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Chapter 1

Learn about JMP

Documentation and Additional Resources

This chapter includes the following information:

® book conventions
e JMP documentation
e JMP Help

* additional resources, such as the following:

— other JMP documentation

— tutorials
— indexes

—  Web resources

Figure 1.1 The JMP Help Home Window on Windows

Hide Home  Print  Options
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@ Fitting Linear Modsls
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@ Seripting Guide

@ JSL Syntax Reference

Welcome to JMP 11

Using JMP

Basic Analysis

Essential Graphing

Profilers

Design of Experiments Guide
Fitting Linear Models
Specialized Models
Multivariate Methods

Quality and Process Methods
Reliability and Survival Methods
Consumer Research
Scripting Guide

JSL Syntax Reference

For details about what's new in JMP 11, select
Help = New Features or vizit JMP.com.
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Formatting Conventions

The following conventions help you relate written material to information that you see on

your screen.

Sample data table names, column names, pathnames, filenames, file extensions, and
folders appear in Helvetica font.

Code appears in Lucida Sans Typewriter font.

Code output appears in Lucida Sans Typewriter italic font and is indented farther than
the preceding code.

Helvetica bold formatting indicates items that you select to complete a task:
— buttons

— check boxes

— commands

— list names that are selectable

— menus

— options

— tab names

— text boxes

The following items appear in italics:

— words or phrases that are important or have definitions specific to JMP
— book titles

— variables

Features that are for JMP Pro only are noted with the JMP Pro icon #ﬂb . For an overview
of JMP Pro features, visit http://www.jmp.com/software/pro/.

Note: Special information and limitations appear within a Note.

Tip: Helpful information appears within a Tip.

JMP Documentation

JMP offers documentation in various formats, from print books and Portable Document
Format (PDF) to electronic books (e-books).

Open the PDF versions from the Help > Books menu or from the JMP online Help footers.


http://www.jmp.com/software/pro/
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e All books are also combined into one PDF file, called JMP Documentation Library, for
convenient searching. Open the JMP Documentation Library PDF file from the Help > Books
menu.

® e-books are available at Amazon, Safari Books Online, and in the Apple iBookstore.
* You can also purchase printed documentation on the SAS website:

http://support.sas.com/documentation/onlinedoc/jmp/index.html

JMP Documentation Library

The following table describes the purpose and content of each book in the JMP library.

Document Title Document Purpose Document Content

Discovering [MP If you are not familiar Introduces you to JMP and gets you
with JMD, start here. started creating and analyzing data.

Using JMP Learn about JMP data ~ Covers general J]MP concepts and
tables and how to features that span across all of JMP,
perform basic including importing data, modifying
operations. columns properties, sorting data, and

connecting to SAS.

Basic Analysis Perform basic analysis ~ Describes these Analyze menu platforms:

ing thi . o
using this document e Distribution

e FitYbyX
e Matched Pairs
e Tabulate

How to approximate sampling
distributions using bootstrapping is also
included.


http://support.sas.com/documentation/onlinedoc/jmp/index.html
http://www.amazon.com
http://www.safaribooksonline.com/
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Document Title

Essential Graphing

Profilers

Design of
Experiments Guide

Document Purpose

Find the ideal graph
for your data.

Learn how to use
interactive profiling
tools, which enable you
to view cross-sections
of any response
surface.

Learn how to design
experiments and
determine appropriate
sample sizes.

Learn about JMP 21
JMP Documentation

Document Content

Describes these Graph menu platforms:

® Graph Builder
* Opverlay Plot

® Scatterplot 3D
¢ Contour Plot

* DBubble Plot

e Parallel Plot

e Cell Plot

¢ Treemap

® Scatterplot Matrix
¢ Ternary Plot

* Chart

Also covers how to create background
and custom maps.

Covers all profilers listed in the Graph
menu. Analyzing noise factors is
included along with running simulations
using random inputs.

Covers all topics in the DOE menu.
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Document Title

Fitting Linear Models

Specialized Models

Multivariate
Methods

Document Purpose

Learn about Fit Model
platform and many of
its personalities.

Learn about additional
modeling techniques.

Read about techniques
for analyzing several
variables
simultaneously.

Chapter 1
Design of Experiments Guide

Document Content

Describes these personalities, all
available within the Analyze menu Fit
Model platform:

* Standard Least Squares

e Stepwise

* Generalized Regression

* Mixed Model

¢ MANOVA

¢ Loglinear Variance

¢ Nominal Logistic

* Ordinal Logistic

* Generalized Linear Model

Describes these Analyze > Modeling
menu platforms:

e Partition

e Neural

¢ Model Comparison
¢ Nonlinear

e Gaussian Process

e Time Series

* Response Screening

The Screening platform in the Analyze >
Modeling menu is described in Design of
Experiments Guide.

Describes these Analyze > Multivariate
Methods menu platforms:

e Multivariate

e (Cluster

¢ Principal Components
e Discriminant

e Partial Least Squares
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Design of Experiments Guide JMP Documentation
Document Title Document Purpose Document Content
Quality and Process ~ Read about tools for Describes these Analyze > Quality and
Methods evaluating and Process menu platforms:

IMPIOVINg pProcesses. e Control Chart Builder and individual

control charts
* Measurement Systems Analysis
e Variability / Attribute Gauge Charts
e Capability
¢ Pareto Plot
¢ Diagram
Reliability and Learn to evaluate and Describes these Analyze > Reliability and
Survival Methods improve reliability ina  Survival menu platforms:
product or system and
analyze survival data e
for people and * FitLife by X
products. * Recurrence Analysis

e Life Distribution

* Degradation

¢ Reliability Forecast

* Reliability Growth

¢ Reliability Block Diagram

* Survival

¢ Fit Parametric Survival

¢ Fit Proportional Hazards

Consumer Research Learn about methods Describes these Analyze > Consumer

for studying consumer  Research menu platforms:

preferences and using

e Categorical
that insight to create &

better products and * Factor Analysis
services. * Choice
e Uplift

¢ Jtem Analysis
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Document Title

Scripting Guide

JSL Syntax Reference

Document Purpose

Learn about taking
advantage of the
powerful JMP
Scripting Language
(JSL).

Read about many JSL
functions on functions
and their arguments,
and messages that you
send to objects and
display boxes.

Chapter 1
Design of Experiments Guide

Document Content

Covers a variety of topics, such as writing
and debugging scripts, manipulating
data tables, constructing display boxes,
and creating JMP applications.

Includes syntax, examples, and notes for
JSL commands.

Note: The Books menu also contains two reference cards that can be printed: The Menu Card
describes JMP menus, and the Quick Reference describes JMP keyboard shortcuts.

JMP Help

JMP Help is an abbreviated version of the documentation library that provides targeted
information. You can open JMP Help in several ways:

On Windows, press the F1 key to open the Help system window.

Get help on a specific part of a data table or report window. Select the Help tool ¥ from
the Tools menu and then click anywhere in a data table or report window to see the Help

for that area.

Within a JMP window, click the Help button.

Search and view JMP Help on Windows using the Help > Help Contents, Search Help, and
Help Index options. On Mac, select Help > JMP Help.

Search the Help at http://jmp.com/support/help/ (English only).

Additional Resources for Learning JMP

In addition to JMP documentation and JMP Help, you can also learn about JMP using the
following resources:

Tutorials (see “Tutorials” on page 25)

Sample data (see “Sample Data Tables” on page 25)

Indexes (see “Learn about Statistical and JSL Terms” on page 25)


http://jmp.com/support/help/
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e Tip of the Day (see “Learn JMP Tips and Tricks” on page 26)

* Web resources (see “JMP User Community” on page 26)

¢ JMPer Cable technical publication (see “JMPer Cable” on page 26)
¢ Books about JMP (see “JMP Books by Users” on page 27)

e JMP Starter (see “The JMP Starter Window” on page 27)

Tutorials
You can access JMP tutorials by selecting Help > Tutorials. The first item on the Tutorials menu
is Tutorials Directory. This opens a new window with all the tutorials grouped by category.

If you are not familiar with JMP, then start with the Beginners Tutorial. It steps you through the
JMP interface and explains the basics of using JMP.

The rest of the tutorials help you with specific aspects of JMP, such as creating a pie chart,
using Graph Builder, and so on.

Sample Data Tables

All of the examples in the JMP documentation suite use sample data. Select Help > Sample
Data to do the following actions:

® Open the sample data directory.
® Open an alphabetized list of all sample data tables.

* Find a sample data table within a category.
Sample data tables are installed in the following directory:

On Windows: C:\Program Files\SAS\JMP\<version_number>\Samples\Data
On Macintosh: \Library\Application Support\JMP\<version_number>\Samples\Data

In JMP Pro, sample data is installed in the JMPPRO (rather than JMP) directory.

Learn about Statistical and JSL Terms

The Help menu contains the following indexes:
Statistics Index Provides definitions of statistical terms.

Scripting Index Lets you search for information about JSL functions, objects, and display
boxes. You can also edit and run sample scripts from the Scripting Index.
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Learn JMP Tips and Tricks
When you first start JMP, you see the Tip of the Day window. This window provides tips for
using JMP.

To turn off the Tip of the Day, clear the Show tips at startup check box. To view it again, select

Help > Tip of the Day. Or, you can turn it off using the Preferences window. See the Using JMP
book for details.

Tooltips
JMP provides descriptive tooltips when you place your cursor over items, such as the
following:
¢ Menu or toolbar options
¢ Labels in graphs

® Text results in the report window (move your cursor in a circle to reveal)
¢ Files or windows in the Home Window

* Code in the Script Editor

Tip: You can hide tooltips in the JMP Preferences. Select File > Preferences > General (or JMP
> Preferences > General on Macintosh) and then deselect Show menu tips.

JMP User Community

The JMP User Community provides a range of options to help you learn more about JMP and
connect with other JMP users. The learning library of one-page guides, tutorials, and demos is

a good place to start. And you can continue your education by registering for a variety of JMP
training courses.

Other resources include a discussion forum, sample data and script file exchange, webcasts,
and social networking groups.

To access JMP resources on the website, select Help > JMP User Community.

JMPer Cable

The JMPer Cable is a yearly technical publication targeted to users of JMP. The JMPer Cable is
available on the JMP website:

http://www.jmp.com/about/newsletters/jmpercable/
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JMP Books by Users

Additional books about using JMP that are written by JMP users are available on the JMP
website:

http://www.jmp.com/support/books.shtml

The JMP Starter Window

The JMP Starter window is a good place to begin if you are not familiar with JMP or data
analysis. Options are categorized and described, and you launch them by clicking a button.
The JMP Starter window covers many of the options found in the Analyze, Graph, Tables, and
File menus.

* To open the JMP Starter window, select View (Window on the Macintosh) > JMP Starter.

¢ To display the JMP Starter automatically when you open JMP on Windows, select File >
Preferences > General, and then select JMP Starter from the Initial JMP Window list. On
Macintosh, select JMP > Preferences > Initial JMP Starter Window.


http://www.jmp.com/support/books.shtml
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Chapter 2

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 chapters 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

Increasing productivity and improving quality are important goals in any business. The
methods for determining how 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 statistical 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
experiment 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 run 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.
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Step 1: Design the Experiment

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

Define the Responses: Popped Kernels and Total Kernels

There are two responses in this experiment:

¢ the number of popped kernels

e 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 2.1).

Figure 2.1 Custom Design Responses Panel

4|=Custom Design
4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Y [Maximize

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

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 2.2.

Figure 2.2 Renamed Responses with Specified Goals

4|=Custom Design
4 Responses

[Add Response 'H Rermove HNumber of Responses... |

: Response Name Goal Lower Limit Upper Limit Importance
{Number Popped [Maximize [ [ .

‘Total Kemnels [nuone [naa [naa [naa
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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), 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 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 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 2.3.

Figure 2.3 Renamed Factors with Specified Values

4 Factors
Add Factor '| Rermove |Add M Factors 1
Mame Role Changes Values
~ Brand Categorical Easy Top Secret Wilbur
ATime Continuous Easy 3 5
dlPower Continuous Easy 5 10

10. Click Continue.

Step 2: Define Factor Constraints

The popping time for this experiment is either 3 or 5 minutes, and the power settings on the
microwave are 5 and 10. From experience, you know that
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® 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 2.4).

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 2.4. 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 2.4, 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 2.4 Defining Factor Constraints

104
9
z R 4 Define Factor Constraints
5] | 1| Time + | 1| Power E|
5] | 1| Time + | 1| Power E|
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. J]MP adds two-factor interactions to
the model as shown to the left in Figure 2.5.

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.
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2. Click Powers and select 2nd to add quadratic effects of the continuous factors, Power and

Time.

The completed Model should look like the one to the right in Figure 2.5.

Figure 2.5 Add Interaction and Power Terms to the Model

4 Model

[Main Ef'fects”lnteractions 'H RSM |

Name 2nd
Intercept 3rd
Brand

4th
5th

Brand*Power
Jime*Powe

N

Step 4: Determine the Number of Runs

4 Model

[Main Ef'fects| [Interactions 'H RSM H Cross |[P0wers - | [Remove Term|
Name | 2nd L\\,

Intercept | 3rd
Brand |
Time I 4th
FPower | Sth
Brand*Time | S— —
Brand*Power Mecessary
TimesBower Mecessary
Time*Time Mecessary
Fower*Powe Mecessary

The Design Generation panel in Figure 2.6 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 2.6 Model and Design Generation Panels

< Model
[Main Ef‘fects| [Interactions '| [ RSM | [ Cross | [Powers '| [Remove Term|
Mame Estimability
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Brand Mecessary
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[ Alias Terms
<4 Design Generation
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Number of Runs:
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ODefault 16
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Step 5: Check the Design

When you click Make Design, JMP generates and displays a design, as shown on the left in
Figure 2.7. 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.

Now click Make Table in the Output Options section.

Figure 2.7 Design and Output Options Section of Custom Designer

4 Design

Anticipated

Run Brand Time Power Response
1 Top Secret 3 7 0.84

2 Wilbur 3 85 0.76

3 Top Secret 3 10 3

4 Top Secret 5 8 5.64

5 Wilbur 5 g 1.24

6 Top Secret 5 5 3

7 Wilbur 3 10 1

8 Top Secret 3 10 3

9 Top Secret 5 5 3
10 Wilbur 5 6.5 0.76
11 Top Secret 4014966 7485034 201813
12 Wilbur 4 6 036
13 Wilbur 3 7 1.24
14 Wilbur 5 5 1
15 Wilbur 4 9 036
16 Top Secret 3 7 0.84

The resulting data table (Figure 2.8) 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. Note that
the design matrix is updated to match the order of runs, the Time and Power values, and the
Number Popped and Total Kernels columns are added.

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 2.8 JMP Data Table of Design Runs Generated by Custom Designer

= Custorn Design [ -
Design Custam Design| = Brand Time Power Number Popped = Total Kernels
Criterion O Optimal 1 Wilbur 3 7 * *
~IScreening 2 Top Secret 3 7 . .
- gssgraint 3 Top Secret 5 5 . .
I DOE Dialog 4 Wflbur 3 10 . .
5 | Wilbur 3 7 . .
B Top Secret 3 9 . .
T Top Secret a 8 . .
8 Wilbur i i . .
~ Colurmns (5i0) 9 Top Secret a T . .
i Brand 3k 10| Top Secret 3 10 . .
Al Time & 11 Top Secret 4 9 . .
ll Power 12 Top Secret 4 G . .
4 Mumber Popped 3 13 |Wilbur 5 8 . .
dll Total Kemeals & 14 Wilbur 4 2 . .
15 Wilbur i i . .
16 Wilbur i g . .

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 columns of the data table.

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 2.9.

Figure 2.9 Results of the Popcorn DOE Experiment

=/Popcorn DOE Resu.. P« > Number Total
Design Custam Design| = Brand Time Power | Popped @ Kernels
Criterion D Optirnal 1 Top Secret 3 T a0 420
> Screening 2 Top Secret 3 7 120 420 scripts to analyze
SieeE] - 3 Top Secrel 3T 10 120 700 data
i gg”;g?;?;g 4| Top Secret 4 8 250 430
5 Top Secret a a 370 420
B Top Secret a a 400 420 results from
T Top Secret a 8 350 420 experiment
8 Top Secret a 8 370 380
= Columns (510 9 Wilhur 3 T ar4 400
W Brand 3k 10 Wilbur 3 g 340 440
A Time % 11 Wilbur 3 10 20 410
A Powerk 12 Wilbur 4 B 440 460
A Number Popped 3k 13 |Wilbur 4 g 340 400
4l Total Kernels 3 14 Wilbur i i 170 ara
15 Wilbur i T ara 380
16 Wilbur g g 420 450
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Step 7: Analyze the Results
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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 binomial 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
Function to Logit, as shown in Figure 2.10.

Figure 2.10 Fitting the Model
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4. Scroll down to view the Effect Tests table (Figure 2.11) and look in the column labeled
Prob>Chisq. 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
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popping time (Time), microwave setting (Power), popcorn brand (Brand), and the
proportion of popped kernels.

Figure 2.11 Investigating p-Values

< Effect Tests
LR p-values indicate significance.
ChiSquare Prob>ChiSq Values with * beside them are
i p-values that indicate the results are
statistically significant.

Source DF
Brand 1
Time(3,5) 1
Fower(s,10) 1
Brand*Time 1
Brand*Power 1
Time*Fower 1
Time*Time 1
Fower*Power 1

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 2.12 shows the

Prediction Profiler for the popcorn experiment. Prediction traces are displayed for each
factor.

Figure 2.12 The Prediction Profiler
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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 to the right and left
(Figure 2.13).
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Figure 2.13 Moving the Time Value from 4 to Near 5

£ = /Prediction Profiler

14 :
. sl h‘_‘_'_'_'_‘
8 o 0945529 o 8
= 0.6 . .
S £[093285 1 8 8
2 2 pessey 47 :
e 02 :
0 . .
; L S S . e e
g 5 o3 o3 -+ -+ =) =
@ =
o
(=]
=
Top Secret 4817 T.h
Brand Time Fower

As Time increases and decreases, the curved Brand and Power prediction traces shift their
slope and maximum/minimum values. The substantial slope shift tells you there is an
interaction (synergistic effect) between Time and Brand and 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 for the values shown in
Figure 2.13, you can predict 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. ]MP automatically adjusts the graph to display the optimal settings at which
the most kernels will be popped (Figure 2.14).

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 2.14 The Most Desirable Settings
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The best settings are the Top Secret brand, cooking time at 5, and power set at 8.
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Chapter 3

Building Custom Designs
The Basic Steps

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 process. 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 experience 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 an overview of using the custom designer. The “Examples Using the
Custom Designer” chapter on page 87, includes specific examples for creating various types
of custom designs, such as mixture designs and split plots.
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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.

1. To enter one response at a time, click Add Response, and then select a goal type. Possible
goal types are Maximize, Match Target, Minimize, or None.

2. (Optional) Double-click to edit the response name.
(Optional) Click to change the response goal.

Click to enter lower and upper limits and importance weights.

Figure 3.1 Entering Responses

4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Laoyfer Limit
Y Magimize L

Upger Limit

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

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

® 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 midway 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 unnecessary. With two responses you can give greater weight to one response by
assigning it a higher importance 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.

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

3. 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,
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y =28 + 4X1 + 5X2 + random noise, where the random noise is distributed with mean zero and
standard deviation one.

Figure 3.2 In Custom and Augment Designs, Specify Values for Simulated Responses

4 Simulate Responses

Effects Y
Intercept 28

4
i

Error Std. 1

How to Enter Factors

To enter factors, follow the steps in Figure 3.3.

1.

To add one factor, click Add Factor and select a factor type. Possible factor types are
Continuous, Discrete Numeric, Categorical, Blocking, Covariate, Mixture, Constant, or
Uncontrolled. See “Types of Factors” on page 47.

Click a factor and select Add Level to increase the number of levels.
Double-click a factor to edit the factor name.

Click to indicate that changing a factor’s setting from run to run is Easy, Hard, or Very Hard.
Changing to Hard or Very Hard will cause the resulting design to be a split plot or
split-split plot design.

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

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.

Figure 3.3 Entering Factors in a Custom Design

@

4 Fagtors
Add Factor '| Remove |Add M Factors 1
Mame Role Changes Values

a1 Continuous Easy [-1 [1
@—v)@ Categorical ~ Easy  |L1 | L2

Types of Factors

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

Discrete Numeric is a numeric factor that can take only a discrete number of values. The
values have an implied order. The default model effects for a discrete numeric factor
include polynomial terms through k-1 for a factor with k levels. This is done so the
optimality and fitting routines take advantage of the multiple levels. If the polynomial
terms are not included, then a main effects only design is created.

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
cannot 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 convenient 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.
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See “Creating Split Plot Designs” on page 65, 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.

To define the constraints:

1.

After you add factors and click Continue, click the disclosure button ([f:- £] on Windows
and on the Macintosh) to open the Define Factor Constraints panel.

Click the Add Constraint button. Note that this feature is disabled if you have already
controlled the design region by entering disallowed combinations or chosen a sphere
radius.

Figure 3.4 Add Constraint

£ =/ Custom Design
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Add Constraint
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Specify the coefficients and their limiting value in the boxes provided, as shown to the
right. When you need to change the direction of the constraint, click on the default less
than or equal button and select the greater than or equal to direction.

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

To remove a constraint

To remove the last constraint, click the Remove Last Constraint button.

Describe the Model

Initially, the Model panel lists only the main effects corresponding to the factors you entered,
as shown in Figure 3.5. If a factor is Discrete Numeric, polynomial terms are added by default.
The higher order terms are defined as estimable If Possible. If you are interested in ensuring
estimation of these terms, change their Estimability to Necessary (see “Estimability: Necessary
and If Possible Terms” on page 50).
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Figure 3.5 The Model Window
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Adding Terms to the Model

You can add factor interactions or powers of continuous factors to the model. For example, to
add all the two-factor interactions and quadpratic effects at once, click the RSM button.
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

Add interaction terms involving
selected factors. If none are
selected, JMP adds all of the
interactions to the specified order.

Add all second-order effects,
including two-factor interactions
and quadratic effects

Add selected cross product terms

Add powers of continuous factors
to the model effects

Instructions

Click the Interactions button and select 2nd, 3rd,
4th, or 5th. For example, if the factors are X1 and
X2 and you click Interactions > 2nd, X1*X2 is
added to the list of model terms.

Click the RSM button. The design now uses
[-Optimality criterion rather than D-Optimality
criterion.

1. Highlight the factor names.

2. Highlight term(s) in the model list.

3. Click the Cross button.

Click the Powers button and select 2nd, 3rd, 4th,
or 5th.

Estimability: Necessary and If Possible Terms

You can specify Estimability requirements for terms that you add. The custom design that you
generate will ensure that terms marked Necessary are estimable. If a term is designed as

If Possible, the custom design algorithm will attempt to make that term estimable, as
permitted by the number of runs you select. The Bayesian D-Optimal design approach is used
to obtain precise estimation of all of the Necessary terms while providing omnibus
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detectability (and some estimability) for the If Possible terms. For more detail, see “Checking
for Curvature Using One Extra Run” on page 99 and “Bayesian D-Optimality” on page 129.

Specifying Alias Terms

You can investigate the aliasing between the model terms and terms you specify in the Alias
Terms panel.

For example, suppose you specify a design with three main effects in six runs, and you want
to see how those main effects are aliased by the two-way interactions and the three-way
interaction. In the Alias Terms panel, specify the interactions as shown in Figure 3.6. Also,
specify six runs in the Design Generation panel.

Figure 3.6 Alias Terms
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After you click the Make Design button at the bottom of the Custom Design panel, open the
Alias Matrix panel in the Design Evaluation panel to see the alias matrix. See Figure 3.7.

Figure 3.7 Aliasing

< Alias Matrix

Effect X1'X2 X1'X3 X2'X3 X1'X2'X3
Intercept 1] 1] 0.5 -0.5

1 0 0 -0.5 0.4
2 0.4 -0.5 0 0
3 -0.5 0.4 0 0

In this example, all the main effects are partially aliased with two of the interactions. Also see
“The Alias Matrix (Confounding Pattern)” on page 60.

Select the Number of Runs

The Design Generation panel (Figure 3.8) shows the minimum number of runs needed to
perform the experiment based on the effects you've added to the model. 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 control.
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Figure 3.8 Options for Selecting the Number of Runs
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The Design Generation panel has these options for selecting the number of runs you want. For
details about Group runs into random blocks of size, see “Creating Random Block Designs” on
page 64.

Number of Center Points Specifies how many additional runs to add as center points to the
design. A center point is a run that is located in the center of the range of each continuous
factor.

Number of Replicates Specifies the number of replicate points to add to the design. This does
not replicate the entire design, but chooses the optimal design points to replicate. One
replicate increases the number of runs by 1.

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 is a 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 is 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.

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

The Design Report

When you click Make Design, the Custom Design report updates to show the Design report.
The Design report shows the runs for the design. It also shows the Anticipated Response text
input column (Figure 3.10).
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The values in the Anticipated Response column are calculated using the model defined by the
terms specified in the Power Analysis report. For each run, the Anticipated Coefficients in the
Power Analysis report are used to calculate the Anticipated Response. When the Design
report first appears, the calculation of Anticipated Response values is based on the default
values of the Anticipated Coefficients. See “Power Analysis” on page 54.

You can specify values for the Anticipated Coefficients in the Power Analysis report. When
you click Apply Changes to Anticipated Coefficients, the Anticipated Response values and
power calculations are updated. Alternatively, you can specify Anticipated Response values.
When you click Apply Changes to Anticipated Responses, the Anticipated Coefficients and
power calculations are updated.

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 that you specify, most designs
display these reports:

e Power Analysis

® Prediction Variance Profile

* Fraction of Design Space Plot
* Prediction Variance Surface

e Estimation Efficiency

e Alias Matrix

* Color Map on Correlations

* Design Diagnostics

These diagnostic tools are available in the Design Evaluation report, as shown in Figure 3.9.
JMP always provides the Prediction Variance Profile, but the Prediction Surface Plot only
appears if there are two or more variables. The Alias Matrix only appears if Alias Terms have
been specified.



54

Building Custom Designs Chapter 3
Creating a Custom Design Design of Experiments Guide

Figure 3.9 Custom Design Evaluation and Diagnostic Tools
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Power Analysis

The Power Analysis report gives you a flexible way to explore power. Power is the probability
of detecting an active effect of a given size. Power depends on the number of runs, the
estimated error variation, and the significance level. This report helps you evaluate the ability
of your design to detect effects of practical importance. In particular, you can determine if
additional runs are necessary.

Power is calculated both for model parameters and for effects. Power calculations are given
for continuous, discrete numeric, categorical, blocking, mixture, and covariate factors. Power
is calculated for both Necessary and If Possible model terms. See “How to Enter Factors” on
page 47 and “Describe the Model” on page 49.

Figure 3.10 shows the Design and Power Analysis reports for a two-factor design that
estimates both main effects and the interaction. Factor X1 is continuous and factor X2 is a
four-level categorical factor with levels L1, L2, L3, and L4. The terms in the Parameter column
in the Power Analysis report that correspond to the three indicator variables for the levels of
X2 are denoted X2 1, X2 2, and X2 3. The X1*X2 interaction is also a four-level effect. Its
corresponding indicator variables are denoted X1*X2 1, X1*X2 2, and X1*X2 3.

Beneath the Apply Changes to Anticipated Coefficients button there is a panel that shows
power calculations for categorical effects that have more than two levels. In this design, the
categorical effects are the main effect X2 and the interaction effect X1*X2.
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Figure 3.10 Design and Power Analysis Reports
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In the Power Analysis report, the difference that you are interested in detecting is expressed in
terms of Anticipated Coefficients for model parameters. The difference to detect is usually
called delta. You can set the value of delta by selecting Advanced Options > Set Delta for
Power from the Custom Design report’s red triangle menu. By default, Delta is set to two. See
“Set Delta for Power” on page 79.

Power Analysis Report Options

The following are elements of the Power Analysis report:

Significance Level The probability of rejecting the hypothesis of no effect, if it is true. The
power calculations update immediately when you enter a value.

Anticipated RMSE An estimate of the square root of the error variation. The power
calculations update immediately when you enter a value.

Parameter The model term associated with the parameter.
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Anticipated Coefficients A value for the coefficient. This value is used in the calculations for
Power and for the Anticipated Response column in the Design report. When you set a new
value in the Anticipated Coefficients column, click Apply Changes to Anticipated
Coefficients to update Power and Anticipated Response.

Power For the corresponding parameter, the probability of detecting a difference of twice the
value of the Anticipated Coefficient at the specified Significance Level with error given by
the Anticipated RMSE.

If your model contains a categorical effect with more than two levels, then the following
columns appear below the Apply Changes to Anticipated Coefficients button:

Effect The categorical effect.

Power The power calculation for a test of no effect against the alternative that a change of
delta in the response mean occurs between a single pair of effect levels. The null
hypothesis for the test is that all model parameters corresponding to the effect are zero.

Power Analysis Interpretation

The Anticipated Coefficient default values are 1 for continuous effects. For categorical effects,
they are alternating values of 1 and —1. The value of delta, the difference you want to detect, is
twice the absolute value of the default value of any Anticipated Coefficient. (See “Delta” on
page 55 and “Set Delta for Power” on page 79.) The default values that are entered as
Anticipated Coefficients ensure these properties:

* The power calculation for a numeric effect assumes a change of delta in the response mean
due to linear main effects as the factor changes from the lowest setting to the highest
setting in the design region.

* The power calculation for the parameter associated with a two-level categorical factor
assumes a change of delta in the response mean across the levels of the factor.

® The power calculation for a categorical effect with more than two levels is based on the
multiple degree of freedom F-test for the null hypothesis that all levels have the same
response mean. Power is calculated at the values of the response means that are
determined by the Anticipated Coefficients. Various configurations of the Anticipated
Coefficients can define a difference in levels as large as delta. However, the power values
for such configurations will differ based on the Anticipated Coefficients for the other
levels.

Specification of Anticipated Response

You can also explore power by specifying Anticipated Response values in the Design report.
When you click Apply Changes to Anticipated Responses, the Anticipated Coefficients and
power calculations in the Power analysis report are updated.
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The Prediction Variance Profile

The example in Figure 3.11 shows the prediction variance profile for a response surface model
(RSM) with 2 variables and 12 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.

AL

Figure 3.11 A Factor Design Layout For a Response Surface Design with 2 Variables
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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. Generally, 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. Dragging the lines reveals any points that have prediction variances that are larger
than you would like.
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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 identify the maximum prediction variance for a model. Consider the Prediction
Variance profile for the two-factor RSM model shown in Figure 3.12. The plots identify the
factor values where the maximum variance (or worst-case scenario) occur, which helps you
evaluate the acceptability of the model.

Figure 3.12 Find Maximum Prediction Variance
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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 3.13. 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 0.322.

The Fraction of Design Space plot displays the same information. The X axis is the proportion
of prediction variance values, ranging from 0 to 100%, and the Y axis is the range of prediction
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 to find the percentage of values for any value of the prediction variance. The
example to the right in Figure 3.13 shows that 75% of the prediction variance values are below
approximately 0.46.

Note: Monte Carlo sampling of the design space is used in constructing the Fraction of Design
Space Plot. Therefore, plots for the same design may vary slightly.

The Fraction of Design Space Plot is most useful when there are multiple factors. It
summarizes the prediction variance, showing the fractional design space for all the factors
taken together.
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Figure 3.13 Variance Profile and Fraction of Design Space
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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 JMP, and has all its functionality. Drag on the plot to rotate and change the perspective.
Figure 3.14 shows the Prediction 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
that there are high and low variance areas for both factors. Compare this plot to the Prediction
Variance Profile shown in Figure 3.12.

Figure 3.14 Prediction Variance Surface Plot for Two-Factor RSM Model

4 =|Prediction Variance Surface

You can find complete documentation for the Surface Plot platform in the Profilers book.
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Estimation Efficiency

Open the Estimation Efficiency report to show a table giving the Fractional Increase in
Confidence Interval (CI) Length and Relative Standard (Std) Error of Parameters for each
model effect.

The Fractional Increase in Confidence Interval Length is:

FI = [n(X'X);1-1

where
X is the design matrix corresponding to model effects,
(X'X)7! is the i™ diagonal entry of (X'X)71,
n is the number of runs.

These values describe the fractional increase in the length of the confidence interval for a
parameter compared to its length given by the ideal design. The ideal design is an orthogonal
design, but an orthogonal design may not exist. For an orthogonal design, the fractional
increase would be zero. In selecting a design, you would like the increase to be as small as
possible.

The Relative Std Error of Parameters is:

RSE = J(X'X):1

These values indicate how large the variances of the model’s parameter estimates are, relative
to the error standard deviation.

The Alias Matrix (Confounding Pattern)

Click the Alias Matrix disclosure button ([» 21 on Windows and on the Macintosh) to
open the alias matrix (Figure 3.15).

The alias matrix shows the aliasing between the model terms and the terms you specify in the
Alias Terms panel (see “Specifying Alias Terms” on page 51). It allows you to see the
confounding patterns.

Figure 3.15 Alias Matrix

< Alias Matrix

Effect X1'X2 X1'X3 X1'X4 X1'X5 X2'X3 X2'K4 X2'X5 X3'X4 X3'%5 X4'%5
Intercept 1] 1] 1] 1] 1] 1] 1] 1] 1]
1
2
3
4
5

oL ooo
oo ooo
coo o
oo ooo
oo ooo
cooo b
oo ooo
oo oo
o= ooo
oo = ooo



Chapter 3 Building Custom Designs 61
Design of Experiments Guide Creating a Custom Design
Alias Matrix Formulas
Let X be the design matrix corresponding to the model effects, and Z be the matrix of
interested effects (the effects you specify in the Alias Terms panel), then the alias matrix is
A= (XX)1xZ.
For designs with hard-to-change or very-hard-to-change factors, the alias matrix is
A= xXvIix)ylxv-lz.
where V is a covariance matrix.

For Bayesian designs, the alias matrix is
A= (XX+ K Ixz

For Bayesian D-optimal designs, K? is a diagonal matrix with values of 16 for If Possible
interaction terms, 1 for other If Possible terms, and 0 for Necessary terms. You can control the
weights used for If Possible terms by selecting Advanced Options > Prior Parameter Variance
from the Custom Design report’s red triangle menu. There you can set prior variances for all
model terms by specifying the diagonal elements of K.

Color Map on Correlations

The Color Map On Correlations panel (see Figure 3.16) shows the correlations between all
model terms and alias terms you specify in the Alias Terms panel (see “Specifying Alias
Terms” on page 51). The colors correspond to the absolute value of the correlations.

Figure 3.16 Color Map of Correlations
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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, average variance of prediction, and length of time to create the design. The
design efficiencies are computed as follows:

D-efficiency = 100(_1'|X’X| 1/p)
Np

A-efficiency = 100( 2 1))
trace(ND(X’X)_

F
G-efficiency = 100| V' Np

Onm

where

® Npis 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.

Note: The G-Efficiency is calculated using Monte Carlo sampling of the design space.
Therefore, calculations for the same design may vary slightly.

These efficiency measures are single numbers attempting to quantify one mathematical
design characteristic. 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 3.17 Custom Design Showing Diagnostics

<4 Design Diagnostics
D Optimal Design

D Efficiency 90.480549
G Efficiency 89.63805
A Efficiency 83.33333
Average Variance of Prediction 0.533333
Design Creation Time {seconds) 14.585
Specify Output Options

Use the Output Options panel to specify how you want the output data table to appear.
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Figure 3.18 Output Options Panel

COutput Options

Run Order: | Randomize

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.

Make the JMP Design Table

When the Design panel shows the layout you want, click Make Table. Parts of the table contain
information 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:

® aScreening 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.
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Figure 3.19 Example Design Table

= Custorn Design [ -
1 ———Design Custom Design| = X1 X2 Y
Criterion O Optimal 1 -1 1 .
= Screening 2 1 1 .
2 ———— Model : 1 1 .
= DOE Dialog 4 1 1 .
3 5 -1 -1 .
B 1 -1 .

= Columns (370}
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1. This area identifies the design type that generated the table. Click Custom Design to edit
the name.

2. Model is a script. Click the red triangle icon and select Run Script to open the Fit Model
dialog, which is used to generate the analysis appropriate to the design.

3. DOE Dialog is a script. Click the red triangle icon and 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 random 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 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 responses and factors, and define
your model as usual. In the Design Generation panel, check the Group runs into random
blocks of size check box and enter the number of runs you want in each block. When you
select or enter the sample size, the number of runs specified are assigned to the blocks.
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Figure 3.20 Assigning Runs to Blocks

4 Design Generation

4| Group runs into random blocks of size: 4

MNumber of Center Points: 0
MNumber of Replicate Runs: 0

Number of Runs:
Minimum 0
@ Default 12
User Specified 12
| Make Design|

In this example, the Design Generation Panel shown here designates four runs per block, and
the number of runs (12) indicates there will be three days (blocks) of 4 runs. If the number of

runs is not an even multiple of the random block size, some blocks will have 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 Factors: Split Plot” on page 123.

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 number 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.
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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 'Vle where V lis 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 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” on
page 85, for details.

Creating Split-Split Plot Designs

Split-split plot designs are a three stratum 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 covers 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 storage 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 3.21 shows an example of how factors might be defined for the cheese processing
example.
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Figure 3.21 Example of Split-Split Response and Factors in Custom Designer Dialog

4|=Custom Design
4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Consistency |N0ne |NA |NA MA
4 Factors
Add Factor '| Remove |Add M Factors 1
Mame Role Changes Values

Astorage‘l Continuous VeryH—* 1

dll storage 2 Continuous Very Hj Easy 1

A curds 1 Continuous Hard Hard 1

dcurds 2 Continuous Hard Very Hard 1

dcurds 3 Continuous Hard I 1

dcurds 4 Continuous Hard -1 1

dcurds 5 Continuous Hard -1 1

dll cheese 1 Continuous Easy -1 1

dll cheese 2 Continuous Easy -1 1
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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 3.22. 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 3.22 lists the run with
subplots that are not nested in the whole plots.



68 Building Custom Designs Chapter 3
Special Custom Design Commands Design of Experiments Guide

Figure 3.22 Example of Strip Split Factors and Design Generation panel in Custom Designer

Dialog
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add Factor | [ Remove | £dd N Factors 1 Run Whole Plots Subplots deposition 1
1 1 1 1
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13 4 3 o
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[ Alias Terms 15 4 3 -1
< Design Generation 1? ; S 1
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MNumber of Whale Plots 5 19 5 g R
Mumhber of Subplots 10 20 I3 10 -1

Number of Runs:

OMinirnum 10
ODefault 20
OUser Specified 20
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 3.23). The commands found on this
menu vary, depending on which DOE command you select. However, the commands to save
and load responses and factors, and the command to set the random seed 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 appropriate chapter.
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Figure 3.23 Click the Red Triangle Icon to Reveal Commands
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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
meaningful 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” on page 45, 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
information 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 two column properties (noted with asterisks icons in the
column panel). These properties include:

Design Role that identifies the factor as a DOE factor and lists its type (continuous,
categorical, blocking, and so on).

Factor Changes that identifies how difficult it is to change the factor level. Factor Changes
options are Easy, Hard, and Very Hard.

4. Save the data table.
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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.

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 and select Load Responses or Load Factors.

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 experiments 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” on page 45, for details).

3. Click the red triangle icon on the title bar 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
identifies 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 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 and select Set Random Seed.

The window that appears shows the generating seed for that design (Figure 3.24). 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 3.24 Setting the Random Seed

Choose a positive whole number as a seed for a random starting 1649519028
design.
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 useful to look at
properties of the design with response data before you have collected data. The Simulate
Responses command adds random response values to the JMP table that the custom designer
creates. To use the command, 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.

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 the data table. An example
of an equation for a model with two factors and interaction (Figure 3.25) would be,

y=21+4X1+6X2-5X1X2 + random noise,

where the random noise is distributed with mean zero and standard deviation one.
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Figure 3.25 Example of a Custom Design with Simulated Responses
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Save X Matrix

This sections describes how to view the Number of Rows in the Moments Matrix and the
Design Matrix (X) in the Log.

To create scripts for the Moments Matrix and the Design Matrix, and to save these matrices as
table properties in the data table that will be generated from the design, click the red triangle
icon in the Custom Design title bar (Figure 3.23) and select Save X Matrix. After the design and
table are created, two scripts are saved as table properties and are called the Moments Matrix
and the Design Matrix.

Each script can be selected and run from the upper left panel of the resulting data table.
Results from running each of the scripts are shown in the Log. When you run the script for the
Moments Matrix, JMP shows the number of rows for the global matrix, called Moments, in the
Log. Similarly, when you run the script for the Design Matrix, JMP displays the number of
rows for the global matrix, called X, in the Log. The Moments Matrix and the Design Matrix
are used to calculate the Average Variance of Prediction, shown in the Design Diagnostics
section of the Design Evaluation.

Saving these scripts to the data table provides an easy way to remember and recreate your
design at a later time and to compare the matrices values with alternate designs. If you do not
have the log visible, select View > Log (Window > Log on the Macintosh). To illustrate these
features:

1. Select DOE > Custom Design.
2. Add 3 continuous factors and click Continue.

3. Click on Interactions > 2nd and select Save X Matrix from the drop-down menu of Custom
Design.

4. Using the Default Number of Runs (12), click Make Design and then Make Table.

If it is not already open, select View > Log (Window > Log on the Macintosh).
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6. Click on the Moments Matrix red triangle in the upper left panel of the data table under
Custom Design and select Run Script. The result shows in the log as N Row(: :Moments):7,
which is the number of rows in the global matrix called Moments. The Moments Matrix is
dependent upon the model effects but is independent of the design. (The model effects can
be viewed by clicking the red triangle by Model in the upper left panel of the data table
and clicking on Run Script.) The Moments Matrix script for this example displays the
value of each moment and is shown by clicking on the red triangle of the Moments Matrix
and selecting Edit:

Moments = [1 0 0 0 0 0 O,
0 0.333333333333333 00000
0 0 0.333333333333333 00 0 0,
0 0 0 0.333333333333333 0 0 0,
00000.1111711177171231121 O O,
000000.111117112731123127 O,
0000O00O00.1111111722111117;

7. Click on the Design Matrix red triangle in the upper left panel of the data table under
Custom Design and select Run Script. The result shows in the log as N Row(: :X) : 8, which
is the number of rows in the global matrix called X. The X Matrix is dependent upon the
design for the experiment. The script for this example shows the underlying design of the
X matrix and is viewed by clicking on the red triangle of the Design Matrix and selecting
Edit:

B R e X

1-1-111-

Note that the Moments Matrix is defined as:

M = [flx)f(x)dx
R

where M is a moments matrix of the parameter space that is independent of the design and
can be computed in advance, and where f(x)' denotes a row of the design matrix
corresponding to factor combinations of x. For additional details concerning moments and
design matrices, see Myers, Montgomery, and Anderson-Cook (2009, pp. 365-371). Note that
the moment matrix is called a matrix of region moments in this book. The design matrix is also
called the model matrix in some books (Goos and Jones, 2011).
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Optimality Criterion

To change the design criterion, click the red triangle icon in the Custom Design title bar
(Figure 3.23) and select Optimality Criterion, then choose one of the options:

* Make D-Optimal Design
e Make I-Optimal Design
* Make Alias 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. For specific
information about optimality criterion, see “Technical Discussion” on page 128.

Number of Starts: Changing the Number of Random Starts

To override the default number of random starts, click the red triangle icon in the Custom
Design title bar (Figure 3.23) and select Number of Starts. When you select this command, the
window shown in Figure 3.26 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 3.26 Selecting the Number of Starts

Choose a positive whole number for the number of random

starting designs.
oK | Cancel |

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.

Why Change the Number of Starts?

One difficulty with the creation of optimal designs is that the methods used do not always
find the globally 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.
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e For designs with all two-level factors, there is a formula for the optimal determinant. If the
determinants that result from the random starts match that optimal determinant, 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 number of terms in the model increases. By doing a large number of
random starts for small sample sizes and reducing 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
interaction models

¢ Latin-Square designs are D-optimal for main effect models assuming the right sample size
and numbers 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 general, 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 10 to 16 40

from 17 to 24 10

from 25 to 32 5

more than 32 2

Note the following exceptions:

e If each factor has only two levels, 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.

— If the number of runs is exactly 32 and all factors have 2-levels, then the default
Number of Starts in Table 3.2 is 15.
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e 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 3.23) 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” on page 48, and
“Creating Random Block Designs” on page 64), 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 3.23) 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 3.27).
JMP evaluates 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 3.27, 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 3.27 Enter a Boolean Expression

Specify constraint script or expression that returns a nonzero value
for infeasible factor combinations.

Feature==13 & Price==13

4. Make the design. It excludes the combination of factors you specified, as shown in
Figure 3.28.

Figure 3.28 No Row Contains L3 for Both Price and Feature

<4 Design

Run Feature Price
1

[=o S S AR )
R3O L3 R = =
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Advanced Options for the Custom Designer

Select Advanced Options from the Custom Design red triangle menu to select the following
options.

Mixture Sum

The sum of the mixture components can be set to any positive value. In particular, if you want
to keep a component of a mixture constant throughout an experiment, you can set the sum of
the other mixture components to the appropriate value. To alter the mixture sum:

1. Select DOE > Custom Design.
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2. Click the red triangle icon in the title bar (Figure 3.23) of the designer window and select
Advanced Options > Mixture Sum.

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 set to 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. Define Easy and Hard-to-change factors for your split plot design. Or enter Easy, Hard,
and Very Hard-to-change factors for your split-split plot design.

3. Click the red triangle icon in the title bar (Figure 3.23) of the designer window and select
Advanced Options > Split Plot Variance Ratio.

4. In the entry field, enter one or two positive numbers, depending on whether you have
specified a split plot or a split-split plot design. Click OK.

5. 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 3.23) 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.

D Efficiency Weight

Specify the relative importance of D-Efficiency (reducing the variance of the coefficients)
versus aliasing reduction. Values should be between 0 and 1, with larger values weighting
more toward D-Efficiency.
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Set Delta for Power

Specify the difference in the mean response that you want to detect for model effects. Power
calculations are presented in the Power Analysis report, found under Design Evaluation. In
this report, power is calculated for each model parameter based on detecting the specified
difference of delta. For categorical effects, a power calculation is provided that is based on
detecting a maximum change of delta between any two levels.

By default, delta is set to 2. The default coefficient for each continuous effect is set to 1. An
n-level categorical factor is represented by n—1 indicator variables. The default coefficients for
the n—1 terms representing a categorical factor are alternating values of 1 and -1. The default
coefficients for an interaction effect with more than one degree of freedom are also alternating
values of 1 and -1.

Note: The order in which parameters appear in the Power Analysis report may not be
identical to their order in the Parameter Estimates report obtained using Standard Least
Squares. This difference can only occur when the model contains an interaction with more
than one degree of freedom.

Given a specified value of delta, each coefficient in the Anticipated Coefficients list is set at
delta/2 multiplied by the default coefficient. For a continuous factor, this assignment ensures
that a difference of delta is detected with the calculated power. For a categorical factor, this
assignment of coefficients ensures that a maximum difference of delta between any two levels
is detected with the calculated power.

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.

Assigning Column Properties

Columns in a data table can contain special column properties. Figure 3.29 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 3.29, open Bounce Data.jmp from the Design Experiment folder found in the sample data
installed with JMP. Then, right-click the column name in the data table and select Column Info.
When the Column Info dialog appears, click on the property you want to see.
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Figure 3.29 Column Properties Menu in the Column Info Dialog
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All special column properties are covered in the Using JMP. 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 meaningful 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 3.30 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 3.30 Coding Column Property in Column Info Dialog
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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

oK |
Cancel |
Apply |
Help |

Set Columns as Factors for Mixture Experiments

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:

81

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 3.31. 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 3.31,

where the mixture sum value is 1, the terms are coded as:

XL = (X;-L)/(1-L) for the L pseudocomponent
XZ.LI = (Ul- - Xl.)/(ll— 1) for the U pseudocomponent

where L; and U are the lower and upper bounds, L is the sum of L; and U is the sum of U;.
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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 formulas, respect the pseudocomponent coding but present the
un-coded values in the tables and plots.

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

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

Figure 3.31 Column Info to Create Mixture Column For Analysis
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Define Response Column Values

You can save response limits in a column, which means you can run analyses without having
to re-specify 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 3.32, open Bounce Data.jmp from the Design Experiment folder in the
sample data installed with JMP.

Figure 3.32 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. Click the column name Stretch in the data grid and select Cols > Column Info. The Column
Info dialog appears.

2. Select Response Limits from the Column Properties drop-down menu.

3. Select a goal for the response variable. For example, if you are in the prediction profiler
and want the desired value to be close to 450, select Match Target.

4. When you have two responses, enter a number in the Importance box to indicate the
amount of weight you want this response to have when JMP computes the overall
desirability.

5. Enter the lower, middle and upper limits as well as the desirability values.
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Figure 3.32 Completed Response Limits
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6. 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.

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 3.33 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. Click the column name in the data grid then select Cols > Column Info. The Column Info
window appears.

2. Select Design Role from the Column Properties drop-down menu, as shown in Figure 3.33.
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, Random Block, or Discrete Numeric.

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 3.33 Assign a Design Role to a Factor Column
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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.

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” on page 65, 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. Click the column name in the data grid and then select Cols > Column Info to see the
Column Info dialog for that column.

2. Select Factor Changes from the Column Properties drop-down menu, as shown in
Figure 3.34.

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 (% ) now appears next to the column name in the column
panel of the data table.
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Figure 3.34 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
computational 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” on page 74.

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 algorithm may generate different (but equivalent) designs when you click the
Back and Make Design buttons repeatedly.
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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 process. 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 experience 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:

Figure 4.1 Approach to Experimental Design

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

Descr.be>> Des.g> CO..e> >> pred.ﬁ>

Identify factors ~ Compute design Use design to set Compute bestfit 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.

For an overview of using the custom designer, see the “Building Custom Designs” chapter on
page 43.
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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 screening designs.

Creating a Main-Effects-Only Screening Design

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

Select DOE > Custom Design.

Enter six continuous factors into the Factors panel. Figure 4.2 shows the six factors.
Click Continue. The default model contains only the main effects.

Using the default of 12 runs, click Make Design.

S

Click the disclosure button (I} 1 on Windows and on the Macintosh) to open the
Design outline node.

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

Figure 4.2 A Main-Effects-Only Screening Design
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6. Click the disclosure buttons beside Design Evaluation and then beside Alias Matrix ([ .
on Windows and on the Macintosh) to open the Alias Matrix. Figure 4.3 shows the
Alias Matrix, which is a table of zeros, ones, and negative ones.

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, for the X1 row, the columns labeled
X2*X3 and X2*X5 have 0.333. This means that the expected value of the main effect of X1 is
actually the sum of the main effect of X1 plus 0.333 times the effect of X2*X3, plus 0.333 times
the effect of X2*X5, and so on for the rest of the X1 row. You are assuming that these
interactions are negligible in size compared to the effect of X1.

Figure 4.3 The Alias Matrix

4 Alias Matrix

Effect X1*X2 X1*X3 X1*X4 X1*X5 X1*X6 X2*X3 X2"X4 X2*X5 X2"X6 X3"X4 X3*X5 X3"X6 X4"X5 X4"X6 X5°X6
Intercept 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
KL 0 0 0 0 0 0333 -033 0333 -033 -033 -033 0333 0333 -033 -033

x2 0 0333 -033 0333 -033 0 0 0 0 -033 0333 0333 0333 0333 0333

X3 0333 0 -033 -033 0333 0 -033 0333 0333 0 0 0 -033 0333 0333

X4 -033 -033 0 0333 -033 -033 0 0333 0333 0 -033 0333 0 0 -033

X5 0333 -033 0333 0 -033 0333 0333 0 0333 -033 0 0333 0 -033 0

X6 -033 0333 -033 -033 0 0333 0333 0333 0 0333 0333 0 -033 0 0

Note to DOE experts: The Alias matrix is a generalization of the confounding pattern in
fractional 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.

1. Select DOE > Custom Design.
2. Enter five continuous factors into the Factors panel.
3. Click Continue.
4. In the Model panel, select Interactions > 2nd.
5. In the Alias Terms report, select Interactions > 2nd.
Adding the two-factor interactions here lets you view the Alias Matrix report later.

6. In the Design Generation panel, choose Minimum for Number of Runs and click Make
Design.
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Figure 4.4 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.

Figure 4.4 All Two-Factor Interactions
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7. Click the disclosure button ([ . on Windows and on the Macintosh) and to open the

Design Evaluation outlines, then open Alias Matrix. Figure 4.5 shows the alias matrix table
of zeros and ones. The columns labels identify the two-way interactions. For example, the
column labelled X1*X2 refers to the interaction of the first and second effect, the column
labelled X2*X3 refers to the interaction between the second and third effect, and so forth.

Look at the column labelled X1*X2. 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. (The
Alias Matrix entries are exactly what you expect, because you asked for a model that
estimates all two-way interactions.)
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Figure 4.5 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 # = 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’s
Alias Optimal Design option.

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. Second-order interactions are added to the Alias Matrix.

4. From the Custom Design red triangle menu, select Optimality Criterion and then Make
Alias Optimal Design.

5. Type 16 in the User Specified edit box in the Number of Runs section, as shown. Although
the 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.

6. Click Make Design.
After the custom designer creates the design, click the disclosure button beside Design

Evaluation to open the Alias Matrix (Figure 4.6). The values in your table may be different
from those shown below, but with a similar pattern.
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Figure 4.6 Alias Matrix
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All rows contain only zeros, which means that the Intercept and main effect terms are not
biased by any two-factor interactions.

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”
(supersaturated) 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.

The Need for Supersaturated Designs

The 27 and the 21> fractional factorial designs available using the screening designer are
both saturated 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 translate 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.
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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 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 4.7, the only primary
term is the intercept.

To see an example of a supersaturated design with twelve factors in eight runs:

1.
2.
3.

Select DOE > Custom Design.
Add 12 continuous factors and click Continue.

Highlight all terms except the Intercept and click the current estimability (Necessary) to
reveal the menu. Change Necessary to If Possible.

The desired number of runs is eight so type 8 in the User Specified edit box in the Number
of Runs section.

Click the red triangle on the Custom Design title bar and select Simulate Responses.

Click Make Design, then click Make Table. A window named Simulate Responses and a
design table appear, similar to the one in Figure 4.7. 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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K7

X9

X10

52.21
46.69
27
21.28

595
49.47
2674
22.98
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7. Change the default settings of the coefficients in the Simulate Responses dialog to match

those in Figure 4.8 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

necessarily match those in the figure. The values in your table may be different from those
shown below.

Figure 4.8 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.

X9

X10

8474
97 64
98.29
102.37
101.88
103.41
8413
116.34

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

3. Click Run on the Fit Model dialog.
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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 4.9. 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.

Figure 4.9 Stepwise Regression Identifies Active Factors

£ I~ Stepwise Fit for Y
£ Stepwise Regression Control

Stopping Rule: | Minimum BIC v| [ [ Enterail | [Make Model
Direction: |Forward v| |:| |Rem0\.reAII| | Run Maodel |
[ Go |[ stop |[ step |
SSE DFE RMSE RSquare RSquare Adj Cp p AlCc BIC
1.6464 5 05738292 0.9978 0.9970 . 3 3138955 18.37398
4 Current Estimates
LockEntered Parameter Estimate nDF SS "FRatio" "Prob=F"
Intercept 100.305 1 0 0.000 1
X1 0 1 0485962 1.675 0.26524
+ X2 -6.82 1 3255868 988.784 6.11e-7
X3 0 1 0814638 3.918 0.1189
x4 0 1 0229737 0.649 0.46574
X5 0 1 0.4459 1.486 0.28985
X6 0 1 0 0.000 1
X7 0 1 0129285 0.341  0.59067
X8 0 1 0.1456 0.388 0.56708
X9 0 1 1221818 11511 0.02746
+ X10 9.105 1 618.9943 1879.842 1.23e-7
X1 1 0.0924 0.238 0.6513
x12 1 0144507 0.385 0.56861
£ Step History
Step Parameter Action "Sig Prob"” Seq S5 RSquare Cp p AlCc BIC
1 X10 Entered 0.0298 438.08 0.5724 . 2 643929 58.6312
2 X2 Entered 0.0000 325.5868 0.9978 . 3 313895 18.374 @

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 complete the design, JMP shows the appropriate number of blocks, which is
calculated as the sample size divided by the number of runs per block.
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For example, Figure 4.10 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.

Figure 4.10 One Block Appears in the Factors Panel

£ Factors
Add Factor *| | Remove | Add N Factors | 1
Mame Fole Changes  Values
F Continuous Easy -1 1
a2 Continuous Easy -1 1
a3 Continuous Easy -1 1
4 Blacking Easy 1

Specify Factors

Add a factor by clicking the Add Factor button. Douhble click on a
factor name or level to edit it.

The default sample size of 12 requires three blocks. After you click Continue, there are four

blocks in the Factors panel (Figure 4.11). This is because the default sample size is twelve,
which requires four blocks with three runs each.

Figure 4.11 Three Blocks in the Factors Panel

<4 Factors
Add Factor *| | Remove | Add N Factors | 1
Mame Fole Changes  Values
F Continuous Easy -1 1
a2 Continuous Easy -1 1
a3 Continuous Easy -1 1
o34 Blacking Easy 1 2 3 4

| Define Factor Constraints
[* Model

[ Alias Terms

<4 Design Generation

MNumber of Center Points: 1]
Mumber of Replicate Runs: 1]

Number of Runs:

OMinirmum G
ODefault 12
OUser Specified 12
Make Design

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 4.12).
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Figure 4.12 Number of Runs is 24 Gives Eight Blocks

Chapter 4
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<4 Factors
Add Factor *| | Remove | Add N Factors | 1
MName Role Changes  Walues
F Continuous Easy -1 1
a2 Continuous Easy -1 1
a3 Continuous Easy -1 1
all 4 Blacking Easy 1 2 Iz J& s J&8 [r s

| Define Factor Constraints
[* Model

[ Alias Terms

<4 Design Generation

MNumber of Center Points: 1]
Mumber of Replicate Runs: 1]

Number of Runs:

OMinirmum G
ODefault 12
OUser Specified 24
Make Design

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 4.13), so the Factors panel displays five blocks

in the Values section.
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Figure 4.13 Changing the Runs to 15

<4 Factors
Add Factor *| | Remove | Add N Factors | 1
Mame Fole Changes  Values
F Continuous Easy -1 1
a2 Continuous Easy -1 1
a3 Continuous Easy -1 1
o34 Blacking Easy 1 2 3 4 5

[* Define Factor Constraints

4 Model
[Main Ef‘fects| [Interactions '| [ RSM | [ Cross | [Powers '| [Remove Term
Mame Estimability
Intercept Mecessary
Al Mecessary
H2 Mecessary
H3 Mecessary
4 Mecessary
K12 Mecessary
K13 Mecessary
HITHI Mecessary

[ Alias Terms
<4 Design Generation

MNumber of Center Points: 1]
Mumber of Replicate Runs: 1]

Number of Runs:

OMinirnum 12
ODefault 18
OUser Specified 14
Make Design

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 foundation 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 potential
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.)
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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+q. 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.

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 value is a four-run design with the factor settings shown in Figure 4.14.

Figure 4.14 Two Continuous Factors with Interaction

4 Model 4 =/Overlay Plot
[Main Ef'fects| [Interactions '| 2
Name
Intercept 1 o o
X1
X2
X172 = o
4 Design
Anticipated = e °
Run X1 X2  Response
1 -1 1 0 z
- = T T T
; 1 1 g 2 - 0 1 2
4 1 1 4 X2

Now suppose you can afford an extra run (n = 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 curvature 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 4.15.
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Figure 4.15 Second-Level Interactions

4 Factors
Add Factor || Remove | Add M Factors 1
: Mame Role Changes Values
i1 Continuous ~ Easy |1 [1
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D. Define Factor Constraints

4 Model
[Main Ef'fects] [Interactions VH RSM H Cross ][Powers V] [Remove Term
Mame Estimability
Intercept Mecessary
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X2 Mecessary
H1*H2 Mecessary

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 see the menu and change Necessary to If Possible, as shown in Figure 4.16.

Figure 4.16 Changing the Estimability

4 Factors
Add Factor || Remove | Add M Factors 1
Mame Role Changes Values
A1 Continuous ~ Easy |1 [1
dx2 Continuous ~ Easy |1 [1

|| Define Factor Constraints

4 Model

[Main Ef'fects] [Interactions VH RSM H Cross ][Powers V] [Remove Term
; Name Estimability

Intercept Mecessary

i1 MNecessary

X2 Mecessary

LH1H2 MNecessary

X272 fPos{  Necessary

If Possible

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 4.17. The values in your
design may be different from those shown below.



102

Examples Using the Custom Designer Chapter 4
Creating Response Surface Experiments Design of Experiments Guide

Figure 4.17 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 4.18 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.

Figure 4.18 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 factors. The a 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 predictive 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 comparing response surface designs.
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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, and click Continue.
3. In the Model panel, select Powers > 2nd to create a quadratic term.
4

In the Design Generation panel, use the default number of runs (six) and click Make
Design (). 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.

5. Click the disclosure button (I} 1 on Windows and on the Macintosh) to open the
Design Evaluation outline node, and then the Prediction Variance Profile, as shown in
Figure 4.19.

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 function 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 4.19 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 Prediction Variance Profiler is in “Understanding Design Evaluation” on page 53.

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. See Figure 4.20.

Now you see a curve that has the same shape as the previous plot, but the maxima are at 1
instead of 0.5.
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Figure 4.20 Prediction Variance Profiles
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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 experimenter has precise estimates of the factor effects, then
it is easy to tell which factors’ effects are important 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 [-Optimal designs more appropriate for prediction. As a result I-Optimality is the
recommended criterion for JMP response surface designs.

An [-Optimal design tends to place fewer runs at the extremes of the design space than does a
D-Optimal design. As an example, consider a one-factor design for a quadratic model using
n =12 experimental 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 I-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 4.21 compares prediction variance profiles of the one-factor I- and D-Optimal designs
for a quadratic model with (n = 12) runs. The variance function for the I-Optimal design is less
than the corresponding function for the D-Optimal design in the center of the design space;
the converse is true at the edges.
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Figure 4.21 Prediction Variance Profiles for 12-Run [-Optimal (left) and D-Optimal (right)
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At the center of the design space, the average variance (relative to the error variance) for the
I-Optimal design is 0.1667 compared to the D-Optimal design, which is 0.25. This means that
confidence intervals for prediction will be nearly 10% shorter on average for the I-Optimal
design.

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

Select DOE > Custom Design.

Add one continuous factor: X1.

Click Continue.

Click the RSM button in the Model panel to make the design I-Optimal.
Change the number of runs to 12.

Click Make Design.

Click the disclosure button ([ .4 on Windows and on the Macintosh) to open the
Design Evaluation outline node.

NS ol L=

8. Click the disclosure button ([ 4 on Windows and on the Macintosh) to open the
Prediction Variance Profile. (The Prediction Variance Profile is shown on the left in
Figure 4.21.)

9. 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 Prediction Variance Profile should look the same as those on the right in Figure 4.21.

A Three-Factor Response Surface Design

In higher dimensions, the I-Optimal design continues to place more emphasis on the center of
the region of the factors. The D-Optimal and I-Optimal designs for fitting a full quadratic
model in three factors using 16 runs are shown in Figure 4.22.
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To compare the two design criteria, create a three-factor design that uses the I-Optimality
criterion, and another one that uses D-Optimality:

1. Select DOE > Custom Design.

2. Add three continuous factors: X1, X2, and X3.
3. Click Continue.
4

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 I-Optimal.

Use the default of 16 runs.
Click Make Design.

7. 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 4.21. The
values in your design may be different from those shown below.

o1

Profile plots of the variance function are displayed in Figure 4.22. These plots show slices of
the variance function as a function of each factor, with all other factors fixed at zero. The
I-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 I-Optimal design. The variance at the
vertices of the D-Optimal design is not shown. However, note that the D-Optimal design
predicts better than the I-Optimal design near the vertices.

Figure 4.22 Variance Profile Plots for 16 run I-Optimal and D-Optimal RSM Designs
4 =|Prediction Variance Profile
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12 with 16 runs
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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 temperature and pressure, but also on such qualitative factors as the batch
of raw material and the type of reactor. 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 Donev, 1992).

The response surface designer (described in “Response Surface Designs” on page 183) only
deals with quantitative 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 4.23, but the
number of levels adjusts later to accommodate the number of runs specified for the design.

Figure 4.23 Add Two Continuous Factors and a Blocking Factor

4 Factors
Add Factor '| Rermove |Add M Factors 1
Mame Role Changes Values
i1 Continuous ~ Easy B [1
1dx2 Continuous ~ Easy B [1
{allX3 Blocking Easy 1

3. Click Continue, and then click RSM in the Model panel to add the quadratic terms to the
model (Figure 4.24). 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 4.24 Add Response Surface Terms
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Intercept Mecessary
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H1*H2 Mecessary

H2*H2 Mecessary
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4. Enter 12 in the User Specified text edit box in the Design Generation panel, and note that
the Factors panel now shows the Blocking factor, X3, with three levels (Figure 4.25).

Twelve runs defines three blocks with four runs per block.

Figure 4.25 Blocking Factor Now Shows Three Levels

4 Factors
Add Factor '| Remove |Add N Factors 1
Mame Role Changes Values
a1 Continuous  Easy  |-1 [1
alxz Continuous  Easy  |-1 [4
a3 Blacking Easy |1 [2 [2
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4 Model
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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 I-Optimal table similar to the one on the left in Figure 4.26.
Figure 4.26 compares the results of a 12-run I-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 4.26 JMP Design Tables for 12-Run I-Optimal and D-Optimal Designs

4 1-Optimal Design 4 D-Optimal Design

Run X1 X2 X3 Run X1 X2 X3
1 0 0 2 1 -0.14 0 3

2 1 0 3 2 1 13

3 0 0 3 3 -1 0 2

4 -1 13 4 -1 1 3

5 1 11 5 -1 11

6 -1 0 1 6 -1 11

T 0 11 T 1 12

3 1 1 2 3 0 11

9 -1 1 2 9 1 0 1
10 0 1 3 10 1 1 3
1 0 0 1 1 -1 12
12 0 12 12 0 1 2
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Figure 4.27 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 I-Optimal design. The D-Optimal design
has only one center point. The values in your graph may be different from those shown in
Figure 4.27.

Figure 4.27 Plots of I-Optimal (left) and D-Optimal (right) Design Points by Block.

4~ Overlay Plot 4> Overlay Plot
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0.5 05
= 0 . . - b= 0 . —
0.5 0.5
1 . -1 . .
1 . . ] 1 . ]
05 05
2000 ~ |3 2 0 . | 7
.
0.5 0.5
1 . 1 . .
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1 0.5 0 0.5 1 B 1 0.5 0 05 1 B
x2 X2

Either of the designs in Figure 4.27 supports fitting the specified model. The D-Optimal
design does a slightly better job of estimating the model coefficients. The diagnostics

(Figure 4.28) for the designs show beneath the design tables. In this example, the D-efficiency
of the I-Optimal design is about 51%, and is 55% for the D-Optimal design.
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The [-Optimal design is preferable for predicting the response inside the design region. Using
the formulas given in “Technical Discussion” on page 128, you can compute the relative
average variance for these designs. The average variance (relative to the error variance) for the
I-Optimal design is 0.5 compared to 0.59 for the D-Optimal design (See Figure 4.28). This
means confidence intervals for prediction will be almost 20% longer on average for D-Optimal
designs.

Figure 4.28 Design Diagnostics for I-Optimal and D-Optimal Designs

4 Design Diagnostics 4 Design Diagnostics
1 Optimal Design D Optimal Design
D Efficiency 50.89689 D Efficiency 5498822
G Efficiency 7761549 G Efficiency 78.28334
A Efficiency 37.51863 A Efficiency 32,5789
Average Variance of Prediction  0.498607 Average Variance of Prediction  0.59188
Design Creation Time (seconds) 0 Design Creation Time (seconds) 0

Creating Mixture Experiments

If you have factors that are ingredients in a mixture, you can use either the custom designer or
the specialized 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. The custom
designer also allows the mixture components to sum to any positive number. See “Mixture
Sum” on page 77.

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.



Chapter 4

Examples Using the Custom Designer 111

Design of Experiments Guide Creating Mixture Experiments

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.

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 sample data folder. The custom design panels should now look like those
shown in Figure 4.29.

Figure 4.29 Mixture Experiment Response Panel and Factors Panel

4|=ICustom Design

4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Damping [Mane [NA [NA [NA
4 Factors
Add Factor '| Rermove |Add N Factors 1
Mame Role Changes Values

dlcusoa Mixture Easy 0.2 0.8

dnazs203 Mixture Easy 0.2 0.8

A Glyoxal Mixture Easy 0 0.6

~ Wavelength Categorical Easy L1 |L2 |L3

The model, shown in Figure 4.30 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 main effect terms for non-mixture factors that interact with all the mixture
factors. Click OK.

In the Design Generation panel, type 18 in the User Specified text edit box (Figure 4.30),
which results in six runs each for the three levels of the wavelength factor.
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Figure 4.30 Mixture Experiment Design Generation Panel

4= Custom Design
I Responses

4 Factors

|Add Facter '|| Remove | Add N Factors |1 |

Chapter 4
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MName Role Changes Values
4 cusos Mixture Easy 0.2 08
ANa2s203 Mixture Easy 0.2 08
A Glyoxal Mixture Easy 0 0.6
v Wavelength Categorical Easy L1 L2 L3

P Define Factor Constraints
4 Model

| Main Ef'fects| |Interactions '|| Cross ||Powers > | |Scheffe Cubic| |Remove Term

MName Estimability

Cu504 Mecessary “

Na25203 Mecessary

Glyoxal Mecessary

CuS04*Na25203 Mecessary =

CuS04*Glyoxal Mecessary

CuS04*Wavelength Mecessary

MNa25203*Glyoxal Mecessary

MNa25203*Wavelenath Mecessary -
P Alias Terms
4 Design Generation

Group runs into randem blocks of size: 2

MNumber of Center Points: 0
MNumber of Replicate Runs: 0

Number of Runs:

Minimum 12

Default 18
@ User Specified 18
|Make Design|

3. Click Make Design, and then click Make Table.

The resulting data table is shown in Figure 4.31. The values in your table may be different

from those shown below.
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Figure 4.31 Mixture Experiment Design Table

Examples Using the Custom Designer
Creating Mixture Experiments

= Custom Design P =
Design  Custom Design| = CuS04 Na25203 | Glyoxal
Criterion D Optimal 1 0.2 08 0
> Model 2 05 0.2 0.3
=/ DOE Dialog 3 0.2 0.8 0
~I Columns (5/0) ;’ g: EZ g
4 cuso4k
4 Na2S203 % i} 05 0.2 0.3
A Glyoxal 3k 7 0.2 05 0.3
ik Wavelength 3 8 0.2 05 0.3
4 Damping % 9 05 05 0
10 0.2 0.2 0.6
~Rows 11 02 0.2 0.6
All rows 18 12 05 0.2 0.3
Selected 0 13 05 05 0
E’_‘g'd“ded g 14 03 0.2 0
idden
Labelled 0 15 0.8 0.2 0
16 0.2 05 0.3
17 0.2 0.8 0
18 0.2 0.2 0.6

Wavelength  Damping

L1
L1
L2
L1
L1
L2
L1
L2
L2
L2
L1
L3
L3
L3
L2
L3
L3
L3
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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.

Remove all the effects by highlighting them and clicking Remove Term.

2
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 4.32) and click
Make Design. The Design table to the right in Figure 4.32 shows the factor settings for 10

runs.

Figure 4.32 Ten-Run Mixture Response Surface Design

4 Design Generation 4 Design

[T] Group runs into random blocks of size: 2

Run
Mumber of Center Points: [
Mumber of Replicate Runs: 0

Number of Runs:
Minimum 5
Default (]
@ User Specified 10

Make Design|

[ R Y, [ STV .

10

CuS04 Na25203 Glyoxal Wavelength

0.2
0.5
0.2
0.2
0.5
0.2
0.2
0.2
0.5
0.5

0
0
0
0.6
0
0
0.6
0.6
0
0

Anticipated
Response

[ P A T P A .

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 4.33).



114

Examples Using the Custom Designer Chapter 4
Creating Mixture Experiments Design of Experiments Guide

5. Open the Design Evaluation outline node, 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.

The maximum prediction variance for this design is 54.76% of the error variance, as shown in
the bottom plot in Figure 4.33.

Figure 4.33 Prediction Variance Plots for Ten-Run Design
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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;:

e 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%.
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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
singularity. 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 mixture:

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

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

e flour must be greater than 20% but less than 30%

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.)

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 4.34.

Figure 4.34 Completed Responses and Factors Panel for the Cake Example

4|=Custom Design
4 Responses

[Add Response 'H Remove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Taste [Maximize [1 [10
<4 Factors
Add Factor '| Remove |Add M Factors 1
Mame Role Changes Values
dlcocoa Mixture Easy 0.1 0.2
il sugar Mixture Easy 0 0.15
AFiour Mixture Easy 0.2 0.3
A Butter Mixture Easy 0.1 0.2
A itk Mixture Easy 0.25 0.35
dEggs Mixture Easy 0.05 0.2
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5. Next, click Continue.
Open the Define Factor Constraints pane and click Add Constraint twice.

7. Enter the constraints as shown in Figure 4.35. For the second constraint setting, click on
the less than or equal to button and select the greater than or equal to direction.

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,
including all effects would render the model singular. Highlight any one of the terms in
the model and click Remove Term, as shown.

Figure 4.35 Constraints to Define the Double Mixture Experiment

< Define Factor Constraints

Add Constraint|
Cocoa + | 1| Sugar + | 1| Flour + | U| Butter + ljl Milk + ljl Eggs E|
Cocoa + | 1| Sugar + | 1| Flour + | U| Butter + ljl Milk + ljl Eggs E|

4 Model
[Main Ef'fects| [Interactions 'H Cross |[Powers it | [Schef'fe Cubic| [Remove Term]

Name Estimabilty
Cocoa Mecessary
Sugar
Flour
Butter
Milk

Mecessary
Mecessary

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 in Figure 4.36 shows that the two sets of cake ingredients (dry and wet) adhere to the
proportions 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.
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Figure 4.36 Cake Experiment Conforming to a Mixture of Mixture Design

| Custom Design Pl < >

Design  Custom Design| = Cocoa  Sugar = Flour ||Butter Milk. Eggs | Taste
Criterion D Optimal 1 0.15 0 0.3 0.1 0.35 0.1 513
~IModel 2 0.2 0.05 0.2 0.2 0.25 0.1 57
SRS 3| o2 o o025 02 o025 01| 595
=) DOE Dialog 4| 01 o005 o3|l o1 o025 02| 11
~IColumns (7/0) 5 02 005 0.2 0.1 0.35 0.1 564
4 Cocoak 3 0.1 0.15 02| 015 035 005| 288
A sugar %k 7 01 0.05 0.3 0.2 03 005 349
A Flourk 8 0.1 0.15 0.2 02 025 0.1 362
4 Butter 9 0.1 0.15 0.2 0.1 0.25 0.2 5.07
A itk 3 10 0.2 005 0.2 01 025 02| 718
4 Eggs %k

A Taste 3k / \

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.”

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 cannot 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.

Imagine that you have several lots of material and measurements of some important variables
on each lot. You want to use items from these lots as the units for an experiment. You plan to
process different units in a controlled way using an experiment design.

The measured variables on each lot cannot be changed, so they are covariate factors. This
example shows how to design the experiment to get most information about the effects of the
factors that you can control.

Note: Covariate factors cannot have missing values.
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Build the custom design as follows:
1. Open Reactor 32 Runs.jmp from the Design Experiment sample data folder.

2. Select DOE > Custom Design.

3. Click Add Factor and select Covariate, as shown in Figure 4.37.

Figure 4.37 Add a Covariate Factor

4 Factors

Add Factor '| Rernove |A(I(I MFactors | L

Continuous e Changes WValues

Discrete Numeric 3
Categorical 3
Blocking 3
Covariate
Mixture

Constant

Uncentrolled

The Covariate selection displays a list of the variables in the current data table.

4. Select Feed Rate, Temperature, and Concentration from the variable list (Figure 4.38) and
click OK.

These factors cannot be controlled.

Figure 4.38 Design with Fixed Covariate

Select the column of covariates.

= 7 Columns

Temperature
(¥ Concentration

‘P ercent Reacted

oK | Cancel |
5. Click OK.

6. Add three continuous factors and name them Percent Reacted, Catalyst, and Stir Rate
(Figure 4.39).

These factors can be controlled.
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Figure 4.39 Covariate and Control Factors

4 Factors

Add Factor '| Rermove |A(I(I M Factors | L

Mame Rale Changes  Values
dFeed Rate Covariate Easy 10 15
Al Temperature Covariate Easy 140 150
A Cancentration Covariate Easy 3 (1]
dpercent Reacted Continuous Easy -1 1
A Catalyst Continuous Easy -1 1
A <tir Rate Continuous Easy -1 1
Specify Factors

Add a factor by clicking the Add Factor button. Double click on a
factar name or level to edit it.

Continue|

The next step is to decide how many of these lots to use in the experiment. The minimum
number of lots depend on the number of terms in the model. The maximum is 32 because
that is all the material you have on hand in this experiment.

Click Continue.
Enter 12 next to Number of Runs.
Click Make Design.

Figure 4.40 shows the resulting design. To generate the design, JMP selects the best 12 out
of 32 lots. Then, the Percent Reacted, Catalyst, and Stir Rate settings that maximize the
information about all six factor effects are selected.

Figure 4.40 Twelve-Run Optimal Design for Three Covariate and Three Control Factors

4 Design

10.

Percent
Run FeedRate Temperature Concentration Reacted Catalyst Stir Rate
1 15 150 ] -l =
2 15 150
3 10 140
4 15 150
5 10 140
[ 15 140
7 15 140
8 10 150
9 10 130
10 10 150
11 15 140
12 10 140

W W e e W e W w
e, —_————
e e R e e e e e e
- ——————

Open the Color Map On Correlations report.

The color map indicates that the design is orthogonal despite measured but not controlled
covariate factors.
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Figure 4.41 Color Map On Correlations

< Color Map On Correlations

@
2

Feed Rate
ent Reacted
ure’ Catalyst
ure*Stir Rate
cent Reacted

==

]
=
=
o
[
u
=
=
-
il
o

Fead Rate*5ti
Termperature*Concentration
Tempera

Tempera
Concentration*P e

52
S
=
5
=
E =
ot
=]
S ¢
b
8 &
o
z 3
= 5
- =
=
o}
i

Temperature*Per

Irl
0

Creating a Design that is Robust to a Linear Time Trend in the Response

Typically, experiments that are run in a time sequence experience linear drift in the response
over the course of the experiment. If you randomize the order of the runs, then the drift’s effect
does not tend to bias the estimated factor effects, but the variance of those effects increases.

Investigators usually randomize the order of their runs or at least randomize the order within
homogeneous groups of runs (or blocks). However, if there is reason to suspect a strongly
linear trend in the response over time independent of the factor changes, then there is a better
way to proceed.

This example shows how to create a design that is robust to linear trend.

1. Create a data table with a continuous column named X1.
This is the run order variable.
2. Type 1in the first cell and 2 in the second cell of the column.
3. Select the two cells, right-click, and select Fill > Continue sequence to end of table.

Figure 4.42 shows the data table.



Chapter 4 Examples Using the Custom Designer 121
Design of Experiments Guide Special Purpose Uses of the Custom Designer

Figure 4.42 Data Table with Order of Runs

File Edit Tables Rows Cols DOE Analyze
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4. Select DOE > Custom Design.
5. Select Add Factor > Covariate, select X1, and click OK.

6. Add seven continuous factors as shown in Figure 4.43 and then click Continue.

Figure 4.43 Design with One Covariate Factor and Seven Continuous Factors

4= Custom Design

< Responses

[Add Response 'H Remove ”Number of Responses.., ‘

Response Name Goal Lower Limit Upper Limit Importance
A Maximize | ‘
4 Factors
Add Factor ‘| Remove |Add M Factors | 1
Mame Role Changes Values
dxi Covariate Easy 1 16
dx2 Centinuous Easy -1 1
dxz Centinuous Easy -1 1
P Centinuous Easy -1 1
dxs Continuous Easy -1 1
s Continuous Easy -1 1
dx7 Continuous Easy -1 1
lxa Continuous Easy 1 1
Specify Factors

Add a factor by clicking the Add Factor button. Double click on a
factor name or level to edit it.

Continuel

7. Inthe Alias Terms report, select all terms and click Remove Term.

The alias terms will be omitted from the correlation color map so you can clearly see the
main effects.
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Figure 4.44 Removing Alias Terms

4 Alias Terms

10.

From the Custom Design red triangle menu, select Number of Starts, enter 100,000, and
click OK.

This choice controls the number of times the designer starts from a random starting design
to try to find the best possible design.

Click Make Design.

After the design is generated, open the Color Map On Correlations report.

Figure 4.45 shows that the factors X2 through X8 are orthogonal to each other. X1 (the run
order variable) is orthogonal to X3, X4, X5, X7, and X8. X1 is correlated with X2 and X6, but
the correlation is only 0.0271. These correlations lead to a variance inflation of less than
0.1% for the associated main effects.

The runs are randomized, so your results might differ.

Figure 4.45 Color Map of the Run Order and Factor Settings for Each Run

4 Color Map On Correlations

= o o) = n = fan =
= = S = = = ES =

11.

Click Make Table.

The new data table shows the run order and factor settings for each run (Figure 4.46).
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Figure 4.46 Run Order and Factor Settings for the Trend Robust Design
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It is not always possible to make the run order so nearly orthogonal to the factor effects as in
this example. However, even if there are more substantial correlations between your run order
column and other columns, including the run order as a factor accounts for any linear trend
effect. Including the run order also allows for the precise estimation of the other factor effects.

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 experiment.

¢ Two of the factors are process variables. They are the rate of extrusion (extrusion rate) and
the temperature (temperature) of drying. These process variables are the whole plot factors
of the experiment. They are hard to change.
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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.
2.

Select DOE > Custom Design.

By default, there is one response, Y, showing. Double-click the name and change it to
thickness. Use the default goal, Maximize (Figure 4.47).

Enter the lower limit of 10.

To add three mixture factors, type 3 in the box beside Add N Factors, and click Add Factor
> Mixture.

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

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.

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

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

To make temperature a whole plot factor, click Easy and select Hard. Your dialog should
look like the one in Figure 4.47.

Figure 4.47 Entering Responses and Factors

4|=ICustom Design

4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
thickness [Maximize [10
4 Factors
Add Factor '| Rermove |Add M Factors 1
MName Role Changes Values
jdmn Mixture Easy 0 1
idmz Mixture Easy 0 1
idma Mixture Easy 0 1
gﬁextrusion rate Continuous Hard -1 1
Eﬁtemperature Continuous Hard -1 1

10. Click Continue.
11. Next, add interaction terms to the model by selecting Interactions > 2nd (Figure 4.48). This

causes a warning that JMP removes the main effect terms for non-mixture factors that
interact with all the mixture factors. Click OK.
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Figure 4.48 Adding Interaction Terms
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[Main Ef'fects| [Interactions 'H Cross |[Powers - | [Schef'fe Cubic| [RemoveTerm

Name
m1
m2
m3
m1*m2
m1*m3
m1*extrusion rate
m1*temperature
m2*m3
mZ*extrusion rate
m2*temperature
m3*extrusion rate
ma3*temperature

2nd
3rd
4th
5th

extrusion rate*temperature

Estimability

Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary
Mecessary

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.

125

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 1x where V s 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 information a design contains.

14. Click Make Design. The result is shown in Figure 4.49.

Figure 4.49 Partial Listing of the Final Design Structure
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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 4.50.

Figure 4.50 The Vinyl Data Design Table

~Vinyl Data Bl < >

Design Custom Design| = Whole Plots m1 m2 m3 | extrusion rate temperature thickness
Criterion D Optimal 11 0 1 0 1 1 4
~/Model 2|1 1 0 0 -1 -1 10
= Columns (7/0) |1 Ol N0 — & & =
ik Whale Plats % gl 1 SOl &l el 9
A mik 5|2 05 05 0 -1 1 8
Am2k 62 0 1 0 -1 1 5
A mak 72 1 0 0 -1 1 i}
A extrusion rate 3 8|2 0 0 1 -1 1 2
4 temperature 3k 93 0 4 0 4 4 7
A thickness % 103 0 05 05 1 1 9
= Rows 11(3 0 0 1 1 T 14
All rows 28 i 3 O " 1 -1 12
Selected 0 134 0 1 0 1 1 5
Excluded 0 14 4 0 0 1 1 1 2
Hidden 0 154 1 0 0 1 1 G
Lapelled 0 16 |4 05 0 05 1 1 7

17. Click the red triangle icon next to the Model script and select Run Script. The dialog in
Figure 4.51 appears.

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

As shown in the dialog in Figure 4.51, 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 4.51. For more information about REML models, see the Fitting Linear Models
book.



Chapter 4 Examples Using the Custom Designer 127
Design of Experiments Guide Special Purpose Uses of the Custom Designer

Figure 4.51 Define the Model in the Fit Model Dialog

4= Model Specification

Select Columns Pick Role Variables Personality: [Standard Least Squares |
N =

:N:mle Plots v || dthickness Emphasis: Minimal Report -
m ophona

dm2 Method: [REML (Recommended) - |

dm3 = TS ———

dextrusion rate @| — Unbounded Variance Components

alltemperature Freq | L
thick
ckness By | optiona Help | Run |
Recall | [C] Keep dialog open
Rermove |
Construct Model Effects

Add | Whaole Plots& Random

m1& RS& Mixture

Cross || mos RS& Mixure
Nest | m3& R3& Mixture

m1*m2

Macros = | mi*m3

Degree .2 m1*extrusion rate
. m1*temperature
Aftributes '™

m2*m3

Transform '™ | mo+eytrsion rate

No Intercept | m2*temperature
m3*extrusion rate
ma3*temperature
extrusion rate*temperature

[T] Estimate Only Variance Components

18. Click Run to run the analysis. The results are shown in Figure 4.52.
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Figure 4.52 Split Plot Analysis Results

4 ~'Response thickness
4 Summary of Fit
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Root Mean Square Error
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4 Parameter Estimates
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m1

m2
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m1*temperature
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10.575333
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-1.866921

[’/ Random Effect Predictions
4 REML Variance Component Estimates

Random Var
Effect Var Ratio Component
Whole Plots  0.6350069 2476748
Residual 3.9003483
Total 6.3770963

-2 LogLikelihood = 82.032495402

Std Error
0.989604
1.120267
1.030955
5.83806
5607183
0.958111
0.961061
5226599
0.997579
0.993319
0.979087
0.97904
0.740748

Std Error
29711536
1.5898101

DFDen
7.99
10.35
8.786
13.36
13.15
7.261
7.328
13.04
8.162
8.065
7733
7731
2.858

t Ratio
9.55
4.80
539
-1.11
1.53
-0.68
-1.89
2.02
0.30
1.21
272
-1.53
-2.52

Prob>[t|
=0001*
0.0007*
0.0005*
0.2881
0.1508
0.5200
0.0990
0.0640
0.7752
0.2596
0.0272*
0.1657
0.0903

95% Lower 95% Upper Pctof Total

-3.346606 8.3001021
20073487 10607283

38.838
61.162
100.000

Chapter 4
Design of Experiments Guide

Technical Discussion

This section provides information about I-, D-, Bayesian I-, Bayesian D-, and Alias-Optimal

designs.

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.

e 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.

e isdependent 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
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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]

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 is, p + g > n > 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 containing only the Necessary terms. Let K be the (p + 9) by (p + q) diagonal matrix
whose first p diagonal elements are equal to 0 and whose last g diagonal elements are the
constant, k. If there are 2-factor interactions then k = 4. Otherwise k = 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 coefficients, such as in response surface design problems. Using the I-Optimality
criterion is more appropriate 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.
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* minimizes this criterion: If f'(x) denotes a row of the X matrix corresponding to factor
combinations x, then

I :J.f'(x)(X’X) 71f(x)dx = Trace[(X'X)flM]
R
where
M = _[f(x)f(x)'dx
R
is a moment matrix that is independent of the design and can be computed in advance.

Bayesian [-Optimality

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

The variance of the predicted value at a point x is:

Var(); ‘xo) = (xé(x'x + K)_l)xo

The Bayesian I-Optimal design minimizes the average prediction variance over the design
region:
Iy = Trace[(X'X +K) 'M]

where M is defined as before.

Alias Optimality
* seeks to minimize the aliasing between model effects and alias effects.

Specifically, let X; be the design matrix corresponding to the model effects, and let X, be the
matrix of alias effects, and let

A= (X X)TIXX,
be the alias matrix.

Then, alias optimality seeks to minimize the tr(AA'), subject to the D-Efficiency being greater
than some lower bound. In other words, it seeks to minimize the sum of the squared diagonal
elements of A.
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Definitive Screening Designs

Factor screening is an important beginning to an experimental program for characterizing and
then improving the performance of a product or process. The idea behind factor screening (or
more simply, screening) is to identify the few factors that have the most substantial effects on
the response of interest. Screening depends on the assumption that the Pareto principle
applies. That is, most of the variation in any system is generally due to just a few driving
factors.

Screening designs are popular, in part, because they generally require comparatively few runs
especially considering the many factors being investigated. Traditional screening designs
usually consider factors at two-levels (Low and High) to economize on the required number
of runs.

One consequence of running the most economical of the standard screening designs is that
main effects might be confounded with two-factor interactions. Also, two-factor interactions
might be confounded with each other. If a two-factor interaction effect is substantial, then
practitioners who use such designs must perform additional runs at a later time to resolve the
remaining ambiguities.

For quantitative factors, engineers and scientists often prefer designs that have three levels
(Low, Middle, and High) for each factor; two levels are not sufficient to detect nonlinearity,
which is common in physical systems.

Definitive screening designs address both of the above concerns. They have three levels for
every quantitative factor, so they can detect and identify any factor causing a strong nonlinear
effect. Also, main effects are independent of two-factor interactions and two-factor
interactions are not confounded with each other. This allows users to avoid the need for
follow-up runs to resolve model ambiguity in many cases.

Note that definitive screening designs are available only for continuous factors and categorical
factors with two levels.

Read about the many other benefits of definitive screening in “Definitive Screening Platform
Overview” on page 133.
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Definitive Screening Platform Overview

With traditional screening designs, correlated main effects and confounded two-factor
interactions often lead to costly follow-up runs. Definitive screening provides a way to avoid
model ambiguity due to confounding and identify important factors more quickly.

Definitive screening designs offer the following advantages:

For continuous factors, the number of required runs is only one more than twice the
number of factors. Categorical factors require two more than twice the number of factors.

Unlike resolution III designs, main effects are completely independent of two-factor
interactions. As a result, estimates of main effects are not biased by the presence of active
two-factor interactions, regardless of whether the interactions are included in the model.

Unlike resolution IV designs, two-factor interactions are not completely confounded with
other two-factor interactions, although they might be correlated.

Unlike resolution III, IV, and V designs with added center points, all quadratic effects are
estimable in models comprised of any number of linear and quadratic main-effects terms.

Quadratic effects are orthogonal to main effects and not completely confounded (though
correlated) with interaction effects.

With six through (at least) twelve factors, the designs are capable of estimating all possible
full quadratic models involving three or fewer factors with very high levels of statistical
efficiency.!

Table 5.1 shows an example of a definitive design with eight three-level factors. Notice that
each pair of rows is a foldover pair; each even-numbered row mirrors the previous row. This
foldover design removes the confounding of two-factor interactions and main effects. Each
column includes three zero values, which means that quadratic effects are estimable in each
factor. And the center run in the last row enable you to include all main effects, quadratic
effects for each factor, and an intercept term in the model.

1. Reprinted with permission. Jones, B. and Nachtsheim, C. (2011a). A Class of Three-Level

Designs for Definitive Screening in the Presence of Second-Order Effects, Journal of Quality

Technology, 43, p. 2. The journal article is available on the JMP website at http://

www . jmp.com/software/pdf/definitive_screening.pdf.


http://www.jmp.com/software/pdf/definitive_screening.pdf
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Table 5.1 Definitive Screening Design for Eight Three-Level Factors

Run X1 X2 X3 X4 X5 X6 X7 X8
1 o 1 1 1 1 1 1 1
2 0 -1 -1 -1 -1 -1 -1 -1
3 1 0 1 1 -101 -1 -1
4 -1 0 -1-1 1 -11 1
5 1 -1 0 1 1 101 -1
6 -11 0 -1 -1

7 1 -1 -1 0 1 -101
8 -1 1 0 -1 -1 1 -1
9 1 -1 -1 0 1 1 -1
M0 -1 -1 1 1 0 -1 -1 1
11 1 101 -1 -1 0 1

12 -1 -111 0 -1 -1
13 1 101 -1 -1 0 1
14 -1 -1 1 -1 1 0 -1
15 1 1 1 -1 -1 -1 0
16 -1 -1 -1 1 -11 1 0
17 0 0 O 0O 0 O 0

Example of Definitive Screening

Suppose that you gathered data from an aerobics study to see which factors are most
correlated with physical fitness. With eight continuous factors (such as age and pulse rate),
you create a definitive screening design to narrow down the two-factor interactions.

To create the definitive screening design, follow these steps:

1. Select DOE > Definitive Screening Design.

2. Change the response name (Y) to Fitness.

3. Add eight continuous factors.

4. Change the factor names (X1-X8) to those shown in Figure 5.1.



Chapter 5 Definitive Screening Designs 135
Design of Experiments Guide Example of Definitive Screening

Figure 5.1 Definitive Screening for Eight Continuous Factors

4= Definitive Screening Design

4 Responses

|Add Response '|| Rernove ||Number of Responses... |

Response MName Goal Lower Limit Upper Limit Importance
Fitness IMaximize |
4 Factors

|C0ntinu0us||Categorical|| Remove | Add M Factors | &

Mame Rale Values
drge Continuous 40 i1
dlHeight Continuous 61 12
dlweight Continuous 132 200
0wy Continuous 7 i1
Al Runtime Continuous g 14
Al RunPulse Continuous 144 184
A Rstpulse Continuous 40 il
Al Maxpulse Continuous 155 192
Specify Factors

Add a Continuous or Categorical factor by clicking its button. Double click
on a factor name ar level to edit it.

| Continue|

5. Click Continue and open the Color Map On Correlations report (Figure 5.2).
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Figure 5.2 Color Map for Definitive Screening
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The Color Map indicates the following:

e The solid blue area shows that second-order effects are all uncorrelated with the main
effects.

* The red diagonal line indicates that none of the model terms are confounded with each
other.

6. Select Save Factors from the Definitive Screening Design red triangle menu and name the
file Design Factors.jmp.

7. Select Save Responses from the same red triangle menu and name the file Design
Responses.jmp.

The factors and responses are saved in data tables so that you can use the values in the
next design.

Keep this report open to compare it with that of a fractional factorial design.
1. Select DOE > Screening Design.

2. Select Load Responses from the Screening Design red triangle menu and then select
Design Responses.jmp, which you created in the preceding steps.

The Fitness response appears in the Responses list.

3. Select Load Factors from the same red triangle menu and then select Design Factors.jmp.
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The continuous factors appear in the Factors list.
4. Click Continue.
Select Choose from a list of fractional factorial designs and click Continue.

Potential designs appear in the Design List (Figure 5.3).

Figure 5.3 Fractional Factorial Screening Design

4 =Screening Design

4 Responses

[Add Response 'H Remowe HNumber of Responses.. |

Response Mame Goal Lowver Lirnit Upper Limit Imporance
Fitness |Maximize |
4 Factors

[ContinuousHDiscrete Murmeric 'HCategoricaI 'H Rernowe | Add N Factors 1

Marme Rale Walues

A sge Continuous 40 1]

A Height Continuous 61 i

dlvyeight Continuous 132 200

Al 0y Continuous 37 1]

A FRuntime Continuous 4 14

A Runpulse Continuous 146 186

A PRstpulse Continuous 40 i

Al MaxPulse Continuous 155 192
4 Design List

Choose a design by clicking on its row in the list,

MNurmber Block Resolution

Of Runs Size  Design Type - what is estimahble

12 Plackett-Burrman 3 - Main Effects Only

16 Fractional Factorial 4 - Some 2-factor interactions ™
Continue|
Back |

6. Select the second item in the list, which is a sixteen-run fractional factorial design with no
blocks.

7. Click Continue.

8. Inthe Design Evaluation report, open the Color Map On Correlations report, and compare
it to the definitive screening design color map (Figure 5.4).
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Figure 5.4 Color Maps for Fractional Factorial (left) and Definitive Screening (right)
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e In the fractional factorial color map on the left, all cells are either blue or red. Each
two-factor interaction is either completely confounded or completely uncorrelated with
other two-factor interactions. You would need to run more trials to identify the true source
of any strong two-factor interactions.

* In the definitive screening color map on the right, the solid blue area shows that
second-order effects are all uncorrelated with the main effects. And two-factor interactions
are only mildly correlated, indicated by the light blue cells. Further tests to narrow down
the interactions are unnecessary.

Example of Definitive Screening versus Plackett-Burman Designs

Plackett-Burman designs are an alternative to fractional factorials for screening. However,
Plackett-Burman designs have complex aliasing of the main effects by two-factor interactions.

This example shows how to compare definitive screening and Plackett-Burman designs.

1. Select DOE > Definitive Screening Design.
2. Change the response name (Y) to Bicycle Safety.

3. Add four continuous factors as shown in Figure 5.5.
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Figure 5.5 Definitive Screening with Continuous and Categorical Factors

4 = Definitive Screening Design
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Al Travel Speed (mph)  Continuous ] 20

A Time of Day Continuous 1 12

ths Type of Bicycle Categorical Road tountain
th Gender Categorical hdale Female

Specify Factars

Add a Continuous or Categorical factor by clicking its button, Double click
on a factor narme or level to edit it.

Continue|

Click Continue.

N o o

Open the Color Map On Correlations report (Figure 5.6).

Add another categorical factor with the name Gender and the values Male and Female.

139

Add a categorical factor with the name Type of Bicycle and the values Road and Mountain.
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Figure 5.6 Color Map for Definitive Screening
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Note that the categorical main effects have small correlations with each other and with the
continuous factors’ main effects. These correlations lead to a small reduction in the precision
of the estimates.

8. Select Save Factors from the Definitive Screening Design red triangle menu and name the
file Factors.jmp.

9. Select Save Responses from the same red triangle menu and name the file Responses.jmp.

The factors and responses are saved in data tables for use in the Plackett-Burman design.
Keep the data tables open.

Now create a Plackett-Burman design using the same factors.

1. Select DOE > Screening Design.

2. Display Responses.jmp and select Load Responses from the Screening Design red triangle
menu.

Bicycle Safety appears in the Responses list.
3. Display Factors.jmp and select Load Factors from the same red triangle menu.

The continuous factors appear in the Factors list.
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4. Click Continue.

5. Select Choose from a list of fractional factorial designs and click Continue.

Potential designs appear in the Design List (Figure 5.7).

Figure 5.7 Plackett-Burman Design
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Fractional Factorial 4 - Some 2-factor interactions ™

16
Continue|
Back |

Select the Plackett-Burman design, which has 12 runs with no blocks.
7. Click Continue.

In the Design Evaluation report, open the Color Map On Correlations report, and compare
it to the definitive screening design color map (Figure 5.8).
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Example of Definitive Screening versus Plackett-Burman Designs

Figure 5.8 Compare the Plackett-Burman (left) and Definitive Screening (right) Designs

4 Color Map On Correlations

4 Color Map On Correlations

Japuan,a(afag jo ads)
Japua, Arg 4o s
ajahaig Jo adA) Aeg Jo @)
sapuan, (ydu) paads @ael)
ajafang 4o adA)(ydur) peads paes
Arg] Jo e (ydur) paads @ael)
Japuan,Japry jo aby
ajafaig 4o adh) Japry jo aby
Apg] Joaw apry jo abyy
(ydus) paads @ael) Japry jo aby
Japuan, suoijpuos peoy
ajaAalg Jo adA)  suoijipuond peoy
Ae(] Jo A sucijipuod peoy
(yduwy paads [@ael) suoipuos peoy
1aply 4o @by, suapipuo; peoy
Japuan

ajafang o adf)
Apg] Jo e

(ydu) paadsg @ael)
1aply jo aby

EIEP L At

LU UL ey e | Je P JU0 ey
UL pee ey, e ] e

[EMEL ] B T U S U U PEU
AU G UL paa Uy @Ak ] e puet)
SUEL] JU S| e U AU e e

L o) peeuy, (el
U AL SO P U e e
S [EEL e U ey e
L] SUO LU0 peuy e
PEI UL UL PEU e
BUYLEUDHIPUD) PEUY, o
FUEL] 41 L] e e e
PR, (S ] e U ) e A L U e
JAPIY JU AUy I UL e DA O e
LU S U] IS IS a 0T 4U e
AE[] 40 ELU ] UL Py (S ]
P 4 S ey U sy
LYUILLL | Peterly [@Ai ] ey Ju e uyy
FEL] 4 S SUULHP UL PEU
WYL ey (] s Ui pu ) peuy
A ) i als Ey G E LA L e 2y
PEL] 40 S| e ey
LYUILLL | Perlly [ | e Uy
SR U U e puat)
SULLIPUL ) ROy e puat)

S U SULE A T U e
SULIHP UL ) e e DRy U e
S PUEL) e AN JU S|
P 40 e

LYUILLL | PeerUly [aae |
Y U Sy
COL ) [PEF)

Jap ey

@panang U eun)

Notice that the two-factor interactions are correlated with main effects in the Plackett-Burman

design on the left. The Definitive Screening design trades off a small increase in the variance of
the main effects for complete independence of main effects and two-factor interactions.

For the Plackett-Burman design, the correlations between main effects and two-factor

interactions means that any non-negligible two-factor interaction will bias several main

effects. This can lead to failure to identify real main effects and falsely concluding that an

inactive main effect is active.
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Screening Designs

Screening designs are among the most popular designs for industrial experimentation. They
are typically used in the initial stages of experimentation. They examine many factors to
identify those that have the greatest effect on the response or responses. The factors identified
are then studied using more sensitive designs.

Screening designs generally require fewer experimental runs than other designs. They are
attractive because they are a relatively inexpensive and efficient way to begin improving a
process.

In a screening design, each continuous factor is usually set at two levels to economize on the
number of runs needed. The design consists of only a fraction of the possible combinations of
factor levels. Tables of standard designs that involve continuous and categorical factors have
been cataloged.

JMP’s screening designer supplies a list of popular screening designs for two or more factors.
These factors can be two-level continuous factors or three-level categorical or discrete
continuous factors.

However, screening situations occur for which standard designs are not available. For these
situations, JMP generates main effects screening designs. There are designs that are either
orthogonal or near orthogonal. They focus on estimating main effects in the presence of
negligible interactions.

In the JMP screening platform, you enter your factors and their levels. If a standard screening
design exists, you are given the option to choose such a design from a list of standard
screening designs that includes blocking designs. Alternatively, you can generate a main
effects screening design, which will assure you of an orthogonal or near-orthogonal design. If
a standard screening design does not exist, a main effects screening design is automatically
generated for you.
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Overview

Each continuous factor in a screening design is typically set at two levels. Classical designs can
also accommodate categorical factors with three levels. When the number of possible factor
level combinations results in an infeasible design size, response measurements are taken for
only a fraction of these combinations.

The screening design platform provides screening designs for two-level continuous factors,
categorical factors, and discrete continuous factors. These designs are of two types:

® C(lassical designs: For situations where standard screening designs exist, you can choose
from a list of these designs.

¢ Main Effects Screening Designs: For situations where standard designs are not available,
JMP generates designs that are either orthogonal or near orthogonal. Like some of the
standard designs, these designs focus on estimating main effects in the presence of
negligible interactions.

The emphasis on studying main effects early on in the experimentation process is supported
by the Hierarchical Ordering Principle (Wu and Hamada, 2000). This principle contends that
lower effects are more likely to be important than higher order effects. For this reason,
screening designs generally assume that interactions are negligible. In cases where this
assumption is not reasonable, then screening designs assume that two-factor interactions are
more important than three-factor interactions, and so on.

The efficiency of screening designs also depends on the critical assumption of effect sparsity.
Effect sparsity reflects the fact that 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:

e 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 full factorial experiment with three
two-level factors and a four-level factor has 2 x 2 x 2 x 4 =32 runs.

* By contrast, screening designs require only a fraction of the runs in the full factorial
design. The main effects of the four factors described above can be studied in an eight run
main effects screening design.

This chapter shows you how to generate and analyze screening designs, pointing out their
limitations in the process.
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Screening Design Examples

A Standard Design with 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 factors
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 penetration 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
e 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 6.1.
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Figure 6.1 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). In the Factors panel:

4. Add the categorical factor by selecting 2 Level from the Categorical list.

Add two continuous factors by typing 2 in the Add N Factors box and clicking the
Continuous button.

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

7. Assign John and Mary as values for the categorical factor Operator. Set high and low
values for Speed to 3 and 5 (rpm). Set high and low values for Current to 150 and 165
(amps). Your Screening Design window should appear as shown in Figure 6.2.

Figure 6.2 Screening Design with Two Continuous and One Categorical Factor

4 Factors
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Add a Continuous or Categorical factor by clicking its button, Double click
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Continue|

8. Click Continue.

Since there is a standard design in the Design List for the combination of factors and levels
that you have specified, the Choose Screening Type panel appears (Figure 6.3). You can
choose between selecting a standard design from a list or generating an orthogonal or
near-orthogonal design. Accept the default selection to Choose from a list of fractional
factorial designs and click Continue.



148

Screening Designs
Screening Design Examples

Figure 6.3 Choose Screening Type Panel
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9. Select Full Factorial in the list of designs, as shown in Figure 6.4, and then click Continue.

Figure 6.4 List of Screening Designs for Two Continuous and One Categorical Factors
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In the Output Options report, click on the Run Order menu and select Sort Left to Right (see
Figure 6.8). Then click Make Table to create the JMP table that contains the specified design.

The table in Figure 6.5 appears. Because you have sorted the runs, they are arranged in a
specific order. This has been done for expository purposes. In general, you want to randomize

the rows in the data table prior to running your experiment.

The table uses the names for responses, factors, and levels you specified. The Pattern variable
shows the coded design runs. The table produced in this example is shown in
DOE Example 1.jmp, found in the Design Experiments subfolder of the sample data folder.

Figure 6.5 The Design Data Table
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A Standard Design for Five Continuous Factors

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

The following example, adapted from Meyer, et 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:

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

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

* reaction temperature in degrees Celsius

e concentration of reactant

To start the example:

1. Select DOE > Screening Design.

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 6.6.

4. Add five continuous factors by entering 5 in the Add N Factors box and clicking
Continuous.

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 6.6.
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Figure 6.6 Screening for Many Factors
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7. Click Continue.
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From the Choose Screening Type panel, accept the default selection to Choose from a list of
fractional factorial designs.

Designs for the number of factors you specified are listed in the Design List (Figure 6.7).

9. Select the first item in the list, which is an 8-run fractional factorial design with no blocks
(Figure 6.7).

Figure 6.7 Screening Design for Five Factors
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10. Click Continue to see the Output Options panel shown in Figure 6.8.
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11.

The Output Options panel lets you modify the final design by specifying the run order, the
number of center points, and the number of times the design is replicated. Designs should
be run in random order. Screening designs are typically not replicated.

To show a standard ordering for the design, select Sort Left to Right from the Run Order
list.

Figure 6.8 Output Options for Design Table
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Back |
12. Click Make Table to create the data table. The design table, shown in Figure 6.9, lists the

runs for the design you selected. Note that it also inserts a column called Percent Reacted
for recording experimental results. Also included are three scripts, Screening, Model, and
DOE Dialog.

Figure 6.9 JMP Table of Runs for Screening Example
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14.
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Open the Reactor 8 Runs.jmp sample data table found in the Design Experiments folder in
the sample data folder.

Note that this design was obtained using different generating rules than those used for the
design that you just generated.

Of the five factors in the experiment, you expect a few to stand out in comparison to the
others. You will use this data to identify active effects for experimental results from this
design.

Click the red triangle next to the Screening script in upper left of the data table. Select Run
Script. Alternatively, you can analyze the data directly by selecting Analyze > Modeling >
Screening. Select Percent Reacted as Y and all other continuous variables as X.
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15. Click OK.

The report is shown in Figure 6.10. Since the p-values are obtained using a
simulation-based technique, yours will be close to, but not precisely match, those shown

below.
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See the section “Analyzing Screening Data” on page 169 for a complete discussion of the
screening report.

Figure 6.10 Report for Screening Example
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Creating a Screening 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:

1.
2.

“Enter Responses” on page 153
“Enter Factors” on page 154

“Choose a Design” on page 155

— “Display and Modify Design” on page 159, if you choose a standard design from the
Design Table

“Design Generation” on page 163, if you choose to generate a main effects screening

design

“Evaluating Experimental Designs” chapter on page 321
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5. “Specify Output Options” on page 164

6. “View the Design Table” on page 165

Most of the red triangle options for the screening platform are described in “Special Custom
Design Commands” on page 68 in the “Building Custom Designs” chapter. Three options are
specific to screening designs:

* Suppress Cotter Designs, described in “Cotter Designs” on page 158
* Number of Starts, described in “Design Generation” on page 163

* Number of Column Starts, described in “Design Generation” on page 163

Enter Responses

To enter responses, follow the steps in Figure 6.11.

1. To enter one response at a time, click and then select a goal type. Possible goal types are
Maximize, Match Target, Minimize, or None.

2. (Optional) Double-click to edit the response name.
(Optional) Click to change the response goal.

4. (Optional) Click to enter lower and upper limits and importance weights.

Figure 6.11 Entering Responses
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Tip: To quickly enter multiple responses, click the Number of Responses button and enter the
number 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 6.11) and the lower and upper limits (step 4 in Figure 6.11):
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e 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 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 for the design. In the data table, open the response’s Column Info
dialog by double-clicking the column name, and enter the appropriate target value.

Understanding Importance Weights

When computing overall desirability, JMP uses the value you enter as the importance weight
(step 4 in Figure 6.11) to weight 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. This process is described in Figure 6.12.

1. To enter a continuous factor, click the Continuous button. To enter a Discrete Numeric or a
Categorical factor, select the appropriate number of levels for the factor from the list.

2. To enter several of one type of factor, enter the number of factors in the box next to Add N
Factors. Then select the type of factor for which you want to add the specified number of
factors.

To remove a factor from the list, highlight the factor and click the Remove button.
4. Double-click to edit a factor name.

Click to enter factor values.

Figure 6.12 Entering Factors
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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.

Discrete Numeric Discrete numeric factors are use for factors that are conceptually
continuous, but which in practice can only be set at discrete levels. Unlike categorical
factors, discrete numeric factors have a single degree of freedom associated with them.

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 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
If a standard design listed in the Design Table applies for your factors and levels, then two
options appear in the Choose Screening Type panel, below the Factors panel:
® Choose from a list of fractional factorial designs
* Generate orthogonal or near orthogonal designs for main effects only
The first option is the default. If no standard design listed exists, then the Choose Screening

Type panel does not appear and the second option applies.

Design List

When you select the option to choose from a list of fractional factorial designs, the Design List
report opens. 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 6.13 Choosing a Type of Screening Design
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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 2K where k 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 6.14 is a geometric representation of a two-level full factorial design with three factors.

Two-Level Regular Fractional Factorial

A regular fractional factorial design also has a sample size that is a power of two. If k is the
number of factors, the number of runs in a regular fractional factorial design is 2k=P where p <
k. The fraction of the full factorial is 2°P. Like the full factorial, regular 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 m
factor levels. This provides a good estimate of everything, including interaction effects to the
m™ 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,
meaning that the effects can not be distinguished from each other. In fact, fractional factorials
are designed by deciding in advance which interaction effects are confounded with the other
interaction effects.

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.

e 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.



Chapter 6 Screening Designs 157
Design of Experiments Guide Creating a Screening Design

® Resolution = 5 means there is no confounding between main effects, between two-factor
interactions, or between main effects and two-factor interactions.

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 6.14 is a geometric representation of a two-level fractional

factorial design with three factors.

Figure 6.14 Representation of Full Factorial (Left) and Two-Level Fractional Factorial (Right)
Designs

-1,1,-1

Plackett-Burman Designs

Plackett-Burman designs are an alternative to regular fractional factorials for screening. One
useful characteristic is that the sample size is a multiple of four rather than a power of two.
There are no two-level fractional 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 Screening platform in J]MP, Analyze > Modeling > Screening, is a
streamlined approach for looking 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 “Analyzing Screening Data” on page 169 for details.

Mixed-Level Designs

For most designs that involve categorical or discrete numeric factors at three or more levels,
standard designs do not exist. In such cases, the screening platform generates main effects
screening designs that are orthogonal or nearly orthogonal for main effects.
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The Design List provides fractional factorial designs for pure three-level factorials with up to
13 factors. For mixed two-level and three-level designs, the Design list includes the complete
factorials and specialized orthogonal-array designs listed in Table 6.1.

If your number of factors does not exceed the number 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 6.1 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 k factors, there are 2k + 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 k 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 k 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 constructed 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 6.2 Cotter Design Table
AOdd =A + ABC AEven=AB + AC
BOdd =B + ABC BEven = AB + BC
COdd =C+ ABC CEven=BC+ AC
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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.

How to Run a Cotter Design

By default, JMP does not include a Cotter design in the list of available screening designs
(Figure 6.13). However, if you want to make a Cotter design:

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

2. Deselect Suppress Cotter Designs. (The option is initially selected.)

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 Design

If you have chosen a Fractional Factorial design from the Design List, once you click Continue,
the Display and Modify Design report opens. This report gives you options for modifying
your design.

Figure 6.15 Display and Modify Options

< Display and Modify Design
[/ 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.
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Aliasing of Effects

To see which effects are confounded with which other effects, open the Aliasing of Effects
outline. It shows effects and confounding up to two-factor interactions.

Figure 6.16 Generating Rules and Aliasing of Effects Panel

4 Display and Modify Design
4 Change Generating Rules

Factors Temperature Concentration

Feed Rate [}
Catalyst
Stir Rate
+/-
Apply |
4 Aliasing of Effects
Effects Aliases
Feed Rate = Temperature*Concentration
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*Temperature

-

I 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).
Confounding 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 synergistic (interactive) effect of Feed Rate and Concentration.

The +/- option allows you to specify negative generating relations. This allows you to obtain
different fractions of the design. When you deselect the +/- option, this switches the signs of
the levels for design columns generated by the factors in the relation.

In the example shown in Figure 6.16, all the main effects are confounded with two-factor

interactions. This is an example of a resolution-three design.

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.
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2. Select Show Confounding Pattern (Figure 6.17).
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Figure 6.17 Show Confounding Patterns

4 Aliasing of Effects

Effects Aliases

Feed Rate =Temperature*Concentration
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*Temperature

-

[» Show Confounding Pattern [}

|| Design Evaluation

4 Output Optiens

Run Order:

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

Make Table|
Back |

0
0

Randomize = |

3. Enter the order of confounding you want to see (Figure 6.18).

Figure 6.18 Enter Order of Confounding in Text Edit Box

Show table of aliases to what order?

4. Click OK.

Cancel |

Figure 6.19 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 6.19 The Third Level Alias for the Five-Factor Reactor Example

~|Confounding Pa... -
Effect Names Alias Names
1|C =235 =145
= Columns (2/0) 21 =234 =45
th Effect Names 32 =134 =35
ik Alias Mames 412 =34 =135=245
53 =124 =25
* Rows 613 =24 =125 =345
All rows 26 723 =14 =5
Selected 0 gl123 =4 =15
Excluded 0 94 =123 =15
Hidden L 1014 =23 =5
Labelled 0 11 24 =13 =125=345
121124 =3 =25
13 34 =12=135=245
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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 6.20, 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 second and third columns.

Figure 6.20 Default Coded Designs

4| Coded Design Feed Rate

Codes Catalyst Temperature  Concentration

———t .

el Stir Rate

e e B +

-+t -+ + | |

=t —4— + | |

P —tt - B

o +—= + B

b+ +—+ [ | B
++— [ | | |
+++ + =

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 factors. The Coded Design table in Figure 6.20 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 6.21 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 6.21 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.
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Figure 6.21 Modified Coded Designs and Generating Rules

4 Change Generating Rules

Factors Temperature Concentration

Feed Rate

Catalyst B

Stir Rate [

+/-
Apply |

P Aliasing of Effects

4 Coded Design
Codes

———++
e
—+——+
—rn
T W
+—+—+
+H—t—

+H+++

Design Generation

The Design Generation report appears when you select the option “Generate orthogonal or
near orthogonal designs for main effects only” or when there are no standard designs for your
experimental situation. You can specify a number of runs in the panel, accept the default
number, or select the minimum required number. Click Make Design to see the generated
design.

The algorithm used to generate the design attempts to construct an orthogonal array of
strength two. Strength-two orthogonal arrays permit orthogonal estimation of main effects
when interactions are negligible. These arrays are ideal for screening designs. Regular
fractional factorial designs of resolution three and Plackett-Burman designs are examples of
strength two orthogonal arrays.

Consider all possible pairs of levels for factors in the design. The algorithm attempts to
balance the number of pairs of levels as far as possible. Given that a fixed number of columns
has been generated, a new balanced column is randomly constructed. A measure is defined
that reflects the degree of balance achieved for pairs that involve the new column. The
algorithm attempts to minimized this measure by interchanging levels within the new
column.

You can control two aspects of the algorithm using options in the red triangle menu:

Number of Column Starts Allows you to specify the maximum number of times that the
algorithm attempts to optimize a given column before moving on to constructing the next
column. The default number of column starts is 50.

Number of Starts Allows you to specify the maximum number of times that the algorithm
regenerates entire designs from scratch, attempting to optimize the overall design. The
default number of starts is 300.
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Design Evaluation

A complete discussion of the Design Evaluation report is given in “Understanding Design
Evaluation” on page 53 and the”Evaluating Experimental Designs” chapter on page 321.

Specify Output Options

Use the Output Options panel to specify how you want the output data table to appear. When
you have finished, click Make Table to construct a data table for the design. Figure 6.22 shows
the Output Options panel for a standard design. For a main effects screening design, only Run
Order is available.

Figure 6.22 Select the Output Options

[ Design Evaluation
<4 Output Options

Run Order: Sort Left to Right =
Make JMP Table from design plus

Mumber of Center Points: 0

Mumber of Replicates: 0

Make Table|
Back |

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 Coded
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 appear in random order
within the blocks you specify.

Number of Center Points Specifies how many additional runs to add as center points to the
design. A center point is a run that is located in the center of the range of each continuous
factor.

Number of Replicates For designs from the Design List, specifies the number of times to

replicate the entire design, including center points. 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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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 6.23 The Design Data Table

= |Fractional Factorial -

Design Fractional Factorial | (= Pattern Feed Rate Catalyst Stir Rate | Temperature Concentration | Percent Reacted

w|Screening iL||====2 10 1 100 140 6 .

=|Model 2 ——++— 10 1 120 130 3 d

~/DOE Dialog 3 -+ 10 2 100 180 3 .
4 —++-+ 10 2 120 140 6 d

= 5[ +-—t+ 15 1 100 180 6 .

:E::;Ea?e* ] P— 15 1 120 140 3 .

A Catalyst 3 T ++— 15 2 100 140 3 =

A stir Rate % 8 ++++ 15 2 120 180 6 d

A Temperature

4 Concentration 3

A Percent Reacted %k

The name of the table is the design type that generated it. Run the Screening script to screen
for active effects. The column called Pattern shows the pattern of low values denoted “—” and
high values denoted “+”. Pattern is especially useful as a label variable in plots.

Creating a Plackett-Burman design

The previous example shows an 8-run fractional factorial design for five continuous factors.
But suppose 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 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. In the Choose Screening Type
panel, click Continue again to see the list of designs in Figure 6.24. Select the
Plackett-Burman design, as shown.
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Figure 6.24 Design List for 5-factor Plackett-Burman Screening Design

4= Screening Design
[’/ Responses

4 Factors
Name Role Values
dFeedRate Continuous 10 15
dll Catalyst Continuous 1 2
A stir Rate Continuous 100 120
ATemperature Continuous 140 180
4 Concentration Continuous 3 g
<4 Design List
Choose a design by clicking on its row in the list.
Mumber Block Resolution
Of Runs Size Design Type -whatis estimable
8 Fractional Factorial 3 - Main Effects Only
8 4 Fractional Factorial 3 - Main Effects Only
12 T - Main Effects Only
16 Fractional Factorial 5 - All 24actor interactions
16 8 Fractional Factorial 4 - Some 24actor interactions
16 4 Fractional Factorial 4 - Some 24actor interactions
16 2 Fractional Factorial 4 - Some 24actor interactions
32 Full Factorial = - Full Resolution
32 16 Full Factorial 5+ - All 2-factor interactions
32 8 Full Factorial 5+ - All 2-factor interactions
32 4 Full Factorial 4 - Some 24actor interactions
32 2 Full Factorial 4 - Some 24actor interactions
Conﬁnue|

Back |

5. Click Continue.

After you select the design from the Design list, the Display and Modify Design and Design
Evaluation outlines appear. In the Custom designer, you have the ability to form any model
effects you want. The Screening designer creates the design effects based on the design you
choose. In particular, the full factorial with all two-factor interactions has no aliasing of the
included interactions.

A complete discussion of the Design Evaluation options is in the “Evaluating Experimental
Designs” chapter on page 321.

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 6.25.

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.



Chapter 6 Screening Designs 167
Design of Experiments Guide Creating a Main Effects Screening Design

Figure 6.25 Listing of a 5-factor Placket-Burman Design Table

~|Plackett-Burman P4 >
Design Flackett-Burman| = Pattern Feed Rate | Catalyst Stir Rate Temperature Concentration Percent Reacted
w! Screening 1 -+ 10 1 100 180 3 .
~/Model 2 s 10 1 120 140 3 .
3t 10 1 120 140 B .
4 -+ 10 2 100 140 B .
8 =4+t 10 2 100 180 B .
B —+++— 10 2 120 180 3 .
=3 COllmnS () [ p— 15 1 100 140 B .
;EZE?Q;?E* Y 15 1 100 180 3 .
A Catalyst 3k 9 =ttt 15 1 120 180 B .
A stir Rate % 10 ++——— 15 2 100 140 3 .
A Temperature 3k 1| ++4— 15 2 120 140 3 .
4l Concentration 3 12 | ++tes 18 2 120 180 [ .
4 Percent Reacted 3k

Creating a Main Effects Screening Design

Main effects screening designs are orthogonal or near-orthogonal designs. These designs are
offered both in place of standard designs and in situations where standard designs don’t exist.
Main effects screening designs are excellent designs for estimating main effects when
interactions are negligible.

An example will be used to illustrate main effects screening designs. For this experimental
situation, no standard design exists. You need a design to study 13 factors: 2 are categorical,
one with 4 levels and one with 6 levels, and 11 are continuous.

Select DOE > Screening Design from the main menu. In the Responses panel, there is a single
default response called Y. Do the following in the Factors panel:

1. Select 4 Level from the Categorical list. This adds the variable X1 with levels L1, L2, L3,
and L4.

2. Select 6 Level from the Categorical list. This adds the variable X2, with levels L1, L2, L3, L4,
L5, and Lé6.

3. Enter 11 in the box to the right of Add N Factors.
4. Click Continuous. This adds 11 factors, X3 to X13, each at two levels, -1 and 1.
When you click Continue, the Design Generation panel appears (Figure 6.26). Note that the

option of selecting a design from the Design List does not appear, as there is no available
standard design for this experimental situation.
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Figure 6.26 Screening Design Dialog for 13 Factors, with Design Generation Panel

4~IScreening Design

4 Responses

[Add Response *|[ Remove |[Number of Responses.. |

Response Name

Goal

Lower Limit

Importance

Y

[Maximize

Upper Limit

4 Factors
[Continuous| Discrete Numeric | [Categorical =| | Remove | Add N Factors | 1
Name Role Values

1 Categorical 11 [z [E] [ -
hx2 Categorical 1 iz |13 W 15 |6 [
dx3 Continuous 1 1

x4 Continuous 1 1

dxs Continuous 1 1

4 Design Generation

Number of Runs:

) Minimum 20
@ Default 24
) User Specified 24

The Back button gives you the option to return to the Responses and Factors panels. Accept

the default number of runs (24) and click Make Design.

The randomized design is shown as part of the Screening Design report. The algorithm that
generates the design is stochastic, so to reproduce this design, you need to save the script with
the random seed. (To do this, select Save Script to Script Window from the red triangle menu
next to the report title.)

To see that this specific design is orthogonal, click the disclosure icon next to Design
Evaluation. Next, click the disclosure icon next to Color Map On Correlations. The color map
(Figure 6.27) shows red entries corresponding to correlation of one on the main diagonal.
Off-diagonal correlations are all deep blue, indicating that correlations between the

parameters are all zero.

Figure 6.27 Color Map on Correlations

4 Color Map On Correlations

Irl
0
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Analyzing Screening Data

After creating and viewing the data table, you can analyze the data in the Screening or Fit
Model platforms.

e If your factors are all two-level and orthogonal, then all of the statistics in the Screening
platform should work well.

* For highly supersaturated main effect designs, the Screening platform is effective in
selecting factors, but is not as effective at estimating the error or the significance. The
Monte Carlo simulation to produce p-values uses assumptions that are not valid for this
case.

e If you have categorical terms with more than two levels, then the Screening platform is not
appropriate for the design. JMP treats the level numbers as a continuous regressor. The
variation across the factor is scattered across main and polynomial effects for that term.

e If your data are not orthogonal, then the constructed estimates are different from standard
regression estimates. JMP can pick out big effects, but it does not effectively test each
effect. This is because later effects are artificially orthogonalized, making earlier effects
look more significant.

® The Screening platform is not appropriate for mixture designs.

Comparing Screening and Fit Model

Consider the Reactor Half Fraction.jmp sample data table. The data are derived from a design
discussed in Box, Hunter, and Hunter (1978). We are interested in a model with main effects
and two-way interactions. This example uses a model with fifteen parameters for a design
with sixteen runs.

For this example, select all continuous factors, except the response, Percent Reacted, as the
screening effects, X. Select Percent Reacted as the response Y. The screening platform
constructs interactions automatically. This is in contrast to Fit Model, where you manually
specify the interactions that you want to include in your model.

Figure 6.28 shows the result of using the Fit Model platform, where a factorial to degree 2
model is specified. This result illustrates why the Screening platform is needed.
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Figure 6.28 Traditional Saturated Reactor Half Fraction.jmp Design Output

£ =|Response Percent Reacted
£ Summary of Fit

RSquare 1
REquare Adj
Root Mean Sguare Errar .
Mean of Response G524
Ohservations (or Sum Yyots) 16
Z Parameter Estimates
Term Estimate StdError  tRatio Prob=ft|
Intercept B5.245
Feed Rate(10,15) -1
Catalyst{1,2) 10.25
Stir Rate(100,120) a
Temperature(140,180) B.124
Concentration(3, B} -31248
Feed Rate*Catalyst 0.74a
Feed Rate*Stir Rate 0.25
Feed Rate*Temperature -0.374
Feed Rate*Concentration 0625
Catalyst™Stir Rate 0.74a
Catalyst Temperature 53748
Catalyst™Concentration 0625
Stir Rate*Termperature 0125
Stir Rate*Concentration 1124
Temperature*Cancentration -4.74

JMP can calculate parameter estimates, but degrees of freedom for error, standard errors,
t-ratios, and p-values are all missing. Rather than use Fit Model, it is better to use the
Screening platform, which specializes in getting the most information out of these situations,
leading to a better model. The output from the Screening platform for the same data is shown
in Figure 6.29.
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Figure 6.29 Reactor Half Fraction.jmp Screening Design Report
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P-Values derived from a simulation of 10000 Lenth t ratios.

Compare the following differences between the Fit Model report and the Screening report.

Lenth Individual Simultaneous
alue

0.1198

-0.40 07141 1.0000
067 0.5315 1.0000
0.80 0.3981 1.0000
013 0.8987 1.0000
1.20 0.2158 0.9492
0.27 0.8031 1.0000

Screening Designs
Analyzing Screening Data

e [Estimates labeled Contrast. Effects whose individual p-value is less than 0.1 are

highlighted.

171

e A t-ratio is calculated using Lenth’s PSE (pseudo-standard error). The PSE is shown below

the Half Normal Plot.

* Both individual and simultaneous p-values are shown. Those that are less than 0.05 are

shown with an asterisk.

e A Half Normal plot enables you to quickly examine the effects. Effects initially highlighted
in the effects list are also labeled in this plot.

¢ Buttons at the bottom of the report also operate on the highlighted variables. The Make
Model button opens the Fit Model window using the current highlighted factors. The Run
Model button runs the model immediately.
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For this example, Catalyst, Temperature, and Concentration, along with two of their two-factor
interactions, are selected.

Launch the Screening Platform

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.

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 6.30. 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 6.30 Launch Dialog for the Screening Platform

Looking at lots of effects to help decide which to put in the model.

Select Columns Cast Selected Columns into Roles Action
~ ihFattern A Percent Reacted
dlFeed Rate optional numeric
ACatalyst
Astir Rate
¥ dFeed Rate
dlTemperature
ll Catalyst
dcCancentration A stir Rate
APpercent Reacted A Temperature
4l Concentration
aptional

2. Click OK to see the Screening platform result shown in Figure 6.31.
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Figure 6.31 Results of the Screening Analysis

4~ Screening for Percent Reacted

4 Contrasts
Lenth Individual Simultaneous
Term Contrast t-Ratio p-Value p-Value

Feed Rate -4.50000
Stir Rate -0.83333
Concentration -0.50000
Catalyst*Temperature
Catalyst*Feed Rate

Temperature*Feed Rate
Catalyst*Stir Rate 5.06842 *
Temperature*Stir Rate 1.92450 *
Feed Rate*Stir Rate -1.83793 *

4 Half Normal Plot

-0.29 0.7971 1.0000

0.0791

0.66 0.5511 1.0000
-0.67 0.4749 1.0000
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+Catal
Temperat_tj_rel— +Cata|y x s

Absolute Contrast
-
1

T T T T T T
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Lenth PSE=2.89682
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 6.31.

The Screening Report

The Contrasts section of the Screening report lists all possible model effects, a contrast value
for each effect, Lenth t-ratios (calculated as the contrast value divided by the Lenth PSE
(pseudo-standard error), individual and simultaneous p-values, and aliases if there are any.
Significant and marginally significant effects are highlighted.

Contrasts

The following table describes the information in the Contrasts report.

Table 6.3 Description of the Contrasts Report

Term Name of the factor.
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Table 6.3 Description of the Contrasts Report (Continued)

Contrast Estimate for the factor. For orthogonal designs, this number is the
same as the regression parameter estimate. This is not the case for
non-orthogonal designs. An asterisk might appear next to the
contrast, indicating a lack of orthogonality.

Bar Chart Shows the t-ratios with blue lines marking a critical value at 0.05
significance.
Lenth t-Ratio Lenth’s t-ratio, calculated as Contrast where PSE is Lenth’s

PSE ’
Pseudo-Standard Error. See “Len?h’s Pseudo-Standard Error” on

page 181 for details.

Individual p-Value Analogous to the standard p-values for a linear model. Small
values of this value indicate a significant effect. Refer to “Statistical
Details” on page 180 for details.

Do not expect the p-values to be exactly the same if the analysis is
re-run. The Monte Carlo method should give similar, but not
identical, values if the same analysis is repeated.

Simultaneous Similar to the individual p-value, but multiple-comparison

p-Value adjusted.

Aliases Appears only if there are exact aliases of later effects to earlier
effects.

Half Normal Plot

The Half Normal Plot shows the absolute value of the contrasts against the normal quantiles
for the absolute value normal distribution. Significant effects appear separated from the line
towards the upper right of the graph.

The Half Normal Plot is interactive. Select different model effects by dragging a rectangle
around the effects of interest, or hold down CTRL and click on an effect name in the report.

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, you should add the Stir Rate main effect to the
model.

4. Click the Make Model Button beneath the Half Normal Plot.
5. Select Stir Rate and click Add on the Fit Model dialog.
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6. The Emphasis might change to Effect Screening when you add Stir Rate. Change it back to
Effect Leverage. The dialog is shown in Figure 6.32.

7. Then click Run to see the analysis results.

Figure 6.32 Create Fit Model Dialog and Remove Unwanted Effect

4= Model Specification

Select Columns

WP attern

dreed Rate
llCatalyst

dstir Rate
dlTemperature
dcCancentration
drercent Reacted

Pick Role Variahles Personality: | Standard Least Squares |»

A Percent Reacted Emphasis: |Effect Leverage =
optional
Weight || cptional numeric
optional numetic [keep dialog open
aptional
Construct Model Effects
Catayt
Temperature
Catalyst*Temperature
Cgtalyst*ShrRate
Stir Rate
Dearee
Attributes =

Transform (=
Ona Intercept

The Actual-by-Predicted Plot

The Whole Model actual-by-predicted plot, shown in Figure 6.33, appears at the top of the Fit
Model report. You see at a glance that this model fits well. The blue 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 = 0.0208), 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.
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Figure 6.33 An Actual-by-Predicted Plot
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The Scaled Estimates Report

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 Estimates 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 6.34 Example of a Scaled Estimates Report

4 Scaled Estimates

Scaled
Term Estimate StdError  tRatio Prob>|t]
Intercept 66.166667 | © . . . 2158103 3066  <.0001

Catalyst(1,2) 83333333 ©
Temperature(140,180) 35 ¢
Catalyst*Temperature 6.5 ¢ ;
Catalyst*Stir Rate 45| 0
Stir Rate(100,120) =1

2.289014 153 01/
2.289014 284 002967
2.289014 187 0.0969
2.289014 -131 02379

ST 2158103 386 00083
B
I
=

A Power Analysis

The Fit Model report has outline nodes for the Catalyst and Temperature effects. To run a
power analysis 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 0.8926, which means that in similar experiments, you can expect an 89%
chance of detecting a significant effect for Catalyst.
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Figure 6.35 Example of a Power Analysis

4 Power Details window 4 »/Power Details
Catalyst(1,2) Test Catalysti1,2)
Click and Enter 1, 2 or a sequence of values for each: 4 Power
a [ @ Number
a T @ Number Power
;roo_m' D.050} 7.475857} 8.333333 i 0.0500 7.475887 8.333333 12 0.8926
By

[Flsalve for Power

[Csalve for Least Significant Murmber
[Osolve for Least Significant alue
[Cadjusted Power and Confidence Interval

[ Done ] [ Cancel ] [ Help ]
Calculations will be done an all combinations of sequences.

Refer to the Fitting Linear Models book for details.

Additional Screening Analysis Examples

This section provides examples of using the Screening platform.

Analyzing a Plackett-Burman Design

Plackett-Burman designs are an alternative to fractional-factorial screening designs. Two-level
fractional factorial designs must, by their nature, have a number of runs that are a power of
two. Plackett-Burman designs exist for 12-, 24-, and 28-run designs.

Weld-Repaired Castings.jmp from the sample data folder uses a Plackett-Burman design, and is
found in textbooks such as Giesbrecht and Gumpertz (2004) and Box, Hunter, and Hunter
(1978). Seven factors are thought to be influential on weld quality. The seven factors include
Initial Structure, Bead Size, Pressure Treatment, Heat Treatment, Cooling Rate, Polish, and Final
Treatment. A Plackett-Burman design with 12 runs is used to investigate the importance of the
seven factors. The response is 100 x log(lifetime) . (There are also four terms that were used to
model error that are not used in this analysis.)

Using the Screening platform, select the seven effects as X and Log Life as Y. (If terms are
automatically populated in the Screening Platform launch window, remove the four error
terms listed as effects.) Click OK. Figure 6.36 appears, showing only a single significant effect.
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Figure 6.36 Screening Report for Weld-Repaired Castings.jmp

4=|Screening for Log Life (x100)
4 Contrasts

Term Contrast t-Ratio p-Value
Heat Treatment -0.257250 -117 0.2220
Initial Structure 0162083 0.74 0.4207
Bead Size 0.146083 067 0.5002
Pressure Treatment -0.123750 -0.56 0.6148
Final Treatment 0.090750 041 0.7083
Cooling Rate 0.075750 0.35 0.7547
Polish*Heat Treatment -0.144750 * -0.66 0.5532
Polish*Initial Structure 0.039583 * 018 0.8743
Heat Treatment™Initial Structure -0.186087 * -0.85 0.3570
Polish*Bead Size -0.244423 -112 0.2426
4 Half Normal Plot
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P-Values derived from a simulation of 10000 Lenth t ratios.
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Note asterisks mark four terms, indicating that they are not orthogonal to effects preceding
them, and the obtained contrast value was after orthogonalization. So, they would not match
corresponding regression estimates.

Analyzing a Supersaturated Design

Supersaturated designs have more factors than runs. The objective is to determine which
effects are active. They rely heavily on effect sparsity for their analysis, so the Screening
platform is ideal for their analysis.

As an example, look at Supersaturated.jmp, from the sample data folder, a simulated data set
with 18 factors but only 12 runs. Y is generated by

Y = 2(X7)+5(X10) - 3(X15) +¢

where € ~ N(0,1). So, Y has been constructed with three active factors.
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To detect the active factors, run the Screening platform with X1-X18 as X and Y as Y. The
report shown in Figure 6.37 appears.

Screening Designs
Additional Screening Analysis Examples

Figure 6.37 Screening Report for Supersaturated.jmp

4=|Screening for Y
4 Contrasts

Term Contrast
X0 512918
X5 -3.01789
X7 1.75669

t-Ratio

Lenth Individual Simultaneous
p-Value

18.76
-11.04
6.42

p-Value

-0.55701
X1 035381 129 01877
x4 0.28032 103 02795
X3 -0.25642 094 03185
X7 -010814 040 07219
X6 -0.07053 026 08190
X8 002809 010 09293
pe] 000863 003 09770
4 Half Normal Plot
5 +510
4
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o
z |
=
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(=]
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1 +x18 ]
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0 A+t
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Half Mormal Quantile

Lenth PSE=0.27342

P-Values derived from a simulation of 10000 Lenth t ratios.
Supersaturated main effects; bias makes p-values too small.

0.5447
0.8702
0.9881
1.0000
1.0000
1.0000
1.0000
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Note that the three active factors have been highlighted. One other factor, X18, has also been
highlighted. It shows in the Half Normal plot close to the blue line, indicating that it is close to
the 0.1 cutoff significance value. The 0.1 critical value is generous in its selection of factors so

you don’t miss those that are possibly active.

The contrasts of 5.1, =3, and 1.8 are close to their simulated values (5, -3, 2). However, the

similarity of these values can be increased by using a regression model, without the effect of

orthogonalization.

The p-values, while useful, are not entirely valid statistically, since they are based on a

simulation that assumes orthogonal designs, which is not the case for supersaturated designs.
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Statistical Details

Operation

The Screening platform has a carefully defined order of operations.

First, the main effect terms enter according to the absolute size of their contrast. All effects
are orthogonalized to the effects preceding them in the model. The method assures that
their order is the same as it would be in a forward stepwise regression. Ordering by main
effects also helps in selecting preferred aliased terms later in the process.

After main effects, all second-order interactions are brought in, followed by third-order
interactions, and so on. The second-order interactions cross with all earlier terms before
bringing in a new term. For example, with size-ordered main effects A, B, C, and D, B*C
enters before A*D. If a factor has more than two levels, square and higher-order
polynomial terms are also considered.

An effect that is an exact alias for an effect already in the model shows in the alias column.
Effects that are a linear combination of several previous effects are not displayed. If there
is partial aliasing ( a lack of orthogonality) the effects involved are marked with an
asterisk.

The process continues until n effects are obtained, where 7 is the number of rows in the
data table, thus fully saturating the model. If complete saturation is not possible with the
factors, JMP generates random orthogonalized effects to absorb the rest of the variation.
They are labeled Null n where 1 is a number. For example, this situation occurs if there are
exact replicate rows in the design.

Screening as an Orthogonal Rotation

Mathematically, the Screening platform takes the n values in the response vector and rotates
them into n new values. The rotated values are then mapped by the space of the factors and
their interactions.

Contrasts = T’ X Responses

where T is an orthonormalized set of values starting with the intercept, main effects of factors,
two-way interactions, three-way interactions, and so on, until n values have been obtained.
Since the first column of T is an intercept, and all the other columns are orthogonal to it, these
other columns are all contrasts, that is, they sum to zero. Since T is orthogonal, it can serve as
X in a linear model. It does not need inversion, since T’ is also T and (T'T)T". The contrasts
are the parameters estimated in a linear model.
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e If no effect in the model is active after the intercept, the contrasts are just an orthogonal
rotation of random independent variates into different random independent variates.
These newly orthogonally rotated variates have the same variance as the original random
independent variates. To the extent that some effects are active, the inactive effects still
represent the same variation as the error in the model. The hope is that the effects and the
design are strong enough to separate the active effects from the random error effects.

Lenth’s Pseudo-Standard Error

At this point, Lenth’s method (Lenth, 1989) identifies inactive effects from which it constructs
an estimate of the residual standard error, known as the Lenth Pseudo Standard Error (PSE).

The value for Lenth’s PSE is shown at the bottom of the Screening report. From the PSE,
t-ratios are obtained. To generate p-values, a Monte Carlo simulation of 10,000 runs of n -1
purely random values is created and Lenth t-ratios are produced from each set. The p-value is
the interpolated fractional position among these values in descending order. The
simultaneous p-value is the interpolation along the max(|t!) of the n — 1 values across the
runs. This technique is similar to that in Ye and Hamada (2000).

If you want to run more or less than the 10,000 default runs, you must assign a value to a
global JSL variable named LenthSimN. As an example, using the sample data Reactor Half
Fraction.jmp:

Open the sample data, Reactor Half Fraction.jmp.

Select Analyze > Modeling > Screening.

Select Percent Reacted as the response variable, Y.

Select all the other continuous variables as effects, X.

Click OK.

Select Script > Save Script to Script Window from the red-triangle menu of the report.
Add LenthSimN=50000; to the top of the Script Window (above the code).

Highlight LenthSimN=50000; and the remaining code.

O ® N gl W=

Run the script from the Script Window.

Note that if LenthSimN=0, the standard ¢-distribution is used (not recommended).



182 Screening Designs Chapter 6
Statistical Details Design of Experiments Guide



Chapter 7

Response Surface Designs

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:

o 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 composite 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.

Figure 7.1 Response Surface Designs

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

The Bounce Data.jmp sample data file has response surface data inspired by the tire tread data

des

cribed 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.
2.

Select DOE > Response Surface Design.

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.

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 7.2 shows the completed
Response panel and Factors panel.

Figure 7.2 Response and Factors For Bounce Data

Al

Response Surface Design

4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
retch Match Targst 350 [550 1
<4 Factors
Name Role Values
A silica Continuous 07 17
A sulfur Continuous 1.8 28
A silane Continuous 40 60

After the response data and factors data are loaded, the Response Surface Design Choice

dial

og lists the designs in Figure 7.3. (Click Continue to see the choices on the right.)

Figure 7.3 Response Surface Design Selection

3 Factors 3 Factors
Choose a Design Box-Behnken

MNumber Block Center

Display and Modify Design
|| Design Evaluation

Of Runs Size Points Design Type | Output 0ot
15 3 Box-Bshnken iput Optlons .
. n Run Order: Randomize v‘
16 2 Central Composite Design e —
20 B CCD-Uniform Precision o o e P
20 3] g CCD-0Orthogonal Blocks Number of Replicates 0

23

CCD-0Orthogonal @l
Back ‘
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The Box-Behnken design selected for three effects generates the design table of 15 runs shown
in Figure 7.4.

In real life, you would conduct the experiment and then enter the responses into the data
table. Suppose 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 7.4).

Figure 7.4 JMP Table for a Three-Factor Box-Behnken Design

=/ Bounce Data P4 =
Design Box-Behnken| = Pattern = Silica | Sulfur | Silane | Stretch
= Model 10 0.7 18 50 570
2|-+0 0.7 28 50 285
= Columns (5/0) 3 +0 17 18 50 260
‘Pgﬁern@ 4| ++0 17 28 50 433
A Silica ¥ 5 0— 1.2 1.8 40 422
ﬁg;‘gﬁ;’; 6 0+ 12 18 60 351
A Stretch % 7|0+ 12 28 40 278
g 0++ 12 28 G0 392
~/Rows 9/-0- 07 23 40 451
All rows 15 10 +0- 17 2.3 40 372
Eifzuc;zi g 11 -0+ 0.7 23 60 474
T 7 12 | +0+ 17 23 G0 304
Labelled 0 13 000 12 23 50 308
14 000 12 23 50 304
15 000 12 23 50 396

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.

The standard Fit Model analysis results appear in tables shown in Figure 7.5, 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 significant as well as the two interaction effects involving Sulfur.
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Figure 7.5 JMP Statistical Reports for a Response Surface Analysis of Bounce Data

4 ~/Response Stretch [*| Parameter Estimates
4 Summary of Fit 4 Effect Tests
RSquare 0.999777 Sum of
RSquare Adj 0.999375 Source Nparm DF Squares F Ratio Prob>F
Root Mean Square Error 1.987461 Silica(0.7,1.7) 1 1 12880125 3260791  =0001*
Mean of Response 391.3333 Silane(40,60) 1 1 968.000 2450633 <0001
Observations (or Sum Wagts) 15 Sulfur(1.8,2.8) 1 1 5778125 1462816  =0001*
4[Analysis of Variance Silane*Silica 1 1 0250 00633 08114
Sulfursilica 1 1 52441000 1327620  =0001*
=IO ) SulfurSilane 1 1 8556250 2166139 <0001
STIIED 17 SIS LEmeTE PRI silica*silica 1 1 2592923 6564362 <0001
Model 9 38453583 082818 2488146 Silane*Silane 1 1 0231 00584 08186
53 P LD 395  Prob>F Sulfursulfur 1 1 4653231 1178.033 <0001
C. Total 14 884732333 =0001*
4 Lack Of Fit
Sum of F Ratio
Source DF Squares Mean Square 0.9792
Lack Of Fit 3 11750000 391667 Prob>F
Pure Error 2 2000000 400000 05411
Total Error 5 19.750000 Max RSq
0.9999

See the Multivariate Methods book for more information about interpretation of the tables in
Figure 7.5.

Note: DOE response surface designs are available for up to eight factors only. In the DOE
Response Surface Design platform, an error message is generated if more than eight factors
are specified with a response surface design. Response surface designs with more than eight
factors can be generated using DOE > Custom Design, where either a D-optimal or an
I-optimal design can be specified. See “Creating Response Surface Experiments” on page 102
for how to use the custom designer to create response surface designs. Curvature analysis is
not shown (no error or warning message is given) for response surface designs of more than
20 factors when using the custom designer or the Fit Model platform; all other analyses are
valid and are shown.

The Response Surface report also has the tables shown in Figure 7.6.
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Figure 7.6 Statistical Reports for a Response Surface Analysis

<4 Response Surface

Coef
Silica(0.7,1.7) Silane(40,60) Sulfur(1.8,2.8) Stretch
Silica(0.7,1.7) 265 -0.25 114.5 -40.125
Silane(40,60) . 025 46.25 11
Sulfur(1.8,2.8) . . -35.5 -26.875
4 Solution
Critical
Variable Value

Silica(0.7,1.7) 1.7912411
Silane(40,60) 23424426
Sulfur(1.8,2.8) 21986422

Solution is a SaddlePoint
Critical values outside data range
Predicted Value at Solution 360.38388
4 Canonical Curvature

Eigenvalues and Eigenvectors
Eigenvalue £2.9095 32989 -74.9584
Silica(0.7,1.7) 0.82779 -0.29879 -0.47486
Silane(40,60) 019280  0.94634 -0.25937
Sulfur(1.8,2.8) 052687 012315  0.84097

The Response Surface report shows a summary of the parameter estimates.

The Solution report lists the critical values of the surface factors and tells the kind of solution
(maximum, minimum, 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.

The Canonical Curvature report shows eigenvalues and eigenvectors of the effects. The
eigenvector values show that the dominant negative curvature (yielding a maximum) is
mostly in the Sulfur direction. The dominant positive curvature (yielding a minimum) is
mostly in the Silica direction. This is confirmed by the prediction profiler in Figure 7.8.

See the Multivariate Methods book for details about the response surface analysis tables in
Figure 7.6.

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 Stretch
title bar and select Factor Profiling > Profiler.

The first three plots in the top row of plots in the Prediction Profiler (Figure 7.7) 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).
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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 7.7). The profiler shows desirability settings for the factors Silica, Silane,

and Sulfur that give a value for Stretch of 396, which is quite different 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 7.7 The Prediction Profiler

£ =/ Prediction Profiler

5450
= 386 b
[393.05, g
398.95] 350

Stretc

0.311486

Desirability

T
.
[=1

0.25
0.75

Silica Silane Sulfur Desirahility

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 7.8 shows the result of the most desirable settings. Finding maximum desirability is an
iterative process so your results may differ slightly from those shown below.
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Figure 7.8 Prediction Profiler with Maximum Desirability Set for a Response Surface Analysis
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See the Multivariate Methods book 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 Stretch title bar and select Factor Profiling > Contour Profiler to
display the interactive contour profiler, as shown in Figure 7.9.

The contour profiler is useful for viewing response surfaces graphically, especially when there

are multiple 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 7.9. The sliders for each factor set values for Current X and Current Y.
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Figure 7.9 Contour Profiler for a Response Surface Analysis

4 =IContour Profiler

HorizVert Factor Current X
@ silica 1} 12
Silane {} 50
© sulfur ] 23
Response Contour  CurrentY Lo Limit Hi Limit

— Stretch —H— 415 396
28 T

Stretch

274

2.6+

Sulfur
1
[

T T T T T T T T T
07 08 09 1 11 12 13 14 15 16 17
Silica

Enter the Lo limit and Hi limit values to shade the unacceptable regions in the contour plot.

Figure 7.10 Contour Profiler with High and Low Limits

4= Contour Profiler

HorizVert Factor Current X

9 Silica {t 1.2

Silane {t 50

9 sulfur {t 23
Response Contour  CurrentY Lo Limit Hi Limit

— Stretch =rH—mo 425 396 350 560

284

Stratch

274

2.6+

25+

2.4,

1.9+

18 T T T 'I| T T T T 1
07 08 09 1 11 12 13 14 15 16 17

Silica

The Prediction Profiler and the Contour Profiler are discussed in more detail in the
Multivariate Methods book.
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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 7.11 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 Essential Graphing book.

Figure 7.11 Scatterplot 3D Rendition of a Box-Behnken Design for Three Effects

Silica Sulfur

Silane

Creating a Response Surface Design

Response Surface Methodology (RSM) is an experimental technique invented to find the
optimal response within specified ranges of the factors. These designs are capable of fitting a
second-order prediction 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 these 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 following sections.
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* “Enter Responses and Factors” on page 193

® “Choose a Design” on page 193

® “Specify Axial Value (Central Composite Designs Only)” on page 194

¢ “Specify Output Options” on page 195

e “View the Design Table” on page 196

Enter Responses and Factors

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 outlined in “Enter Responses and Factors into the Custom Designer” on page 45

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 7.12.

Figure 7.12 Enter Factors into a Response Surface Design

4 ~'Response Surface Design
< Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Y [Maximize
4 Factors

Add | 1 Continuous
Remove Selected|

Name Role Values
A1 Continuous B 1
A2 Continuous B 1
A3 Continuous B 1

Specify Factors

Specify desired number of factors. Double click on a factor name or

sefting to edit it.
Continue|

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 7.13.
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Figure 7.13 Choose a Design Type

Choose a Design

MNumber Block Center
Of Runs Size FPoints Design Type

15 3 Box-Behnken '
16 2 Central Composite Design

20

=

CCD-Uniform Precision

20 3] 3] CCD-0Orthogonal Blocks
23 9 CCD-0Orthogonal
Continue|

Back |

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 7.14. 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.
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Figure 7.14 Display and Modify the Central Composite Design

Central Composite Design
Display and Modify Design

Axial Value: 1.000
Rotatable 1.682
Orthogonal 1.525

@ On Face 1.000

User Specified 1.000

Inscribe

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 specify 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 practically 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).

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 7.15 is for a Box-Behnken design. The Box-Behnken design from the design
list and the Output Options request 3 center points and no replicates.

Figure 7.15 Select the Output Options

3 Factors
Box-Behnken
Display and Modify Design
[ Design Evaluation
Qutput Options
Run Order: Randomize -3

Make JMP Table from design plus

Mumber of Center Points: 3
Mumber of Replicates: 0
Make Table|

Back |
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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 in the standard order.
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 how many additional runs to add as center points to the
design. A center point is a run that is located in the center of the range of each continuous
factor.

Number of Replicates Specify the number of times to replicate the entire design, including
center points. 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 7.16.

Figure 7.16 The Design Data Table

~Box-Behnken Pl 4 L
Design  Box-Behnken| = Pattern | X1 X2 X3 Y
| Madel 1 +0+ 9 0 1 .
2 0+ 0 1 -1 .
| Columns (5/0) 3 |-+ 1 0 1 .
ik Pattern @ 4 +0- 1 0 1 .
A x1k 5 0-+ 0 1 1 .
A2k 6000 0 0 0 .
Ak
P 7 0v+ 0 1 1 .
8 0 - 1 0 .
= Rows 9/ 000 0 0 0 .
All rows 15 10000 0 0 0 .
Selected 0 11| ++0 1 1 0 .
Excluded 0 12 0-- 0 -1 -1 .
Hidden 0 13 -0- -1 0 -1 .
Labelled 0 14 |+ 1 -1 0 .
15 -0 - -1 0 .

The name of the table is the design type that generated it.

Run the Model script to fit a model using the values in the design table.
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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 a label variable in plots because when you hover over a point in a
plot of the factors, the pattern value shows the factor coding of the point.The three rows
whose values in the Pattern column are 000 are three center points.

The runs in the Pattern column are in the order you selected from the Run Order menu.

The Y column is for recording experimental results.
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Chapter 8

Full Factorial Designs

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 supports 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 x4 =24runs.

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 vertices 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.

Figure 8.1 Full Factorial Design
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The Five-Factor Reactor Example

The following example, adapted from Meyer et 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 reaction of a chemical process (see “Screening Designs” on page 143). 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. Select DOE > Full Factorial Design.

2. Click the red triangle icon on the Full Factorial Design title bar and select Load Responses.

3. In the sample data folder (installed with J]MP), open Reactor Response.jmp found in the

Design Experiment folder.

4. Click the red triangle icon on the Full Factorial Design title bar and select Load Factors.

In the sample data folder (installed with JMP), open Reactor Factors.jmp found in the

Design Experiment folder.

The completed dialog should look like the one shown in Figure 8.2.

Figure 8.2 Full Factorial Example Response and Factors Panels

4= Full Factorial Design
4 Responses

[Add Response 'H Rermove HNumber of Responses... |

Response Name Goal Lower Limit Upper Limit Importance
Percent Reacted |I'v1aximize |QU |1
4 Factors
[Continuous 'HCategoricaI 'H Rermove |
Name Role Values
dFeedRate Continuous 10 15
dll Catalyst Continuous 1 2
A stir Rate Continuous 100 120
ATemperature Continuous 140 180
4 Concentration Continuous 3 G
242%2%2x2 Factorial
Output Options
Run Order: Sort Left to Right ~ |
Mumber of Runs:
MNumber of Center Points: 0
Mumber of Replicates: 0
Make Table|
Back |

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.
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202%2%2x2 Factorial

Output Options

Run Order: Sort Left to Right ~ |
Mumber of Runs: 2
Mumber of Center Points: 0

Mumber of Replicates: 0

Make Table|

Back |

7. Click Make Table.

The design data table (Figure 8.3) 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 8.3 Partial Listing of Reactor 32 Runs.jmp from the Sample Data Folder

= Reactor 32 Runs Pl > Percent
Design 2x2x2x2x2 Factorial|| = Pattern Feed Rate = Catalyst StirRate = Temperature = Concentration Reacted
~IFit Model 1|— 10 1 100 140 3 61
~IColumns (7/0) 2| —+ 10 1 100 140 i} 56
th Pattern @ 3| —+ 10 1 100 180 3 G9
A Feed Rate 3k 4| —++ 10 1 100 180 i} 44
Al Catalyst 3 B|—+— 10 1 120 140 3 53
4l Stir Rate 3% 6 |—++ 10 1 120 140 i} 59
4 Temperature 3 7+ 10 1 120 180 3 66
4l Concentration 3k ) . 10 1 120 180 6 49
4 Percent Reacted % 9|— 10 2 100 140 5 63

10 | +—+ 10 2 100 140 i} 70
» Rows

11 |4+ 10 2 100 180 3 94
All rows 32
Selected 0 12 | +—++ 10 2 100 180 i} 78
Excluded 0 13 | ++— 10 2 120 140 3 54
Hidden 0 14 | —++-+ 10 2 120 140 i} 67
Labelled 0 15 | —+++ 10 2 120 180 3 95

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 8.4.
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Figure 8.4 Distribution of Response Variable for Reactor Data

4= Distributions

4= Percent Reacted

200 -164 -128|  -067 067 125 1644

90
80

70 A Aot

50 .
j " ..
.
40

003 008 02 035 05 065 08 081

Mormal Quantile Plot

This initial analysis shows some experimental runs with a very high percent reacted response.

Start the formal analysis with a stepwise regression. The data table has a script stored with it
that automatically defines an analysis of the model with main effects and all two-factor
interactions.

4.

® N o o

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 8.5.

Select P-value Threshold from the Stopping Rule list.
The probability to enter a factor (Prob to Enter) in the model should be 0.05.
The probability to remove a factor (Prob to Leave) should be 0.1.

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 8.5).

Figure 8.5 Stepwise Control Panel

4= Stepwise Fit for Percent Reacted
< Stepwise Regression Control

Stopping Rule: | P-value Threshold - |

Frob to Enter 0.05
Prob to Leave 0.1

Direction: Mied |
Rules: Combine |

[ Go H Stop H Step |

Check the boxes for the main effects of the factors as shown in Figure 8.6.
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Figure 8.6 Starting Model For Stepwise Process

<4 Current Estimates

LockEntered Parameter

Intercept

Feed Rate(10,15)
Catalyst{1,2)

Stir Rate(100,120)
Temperature(140,180)
Concentration(3,6)

Feed Rate*Catalyst

Feed Rate*Stir Rate

Feed Rate*Temperature
Feed Rate*Concentration
Catalyst*Stir Rate
Catalyst*Temperature
Catalyst*Concentration
Temperature*Concentration

oo
OOooo0o0o0EEEEE

OooooooooE@

10. Click Go.

Estimate

65.5
-0.6875
9.75
-0.3125
5375
-3.125
0

cooooooo

55

0
15.125
3042
3125
9245
3125
15.125
45
6.125
0.125
6.125
14045
32

968

"F Ratio"
0.000
0.149

29.928
0.031
9.095
3074
0.144
0.043
0.058
0.001
0.058

28.357
0.306

14.450

"Prob=F"
1
0.70282
0.00001
0.86217
0.00566
0.09132
0.70763
0.83807
0.81153
0.97284
0.81153
1.61e-5
0.5848
0.00082
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The mixed stepwise procedure removes insignificant main effects and adds important
interactions. The end result is shown in Figure 8.7. Note that the Feed Rate and Stir Rate
factors are no longer in the model.

Figure 8.7 Model After Mixed Stepwise Regression

<4 Current Estimates

LockEntered Parameter

Intercept

Feed Rate(10,15)
Catalyst{1,2)

Stir Rate(100,120)
Temperature(140,180)
Concentration(3,6)

Feed Rate*Catalyst

Feed Rate*Stir Rate

Feed Rate*Temperature
Feed Rate*Concentration
Catalyst*Stir Rate
Catalyst*Temperature
Catalyst*Concentration
Temperature*Concentration

oo

OooooooooE@
EOEOO0O0O0O0EREOEO

Estimate

65.5

0

9.75

0
5375
-3.125
0

oo oo

6.625

-5.5

nDF

1
1
2
1
3
2
2
3
2
2
2
1
1
1

55

0
15.125
44465
3125
3297
12805
3025
2275
2125
15.25
9.25
14045
32

968

"F Ratio"
0.000
1.383

200.362
0274

99.043
57.700
1.406
0.656
0.954
0.670
0.397

126.575

3119
87.237

"Prob=F"
1
0.25064
1.6e-16
0.60543
24e-14
27e-10
0.26469
0.58722
0.39927
0.52116
0.67635
1.7e-11
0.0896
8.6e-10

11. 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 8.8).
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Figure 8.8 Fitting a Prediction Model

4= Model Specification

Select Columns Pick Role Variables Personality: [Standard Least Squares v |
thFattern Y | A Percent Reacted Emphasis: [Ef-fect e v|
dFeed Rate optiona

dlCatalyst

emperature
dConcentration Freq... | [optional numeric Recall ||:|Keep dialog open
dPercent Reacted :By |[optons :Remwe |

Construct Model Effects

Add | Catalyst
Temperature
E' Concentration
E| Catalyst*Temperature

Temperature*Concentration
Macros * |
Degree

Aftributes '™
Transform '™

[C] Mo Intercept

12. Click Run to see the analysis for a candidate prediction model (Figure 8.9).

The figure on the left in Figure 8.9 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 measured 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 8.9 shows a table of model coefficients and their standard
errors (labeled Parameter Estimates). All effects selected by the stepwise process are highly
significant.

Figure 8.9 Actual by Predicted Plot and Prediction Parameter Estimates Table

4 Actual by Predicted Plot 4 Parameter Estimates
100 Term Estimate Std Error tRatio Prob=|t|
904 . ‘ Intercept 655 0588850 11123 =0001*
= Catalyst(1,2) 975 0588850 1656 =0001*
E§ 80+ Temperature(140,180) 5375 0588859 913 <0001*
2o 704 Concentration(3,5) -3125 0588859 531 =0001*
g% Catalyst*Temperature 6.625 0588859 11.25 =0001*
g 604 Temperature*Concentration 55 0588850 -9.34 <0001
50
40 4= T T T T T

40 50 60 70 80 90 100
Percent Reacted Predicted
P=.0001 RSg=0.96 RMSE=3.3311

The factor Prediction Profiler also gives you a way to compare the factors and find optimal
settings.
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1. To open the Prediction Profiler, click the red triangle on the Response Percent Reacted title
bar and select Factor Profiling > Profiler.

Figure 8.10 shows the profiler’s initial display. The Prediction Profiler is discussed in more

detail in the chapter “Response Surface Designs” on page 183, and in the Multivariate
Methods book.

Figure 8.10 Viewing the Profiler
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2. Click the red triangle on the Prediction Profiler title bar and select Maximize Desirability to
see the profiler in Figure 8.11.

Figure 8.11 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 a predicted maximum of 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” on page 207
¢ “Select Output Options” on page 208
e “Make the Table” on page 208

Enter Responses and Factors

The steps for entering responses are outlined in “Enter Responses and Factors into the Custom
Designer” on page 45

The steps for entering factors in a full factorial design are unique to this design. To add factors,
see Figure 8.12.

1. To enter factors, click either the Continuous button or the Categorical button and select a
factor type, level 2 - 9.

2. Double-click to edit the factor name.

3. Click to enter values or change the level names.

Figure 8.12 Entering Factors in a Full Factorial Design

4 Factors

[Continuous '| [Categorlcal '][ Remove |Add M Factors | 1

MName Role Values
¥l Continuous | 1 |1

@—i.xz Categorical (1 [12 [E

When you finish adding factors, click Continue.
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Select Output Options

Use the Output Options panel to specify how you want the output data table to appear, as
illustrated in Figure 8.13:

Figure 8.13 Output Options Panel

2%3 Factorial
Output Options

Run Order: Sort Left to Right + |

Mumber of Runs: 6
Mumber of Center Points: 0
Mumber of Replicates: 0

Make Table|
Back |

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 in the standard order.
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 how many additional runs to add as center points to the
design. A center point is a run that is located in the center of the range of each continuous
factor.

Number of Replicates Specify the number of times to replicate the entire design, including
center points. 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 Table

When you click Make Table, the table shown in Figure 8.14 appears.

Figure 8.14 Factorial Design Table

~12x3 Factorial P >

Design  2x3 Factorial|| = Pattern X1 X2 Y
| 5creening 1-1 411 .
=/ Model 2|-2 A L2 .
= Columns (4/0) 3|3 L3 :
ik Pattern &2 4+ LY :
VESE ] 5|+2 1 L2 .
ook G +3 1 L3 .
FAE S
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Creating a Factorial Design

The name of the table is the design type that generated it.
Run the Model script to fit a model using values in the design table.
Values in the Pattern column describe the run each row represents.

¢ For continuous factors, a plus sign represents high levels.
e For continuous factors, a minus sign represents low levels.

* Level numbers represent values of categorical factors.



210 Full Factorial Designs Chapter 8
Creating a Factorial Design Design of Experiments Guide



Chapter L2

Mixture Designs

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 experiments are orthogonal. That is, over the course of an experiment, the setting of
one factor varies independently 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.

Figure 9.1 Mixture Design
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 initial mixture designer panel, and click Continue. You then see the Linear Constraints
report and the Choose Mixture Design Type panel. Both are shown in Figure 9.2.

Three design types support linear constraints: Optimal, Extreme Vertices, and Space Filling. If
you have linear constraints and plan to use the Extreme Vertices or Space Filling Design
Types, click the Linear Constraint button and enter these first. If you plan to use the Optimal
Design Type, click Optimal and add the constraints under Define Factor Constraints in the
dialog window that opens.

Select one of the design types from the panel. The default values shown for K, Number of
Levels, Degree, and Runs depend on the number of factors entered. The design types are:

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).

Space Filling constructs a design that accommodates linear constraints. Design points are
spread throughout the design space.

Figure 9.2 Mixture Design Selection Dialog

4 Linear Constraints

Linear Constraint| Add linear constraints on the relative proportions

of ingredients. Click once for each constraint.

Choose Mixture Design Type

Optimal | Create a design tailored to meet specific requirements.
Simplex Centroid| Run each ingredient without mixing, then mix equal K

proportions of K ingredients at a time to the specified limit. 2

Simplex Lattice | Triangular grid. Number

Specify number of levels perfactor:  of Levels
5

Extreme Vertices | Find the vertices of the simplex. Then Degree

add the mid-points of the edges and 2
averages of vertices to the specified degree.

ABCD Design | A mixture design for factor screening.
Space Filling | A mixture design that spreads points  Runs

throughout the design space. 30
Back |
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After you select the design type, enter selections or accept defaults to adjust the number of
runs in the Design Generation panel. Then click Make Design or Make Table, as appropriate.

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” on page 45.

After you enter responses and factors, click Continue.
4. Click Optimal on the Choose Mixture Design Type panel.

Open the Define Factor Constraints node and click Add Constraint to add linear
constraints, if you have any.

Add effects to the model using the instructions below.

7. In the Design Generation panel, make selections relative to blocks, center points, replicates,
and the number of runs.

8. Click Make Design to generate the Mixture Design report, which displays the design and
Design Evaluation report.

9. Click Make Table in the Output Options panel of the Mixture Design report to generate the
data table.

Adding Effects to the Model

Initially, the Model panel lists only the main effects corresponding to the factors you entered,
as shown in Figure 9.3.

Figure 9.3 The Model Panel

4 Model
[Main Ef‘fects] [Interactions '] [ Cross ] [Powers '] [Scheffe Cubic] [Remove Term

Mame Estimability
Al Mecessary
H2 Mecessary
H3 Mecessary

However, you can add factor interactions, specific crossed factor terms, powers, or Scheffe
Cubic terms to the model.
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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 k with n 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 k factors at a time combined at k 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.
2.

Select DOE > Mixture Design.

Enter factors and responses. The steps for entering responses are outlined in “Enter
Responses and Factors into the Custom Designer” on page 45.

After you enter responses and factors, click Continue.

Enter the number of ingredients in the box under K. JMP will create runs for each
ingredient without mixing, then create runs that mix equal proportions of K ingredients at
a time to the specified limit.

Click the Simplex Centroid button.
View factor settings and Output Options, as illustrated in Figure 9.4.
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Figure 9.4 Example of Factor Settings and Output Options

4 Factor Settings

Run X1 X2 X3
1 100000 000000 0.00000
000000 1.00000 0.00000
000000 000000 1.00000
050000 050000 0.00000
050000 000000 050000
000000 050000 0.50000
7 033333 033333 03333
Display and Modify Design
Qutput Options

[ R STV

Run Order: Randomize '|
Make JMP Table from design plus

Mumber of Replicates: 0

Make Table|| Back |

7. Specify Run Order, which is the order in which you want the runs to appear in the data
table that you will create. Run order choices are:

Keep the Same the rows (runs) in the output table will appear as they do in the Factor
Settings 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 center points. Type the number of times you want to replicate
the design in the associated text box. One replicate doubles the number of runs.

9. C(lick Make Table.

Simplex Centroid Design Examples

The table of runs for a design of degree 1 with three factors (left in Figure 9.5) shows runs for
each single 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 ingredients in equal parts, and the last run is the center point.
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Figure 9.5 Three-Factor Simplex Centroid Designs of Degrees 1 and 2

Fun 1 K2 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 0333 0.333 0.333 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 9.5:

1. Choose DOE > Mixture Design.

Enter three mixture factors.

Click Continue.

Mixture Designs
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2
3
4. Enter 1in the Kbox, and click Simplex Centroid to see the design on the left in Figure 9.6.
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 9.6.

Figure 9.6 Create Simplex Centroid Designs of Degrees 1 and 2

£ Factor Settings

Run X1 X2
1 1.00000 0.00000
2 0.00000 1.00000
3 0.00000 0.00000
4 033333 0.33333

As another example:

S

Figure 9.7 shows part of the 31-run design. Note that your table may look different
because the design was created with Run Order set to Randomize.

X3
0.00000
0.00000
1.00000
0.33333

£ Factor Settings

Run
1

RV = T T S

Choose DOE > Mixture Design.

X1
1.00000
0.00000
0.00000
0.50000
0.50000
0.00000
0.33333

Enter five factors and click Continue.
Use the default value, 4, in the K box.
Click Simplex Centroid.
Click Make Table.

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
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Figure 9.7 Partial Listing of Factor Settings for Five-Factor Simplex Centroid Design

=|Simplex Centroid -

Design Simplex Centroid | [= X1 X2 X3 X4 X5 Y
*|Screening 1 03333333333 03333333333 0 03333333333 0 3
=IModel 2 0 05 0 05 0 .
~IDOE Dialog 3 025 0 025 025 0.25 3
4 0 1 0 0 0 .
.
=|Columns (6/0) Z D.ES) 0 0 0 05 0 0 g 3
: E: 7 03333333333 03333333333 0.3333333333 0 0 3
A3k 8 0.2 0.2 0.2 0.2 0.2 3
Ak 9 05 0 0 0.5 0 3
A x5k 10 0 0|0, 0 0 .
vk 11 025 025 025 0 0.25 3
12 0.25 0.25 0 0.25 0.25 3
13 03333333333 03333333333 0 0 03333333333 3
~IRows 14 003333333333 0| 03333333333 | 0.3333333333 3
All rows 31 B 0 0 g L 9 .
Selected 0] 16 0.5 0.5 0 0 0 .
Excluded 0] 17 0 025 025 025 0.25 3
Hidden 0 18 0 0 0 0 1 3
Labelled 0 19 0 0 05 ] 05 .

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 i / m, where i is an integer
from 0 to m 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” on page 45.

Click Continue.
4. Specify the number of levels you want in the Mixture Design Type dialog (Figure 9.2) and
click Simplex Lattice.

Figure 9.8 shows the runs for three-factor simplex lattice designs of degrees 3, 4, and 5, with
their corresponding geometric representations. In contrast to the simplex centroid design, the
simplex lattice design does not necessarily include the centroid.
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Figure 9.8 Three-Factor Simplex Lattice Designs for Factor Levels 3, 4, and 5

£ Factor Settings £ Factor Settings £ Factor Settings
Run X1 X2 X3 Run X1 X2 X3 Run X1 X2 X3
1 0.00000  0.00000  1.00000 1 0.00000  0.00000  1.00000 1 0.00000  0.00000  1.00000
2 0.00000 033333 0.6EEGY 2 0.00000 025000  0.75000 2 0.00000 020000 080000
3 000000 O0BEEEY 033333 3 000000 0450000 050000 3 000000 040000 060000
4 0.00000 1.00000  0.00000 4 000000 075000  0.25000 4 0.00000 060000 0.40000
5 0.33333 0.00000 O.6BEEGY 5 0.00000  1.00000  0.00000 5 0.00000 080000 020000
B 033333 033333 033333 B 025000 0.00000  0.75000 6 0.00000  1.00000  0.00000
7 033333 066667  0.00000 7 025000 0.25000 050000 7 020000 000000 080000
8 0.666E7  0.00000  0.33333 8 025000 050000  0.25000 S 020000 020000 060000
9 0GBEEEY 0.33333 0.00000 9 025000 075000  0.00000 9 020000 040000 0.40000
10 1.00000 000000  0.00000 10 0.50000 000000 050000 10 0.20000 060000  0.20000
11 0.50000  0.25000  0.25000 11 0.20000 0.20000  0.00000
12 050000 050000 000000 12  0.40000 000000 0.60000
n 13 0.75000 000000  0.25000 13 040000 020000 040000
L} : - 14 075000  0.25000  0.00000 14 0.40000 040000 020000
'. " 15 1.00000 000000  0.00000 15 0.40000 060000  0.00000
16 0.60000  0.00000 040000

17 060000 0.20000 020000
18 060000  0.40000  0.00000
19 0.80000  0.00000 020000
20 0.80000  0.20000  0.00000
21 1.00000  0.00000  0.00000

Figure 9.9 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.
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Figure 9.9 JMP Design Table for Simplex Lattice with Five Variables, Order (Degree) 3

< Factor Settings

Run X1 X2 X3 X4 x5
1 000000 000000 000000 0.00000  1.00000
2 000000 000000 000000 033333 0GGEEAT
3 000000 000000 000000 O0BBEET  0.33333
4 000000 000000 000000 1.00000  0.00000
§ 000000 000000 033333 000000 OGEEAT
6 000000 000000 033333 033333 033333
7 000000 000000 033333 0GEEET  0.00000
& 000000 000000 @ O6GGEY  0.00000 033333
9 000000 000000 O0B6667 033333 0.00000

10 000000 000000 1.00000  0.00000  0.00000
11 000000 033333 000000 000000 OGEEAT
12 000000 033333 000000 033333 033333
13 000000 033333 000000 0.BEEET  0.00000
14 000000 033333 033333 000000 033333
15 000000 033333 033333 033333 0.00000
16 000000 033333 066667  0.00000  0.00000
17 000000  0G6RBET 000000 000000 033333
18 000000 O0BBEGT 000000 033333 0.00000
19 000000 0BBEET 033333 000000  0.00000
20 000000  1.00000 000000 000000 000000
21 033333 000000 000000 000000  O.66GBT
22 033333 000000 000000 033333 033333
23 033333 000000 000000 0GBEET  0.00000
24 033333 000000 033333 000000 033333
25 033333 000000 033333 033333 0.00000
26 033333 000000 OBGEEY  0.00000  0.00000
27 033333 033333 000000 000000 033333
26 033333 033333 000000 033333 0.00000
20 033333 033333 033333 000000 0.00000
30 033333 06BEGT 000000 0.00000  0.00000
31 0BBEET 000000 000000 000000 033333
32 0BRGRT 000000 000000 033333 000000
33 0BEGEY 000000 033333 000000  0.00000
34 0BBBET 033333 000000 000000 0.00000
35 100000 000000 000000 000000 000000

The Extreme Vertices Design

The extreme vertices design can only be selected if you have modified the ranges on the
factors in the Factors panel or if you have specified a linear constraint. This 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.
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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.

Creating the Design

Follow these steps to create an extreme vertices design. The next sections show examples with

specific constraints.

1.
2.

4.

Select DOE > Mixture Design.

Enter factors and responses. These steps are outlined in “Enter Responses and Factors into
the Custom Designer” on page 45. If your factor ranges are constrained, enter the limits as
upper and lower limits in the Factors panel (see Figure 9.10).

Click Continue.

If you have linear constraints, click Linear Constraints and enter them.

Note: The extreme vertices design can only be selected if you have modified the ranges on the
factors in the Factors panel or if you have specified a linear constraint.

5.

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.

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.

Click Extreme Vertices to see the factor settings.

Specify the Run Order. This determines 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.

Enter the sample size you want in the Choose desired sample size text box.
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10. (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.

11. 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 9.10, 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 9.10.

Click Continue.
4. Enter 4 in the Degree text box (Figure 9.10).

Figure 9.10 Example of Five-factor Extreme Vertices

4 Factors
Mame Role Values
A Mikture 0.05 0.25
Fhel Mixture 01 03
4 Mixture 01 03
Ay Mixture 01 04
F Y Mixture 005 0.25

4 Linear Constraints

Linear Constraintl Add linear constraints on the relative proportions

of ingredients. Click once for each constraint.

Choose Mixture Design Type

Optimal | Create a design tailored to meet specific requirements.

Run each ingredient without mixing, then mix equal K
proportions of K ingredients at a time to the specified limit. 4

Triangular grid. Number
Specify number of levels per factor:  of Levels
3

B(trame\d’articesl Find the vertices of the simplex. Then Degree

add the mid-points of the edges and 4
averages of vertices to the specified degree.

A mixture design for facter screening.

Space Filling | A mixture design that spreads points  Runs
throughout the design space. 50
Back ‘

Click Extreme Vertices.
Select Sort Left to Right from the Run Order menu.
7. Click Make Table.

Figure 9.11 shows a partial listing of a resulting design. Note that the Rows panel in the
data table shows that the table has the default 116 runs.
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Figure 9.11 JMP Design Table for Extreme Vertices with Range Constraints

~|Extreme Vertices

[\

Design Extreme Vertices| =

*|Screening
~|Model
=IDOE Dialog

*|Columns (6/0)
A x1%
Ax2k
X3k
Ak

A x5%
vk

*|Rows
All rows
Selected
Excluded
Hidden

Labelled

116

oo oo

X1 X2 X3
0.25 0.3 0.2
025 0.2 0.2
0.05 022 022
018 0.
01166666667 0.3 0.3
01833333333 0.3 02333333333
0.1 0.1 0.3
015 0.2 01
01166666667 0.3 01666666667
025 0.1 0.3
0.25 0.1 0.2
025 0.3 0.2
0.25 0.25 01
025 0.1 01
0.05 0.3 0.2
0.05 0.3 0.2
0.05 0.3 01
017 0.1 022
015 0.1 0.2
025 0.3 0.3

X4

01

0.3

0.34

01
0.1666666667
01

04

0.3
0.1666666667
0.2

0.2

0.2

0.35

04

04

0.3

0.3

0.34

0.3

01

X5

0.15

0.05

0.17

0.25
0.1166666667
0.1833333333
01

0.25

0.25

0.15

0.25

0.05

0.05

0.15

0.05

0.15

0.25

0.17

0.25

0.05

Y
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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 Extreme Vertices.

10. In the sample size text box, enter 10 as the sample size.

11. Click Find Subset to generate an optimal subset having the number of runs specified.

The resulting design (Figure 9.12) is an optimal 10-run subset of the 116 current runs. This

is useful when the extreme vertices design generates a large number of vertices. Your
design may look different, because there are different subsets that achieve the same

D-efficiency.
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Figure 9.12 JMP Design Table for 10-Run Subset of the 116 Current Runs

v Extremne Vertices 2 P[| 4 >

Design  Extreme Verices| = X1 X2 X3 X4 X5 Y

= Model 1 0.05 0.3 0.z 0.4 0.05
2 0.05 0.1 0.3 0.3 0.25

O CHLmS (51) 3 005 0.3 0.3 04 025

Ak 4 005 0.3 0.1 03 025

ﬁii: g 015 0.1 0.3 0.4 0.05

Ak 3] 0.25 0.1 0.3 0.1 0.25

VT T 0.25 0.1 0.1 0.3 0.25

FRE 8 0.25 0.z 0.1 0.4 0.05
9 0.25 0.3 0.1 0.1 0.25

I Rows 10 0.25 0.3 0.3 01 005

All rowes 10

Selected 1]

Excluded 1]

Hidden 1]

Labelled 1]

Note: The Find Subset option uses the row exchange method (not coordinate exchange) to
find the optimal subset of rows.

An Extreme Vertices Example with Linear Constraints

Consider the classic example presented by Snee (1979) and Piepel (1988). This example has
three factors, X1, X2, and X3, with five individual factor bound constraints and three
additional linear constraints:

Table 9.1 Linear Constraints for the Snee and Piepel Example

X1=0.1 90 < 85*X1 + 90*X2 + 100*X3
X1<0.5 85*X1 + 90*X2 + 100*X3 < 95
X2 20.1 .4 < 0.7*X1 + X3

X2 £0.7

X3 £0.7

To enter these constraints:
1. Enter the upper and lower limits in the factors panel.
2. Click Continue.

3. Click the Linear Constraint button three times. Enter the constraints as shown in
Figure 9.13.

4. Click the Extreme Vertices button.
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5. Change the run order to Sort Right to Left, and keep the sample size at 13. See Figure 9.13
for the default Factor Settings and completed Output Options.

6. Click Make Table.

Figure 9.13 Constraints

4 Linear Constraints < Factor Settings
Run X1 X2 X3
Li Constraint| Add linear constraints on the relative proportions
@l 1 050000 010000 0.40000

of ingredients. Click once for each constraint.

85| ¥+ | 90|x2+ ] 6 [z ][ 9]

0.50000 025000  0.25000

| 3 0.26B67 010000 0.653333
[ 85 a+ [ %] xe- 100| =] [ 9] 4 010000 035000  0.55000
5 010000 057000  0.33000

[ o7]x+ [ o+ | 3 [2x] [ 04] 6 033333 050000 016867
Choose Mixture Design Type T 030000 031167 0.38833
. . : 8 010000 0.46000  0.44000

@‘ Create a design tailored to meet specific requirements. 9 050000 047500 0.32500
Run each ingredient without mixing, then mix equal K 10 0.38333 010000 051667
proportions of K ingredients at a time to the specified limit. 2 11 041867 037300 020833

12 018333 022500 059167

Triangular grid. Number
Specify number of levels per factor:  of Levels 13 O.21BB7 053500 0.24833
5 Display and Modify Design
Exl:remeVertice;‘ Find the vertices of the simplex. Then Degree U OIS
add the mid-points of the edges and 2 Run Order: Sort Right to Left v
averages of vertices to the specified degree. D Optimal Subset

Choose desired sample size:| 13
Make Table] [Find Subset] [ Back ]

This example is best understood by viewing the design as a ternary plot, as shown at the end
of this chapter, in Figure 9.16. 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” on
page 228, for details.

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 Piepel (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 Piepel (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 vertices 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
nf — 1 factors with smallest range. Then, it computes the value of the one factor left out based
on the restriction 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.
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The above algorithm creates the vertices of the feasible region in the simplex defined by the
factor constraints. 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 n-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” on page 45.

After you enter responses and factors, click Continue.
Click the ABCD Design button.
View factor settings and Output Options.

SANES LI

Specify Run Order, which is the order you want the runs to appear 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 Factor
Settings 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 center points. Type the number of times you want to replicate
the design in the associated text box. One replicate doubles the number of runs.

8. Click Make Table.

The Space Filling Design

The Space Filling design spreads design points fairly uniformly throughout the design region.
It accommodates linear constraints. The design is generated in a fashion similar to the Fast
Flexible Filling design method found under DOE > Space Filling Design (“Fast Flexible Filling
Designs” on page 271).



Chapter 9 Mixture Designs 227
Design of Experiments Guide The Space Filling Design

The algorithm begins by generating a large number of uniformly-distributed points within the
specified design region. These points are then clustered using a Fast Ward algorithm into a
number of clusters that equals your specified number of Runs. The algorithm places a design
point at the centroid of each cluster. This method has the property that any point in the design
space has a design point fairly close to it.

Set Average Cluster Size

The Set Average Cluster Size option is found under Advanced Options in the Mixture Design
red triangle menu. This option allows you to specify the average number of
uniformly-generated points used to define each cluster or, equivalently, each design point.

By default, if the number of Runs for the Space Filling design type is 200 or smaller, a total of
10,000 random uniformly-generated points are used as the basis for the clustering algorithm.
When the number of Runs exceeds 200, a default value of 50 is used. Increasing this value can
be particularly useful in designs with a large number of factors.

Note: Depending on the number of factors and the specified value for Runs, you may want to
increase the average number of initial points per design point by selecting Advanced Options
> Set Average Cluster Size.

Linear Constraints

The design region can be defined by selecting the Linear Constraint option in the Linear
Constraints panel.

When linear constraints are specified using the Add linear constraints option, the random
points that form the basis for the clustering algorithm are uniformly-distributed within the
constrained design region. The clustering algorithm uses these points.

A Space Filling Example

To create a space filling 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” on page 45.

Click Continue.
4. Add Linear Constraints, if you have any.

Specify the number of runs you want in the Runs box to the right of the Space Filling
button in the Mixture Design Type dialog (Figure 9.2).

6. Click Space Filling.
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A Space Filling Example with a Linear Constraint

Consider a three-factor mixture design with the single linear constraint: 0.7*X1+X22>04.
Figure 9.14 shows a ternary plot for a 30-run Space Filling design that satisfies this constraint.
(For a discussion of ternary plots, see “Creating Ternary Plots” on page 228.) Note that the
points fall in the constrained design region and are fairly well spread throughout this region.

Figure 9.14 Space Filling Design with One Linear Constraint

4= Ternary Plot
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Creating Ternary Plots

A mixture problem in three components can be represented in two dimensions because the
third component is a linear function of the others. The ternary plot in Figure 9.16 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 in Figure 9.15 illustrates a ternary plot.

Figure 9.15 Ternary Plot for Mixture Design

X1(1,0,0)

(1/3,1/3, 1/3)
(1/2,1/2, 0)

> (0.1,0.1,0.8)

X2 (0, 1, 0) X3 (0, 0, 1)

The Piepel (1979) example referenced in “An Extreme Vertices Example with Linear
Constraints” on page 224 is best understood by the ternary plot shown in Figure 9.16.
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To view a mixture design as a ternary plot:

1. Create the Piepel mixture data as shown previously, or open the table called Piepel.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 Piepel data had additional constraints, entered as linear constraints for the extreme
vertices design. There are six active constraints, six vertices, and six centroid points shown on
the plot, as well as two inactive (redundant) constraints. The feasible area is the inner white
polygon delimited by the design points and constraint lines.

Figure 9.16 Diagram of Ternary Plot Showing Piepel Example Constraints
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Fitting Mixture Designs

When fitting a model for mixture designs, you must take into account that the factors sum to a
constant, and thus a traditional full linear model will not be fully estimable.

The recommended response surface model is called the Scheffé polynomial (Scheffé 1958). See
the discussion of Cox Mixtures and the Scheffé Cubic macro in the Fitting Linear Models book.
The Scheffé polynomial model does the following:

® suppresses the intercept

e includes all the linear main-effect terms
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® excludes all the square terms (such as X1*X1)

e 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 on the Fit Model dialog.

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 coefficients on the cross terms indicate the curvature across each edge of the factor
space.

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.

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 combination that yields a constant and involves the last
response surface term.
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A Chemical Mixture Example

Three plasticizers (p1, p2, and p3) comprise 79.5% of the vinyl used for automobile seat covers
(Cornell, 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 9.17. 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 9.17 Factors and Factor Constraints for the Plasticizer Experiment

4= Mixture Design
< Responses

[Add Response '] [ Remave ] [Number aof Responses... ]

Response Mame Goal Loweer Limit Upper Limit Impartance
N |Maximize |
optional itern
4 Factors
Add 1) Mixture

Remaove Selected

Mame Raole Yalues
dpt Mixture 0.409 0.849
idpz Mizdure o 0.252
idp3 Mixture 0.151 0.274
Click Continue.

Enter 3 in the Degree text box.

Click Extreme Vertices.

AN LI

Click Make Table. JMP uses the 9 factor settings to generate a JMP table (Figure 9.18).
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Figure 9.18 Extreme Vertices Mixture Design

= Extreme Vertices P4 >
Design  Exreme Vertices(| pi p2 p3 Y
> Model 1 0.844 0 0141 .
< Calumns (410) 2 0.6 0.126 0.274 .
e 3 07875 0 02125 .
Ap2k 4| 06615 0126 02125 .
Apik 5 0.728 0 0274 .
FEE B 0.474 0.252 0.274 .
7| 045355 0.252 02125 .
> Rows g 0.723 0.126 0141 .
G e g 9 0597 0252 0151 .

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 in Figure 9.19, and highlight the vertex
points and the interior point as shown.

Figure 9.19 Identify Vertices and Center Point with Sample Script

~ Extreme Vertices [ >

Design  Extreme Verices| + p1 p2 p3 Y Point Type
= IMadel 0.849 0 0151 * Vertex
> Ternary Plot 06 0126 0274 * Edge
< Calumns (510) 0.7875 0 02125 * Edge
e 06615 0126 02125 * Interior
apzk 0.726 0 0274 * Vertex
A p3k 0474 0252 0274 * Vertex
FRE S 05355 0252 0.2125 * Edge
i Point Type &3 . 8 0723 0126 0151 * Edge
= Rows . 9 0597 0252 0151 * Vertex
All roves 9

Selected a

9. Select Edit > Copy, to copy the selected rows to the clipboard.

10. Select Rows > Add Rows and type 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 9.20).
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Figure 9.20 Plasticizer.jmp Data Table from the Sample Data Library
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1 0474
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6 0.6615
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9 0.5355
10 0474
11 0.726
12 0.849
13 0597
14 0.6615

Analyze the Mixture Model

Use the Plasticizer.jmp data from the sample data library (Figure 9.20) to run the mixture

model:

p2
0.252
0
0
0.252
0126
0126
0
0126
0.252
0.252
0
0
0.252
0126

p3
0.274
0.274
0.151
0.151
0.274
0.2125
0.2125
0.151
0.2125
0.274
0.274
0.151
0.151
0.2125

Y

12

13
13
13
12
14
16
10

10
21

Pred

Point Type  Formula’yY

Wertex
Wertex
Wertex
Wertex
Edge
Interiar
Edge
Edge
Edge
Wertex
Wertex
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Wertex
Interiar

10.892307
5.0923076
7.4923076
11.282307
13.030769
19.268230
11.830769
14.430769
16.630769
10.892307
5.0923076
7.4923076
11.282307
19.268230
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1. 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 to see the
response surface analysis.

2. 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 - 282.198*p2 - 911.648*p3 + p2*p1*317.363 + p2*p1*1464.330 +

Note: These results correct the coefficients reported in Cornell (1990).

p3*p2+1846.218

The Response Surface Solution report (Figure 9.21) shows that a maximum predicted value of
19.570299 occurs at point (0.63505, 0.15568, 0.20927).
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Figure 9.21 Mixture Response Surface Analysis

Effect Details
4 Response Surface
Coef
(p1-0.474)/0.375  p2/0.375(p3-0.151)/0.375 A
(p1-0.474)/0.375 0 4452923 20592138 7.4923077
p2/0.375 c 0 25962437 -1.491318
(p3-0.151)/0.375 c c 0 -138.2039
4 Solution
Critical
Variable Value
(pl1-0.474)/0.375 0.635052
p2/0.375 01556806

(p3-0.151)/0.375 0.2092675

Solution is a Maximum
Assuming the following mixture sum: pl+p2+p3=1
Predicted Value at Solution 19.570239

4 Canonical Curvature

Eigenvalues and Eigenvectors

Eigenvalue -20.6086 -444.937
(p1-0474)/0.375 075052 0.66085
p2/0.375 -0.66085 075052

The Prediction Profiler

The report contains a prediction profiler.

1. 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 9.22.

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, entered to create the design and the design table. When you
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.

2. To limit the visible profile curves to bounds that use all three variables, use the Profile at
Boundary > Stop at Boundaries command from the menu on the Prediction Profiler title
bar.

3. If needed, select the Desirability Functions command to display the desirability function
showing to the right of the prediction profile plots in Figure 9.23.

4. Then select Maximize Desirability from the Prediction Profiler menu to see the best factor
settings.

The profiler in Figure 9.23, 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.
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Figure 9.22 Initial Prediction Profiler
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Figure 9.23 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 useful for visualizing and optimizing

response surfaces from mixture experiments.

Many of the features are the same as those of the Contour Profiler however some are unique to

the Mixture Profiler:

factors at a time.

A ternary plot is used instead of a Cartesian plot, which enables you to view three mixture

If you 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.

235
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Select Factor Profiling > Mixture Profiler from the menu on the Response Y title bar to see the
mixture profiler for the plasticizer data, shown in Figure 9.24.

Figure 9.24 Mixture Profiler for Plasticizer Example

= Mixture Profiler
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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:

1. Choose Graph > Ternary Plot.

2. Specify plot variables (p1, p2, and p3) and click X, Plotting, as shown in Figure 9.25. 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 9.26. If there is no
prediction formula, the ternary plot only shows points.
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Figure 9.25 Launch Dialog for the Ternary Plot Platform
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3. Click OK and view the results, as shown in Figure 9.26. By default, the ternary plot
displays contour lines only, but you can request a Fill Above or Fill Below, as shown, with
the Contour Fill command found in the red triangle menu on the Ternary Plot title bar.

Figure 9.26 Ternary Plot of a Mixture Response Surface
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Chapter 10

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 products. 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, battery 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 battery 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 processor speed. A choice
experiment can answer these questions and indicate the optimal set of trade-offs among
product features.
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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 manufacturers to design and build a new machine most
likely to capture enough market share to be profitable.

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 possible 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)
* Dbattery 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 profile. 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 attribute.
¢ Each line in the survey defines a laptop profile, which is a collection of attribute values.
* Each choice set consists of two attribute profiles.

e All of the attribute values are allowed to change across the two profiles in a choice set.
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Table 10.1 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 10.1. 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
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to find out how potential laptop purchasers feel about the advantages of a collection of
attributes.

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 survey design.

Create an Example Choice Experiment

The Choice design can create a survey like the one in Table 10.1.

1. Choose DOE > Choice Design, and complete the initial dialog as shown in Figure 10.1.

Figure 10.1 Choice Design Dialog with Attributes Defined

4 l»|Choice Design

A4 Attributes
Add Factor | | Rernove | Add M Factars 1
MName Role Aftribute Levels
w Disk Size Categorical 40 GB 80 GB
w Speed Categorical 1.5 GHz 2.0 GHz
w Battery Life Categorical 4 Hrs 6 Hrs
~ Price Categorical §1,500 [$1,200 [$1,000

Specify Attributes

Add an attribute by clicking the Add Factor button. Double-click 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 10.2.

Optionally, you can use the DOE Model Controls panel to add interactions to the choice model

in situations where you expect there are interactions and want to generate profile sets that will
help detect them.
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Figure 10.2 Design Generation Panel for the Laptop Experiment

4= Choice Design
[»| Attributes
4 Model
4 DOE Model Controls

[Main Ef‘fects] [Interactions] [Remove Term

MName
Disk Size
Speed
Battery Life
Frice
optional itern

[/ Prior Specification

4 Design Generation
4/ Mumber of attributes that can change within a choice set
2| Mumber of profiles per choice set
8 Mumber of choice sets per survey
1 Mumber of surveys

1 Expected number of respondents per survey

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 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.
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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 see the example survey results in Figure 10.3.

Figure 10.3 Survey Results based on a Simple Model and Default Prior Information

4= Choice Design

|| Attributes

[ Medel

<4 Design

Choice Set Disk Size Speed Battery Life Price

1 80 GB 2.0 GHz 6 Hrs $1,500
1 40 GB 1.5 GHz 4 Hrs $1,200
2 40 GB 2.0 GHz 6 Hrs $1,500
2 80 GB 2.0 GHz 4 Hrs $1,200
3 80 GB 1.5 GHz 6 Hrs $1,000
3 40 GB 2.0 GHz 4 Hrs $1,500
4 80 GB 2.0 GHz 4 Hrs $1,500
4 40 GB 2.0 GHz 6 Hrs $1,000
a 40 GB 2.0 GHz 6 Hrs $1,200
a 80 GB 1.5 GHz 4 Hrs $1,000
B 80 GB 1.5 GHz 6 Hrs $1,200
B 40 GB 2.0 GHz 4 Hrs $1,000
T 40 GB 1.5 GHz 4 Hrs $1,200
T 80 GB 2.0 GHz 4 Hrs $1,000
g 40 GB 2.0 GHz 4 Hrs $1,200
g 40 GB 1.5 GHz 4 Hrs $1,500

Ooutput separate tables for profiles and responses
@cormbine profiles and responses 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 settings 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 10.4.

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 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.



246 Discrete Choice Designs Chapter 10
Analyze the Example Choice Experiment Design of Experiments Guide

Figure 10.4 JMP Data Table for Preliminary Laptop Choice Survey

~IChoice Profiles P4 -
Design Discrete Choice| = Choice Set  Response Indicator Disk Size Speed BatteryLife  Price
> Choice 1 1 * 80GH 2.0GHz BHrs $1,500
< Columns (60) 2 1 * 40 0GB 1.5GHzZ 4Hrs $1,200
. Choice Set 3 2 * 40 0GB 2.0GHz BHrs $1,500
wh Response Indicator 4 2 *80GB  200Hz 4Hrs §1,200
ik Disk Size 5 3 *80GB  1.5GHz GHrs §1,000
ik Speed 4 3 * 40 0GB 20GHzZ 4Hrs $1,500
ik Battery Life T 4 * 80 GB 20GHz 4Hrs $1,500
ik Frice 8 4 *40GB  20GHz BHrs §1,000
IRows e} i * 40 0GB 2.0GHz BHrs $1,200
All rows 16 10 i * 80GH 1.5GHzZ 4Hrs $1,000
Celactad 0 11 B *80GB  150Hz GHrs §1,200
e 0 12 3 *40GB  20GHz 4Hrs §1,000
Hidden 1} 13 7 * 40 0GB 1.5GHzZ 4Hrs $1,200
Lahelled 1] 14 T * 80GH 20GHz 4Hrs $1,000
15 g * 40 0GB 20GHzZ 4Hrs $1,200
16 g * 40 0GB 1.5GHzZ 4Hrs $1,500

Analyze the Example Choice Experiment

Once a survey design 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 10.5. You can now analyze these results using the Choice
platform in the Analyze menu (Analyze > Consumer Research > Choice).

Figure 10.5 JMP Table with Survey Choice Sets and Responses

| Laptop Design B < *!| Choice Response
Design Discrete Choice| = Set Indicator |Disk Size Speed Batterylife Price
> Choice 1 1 1 400GH 1.5GHz 6 Hrs $1,000
2 1 0 80GH 1.5GHz 4 Hrs $1,200
3 2 0 40GH 1.5GHz 4 Hrs $1,500
4 2 1 B0GH 20GHz 4Hrs $1,200
a 3 1 400GH 20GHz 4Hrs $1,200
B 3 0 80GH 20GHz 6Hrs $1,500
~ Colurmns (BI0Y 7 4 1 40GB  20GHz 4Hrs §1,000
i Choice Set g 4 0 80GB 15GHz GHrs §1,200
th Response Indicator e} i 1 400GH 1.5GHz 6 Hrs $1,000
ik Disk Size 10 i 0 40GB 20GHzZ 4Hrs $1,500
ik Speed 1 f 1 40GB  20GHz GHrs $1,200
th. Battery Life 12 B 0 80GB  15GHz 4Hrs $1,500
i Price 13 7 0 40GB  200Hz GHrs $1,500
14 T 1 B0GH 1.5GHz 4 Hrs $1,000
15 g 0 40GH 1.5GHz 4 Hrs $1,200
16 g 1 B0GH 20GHz 4Hrs $1,000

1. Click the Choice script in the Laptop Design sample data table and select Run Script to
analyze that data with the Choice modeling platform from the Analyze menu.

When you run the Choice model script, the Choice launch dialog shown in Figure 10.6
appears. The Choice dialog is designed to cover a variety of choice survey results, which can
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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 the Choice Modeling chapter in
the Multivariate Methods book.

Figure 10.6 Choice Model Fitting Dialog

[/ Choice Dialog
4 Profile Data

Run Madel

Select Data Table| Laptop Design

pepeey
Select Columns Pick Role Wariables
thChoice Set Profile ID | |k Response Indicaton
thResponse Indicator - [“IFirth Bias-adjusted Estimates
thDisk Size i Choice Set
‘Speed optional
thBattery Life
thFrice

Construct Model Effects
add Disk Size

Speed
Battery Life
Degree

Transform '™

2. Click Run Model on the Choice model fitting dialog.

3. 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 10.7.

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 top in

Figure 10.7 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:

4. Right click on the Parameter Estimates report and choose Make into Data Table from the
menu, as shown.

5. In the new Untitled data table, create a new column and call it Var.

6. 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.

7. In the Formula Editor, click the Std Error column in the column list and click the exponent
button ([»7]) on the formula editor panel to compute the variance shown on the right in
Figure 10.7.
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Figure 10.7 Analysis of the sample Laptop Survey

£ »/Choice Model
£ Parameter Estimates

Term Estimate Std Error
DiskSize[40 GB]  0.07842560 04799842066
Speed(15GHz  -0.23007537 05309583378
i e 0oce: ’
Price[§1,000] . . ,
Pricel$1,200] 000408286 0883 | 2012 Row Sty

43.502361 Columns ’
AlCc .
BIC 13.899568 Sort by CD'm”"'
-2*LogLikelihood 3.5023614 nto Data Table
-2*Firth LogLikelihaod  -2.067514 Make Combined Data Table

Converged in Gradient Make Irito Matrix

Firth Bias-adjusted Estimates
4 Effect Likelihood Ratio Tests

L-R

Source ChiSquare DF Prob=ChiSq

Disk Size 0.000 1 1.0000

Speed 0.000 1 1.0000

Battery Life 0.000 1 1.0000

Frice 6.902 2 0.0317

2

q - Sid Error
- Term Estimate Std Error Var

1 DiskSize[40 GB]  0.07342569 04799342066 02303848385
2 Speed[1.5 GHz]  -0.23007537 0.5309583378 02819167565
3 Battery Life(4 Hrs] -0.02064181 05282175127  0.2790137407
4 Price[$1,000] 1.02768703 07633468524 05826984171
5 Price[$1,200] 0.00408286 06836310541 04673514181

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 experiment again, using the analysis information gained from the
sample design.

1. Choose DOE > Choice Design and enter the attributes and values as before.

2. Click Continue to see the Choice design panels in Figure 10.8.
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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 10.8. You can copy-and-paste to transfer the values from the data table to the
Choice dialog panels.

Figure 10.8 Enter Prior Mean and Variance Information from Preliminary Survey

£ =/ Choice Design

4 Attributes
MName Role Attribute Levels
w Dizk Size Categorical 40 GB 80 GB
Estimate | Std Error War ~ Speed Categorical 1.6 GHz 2.0 GHz
0.0784256 047993420 023038 w Battery Life Categorical 4 Hrs B Hrs
-0.2300753 0.53095833 0.28191 w Price Categarical §1,000 |$1,EDD |$1,SDD

00206418 052821751 0.27801
1.0276870 076334685 053268 4 Model

0.0040828 065363105 046735 "/ DOE Model Controls
£ Prior Specification

[ignare prior specifications, Generate the Utility Meutral design,
4 Prior Mean

Effect Prior Mean

Disk Size 0.078
Speed -0.23
Battery Life -0.02
Frice 1 1.028
Price 2 0.004

[Cignare prior variance, Generate the local design for the prior mean,
4 PriorVariance Matrix

Effect Disk Size Speed BatteryLife Price 1 Price 2

Disk Size 0.230) 0.000 0.000) 0.000f 0.000
Speed 0.282 0.000) 0.000f 0.000
Battery Life 0279 0.000f 0.000
Price 1 0,583 0.000
Price 2 0.467

4. Enter the values into the Design Generation panel, as shown in Figure 10.9.
— 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 10.9 Design Specifications for final Laptop Survey

< Design Generation

| (k| oo (ka4

Mumber of profiles per choice set
Mumber of choice sets per survey

Mumber of surveys

Murmber of attributes that can change within a choice set

Expected number of respondents per survey

Chapter 10
Design of Experiments Guide

5. Click Make Design. A partial view of the design is shown in Figure 10.10.

Figure 10.10 Design Runs for Two Choice Surveys

4 Design

Survey Choice Set Disk Size Speed BatteryLife Price

1

[ R R e e S N

40 GB 2.0 GHz
80BG 1.5 GHz
40 GB 2.0 GHz
80BG 1.5 GHz
40 GB 1.5 GHz
80BG 2.0 GHz
40 GB 1.5 GHz
80BG 2.0 GHz
40 GB 2.0 GHz
80BG 1.5 GHz
80BG 1.5 GHz
40 GB 2.0 GHz
40 GB 2.0 GHz
80BG 1.5 GHz
80BG 2.0 GHz
40 GB 1.5 GHz

4 Hrs $1,500
6 Hrs $1,200
4 Hrs §1,000
6 Hrs $1,200
6 Hrs $1,200
4 Hrs $1,500
4 Hrs $1,200
6 Hrs $1,500
6 Hrs $1,500
4 Hrs §1,000
4 Hrs §1,000
6 Hrs $1,200
4 Hrs $1,200
6 Hrs §1,000
4 Hrs $1,200
6 Hrs §1,000

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 its results is stored in the Sample Data Design Experiment folder
installed with JMP. Figure 10.11 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. The default data table created by the Choice designer is named Choice
Profiles. Note in Figure 10.11, the data table name is changed to Laptop Results.
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Initial Choice Platform Analysis

1.
data folder.

To continue the example, open the table called Laptop Results.jmp, saved in the sample

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 10.11.

Note that this dialog has three grouping variables (Respondent, Survey, and Choice Set),
whereas the dialog shown in Figure 10.6 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 10.11 Choice Model Fitting Dialog to Analyze the Laptop Survey

[/ Choice Dialog
4 Profile Data

Select Data Table| Laptop Results

Select Columns

hRespondent

S urvey

thChaice Set
thResponse Indicator
hDisk Size

thspecd

thBattery Life

thFrice

|’/ Response Data
[’/ Subject Data

Run Madel

Help
Pick Role Wariables
Profile ID | |k Response Indicatol

th Respondent [“IFirth Bias-adjusted Estimates
roLping
ik

Survey
ik Choice Set

Construct Model Effects

add Disk Size
Speed

Battery Life
Degree

Transform '™

3. Click Run Model on the Fit Model dialog. The query again appears asking if the analysis is

a one-table analysis with all the data in the profile table. Click Yes to see the initial analysis
result shown in Figure 10.12.

The results are clear. While all the effects are significant, the most significant attribute is

Speed.
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Figure 10.12 Initial Analysis of the Final Laptop Survey

4= Choice Model

4 Parameter Estimates

Term Estimate Std Error
Disk Size[40 GB] -0.45465897 0.1568686541
Speed[1.5 GHz] -0.66462895 0.1726760880
Battery Life[4 Hrs]  -0.25986701 0.1559370832
Price[51,000] 1.03835088 0.3103813337
Price[51,200] -0.08693113 0.2103135075
AlCc 77.855675
BIC 88.954997
-2*Loglikelihood 67.044864

-2*Firth Loglikelihood  50.097486

Converged in Gradient
Firth Bias-adjusted Estimates

4 Effect Likelihood Ratio Tests

L-R

Source ChiSquare  DF Prob>ChiSq

Disk Size 10846 1 s
Speed 22647 1

Battery Life 3.293 1 00696 ] - ¢
Price 16436 2

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
desirability as perceived by potential buyers. This desirability is called the utility value of the
laptop attributes. The profiler shows the utility value and how it changes as the laptop
attributes change.

1. Select Profiler from the menu on the Choice Model title bar to see the Prediction Profiler in
Figure 10.13.

Figure 10.13 Default Prediction Profiler for Laptop Choice Analysis

£ =/ Prediction Profiler
4

0as0s 29 5 :
F1.0363, 09 feel. | E/[

Utility

035512 -2
i

T T T T T T T T T
fus] fus] [ [ = = (=] (=] (=]
°c ¢ s & I I § 8§ 8§

=t w
= = = = 4 Hrs = 5 5
40 GB 1.5 GHz Battery $1,000
Disk Size Speed Life Frice

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.

2. To find the unit utility cost, move the trace for Price to $1,500 and note how the Utility
value changes.
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Compare the Utility values in Figure 10.13 and Figure 10.14. 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 10.14 Compare Change in Utility Over Price

£ =/ Prediction Profiler

H . . .
2] . . . .
»-233037 23 : : :
= F3a791, 04 5 5 5
= 12018 22[(/[ _______ V[ e I\I\I
-4 . . . .
I 2 & 3 ¢ 223
S ¢ s & I I 88 §
=t w

= = 2 = 4 Hrs = 5 =

40 GB 1.5 GHz Battery $1,500

Disk Size Speed Life Frice

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 significant attribute is speed (see Figure 10.12).

3. In the Prediction Profiler, set Price to its lowest value and change Speed to its higher value.

You can see in Figure 10.15 that the Utility value changes from the original value shown in
Figure 10.13 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 10.15 Change Speed in Profiler and Note Utility Value

4~ Prediction Profiler

P ) .

0.988654 Q:E_/{ ______________ N O S

Z pater, 0] /[ [._/[
1.7612) 29 :

-4

Litility

40 GB

80 GB
1.5 GHz
20GHz-------
4 Hrs 4

G Hrs
$1,000

o o

= =3

N_ I.D_

- 4 Hrs s =
40 GB 2.0 GHz Battery $1,000
Disk Size Speed Life Frice

This simple Choice survey and its analysis shows how this kind if information can be used to
help manufacturers 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

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:

e Prevent replicate points by spreading the design points out to the maximum distance
possible between any two points.

® Space the points uniformly.
The following methods are implemented for these types of designs:

® The Sphere-Packing method emphasizes spread of points.

e 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.

* The Fast Flexible Filling method locates points so that, for a given design size, the average
distance from any point in the design region to the nearest design point is nearly
minimized.

Figure 11.1 Space-Filling Design
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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 bias. 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:
Note: If the number of runs is 500 or less, a Gaussian Process model is saved to the data table.
If the number of runs exceeds 500, a Neural model is saved to the data table.

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
distribution. 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.
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Fast Flexible Filling uses cluster methods to construct a design that places a design point close
to any point in the design region. Accommodates linear constraints and disallowed
combinations on the design space. You can construct linear constraints using the Linear
Constraint button. You can specify Disallowed Combinations by selecting that option from
the report’s red triangle menu. See “Disallowed Combinations: Accounting for Factor
Level Restrictions” on page 76.

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

1. Select DOE > Space Filling Design.

2. Enter responses and factors. (See “Enter Responses and Factors into the Custom Designer”
on page 45.)

3. Alter the factor level values, if necessary. For example, Figure 11.2 shows the two existing
factors, X1 and X2, with values that range from 0 to 1 (instead of the default -1 to 1).
Figure 11.2 Space-Filling Dialog for Two Factors

4= Space Filling Design
< Responses

[Add Response '] [ Remave ] [Number aof Responses... ]

Response Mame Goal Loweer Limit Upper Limit Impartance

N |Maximize

optional itern

4 Factors
Add 1) Continuous

Remaove Selected m

: MName Role Walues

Ll Continuous [o [1

1dlyz Continuous [o [

Specif\r Factors

Specify desired number of factars. Double click on a factor name or
setting to edit it.
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4. Click Continue.

5. In the design specification dialog, specify a sample size (Number of Runs). Figure 11.3
shows a sample size of eight.

Figure 11.3 Space-Filling Design Dialog

Space Filling Design Methods

MNumber of Runs: 8
[ Sphere Packing | Optimal Packing of Spheres
Inside of a Cube.
[ Latin Hypercube | Latin HyperCube with Optimal Spacing
[ Uniform |Unif0rm Design
[ Minimum Potential | Minimum energy designs in a spherical region.
[ Maximum Entropy | Maximurmn entropy designs for a Gaussian process

Gaussian Process IMSE Optimal| Integrated mean square error optimal designs for a Gaussian
process

[ Fast Flexible Filling |Spacefi|ling design through clustering.

Linear Constraint|Add linear constraints

Back |

6. Click Sphere Packing.

JMP creates the design and displays the design runs and the design diagnostics.

Figure 11.4 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 11.4 Sphere-Packing Design Diagnostics

< Design Diagnostics

Minimum Nearest

Run ScaledX1 ScaledX2 Distance Point
1 013387 050000 0.518
0.50000  0.86603 0.518
0.86603  0.50000 0.518
1.00000  1.00000 0.518
1.00000  0.00000 0.518
0.00000  1.00000 0.518
0.50000 013398 0.518
8 0.00000 0.00000 0.518

discrepancy = 0.0469

RV = T T S
—= M R - L - oo

Diesign Table

7. Click Make Table. Use this table to complete the visualization example, described next.
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Visualizing the Sphere-Packing Design

To visualize the nature of the Sphere-Packing technique, create an overlay plot, adjust the
plot’s frame size, and add circles using the minimum distance from the diagnostic report
shown in Figure 11.4 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 11.5. 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 distance from the diagnostic report as the diameter for the circle. You should
see a graph similar to the one on the right in Figure 11.5. 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 dependent on the random starting point.

Figure 11.5 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” on page 45.)

3. Alter the factor level values, if necessary. For example, Figure 11.6 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 11.6 Space-Filling Dialog for Four Factors

4= Space Filling Design
< Responses

[Add Response '] [ Remave ] [Number aof Responses... ]

Response Mame Goal Loweer Limit Upper Limit Impartance
N |Maximize
optional itern

4 Factors

Add 2| Continuous

Remaove Selected

MName Role Walues
A Continuous 1 8
A2 Continuous 1 8
A Continuous 1 8
x4 Continuous 1 8

Specify Factors

Specify desired number of factars. Double click on a factor name or
setting to edit it.

4. Click Continue.

5. In the design specification dialog, specify a sample size (Number of Runs). This example
uses a sample size of eight.
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6. Click Latin Hypercube (see Figure 11.3). Factor settings and design diagnostics results
appear similar to those in Figure 11.7, 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.

Figure 11.7 Latin Hypercube Design for Four Factors and Eight Runs with Eight Levels

Space Filling Latin Hypercube
4 Factor Settings

Run X1 X2 X3 X4
400000 7.00000 1.00000 4.00000
200000 6.00000 5.00000 7.00000
1.00000 4.00000 6.00000 1.00000
7.00000 5.00000 3.00000 8.00000
5.00000 2.00000 8.00000 6.00000
6.00000 &.00000 7.00000 3.00000
8.00000 3.00000 4.00000 2.00000
3.00000 1.00000 2.00000 5.00000

[ N e N

4 Design Diagnostics
Minimum Nearest
Run ScaledXl ScaledX2 ScaledX3 ScaledX4 Distance Point
1 042857 085714 000000 042857 0.782 2
014286 071429 057143 085714 0.782
0.00000 042857 071429  0.00000 0.926
0.85714 057143 028571 1.00000 0.795
057143 014286  1.00000 071429 0.845
071429  1.00000 0.85714 0.28571 0.892
100000 028571 042857 014286 0.892
& 028571 0.00000 014286 057143 0.892
discrepancy = 0.0393
Design Table

Make Table|| Back |

~ oLt R
oo w ka P R

Visualizing the Latin Hypercube Design

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.

1. First, create another Latin Hypercube design using the default X1 and X2 factors.

2. Be sure to change the factor values so they are 0 and 1 instead of the default -1 and 1.
3. Click Continue.

4. Specify a sample size of eight (Number of Runs).

5

Click Latin Hypercube. Factor settings and design diagnostics are shown in Figure 11.8.
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Figure 11.8 Latin Hypercube Design with two Factors and Eight Runs

Space Filling Latin Hypercube
4 Factor Settings

Run X1 X2

1 028571 0.00000
0.00000 0.85714
057143 0.28571
042857 0.71429
014286 042857
1.00000 014286
0.85714 0.57143
0.71429  1.00000

00 =~ @ oL = L R

4 Design Diagnostics

Minimum Nearest
Run ScaledXl ScaledX2 Distance Point
1 028571  0.00000 0.404 3

2 000000 085714 0452
3 057143 0.28571 0.404 1

4 042857 071429 0404 5

5 014286 042857 4 The minimum
6 100000 014286 0452 7 ’

7 085714 057143 0.404 3 distance

& 071429  1.00000 0.404 4

discrepancy = 0.0092

L »® N

11.

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.

. 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 11.8). 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 11.9. This plot shows the efficient
way JMP packs the design points.

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 11.9. Note the irregular nature
of the sphere packing. In fact, you can repeat the process to get a slightly different picture
because the arrangement is dependent on the random starting point.
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Figure 11.9 Comparison of Latin Hypercube Designs with Eight Runs (left) and 10 Runs
(right)
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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 levels 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
distribution) 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” on page 45.)

Alter the factor level values to 0 and 1.
4. Click Continue.

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 diagnostics as shown in Figure 11.10.

Note: The emphasis of the Uniform design method is not to spread out the points. The
minimum distances in Figure 11.10 vary substantially.
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Figure 11.10 Factor Settings and Diagnostics for Uniform Space-Filling Designs with Eight

Runs

Space Filling Uniform Design
4 Factor Settings

Run

[ I N e N

0
0
0
0
0
0
0
0

X1
93092
69276
06860
18636
56496
51410
32218
43643

X2
0.69041
0.18514
032218
0.81304
0.93540
0.43443
0.06860
0.56357

4 Design Diagnostics

Run
1

EN . W ST ]

8

ScaledX1

0.83002
0.69276
0.06860
0.18696
0.56496
0.81410
032218
0.43643

ScaledX2
0.69041
0.18514
0.32218
0.81304
0.93540
0.43443
0.06860
0.56357

discrepancy = 0.0046

Minimum Nearest

Distance
0.281
0.277
0.359
0.353
0.393
0.277
0.359
0.353

7. Click Make Table.

Point

TV . - -]

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 11.11 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 factors scaled from zero to one. The minimum distance is based on these scaled
values and is the minimum distance from each point to its closest neighbor. The discrepancy
value is the integrated difference between the design points and the uniform distribution.

Figure 11.12 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-Packing 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 Hypercube 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 solution.
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Figure 11.12 Comparison of Diagnostics for Three Eight-Run Space-Filling Methods

< Design Diagnostics

Minimum Nearest
Run ScaledX1 ScaledX2 Distance Point
1 0.86603 050000 0.518 [

2 050000 013397 0518 & Sphere-
3 0.00000 1.00000 04518 a Packing
4 1.00000 1.00000 04518 a
a 0.50000 0.86603 04518 g
B 1.00000 0.00000 04518 1
T 0.00000 0.00000 04518 g
g 013397 0.50000 04518 T
discrepancy = 0.0469
4 Design Diagnostics
Minimum Nearest
Run ScaledX1 ScaledX2 Distance Point
1 057143 0.85714 0.404 4
2 071428 042847 0.404 3 Latin
3 1.00000 071428 0.404 2 Hypercube
4 0.28571 057143 0.404 1
a 042847 0.14286 0.404 2
B 0.85714 0.00000 0.452 2
T 0.00000 0.28571 0.404 4
g 0.14286 1.00000 0.452 1
discrepancy = 0.0092
< Design Diagnostics
Minimum Nearest
Run ScaledX1 ScaledX2 Distance Point
1 0.43532 0.93541 0.284 .
Uniform

018514  0.B9286 0.285
0.86557 018590 0.277
0.93541 0.56468 0.284
081486 030724 0.277
0.06460  0.43504 0.285
0.30859  0.06808 0.281
8 069286 081486 0.284

discrepancy = 0.0046

RV = T T S
—= W k) W 300

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.

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.



268 Space-Filling Designs Chapter 11
Minimum Potential Designs Design of Experiments Guide

Figure 11.13 Minimum Potential Design

Minimum Potential designs:

* have spherical symmetry

® are nearly orthogonal

¢ have uniform spacing

To see a Minimum Potential example:

1. Select DOE > Space Filling Design.

2. Add 1 continuous factor. (See “Enter Responses and Factors into the Custom Designer” on
page 45.)
Alter the factor level values to 0 and 1, if necessary.

4. Click Continue.

In the design specification dialog (shown on the left in Figure 11.14), enter a sample size
(Number of Runs). This example uses a sample size of 12.

6. Click the Minimum Potential button. JMP creates this design and displays the design runs
and the design diagnostics (shown on the right in Figure 11.14).

Figure 11.14 Space-Filling Methods and Design Diagnostics for Minimum Potential Design

Space Filling Design Methods 4 Design Diagnostics
Number of Runs: | 12 Minimum MNearest
Sphere Packing | Optimal Packing of Spheres Run ScaledX1 ScaledX2 ScaledX3 Distance Point
Inside of a Cube. 1 049845 050584 050273 0.488 12
[Il Latin HyperCube with Optimal Spaci 2 039334 006387 070753 0.498 1
atin Hypercube atin HyperCube with Optimal Spacing 3 020787 068269 014320 0,485 9
Uniform | Uniform Design 4 061776 092918 027211 0.49 12
5 084983 015239 047495 0.499 1
[ winimum Potential | Minimum energy designsin 2 spherical region. 6 033657 014577 019726 0.499 1
Maximum Entropy | Maximum entropy designs for a Gaussian process 7 073480 045365  0.06714 0.498 1
8 026209 052317 093916 0.49 12
Gaussian Process IMSE Clptlma\l Integrated mean square error optimal designs for a Gaussian 9 000665 045300  0.52058 0.485 3
process 10 075354 046263 092467 0.485 1
Fast Flexible Filling | Space filling design through clustering. 11 095475 069233 054729 0.485 10
12 038435 093346 070339 0.488 1
Linear ConstramtlAdd linear constraints
discrepancy = 0.0165
Back | Design Table
Make Table|| Back |

7. Click Make Table.

You can see the spherical symmetry of the Minimum Potential design using the Scatterplot 3D
graphics platform.
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1. After you make the JMP design table, choose the Graph > Scatterplot 3D command.

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 11.15, select the Normal Contour Ellipsoids
option from the menu in the Scatterplot 3D title bar, and make the points larger by
right-clicking on the plot and selecting Settings, then increasing the Marker Size slider.

Now it is easy to see the points spread evenly on the surface of the ellipsoid.

Figure 11.15 Minimum Potential Design Points on Sphere

4 [~ Scatterplot 3D

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 projections onto the coordinate axes are uniform.

However, as the example at the top in Figure 11.16 shows, the Latin Hypercube design does
not necessarily do a great job of space filling. This is a two-factor Latin Hypercube with 16
runs, with the factor level settings set between -1 and 1. Note that this design appears to leave
a hole in the bottom right of the overlay plot.
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Figure 11.16 Two-factor Latin Hypercube Design
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The Maximum Entropy design is a competitor to the Latin Hypercube design for computer
experiments because it optimizes a measure of the amount of information contained in an
experiment. See the technical note below. With the factor levels set between -1 and 1, the
two-factor Maximum Entropy design shown in Figure 11.17 covers the region better than the
Latin hypercube design in Figure 11.16. The space-filling property generally improves as the
number of runs increases without bound.

Figure 11.17 Two-Factor Maximum Entropy Design
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Technical 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
Ry = eXPL*ZGk(xik*xjk) J
k
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is the correlation of response values at two different design points, x; and x;. Computationally,
these designs maximize |RI, the determinant of the correlation matrix of the sample. When x;
and x; are far apart, then R; approaches zero. When x; and x; are close together, then R;; is near
one.

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 11.16). The table and overlay plot in Figure 11.18 show a Gaussian IMSE optimal
design. You can see that the design provides uniform coverage of the factor region.

Figure 11.18 Comparison of Two-factor Latin Hypercube and Gaussian IMSE Optimal

Designs
~ Gaussian Process | ... P < = 4~ Overlay Plot
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Note: Both the Maximum Entropy design and the Gaussian Process IMSE Optimal design
were created using 100 random starts.

Fast Flexible Filling Designs

The algorithm that generates a Fast Flexible Filling design begins by generating a large
number of uniformly-distributed points within the specified design region. These points are
then clustered using a Fast Ward algorithm into a number of clusters that equals your
specified Number of Runs. The algorithm places a design point at the centroid of each cluster.
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This method has the property that any point in the design space has a design point fairly close
to it.

Set Average Cluster Size

The Set Average Cluster Size option is found under Advanced Options in the Space Filling
Design red triangle menu. This option allows you to specify the average number of
uniformly-generated points used to define each cluster or, equivalently, each design point.

By default, if the Number of Runs is set to 200 or less, a total of 10,000 random
uniformly-generated points are used as the basis for the clustering algorithm. When the
number of Runs exceeds 200, a default value of 50 is used. Increasing this value can be
particularly useful in designs with a large number of factors or where disallowed
combinations restrict the distribution of points used in the clustering algorithm.

Note: Depending on the number of factors and the specified value for Number of Runs, you
may want to increase the average number of initial points per design point by selecting
Advanced Options > Set Average Cluster Size.

Constraints

The design region can be defined using the Disallowed Combinations option from the Space
Filling Design red triangle menu or by selecting Add linear constraints under Fast Flexible
Filling in the list of Space Filling Design Methods. However, the design is generated
differently for these two methods.

Disallowed Combinations

When disallowed combinations are specified, the random points that form the basis for the
clustering algorithm are uniformly-distributed within the unconstrained design region. Then
disallowed points are removed and clustering proceeds with the remaining points.

Note: Depending on the nature of the constraints and the specified Number of Runs, the
default coverage of the unconstrained design space by the initial uniformly-generated points
may not be sufficient to produce the required Number of Runs. In this case, you may obtain a
JMP Alert indicating that the algorithm “Could not find sufficient number of points.” To
increase the initial number of points that form the basis for the clustering algorithm, specify a
larger average number of initial points per design point by selecting Advanced Options > Set
Average Cluster Size. (See “Set Average Cluster Size” on page 272).
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Add Linear Constraints

When linear constraints are specified using the Add linear constraints option, the random
points that form the basis for the clustering algorithm are uniformly-distributed within the
constrained design region. The clustering algorithm uses these points.

Creating a Constrained Fast Flexible Filling Design

N

AN LI

8.

Select DOE > Space Filling Design.

Enter responses, if necessary, and factors. (See “Enter Responses and Factors into the
Custom Designer” on page 45.)

Alter the factor level values to 0 and 1.
Click Continue.
In the design specification dialog, specify a sample size (Number of Runs).

Specify linear constraints. Click the Linear Constraint button and add linear constraints.
(For details on adding constraints, see “Defining Factor Constraints, If Necessary” on
page 49.)

Click the Fast Flexible Filling button.

JMP creates the design and displays the design runs and the design diagnostics in the
report.

Click Make Table in the Design Table panel to construct the data table.

Figure 11.19 shows the design specification dialog for a two-factor design with one linear
constraint, X1+ X2 <0.8. The Number of Runs is set at 200.

Figure 11.19 Design Specification for Fast Flexible Filling Design with One Constraint

2

Factors
Space Filling Design Methods

Number of Runs: | 200

Optimal Packing of Spheres
Inside of a Cube.

Latin HyperCube with Optimal Spacing
Uniform Design
Minimum energy designs in a spherical region.

Maximum entropy designs for a Gaussian process

Integrated mean square error optimal designs for a Gaussian
process

Fast Flexible Filling ‘ Space filling design through clustering.
Linear Constramt"qdd linear constraints
Back |

[ e[ 1) () [ os]



274 Space-Filling Designs Chapter 11
Fast Flexible Filling Designs Design of Experiments Guide

Visualizing the Fast Flexible Filling Design

To visualize the nature of the Fast Flexible Filling technique, first construct a data table for a
200-run two-factor design with one linear constraint, X1+ X2<0.8. Then, use Graph Builder.

Constructing the Design

Select DOE > Space Filling Design.

For the two default factors, X1 and X2, alter the factor values to 0 and 1.
Click Continue.

In the design specification dialog, specify 200 as Number of Runs.

Click the Linear Constraint button.

AL N i A

Add the constraint X1 + X2 <0.8 by entering the values 1, 1, and 0.8 as shown in
Figure 11.19.

7. Click the Fast Flexible Filling button.

Constructing the Plot

1. With the data table active, select Graph > Graph Builder.
2. Drag X1 to the drop zone labeled X.

3. Drag X2 to the drop zone labeled Y.
4

Remove the Smoother by clicking the smoother icon (the second icon from the left in the
row of icons directly above the graph).

5. In the Graph Builder red triangle menu, click Show Control Panel to deselect it.
You should see a graph similar to the one in Figure 11.20. Note that the points satisfy the

linear constraint X1+ X2 <0.8. Also, consider the distance between any point in the design
space and its closest design point. Note that there is not much variation in these distances.
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Figure 11.20 Fast Flexible Filling Design with One Linear Constraint
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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 following equation:

2nT,(H, ~ H)
2LT

u

2
ln(r/rw)rw K

y =

I

In(r/ 1+
n(r rw) Tl

w
There are eight inputs to this model:
1, = 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
H,, = potentiometric head of upper aquifier, 990 to 1100 m
T, = 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
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This example is atypical of most computer experiments because the response can be expressed
as a simple, 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. Open Borehole Factors.jmp from the
Design Experiment folder to load the factors (Figure 11.21).

Figure 11.21 Factors Panel with Factor Values Loaded for Borehole Example
4 Factors
Add 1) Continuous

Remaove Selected

MName Role Walues

Alog10 Rw Continuous -1.3 -0.82
dloglo R Continuous 2 47
ATu Continuous B3070 115600
AT Continuous f3.1 116
AHu Continuous 9490 1110
dH Continuous 700 820
4L Continuous 1120 1680
A Continuous 98485 12045

Note: The logarithm of r and r,, are used in the following discussion.

4. Click Continue.
5. Specify a sample size (Number of Runs) of 32 as shown in Figure 11.22.
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Figure 11.22 Space-Filling Design Method Panel Showing 32 Runs
& Factors
Space Filling Design Methods
Nurnber of Runs: | 32

[ Sphere Packing | Optimal Packing of Spheres
Inside of a Cube.

[ Latin Hypercube | Latin HyperCube with Optimal Spacing

[ Uniform |Unif0rm Design

[ Minimum Potential | Minimum energy designs in a spherical region.

[ Maxirnurn Entropy | Maximurn entropy designs for a Gaussian process
[

Gaussian Process IMSE Optimal| Integrated mean square error optimal designs for a Gaussian
process

[ Fast Flexible Filling |Spacefi|ling design through clustering.

Linear Constraint|Add linear constraints

Back |

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 settings 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 from the
Design Experiment sample data folder installed with JMP. This table also has a table
variable that contains a script to analyze the data. The results of the analysis are saved as
columns in the table.

Guidelines for the Analysis of Deterministic Data

It is important to remember that deterministic data have 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.

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.
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¢ 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 aresult, it is impossible to know the prediction bias at points other than the observed data
without doing additional 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. Select Graph > Profiler.

2. Highlight the prediction bias column and click the Y, Prediction Formula button.

3. Check the Expand Intermediate Formulas box, as shown at the bottom on the Profiler
dialog in Figure 11.23, because the prediction bias formula is a function of columns that are
also created by formulas.

4. Click OK.

The profile plots at the bottom in Figure 11.23 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 factor. In this example, the variables Hu and HI show nonlinear effects.

Figure 11.23 Profiler Dialog and Profile of the Prediction Bias in the Borehole Sphere-Packing
Data
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Select Columns Cast Selected Columns into Roles Action
= ﬁlom 0 Rw v, Prediction Formula] | < prediction bias
log1d R optional numenc

v
4TI
:EIU optional numeric
i
i
v
dlog y AllY Columng must have farmulas. Specify Moise
AR Factors only if you want ta study robustness (flatness)
R with respect to transmitted variation from these factors.
true model

dprediction formula

*prediction bias

[“lExpand Interrmediate Formulas

4~ Prediction Profiler
2

prediction

= -
= 0.061743 U:

-1

log10R log10 R L R T
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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 11.24. Note that the maximum bias is 1.826 and
the minimum is —0.684 (the range is 2.51).

Figure 11.24 Distribution of the Prediction Bias

4= Distributions

4= prediction bias

2 :|
15

0 [
-0.5 :’7 N
-1
4 Quantiles
100.0% maximum 182607
99.5% 1.82607
97.5% 1.82607
90.0% 0.45904

75.0% quartile 0.07656
50.0% median  -0.0289
25.0% quartile -0.1458

10.0% -0.4508
2.5% -0.6836
0.5% -0.6836

0.0%  minimum -0.6836

The top plot in Figure 11.25 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 11.25 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
underestimates 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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Designing Experiments for Accelerated Life Tests

The Accelerated Life Test Design platform can be used to design experimental plans for
HLT| accelerated life testing. You can design initial experiments, or augment existing experiments.

Figure 12.1 Accelerated Life Test Design

£ Design

Expected All Censored
Temperature N Units Failures Probability

a5 a0 7.0 oo
45 0 oo oo
105 146 as.8 oo
114 0 oo oo
124 104 103 oo

£ Parameter Variance for Optimal Design

Effect Intercept Temperature scale

Intercept  11.3433 -0.3784  -0.0986
Temperature 0.01264 0.00329
scale 0.00596
£ Optimality Criteria
D Criterion -11.57

Quantile Criterion 30842
Probahility Criterion 8699.9
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Overview of Accelerated Life Test Designs

Often in reliability studies, the product reliability at use conditions is so high that the time
required to test the product until it fails is prohibitive. As an alternative, you can test the
product in conditions that are more extreme than normal use conditions. The extreme
conditions enable the product to degrade and fail sooner, making a reliability study possible.
Results are used to predict product reliability at normal use conditions.

The Accelerated Life Testing Design platform can be used to design experimental plans for
accelerated life testing (ALT) experiments. The ALT Design platform can be used to design
initial experiments, or augment existing experiments. Augmenting designs is useful if you
want to obtain more data, so that you can decrease the variance associated with predicting
product reliability.

The ALT Design platform can create designs for situations involving one or two accelerating
factors. For two accelerating factors, you can choose to include the interaction. You can use
D-optimality or two types of I-optimality criterion.

The process requires estimates of acceleration model parameters. Since those parameters
might not be known in advance, you can specify prior distributions to account for the
uncertainty. Designs can be created for either Lognormal or Weibull life distributions.

Using the ALT Design Platform

1. To launch the ALT Design platform, select DOE > Accelerated Life Test Design.

Figure 12.2 Initial ALT Design Window

4= Accelerated Life Test Plan

@ Design for one accelerating factor.
Design for two accelerating factors - main effects model.
Design for two accelerating factors - interaction model.

Number of First Time between
Inspections Inspection Time Inspections
Menitoring at Intervals 5 200 200
@ Continuous Monitoring
Continue |

2. Select one or two accelerating factors.
For two factors, you can choose to include the interaction between the factors.
3. Select either Monitoring at Intervals or Continuous Monitoring.

Choose Monitoring at Intervals if you can estimate when the experiment will fail. Enter the
number of inspections, the time of the first inspection, and the time between inspections.



284

Accelerated Life Test Designs Chapter 12
Using the ALT Design Platform Design of Experiments Guide

Choose Continuous Monitoring if you are unsure of when the experiment will fail.
4. Click Continue.

A window appears for specifying details of the accelerating factor or factors.

Figure 12.3 Accelerating Factor Details Window

4~ Accelerated Life Test Plan

Number Factor Low Usage High Usage
Factor Name of Levels Transformation Condition  Condition
X 3|Arrhenius Celsius = 20 30

| Continue|

5. Fill in these options:
Factor Name Enter a name for the accelerating factor.
Number of Levels Enter the number of levels of the factor to include in the experiment.

Factor Transformation Select a transformation for the factor. The options are Arrhenius
Celsius, Reciprocal, Log, Square Root, and Linear.

Low Usage Condition Enter a value for the low usage conditions.

High Usage Conditions Enter a value for the high usage conditions.
6. Click Continue.

A window appears for specifying additional information about the assumed distribution
and desired experimental conditions.
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Figure 12.4 Distribution Details

4= Accelerated Life Test Plan

4 Factors

X1 Level
Values
90

100

110

4 Prior Specification
4 Distribution Choice

) LegMormal
@ Weibull
4 Prior Mean
Effect Prior Mean
Intercept -40.000
X 1.50000

scale 2.00000

4 Prior Variance Matrix

Effect Intercept X1  scale

Intercept| 010000 0.00000 | 0.00000

X 0.10000 | 000000

scale 0.10000
Ignore prior variance. Generate the local design for the prior mean.

4 Diagnostic Choices
Time range of interest.| 10000 || 20000 |

Probability of interest. 01

4 Design Choices
Length of Test 1000
MNumber of Units Under Test| 150

Continue|

7. Fill in these options:
Factors Enter the values of the accelerating factor levels.
Distribution Choice Select the failure distribution, either Weibull or LogNormal.

Prior Mean Enter the acceleration model parameters. These values can be either a best guess
or the estimates of the parameters from an analysis of previously obtained data.

Prior Variance Matrix Enter variances and covariances for the acceleration model parameters.
These values can be either a best guess or the estimated variance matrix from an analysis of
previously obtained data.



286

Accelerated Life Test Designs Chapter 12
Using the ALT Design Platform Design of Experiments Guide

Ignore prior variance Select this option to ignore variances and covariances for model

parameters. When the variances and covariances are ignored, the design is created for the
specific fixed parameters entered under Prior Mean. The resulting design is said to be a
locally optimal design. This design will be good if the prior mean parameters are close to
the true values. However, the design will not be robust to mis-specified parameters. When
the variances and covariances are used, a multivariate normal prior distribution is
assumed for the acceleration model parameters. This is useful when the values entered

under Prior Mean are estimates or guesses, and you want the design to reflect the
associated uncertainty.

Diagnostic Choices Enter values for the following;:

Time range of interest are values for which you want an estimated probability of failure.
For example, if you are interested in the probability of failure by 100,000 hours, then enter
100,000 for both the lower and upper ranges.

Probability of interest is the value for which you want an estimated time of failure. For

example, if you are most interested in obtaining the time until 10% of units fail, then enter
0.1.

Design Choices Enter values for the following;:

Length of Test is the length of time to run the experiment.

Number of Units Under Test is the number of units in the experiment. If augmenting a
previous experiment, enter the number of units from the previous experiment plus the
number of units that you want to run for the next experiment. If designing an initial
experiment, enter the number of units that you want to run.

Click Continue.

New outline nodes appear as shown in Figure 12.5.
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Figure 12.5 Additional Outline Nodes

<4 Candidate Runs

Minimum Maximum Balanced

X1 Units Units Design

a0 0 140 a0

100 0 140 a0

110 0 140 a0

< Parameter Variance for Balanced Design

Effect Intercept X1 scale
Intercept  96.9620 -3.1347 -0.4738
®i 010139 0.01544
scale 0.03056

£ = Distribution Profiler

1

Update Profiler
Make Design

105
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T
o
=
=}
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Time
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Candidate Runs Enter the minimum and maximum number of runs allowed at each level of

the acceleration factor. If augmenting a previous experiment, enter the number of units
already run at each level for the Minimum Units.

Parameter Variance for Balanced Design Gives the expected variances and covariances for the

acceleration model parameters after running and analyzing the balanced design (same
number of runs at each level of the acceleration factor). These values are valid under the

assumption that the values for the prior mean and variance are correct.

These values can be compared to the ones entered under Prior Variance Matrix, to see
whether the balanced design can improve the variances of the parameter estimates. They

can also be compared to the final parameter variances for the optimal design, after clicking

Make Design.

Distribution Profiler Use the profiler to visualize the probability that a unit will fail at

different values of the acceleration factor and time.

Click Update Profiler to update the profiler if changes are made to the distribution choice,
means, variances, design choices, or candidate runs.

10. Click Make Design to create the optimal design and display the results.
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Figure 12.6 Design Results

£ Design

Expected All Censored
X1 N Units Failures Probability

a0 61 2748 0.0
100 1} 0.0 0.0
110 a9 8.0 0.0
< Parameter Variance for Optimal Design
Effect Intercept X1 scale
Intercept  73.7B06 -2.4008 -0.4421
®i 007816 0.01442
scale 0.02812
< Optimality Criteria
D Criterion -9.492

Quantile Criterion  7.3769
Frobability Criterion 1.6942
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The information below describes the results you get after clicking Make Design.

The Design report gives the expected number of failures for each level of the acceleration
factor. Also given is the probability that none of the units at this setting will fail.

The Parameter Variance for Optimal Design report gives the variances and covariances for the
acceleration model parameters for the optimal design. These values are valid under the
assumption that the values for the prior mean and variance are correct. These values can be
compared to those under Parameter Variance for Balanced Design to determine whether the
optimal design is able to reduce the parameter variances more than the balanced design.

The Optimality Criteria report gives the values of the optimality criterion for the optimal
design. For more information about the optimality criterion, see “Platform Options” on

page 288.

The Make Design button updates the optimal design if any changes are made to the
distribution choice, prior means or variances, design choices, or candidate runs.

The Make Test Plan button creates a data table with the acceleration factor levels and the

number of units to include in the experiment for each level.

The Make Table button creates a table that can be used for data collection during the

experiment.

Platform Options

The red triangle menu for Accelerated Life Test Plan has the following options:

Simulate Responses Adds simulated responses to the table when you click Make Table.
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ALT Optimality Criterion Gives three choices for design optimality:

Make D-Optimal Design creates a design that minimizes the variance of the model
coefficients.

Make Time I-Optimal Design creates a design that minimizes the prediction variance when
predicting the time to failure for the probability given in “Diagnostic Choices” on page 286.

Make Probability I-Optimal Design creates a design that minimizes the prediction variance
when predicting the failure probability for the times given in “Diagnostic Choices” on
page 286.

Advanced Options Gives the N Monte Carlo Spheres option, which affects the speed and
accuracy of numerical integration. For more information, see “Advanced Options for the
Nonlinear Designer” on page 309 in the “Nonlinear Designs” chapter.

Example

This example shows how to use the Accelerated Life Test Design to augment an existing
design.

An accelerated life test was performed, and the results are in the Capacitor ALT.jmp sample
data table (in the Design Experiment folder). Fifty units were tested at each of three
temperatures (85°, 105°, and 125° Celsius) for 1500 hours. The resulting model is used to
predict the probability of failure at 100,000 hours at normal use conditions of 25°.
1. Open the Capacitor ALT.jmp data table in the Design Experiment folder.
2. Run the Fit Life by X table script.
3. In the Distribution Profiler, enter 25 for Temp and 100,000 for Hours.

The profiler is shown in Figure 12.7.

Figure 12.7 Distribution Profiler for Capacitor Model
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The predicted probability of failure at 100,000 hours at 25° is 0.00358, with a confidence
interval of 0.00056 to 0.0227. The analyst wants to decrease the width of the confidence
interval. To do so, the experiment needs to be augmented with additional data.
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To augment the design in the optimal way, use the Accelerated Life Test Design platform.
Follow the steps below to use the platform:

Select DOE > Accelerated Life Test Design.

Select Design for one accelerating factor and click Continue.

Enter Temperature for Factor Name.

Enter 5 for Number of Levels.

Enter 25 for both Low Usage Condition and High Usage Condition.
Click Continue.

Enter 85, 95, 105, 115, and 125 for the Temperature Level Values.
Select Weibull for Distribution Choice.

Y *® N A =

Under Prior Mean, enter the acceleration model parameters from the Fit Life by X
Estimates report. See Figure 12.8.

— Enter -35.200 for Intercept.
— Enter 1.389 for Temperature.
— Enter 1.305 for scale.

Figure 12.8 Fit Life by X Estimates

4 Estimates
Parameter Estimate Std Error  Lower 95%  Upper 95%
RO -35.19979 46912686 -44 39451 -26.00508
[Eal 1.3889 01566297 1.08192 1.69589
[ig 1.30471 01119128 1.08536 1.52405

In the Fit Life by X output, under the Estimates report, is the Covariance Matrix report. Note
the variances for the acceleration model parameters are 22, 0.025, and 0.013. These values will
be compared to our final results at the end.

10. Enter 100,000 for both boxes for Time range of interest.
11. Enter 1500 for Length of Test.

12. Enter 300 for Number of Units Under Test. The previous experiment used 150 units, and the
next experiment uses 150 units, for a total of 300.

The completed window is shown in Figure 12.9.
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Figure 12.9 Completed Window

4= Accelerated Life Test Plan

4 Factors

Temperature
LevelValues
85

95

105

115

125

4 Prior Specification

4 Distribution Choice
LegMormal
@ Weibull
4 Prior Mean

Effect Prior Mean
Intercept -35.200
Temperature 1.38900
scale 1.30500

4 Prior Variance Matrix

Effect Intercept Temperature scale

Intercept| 010000 0.00000 | 0,00000
Temperature 0.10000 | 0.00000
scale 0.10000

Ignore prior variance, Generate the local design for the prior mean.

4 Diagnostic Choices
Time range of interest.| 100000 || 100000 |

Probability of interest. 01

4 Design Choices
Length of Test 1500
MNumber of Units Under Test| 300

Continue|

13. Click Continue.

14. To account for the units in the previous experiment, enter the following under Candidate
Runs.

— Enter 50 for Minimum Units for 85°.
— Enter 50 for Minimum Units for 105°.
— Enter 50 for Minimum Units for 125°.

15. From the red triangle menu for Accelerated Life Test Plan, select ALT Optimality Criterion >
Make Probability I-Optimal Design.

16. Click Make Design.

The optimal experimental design is returned, along with other results. See Figure 12.10.
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Figure 12.10 Optimal Design

<4 Design

Expected All Censored

Temperature N Units Failures Probability

a5 184 263 oo
45 0 oo oo
105 a0 an.0 oo
114 0 oo oo
124 a1 65.4 oo

4 Parameter Variance for Optimal Design

Effect Intercept Temperature scale

Intercept  11.9646 -0.3974  -0.2080
Temperature 001322 0.00691
scale 0.00994

< Optimality Criteria

D Criterion -13.65
Quantile Criterion  1.0636
Frobability Criterion  0.386

The optimal design is computed based on the Number of Units Under Test, Candidate Runs,
and other information that you specified earlier. The optimal design consists of the following
number of units at each temperature level:

184 units at 85°. Since the previous experiment used 50 units, 134 additional units are
needed.

0 units at 95°. The next experiment will not utilize any units at this level.

50 units at 105°. Since the previous experiment already used 50 units, no additional units
are needed.

0 units at 115°. The next experiment will not utilize any units at this level.

66 units at 125°. Since the previous experiment used 50 units, 16 additional units are
needed.

As we entered earlier, a total of 134+16=150 units are used for the new experiment.

An estimate of the acceleration model parameters variances is given. Note that, due to the
additional data, all three variances are smaller than before from the original Fit Life by X
report.

In the Profiler, enter 25 for Temperature and 100,000 for Time. The estimated probability of
failure is 0.00357, with an estimated confidence interval of 0.00106 to 0.01201. This interval is
narrower than the one from the previous experiment, as a result of the additional units to be
tested.

To decrease the interval further, try entering more than 300 units to be tested.
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Nonlinear Designs

Design of experiments with models that are nonlinear in their parameters is available using
either the DOE menu or the JMP Starter DOE category.

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 nonlinear design tool.
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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 13.1) contains a column (Model (x))whose values are formed by a
formula with a poor guess of the parameter values.
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Figure 13.1 Chemical Kinetics.jmp

= Chemical Kinetics P4 =
Mates Meyers, R. H. (1956).| (= Velocity {y) | Concentration Model (x)
| Mevers Madel Fit 1 0.0773595 0.417 0705716302
2| 0.0685714 0.417 0705716302
3 0.0519351 0.417 0705716302
= Calumns (3/0) 4 00737034 0833 0.545553737
A Velacity (y) 5| 0.0738753 0.833 0.545553737
4l Concentration 6| 0.0712396 0.533 0545553737
Al Madel (x40 1 0.065042 L67 0.3745315352
8 0.0547667 L67 0.3745315352
9 0.0497128 3.75 02105263153
< Rows 10 0.0842727 375 0.2105263158
Allrows o 11 0.0613005 625 0.1379310345
Selected 0 12| 0.0643576 625 0.1379310345
Excluded 0 13 0.0393892 6.25 01379310345
Hidden 0
Labelled 0

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 13.2). Note that the formula
given by Model (x) shows in the launch dialog.

Figure 13.2 Initial Nonlinear Analysis Launch Dialog

Fitting models that are nonlinear in the parameters

Select Columns Cast Selected Columns into Roles Action
" > Caus [ epoms_]| 4eici Coc)
Al [ PrdictrFormuis] | Aol ) [Ganca |

Weight | optional numeric Remove |
Model Lihrary| Freq | optional numeric Recall |

The X Predictor column either has a formula with
parameters, or is an independent variable to use with a
builtin model.

Options for fitting custom formulas
Predictor  |Parameter( {¥Max =1, k =1}, VMax / (k +

Reset | :Concentration) )

Loss

Reset |

[7] Second Derivatives
[T] Murneric Derivatives Only
[T] Expand Intermediate Formulas
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4. Click OK on the launch dialog to see the Nonlinear Fit Control Panel.

5. Click Go in the Control Panel to obtain the estimates shown in Figure 13.3.

Figure 13.3 Nonlinear Fit Results

4~ Nonlinear Fit
Response: Velocity (y), Predictor: Model (x)
4 Control Panel

Converged in Gradient

Go | Criterion Current Stop Limit

Iteration 7 60

Stop | .
Obj Change 7.9498176e-8 le-15
E' Relative Gradient 0.0000583879 0.000001

Reset | Gradient

Current
Parameter Value Lock SSE 0.000803819
VMax 1.040999516 [ i 13
k 13.737528937 O]

Save Estimates|

Confidence Limits| Edit Alpha 0.050

Convergence Criterion 0.00001

Goal SSE for CL
P Plot

4 Solution
SSE DFE MSE RMSE
0.000803819 11 7.3074e-5 0.0085484
Parameter Estimate ApproxStdEm
VMax 1.040999916 0.33551259
k 13.737528937 4.96928461

Solved By: Analytic Gauss-Newton
P Correlation of Estimates

6. Click the Confidence Limits button to add confidence intervals to the Solution report.

6.531427e-7 0.000001

The ranges for LowerCL and UpperCL are the intervals for VMax and k. They are
asymptotically normal. Use these limits to create a nonlinear design in JMP.

297

7. Click Save Estimates to add the new fitted parameter values in the Model (x) column in the

Chemical Kinetics.jmp data table.

Click the “+” sign next to Model (x) in the Columns panel to view the formula. Select
Parameters from the menu in the upper left of the formula editor to view the new

parameter estimates.
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Figure 13.4 New Parameter Estimates

[Parameters 'j _ & [Functicns (grouped) ~ I [ OK J
New Parameter... [ﬂ[ﬂ[ﬂ Row bl |
VMax = 1,04099991597342 [%[=]o] Numeric [ﬂ
k = 13.7375289370619 [E[E[E Transcendental = [ Apply

—— — Trigonometric

[H[ﬂ[g Character

Comparison [ﬂ
Conditional [ Help
Probability

Discrete Probability ™

VMax

k + Concentration

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 X,
Predictor Formula. Figure 13.5 shows the completed dialog.

Figure 13.5 Initial Nonlinear Design Launch Dialog

Create an optimal design for models that are nonlinear in the parameters.

Select Columns Cast Selected Columns into Roles Action
= dvelocity () Avelocity i)
ol @
optional numeric
# Predictor column must have farmula.

3. Click OK to see the completed Design panels for factors and parameters, as shown in
Figure 13.6.
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Figure 13.6 Nonlinear Design Panels for Factors and Parameters

4= Nonlinear Design

4 Factors
Name Role Values

4 Concentration Continuous 0.417 6.25

4 Parameters

Name Distribution Values
VMax Mormal 0.5204909957986711 1.56149987396013
k Mormal 6.86876446853007 20.6062934055929

4 Design Generation

Enter Number of Runs (counting 13 included runs): 17

Make Design|

Note that in Chemical Kinetics.jmp (Figure 13.1), 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.

4. Change the factor range for Concentration to a broader interval —from 0.1 to 7
(Figure 13.7).

Note that the a 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 in Figure 13.3 after you added the Confidence Limits.
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 13.7.

Now you have described the current level of uncertainty of the two parameters.
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Figure 13.7 Change Values for Factor and Parameters

4= Nonlinear Design

4 Factors
Name Role Values
AConcentration Continuous |D.1 7
4 Parameters
Name Distribution Values
VMax Mormal 0.56779851 3.158319
Mormal 6.85817987 45.8209983

k

4 Design Generation

Enter Number of Runs (counting 13 included runs):

Make Design|

17

Use commands from the menu on the Nonlinear Design title bar to get the best possible

design:

6. Select Number of Starts from the menu on the title bar and enter 100 in the text box.

7. Select Advanced Options > Number of Monte Carlo Samples and enter 2 in the text box.

Click Make Design to preview the design (Figure 13.8). Your results might differ from
those shown for the additional runs.

Figure 13.8 Selecting the Number of Runs

4 Design

Run Concentration
1 0.417

2 0.417

3 0.417

4 0.833

5 0.833

6 0.833

7 1.67

8 1.67

9 3.75
10 3.75
11 6.25
12 6.25
13 6.25
14 2.64333
15 4.840036
16 2.64333
17 4.840036

Velocity
(v)
0.07739
0.068871
0.081935
0.073703
0.073875
0.07124
0.065042
0.054767
0.049713
0.064273
0.061301
0.064358
0.039389
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9. C(lick Make Table.
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This creates a new JMP design table (Figure 13.9) 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.

Figure 13.9 Making a Table with the Nonlinear Designer

= Nonlinear Design 3 E
Design MNonlinear Design| (=
Output Optians ~| Screening
- Model
Augrnent Table

= Columns (3/0)
4l Concentration sk

4l Velocity (y) %
A Model (x) 4k

| Rows
All rows 17
Selected
Excluded
Hidden

Labelled

(=T = =T =1

The new runs use the wider interval of allowed concentration, which leads to more precise

estimates of k and Vmax.

-

=T - R R = R 2 R S R

e e e e e e
R = R T, T A FE R R = ]

Concentration
0.417

0.417

0.417

0.833

0.833

0.833

1.67

1.67

3.75

3.75

6.25

6.25

6.25
2.6433304817
4.8400364211
2.6433304817
4.8400364211

Creating a Nonlinear Design with No Prior Data

Velocity (y)
0.0773895
0.0688714
0.0819351
0.0737034
0.0738753
0.0712396

0.065042
0.0547667
0.0497128
0.0642727
0.0613005
0.0643576
0.0393892

Model (x)

0.0735453593
0.0735453593
0.0735453593
0.0714455817
0.0714455817
0.0714455817
0.0675643655
0.0675643655
0.0595281311
0.0595281311
0.052082472
0.052082472
0.052082472
0.0635497741
0.0560326107
0.0635497741
0.0560326107

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 have 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.
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Figure 13.10 Yield Model Formula

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

Exp

1.681971%
- 10 ] Ex
Reaction Temperature

plt1

1.9279% 1 H
Reaction Temperature

This model is from Box and Draper (1987). The formula arises from the fractional yield of the

intermediate 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 13.11.

Figure 13.11 Nonlinear Design launch Dialog

Create an optimal design for models that are nonlinear in the parameters.

Select Columns Cast Selected Columns into Roles Action
~ dreaction Tirme A ohserved yield
P o3 o
¥ yicld rmodel optional numatic
¥ Predictor column must have formula.

4. Click OK to see the nonlinear design Factors and Parameters panels in Figure 13.12.

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.

Change the values of the parameter t1 to 25 and 50, and t3 to 30 and 35.

7. Click on the Distribution of each parameter and select Uniform from the menu to change
the distribution from the default Normal (see Figure 13.12).

8. Change the number of runs to 12 in the Design Generation panel.
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Figure 13.12 Change Factor Values, Parameter Distributions, and Number of Runs

4= Nenlinear Design

4 Factors
MName Role Walues
dlReaction Temperature Continuous |51D |54D
dlReaction Time Continuous |D.1 |D.3

optional itern

4 Parameters

Mame Distribution Walues
1 Unifarm [25 [a0
t3 Marmeal [30 [35

wtional itern W
Mormal

Lognormal

; F = Exponential |
< Design Generation bonenta _J

MNumber of Runs: 12

9. Click Make Design, then Make Table. Your results should look similar to those in
Figure 13.13.

Figure 13.13 Design Table

= Monlinear Design Pl >
Design Manlinear Design | = Reaction Temperature Reaction Time | observed yield yield model
= Model 1 540 0107270436 . 56.745725
2 a40 0.3 . 58.093235
> Colurns (410 3 540 03 . 53.093235
4 Reaction Temperature 3 4 510 01 . 11.2590804
A Reaction Time 5 540 0.3 . 58003235
¢ deezmedyiz B 510 0.4 +  11.25090804
A vield model 4k
7 6262712314 0.1 . 30.7102877
- Rows g a40 0.3 . 58.093235
21 rowes 12 e} 540 0107270436 . A6.745725
Selected 0 10 526.2712314 01 . 30.7102877
Excluded 0 11 540 0107270436 . A6.745725
Hidden ] 12 540 0107270436 . 56.745725
Labelled 1]

10. 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 13.14).
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Figure 13.14 Reaction Kinetics.jmp
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~|Reaction Kinetics P4
Design Manlinear Design | =
= Model

= Columns (4/0)
A Reaction Termperature ¢ @)
4 Reaction Time % @
A observed yield 3k @
Al yield model e

* Rows

All rowes 1
Selected

Excluded

Hidden

Labelled

=== =]

-

Reaction Temperature Reaction Time observed yield

540
540
540
530
510
540
540
510
17
530
540
540

0.3
011
0.3
0.z
0.1
0.3
0.3
0.1
0.1
021
011
0.3

First, examine the design region with an overlay plot.

11. Select Graph > Overlay Plot.

12. Remove all existing column assignments.

13. Select Reaction Temperature and click Y

14. Select Reaction Time and click X as shown in the Overlay Plot launch dialog in

Figure 13.15.

15. Click OK to see the overlay plot in Figure 13.15.

Figure 13.15 Create an Overlay Plot

The FPlat of ¥ as X varies continuously
Select Columns

> dreaction Temperature
ion Time
dlobsered vield

dkyield madel

Options

[“sart %

[J¥ Log Scale
[CLeft ¥ Log Scale
[CIright ¥ Lag Scale

Left Scale/Right Scale
A Reaction Time

optional

apdional

Cast Selected Columns into Roles

4= Reaction Termperature

optional numeric

Action

a7
el
549
53
12
a7
549
10
13
el
el
549

= Overlay Plot

yield model
58.093235
573016426
58.093235
549142081
11.2590804
58.093235
58.093235
11.2590804
17.8546023
559838913
573016426
58.093235

545
540+
et}

= 535

=

T 530

5

2 525

5 520

T 5154

vl
510
505

T
0.1

I s e e
014 0.z 0.25

Reaction Time

T
0.3

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. Remove all existing column assignments.
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Creating a Nonlinear Design

18. Select observed yield and click Y, Response.

19. Select yield model and click the X, Predictor Formula, then click OK.

20. Click Go on the Nonlinear control panel.

21. Now, choose Profilers > Profiler from the red triangle menu on the Nonlinear Fit title bar.

22. 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 13.16 Time and Temperature Settings for Maximum Yield
4 [~ Prediction Profiler

60 . //‘*-,._h

50

o 625111 40]
T 027817, 3]
B4.2408] o 7

10

observed

0.995886

Desirability

T T
L o
o o

L.
§ 8 35558 393
540 0.1944839
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 Using JMP). 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” on page 306

e “Set Up Factors and Parameters in the Nonlinear Design Dialog” on page 306
e “Enter the Number of Runs and Preview the Design” on page 307

* “Make Table or Augment the Table” on page 308
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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.
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 13.17).

5. Click OK on the launch dialog to see the Nonlinear Design DOE panels.

Figure 13.17 Identify Response (Y) and the Column with the Nonlinear Formula (X)

Create an optimal design for models that are nonlinear in the parameters.

Select Columns Cast Selected Columns into Roles Action
P A
i aptional humeatic

¥ 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 13.18, and notice there are three

parameters. These parameters show in the Parameters panel of the Nonlinear design dialog,
with initial parameter values.

Figure 13.18 Formula for quad has Parameters a, b, and ¢

nitrate-29.45 <- || = a+h” [ nitrate - 29-45] et [n.itrate- 29.45] 2
It Z
b 2
else =a-
4*c

Use Figure 13.19 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 13.19.
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Figure 13.19 Example of Setting Up Factors and Parameters

Double-click to edit the factor or Click to enter or change factor values.
parameter name.

4= NenlineayDesign

4 Factors
MNam Role Walue
Anitrate Continuous 6.63 104.53
optional it

4 Parameters

Nq{me Distribution Values,

ioa Unifarrr 2500 7500
h Unifarm 50 150

H LUnifarm (075 -2.25

{ optional iterm

< Design Generation

Enter Mumber of Runs {counting 144 includedxuns): 140

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 150 as the default number of runs. This number

307

includes observations in the current data. 147 runs are desired. Since there are originally

144 rows, 3 additional runs need to be added. Enter 147 in the Number of Runs edit box.

2. Click Make Design before creating the data table to preview the design. Figure 13.20 shows

a partial listing of the design.
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Figure 13.20 Example Preview Design

<= Nenlinear Design

|| Factors

|| Parameters

< Design

Run

Make Table or Augment the Table

1
2
3
4
a
B
T
g

49
10
11
12
13
14
14
16
17

nitrate
9.59
7.51
3
13.93
291
32.91
52.68
64.24
23.41
20.09
38.36
474
68.23
2458
18.56
26.32
30.98

yield
4713
1049.45
1537.89
5116.24
883598
9849.72
9588.95
947468
6650.39
778335
948595
9138.61
8079.86
284344
623716
7961.7
8691.12

130
131
132
133
134
135
136
137
138
134
140
141
142
143
144
145

146
147

24.64
23.08
442
63.26
46
16.56
26.45
41.43
61.18
82.44
13.35
33.33
29.45
a1.61
73.03
104.53

104.53
1n4 /2

940575
627825
8368.39
7379.55

81208
4771.33
6950.81
S616.87

92509
7967 53

514681
TH2T 44

7863.4
778094
8141.96
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3. The last step is to click either Make Table or Augment Table. The Make Table command
creates a new table (Figure 13.21) with all runs included. The Augment Table command
adds the new runs to the existing table.

Figure 13.21 Partial Listing of an Example Nonlinear Design Table

= MNanlinear Design
Manlinear Design | =

Design
 Model

R

» Calumns (30)

A nitrate 3

A yield %k
Al quaddk

* Rows
All rowes
Selected
Excluded
Hidden
I abellan

147

o oo

-

RN R R

11
12

nitrate
9.59
7.51
3
13.93
291
32.91
52.68
64.24
23.41
20.09
38.36
47 4

yield
4713
1049.45
1537.89
5116.24
883598
984972
9588.95
947468
6650.39
778335
948595
9138 f1

quad
24223706
2083.9546
2164.84625
3086.6944
4964 81625
5328.0426
6513.55065
666666667
4341.2776
39325856
5771.91785
RA11 RARTS
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Advanced Options for the Nonlinear Designer

For advanced users, the Nonlinear Designer has the two additional options, as shown in
Figure 13.22. 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 distribution 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 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 13.22 Advanced Options for the Nonlinear Designer

4 »/Nonlinear Desian
Save Responses |‘

2
Save Factors Raole Yalues
Continuous 6.63

Simulate Responses
Mumber of Starts
)|  Advanced Options ¥ Mumber of Monte Carlo Samples
T M Monte Carlo Spheres F

MName ST o

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
octahedron 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 octagon in arbitrary dimensions), and randomly rotating each of them.
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Technical The reason for the approach given by these advanced options is to get good integral
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. For more details, see Gotwalt, Jones, and Steinberg (2009).

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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Taguchi Designs

Quality was the watchword of 1980s, and Genichi Taguchi was a leader in the growth of
quality consciousness. 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
signal 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 control 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 features of the Taguchi
method. You choose from inner and outer array designs, which use the traditional Taguchi
orthogonal arrays, such as L4, L8, and L16.

Dividing system variables according to their signal and noise factors is a key ingredient in
robust engineering. 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 signal-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 interest.

A Taguchi experiment repeats the outer array design for each run of the inner array. The
response variable 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
signal-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 outer 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. Table 14.1 lists the recommended performance
statistics.

Table 14.1 Recommended Performance Statistics

Goal S/N Ratio Formula
nominal is best S -
== 1010g(%
S
larger-is-better (maximize)
S _ 1010&{12%}
N nTy;
smaller-is-better S 1w, 2
. = = —-10log| =>Y:
(minimize) N ogLnZi:Yl J

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
Experiment folder of the Sample Data installed with JMP. Or, generate the original design table
on your own using DOE > Taguchi Arrays.

Table 14.2 shows the signal and noise factors in the Byrne Taguchi Data for this example.

Table 14.2 Signal and Noise Factors

Factor Name Type Levels Comment
Interfer control 3 tubing and connector interference

Wall control 3 the wall thickness of the connector
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Table 14.2 Signal and Noise Factors (Continued)

Factor Name Type Levels Comment

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

To start this example:
1. Select DOE > Taguchi Arrays.
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 14.1.

Figure 14.1 Response, and Signal and Noise Factors for the Byrne-Taguchi Example

4= Taguchi Design

4 Response
Response Mame Goal Loweer Limit Upper Limit Impartance
N Larger |z Better
4 Factors
MName Role Walues
ik nterfer Signal 1 2 3 »
vl Signal 1 2 3
th Depth Signal 1 2 3
ik Adhesive Signal 1 2 3
hTime Moise L1 L2 v
TFactors
Choose Inner and Outer Array Designs
Inner Array Quter Array
Mumber Design Mame
s RO 28 W
27 L27 - Taguchi L&
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.
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6. Click Continue.

Taguchi Designs 315
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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 14.2.

Figure 14.2 Taguchi Design Before Data Entry
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- Interfer | Wall Depth
11 1 1
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Now, suppose the pull-off adhesive force measures are collected and entered into the columns
containing missing data, as shown in Figure 14.3. The missing data column names are
appended with the letter 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 14.3 shows the completed

design.

Figure 14.3 Complete Taguchi Design Table (Byrne Taguchi Data.jmp)

] -

- Interfer  Wall | Depth | Adhesive | Pattern
11 1 1 1
21 2 2 2 -0aa
3 3 3 3 Sttt
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149.8
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184
21.4
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Y4+ | et

20
24.2
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232
2748
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232
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Y4+t

149.1
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20.4
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21.6
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28.6

Mean 'Y
17.525
19.475
19.025
20125
22,825
19.225

19.85

18.3375

21.2

SN Ratio Y
24.02534
25.52164
25.33476
25.90425
26.90753
25.32574
25.71081
24.83231
26.15198

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:
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11 111
—10Log10 |Mean|(y_— 2" (v_— "(v=+  (Y=+49? (Y+-

(\(+1 - (Y+1 P (Y+1++)2] ]

This expression is large when all of the individual y values are large.

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. The Model script produces the Fit Model dialog shown in Figure 14.4.

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 14.4 Fit Model Dialog for Taguchi Data
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2. Click Run 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.
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The profile traces (Figure 14.5) indicate that different settings of the first three factors would
increase SN Ratio Y.

Figure 14.5 The Prediction Profiler

£ =/ Prediction Profiler
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2402634 25

SN Ratio Y

Interfer Wall 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
profiler, as shown in Figure 14.6. The default desirability functions are set to
larger-is-better, which is what you want in this experiment. See the Multivariate Methods
book 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 functions.

In this example, the settings for Interfer and Wall changed from 1 to 2. (See Figure 14.5 and
Figure 14.6). The Depth setting changed from 1 to 3. The settings for Adhesive did not change.
These new settings increased the signal-to-noise ratio from 24.0253 to 26.9075.

Figure 14.6 Best Factor Settings for Byrne Taguchi Data
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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” on page 318

® “Choose Inner and Outer Array Designs” on page 319
¢ “Display Coded Design” on page 319

e “Make the Design Table” on page 320

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 14.7. For information on importance weights and lower and
upper limits, see “Understanding Response Importance Weights” on page 46.

1. Double-click to edit the response name.

2. Click to change the response goal: Larger Is Better, Nominal is Best, Smaller is Better, or
None.

3. Click to enter lower and upper limits and importance weights.

Figure 14.7 Setting Up the Response

4= Taguchi Design
4 Response

Response Mame Goal Laowwer Limit Upper Limit Imporance
) |Larger|s Better |

®

The steps for setting up the factors are outlined in Figure 14.8.

1. Click to add a signal, then select a signal type: 2 Level, or 3 Level.
Or click to add a noise.

2. Double-click to edit the factor name.

3. To change the value of a signal or noise, click and then type the new value.



Chapter 14
Design of Experiments Guide

Figure 14.8 Entering Factors
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When you finish adding factors, click Continue.

Choose Inner and Outer Array Designs
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Your choice for inner and outer arrays depends on the number and type of factors you have.
Figure 14.9 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 example uses the L12 design.

Figure 14.9 Selecting a Design for Eight Signal Factors

8Factors
Choose Inner and Outer Array Designs
Inner Array
Design Name
L12
L16
L3z
LE4
L1128

If you did not specify a noise factor, after you click Continue, a dialog appears that asks you to

specify how many times you want to perform each inner array run. Specify two (2) for this

example.

Display Coded Design

After you select a design type, the Coded Design (Figure 14.10) is shown below the Factors

panel.
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Figure 14.10 Coding for Eight Factor L12 Design
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<4 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” on page 162.

Make the Design Table

When you click Make Table, a table similar to that shown in Figure 14.11 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.

Figure 14.11 Taguchi Design Table for Eight Factor L12 Design
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Chapter 15

Evaluating Experimental Designs
Using the Evaluate Design Platform

Use the Evaluate Design to analyze the diagnostics of an existing experimental design.
Evaluate your designs to see the impact of a lost run or to assess the estimability of model
effects. This information can help you understand the strengths or limitations of your
experimental data. From the results, you can change the model terms and the aliasing terms.
Then the diagnostics update accordingly.

Note: You do not have to create the design in JMP in order to assess it using the Evaluate
Design platform.

Some of the diagnostic measures include the following:
® power analysis for model effects

* prediction variance profiles and surface plot

* estimation efficiency

¢ confounding of effects and alias terms

¢ correlation between effects and alias terms

* D, G, and A efficiency
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Launching the Evaluate Design Platform

To launch the Evaluate Design platform, open the data table of interest and select DOE >
Evaluate Design. A populated launch window for the Bounce Data.jmp sample data table,
found in the Design Experiment subfolder, is shown in Figure 15.1.

Figure 15.1 Evaluate Design Launch Window

Produce design diagnostics for any JMP table.

Select Columns Cast Selected Columns into Roles

¥ 5 Columns [YJ Response | | 4 Stretch
kpattern optional numer
Asilica
Asulfur
dsilane 1 e
X, Factor || 4 Silica
dlstretch [ A sulfur
A Silane

The launch window has the following features:

Y, Response Enter the response columns.

X, Factor Enter the effect columns.

Action

[ ok |
[ Cancel

[ Remove .

[ Recal |
[ Help

The Evaluate Design Report

This section describes the Evaluate Design report. For complete details, see “Creating a
Custom Design” on page 45 in the “Building Custom Designs” chapter.

Factors Lists the factors in the design and their roles (continuous, discrete numeric,
categorical, blocking, covariate, mixture, constant, uncontrolled).

Model Lists the terms in the model that you want to fit using the results of the experiment.
The buttons let you add or remove terms from the model.

Alias Terms Lists the alias terms included in the computation of the alias matrix, and for
computing correlations between model terms and alias terms. The buttons let you add or
remove terms from the list of alias terms. By default, second order interactions are

included as alias terms.

Design Lists the factor level settings for the design. Gives a text column for Anticipated
Responses. See “The Design Report” on page 52.

Design Evaluation Gives diagnostics for assessing the design. A brief description of each
section is given in “Design Evaluation” on page 324. Further details are in “Understanding

Design Evaluation” on page 53.
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Design Evaluation
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The Design Evaluation report has several component reports that address various aspects of
the design. For complete details, see “Understanding Design Evaluation” on page 53 in the

“Building Custom Designs” chapter.

Power Analysis

The Power Analysis report (Figure 15.2) allows you to calculate the power of tests for the
parameters in your model. You can set values for your Significance Level, Anticipated RMSE,
and Anticipated Coefficients. Click Apply Changes to Anticipate Coefficients to update the
Power calculations. This action also updates the Anticipated Responses in the Design report.
Alternatively, you can specify Anticipated Responses in the Design report. Then click Apply
Changes to Anticipated Responses to update Power in the Power Analysis report.

See “Power Analysis” on page 54 in the “Building Custom Designs” chapter.

Figure 15.2 Power Analysis

4 Power Analysis

Significance Level | 0.05

Anticipated RMSE

Anticipated
Parameter  Coefficients

Intercept
Silica

Silane

Sulfur
Silica*Silane
Silica*Sulfur
Sulfur*Silane
Silica*Silica
Silane*Silane
Sulfur*Sulfur

R = R =

1

Power
0.291
0.623
0.623
0.623
0.368
0.368
0.368
0.345
0.345
0.345

|.Js'1\pplyr Changes to Anticipated Coefficients.

Prediction Variance Profile

The Prediction Variance Profile gives a profiler of the relative variance of prediction as a
function of each factor at fixed values of the other factors. See Figure 15.3. To see how the
prediction variance changes, drag the vertical dotted lines of the factors. To find the maximum
prediction variance in the design space, select Maximize Desirability on the red triangle menu.
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Figure 15.3 Prediction Variance Profile
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Fraction of Design Space Plot

The Fraction of Design Space Plot shows how much of the model prediction variance lies
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above (or below) a given value. See Figure 15.4. This is most useful when there are multiple
factors. It summarizes the prediction variance, showing the fractional design space for all the

factors taken together.

Figure 15.4 Fraction of Design Space Plot
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Prediction Variance Surface

The Prediction Variance Surface report plots the prediction variance surface as a function of
the design factors. See Figure 15.5. Show or hide the controls by selecting Control Panel on the

red triangle menu.
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Figure 15.5 Prediction Variance Surface
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For each parameter in the model, this report gives the Fractional Increase in CI (Confidence

Interval) Length and Relative Std (Standard) Error of Parameters. (See Figure 15.6.)

® The Fractional Increase in CI Length compares the width of a parameter’s confidence
interval as given by the current design to the width that would be given an ideal design.
The ideal design is an orthogonal design, but an orthogonal design may not exist. For an
orthogonal design, the fractional increase would be zero. In selecting a design, you would
like the increase to be as small as possible.

¢ The Relative Std Error of Parameters gives the ratio of the variance of a parameter’s
estimate to the error standard deviation.

Figure 15.6 Estimation Efficiency Report

4 Estimation Efficiency

Fractional Increase Relative Std Error

Parameter in CI Length of Parameters
Intercept 1236 0.577
Silica 0.369 0.354
Silane 0.369 0.354
Sulfur 0.369 0.354
Silica*Silane 0.936 0.5
Silica*Sulfur 0.936 0.5
Sulfur*Silane 0.936 0.5
Silica*Silica 1016 0.52
Silane*Silane 1.016 0.52

Sulfur*Sulfur 1.016 0.52
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Alias Matrix

This report shows the alias matrix for the model terms and the alias terms. In the Bounce
Data.jmp example, the three two-way interactions were automatically added to the list of Alias
Terms. Therefore, the Alias Matrix gives these three interactions as columns and shows the
confounding of model terms with these columns (Figure 15.7). Note that the only confounding
involves two-way interactions with themselves, which is expected.

Figure 15.7 Alias Matrix

4 Alias Matrix
Effect Silica®Sulfur Silica*Silane Sulfur® Silane
Intercept 1] 1]

Silica 1} 1} 1}

Silane 1] 1] 1]

Sulfur 1] 1] 1]
Silica*Silane 1] 1 1]
Silica*Sulfur 1 1] 1]
SulfurtSilane 1] 1] 1
Silica*Silica 1} 1} 1}
Silane*Silane 1] 1] 1]
Sulfur3ulfur 0 0 0

Color Map on Correlations

The Color Map on Correlations shows the absolute value of the correlation between each
model term and alias term. The Color Map on Correlations for the Bounce Data.jmp example is
shown in Figure 15.8. The deep red coloring indicates correlations of one. Note that there are
red cells on the diagonal, showing correlations of model terms with themselves. Three red
cells off the main diagonal show the correlations of the Alias Terms with themselves. This is
because those three terms appear both in the model and in the Alias Terms list.

Note: Terms that appear in both the model and Alias Terms list appear twice in the Color Map
on Correlations.

All other cells are either deep blue or light blue, indicating no or little correlation. From the
perspective of correlation, this is a good design.
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Figure 15.8 Color Map on Correlations
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Design Diagnostics

The Design Diagnostics report shows D, G, and A Efficiency values, and the average variance
of prediction. The design creation time gives the time taken to compute the various

diagnostics.

Figure 15.9 Design Diagnostics

< Design Diagnostics
D Optimal Design

D Efficiency 36,6425

G Efficiency T2 46056

A Efficiency 293578

Average Yariance of Prediction 0.384722

Design Creation Time {seconds) 1]
Examples

This section contains examples of using the Evaluate Design platform to assess designs. The
first example assesses the impact of lost runs, and the second example assesses the impact of

changing the model.
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Assessing the Impact of Lost Runs

An

experiment was conducted to explore the effect of three factors (Silica, Sulfur, and Silane)

on tennis ball bounciness (Stretch). After the experiment, the researcher learned that the two
runs where Silica=0.7 and Silane=50 were not processed correctly. These runs could not be
included in the analysis of the data.

Use the Evaluate Design platform to assess the impact of not including those two runs.

AL

N

Open the Bounce Data.jmp sample data table found in the Design Experiment folder.
Select DOE > Evaluate Design.

Assign Stretch to the Y, Response role.

Assign Silica, Sulfur, and Silane to the X, Factor role.

Click OK.

Return to the data table and exclude the rows for Silica=0.7 and Silane=50. These are rows 1
and 2.

Repeat steps 2-5 to evaluate the reduced experiment.

Compare the Fraction of Design Space Plot for both reports. See Figure 15.10.

Figure 15.10 Fraction of Design Space
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For small fraction values, the prediction variances are similar. For larger values, the
prediction variance for the reduced design is a lot higher.

One of the available diagnostics is the maximum prediction variance of the designs. In
both reports, select Maximize Desirability from the Prediction Variance Profile red triangle
menu.
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Figure 15.11 shows the maximum prediction variance for both the complete and reduced
designs. For both designs, one of the design points where the maximum prediction
variance occurs is Silica=0.7, Sulfur=1.8, and Silane=40. The maximum prediction variance
is 1.396 for the complete design, and 3.02 for the reduced design.

Figure 15.11 Prediction Variance Profilers
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Note that for this example, the profiles are symmetric, except the Silica profile for the
reduced design. A symmetric profile means that there are other design points for which
the prediction variance is maximized. For example, in the report for the complete design,
change the Silane value to 60 and notice the variance is still 1.396.

Correlations between the model terms and the alias terms can also help you evaluate a
design. In both reports, open the Color Map On Correlations section to show a color map of
the correlations.

Figure 15.12 shows the color maps for both designs.The absolute value of the correlations
range from 0 (blue) to 1 (red). Place your cursor over a cell with the mouse to see the value
of the correlation. The color map for the reduced design has more cells with correlations
that are farther away from 0. For example, the correlation between Sulfur and Silica*Sulfur
is <.0001 for the complete design, and 0.577 for the reduced design.

Keep in mind that the red off-diagonal cells result from the duplication of the two-way
interactions induced by the Alias Terms list.
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Figure 15.12 Correlations between Model and Alias Terms
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Complete Reduced

11. The report also gives several efficiency measures. In both reports, open the Design
Diagnostics section (Figure 15.13).

The complete design has higher efficiency values, and a lower average prediction variance.

Figure 15.13 Design Diagnostics

< Design Diagnostics < Design Diagnostics
D Optimal Design D Optimal Design
D Efficiency 36.6429 D Efficiency 32.04245
G Efficiency 7273464 G Efficiency 52.21441
A Efficiency 20.3578 A Efficiency 22652149
Ayerage Variance of Prediction 0.384722 Average Yariance of Prediction 0.570833
Design Creation Time (seconds) 1} Design Creation Time {seconds) 1}
Complete Reduced

Given all these results, the lost runs appear to have a negative impact on the design.
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Assessing the Impact of Changing the Model

An experiment was conducted to investigate the effects of three factors (Brand, Time, and
Power) on the number of kernels that pop in a bag of microwave popcorn. For this example,
we assume that the same number of kernels are in each bag. The goal is to find the
combination of factors that maximize the number of popped kernels. An initial model was
created that includes several interactions and quadratic terms. From past studies, there is
evidence to suggest that there is no quadratic effect for Time and Power, and no interactions
with Brand. Use the Evaluate Design platform to assess the impact of removing these terms
from the model.

1. Open the Popcorn DOE Results.jmp sample data table in the Design Experiment folder.
2. Select DOE > Evaluate Design.

3. Assign Brand, Time, and Power to the X, Factor role.

4. Assign Number Popped to the Y, Response role.

5. Click OK.

Note the Model section contains main effects, quadratic terms, and interaction with Brand.
The results are an assessment of the design relative to fitting the specified model.

Repeat steps 2-5.

7. Inthe Model section, remove the following terms: Power*Power, Time*Time, Brand*Time,
and Brand*Power.

The results are an assessment of the design relative to fitting the reduced model.

The Fraction of Design Space Plot shows that for almost the entire design space, the reduced
model has a lower prediction variance than the initial model. See Figure 15.14.

Figure 15.14 Fraction of Design Space
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Open the Power Analysis section in both reports. Figure 15.15 shows the results. For the
reduced model, the design produces higher power for every effect. The difference is especially

large for the Time*Power effect.

Figure 15.15 Power Analysis

4 Power Analysis 4 Power Analysis
Significance Level | 0.05 Significance Level | 0.05
Anticipated RMSE 1 Anticipated RMSE 1
Anticipated Anticipated

Parameter  Coefficients Power Parameter Coefficients Power
Intercept 1) 0218 Intercept 1) 0.8
Erand 1 09 Erand 1) 0451
Time 1] 07s Time 1) 0.806
Powver 1) 0.448 Pawver 1 0.494
Brand*Time 1 0.75 Tire*Powver 1 0.46
Brand*Power 1) 0.448

Tirne*Powver 1 0087

Time*Time 1 0236

Powver*P owver 1 007

Initial Model Reduced Model

Open the Design Diagnostics section in both reports. See Figure 15.16. For the reduced model,
the design produces higher efficiency values, except for G efficiency. The A Efficiency (which
is related to the variance of the regression coefficients) is a lot larger for the reduced model.
The average prediction variance for the reduced model is less than half of that for the initial
model.

Figure 15.16 Design Diagnostics

4 Design Diagnostics 4 Design Diagnostics

D Cptimal Design D Optimal Design

D Efficiency 3188449 D Efficiency 56.96416
G Efficiency 8242681 G Efficiency 77.51238
A Efficiency 7.540466 A Efficiency 4400285
Awerage Variance of Prediction  0.49218 Awerage Variance of Prediction  0,196494
Design Creation Time (seconds) 0.083333 Design Creation Time (seconds) 0083333

Initial Model Reduced Model

The assumption is that the quadratic terms of Time and Power and interaction terms with
Brand are negligible. If this is correct, then using this design to fit the reduced model results in
predictions with smaller variance, and more powerful effects tests.
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Chapter 16

Augmented Designs

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 experimentation 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
® 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 augmentation.
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A D-Optimal Augmentation of the Reactor Example

This example, adapted from Meyer, et 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 select 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 16.1.

Note: You can check Group new runs into separate block 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 can’t be done when there is the additional blocking factor in the model.

Figure 16.1 Augment Design Dialog for the Reactor Example

4= Augment Design

4 Factors
Mame Fole Changes  Values
dFeed Rate Continuous Easy 10 15
ACataIyst Continuous Easy 1 2
il stir Rate Continuous Easy 100 120
ATemperature Continuous Easy 140 180
dl Concentration Continuous Easy 3 3]

Group new runs into separate biock
Augrnentation Choices

[Replicate] [Add Centerpoints] [FDId Over] [Add Axial] [Augment]

4. Now click Augment on the Augment Design dialog to see the display in Figure 16.2.

This model shown in Figure 16.2 is the result of the model stored with the data table when it
was created 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 16.2 Initial Augmented Model

4= Augment Design
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4 Factors
MName Role Changes  Values
dFeed Rate Continuous Easy 10 15
ACataIyst Continuous Easy 1 2
il stir Rate Continuous Easy 100 120
ATemperature Continuous Easy 140 180
dl Concentration Continuous Easy 3 3]
CGroup new runs into separate biock
[ Constraints
4 Model
[Main Ef‘fects] [Interactions '] [ RSM ] [ Cross ] [Powers '] [Remove Term
Intercept
Feed Rate
Catalyst
Stir Rate
Temperature
Concentration
Catalyst*Stir Rate
Catalyst*Concentration
[/ Alias Terms
<4 Factor Design
Percent
Run Feed Rate Catalyst Stir Rate Temperature Concentration Reacted
1 10 1 100 180 B 44
2 10 1 120 180 3 GE
3 10 2 100 140 B 7o
4 10 2 120 140 3 a4
a 15 1 100 140 3 a3
B 15 1 120 140 B a5
T 15 2 100 180 3 93
g 15 2 120 180 B a2

< Design Generation

Enter Mumber of Runs {counting 8 included runs):

16

To continue with the augmented reactor design:

5. Choose 2nd from the Interactions menu as shown in Figure 16.3. This adds all the
two-factor interactions to the model. The Minimum number of runs given for the specified
model is 16, as shown in the Design Generation text edit box.
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Figure 16.3 Augmented Model with All Two-Factor Interactions
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6. Click Make Design.

JMP now computes D-optimally augmented factor settings, similar to the design shown in

Figure 16.4.

Figure 16.4 D-Optimally Augmented Factor Settings

4 Design
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Note: The resulting design is a function of an initial random number seed. To reproduce the
exact factor settings table in Figure 16.4, (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 16.5 shows the random
number (12834729) used to generate the runs in Figure 16.4.
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Figure 16.5 Specifying a Random Number

Choose a positive whole number as a seed for a random starting 12834724
design.

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.

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 16.6.

3. In the Column Info dialog that appears, change the response limit to Maximize, as shown
on the right in Figure 16.6.

Figure 16.6 Change the Response Limits Column Property for the Percent Reacted Column

‘Percent Reacted' in Table 'Augrmented Desion'
Gaolumn MName | Percent Reacted |
w Columns (81} 7 [Ctock Apely
4l Fead Rate 3 Data Type Numeric v
dll Catalyst 3k 8
P = g Modeling Type | Continuous [+
Stir Rate
Farrat -
dl Temperature 3%k 10 [(Best = Jvnan[ 12]
A Concentration sk 11 [use thousands separator ()

FlParcent Reactadgd

12 Colurmnn Properties ~
%‘ 13 Response Limits Response Limits
it optional tem Respanse Limits are bounds on a

response's range of acceptahility. The
prediction and contour profilers use
these values. Click below to key in
valles.

Madmize @
I =

- (=]

Match Target k
Minirriize: 1
Mone 1

d Desirability
Middle

Upper
[Cshow as graph reference lines

You are now ready to run the analysis.

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 16.7.
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Figure 16.7 Completed Augmented Experiment (Reactor Augment Data.jmp)

~ Augmented Design P4 >
Design  Augmented Design| i+
*/Screening 1 10 1
. 2 10 1
' 4 10 2
Ez:ife 5 15 1
= Calumns (B/0) ? 1: 12
4l Fead Rate 3 5 15 2
dll Catalyst 3k
A stir Rate % £ 18 !
4l Temperature 3% 10 15 1
4 Concentration 3k 1 10 1
4l Percent Reactad & 12 10 2
13 15 2
14 15 2
* Rows 14 10 2
All rows [ 16 10 1
Selected 1]
Excluded 1]
Hidden 1]
Labelled 1]

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 16.8.
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Figure 16.8 Fit Model Dialog for Stepwise Regression on Generated Model
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Select Columns
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(_coss ] stirrate
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Ona Intercept

F

Degree

Fersaonality: | Stepwise

[Okeep dialog apen
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6. When you click Run, the stepwise regression control panel appears. Click the check boxes
for all the main effect terms.

Note: Choose P-value Threshold from the Stopping Rule menu, 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. Follow the dialog shown in Figure 16.9.

Figure 16.9 Initial Stepwise Model

4|~ Stepwise Fit for Percent Reacted
4| Stepwise Regression Control

Stopping Rule: |P-value Threshold A

Frob to Enter 0.05
Frob to Leave 01 Remave All| | Run Madel
Direction: Mixed v
Rules Cormbing v
[ 6o ][ stop ][ sten |
SSE DFE RMSE RSquare RSquare Adj Ccp [ AlCc BIC
1257.1048 10 11.212073 0.6933 0.5399 6 1432297 1346378
4| Current Estimates
LockEntered Parameter Estimate nDF SS "FRatio™ "Prob=F"
Intercept GA.8125 1 0 0.000 1
| Feed Rate(10,149) 4.4375 1 314.0625 2506 0.14448
] Catalyst(1,2) 10.1153848 1 1520198 12.093  0.00595
O Stir Rate(100,120) -0.3653848 1 1.983518 0.016 090253
| Temperature(140,180) 6.11538462 1 5556264 4.420 006183
] Concentration(3,8) -1.7884615 1 4158173 033 057791
OO Catalyst*Stir Rate 0 1 346.BBTS 3.427 008715
| L] Catalyst™Concentration 0 1 46.44643 0345 047124
N E Feed Rate*Catalyst 0 1 2548951 0018 0.89541
OO Feed Rate*Stir Rate 0 1 0.064103 0.000 098338
O O FeedRate™Temperature 0 1 0730769 0005 08439
OO Feed Rate*Concentration 0 1 0.016484 0.000 099157
E F Catalyst*Temperature 0 1 BET.5208 10.180  0.01097
O O strRate*Temperaturs 0 1 225629 0164 069453
OO Stir Rate*Concentration 0 1 2571429 0.018 089495
F F Temperature*Concentration 0 1 B31.1429 9074 0 %65
4| Step History
Step Parameter Action  "Sig Prob” SeqSS RSquare cp P AlCc BIC
1 Feed Rate(10,13) Entered 0.2985 314.0629 0.0769 2 140858 1414760
2 Catalysti1,2) Entered 0.0047 1785063 0.5124 . 3 134282 1337360
3 Stir Rate(100,120) Entered 0.8043 105625 0.5150 4 133561 136424 O
4 Termperatured140,180) Entered 0.0343 6BY.0629 0.6831 5 137084 1323560
5] Concentration(3,6) Entered 05779 41.58173 0.6933 B 14323 134636 0

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 16.10, 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.
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Figure 16.10 Completed Stepwise Model

<= Stepwise Fit for Percent Reacted
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Augmented Designs

A D-Optimal Augmentation of the Reactor Example

BIC

Frob to Enter 0.05
Prab to Leave 0.1 Run Mode!
Direction: Mized v
Rules: Cambine v
[ Go ] [ Stop ] [ Step ]
SSE DFE RMSE RSquare RSquare Adj Cp 1] AlCc
14 8 1.3228757 0.9966 0.9936 8 91.26953 68.22283
4 Current Estimates

LockEntered Parameter Estimate nDF SS "FRatio” "Prob=F"

Intercept 651730764 1 1} 0.000 1
)] Feed Rate(10,15) 1] 1 1.821862 1.047 034021
| Catalyst(1,2) 101153846 2 2086.357 5496102 1.97e-9
| Stir Rate{100,120) -0.3653846 2 1207143 34,450  0.00012
| Temperature(140,180) 6.11538462 4 2113795 301.971 9.32e-9
| Concentration(3,6) -1.78846145 2 BO0625  171.607 2.69e-7
)] Catalyst*Stir Rate 1] 1 0519231 0.270 0.6196
L) L] Catalyst*Concentration 1} 1 0.069231 0035 0.85733
)] Feed Rate*Catalyst 1] 24370813 1.362  0.32538
)] Feed Rate*Stir Rate 1] 2 1.885965 0.467 064786
L) L] Feed Rate*Temperature 1} 2 2552632 0669 054668
[ Feed Rate*Concentration 1] 2 1.838346 0.453 0.65553
[®] Catalyst*Temperature 617307692 1 8661683 323520 9.36e-8
| Stir Rate*Temperature 2.82692308 1 118.7308 6Y.846 3.54e-5
[ Stir Rate*Concentration 1] 1 1.869231 1146 0.31995
[®] Temperature*Concentration  -6.5576923 1 559.0433 319453 9.84e-8
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8. After Stepwise is finished, click Make Model on the Stepwise control panel to generate this
reduced model, as shown in Figure 16.11.

9. Click Run and fit the reduced model to do additional diagnostic work, make predictions,

and find the optimal factor settings.
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Figure 16.11 New Prediction Model Dialog
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The Analysis of Variance and Lack of Fit Tests in Figure 16.12, indicate a highly significant

regression model with no evidence of Lack of Fit.

Figure 16.12 Prediction Model Analysis of Variance and Lack of Fit Tests

4 ~|Response Percent Reacted
I Actual by Predicted Plot
Il Summary of Fit
A Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
tadel T 40844375 83,491 3334235
Error a 14.0000 1750 Prab=F
C. Total 18 40984375 =.0001*
A Lack Of Fit

Sum of F Ratio
Source DF Squares Mean Square 0.2157
Lack Of Fit 4 5.500000 0.891667 Prob=F
Pure Error 2 2.500000 424000 0.9394
Tatal Error a  14.000000 Max RSq

09978

The Sorted Parameter Estimates table in Figure 16.13 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” on page 143, had ambiguous results.
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Figure 16.13 Prediction Model Estimates Plot

4 Sorted Parameter Estimates

Term Estimate 5td Error t Ratio Probz|t]
Catalyst(1,2) 10115385 0343203 2947 @ @ <0001
Catalyst*Temperature 61730760 0343203 1799 & ¢ | :
Temperature™Concentration -6.557692 03669 -17.87| : | N
Temperature(140,180) 61153846 0343203 1782 @ @ ¢ | :

Stir Rate*Temperature 28269231 0343203 824 & o ([T
Concentration(3,6) 1788462 03660  -487| ¢ oo [f]]

Stir Rate(100,120) 0365385 0343203 -106| : o

10. Choose Maximize Desirability from the menu on the Prediction Profiler title bar.

The prediction profile plot in Figure 16.14 shows that maximum occurs at the high levels of
Catalyst, Stir Rate, and Temperature and the low level of Concentration. At these extreme
settings, the estimate of Percent Reacted increases from 65.17 to 98.38.

Figure 16.14 Maximum Percent Reacted
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To summarize, compare the analysis of 16 runs with the analyses of reactor data from
previous chapters:

® “Screening Designs” on page 143, 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 further runs.

e “Full Factorial Designs” on page 199, 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, Temperature, and Concentration) and two interactions
(Temperature*Catalyst, Contentration*Temperature) as significant effects.
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* 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” on
page 346.

Add Centerpoints adds center points. See “Add Center Points” on page 350.
Fold Over creates a foldover design. See “Creating a Foldover Design” on page 350.

Add Axial adds axial points together with center points to transform a screening design to a
response surface design. See “Adding Axial Points” on page 351.

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” on page 353.

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.

2. Select DOE > Augment Design to see the initial dialog for specifying factors and responses.
Select Percent Reacted and click Y, Response.

4. Select all other variables (except Pattern) and click X, Factor to identify the factors you
want to use for the augmented design (Figure 16.15).
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Figure 16.15 Identify Response and Factors

Add mare runs to an existing data tahle. Replicate, add centerpoints, fold over, or
add model terms.

Select Columns Cast Selected Columns into Roles Action

~hPattern dlPercent Reacted
optional numeric
Cancel

Al Catalyst

dPercent Reacted A stir Rate
4 Temperature v

5. Click OK to see the Augment Design panel shown in Figure 16.16.

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 16.16 Choose an Augmentation Type

4= Augment Design

4 Factors
Mame Fole Changes  Values
dFeed Rate Continuous Easy 10 15
‘Catalyst Continuous Easy 1 2
il stir Rate Continuous Easy 100 120
‘Temperature Continuous Easy 140 180
dl Concentration Continuous Easy 3 3]

Group new runs into separate biock
Augrnentation Choices

[Replicate] [Add Centerpoints] [FDId Over] [Add Axial] [Augment]

7. Click the Replicate button to see the dialog shown on the left in Figure 16.17. 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 16.17).

8. View the design, shown on the right in Figure 16.17.
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Figure 16.17 Reactor Data Design Augmented With Two Replicates

A =
Mumber times to perfarm each run. Factor De5|gn

Anticipated

Run Feed Rate Catalyst Stir Rate Temperature Concentration Block  Response

1 10 1 100 180 6 1 44
2 10 1 120 180 3 1 66
3 10 2 100 140 6 1 70
4 10 2 120 140 3 1 54
5 15 1 100 140 3 1 53
6 15 1 120 140 6 1 55
7 15 2 100 180 3 1 93
8 15 2 120 180 6 1 82
9 10 1 100 180 6 2 -1
10 10 1 120 180 3 2 -1
1 10 2 100 140 6 2 -1
12 10 2 120 140 3 2 -1
13 15 1 100 140 3 2 -1
14 15 1 120 140 6 2 -1
15 15 2 100 180 3 2 -1
16 15 2 120 180 6 2 7

[Apply Changes to Anticipated Responses

I Design Evaluation
Make Table

Make Table|
Back |

9. In the Design Evaluation section, click the disclosure icons next to Prediction Variance
Profile and Prediction Variance Surface to see the profile and surface plots shown in
Figure 16.18.
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Figure 16.18 Prediction Profiler and Surface Plot
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10. Click Make Table to produce the design table shown in Figure 16.19.

Figure 16.19 The Replicated Design

= Augrnented Design [ - Percent
Design  Augmented Design| = Feed Rate Catalyst Stir Rate Temperature Concentration Reacted
w! Screening 1 10 1 100 180 B 44
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4 stir Rate %k B 15 1 120 140 B 55
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4l Concentration 3 g 14 2 120 180 4 g2
4l Percent Reactad & ] 10 1 100 180 4 .
10 10 1 120 180 3 .
,;|?00\.v“;8 = 1 10 2 100 140 8 .
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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.

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 augmented design (see Figure 16.15) 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 16.16
shows the check box location directly under the Factors panel.)

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 16.20.

The table shows two center points appended to the end of the design.

Figure 16.20 Design with Two Center Points Added

= Augmented Design P4 = Percent
Design  Augmented Design| = Feed Rate Catalyst Stir Rate Temperature Concentration Reacted
w! Screening 1 10 1 100 180 B 44
>/ Model 2 10 1 120 180 3 B6
< Calumns (810) 3 10 2 100 140 B 70
A Feed Rate 3 4 10 2 120 140 3 54
A Catalyst 3 5 15 1 100 140 3 53
A stir Rate 3k 4 14 1 120 140 B a5
A Temperature 3 7 15 2 100 180 3 93
4l Concentration 3 [} 15 2 120 180 [ a2
4 Percent Reacted 3k a 125 15 110 160 45 .
= BE 10 1248 1.4 110 160 4.5 .
All rowes 10

Selected 1]

Excluded 1]

Hidden 1]

Labelled 1]

Creating a Foldover Design

A foldover design removes the confounding of two-factor interactions and main effects. This
is especially useful as a follow-up to saturated or near-saturated fractional factorial or
Plackett-Burman designs.
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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.

2. Select DOE > Augment Design.

3. Inthe initial Augment Design dialog, identify the response and factors you want to use for
the augmented design (see Figure 16.15) and click OK.

4. Check the box to the left of Group new runs into separate block. (Figure 16.16 shows the
check box location directly under the Factors panel.) This identifies the original runs and
the resulting augmented runs with a blocking factor.

5. Click the Fold Over button. A dialog appears that lists all the design factors.

6. 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 original runs. The example in Figure 16.21 folds on all five factors and
includes a blocking factor.

7. Click Make Table. The design data table that results lists the original set of runs as block 1
and the new (foldover) runs are block 2.

Figure 16.21 Listing of a Foldover Design On All Factors

= Augmented Design P4 = Percent
Design  Augmented Design| = Feed Rate Catalyst Stir Rate Temperature Concentration  Block | Reacted
=/ Screening 1 10 1 100 180 61 44
~/Model 2 10 1 120 180 3 66
~ICalumns (7/0) 3 10 2 100 140 6 1 70
A Feed Rate %k 4 10 2 120 140 3 54
dl Catalyst 3 5 14 1 100 140 31 a3
A stir Rate 3k B 15 1 120 140 B 1 58
A Temperature 3 7 15 2 100 180 31 a3
A Concentration 3k 3 15 2 120 180 G 1 az
i Block & 3 15 2 120 140 32 .
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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.

2. Select DOE > Augment Design.
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3. Inthe initial Augment Design dialog, identify the response and factors you want to use for

the augmented design (see Figure 16.15) and click OK.

4. 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 16.16).

5. Click Add Axial.

6. 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 16.22 Entering Axial Values

Axial values dialog

Flease supply an axial value.

Flease supply the numher of center points desired.

7. Click Make Table. The design table appears. Figure 16.23 shows a table augmented with
two center points and two axial points for five variables.

Figure 16.23 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 changing 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.

2. Select DOE > Augment Design.

3. Inthe initial Augment Design dialog, identify the response and factors you want to use for
the augmented design (see Figure 16.15) and click OK.

4. 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 (not used in this
example).

5. Click the Augment button. The original number of runs (Figure 16.24) appear in the Factor
Design panel.
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Figure 16.24 Viewing the Existing Design
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4 Factors
MName Role Changes Values
Al Feed Rate Continuous Easy 10 15
A Catalyst Continuous Easy 1 2
A stir Rate Continuous Easy 100 120
A Temperature Continuous Easy 140 180
4 Concentration Continuous Easy 3 6

[C] Group new runs into separate block

P Constraints

4 Model
[Main Ef'fects| [Interactions 'H RSM H Cross |[Powers - | [Remove Term
MName Estimability

Intercept MNecessary -
Feed Rate MNecessary

Catalyst MNecessary E
Stir Rate MNecessary

Temperature MNecessary

Concentration MNecessary

Catalyst™Stir Rate MNecessary

Catalyst*Concentration Mecessary -

P Alias Terms

4 Factor Design

Anticipated
Run Feed Rate Catalyst Stir Rate Temperature Concentration Response
1 10 1 100 180 6 44
2 10 1 120 180 3 66
3 10 2 100 140 6 70
4 10 2 120 140 3 54
5 15 1 100 140 3 53
6 15 1 120 140 6 55
7 15 2 100 180 3 93
8 15 2 120 180 6 82
9 15 2 120 180 3 98
10 15 2 120 140 6 65
11 10 2 100 140 3 63
12 10 1 120 180 6 49
13 15 1 100 140 6 63
14 15 1 100 180 3 61
15 10 1 120 140 6 59
16 10 2 100 180 3 94
4 Design Generation
Enter Number of Runs (counting 16 included runs): 24

Make Design|

6. In the Design Generation panel, enter the number of total runs you want this design to
contain. 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 16.25) appear in the

Design panel.
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Figure 16.25 24 Total Runs
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| &pply Changes to Anticipated Responses

4 Design Evaluation
Power Analysis
~/Prediction Variance Profile
Fraction of Design Space Plot
~/Prediction Variance Surface
Estimation Efficiency
Alias Matrix

Color Map On Correlations

Design Diagnostics

Output Options
[Make Table|
| Back |

8. If desired, view the prediction variance profile and the prediction variance surface.

9. Click Make Table to create the augmented design JMP table (Figure 16.26) with the
additional runs.
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Figure 16.26 The Augmented Design Table with New Runs

= Augmented Design P4 = Percent
Design  Augmented Design| = Feed Rate Catalyst Stir Rate Temperature Concentration Reacted
= Sereening 1 10 1 100 180 & 44
> Madel 2 10 1 120 180 3 13
3 10 2 100 140 & 70
> Columng (Bi0) 4 10 2 120 140 3 54
A Feed Rate 5 15 1 100 140 3 53
A Catalystk & 15 1 120 140 3 55
A stir Rate %k 7 15 2 100 180 3 g3
ﬁTemperat“re ** 8 15 2 120 180 B 82
Caoncentration
A Percent Reacted 3k 9 15 2 120 180 3 98
10 15 2 120 140 & 65
1 10 2 100 140 3 63
> Rows 12 10 1 120 180 & 49
All rows 24 13 15 1 100 140 & 63
2:!?;;1‘3; g 14 15 1 100 180 3 B
Hidden 0 15 10 1 120 140 & 59
Lefieiles] a 16 10 2 100 180 3 a4
17 15 2 100 180 & .
18 10 2 120 180 & .
19 15 1 120 140 3 . "
20 10 1 100 140 3 . additional
21 10 1 100 180 3 . runs
22 15 1 120 180 & .
23 15 1 120 180 3 .
24 15 2 100 140 3 .

Special Augment Desigh Commands

The Augment Design red triangle menu has several options, many of which are commands for
saving and loading information about variables. They are available in all designs and more
information is in “Special Custom Design Commands” on page 68. The following sections
describe commands found in this menu that are specific to augment designs.

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 and select Save X Matrix. Two or three scripts are
saved to the table. Moments Matrix and Design Matrix scripts are always saved. If the design is
a split plot design, an additional V Inverse script is also saved. When you run the Moments
Matrix script, JMP creates a matrix called Moments and displays its number of rows in the log.
When you run the Design Matrix script, JMP creates a matrix called X and displays its number
of rows in the log. When you run the V Inverse script, JMP creates the inverse of the variance
matrix of the responses, and displays its number of rows in the log. If you do not have the log
visible, select View > Log or Window > Log on the Macintosh.
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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 and select Optimality Criterion, then choose Make D-Optimal Design, Make I-Optimal
Design, or Make Alias 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.

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 and select Number of Starts. A window 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.

For additional information on the number of starts, see “Why Change the Number of Starts?”
on page 74.

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 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 hypersphere, 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” on page 76.
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Use the DOE > Sample Size and Power command to answer the question “How many runs do
Ineed?” 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, the third value is computed.

The Sample Size and Power platform can 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 approximate the group means
and sample sizes in a data table as well as approximate the within-group standard deviation

(o).

The sample size and power computations determine the sample size necessary for yielding a
significant result, given that the true effect size is at least a certain size. It requires that you
enter two out of three possible quantities; difference to detect, sample size, and power. The
third quantity is computed for the following cases:

e difference between a one sample mean and a hypothesized value

e difference between two sample means

e differences in the means among k samples

e difference between a standard deviation and a hypothesized value

¢ difference between a one sample proportion and a hypothesized value
¢ difference between two sample proportions

e 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 platform to more general experimental designs, if they are balanced and an adjustment
for the number-of-parameters is specified.

You can also compute the required sample sizes needed for reliability studies and
demonstrations.
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Launching the Sample Size and Power Platform

The Sample Size and Power platform helps you plan your study for a single mean or
proportion comparison, a two sample mean or proportion comparison, a one-sample standard
deviation comparison, a k sample means comparison, or a counts per unit comparison.
Depending upon your experimental situation, you supply one or two quantities to obtain a
third quantity. These quantities include:

* required sample size

* expected power

* expected effect size

When you select DOE > Sample Size and Power, the panel in Figure 17.1 appears with button

selections for experimental situations. The following sections describe each of these selections
and explain how to enter the quantities and obtain the desired computation.

Figure 17.1 Sample Size and Power Choices

4 Sample Size

Frospective Power and Sample Size Calculations

Select Situation far Sample Size or Power calculation

[ One Sample Mean ] Sample Size for testing a meanin a
single sample

[ Two Sample Means ] Testing thatthe means are different
across 2 samples

Testing that the means are different
across k samples

[ k Sample Meaans

[One Sample Standard Deviation] Sample Size for detecting a change in the
standard deviation.

Sample Size for testing a proportion in a
single sample

[ One Sample Proportion

Sample Size for testing a proporion
across 2 samples

[ Twio Sample Proportions

Sample Size for detecting change in
caunt per unit, e.g. DPU {defects per unif)

[ Counts per Unit

Calculator for a popular index in terms of
defects per opportunity.

[ Sigrma Quality Level

[ Reliakility Test Plan Sample size for reliahility studies

[ Reliability Dernonstration Calculations far planning a reliability
demonstration

One-Sample and Two-Sample Means

After you click either One Sample Mean, or Two Sample Means in the initial Sample Size
selection list (Figure 17.1), a Sample Size and Power window appears. (See Figure 17.2.)
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Figure 17.2 Initial Sample Size and Power Windows for Single Mean (left) and Two Means
(right)

4 Sample Size 4 Sample Size

One Mean Twio Means

Testing if one mean is different from the hypothesized value. Testing if two means are different from each aother.

Alpha 0.05 Alpha 0.05

Std Dev . Std Dev

Extra Parameters ] Extra Parameters ]

Supply two values to determine the third. Supply two values to determine the third.

Enter one value to see a plot ofthe ather twa. Enter one value to see a plot of the other twa.

Difference to detect . Difference to detect

Sample Size . Sample Size .

Fower . Fower .

Sample Size is the total sarmple size; per group would be 2
Back

Animation Script

The windows are the same except that the One Mean window has a button at the bottom that
accesses an animation script.

The initial Sample Size and Power window requires values for Alpha, Std Dev (the error
standard deviation), and one or two of the other three values: Difference to detect, Sample
Size, and Power. The Sample Size and Power platform calculates the missing item. If there are
two unspecified fields, a plot is constructed, showing the relationship between these two
values:

* power as a function of sample size, given specific effect size
* power as a function of effect size, given a sample size

e effect size as a function of sample size, for a given power.
The Sample Size and Power window asks for these values:

Alpha is the probability of a type I error, which is the probability of rejecting the null
hypothesis when it is true. It is commonly referred to as the significance level of the test.
The default alpha level is 0.05. This implies a willingness to accept (if the true difference
between groups is zero) that, 5% (alpha) of the time, a significant difference is incorrectly
declared.

Std Dev is the error standard deviation. It is a measure of the unexplained random variation
around the mean. Even though the true error is not known, the power calculations are an
exercise in probability that calculates what might happen 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.
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Extra Parameters is only for multi-factor designs. Leave this field zero in simple cases. In a
multi-factor balanced design, in addition to fitting the means described in the situation,
there are other factors with 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
parameters is five. (This includes two parameters for the extra main effects, and three
parameters for the interactions.) In practice, the particular values entered are not that
important, unless the experimental range has very few degrees of freedom for error.

Difference to Detect is the smallest detectable difference (how small a difference you want to
be able to declare statistically significant) to test against. For single sample problems this is
the difference between the hypothesized value and the true value.

Sample Size is the total number of observations (runs, experimental units, or samples) in
your experiment. Sample size is not the number per group, but the total over all groups.

Power is the probability of rejecting the null hypothesis when it is false. A large power value
is better, but the cost is a higher sample size.

Continue evaluates at the entered values.

Back returns to the previous Sample Size and Power window so that you can either redo an
analysis or start a new analysis.

Animation Script runs a JSL script that displays an interactive plot showing power or sample
size. See the section, “Sample Size and Power Animation for One Mean” on page 366, for
an illustration of the animation script.

Single-Sample Mean

Using the Sample Size and Power window, you can test if one mean is different from the
hypothesized value.

For the one sample mean, the hypothesis supported is
HO: Ho=

and the two-sided alternative is
H s H#ER

where p is the population mean and L is the null mean to test against or is the difference to
detect. It is assumed that the population of interest is normally distributed and the true mean
is zero. Note that the power for this setting is the same as for the power when the null
hypothesis is Hy: u=0 and the true mean is .
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Suppose you are interested in testing the flammability of a new fabric being developed by
your company. Previous testing indicates that the standard deviation for burn times of this
fabric is 2 seconds. The goal is to detect a difference of 1.5 seconds when alpha is equal to 0.05,
the sample size is 20, and the standard deviation is 2 seconds. For this example, L, is equal to
1.5. To calculate the power:

Select DOE > Sample Size and Power.

Click the One Sample Mean button in the Sample Size and Power Window.
Leave Alpha as 0.05.

Leave Extra Parameters as 0.

Enter 2 for Std Dev.

Enter 1.5 as Difference to detect.

Enter 20 for Sample Size.

Leave Power blank. (See the left window in Figure 17.3.)

Click Continue.

O X N ol W N

The power is calculated as 0.8888478174 and is rounded to 0.89. (See right window in
Figure 17.3.) The conclusion is that your experiment has an 89% chance of detecting a
significant difference in the burn time, given that your significance level is 0.05, the
difference to detect is 1.5 seconds, and the sample size is 20.

Figure 17.3 A One-Sample Example

4 Sample Size 4 Sample Size
One Mean One Mean
Testing if ane mean is different fram the hypothesized value. Testing if one mean is different fram the hypothesized value.
Alpha 0.05 Alpha 0.05
Std Dev 2 Std Dev 2
Extra Parameters ] Extra Parameters 1]
Supply two walues to determine the third. Supply two values to determine the third.
Enter one value to see a plat of the other twa. Enter one value to see a plot ofthe other two.
Difference to detect 1.4 Difference to detect 1.8
Sample Size 20 Sample Size 20
Power . Power 0.8888478174
Anirnation Script Animation Script

Power versus Sample Size Plot

To see a plot of the relationship of Sample Size and Power, leave both Sample Size and Power
empty in the window and click Continue.
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The plots in Figure 17.4, 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 17.4 shows using the crosshair tool to

illustrate the example in Figure 17.3.

Figure 17.4 A One-Sample Example Plot

4 Sample Size 4 Sample Size
One Mean One Mean
Error  Difference Error  Difference
StdDev  in Means Alpha StdDev  in Means Alpha
2 1.4 0.05 2 1.8 0.05
1.00 1.00
0.8889
0.754 0.754
T T
£ 0.50 £ 0.50
o o
0.254 0.254
20.00
0.00 — 77— 0.00 — 7 —
a 10 15 20 25 5 10 14 20 25
Sample Size Sample Size

Power versus Difference Plot

When only Sample Size is specified (Figure 17.5) and Difference to Detect and Power are
empty, a plot of Power by Difference appears, after clicking Continue.

Figure 17.5 Plot of Power by Difference to Detect for a Given Sample Size

4 Sample Size 4 Sample Size

One Mean One Mean
Testing if one mean is different from the hypothesized value. Error
Alpha 0.05 Std Dev Sample Size Alpha

2 2 20 0.05
Std Dev 100
Extra Parameters 1]

_ _ 0.75
Supply two values to determine the third.
Enter one value to see a plot ofthe ather twa. 5

£ 0.50
Difference to detect . &
Sarnple Size
Fower . 0254
0.00 _ e

—
0.0 0.5 1.0 1.5 2.0 25
Animation Script Difference
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Sample Size and Power Animation for One Mean

Clicking the Animation Script button on the Sample Size and Power window for one mean
shows an interactive plot. This plot illustrates the effect that changing the sample size has on
power. As an example of using the Animation Script:

SRR N i A

Select DOE > Sample Size and Power.

Click the One Sample Mean button in the Sample Size and Power Window.
Enter 2 for Std Dev.

Enter 1.5 as Difference to detect.

Enter 20 for Sample Size.

Leave Power blank.

The Sample Size and Power window appears as shown on the left of Figure 17.6.
Click Animation Script.

The initial animation plot shows two t-density curves. The red curve shows the
t-distribution when the true mean is zero. The blue curve shows the t-distribution when
the true mean is 1.5, which is the difference to be detected. The probability of committing a
type Il error (not detecting a difference when there is a difference) is shaded blue on this
plot. (This probability is often represented as f in the literature.) Similarly, the probability
of committing a type I error (deciding that the difference to detect is significant when there
is no difference) is shaded as the red areas under the red curve. (The red-shaded areas
under the curve are represented as o in the literature.)

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.
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Figure 17.6 Example of Animation Script to Illustrate Power

4 Sample Size
One Mean

Testing if one mean is different from the hypothesized value.

Alpha 0.05
Std Dev 2
Extra Parameters 1]

|Estimated Mean 1.5

) | True' Mean 1.5
Supply two values to determine the thi z Hypothesized Mean 0

Enter one value to see a plot of the ott ““7|standard Error of Mean 0.44721

|Beta0.11115
Difference to detect 1.4 Power 0.88885
Sample Size 20
Fower

-

Animation Script

=1

0.6+

0.2+

0.0~ el : — e

[Two sided| [ Low Side | [High Side | Sample Size =20
Alpha = 0.05

Two-Sample Means

The Sample Size and Power windows work similarly for one and two sample means; the
Difference to Detect is the difference between two means. The comparison is between two
random samples instead of one sample and a hypothesized mean.

For testing the difference between two means, the hypothesis supported is
Hy:p 1Mo = D,

and the two-sided alternative is
Hp ) #D,

where 1| and p, are the two population means and D is the difference in the two means or the
difference to detect. It is assumed that the populations of interest are normally distributed and
the true difference is zero. Note that the power for this setting is the same as for the power
when the null hypothesis is and the true difference is D

Suppose the standard deviation is 2 (as before) for both groups, the desired detectable
difference between the two means is 1.5, and the sample size is 30 (15 per group). To estimate
the power for this example:

1. Select DOE > Sample Size and Power.
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Click the Two Sample Means button in the Sample Size and Power Window.

Leave Alpha as 0.05.

Enter 2 for Std Dev.

Leave Extra Parameters as 0.
Enter 1.5 as Difference to detect.
Enter 30 for Sample Size.

Leave Power blank.

Click Continue.

The Power is calculated as 0.51. (See the left window in Figure 17.7.) This means that you
have a 51% chance of detecting a significant difference between the two sample means
when your significance level is 0.05, the difference to detect is 1.5, and each sample size is

15.

Plot of Power by Sample Size

To have a greater power requires a larger sample. To find out how large, leave both
Sample Size and Power blank for this same example and click Continue. Figure 17.7 shows
the resulting plot, with the crosshair tool estimating that a sample size of about 78 is

needed to obtain a power of 0.9.

Figure 17.7 Plot of Power by Sample Size to Detect for a Given Difference

4 Sample Size

Twio Means
Testing iftwa means are different from each other.

Alpha 0.05
Std Dev 2
Extra Parameters 1]

Supply two values to determine the third.
Enter one value to see a plot ofthe ather twa.

Difference to detect 1.4
Sample Size 30

Power 0.5083473534

Sample Size is the total sample size; per group would he nf2

4 Sample Size

Twio Means
Error  Difference
StdDev  inMeans Alpha
2 1.5 0.05
1.00
0.9000
0.754
T
£ 0.50+
o
0.254
77.50
0.00

Sample Size
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k-Sample Means

Using the k-Sample Means option, you can compare up to 10 means. Consider a situation
where 4 levels of means are expected to be in the range of 10 to 13, the standard deviation is
0.9, and your sample size is 16.

The hypothesis to be tested is:

Hy: n=1=us=L4 versus H,: at least one mean is different

To determine the power:

¥ X NG wh =

Select DOE > Sample Size and Power.

Click the k Sample Means button in the Sample Size and Power Window.
Leave Alpha as 0.05.

Enter 0.9 for Std Dev.

Leave Extra Parameters as 0.

Enter 10, 11, 12, and 13 as the four levels of means.

Enter 16 for Sample Size.

Leave Power blank.

Click Continue.

The Power is calculated as 0.95. (See the left of Figure 17.8.) This means that there is a 95%
chance of detecting that at least one of the means is different when the significance level is
0.05, the population means are 10, 11, 12, and 13, and the total sample size is 16.

If both Sample Size and Power are left blank for this example, the sample size and power
calculations produce the Power versus Sample Size curve. (See the right of Figure 17.8.)
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)2+
(=0.5)%+(0.5)%+(1.5)?, which is the square root of 5.
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Figure 17.8 Prospective Power for k-Means and Plot of Power by Sample Size

2 Sample Size 4 Sample Size

k Means
4 Means
Testing ifthere are differences among k means.
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Enter Power or Sample Size to get the other. 6 7 8 89 1011 1213 14 15 16 17
Enter neither fo get a plot of Power vs. Sample Size Sample Size
Sample Size ]
Fower 00545762870
Sample Size is the total sample size; per group would be nfk

One Sample Standard Deviation

Use the One-Sample Standard Deviation option on the Sample Size and Power window
(Figure 17.1) to determine the sample size needed for detecting a change in the standard
deviation of your data. The usual purpose of this option is to compute a large enough sample
size to guarantee that the risk of a type Il error, B, is small. (This is the probability of failing to
reject the null hypothesis when it is false.)

In the Sample Size and Power window, specify:

Alpha is the significance level, usually 0.05. This implies a willingness to accept (if the true
difference between standard deviation and the hypothesized standard deviation is zero)
that a significant difference is incorrectly declared 5% of the time.

Hypothesized Standard Deviation is the hypothesized or baseline standard deviation to which
the sample standard deviation is compared.

Alternative Standard Deviation can select Larger or Smaller from the menu to indicate the
direction of the change you want to detect.

Difference to Detect is the smallest detectable difference (how small a difference 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 is how many experimental units (runs, or samples) are involved in the
experiment.
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Power is the probability of declaring a significant result. It is the probability of rejecting the
null hypothesis when it is false.

In the lower part of the window you enter two of the items and the Sample Size and Power
calculation determines the third.

Some examples in this chapter use engineering examples from the online manual of The
National Institute of Standards and Technology (NIST). You can access the NIST manual
examples at http://www.itl.nist.gov/div898/handbook.

One Sample Standard Deviation Example

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. 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).

In the Sample Size and Power window, the One Sample Standard Deviation computations use
the standard deviation instead of the variance. The hypothesis to be tested is:

Hj: 6 = 6, where o is the hypothesized standard deviation. The true standard deviation is
o( plus the difference to detect.

In this example the hypothesized standard deviation, 6y, is 10 (the square root of 100) and ¢ 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 standard deviation of
10, with an alpha of 0.05 and a power of 0.99. To determine the necessary sample size:

Select DOE > Sample Size and Power.

Click the One Sample Standard Deviation button in the Sample Size and Power Window.
Leave Alpha as 0.05.

Enter 10 for Hypothesized Standard Deviation.

Select Larger for Alternate Standard Deviation.

Enter 2.4499 as Difference to Detect.

Enter 0.99 for Power.

Leave Sample Size blank. (See the left of Figure 17.9.)

Click Continue.

O ® NN =

The Sample Size is calculated as 171. (See the right of Figure 17.9.) This result is the sample
size rounded up to the next whole number.


http://www.itl.nist.gov/div898/handbook
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Note: Sometimes you want to detect a change to a smaller standard deviation. If you select
Smaller from the Alternative Standard Deviation menu, enter a negative amount in the
Difference to Detect field.

Figure 17.9 Window To Compare Single-Direction One-Sample Standard Deviation

4 Sample Size 4 Sample Size
One Sample Standard Deviation One Sample Standard Deviation
Sample Size for detecting a difference in the standard deviation. Sample Size for detecting a difference in the standard deviation.
Alpha 0.04 Alpha 0.05
Hypathesized Standard Deviation 10 Hypothesized Standard Deviation 10
Alternative Standard Deviation Larger w Alternative Standard Deviation Larger w
Supply two values to determine the third. Supply two values to determine the third.
Difference to detect 2.4499 Difference to detect 2.4
Sample Size . Sample Size
Fower 0.99 Fower 0.99

One-Sample and Two-Sample Proportions

The Sample Size windows and computations to test sample sizes and power for proportions
are similar to those for testing means. You enter a true Proportion and choose an Alpha level.
Then, for the one-sample proportion case, enter the Sample Size and Null Proportion to obtain
the Power. Or, enter the Power and Null Proportion to obtain the Sample Size. Similarly, to
obtain a value for Null Proportion, enter values for Sample Size and Power. For the two-sample
proportion case, either the two sample sizes or the desired Power must be entered. (See
Figure 17.10 and Figure 17.11.)

The computations to determine sample size and null proportions use exact methods based on
the binomial distribution. Such methods are more reliable than using the normal
approximation to the binomial, which can provide erroneous results for small samples or
proportions close to 0 or 1.

For a single proportion, results are based on exact power calculations used in conjunction with
one of the following:

e The “Add two successes and two failures” adjusted Wald test statistic described in Agresti
and Coull (1998). See also Section 3.3 in the white paper by Barker on the JMP website:
http://www.jmp.com/blind/whitepapers/wp_jmp_powersample_104887.pdf.

® The Clopper-Pearson exact confidence interval method (Clopper and Pearson, 1934;
Agresti and Coull, 1998, Section 1)


http://www.jmp.com/blind/whitepapers/wp_jmp_powersample_104887.pdf
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For two proportions, results are based on exact power calculations for the adjusted Wald
statistic proposed by Agresti and Caffo (2000).

Actual Test Size

The results also show the Actual Test Size. This is the actual Type I error rate for a given
situation. Since the binomial distribution is discrete, the actual test size can differ significantly
from the stated Alpha level for small samples or proportions near 0 or 1.

One Sample Proportion

Clicking the One Sample Proportion option on the Sample Size and Power window yields a
One Proportion window. In this window, you can specify the alpha level and the true
proportion. The sample size, power, or the hypothesized proportion is calculated. 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.

For example, if you have a hypothesized proportion of defects, you can use the One Sample
Proportion window to estimate a large enough sample size to guarantee that the risk of
accepting a false hypothesis () is small. That is, you want to detect, with reasonable certainty,
a difference in the proportion of defects.

For the one sample proportion, the hypothesis supported is
HO: P = Py

and the two-sided alternative is
H i P#EPy

where p is the population proportion and p; is the null proportion to test against. Note that if
you are interested in testing whether the population proportion is greater than or less than the
null proportion, you use a one-sided test. The one-sided alternative is either

Ha:p<p0
or

H:p>p,

One-Sample Proportion Window Specifications

In the top portion of the Sample Size window, you can specify or enter values for:

Alpha is the significance level of your test. The default value is 0.05.
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Proportion is the true proportion, which could be known or hypothesized. The default value
is 0.1.

Method is the method to determine the exact confidence interval. Choices are Exact
Agresti-Coull or Exact Clopper-Pearson. For more details, see “One-Sample and
Two-Sample Proportions” on page 372.

One-Sided or Two-Sided Specify either a one-sided or a two-sided test. The default setting is
the two-sided test.

In the bottom portion of the window, enter two of the following quantities to see the third,
or a single quantity to see a plot of the other two.

Null Proportion is the proportion to test against (p,) or is left blank for computation. The
default value is 0.2.

Sample Size is the sample size, or is left blank for computation. If Sample Size is left blank,
then values for Proportion and Null Proportion must be different.

Power is the desired power, or is left blank for computation.

One-Sample Proportion Example

As an example, suppose that an assembly line has a historical proportion of defects equal to
0.1, and you want to know the power to detect that the proportion is different from 0.2, given
an alpha level of 0.05 and a sample size of 100.

Select DOE > Sample Size and Power.
Click One Sample Proportion.

Leave Alpha as 0.05.

Leave 0.1 as the value for Proportion.

Leave the Method as Exact Agresti-Coull.

AL

Accept the default option of Two-Sided. (A one-sided test is selected if you are interested
in testing if the proportion is either greater than or less than the Null Proportion.)

7. Leave 0.2 as the value for Null Proportion.
8. Enter 100 as the Sample Size.
9. Click Continue.

The Power is calculated and is shown as approximately 0.7 (see Figure 17.10). Note the Actual
Test Size is 0.0467, which is slightly less than the desired 0.05.
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Figure 17.10 Power and Sample Window for One-Sample Proportions

4 Sample Size
One Proportion
Testing if one proportion is different from the hypothesized value.,

Alpha 0.05
. Ho: P = Po
Proportion 01
Method: | Exact Agresti-Coull v|
@ Two-5ided
One-Sided

Enter one value to see a plot of the other two.

MNull Proportion 0.2
Sample Size 100
Power 0.7030334484
Actual Test Size =  0.0467265
Continue |
Back |

Two Sample Proportions

The Two Sample Proportions option computes the power or sample sizes needed to detect the
difference between two proportions, p; and p;.

For the two sample proportion, the hypothesis supported is
Ho:p1=py = Dy

and the two-sided alternative is
H:p;—-py#D,

where p1 and p2 are the population proportions from two populations, and Dy is the
hypothesized difference in proportions.

The one-sided alternative is either
Ha: (p1 —pz) < D0
or

H,:(p1—-py) >D,

Two Sample Proportion Window Specifications

Specifications for the Two Sample Proportions window include:

Alpha s the significance level of your test. The default value is 0.05.



376

Prospective Sample Size and Power Chapter 17
One-Sample and Two-Sample Proportions Design of Experiments Guide

Proportion 1 is the proportion for population 1, which could be known or hypothesized. The
default value is 0.5.

Proportion 2 is the proportion for population 2, which could be known or hypothesized. The
default value is 0.1.

One-Sided or Two-Sided Specify either a one-sided or a two-sided test. The default setting is
the two-sided test.

Null Difference in Proportion is the proportion difference (D) to test against, or is left blank
for computation. The default value is 0.2.

Sample Size 1 is the sample size for population 1, or is left blank for computation.
Sample Size 2 is the sample size for population 2, or is left blank for computation.
Power is the desired power, or is left blank for computation.

If you enter any two of the following three quantities, the third quantity is computed:

¢ Null Difference in Proportion
e Sample Size 1 and Sample Size 2

e Power

Example of Determining Sample Sizes with a Two-Sided Test

As an example, suppose you are responsible for two silicon wafer assembly lines. Based on the
knowledge from many runs, one of the assembly lines has a defect rate of 8%; the other line
has a defect rate of 6%. You want to know the sample size necessary to have 80% power to
reject the null hypothesis of equal proportions of defects for each line.

To estimate the necessary sample sizes for this example:

Select DOE > Sample Size and Power.
Click Two Sample Proportions.

Accept the default value of Alpha as 0.05.
Enter 0.08 for Proportion 1.

Enter 0.06 for Proportion 2.

Accept the default option of Two-Sided.
Enter 0.0 for Null Difference in Proportion.

Enter 0.8 for Power.

O ® N A=

Leave Sample Size 1 and Sample Size 2 blank.
10. Click Continue.

The Sample Size window shows sample sizes of 2554. (see Figure 17.11.) Testing for a
one-sided test is conducted similarly. Simply select the One-Sided option.
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Figure 17.11 Difference Between Two Proportions for a Two-Sided Test

4 sample Size

Example of Determining Power with Two Sample Proportions Using a One-Sided Test

Suppose you want to compare the effectiveness of a two chemical additives. The standard
additive is known to be 50% effective in preventing cracking in the final product. The new

Two Proportions
Testing if two proportions are different from each other.

Ho: P1 - P2 = Ao
Proportion 1 0.08

Proportion 2
@ Two-Sided
©) One-Sided

Supply two of (difference, sample sizes, power) to determine the
third.
When entering sample sizes, enter a value for both groups.

Null Difference in Proportion 0
Sample Size 1 2554
Sample Size 2 2554
Power 0.8

Actual Test Size = 0.0495189
Test size calculated holding P1 fixed and using P2 = P1 - Ao

Continue
Back
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additive is assumed to be 60% effective. You plan on conducting a study, randomly assigning
parts to the two groups. You have 800 parts available to participate in the study (400 parts for
each additive). Your objective is to determine the power of your test, given a null difference in

proportions of 0.01 and an alpha level of 0.05. Because you are interested in testing that the

difference in proportions is greater than 0.01, you use a one-sided test.

1.

¥ X N »D

Select DOE > Sample Size and Power.
Click Two Sample Proportions.

Accept the default value of Alpha as 0.05.

Enter 0.6 for Proportion 1.
Enter 0.5 for Proportion 2.
Select One-Sided.

Enter 0.01 as the Null Difference in Proportion.

Enter 400 for Sample Size 1.
Enter 400 for Sample Size 2.

10. Leave Power blank.
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11. Click Continue.
Figure 17.12 shows the Two Proportions windows with the estimated Power calculation of

0.82.

Figure 17.12 Difference Between Two Proportions for a One-Sided Test

£ Sample Size
Twio Proportions
Testing iftwa propartions are different from each other.

Alpha 0.05
X Ho:P1-P2=4Ao
Fropartion 1 0.6
Fropartion 2 0.5
O Two-Sided
©0ne-sided

Supply two of (difference, sample sizes, power) to determine the
third.
When entering sample sizes, enter a value for bath groups.

Mull Difference in Proporion 0.0
Sample Size 1 400
Sample Size 2 400
Power 0.8152128956

Actual Test Size = 0.05133
Test size calculated holding P1 fixed and using P2 = P1 - &0

You conclude that there is about an 82% chance of rejecting the null hypothesis at the 0.05
level of significance, given that the sample sizes for the two groups are each 400. Note the
Actual Test Size is 0.0513, which is slightly larger than the stated 0.05.

Counts per Unit

You can use the Counts per Unit option from the Sample Size and Power window (Figure 17.1)
to calculate the sample size needed when you 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, it is understood that the area and count are large enough to support a
normal approximation.

Questions of interest are:

¢ Is the defect density within prescribed limits?

® Is the defect density greater than or less than a prescribed limit?
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In the Counts per Unit window, options include:
Alpha is the significance level of your test. The default value is 0.05.
Baseline Count per Unit is the number of targeted defects per unit. The default value is 0.1.

Difference to detect is the smallest detectable difference to test against and is specified in
defects per unit, or is left blank for computation.

Sample Size is the sample size, or is left blank for computation.
Power is the desired power, or is left blank for computation.

In the Counts per Unit window, 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 a 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 as the number of units, rounded to
the next whole number.

Counts per Unit Example

As an example, consider a wafer manufacturing process with a target of 4 defects per wafer.
You want to verify that a new process meets that target within a difference of 1 defect per
wafer with a significance level of 0.05. In the Counts per Unit window:

1. Leave Alpha as 0.05 (the chance of failing the test if the new process is as good as the
target).

2. Enter 4 as the Baseline Counts per Unit, indicating the target of 4 defects per wafer.
Enter 1 as the Difference to detect.

4. Enter a power of 0.9, which is the chance of detecting a change larger than 1 (5 defects per
wafer). In this type of situation, alpha is sometimes called the producer’s risk and beta is
called the consumer’s risk.

5. Click Continue to see the results in Figure 17.13, showing a computed sample size of 38
(rounded to the next whole number).

The process meets the target if there are less than 190 defects (5 defects per wafer in a sample
of 38 wafers).
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Figure 17.13 Window For Counts Per Unit Example

4 Sample Size 4 Sample Size
Counts per Unit Counts per Lnit
Detecting change in count per unit, e.0. DPU (defects per unit) Detecting change in count per unit, &.9. DPU (defects per unit)
Alpha 0.04 Alpha 0.05
Baseline Count per Unit 4 Baseline Count per Unit 4
Supply two walues to determine the third. Supply two values to determine the third.
Difference to detect 1 Difference to detect 1
Sample Size . Sample Size
Power 04 Power 04
Using normal approximations Using narmal approximations

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 resultin a
six-sigma process. The computation that gives the Sigma Quality Level statistic is

Sigma Quality Level = NormalQuantile(l - defects/opportunities) + 1.5

Two of three quantities can be entered to determine the Sigma Quality Level statistic in the
Sample Size and Power window:

e  Number of Defects
e Number of Opportunities

¢ Sigma Quality Level

When you click Continue, the sigma quality calculator computes the missing quantity.

Sigma Quality Level Example
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. Click the Sigma Quality Level button.

3. Enter 50 for the Number of Defects.

4. Enter 1000000 as the Number of Opportunities. (See window to the left in Figure 17.14.)
5. Click Continue.

The results are a Sigma Quality Level of 5.39. (See right window in Figure 17.14.)
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Figure 17.14 Sigma Quality Level Example 1

4 Sample Size 4 Sample Size
Sigrna Quality Level Sigrna Quality Lewvel
MNormalQuantile(1-defectsfopportunities)+1.5 NormalGuantile(1-defects/opporunities)+1.5
Supply two values to determine the third. Supply two values to deterrmine the third
Mumber of Defects 50 Mumhber of Defects a0
Murmber of Opporunities 1000000 Mumber of Oppottunities 1Q00o0oa
Sigrma Quality Level _ Sigma Quality Level 53905918564

Number of Defects Computation Example

If you want to know how many defects reduce the Sigma Quality Level to “six-sigma” for
1,000,000 opportunities:

Select DOE > Sample Size and Power.

Click the Sigma Quality Level button.

Enter 6 as Sigma Quality Level.

Enter 1000000 as the Number of Opportunities. (See left window in Figure 17.14.)
Leave Number of Defects blank.

Click Continue.

AL

The computation shows that the Number of Defects cannot be more than approximately
3.4. (See right window in Figure 17.15.)

Figure 17.15 Sigma Quality Level Example 2

4 Sample Size 4 Sample Size
Sigma Quality Level Sigma Quality Level
Marmal@uantile(l-defectsioppartunities)+1 .8 MormalQuantile(1-defectsiopporunities)+1.5
Supply two values to determine the third. Supply two values to determine the third.
Mumber of Defects X Mumbhber of Defects 33976731247
Number of Opportunities 1000000 Murnber of Opportunities 1000000
Sigma Quality Level fi Sigma Quality Level i
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Reliability Test Plan and Demonstration

You can compute required sample sizes for reliability tests and reliability demonstrations

using the Reliability Test Plan and Reliability Demonstration features.

Reliability Test Plan

The Reliability Test Plan feature computes required sample sizes, censor times, or precision,

for estimating failure times and failure probabilities.

To launch the Reliability Test Plan calculator, select DOE > Sample Size and Power, and then
select Reliability Test Plan. Figure 17.16 shows the Reliability Test Plan window.

Figure 17.16 Reliability Test Plan Window

4 Sample Size
Reliakility Test Plan

Calculations for designing a reliahility study
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The Reliability Test Plan window has the following options:
Alpha is the significance level. It is also 1 minus the confidence level.
Distribution is the assumed failure distribution, with the associated parameters.

Precision Measure is the precision measure. In the following definitions, U and L correspond
to the upper and lower confidence limits of the quantity being estimated (either a time or
failure probability), and T corresponds to the true time or probability for the specified
distribution.

Interval Ratio is sqrt(U/L), the square root of the ratio of the upper and lower limits.
Two-sided Interval Absolute Width is U-L, the difference of the upper and lower limits.
Lower One-sided Interval Absolute Width is T-L, the true value minus the lower limit.

Two-sided Interval Relative Width is (U-L)/T, the difference between the upper and lower
limits, divided by the true value.

Lower One-sided Interval Relative Width is (T-L)/T, the difference between the true value
and the lower limit, divided by the true value.

Objective is the objective of the study. The objective can be one of the following two:
— estimate the time associated with a specific probability of failure.
— estimate the probability of failure at a specific time.

CDF Plot is a plot of the CDF of the specified distribution. When estimating a time, the true
time associated with the specified probability is written on the plot. When estimating a
failure probability, the true probability associated with the specified time is written on the
plot.

Sample Size is the required number of units to include in the reliability test.
Censor Time is the amount of time to run the reliability test.

Precision is the level of precision. This value corresponds to the Precision Measure chosen
above.

Large-sample approximate covariance matrix gives the approximate variances and covariance
for the location and scale parameters of the distribution.

Continue click here to make the calculations.
Back click here to go back to the Power and Sample Size window.
After the Continue button is clicked, two additional statistics are shown:

Expected number of failures is the expected number of failures for the specified
reliability test.
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Probability of fewer than 3 failures is the probability that the specified reliability test will
result in fewer than three failures. This is important because a minimum of three failures is
required to reliably estimate the parameters of the failure distribution. With only one or
two failures, the estimates are unstable. If this probability is large, you risk not being able
to achieve enough failures to reliably estimate the distribution parameters, and you should
consider changing the test plan. Increasing the sample size or censor time are two ways of
lowering the probability of fewer than three failures.

Example

A company has developed a new product and wants to know the required sample size to
estimate the time till 20% of units fail, with a two-sided absolute precision of 200 hours. In
other words, when a confidence interval is created for the estimated time, the difference
between the upper and lower limits needs to be approximately 200 hours. The company can
run the experiment for 2500 hours. Additionally, from studies done on similar products, they
believe the failure distribution to be approximately Weibull (2000, 3).

To compute the required sample size, do the following steps:

Select DOE > Sample Size and Power.

Select Reliability Test Plan.

Select Weibull from the Distribution list.

Enter 2000 for the Weibull o parameter.

Enter 3 for the Weibull 3 parameter.

Select Two-sided Interval Absolute Width from the Precision Measure list.
Select Estimate time associated with specified failure probability.

Enter 0.2 for p.

Enter 2500 for Censor Time.

10. Enter 200 for Precision.

O X N A=

11. Click Continue. Figure 17.17 shows the results.

Figure 17.17 Reliability Test Plan Results

Sample Size s
Censor Time 2500
Frecision 200
Expected number of failures 186.2229

Probability of fewer than 3 failures  7.4e-179

The required sample size is 217 units if the company wants to estimate the time till 20%
failures with a precision of 200 hours. The probability of fewer than 3 failures is small, so the
experiment will likely result in enough failures to reliably estimate the distribution
parameters.



Chapter 17
Design of Experiments Guide

Reliability Demonstration
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A reliability demonstration consists of testing a specified number of units for a specified
period of time. If fewer than k units fail, you pass the demonstration, and conclude that the
product reliability meets or exceeds a reliability standard.

The Reliability Demonstration feature computes required sample sizes and experimental
run-times for demonstrating that a product meets or exceeds a specified reliability standard.

To launch the Reliability Demonstration calculator, select DOE > Sample Size and Power, and

then select Reliability Demonstration. Figure 17.18 shows the Reliability Demonstration
window.

Figure 17.18 Reliability Demonstration Window

4 Sample Size
Reliakility Dermonstration

Compatring praduct reliability to a standard

Distribution wisbull v
Weibull B 1
Max Failures Tolerated 1]

Reliakility Standard

Time 10
Frobability of Surviving 0.4

Enter one value to determine the other

Time of Demonstration
MNumber of Units Tested

The Reliability Demonstration window has the following options:
Alpha is the alpha level.

Distribution is the assumed failure distribution. After selecting a distribution, specify the
associated scale parameter in the text field under the Distribution menu.

Max Failures Tolerated is the maximum number of failures you want to allow during the
demonstration. If we observe this many failures or fewer, then we say we passed the
demonstration.

Time is the time component of the reliability standard you want to meet.

Probability of Surviving is the probability component of the reliability standard you want to
meet.
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Time of Demonstration is the required time for the demonstration.

Number of Units Tested is the required number of units for the demonstration.

Continue click here to make the calculations.

Back click here to go back to the Power and Sample Size window.

After the Continue button is clicked, a plot appears (see Figure 17.19).

Figure 17.19 Reliability Demonstration Plot
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The true probability of a unit surviving to the specified time is unknown. The Y axis of the
plot gives the probability of passing the demonstration (concluding the true reliability meets
or exceeds the standard) as a function of the true probability of a unit surviving to the
standard time. Notice the line is increasing, meaning that the further the truth is above the
standard, the more likely you are to detect the difference.

Example

A company wants to get the required sample size for assessing the reliability of a new product
against an historical reliability standard of 90% survival after 1000 hours. From prior studies
on similar products, it is believed that the failure distribution is Weibull, with a } parameter of
3. The company can afford to run the demonstration for 800 hours, and wants the experiment
to result in no more than 2 failures.

To compute the required sample size, do the following steps:

1. Select DOE > Sample Size and Power.
2. Select Reliability Demonstration.

3. Select Weibull from the Distribution list.
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Enter 3 for the Weibull B.

Enter 2 for Max Failures Tolerated.
Enter 1000 for Time.

Enter 0.9 for Probability of Surviving.

Enter 800 for Time of Demonstration.

o ® N o o

Click Continue. Figure 17.20 shows the results.

Figure 17.20 Reliability Demonstration Results
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The company needs to run 118 units in the demonstration. Furthermore, if they observe 2 or
fewer failures by 800 hours, we can conclude that the new product reliability is at least as
reliable as the standard.
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explanation 90
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Alias Optimal Design 92
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Alias-optimal designs 74, 128
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attribute, discrete choice designs 241
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disallow factor combinations 357
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saved design (X) matrix 356
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Borehole Factors.jmp 276

Borehole Sphere Packing.jmp 277

Bounce Data.jmp 185

Bounce Factors.jmp 185-186

Box-Behnken designs 183, 185, 194
See also Response Surface designs

Byrne Taguchi Factors.jmp 314-315

C

categorical factors 48, 155
CCD See central composite designs
center points
augment designs 350, 352
central composite designs 183
response surface designs 183
simplex centroid designs 215
central composite designs 183, 194
See also response surface designs
centroid points 221
Chakravarty 158
Chemical Kinetics.jmp 295
chemical mixture, examples 231
choice designs
example 239
purpose 239
choice set, discrete choice designs 241
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closing JMP Starter window 27
Cluster Filling design

Linear Constraint 273
Cluster Filling designs 271
coding, column property 80
column properties

coding 80

constrained state 70

design roles 69, 84

factors for mixture experiments 81

high and low values 80

response limits 83
combinations, disallowing 76, 357
CONAEYV method 225
confounding 160

resolution numbers 156
confounding pattern 60, 160
constraints

adding 221

disallowing combinations 76, 357

entering 70

linear 224

loading 70

saving 70
continuous factors 48, 155
Contrast 171
control factors 311, 313
CONVRT method 225
coordinate exchange algorithms 86
Corn.jmp 306
Cotter designs 158
counts per unit (power and sample size) 378
covariate factors 117
creating factors tables 70
criterion, optimality 74, 357
Custom Design

Estimability 50

If Possible 50

Necessary 50
custom design commands 68
custom designs

data tables 63

Design Generation panel 35, 51
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flexible block size 96

how they work 86
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models, describing 49
random block design 64
screening 89

special commands 68
split plot 65

split-split plot 66

strip plot 67

D

defaults
number of random starts 74
defects 378
D-efficiencies 109
definitive screening advantages 133
describing models 50, 214
design
matrix table properties 72
Moments Matrix 72
resolutions 156
roles 69
Save X Matrix 72
design diagnostics table 266
Design Generation 163
Design of Experiments. See DOE
design roles 84
designs
ABCD 226
aberration 157
augment 346
balanced 52
Bayesian D-optimal 100, 129
Bayesian I-optimal 130
Box-Behnken 183, 185, 194
central composite 183
definitive 133
discrete choice 239
foldover 350-351
fractional factorial 156
full factorial 145, 199, 207
full factorials 156
Gaussian process IMSE optimal space
filling 271
L-optimal 129
Latin hypercube space filling
design 261-264
maximum entropy space filling 269
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mixture 211, 231
nonlinear 295
orthogonal
screening designs 156
screening experiments 211
surface designs 194
orthogonal arrays 158
Plackett-Burman 157
random block 64
replicating 346-347
response surface 183
saturated 52
screening 143
simplex centroid 215
simplex centroids 215
simplex lattice 218
space filling 226, 257-280
sphere packing space filling 258
split plot 65
split-split plot 66
strip plot 67
uniform precision 194
uniform space filling 264
desirability
functions 189, 317
maximizing 189
values 46, 154
desirability traces 189
desirability values, as column properties 83
determinant formula 75
diagnostics for custom designs 71, 356
Difference to Detect option 362-363, 367, 370
disallowing combinations 76, 357
discrete choice designs
analysis 246, 250
attribute 241
attributes panel 243
choice set 241
definition 239
design generation panel 244
dialog 243
example 241, 243, 245
prior information 248

profile 241
survey 242
discrete numeric factors 48
DOE (Design of Experiments)
coding 80
simple examples 146
DOE Sphere Radius 357
Donev Mixture Factors.jmp 111
D-optimal
augmentation 353
designs 100, 128-129
optimality criteria 74, 357

E

effect

aliasing 160

eigenvalue 188

eigenvector 188

nonestimable 156

orthogonal 195, 311

sparsity 145, 157-158
efficiencies

D, G, and A 62
eigenvalue of effect 188
eigenvector of effect 188
equivalent solutions 86
error standard deviation 362
error variance 103
Estimability 50
Estimation Efficiency 60
excluding factor combinations 76
extra parameters 363
extreme vertices 220

algorithms 225

finding optimal subsets 222

range constraints 222
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Factor Changes 69
factor combinations, disallowing 76

Factor Profiling option 188, 190, 206, 234, 316

factorial designs
fractional 156
full 145, 156, 199, 207
three level 158
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continuous 48, 155

control factors 311, 313

covariate 117

for mixture experiments 81

key factors 143

loading 70

nonmixture 110

saving 69

tables, creating 70
false negatives 158
Fast Flexible Filling designs

Set Average Cluster Size 272
finding optimal subsets (extreme vertices) 222
fitting mixture designs 229
fixed covariate factors 117
fixed covariates example 117
folding the calculation 230
foldover designs 350-351
fraction of design space plot 58
fractional factorial designs 156
Full Factorial Designs 199-209

design generation panel 52

examples 201
full factorial designs 156, 199
functions, desirability 189, 317

G

Gaussian process IMSE optimal design 255, 271
global optimum 74
goal types 45, 153
matching targets 46, 154
minimizing and maximizing 46, 154
Group New Runs into Separates Block
option 350
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Half Normal plot 171, 174
hidden intercepts 230
hyperspheres 76, 357
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If Possible 50
importance of responses 45, 69, 153, 318
entering 83
industrial experimentation 239
inner arrays, inner designs 311, 313
Inscribe option 195
interactions 158
high-order 156
intercepts, hidden 230
I-optimal
designs 128-130
optimality criteria 74, 357
[-Optimal designs 74
I-optimal designs 129

J

JMP Starter 27

JMP tutorials 25

JSL (JMP Scripting Language)
animation scripts 363
augmented designs 341
sphere radius 357

K

Keep the Same 63
k-Sample Means (power and sample size) 369

L

L18 Chakravarty 158
L18 Hunter 158
L18 John 158
L36 158
L9-Taguchi 314
Label column 165, 197
larger—the-better formulas (LTB) 315
Latin hypercube space filling design 261-264
Lenth’s PSE 171, 181
limits, responses 83
linear constraints 221, 224
loading
constraints 70
factors 70
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responses 70
local optimum 74

Make Model 171
matching target goals 45-46, 83, 153-154
matrix, alias 60
matrix, design 72
maximize responses 45, 153
maximizing
desirability 189
goals 46, 154
maximum entropy space filling design 255, 269
means, one- and two-sample (power and
sample size) 361
menu tips 26
methods
CONAEV 225
minimize responses 45, 153
minimizing goals 46, 154
minimum aberration designs 157
minimum potential design 267
minimum potential space filling design 255
mixed-level designs 158
Mixture Designs 211-237, 239
ABCD design 226
compared to screening designs 211
definition 211
examples 231-233
extreme vertices 220
fitting 229
linear constraints 224
optimal 214
optimal subsets 222
response surfaces 234
Set Average Cluster Size 227
simplex centroids 215
simplex lattice 218
space filling 226
ternary plots 228
with nonmixture factors 110
mixture designs
examples 231
mixture experiments (column property) 81
mixture, column properties 81
Model script
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Model Specification dialog 172, 186
models

custom design 49

describing 49-50, 214
Monte Carlo simulation 169

N

N factors, adding 47
N Monte Carlo Spheres (nonlinear design
option) 309
N Responses 45
N Responses button 153
Necessary 50
no-intercept model 81
noise factors 311, 313
nonestimable effect 156
nonlinear design
advanced options 309
augment table 301, 308
create using prior parameter estimates 298
creating 305
creating with no prior data 301
distribution of parameters 302
fitting to find prior parameter estimates 295
introduction 293
launch dialog 298, 306
number of Monte Carlo samples 300
number of starts 300
overlay plot of design points 304
using prior parameter estimates 298
Nonlinear Designs 293-310
advanced options 309
creating 305
examples 295
nonmixture factors in mixture designs 110
Number of Center Points option 52
Number of Monte Carlo Samples (nonlinear
design option) 309
Number of Replicates option 52
number of runs 43, 51, 87
screening designs 156
number of starts 74

(0

On Face option 195
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one-sample and two-sample means (power
and sample size) 361
one-sample and two-sample proportion
(power and sample size) 372
one-sample variance (power and sample
size) 370
opening
JMP Starter window 27
optimal determinant formula 75
optimal subsets (mixture designs) 222
Optimality Criterion 74, 357
optimality criterion 74
order of runs 63, 164, 196, 208, 216, 221, 226
orthogonal array designs 158, 311
orthogonal designs
screening designs 156
screening experiments 211
surface designs 194
Orthogonal option 195
outer arrays, outer designs 311, 313

P

parameters, extra 363
Pattern column 148, 165, 197, 209
patterns, confounding 160
performance statistics 313
Placket-Burman design
creating 165
Plackett-Burman designs 157
Plastifactors.jmp 231
plots
Actual-by-Predicted 175
Scatterplot 3D 192
ternary 211, 228
points
axial 183
center See center points
centroid 221
potential terms (DOE) 99
power and sample size calculations 359-381
analyses 361
animation 366
counts per unit 378
in statistical tests on means 371
k-sample means 369
one-sample and two sample
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proportions 372
one-sample mean 362-363
one-sample variance 370, 373, 375
Sigma quality level 380
two-sample means 367
prediction
profilers 103, 105
traces 188
variances 103, 194
prediction formulas, saving 233
prediction profiler 188
prediction variance profile plot 103
prediction variance surface plot 59
primary terms (Bayesian D-optimal design) 99
profile, discrete choice designs 241
profilers
mixture response surface 234
prediction profilers 105, 188
prediction variance plot 103
prediction Variance profiler 103
properties, columns 79
proportions (power and sample size) 372
prospective power and sample size 359
prospective power and sample size
calculations (see power and sample
size) 381
pseudocomponent (mixture column
property) 81
pure error 350

Q

quadratic model 102-110

R

radius, sphere 76, 357
random block designs 64
random seed, setting 71
random starts 74
Randomize within Blocks 63
randomizing runs 63

range constraints 220
Reaction Kinetics Start.jmp 301-302
Reaction Kinetics.jmp 303
Reactor 8 Runs.jmp 337
Reactor Factors.jmp 201-202
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Reactor Response.jmp 201
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relative proportions See mixture designs
replicating
designs 347
replicating designs 346
requesting additional runs 52, 164, 196, 208
rescaling designs 195
resolution numbers 156
resolutions of designs 156
response limits, column property 83
Response Surface Designs 183-197
examples 185-191
introduction 192
purpose 183
reports 187
with blocking factors 107
with categorical factors 107
response surface effects 230
Response Surface Methodology (RSM) 192
response surfaces
mixture designs 234
responses
custom designs 45, 153, 193
desirability values 46, 154
goals 45, 153
goals, desirability functions 189
lower limits 46, 154
saving 69
upper limits 46, 154
responses, loading 70
responses, multiple 83
RMSE 175, 205
robust design 120
robust engineering 311
roles, design 84
Rotatable option 195
RSM (Response Surface Methodology) 192
Run Model 171
runs
additional 52, 164, 196, 208
order they appear in table 63, 164, 196, 208,
216, 221, 226
requesting additional 52, 164, 196, 208
screening designs 156
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S

sample means (power and sample size) 361
sample sizes
example comparing single-direction
one-sample variances 370, 373
example with counts per unit 378
one and two sample means 363
prospective power analysis 370
screening designs 199
saturated designs 52
saving
constraints 70
factors 69
prediction formulas 233
responses 69
X Matrix 72, 356
scaling
axial 194
designs 195
Scatterplot 3D
Box-Behnken designs 192
Scheffé polynomial 229
screening design
Choose Screening Type 155
Design Generation 163
Near Orthogonal designs 163
Number of Starts 163
screening designs 143
custom designs 89
design types 156
dialogs 149, 165
examples 149-196
Number of Column Starts 163
scripts
animation 363
generating the analysis model 172, 186
Model script See Model table property
scripting See JSL
Set Average Cluster Size 227, 272
Set Random Seed command 71
sigma quality level (power and sample
size) 380
signal factors 311
signal-to-noise ratios 311
simplex 211
centroid designs 215
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lattice designs 218
single-sample means (power and sample
size) 363
solutions, equivalent 86
Sort Left to Right options 63
Sort Right to Left option 63
Space Filling designs 257-280
borehole problem, sphere packing
example 276
Cluster Filling 271
Gaussian process IMSE optimal 255, 271
Latin hypercube 255, 261-264
maximum entropy 255, 269
minimum potential 255, 267
Set Average Cluster Size 272
sphere packing 255, 258
uniform 255, 264
Space Filling Mixture designs 226-228
Space Filling Mixture designs, Set Average
Cluster Size 227
sparsity, effect 145, 157-158
sphere packing design 255, 258
sphere radius 76, 357
split plot designs 48, 65
split-split plot designs 66
star points 183
starts, number of 74
starts, random 74
statistics, performance 313
strip plot designs 67
subsets, finding optimal 222
supersaturated designs 93
surface designs See response surface designs
survey, discrete choice designs 242

T

tables
factors table, creating 70
making in custom designs 63
Taguchi designs 311-317
description 311
methods 311
target values 46, 83, 154
ternary plots 211, 228
three-dimensional scatterplot
Box-Behnken designs 192
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traces, desirability 189
trade-off in screening designs 156
tutorial examples
augment designs 337-346
custom design 29-41
DOE 146
flexible block size 96
full factorial designs 201
mixture designs 231-233
response surface designs 185, 190-191
screening designs 149
tutorials 25
two-level fractional factorials 156
two-level full factorials 156
two-sample and one-sample means 367
two-sample means (power and sample
size) 361
two-sample proportion (power and sample
size) 372

U

Uniform (space filling design) 255
uniform (space filling design) 264
uniform precision designs 194
User Defined option 195

Vv

values
high and low for columns (in DOE) 80
target 46, 154
variance of prediction 195
variance, error and prediction 103
vertices
extreme 220
extreme, finding optimal subsets 222

W-Z

weight, importance of response 45, 69, 83, 153,
318

Weld-Repaired Castings.jmp 177

whole model test 230

X Matrix, saving 72, 356

XVERT method 225
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