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Fractional Factorial with Foldover Tutorial

Introduction

At the outset of your experimental program you may be tempted to design one
comprehensive experiment that includes all known factors - to get the BIG Picture
in one shot. This assumes that you can identify all the important factors and their
optimal levels. A more efficient, and less risky, approach consists of a sequence of
smaller experiments. You can then assess results after each experiment and use
what you learn for designing the next experiment. Factors may be dropped or
added in mid-stream, and levels evolved to their optimal range.

Highly fractionated experiments make good building blocks for sequential
experiments. Many people use Plackett-Burman designs for this purpose, but we
prefer the standard two-level approach or the minimum-run (“Min Run”) options
offered by Design-Expert® software. Regardless of your approach, you may be
confounded in the interpretation of effects from these low-resolution designs. Of
particular concern, main effects may be aliased with plausible two-factor
interactions. If this occurs, you might be able to eliminate the confounding by
running further experiments using a foldover design. This technique adds further
fractions to the original design matrix.

We will discuss foldover designs that offer the ability to:
= free main effects from two-factor interactions, or

= de-alias a main effect and all of its two-factor interactions from other main
effects and two-factor interactions.

)

Design-Expert’s “Foldover” feature automatically generates the additional design
points needed for either type of foldover.

Saturated Design Example

Lance Legstrong has one week to fine-tune his bicycle before the early-bird Spring
meet. He decides to test seven factors in only eight runs around the quarter-mile
track. We show Lance’s design below, which can be set up from Design-Expert via
its factorial tab with the default design builder for a “2-Level Factorial”. It is
“saturated” with factors, that is, no more can be added for the given number of
runs. (Inspiration for this case study came from Statistics for Experimenters, 2nd
Edition (Wiley, 2005) by Box, Hunter and Hunter (“BHH”). In Section 6.5, BHH
reports a very similar study with a few factors and results differing from those
shown below.)

“When your television set misbehaves, you may discover that a kick in the right place
often fixes the problem, at least temporarily. However, for a long-term solution the
reason for the fault must be discovered. In general, problems can be fixed or they may
be solved. Experimental design catalyzes both fixing and solving.”

-- Box, Hunter and Hunter.
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Std Run A: B: C: D: E: F: G: Time
Seat Tires Handle Helmet Gear Wheel Gener- 1/4

psi Bars Brand covers ator mile

secs
1 2 Up 40 Up Windy Low off Off 77
2 1 Down 40 Up Atlas High off On 74
3 4 Up 50 Up Atlas Low On On 82
4 7 Down 50 Up Windy High On Off 47
5 6 Up 40 Down Windy High On On 72
6 3 Down 40 Down Atlas Low On Off 77
7 8 Up 50 Down Atlas High Off Off 48
8 5 Down 50 Down Windy Low off On 83

Experimental design and results

As you will see in a moment via an evaluation, this is a resolution III design in
which all main effects are confounded with two-factor interactions. (To alert users
about these low-resolution designs, they are red-flagged in the design builder
within Design-Expert.)

fle gt Yeew DisplayOptions DepgnTeoh Help 1ps
w B

B ? W
2-Level Factorial Design

_[ Moure Design 1or 290 21 RN wivere each RGN i5 vaned over 2 levels. Useful for estimating main efecs N B uSed for SCreEning man: 1
The color coding repeesents the design resohulion. Gresn = Res Vv of higher, Yellow = Res [V, and Red = Res I
[JHNMQWI“IM
Facteral Humises of Factors
5 5 <
2 a3 | 4|5 |6 | 7 |8 |9 |10 12|13 [wu]|15s 167|181
Min Run Res v
Min Fun Res v 4| 2°
megular Fracion
Ganars Facorial 3 o1
Gptimal 8 27 |12,
Plackafl-Burman 3 ) 73 I
Tagucka O&
agu ' 16 2 20 120 12y
= e B3 94 05 14 27 138 Lk 110 |y 1511
32 2 2y 12y 12w RPe 12y 28 28 |26 2y 2w
& =3 104 | 115 |0 128 |0 137 | 168 | 158 |y 1510y 1711 ey 1012 [y 12
64 2 20 122 T2 2y 12 T 2y 2122 2y
128 27 21N2,s 27 2:.7 21':4 2'1:3 2'1:.102;‘-11 2'1:
] 1810 _‘9
256 2 272y
512 2°
v
Hewbiates Macks: |1 - Canber panis gl block ¢ Show Oenerslon
[ cance | [Contnue =]
B

For Help, press FL

Two-level factorial design builder in Design-Expert

Lance would prefer to run a resolution V or higher experiment, which would give
clear estimates of main effects and their two-factor interactions. Unfortunately, at
the very least this would require 30 runs via the “min-run Res V” design (also
known as “MR5”) invented by Stat-Ease statisticians. But 30 runs are too many for
the short time remaining before competition. Lance briefly considers choosing an
intermediate resolution IV design (color-coded a cautionary yellow in Design-
Expert), but seeing that it requires 16 runs, he decides to perform only the 8 runs
needed to achieve the lesser resolution III.

To save time on data entry, select File, Open Design and choose Biker.dxp. After
looking over the data, check out the alias structure of the design by clicking the
Evaluation node on the left. Note that Design-Expert recognizes that this meager
design can only model response(s) to the order of main effects. The program is set
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to produce results showing aliasing up to two-factor interactions (2FI) - ignoring
terms of 3FI or more.

e 7R
D Motes for Biker.dxp .
: ] fix) Madel Z= Results Graphs ‘
7 Design (Actual) == -
4 Summary
L‘l Graph Columns. Order: | Main effects A
Evaluation
Model: i - Response:
o] Analysis Factorial p Design Only
1 RA-Time 174 mile
. Ignore: | 3F1 -
: E Optimization
L% Numerical
%‘)‘a Graphical ﬂ Intercept
.. ¥ Point Prediction I A-Seat
Il B-Tires
Il C-Handle Bars
[¥l D-HelmetBrand
Il E-Gear
Il F-Wheelcovers
Il G-Generator

Evaluating the biker’s experiment

Now press the Results button at the top of the data window to see the impact of
only running a Res III design in this case.

Results E Graphs

Usze your meuse to right click on individual cellz for definitions.

f(x)

haocel EE

7 Factors: A, B, C,D,E, F, G

Design Matrix Evaluation for Factorial Main effects Model

[0]=0+ AB + CG + EF
[E] =E + AC + BG + DF
[Fl=F +AG +BC + DE
[Gl =G+ AF +BE + CD

Factorial Effects Aliases Bookmarks @
[Est. Terms] Aliased Terms Tap
[intercept] = Intercept Alizsing
_ | [KI=A+BD+CE+FG DF
[B]=B + AD + CF + EG Terms (Paoswer)
[C]=C + AE + BF + DG Leverage
Pap-Cut Wiew

Alias structure for first block of biking time-trials

This design is a 1/16th fraction, so every effect will be aliased with 15 other effects,
most of which are ignored by default to avoid unnecessary screen clutter. The
output indicates that each main effect will be confounded with three two-factor
interactions.

Don’t bother studying the remaining design evaluation report. Click the Time Y
mile node in the analysis branch at the left and Effects at the top of the display
window. Starting from the right, click the three largest effects (or rope them off as
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pictured below). Notice how the line jumps up and a gap appears between the
trivial many effects near the zero effect level and the vital three effects that you

picked.
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Effect graph - three largest ones selected
On the floating Effects Tool, click Pareto Chart.

Effects Tool \El

Half-Marmal

Marenial Plot
u| Pareto Chart

Effects List
Bl Alies List

Clear Selection

Recalculate

Pareto chart selected on Effects Tool

Then on the chart itself, right-click the biggest bar (E) to show its aliases as below.
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Pareto Chart

Effects Tool @

[ Haff-normst
F Mormal Plot
Pareto Chart
[5] Effects List
[E]  AliasList
Clear Selection 2386 —
Recalculate

384 —

1592 —

t-Value of |Effect|

796 —

Bonferroni Limit 5.06751

t-Value Limit 2.77645

000 —

Rank

Pareto chart of effects with aliases displayed for the bar labeled “E”

Factors B (Tires), E (Gear), and G (Generator) are clearly significant. Click ANOVA
to test this statistically. Before you can go there, you are reminded via the warning
shown below that this design is aliased.

Warning ﬁ

This design contains aliased terms.

Do you want to switch to the View, Alias List in order
to select them?

Yes=3witch to View, Alias List

Mo=Continue with current selected Model

Alias warning

You know about this from the design evaluation, so click No to continue. (Option:
click Yes to go back and see the list. Then click the ANOVA button.) The output
shown below has the View, Annotated ANOVA option turned off to provide a
cleaner look at the statistics.
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Display Options  Design Tools Help  Tips
Annctated ANOVA

Show Cell Borders I — .
L Effects % AN, o=+ Disgnostice |-__Modal Graphs
Pop-Out View | | | | | ‘ .
v Toolbar 1 Time 1/4 mile
v Status Bar r selected factorial model

V¥ Show Bookmarks riance table [Partial sum of squares - Type Ill]

Sum of Mean F p-value
ization — |
. Source Squares df Square Value Prob>F
americal —
Model 1441.00 3 48033 540 44 = 0.0001
raphical —
int Prediction | B-Tires 200.00 1 200.00 26667 = 0.0001
| EGear 760.50 1 760.50 1014.00 = 0.0001
| G-Generator 480.50 1 480.50 640.67 = 0.0001
Residual 3.00 4 0.75
— Bookmarks @
| corTotal 1444.00 7
Top
| ANOVA
Std. Dev. 087 R-Sguared 0.9979 _
| R-Sguared
Mean 70.00 Adj R-Squared 0.9964
— Coefficient s
| CV. % 124 Pred R-Sguare 0.9917 Equations
| PRESS 12.00 Adeq Precisior 57.155 Pop-Out iew
| Coefficient Standard 95% CI 95% CI
| Factor Estimate df Error Low High VIF
__|Intercept 70.00 1 0.31 69.15 70.85
__|B-Tires -5.00 1 0.31 -5.85 -4.1% 1.00
| |E-Gear 9.75 1 0.31 290 10.60 1.00
G-Generator 7.75 1 0.31 6.90 8.60 1.00

ANOVA output - unannotated

Lance gets a great fit to his data. Based on the negative coefficient for factor B, it
seems that hard tires decrease his time around the track. On the other hand, the
positive coefficients for factors E and G indicate that high gear gives him better
speed and the generator should be left off. The whole approach looks very
scientific and definitive. In fact, after adjusting his bicycle according to the results
of the experiment, Lance goes out and wins his race!

However, Lance’s friend (and personal coach) Sheryl Songbird spots a fallacy in the
conclusions. She points out that all the main effects in this design are confounded
with two-factor interactions. Maybe one of those confounded interactions is
actually what’s important. “You must run at least one more experiment to clear this
up,” says Sheryl. “That sounds like a great idea,” says Lance tiredly, realizing that
he will never sleep easy knowing that some doubt remains as to the ideal settings
for his bike.

Complete Foldover Design

To untangle the main effects from the interactions in his initial resolution III design,
Lance can run a “foldover,” which requires a reversal in all of the signs on the
original eight runs. Combining both blocks of runs produces a resolution IV design
- all main effects will be free and clear of two-factor interactions (2FI's). However,
all the 2FI’s remain confounded with each other.

To create the new runs for the foldover design, click the Design node and then
select Design Tools, Augment Design, Augment.
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File Edit View Display Options | Design Tools | Help  Tips
play Dip g9 PR
= & 7 Simulation Editor...
[0 Notes for Biker dxp g Augment Design... 4 Augment Eacior 5
.. pesign (Actual) = | st Write Candidate File... Add Center Points E:Gear |F
Summary > Create Factorial Candidates... Replicate Design
Graph Columns — Edit Design Model Blocks High
=] Evaluation | ! BioeET el el el gy Low
H] Analysiz _ 6 3 Block 1 Down 40.00 Down Atlas Low
4 riTime vamiear | [ 3 4 Block 1 up £0.00 up Atlas Low

Augment the first block of runs

This selection brings up the following screen.

Factorial Design Augmentation Iﬁ

Double the number of runs in order to
increase the resolution of the de=ign, or to
clear up some inconvenient aliases.

Augmenting method:

This method i= usually chosen when the
'] original factorial design was highhy
fractionated (low resclution) and you still
wish to =creen for critical factors.

Foldover

Foldover option suggested by default

The default suggestion by Design-Expert for Foldover is good, so click OK to
continue. The program now lists which factors to be folded over. By default,
Design-Expert selects all the factors. This represents a complete foldover. Factors
can be selected or cleared with a right click on the factor, or by double-clicking on

the factor.

Foldover factors ﬁ

Select the factors to fold over.

Default is all factors [complete foldowver].

For Res IV designs, select a single factor.

vy A-Seat

v B-Tires

% C-Handle Bars

%" D-HelmetBrand

' E-Gear

%/ F-Wheelcovers
G-Generator

<

Choice of factors to fold over

In this case it is best that all factors be folded over, so click OK to continue. The
program displays the following warning (really just a suggestion).
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Warning Lth

Foldover completed.

Be sure to use Design Evaluation to check aliasing and
power prior to performing the additional runs.

Go to Design Evaluation now?

Suggestion to evaluate foldover design

Click Yes and press Results to see the augmented design evaluation - much
better!

Factorial Effects Aliases
[Est. Terms] Aliazed Terms

[Intercept] = Intercept

[Block 1] = Block 1

[Block 2] = Block 2

[Al=A

[B]=B

[C]=C

[ =0

[E]=E

[F1=F

Gl =G

[4B] = 4B + CG + EF

[4C]=AC +BG + DF

[AD] = AD + CF + EG

[AE] = AE + BF + DG

[4F] = AF + BE + CD

[4G] = AG +BC + DE

[BD] = BD = CE + FG

Aliasing after foldover

Complete foldover of a resolution III design results in a resolution IV design. The
proof for this case is that the main effects are now aliased only with three-factor
interactions - ignored by default because they are so unlikely. See Montgomery’s
Design and Analysis of Experiments textbook for the details on why this happens. By
the way, the power also increases due to the doubling of experimental runs. If
you’d like to assess this, go back to the Model screen and change the Order to Main
effects before re-computing the Results. Then press the Power button on the
floating Bookmark tool.

Now return to the main Design node and select View, Display Columns, Sort,
Std Order. (Tip: A quicker route to sorting any column is via a right-click on the
header.) Notice how each run in block two is the reverse of block one. For
example, whereas the seat (factor A) went up, down... in block 1, it goes down, up...
in block 2 - everything goes opposite.
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File Edit Display Options Design Tools  Help Tips

O & [E v Designlayout
[ Notes o i Factor 1 Faclorz | Factor3 | Factord | Factors Factor 6 Factor7 | Response 1
E Desi Column Info Sheet Block A Seat BTires |C:Handle Bars|D:HelmetBrand  E:Gear F:Wheelcovers | G:Generator | Time 1/4 mile
H . psi seconds
Show Cell Borders Block 1 up 40.00 up Windy Low off off 77.00
CEEi Ny SR E Block 1 Down 20.00 up Alas High off on 74.00
Show Design Tool Block 1 up 50.00 up Atlas Low on on 82.00
Display Columns N 50.00 up Wingy High on off 47.00
) v RunOrd 40.00 Down Windy High on on 72.00
FEpoi= DZ:igan[?r 40.00 Down Atlas Low on off 77.00
Toolbar 7| Block 50.00 Down Atlas High off off 48.00
Status Bar Point Type 5000 Down Windy Low Off On 83.00
9 10 50.00 Down Atlas High On On
— Comments
_ | 10 12 Display Al 50.00 Down Windy Lc.lw On off
| on 9 Defaults 40.00 Down Windy High Off Off
| 12 12 4n nn Minsen Atlas Low off on
I REIEL el V| Std Order Alas Low off off
| 15 s Block 2 up o (s Windy High off on
| 15| 1 Block 2 Down Pl Windy Low on on
16 16 Block 2 up Block Aflas High on off
il Point Type
Comments
Row Status
Folded-over design in standard order
Lance’s results for the additional runs appear in the following table.
Std | Blk A: B: C: D: E: F: G: Time
Seat | Tires | Handle | Helmet | Gear | Wheel | Gener- | 1/4 mile
psi Bars Brand covers ator secs
9 2 Down 50 Down Atlas High On On 57
10 2 Up 50 Down Windy Low On Off 93
11 2 Down 40 Down Windy High off off 84
12 2 Up 40 Down Atlas Low Off On 87
13 2 Down 50 Up Atlas Low Off Off 94
14 2 Up 50 Up Windy High Off On 57
15 2 Down 40 Up Windy Low On On 86
16 2 Up 40 Up Atlas High On Off 83

Experimental results for foldover block

To continue following along with Lance, within your Response 1 column, enter his
above times for the foldover block (Block 2) of eight runs, as shown below. First be
sure you have changed the design matrix to standard order. Input factors must

match up with the responses, otherwise the analysis is nonsense.

9
10

10

Block 2
Block 2
Block 2
Block 2
Block 2
Block 2
Block 2
Block 2

Down
Up
Down
Up
Down
Up
Down

up

50.00
50.00
40.00
40.00
50.00
50.00
40.00
40.00

Down
Down
Down
Down
Up
Up
Up
Up

Atlas
Windy
Windy

Atlas

Atlas
Windy
Windy

Atlas

High
Low
High
Low
Low
High
Low

High

On
On
Off
Off
Off
Off
On
On

57.00
93.00
&4.00
&7.00
94.00
57.00
86.00

Folded-over design in standard order with block-2 times (secs) keyed in
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Click the Time % mile node and display the Effects plot. Starting from the right,
click the three largest effects (or rope them off as shown earlier).

File @dit View Daplay Options DesignTools Help Tips
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Design-Expen® Software
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Wovalue = 0.029 a1
p-value = 0.404
A Seal
B: Tires i
C: Handie Bars ] (==
0. HelrmetBrand 9%
E Gear =
F: Wheelcovers = 0
G: Generator =2 £ Bl ac
a ¥s1 E| [y
Neaat et [=} E| e
m Negative Effects & w3 Bg b
3 =}
S I
o =
E =
5 =
g 50 =< =
o =)
=} 30 ]
T 2 -
0
4 8
T T T T I I
oo 280 561 LER] nn 402 16.82 1963
|Standardized Effect]

Half-normal plot of effects after foldover

[t now appears that what looked to be effect G really must be AF. Be careful though
- recall from the design evaluation that AF is aliased with BE and CD in this folded
over design. (To see this, you can go back and look at the screen shot from before
or press Evaluation on your screen and look at the Report. Or ,even better, just
right click on AF on the Half-Normal Plot (as pictured above)). Design-Expert picks
AF only because it is the lowest in alphabetical order of all the aliased terms.

From their subject matter knowledge, Lance and Sheryl know that AF, the
interaction of the seat position with the wheel covers, cannot occur; and CD, the
interaction of handle bar position with the brand of helmet, should not exist. They
are sure the only feasible interaction is BE, the interaction of tire pressure and
gears. However, proceed with the ANOVA on the model with the two-factor
interaction at the default of AF

The software gives the following warning about model hierarchy.

Warning ﬁ

The model you have selected is not hierarchical

Would you like the hierarchy corrected automaticalhy?

Warning that model is not hierarchical

Because you selected interaction AF, the parent factors A and F must be included in
the model to preserve hierarchy. This makes the model mathematically complete.
Click Yes to correct the model for hierarchy.
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Half-Normal Plot
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i o

. 95 — E
3 =
E 90 E 8 AF
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|Standardized Effect|

Hierarchy corrected

Notice that these two new model terms, A and F, fall in the trivial-many near-zero
population of effects. Therefore you may find that one or both are not very
significant statistically. Nevertheless, it is important to carry them along.

Press forward to ANOVA again. You are now warned that “This design contains
aliased terms. Do you want to switch to the View, Alias list...?” Click No to
continue. (You will return later to this Alias List, so don’t worry.)

The ANOVA looks good. (Factor A is not significant but it’s in the model to preserve

hierarchy.)
y]\ Transform ‘lf_ Effects —& AMONA @ Disgnostics EModelGraphs
_Response 1 Time 1/4 mile

| Hierarchical Terms Added after Manual Regression
AF

ANOVA for selected factorial model

_Analysis of variance table [Partial sum of squares - Type Ill]

= Sum of Mean F p-value

__|source Squares df Square Value Prob > F

__|Block £10.08 1 410.08

| Model 2874.31 5 5094.86 2089.27 < 0.0001

| A-Sest 0.56 1 0.56 1.98 0.1934
B-Tires 380.06 1 390.068 1369.98 = 0.0001
E-Gear 1540.56 1 1540.56 5410.76 = 0.0001
F-Wheelcovers 3.08 1 3.08 10.76 0.0095

| AF 1040.06 1 1040.06 3652.90 = 0.0001

__|Residual 256 9 0.28

__|CorTotal 3386.94 15

ANOVA output after foldover
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Click Diagnostics. You will see nothing abnormal here. Then click Model Graphs
to view the “AF” interaction plot. Because neither “A” nor “F” as main effects
changes the response very much, the interaction forms an X, as shown below.

[ romtem [ somn | 5 sin | ot [ oo

Design-Expert® Software .
Time 1/4 mile Interaction

F: Wheelcovers

X1 = A Seat
X2 = F. Wheelcovers

10000 —|

Actual Factors

B: Tires = 45.00 5000 —|
C: Handle Bars = Up

D: HelmetBrand = Atlas

E: Gear = High

G: Generator = Off 50.00 —|

H F10On
A F2Off

Time 1/4 mile

5000 —

200 —

A Seat

The AF interaction plot

Keep in mind that Lance and Sheryl know this interaction of the seat position with
the wheel covers really cannot occur, so what’s shown on the graph is not
applicable.

Investigation of Aliased Interactions

Lance decides to investigate the other, more plausible, interactions aliased with AF.
You can follow along on your computer to see how this works. Lance clicks back
onto the Effects button. Then, on the floating Effects Tool, he selects Alias List.
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File Edit View Display Options Design Tools Help Tips

=] ?
[ Notes for Biker.dxp . -
: £ Design (Actual) yh Tranzform |;"_ Effects % AR @ Diagnostics |-__ModeIGraphS

| Summary
- Effects Tool
Graph Columns ﬂ| Term | jlazes | IE‘
Intercept
0\ i ~
=] Evaluation M A Sest 0F DEG [] Halt-tormal
] Analysis o] B-Tires Mormal Plot
R1:Time 1/4 mile ( | & C-Handle Bars @ Pareta Chart
i A4 Optimization ﬁ D-HelmetBrand [5] Effects List
; E-Gear
L i ——
+F] Numerical Ml F-Wheeicovers . Alias List
: ﬁ Graphical &  G-Generator
.. ¥ Point Prediction [=] AB F Clear Selection
e AC F
e AD CF EC Recalculate
e AE BF DG
I AF BE CD
e AG BC DE
A BC
e BD CE FG

Viewing the alias list

He locates and right clicks term AF, below left, then selects BE, resulting in the
next screenshot shown.

e AB CGEF ) B
e AC e AC
e AD e AD
e AE e AE
M AF A~ AF
e AG BE e AG BC DE
A BC o ~ BC
e BD CE FG e BD CE FG
- BE ol BE AF CD

Substituting BE for AF (before and after)

Note that this action is reversible, that is, AF can be substituted back in for BE. But
for now, just to do something different, Lance selects Pareto Chart on the floating
Effects Tool. The effects of A and F remain from the prior model in hierarchical
support of the AF interaction.
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Pareto Chart

7356 — o
Effects Too

C]
[ | teat-nomal
6435 — [7] mormai Pt
BE
Fareto Chart
=1

Effects Lest
A List

AF

517
6517 —] @

Ciear Seiection

Recacualy
4597 —| : g

3678 — —

27.58

t-Value of |Effect|

1839 —

919 —

s Limnit 3 90877
T e 1-Walue Limit 2 26216

000 — — — -_n_- [ — B — — —

Rank

Pareto chart with BE substituted for AF

Now with interaction BE as the substitute, these two main effects, clearly
insignificant, are no longer needed, so click the bars labeled “F” (ranked 4th) and “A”
(6%) to turn off these vestigial model terms. Notice how this simplifies into a family
of effects: B, E and BE. In other words, this model achieves hierarchy with all terms
being significant on an individual basis. As a general rule, a simpler (or as
statisticians say “more parsimonious”) model like this should be favored over one
that requires more terms. This is especially true for models with parent terms that
are not significant on their own, such as the one you created earlier with the
orphan AF.

Lance now displays the BE interaction. Take a look at it yourself by clicking the
Model Graphs button. (Click No if advised to view aliased interactions.)
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Design-Expert® Software .
Time 1/4 mile Interaction

E: Gear

® Design Points 10000

X1 =B: Tires
X2 = E: Gear

Actual Factors F
A Seat=Up

C: Handle Bars = Up

D: HelmetBrand = Atlas Ll
F: Wheelcovers = On
G: Generator = Off
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Time 1/4 mile
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B: Tires

The BE interaction plot (effect of tires at low versus high gear)
Lance feels that it really makes much better sense this way.

Notice that Design-Expert displays a green point on the graph, which in fractional
factorials, only appears under certain conditions. Click it to identify these
conditions.

Design-Expert® Software .
Time 1/4 mile Interaction

Time 1/4 mile = 83 E- Gear

Std # 16 Run # 16 100.00 —|

# Design Points

X1 =B: Tires = 40 9000 —|
X2 = E: Gear = High

Actual Factors %/_/—/—//

A: Seat = Up 80.00 —
C: Handle Bars = Up

D: HelmetBrand = Atlas
F: Wheelcovers = On
G: Generator = Off 7000 —
H E1 High

A E2 Low

Time 1/4 mile

60.00 —

Actual experimental run identified (enlarged circle)

At the left of the graph you now see that at this point the tire pressure (B) equals 40
psi and the gear (E) is set high. Above that you see the run number identified
(yours may differ due to randomization) and the actual time of 83 seconds. The
other factors, not displayed on the graph, would normally default to their average
levels, but because they are categorical, the software arbitrarily chooses their low
levels (red slide bars to the left). This setup matches the last row of the foldover in

standard order. (Note: due to randomization, your run number may differ from that
shown at the left of the graph.)

If you prefer to display the results as an average of the low and high levels, click the
list arrow on the floating Factors Tool and make Average your selection, as shown
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below (already done for factors A:Seat, C:Handle Bars, D:Helmet Brand,
F:Wheelcovers, and G:Generator).

Factors Tool @

iGaugE; Shest I Default I
| ﬁ |$Z".".I'hEE|EﬂVEIE} ﬂ
|K1 B:Tires |J)E:E5n5rstnroﬂ
|$:Hsndl5 Barg, avg| IAVEFEQE v‘

|$HEImEtEIrE|nE} ava| Term | BE =

|KE E:Gear

Changing to average levels for factors not displayed in the interaction

Notice that the point on the graph now disappears because the average seat height
was not one of the levels actually tested. To return the interaction plot back to
original settings, press Default on the Factors Tool. Then play with the other
settings. See if you can find any other conditions at which an actual run was
performed. Remember that even with the foldover, you’ve only run 16 out of the
possible 128 (27) combinations, so you won'’t see very many points, if any, on the
graphs. For example, as shown below, one of the other actual points (the green
circle) can be found with the factors set on the factors tools as shown below (high
generator).

E: Gear

/

Factors Tool |£|

|cl:- ASeat . avg| |&I;Wheelcm-ab =vg|
|x1 B:Tires |o J:E
m On -

;HelmetBrang, sva| Term |BE v

Another actual point display by re-setting G: Generator to its high level

Just to cover all bases, Lance decides to look at the second alias for AF - the CD
effect, even though it just doesn’t make sense that C (handlebars) and D (helmet
brand) would interact. Lance sees that the interaction plots look quite different.
What a surprise! If you can spare the time, check this out by going back to the
Effects button and selecting to Alias List. Then replace BE with CD via the right-
click menu. (You must then select the factors C and D in the model to make it
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hierarchical.) Based on his knowledge of biking, Lance makes a “leap of faith”
decision: He assumes that BE is the real effect, not CD.

Now would be a good time to save your work by doing a File, Save As and typing
in a new name, such as “Biker2”.

Inspired by these exciting results, Lance begins work on a letter advising the
bicycle supplier to change how they initially set them up for racers. However,
Lance’s friend and personal coach, Sheryl, reminds him that due to the aliasing of
two-factor interactions, they still have not proven their theory about the combined
impact of tire pressure and gear setting. “You must run a third experiment to
confirm the BE interaction effect,” admonishes Sheryl. “I suppose [ must,” replies
Lance resignedly.

Single Factor Semi-Foldover

Sheryl declares, “By making just eight more runs you can prove your assumption.”
“Wonderful,” sighs Lance, “Please show me how.” “Well,” replies Sheryl, “If you run
the same points as in the first two experimental blocks, but reverse the pattern only
for the B factor, then B and all of its two-factor interactions will be free and clear of
any other two-factor interactions.” “But that requires 16 more runs,” Lance
complains. “Hold on,” says Sheryl, “I saw an article posted by Stat-Ease on ‘How To
Save Runs, Yet Reveal Breakthrough Interactions, By Doing Only A Semifoldover On
Medium-Resolution Screening Designs’ at
http://www.statease.com/pubs/semifold.pdf. It details how you can do only half
the foldover and still accomplish the objective for de-aliasing a 2F1.” Thus, Lance
allows himself to be cajoled into another eight times around the track.

You can create the extra runs by returning to the Design node of Design-Expert
and from there selecting Design Tools, Augment Design, Augment. The
program now advises you do the Semifold.

Factoral Design Augmentation [&J

Increases the number of runs by 50% in
order to ensure a particular factor and its
two-factor interactions are clear of other
main effects and 2Fls.

Augmenting method:

Thiz method is usually chosen for
resolution ' factorial designs where the
2Flinvolving one factor are of particular
interest.

Semifold -|

Augmenting via semifold

Press OK to bring up the dialog box for specifying which runs will be added in what
now will become a third block of runs for Lance to ride. In the field for Choose the
factor to fold on, select B. Lance and Sheryl puzzle over the next question,
Choose the factor and its level to retain, but they quickly settle on D+ - the
Windy brand of helmet, figuring that this factor definitely does not affect the
response (and Sheryl likes the look of Lance wearing this brand of helmet!).

Design-Expert 8 User’s Guide Fractional Factorial with Foldover Tutorial ® 17



i

Semifold folds the design on a single factor and then keeps a subset (half) of the
new runs based on the +/- level of a factor (usually different from the one used to
fold) in the new treatments.

Semifold

Avvailable factors:

ABCDEFG

Choose the facter to fold on:

This factor defines the foldover fraction. Pick the factor whose interactions are of
most interest. Choosing a single factor for foldover ensures the main effect and all
the 2Fls involving that factor wil be clear of other main effects and 2Fis.

Choose the factor and its level to retain:

This factor and its level define the subset (which half) of the foldover fraction to
retain. Pick a factor that has a desired level, ie., a factor where performance at one
level iz clearly better than the other. Retain the runs at the preferred level.

This will minimize pessible lack of fit problems and increase the precision for
prediction the response at the desired level of the subset factor.

[ oK ” Cancel ][ Help ]

Specifying the semifold

Give this the OK, click Yes as advised to go to design evaluation, and if the warning
about missing data comes up, press Yes again. You should now see the starting
screen for Evaluation - press Results to see the new alias structure. Scroll down
to view the 2FI's and notice that BE is now aliased only with three-factor

interactions.

D MNotes for Biker2.dxp

f(x) Model

.. 777 Design (Actual)
_'| Summary
Q Graph Columns
Evaluation
- | Analysis
. 17 R1:Time 144 mile
éﬂ Optimization
i"] Mumerical
ﬁ Graphical
‘.. %] Point Frediction

EE Results Graphs
| |

[AB]=AB +05*ABD-05*ACE-05*AFG +0.5*BCF + 0.5*BEG - 0.5 * CDG
-0.5*DEF

[AC] = AC + DF - ABE - BDG

[AD] = AD + CF + EG

[AE] = AE + DG - ABC - BDF

[4F] = AF + CD - ABG - BDE

[AG] = AG + DE - ABF - BCD

[BC] = BC + ABF + BCD

[BO] = BD - ACG - AEF - CDE - DFG

[BE] = BE + ABG + BDE

Aliasing after the semifold

Notice that some effects, for example AB, are partially aliased with other effects.
This is an offshoot of the semifold, causing the overall design to become non-
orthogonal, that is, effects no longer can be independently estimated. You will see a
repercussion of this when Design-Expert analyzes the data.

Click the main Design branch to see the augmented runs. Then right-click the Std
column header and select Sort by Standard Order to get it back in standard

order.
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Factor 1

Sort by Standard Order
Hide Standard Crder

| Select

1 2 Block 1 Up

Sorting by standard order again

Lance’s results for the third block runs can be seen in the following table.

Std | Blk A: B: C: D: E: F: G: Time
Seat | Tires | Handle | Helmet | Gear | Wheel | Gener- 1/4

psi Bars Brand covers ator mile

secs
17 3 Up 50 Up Windy Low Off off 98
18 3 Down 40 Up Windy High On Off 88
19 3 Up 50 Down Windy High On On 61
20 3 Down 40 Down Windy Low Off On 92
21 3 Up 40 Down Windy Low On off 91
22 3 Down 50 Down Windy High Off off 60
23 3 Up 40 Up Windy High Off On 90
24 3 Down 50 Up Windy Low On On 97

Experimental results for third block (semifold)

Enter the times shown above into your blank response fields. Again, be certain
everything matches properly. Then go to the analysis of the Time ¥ Mile and
press the Effects button. The following warning comes up that the design is not
orthogonal (as explained a bit earlier).

Warning Iﬁ

Note : This de=ign is not orthogonal.

Click "Recalculate” to see how the coefficients change
depending on the other model terms.

Click "Tips” for more information.

Warning about semifold not being orthogonal

Press OK. Then, starting from the right, click the three largest effects (or rope them
as pictured below). You will find B, E, and interaction BE to be significant.
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Design-Expert® Software
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W-value = 0.944 95
p-value = 0.337
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Half-normal plot after semifold

Now on the Effects Tool press Recalculate.

Effects Tool @

I Half-Marmal
Marmal Plat

@ Pareto Chart
[-] Effects List

Alis List
Clear Selection

Recalculate

Recalculating effects

The effects may shift very slightly - you may not notice the change. There is an
option to automatically recalculate the graph upon selection. Right click within the
graph border and click Graph Preferences. Click in the Recalculate effects on
selection box so the checkmark appears (shown below). If the checkmark already
appears (which is the default), your graph automatically recalculated so you won’t
see any change when clicking recalculate.

Graph Preferences [
XY Graphs | Al Graphs | Fonts and Colors

Effects Half-Normal Options

[T] Use new factorial method for 2-level

Recalculate effects on selection

reselacttarms using Bonferroni correction

[C] Use Effects List for multilevel categoric model selection

[ Separated order statistics for pure error on effect plot

Pareto Chart Options.
Show t-Limils Maximum ticks: 3

Automatically recalculate effects option
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When you press ANOVA, the “This design contains aliased terms” warning again
appears. Click Yes to see the alias list, which now looks much better than before:
The model (“M”) terms are aliased only with high-order interactions that are very

unlikely to have any impact on the response.

yl Transform |L Effects

Term |

Eh.ﬂodel Graphs

-" Effects Tool
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Clear
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Alias list brought up by software

Click ANOVA again and review the results. Then move on to Diagnostics. Check
out all the graphs. Then click Model Graphs. The interaction plot of BE looks the
same as before. Check it out. Just to put a different perspective on things, on the
Factors Tool, right click E: Gear and select it for the X1 axis. You now get a plot of
EB, rather than BE. In other words, the axes are flipped. Note that the lines are
now dotted to signify that gear is a categorical factor (high or low). On the BE plot
the lines were solid because B (tire pressure) is a numerical factor, which can be
adjusted to any level between the low and high extremes.
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Interaction BE with gear chosen for X1 axis
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Conclusion

“Thank goodness for designed experiments!” exclaims Lance. “I know now that if |
am in low gear then it doesn’t matter much what my tire pressure is, but if [ am in
high gear then I could improve my time with higher tire pressure.”

“Or,” cautions Sheryl, “You could say that at low tire pressure it doesn’t really
matter what gear you are in, but at high pressure you had better be in high gear!”

“Whatever,” moans Lance.

“Another thing [ noticed,” prods Sheryl, “Your average time for each set of eight
runs increased a lot. It was 70 seconds in the first experiment, 80 in the second set
and almost 85 seconds in the last set of runs. You must have been getting tired. It’s
a good thing we could extract the block effect or we might have been misled in our
conclusions.”

“It doesn’t get any better than DOE,” agrees Lance.

In this instance, by careful augmentation of the saturated design through the
foldover techniques as suggested by Design-Expert software (defaults provided via
augmentation tool), Lance quickly found the significant factors among the seven he
started with, and he pinned down how they interacted. He needed only 24 runs in
total - broken down into three blocks. A more conservative approach would be to
start with a Resolution V design, where all main effects and two-factor interactions
would be free from other main effects and two-factor interactions. But this would
have required 30 experimental runs at the least with the MR5 design (offered only
by Stat-Ease!), or far more (64) with the standard, classical two-level fractional
factorial design (27-1). And lest you forget, Lance Legstrong may not have won the
early-bird Spring meet without the results from his first eight-run experiment.

In this case, Lance discovered a winning combination with the saturated Resolution
[1I design. Thus, he developed a fix for the problem via design of experiments.
However, without the prompting of Sheryl Songbird, his friend and personal coach,
Lance may not have done the necessary follow up experiments via foldover to
determine exactly what caused the improvement. She helped him use DOE to solve

the problem.
Syy2
\
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