction Variance Profile and Prediction Variance Surface to see
the profile and surface plots shown in Figure 12.18.



Chapter 12 Augmented Designs 235
Creating an Augmented Design

Figure 12.18 Prediction Profiler and Surface Plot
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10 Click Make Table to produce the design table shown in Figure 12.19.
Figure 12.19 The Replicated Design
¥ Augmented Design 1 =
Dre=ign Augmented Desion || Feed Rate | Catalyst | Stir Rete | Temperature | Concertration | Percent Reacted
- Mocel 1 10 1 100 180 5 44
2 10 1 120 180 3 G5
3 G () E] 10 2 100 140 & 70
A Feed Rate % 4 10 2 120 140 E] 54
a (Gl * 5 15 9 100 140 3 53
SRR 5 13 1 120 140 5 55
ll Temperature 3
. Concertration 3 7 13 2 100 180 3 93
A Percent Reacted 3%k 8 15 2 120 180 6 82
9 10 1 100 180 5 o
¥ Rows 10 10 1 120 180 g -
Al roves 16 11 10 2 100 140 B =
Selected a 12 10 2 120 140 3 o
Excluded a 13 13 1 100 140 3 0
Hiclden 0 14 15 1 120 140 B .
Lethaleed U 15 15 2| 1m 180 3 .
16 13 2 120 180 5 o

Add Center Points

Adding center points is useful to check for curvature and reduce the prediction error in the center of
the factor region. Center points are usually replicated points that allow for an independent estimate of
pure error, which can be used in a lack-of-fit test.

a pajuawbny gL

subiso



236  Augmented Designs Chapter 12
Creating an Augmented Design

To add center points:

1

6

Open a data table that contains a design you want to augment. This example uses Reactor 8
Runs.jmp found in the Design Experiment Sample Data folder installed with JMP.

Select DOE > Augment Design.

In the initial Augment Design dialog, identify the response and factors you want to use for the aug-
mented design (see Figure 12.15) and click OK.

If you want the original runs and the resulting augmented runs to be identified by a blocking factor,
check the box beside Group New Runs into Separate Block (Figure 12.16).

Click the Add Centerpoints button and type the number of center points you want to add. For this
example, add two center points, and click OK.

Click Make Table to see the data table in Figure 12.20.

The table shows two center points appended to the end of the design.
Figure 12.20 Design with Two Center Points Added

¥ Augmented Design =
Dre=ign Augmented Desion || Feed Rate | Catalyst | Stir Rete | Temperature | Concertration | Percent Reacted
= Madsl 1 10 1 100 180 6 44
2 10 1 120 180 3 G5
S G () 3 10 2 100 140 & 70
< ezt 4 10 2 120 140 3 54
ﬁ g::aé:; ﬁ 5 13 1 100 140 3 53
A Temperature ¥ 5 13 1 120 140 5 55
4 Concertration 3% 7 15 2 100 180 3 a3
l Percert Reacted 3¢ g 13 2 120 180 5 g2
9 125 1.5 110 160 45
¥ Rows 10 125 1.5 110 160 45

Creating a Foldover Design

A foldover design removes the confounding of two-factor interactions and main effects. This is espe-

cially useful as a follow-up to saturated or near-saturated fractional factorial or Plackett-Burman
designs.

To create a foldover design:

1

Open a data table that contains a design you want to augment. This example uses Reactor 8
Runs.jmp, found in the Design Experiment Sample Data folder installed with JMP.

Select DOE > Augment Design.

In the initial Augment Design dialog, identify the response and factors you want to use for the aug-
mented design (see Figure 12.15) and click OK.

Check the box to the left of Group New Runs into Separate Block (Figure 12.16). This identifies
the original runs and the resulting augmented runs with a blocking factor.

Click the Fold Over button. A dialog appears that lists all the design factors.

Choose (select) which factors to fold. The default, if you choose no factors, is to fold on all design
factors. If you choose a subset of factors to fold over, the remaining factors are replicates of the orig-
inal runs. The example in Figure 12.21 folds on all five factors and includes a blocking factor.

Click Make Table. The design data table that results lists the original set of runs as block 1 and the
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new (foldover) runs are block 2.

Figure 12.21 Listing of a Foldover Design On All Factors

¥ Augmented Design 1 =
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Adding Axial Points

You can add axial points together with center points, which transforms a screening design to a response

surface design. To do this:

1

Open a data table that contains a design you want to augment. This example uses Reactor 8
Runs.jmp, from the Design Experiment Sample Data folder installed with JMP.

Select DOE > Augment Design.

In the initial Augment Design dialog, identify the response and factors you want to use for the aug-
mented design (see Figure 12.15) and click OK.

If you want the original runs and the resulting augmented runs to be identified by a blocking factor,
check the box beside Group New Runs into Separate Block (Figure 12.16).

Click Add Axial.

Enter the axial values in units of the factors scaled from —1 to +1, then enter the number of center
points you want. When you click OK, the augmented design includes the number of center points
specified and constructs two axial points for each variable in the original design.

Figure 12.22 Entering Axial Values

7

Axial values dialog
Flease supply an axial value,

Please supply the number of center points desired, |2

Click Make Table. The design table appears. Figure 12.23 shows a table augmented with two center
points and two axial points for five variables.
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Figure 12.23 Design Augmented With Two Center and Ten Axial Points
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Adding New Runs and Terms

A powerful use of the augment designer is to add runs using a model that can have more terms than the
original model. For example, you can achieve the objectives of response surface methodology by chang-
ing a linear model to a full quadratic model and adding the necessary number of runs. Suppose you
start with a two-factor, two-level, four-run design. If you add quadratic terms to the model and five
new points, JMP generates the 3 by 3 full factorial as the optimal augmented design.

D-optimal augmentation is a powerful tool for sequential design. Using this feature you can add terms
to the original model and find optimal new test runs with respect to this expanded model. You can also
group the two sets of experimental runs into separate blocks, which optimally blocks the second set
with respect to the first.

To add new runs and terms to the original model:

1 Open a data table that contains a design you want to augment. This example uses Reactor Augment
Data.jmp, from the Design Experiment Sample Data folder installed with JMP.
Select DOE > Augment Design.

3 In the initial Augment Design dialog, identify the response and factors you want to use for the aug-
mented design (see Figure 12.15) and click OK.

4 1If you want the original runs and the resulting augmented runs to be identified by a blocking factor,
check the box beside Group New Runs into Separate Block (not used in this example).

5 Click the Augment button. The original number of runs (Figure 12.24) appear in the Factor Design
panel.
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Figure 12.24 Viewing the Existing Design

6 In the Design Generation panel, enter the number of total runs you want this design to contain.
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The number you enter is the original number of runs plus the number of additional runs you want.

7 Click the Make Design button. The new number of runs (Figure 12.25) appear in the Design

panel.
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Figure 12.25 24 Total Runs

8 If desired, view the prediction variance profile and the prediction variance surface.
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9 Click Make Table to create the augmented design JMP table (Figure 12.26) with the additional

runs.
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Figure 12.26 The Augmented Design Table with New Runs
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Technical Note: The Augment designer does not support designs that have terms whose estimability
has been set to If Possible instead of Necessary, as is done in some screening designs that have fewer

runs than terms.

Special Augment Design Commands

After you select DOE > Augment Design and identify factors and responses, the window in

Figure 12.27 appears. Click the red triangle icon on the Augment Design title bar to see a list of com-
mands. Most of these commands are for saving and loading information about variables; they are avail-
able in all designs and more information is in “Special Custom Design Commands,” p. 74. The
following sections describe commands found in this menu that are specific to augment designs.
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Figure 12.27 Click the Red Triangle Icon to Reveal Commands
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Save the Design (X) Matrix

To create a script and save it as a table property in the JMP design data table, click the red triangle icon
in the Augment Design title bar (Figure 12.27) and select Save X Matrix. The script is saved as a table
property called Design Matrix. When you run this script, JMP creates a global matrix called X and dis-
plays its number of rows in the log. If you do not have the log visible, select View > Log or Window >
Log on the Macintosh.

Modify the Design Criterion (D- or I- Optimality)

To modify the design optimality criterion, click the red triangle icon in the Augment Design title bar
(Figure 12.28) and select Optimality Criterion, then choose Make D-Optimal Design or Make
I-Optimal Design. The default criterion for Recommended is D-optimal for all design types unless
you have used the RSM button in the Model panel to add effects that make the model quadratic.

Figure 12.28 Change the Optimality Criterion

¥ T Aunanmant Nocion
4 Save Responses

Save Factors Changes  ‘alues

nuous Easy 10 15

Load Fackars
nuous Easy 1 2
nuous Easy 100 120
nuous Easy 140 180

Set Random Seed nuous Easy 3 8

[ Simulate Responses ok

Save x Matrix

Optim ion |4 v Recommended hent

Mumber of Starts Make D-Optimal Design

Sphere Radius Make I-Optimal Design

Disallowed Combinations
Advanced Options 3
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Select the Number of Random Starts

To override the default number of random starts, click the red triangle icon in the Augment Design title
bar (Figure 12.28) and select Number of Starts. The window in Figure 12.29 appears with an edit box
for you to enter the number of random starts for the design you want to build. The number you enter
overrides the default number of starts, which varies depending on the design.

Figure 12.29 Changing the Number of Starts

Choose a positive whale number far the number of random starting designs.

[ Ok ][ Cancel ]

For additional information on the number of starts, see “Why Change the Number of Starts?,” p. 79.

Specify the Sphere Radius Value

Augment designs can be constrained to a hypersphere. To edit the sphere radius for the design in units
of the coded factors (-1, 1), click the red triangle icon in the Augment Design title bar (Figure 12.27)
and select Sphere Radius. Enter the appropriate value and click OK.

Or, use JSL and submit the following command before you build a custom design:
DOE Sphere Radius = 1.0;

In this statement you can replace 1.0 with any positive number.

Disallow Factor Combinations

In addition to linear inequality constraints on continuous factors and constraining a design to a hyper-
sphere, you can define general factor constraints on the factors. You can disallow any combination of
levels of categorical factors if you have not already defined linear inequality constraints.

For information on how to do this, see “Disallowed Combinations: Accounting for Factor Level

Restrictions,” p. 80.
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Chapter 13

Prospective Power and Sample Size

Use the DOE > Sample Size and Power command to answer the question “How many runs do I
need?” The important quantities are sample size, power, and the magnitude of the effect. These depend
on the significance level—alpha—of the hypothesis test for the effect and the standard deviation of the
noise in the response. You can supply either one or two of the three values. If you supply only one of
these values, the result is a plot of the other two. If you supply two values, JMP computes the third.

Using the Sample Size and Power command when doing a prospective analysis helps answer the
question, “Will I detect the group differences I am looking for, given my proposed sample size, estimate
of within-group variance, and alpha level?” In this type of analysis, you must give JMP an estimate of
the group means and sample sizes in a data table as well as an estimate of the within-group standard
deviation (0).

The sample size and power computations determine how large a sample is needed to be reasonably
likely that an experiment or sample will yield a significant result, given that the true effect size is at least
a certain size. It requires that you enter any two of three quantities, difference to detect, sample size,
and power, and computes the third for the following cases:

¢ difference between one sample's mean and a hypothesized value

* difference between two samples means

¢ differences in the means among & samples

¢ difference between a standard deviation and a hypothesized value

¢ difference between one sample proportion and a hypothesized value

* difference between two sample proportions

¢ difference between counts per unit in a Poisson-distributed sample and a hypothesized value.

The calculations assume that there are equal numbers of units in each group. You can apply this plat-
form to more general experimental designs, if they are balanced, and a number-of-parameters adjust-
ment is specified.
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Prospective Power Analysis

The following five values have an important relationship in a statistical test on means:
Alpha Alpha is the significance level that prevents declaring a zero effect significant more than

alpha portion of the time.

Error Standard Deviation Error Standard Deviation is the unexplained random variation around

the means. An estimate of the Error Standard Deviation could be the root mean square error
(RMSE) from a previous model fit.

Sample Size Sample size is how many experimental units (runs, or samples) are involved in the
experiment.

Power Power is the probability of declaring a significant result.

Effect Size Effect size is how different the means are from each other or from the hypothesized

value.

The Sample Size and Power command in JMP helps estimate in advance either the sample size
needed, power expected, or the effect size expected in the experimental situation where there is a single
mean or proportion comparison, a two sample or proportion comparison, when comparing k sample
means, or when comparing counts per unit.

When you select DOE > Sample Size and Power, the panel shown in Figure 13.1 appears with button
selections for experimental situations. The following sections describe each of these selections and
explains how to enter estimated parameter values and the desired computation.

Figure 13.1 Sample Size and Power Choices

¥ Sample Size

Prospective Power and Sample Size Calculations

Select Situation for Sample Size or Power calculation

[ One Sample Mean ] Sample Size for testing a mean in a single sample

[ Two Sample Means Testing that the means are different across 2
samples

[ k Sample Means Testing that the means are different across k
samples

[ One Sample Standard Deviation ] Sample Size for detecting & change in the
standard deviation.

[ One Sample Propartion ] Sample Size for testing & proportion in & single
sample

[ Two Sample Propartions ] Sample Size for testing & proportion across 2
samples

[ Counts per Uit ] Sample Size for detecting change in count per

unit, &.g. DPU (defects per unit)

[ Sigma Quality Level ] Calculstor for & popular index in terms of defects
per opportunity .
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One-Sample and Two-Sample Means

After you click cither One Sample Mean, or Two Sample Means in the initial Sample Size selection
list (Figure 13.1), the Power and Sample Size dialog in Figure 13.2 appears and asks for the anticipated
experimental values. As an example, consider the two-sample situation.

Figure 13.2 Initial Power and Sample Size Dialogs for Single Mean (left) and Two Means (right)

v Sample Size v Sample Size
Testing if one mean iz different from the hypothesized value. Testing if two means are different from each other.
Alpha 0.0s0 Alpha 0.030
Std Dev . Std Dev
Extra Parameters o Extra Parameters 0
Supply two values to determine the third. Supply two values to determine the third.
Erter one value to see a plot of the other twa. Enter one value to see a plot of the other two.
Difference to detect . Ditference to detect
Sample Size . Sample Size
Paowver . Paowver

Sample Size is the total sample size; per group would be nf2
Continue

Back.
Animation Scripk

The dialogs are the same except the One Mean dialog has a button at the bottom that accesses an ani-
mation script.

The choice in the initial Power and Sample Size dialog always requires values for Alpha and the error
standard deviation (Std Dev), and one or two of the other three values: Difference to detect, Sample
Size, and Power. The power and sample size platform then calculates the missing item. If there are two
unspecified fields, the power and sample size platform constructs a plot that shows the relationship
between those two values:

* power as a function of sample size, given specific effect size
* power as a function of effect size, given a sample size

o effect size as a function of sample size, for a given power.
The Power and Sample Size dialog asks for these values:

Alpha Alpha is the significance level, usually 0.05. This implies willingness to accept (if the true
difference between groups is zero) that 5% (alpha) of the time a significant difference will be
incorrectly declared.

Std Dev  Std Dev (error standard deviation) is the true residual error. Even though the true error is
not known, the power calculations are an exercise in probability that calculates what might hap-
pen if the true value is the one you specify. An estimate of the Error Standard Deviation could be
the root mean square error (RMSE) from a previous model fit.

Extra Parameters Extra Parameters is only for multi-factor designs. Leave this field zero in sim-
ple cases. In a multi-factor balanced design, in addition to fitting the means described in the situ-
ation, there are other factors with the extra parameters that can be specified here. For example, in
a three-factor two-level design with all three two-factor interactions, the number of extra param-
eters is five—two parameters for the extra main effects, and three parameters for the interactions.
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In practice, it isn’t very important what values you enter here unless the experiment is in a range
where there is very few degrees of freedom for error.

Difference to Detect Difference to detect is the smallest detectable difference (how small a dif-
ference you want to be able to declare statistically significant). For single sample problems this is
the difference between the hypothesized value and the true value.

Sample Size Sample size is the total number of observations (runs, experimental units, or sam-
ples). Sample size is not the number per group, but the total over all groups. Computed sample
size numbers can have fractional values, which you need to adjust to real units. This is usually

done by increasing the estimated sample size to the smallest number evenly divisible by the num-
ber of groups.

Power Power is the probability of getting a statistic that will be declared statistically significant.
Bigger power is better, but the cost is higher in sample size. Power is equal to alpha when the
specified effect size is zero. You should go for powers of at least 0.90 or 0.95 if you can afford it.
If an experiment requires considerable effort, plan so that the experimental design has the power
to detect a sizable effect, when there is one.

Continue Evaluates at the entered values.
Back Goes back to the previous dialog.

Animation Script The Animation Script button runs a JSL script that displays an interactive plot
showing power or sample size. See the section, “Power and Sample Size Animation for a Single
Sample,” p. 250, for an illustration of this animation script.

Single-Sample Mean

Suppose there is a single sample and the goal is to detect a difference of 1.5 where the error standard
deviation is 2, as shown in the left-hand dialog in Figure 13.3. To calculate the power when the sample
size is 20, leave Power missing in the dialog and click Continue. The dialog on the right in

Figure 13.3, shows the power is calculated to be 0.0.8888478174 (round to 0.89).

Figure 13.3 A One-Sample Example

v Sample Size v Sample Size
One Mean One Mean
Testing if one mean iz different from the hypothesized value. Testing if one mean iz different from the hypothesized value.
Alpha 0.0s0 Alpha 0.030
Stel D 2 Stel D 2
Extra Parameters o Extra Parameters o
Supply two values to determine the third. Supply two values to determine the third.
Enter one value to see a plat of the ather twa. Enter one value to see a plat of the ather twa.
Difference to detect 15 Difference to detect 15
Sample Size 20 Sample Size 20
Paowver . Paovwver 0.5885475174
(o]

Animation Scripk Animation Scripk
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To see a plot of the relationship of power and sample size, leave both Sample Size and Power empty in
the dialog and click Continue.

The plots in Figure 13.4, show a range of sample sizes for which the power varies from about 0.1 to
about 0.95. The plot on the right in Figure 13.4 shows using the crosshair tool to illustrate the example
in Figure 13.3.

Figure 13.4 A One-Sample Example Plot

¥ Sample Size ¥ Sample Size
One Mean One Mean
Difference Difference
Error StdDev  in Means Alpha Error Std Dev  in Means Alpha
2 15 0.0s0 2 15 0.0s0
1.00 1.00 T
0.5389 }S/fﬂf
0.75+ 0.75+
b b
£ 050 £ 050
o o
0.25+ 0.25+
20.00
0.00 — 7T 0.00 — T —
3 10 13 20 23 S 10 15 20 23
Sample Size Sample Size

When only Sample Size is specified (Figure 13.5) and Difference to Detect and Power are empty, a
plot of power by difference appears.

Figure 13.5 Plot of Power by Difference to Detect for a Given Sample Size

¥ Sample Size ¥ Sample Size
One Mean One Mean

Testing if one mean is different from the hypothesized value. Error S5td Dev Sample Size Alpha

Alpha 0.050 2 20 0.050
1.00

Std Dev 2

Extra Parameters o
0.75+

Supply two values to determine the third.
Enter one value to see a plat of the ather twa.

Fower

0.50
Ditference to detect .
Sample Size 20 025
Paowver
C
. ____

00 05 10 15 20 25

Difference
Animation Scripk

Power and Sample Size Animation for a Single Sample

The Animation Script button on the Power and Sample Size dialog for the single mean displays an
interactive plot that illustrates the effect that changing the sample size has on power. The example in
Figure 13.6 shows a Sample Size of 20, Alpha is 0.05, and the Difference to Detect is set to 1.5. The
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initial animation shows a normal curve positioned with mean at zero (representing the estimated mean
and the true mean), and another with mean at 1.5 (the difference to be detected). The probability of
committing a Type II error (not detecting a difference when there is a difference), often represented as
B in literature, is shaded in blue on this plot.

Select and drag the square handles to see the changes in statistics based on the positions of the curves.
To change the values of Sample Size and Alpha, click on their values beneath the plot.

Figure 13.6 Example of Animation Script to Illustrate Power

v Sample Size
One Mean
Testing if one mean is different from the hypothesized value,
Alha 0.050 |
St D 2 094 Estimated Mean 0
‘True' Mean 0
Extra Parameters o 0 5 |Hrmothesized Mean 1.5
" |Standard Error of Meaprd 44721

Supply two values to determine the third. 074 Beta 011115
Enter one value to see a plat of the other twa Power 0.68585

054 !
Ditference to detect 15
Sample Size 20 w 0.5

Paowver

Animation Scripk 0.2+

014"

001 : = o~ e

Two sided ] [ Low Side ] [ High Side ] Sample Size =20
Alpha = 0.05

Two-Sample Means

Choose Two Sample Means from the Power and Sample Size options (see Figure 13.1).The dialogs
work similarly for one and two samples; the Difference to Detect is the difference between two means.
Suppose the standard deviation is 2 (as before), the desired detectable difference is 1.5, and the sample
size is 30 (15 per group).

Leave Power blank and click Continue to see the power calculation, 0.509347, as shown in the dialog
on the left in Figure 13.7. This result is considerably lower than in the single sample (0.89) because
each mean has only half the sample size. The comparison is between two random samples instead of
one sample and an hypothesized mean.

To have a greater power requires a larger sample. To find out how large, leave both Sample Size and
Power blank and examine the resulting plot, shown on the right in Figure 13.7. The crosshair tool esti-
mates that a sample size of about 78 is needed to obtain a power of 0.9.
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Figure 13.7 Plot of Power by Sample Size to Detect for a Given Difference

¥ Sample Size ¥ Sample Size
Two Means Tweo Means
Testing if two means are different from each other. Difference
Error Std Dev in Means Alpha
Alpha 0.050
2 15 0.050
St Dev 2 100 |
Extra Parameters 0 0.9000 —_
. . 0.75
Supply two values to determine the third.
Erter one value to see a plot of the other two. —
a1}
£ 050
Difference to detect 145 o
Sample Size 30
Porever 0.5093479534 0.25
Sample Size is the total sample size; per group wwould be nf2

Continue, 770
0.00 T T T T T T T T
Back 10 20 30 40 S0 60 70 &0 S0 100

Sample Size

k-Sample Means

The k-Sample Means situation can compare up to 10 means. The next example considers a situation
where 4 levels of means are expected to be about 10 to 13, and the standard deviation is 0.9. When a

sample size of 16 is entered the power calculation is 0.95, as shown in the dialog on the left in
Figure 13.8.

If both Sample Size and Power are left blank, the power and sample size calculations produce the
power curve shown on the right in Figure 13.8. This confirms that a sample size of 16 looks acceptable.

Notice that the difference in means is 2.236, calculated as square root of the sum of squared deviations
from the grand mean. In this case it is the square root of (=1.5)%+ (=0.5)%+(0.5)%+(1.5)%, which is the
square root of 5.
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Figure 13.8 Prospective Power for k-Means and Plot of Power by Sample Size

v Sample Size
Testing if there are differences among k means. v Sample Size
Alpha 0.030 4 Means
Std Dev 0g Difference
Evtra Parameters 0 Error Std Dev in Means Alpha
0g 2236068 0.030
1.00
Erter up to 10 Prospective Means showing separation across groups
10
" 075+
12
13 3
£ 050
o
0254
: ) 0.00 —
Enter Powver or Sample Size to get the other.

T T T T T T 1T

E ¥ & 9 10 11 12 13 14 15 16 17
Enter neither to get & plot of Power vs. Sample Size .
Sample Size 16 Sample Size

P 09545792879

Sample Size is the total sample size; per group would be nk

[eomee]

One Sample Standard Deviation

The One-Sample Standard Deviation choice on the Power and Sample Size dialog (Figure 13.1)
determines sample size for detection of a change in standard deviation. The usual purpose of this

option is to compute a large enough sample size to guarantee that the risk of accepting a false hypothe-
sis (B) is small.

In the dialog, specify

Alpha Alpha is the significance level, usually 0.05. This implies willingness to accept (if the true
difference between standard deviation and the hypothesized standard deviation is zero) that 5%
(alpha) of the time a significant difference will be incorrectly declared.

Hypothesized Standard Deviation Hypothesized or baseline standard deviation to which the sam-
ple standard deviation is compared.

Alternative Standard Deviation Select Larger or Smaller from the menu to indicate the direction
of the change you want to detect.

In the lower part of the dialog you enter two of the items and the Power and Sample Size calculations
determines the third.

The examples throughout the rest of this chapter use engineering examples from the online manual of
The National Institute of Standards and Technology (NIST). You can access the NIST manual exam-
ples at heep://www.itl.nist.gov/div898/handbook.

One example from the NIST manual states a problem in terms of the variance and difference to detect.
The variance for resistivity measurements on a lot of silicon wafers is claimed to be 100 ohm-cm and
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the buyer is unwilling to accept a shipment if the variance is greater than 155 ohm-cm for a particular
lot (55 ohm-cm above the baseline of 100 ohm-cm).

The hypothesis to be tested is:
Ho: v; = v, where vy is the hypothesized variance, and v, = v plus the difference to detect.
In JMP, the computations use the standard deviation. The hypothesis is stated:
Ho: s; = s5, where sy is the hypothesized standard deviation, and s, = s1 plus the difference to detect.

In this example the hypothesized standard deviation, s, is 10 (the square root 100) and s, is 12.4499
(the square root of 100 + 55 = 155). The difference to detect is 12.4499 — 10 = 2.4499.

You want to detect an increase in the standard deviation of 2.4499 for a known hypothesized standard
deviation of 10, with an alpha of 0.05 and power of 0.99.

Enter these items as shown in Figure 13.9. When you click Continue, the computed result shows that
you need a sample size of 171 (sample size rounded up the next whole number).

If you select Smaller from the Alternative Standard Deviation menu (you want to detect a change to a
smaller standard deviation), enter a negative amount in the Difference to Detect box.

Figure 13.9 Dialog To Compare Single-Direction One-Sample Standard Deviation

Sample Size ¥ Sample Size
Cne Sample Standard Deviation One Sample Standard Devistion
Sample Size for detecting & difference in the standard devistion. Sample Size for detecting & difference in the standard devistion.
Alpha 0.0s0 Alpha 0.0s0
Hypothesized Standard Devistion 10 Hypothesized Standard Devistion 10
Atternative Standard Devistion | Larger s Atternative Standard Devistion | Larger s
Supply two values to determine the third. Smaller Supply two values to determine the third.
Difference to detect 24439 Il ie e € e 24439
Sample Size . Sample Size 171
Powver 099 Power 083

e

One-Sample and Two-Sample Proportions

The dialogs and computations to test power and sample sizes for proportions are similar to those for
testing sample means. You enter a baseline Proportion (known or hypothesized proportion) and choose
an Alpha level. Then, for the one-sample proportion case, enter the Sample Size to obtain the esti-
mated Power or enter the Power to obtain the estimated Sample Size. You can also see a plot of
Sample Size versus Power by leaving the two fields blank and clicking Continue. For the two-sample
proportion case, either the two sample sizes or the desired Power must be entered. (See Figure 13.10
and Figure 13.11). The sampling distribution for proportions is actually binomial, but the computa-
tions to determine sample size and test proportions use exact methods described in Agresti and Coull

(1998).
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One Sample Proportion

The One Sample Proportion choice on the Power and Sample Size dialog (Figure 13.10) determines
cither a difference in proportion, the power, or the sample size, for detection of a change in proportion
in a single sample from a known or hypothesized proportion. If you supply two of these quantities, the
third is computed, or if you enter any one of the quantities, you see a plot of the other two.

Often, there is a known proportion of defects (or other proportion of interest) and you want a large
enough sample size to guarantee that the risk of accepting a false hypothesis (B) is small. That is, you
want to detect, with reasonable certainty, a given increase in the proportion of defects.

For the one sample proportion, the hypothesis supported is
Ho:p = po
and the two-sided alternative is
H:p#p,
where p is the true proportion and py) is the null proportion to test against.
In the top portion of the dialog, specify Alpha and the following quantity:

Proportion  True proportion, which could be known or hypothesized.

In the bottom portion of the dialog, enter two of the following quantities to see the third, or a single
quantity to see a plot of the other two.

Null Proportion  Proportion to test against.
Sample Size Desired sample size, or blank for computation.
Power Desired power, or blank for computation.

For example, suppose an assembly line has a known proportion of defects of 0.3 and you want to know
the power to detect when the proportion is different from 0.5 in a sample of 25. That is, you want to be
able to detect a change of 0.2 in the proportion of defects, for an alpha level of 0.05 in a sample size of
25.

Click Continue to see the Power computation of approximately 0.7.
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Figure 13.10 Power and Sample Dialog for One-Sample Proportions

v Sample Size
One Propartion

Testing if one proportion iz different from the hypothesized value.
Alpha 0.0s0

Ho: P =Po

Proportion 0.3

Enter one value to see a plat of the ather twa.

Mull Proportion 0.5
Sample Size 25
Paowver
l
Mull Proportion 0.5
Sample Size 25
Paowver 0.7044755253
[Cortirue |

Two Sample Proportions

The Two Sample Proportions choice computes the power or sample size needed to detect the differ-
ence between two proportions, p; and ).

For the two sample proportion, the hypothesis supported is
Hy:py=ry = Dy
and the two-sided alternative is
Ha: P1—Py#* DO
where pI and p2 are the true proportions from two populations, and D, is the hypothesized difference
in proportions.
If you enter any two of the three quantities (Null Difference in Proportion, Sample Size 1 and Sample
Size 2, or Power), the third is computed.
As an example, suppose Proportion 1 is 0.2, Proportion 2 is 0.4. You want to know the power for a
sample size of 50 (25 in each group) to detect a difference of 0.175.
In the Two Proportions dialog, enter:
0.2 as Proportion 1.
2 0.4 as Proportion 2.
3 Enter 0.175 as the Null difference in Proportion.
4 Enter 25 as Sample Size 1 and 25 as Sample Size 2 (for a total sample size of 50).
5 Leave Power blank.
The completed dialog should look like the one on the left in Figure 13.11.

6 Click Continue to sce the right dialog in Figure 13.11, which shows the power calculation of
approximately 0.83.
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Suppose you want to know the sample size needed to obtain a power of 0.9, that detects the same dif-
ference (0.175) and given the same observed proportions (0.2 and 0.4).

7 Enter the power you want (0.9) and leave the two sample size edit boxes blank.
8 Click Continue to see the results on the lower right in Figure 13.11.

Equal sample sizes are computed (rounded to the next whole number). In this example, you need 30 in
each group to obtain a power of 0.9 when detecting a difference in proportions of 0.175.

Note: The computations for finding two sample sizes may take a little time so be patient.

Figure 13.11 Difference Between Two Proportions

¥ Sample Size ¥ Sample Size
Twwo Proportions Twwo Proportions
Testing if two proportions are different from each other. Testing if two proportions are different from each other.
Alpha 0.0s0 Alpha 0.030
. Ho: P1 - P2 = fin Ho: P1 - P2 = fio
Proportion 1 0.2 Proportion 1 oz
Proportion 2 0.4 Proportion 2 04
Supply two of (difference, sample sizes, power) to determine the third. Supply two of (difference, sample sizes, power) to determine the third.
‘When entering sample sizes, enter a value for both groups. ‘When entering sample sizes, enter a value for both groups.
Mull Difference in Proportion 0175 Mull Difference in Proportion 0175
Sample Size 1 25 Sample Size 1 25
Sample Size 2 25 Sample Size 2 25
Povver . Power 0.3343803193

(Gore)

¥ Sample Size ¥ Sample Size
Twwo Proportions Twwo Proportions
Testing if two proportions are different from each other. Testing if two proportions are different from each other.
Alpha 0.0s0 Alpha 0.0s0
. Ho: P1 - P2 = fuo . Ho: P1 - P2 = fuo
Proportion 1 0.2 Proportion 1 0.2
Proportion 2 0.4 Proportion 2 0.4
Supply two of (difference, sample sizes, power) to determine the third. Supply two of (difference, sample sizes, power) to determine the third.
‘When entering sample sizes, enter a value for both groups. ‘When entering sample sizes, enter a value for both groups.
Mull Difference in Propartion 0175 Mull Difference in Propartion 0175
Sample Size 1 . Sample Size 1 30
Sample Size 2 . Sample Size 2 30
Paowver 0g Paowver 0g

Conktinus

Back.
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Counts per Unit

The Counts per Unit selection from the Power and Sample size selection list calculates sample size for
the Poisson-distributed counts typical when you can measure more than one defect per unit. A unit can
be an area and the counts can be fractions or large numbers.

Although the number of defects observed in an area of a given size is often assumed to have a Poisson
distribution, the area and count are assumed to be large enough to support a normal approximation.
Questions of interest are:

o Is the defect density within prescribed limits?

o Is the defect density greater than or less than a prescribed limit?

In the Counts per Unit dialog, enter Alpha and the Baseline Count per Unit. Then enter two of the
remaining fields to see the calculation of the third. The test is for one-sided (one-tailed) change. Enter

the Difference to Detect in terms of the Baseline Count per Unit (defects per unit). The computed
sample size is expressed in those units, rounded to the next whole number.

As an example, consider a wafer manufacturing process with a target of 4 defects per wafer and you
want to verify that a new process meets that target within a difference of 2 defects per wafer. In the
Counts per Unit dialog:

9 Enter an Alpha of 0.1 to be the chance of failing the test if the new process is as good as the target.
10 Enter 4 as the Baseline Counts per Unit, indicating the target of 4 defects per wafer.

11 Enter 2 as the Difference to detect.

12 Enter a power of 0.9, which is the chance of detecting a change larger than 2 (6 defects per wafer).

In this kind of situation, alpha is sometimes called the producer’s risk and beta is called the consumer’s
risk.

13 Click Continue to see the results in Figure 13.12, showing a computed sample size of 9 (rounded to
the next whole number).

The process meets the target if there are less than 54 defects (6 defects per wafer in a sample of 9
wafers).

Figure 13.12 Dialog For Counts Per Unit Example

Sample Size v Sample Size
Courts per Unit Courts per Unit
Detecting change in count per unit, e.g. DPU (defects per unit) Detecting change in count per unit, e.g. DPU (defects per unit)
Alpha 0100 Alpha 0100
Baseline Count per Unit 4 Baseline Count per Unit l:l
Supply two values to determine the third. Supply two values to determine the third.
Ditference to detect 2 Ditference to detect 2
Sample Size . Sample Size
Paowver 0g Paowver 0g
Using normal approximations Using normal approximations
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Sigma Quiality Level

Sigma Quality Level

The Sigma Quality Level feature is a simple statistic that puts a given defect rate on a six sigma scale.
For example, on a scale of one million opportunities, 3.397 defects results in a ‘6-sigma process. The
computation that gives the Sigma Quality Level statistic is

Sigma Quality Level = NormalQuantile(l - defects/opportunities) + 1.5
Select DOE > Sample Size and Power and then click the Sigma Quality Level button to see the Sam-
ple Size dialog:

¥ Sample Size
Sigma Guality Level
MormalGuantile1 -defectsiopportunities)+1 .5

Supply two values to determine the third.

Mumber of Defects
Mumber of Cpportunities
Sigma Guality Level

Enter any two of the three quantities on the dialog:

* number of defects

* number of opportunities

* Sigma quality level

When you click Continue, the sigma quality calculator computes the missing quantity.

As an example, use the Sample Size and Power feature to compute the Sigma quality level for 50 defects
in 1,000,000 opportunities:

1 Select DOE > Sample Size and Power.

2 Then, click the Sigma Quality Level button.

3 Enter 50 for the Number of Defects and 1,000,000 as the Number of Opportunities, as shown in
the window to the left in Figure 13.13.

4 Click Continue. The results, as shown in the window on the right in Figure 13.13, are a Sigma qual-
ity level for 5.39 defects in 1,000,000 opportunities.

Figure 13.13 Sigma Quality Level Example 1

¥ Sample Size ¥ Sample Size
Sigma Guality Level Sigma Guality Level

MormalGuantile(1 -defectsiopportunities)+1 .5 MormalGuantile(! -defectzfopportunities)+1 .5
Supply two values to determine the third. Supply two values to determine the third.
Mumber of Defects a0 Mumber of Defects a0
Mumber of Cpportunities 1000000 Mumber of Cpportunities 1000000
Sigma Guality Level . Sigma Guality Level 5.390591 5864

| Continue
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If you want to know how many defects reduce the Sigma Quality Level to ‘six-sigma’ for 1,000,000
opportunities, enter 6 as the Sigma Quality Level and leave the Number of Defects blank (dialog on
the left in Figure 13.14). The computation (dialog on the right in Figure 13.14) shows that the
Number of Defects cannot be more than approximately 3.4.

Figure 13.14 Sigma Quality Level Example 2

¥ Sample Size ¥ Sample Size
Sigma Guality Level Sigma Quality Level
MormalGuantile(1 -defectsiopportunities)+1 .5 MormalGuantile(1 -defectsiopportunities)+1 .5
Supply two values to determine the third. Supply two values to determine the third.
Mumber of Defects . Mumber of Defects 33976731247
Mumber of Opportunities 1000000 Mumber of Opportunities 1000000
Sigma Guality Level [ Sigma Quality Level [
| Continue
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A

ABCD designs 151
aberration designs 100
acceptable values See lower limits and upper lim-
its
Actual-by-Predicted plots 111
adding
center points in augment designs 235-237
factors 37, 61
linear constraints 147
runs and terms in augment designs 238
additional runs 71, 106, 126, 137
advanced options (nonlinear designer) 211
algorithms, coordinate exchange 88
alias matrix 69
explanation 18
showing 17
aliasing effects 102
Alpha 247-248
animation scripts 249
Anova reports 154
assigning importance (of responses) 59, 97, 220
assigning importance of responses 75
attribute, discrete choice designs 165
augment nonlinear design table 211
Augmented Designs 223—243
add centerpoints 233, 235
add new runs and terms 233, 238
adding axial points 233, 237
disallow factor combinations 243
D-optimal 238
extending experiments 233
foldover 233, 236
modify D- or I- optimality criterion 242
replicate 233
saved desisgn (X) matrix 242
select number of random starts 243
special commands 241
specify sphere radius value 243
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scaling, central composite designs 125

B

balanced designs 64

Bayesian D-optimal designs 28, 53—s54

Bayesian I-optimal designs 54

Big Class.jmp 46

block sizes 25

Borehole Factors.jmp 193

Borehole Sphere Packing.jmp 194

Bounce Data.jmp 117

Bounce Factors.jmp 117

Box-Behnken designs 115, 117, 125
See also Response Surface designs

Byrne Taguchi Factors.jmp 216—217

C

categorical factors 62, 98
CCD See central composite designs
center points
augment designs 235—237
central composite designs 115
response surface designs 115
simplex centroid designs 142
central composite designs 115, 125
See also response surface designs
centroid points 147
Chakravarty 101
Chemical Kinetics.jmp 201
chemical mixture, examples 155
choice designs
example 163
purpose 163
choice set, discrete choice designs 165
coding, column property 83
coefficients, relative variance 68
column properties
coding 83
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constrained state 76

design roles 75, 86

factors for mixture experiments 84

high and low values 83

response limits 85
combinations, disallowing 80, 243
CONAEV method 151
confounding 103

resolution numbers 100
confounding pattern 69, 103
constraints

adding 147

disallowing combinations 80, 243

entering 76

linear 150

loading 76

saving 76
continuous factors 62, 98
contour plots 155
control factors 213, 215
CONVRT method 151
coordinate exchange algorithms 88
Corn.jmp 208
Cotter designs 101
counts per unit (power and sample size) 258
covariate factors 46
creating factors tables 76
criterion, optimality 78, 242
custom design commands 74
custom designs

data tables 71

Design Generation panel 7, 64

factors, defining 59

flexible block size 25

how they work 88

models, describing 63

random block design 71

screening 17

special commands 74

split plot 72

splic-split plot 73

strip plot 74

D

defaults

number of random starts 78
defects 258
D-efficiencies 39
describing models 63, 142
design

Index

matrix table properties 78, 242
resolutions 99
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design diagnostics table 187
Design of Experiments. See DOE
design roles 86
designs
ABCD 151
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augment 233
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Bayesian D-optimal 28, 54
Bayesian [-optimal 54
Box-Behnken 115, 117, 125
central composite 115
discrete choice 163
foldover 236
fractional factorial 99
full factorial 89, 129, 136
full factorials 99
Gaussian process IMSE optimal space
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I-optimal 54
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maximum entropy space filling 190
minimum aberration 100
minimum potential space filling 189
mixed-level 101
mixture 139, 155
nonlinear 201
orthogonal
screening designs 99
screening experiments 139
surface designs 125
orthogonal arrays 101
Plackett-Burman 100
random block 71
replicating 233-234
response surface 115
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screening 89
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uniform precision 125
uniform space filling 186
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functions 120, 218

maximizing 120
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determinant formula 79
diagnostics for custom designs 77, 242
Difference to Detect option 248-249, 251
disallowing combinations 80, 243
discrete choice designs

analysis 169, 173
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choice set 165

definition 163

design generation panel 167

dialog 166

example 165-166, 168

prior information 171
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DOE (Design of Experiments)

coding 83

simple examples 91
DOE Sphere Radius 243
Donev Mixture Factors.jmp 40
D-optimal

augmentation 238

designs 28, 5354

optimality criteria 78, 242
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aliasing 103
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eigenvector 119

nonestimable 99

orthogonal 125, 213

size 247
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eigenvalue of effect 119
eigenvector of effect 119
equivalent solutions 88
error standard deviation 247-248
error variance 32
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extra parameters 248
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algorithms 151
finding optimal subsets 148
range constraints 148

F

factor combinations, disallowing 8o
Factor Profiling option 119, 121, 135, 158, 218
factorial designs

fractional 99

full 89, 99, 129, 136

three level 101
factors

adding 37, 61

categorical 62, 98

column 86

continuous 62, 98

control factors 213, 215

covariate 46

for mixture experiments 84

key factors 89

loading 75

nonmixture 40

saving 75

tables, creating 76
false negatives 101
finding optimal subsets (extreme vertices) 148
fitting mixture designs 153
fixed covariate factors 46
fixed covariates example 46
folding the calculation 155
foldover designs 236
fraction of design space plot 67
fractional factorial designs 99
Full Factorial Designs 129-138

design generation panel 64
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full factorial designs 99, 129
functions, desirability 120, 218
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Inscribe option 125
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intercepts, hidden 154
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optimality criteria 78, 242
I-optimal designs 54
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L36 101
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local optimum 79
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Placket-Burman design
creating 106
Plackett-Burman designs 100
Plastifactors.jmp 155
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Scatterplot 3D 122
ternary 139, 152
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k-sample means 252
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two-sample means 251
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prediction variance surface plot 67
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Reactor 8 Runs.jmp 225
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loading 75
requesting additional runs 71, 106, 126, 137
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examples 117-122
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purpose 115
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saving 75
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saving
constraints 76
factors 75
prediction formulas 157
responses 7§
X Matrix 78, 242
scaling
axial 125
designs 125
Scatterplot 3D
Box-Behnken designs 122
Scheffé polynomial 153
screening designs 89
custom designs 17
design types 99
dialogs 94, 106
examples 93-126
scripts
animation 249
generating the analysis model 109, 118
Model script See Model table property
scripting See JSL



Index

Set Random Seed command 77
sigma quality level (power and sample size) 259
signal factors 213
signal-to-noise ratios 213
simplex 139
centroid designs 142
lattice designs 145
single-sample means (power and sample
size) 249
solutions, equivalent 88
Sort Left to Right options 70
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