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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 designingthe 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 PlackeBurman designs for this purpose but we

prefer the standard two-level approachor the minimum-O 01 j O- ET 201 6 Q |
offered by DesignExpert® software. Regardless of your approach, you may be

confounded in the interpretation of effects from these lowresolution designs. Of

particular concern, main effects may be aliased with plausible twtactor

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:
A free main effects from twofactor interactions, or

A de-alias a main effect and all of its twdactor interactions from other main
effects and twofactor interactions.

Design% @D AQO6 AT OA06 AEAAOOOA skddiilitiorai@esiyAl 1 U C,
points needed for either type of foldover.

Saturated Design Example

LancelLegstronghas one week to finetune his bicycle before the earlybird Spring
meet. He decides to test seven factons only eight runs aroundthe quarter-mile
track. We showLanced O A A O E @Hich dai e lset up from DesigExpert via
EOO A£AAOI OEAT OAA xEOE OHROAAA BMMNEOI OEAIBCI
OOAOOOAOAAG xEOE [AA Gidedddr thepiweénQumbeddf T 1T 11T C
runs. (Inspiration for this case study came fronStatistics for Experimenter,s2d
Edition (Wiley, 2005)AU " T @h ( 01 OAO Alh Sectior®BI5BAD j O" ( (
reports a very similar study with a few factors and results diering from those
shown below.)
O7EAT UT OO OAI AGEOGEIT OAO 1 EOAREAOAOh Ul C
often fixes the problem, at least temporarily. However, for a ldagn solution the
reason for the fault must be discovered. In genegabblems can béxedor they may
besolved %P@DAOEI AT OA1 AAOGECT AAOAI UUAO| AT OE
-- 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 andasults

As you will see in a moment via an evaluation, this is asolution Il design in
which all main effects are confounded with twefactor interactions. (To alert users
about theselow-resolution designs, they are reeflagged in the design builder
within Design-Expert.)

File Edit View Display Options Design Tools Help Tips

Dwd 1ER &2 % |

2-Level Factorial Design

Design for 2 to 21 factors where each factor is varied over 2 levels. Useful for estimating main effects and interactions. Fractional factorials can be used for screening many factors to find the significant few.
The color coding represents the design resolution: Green = Res V/ or higher, Yellow = Res IV, and Red = Res Il
urt

Number of Factors

Min Run Res \/
Min Run Res IV
Iegular Fraction
General Factorial

Taguchi OA

Runs

1510
2 ]

159 16-10 [y 17-11 [ 18-12
2 1 2 W 2 v 2 [

125 158 16-9 1710 | 18-11
2 v 2 1 2 W 2 v 2 [

Repicass: 1 mbois: [1_<]  Cortrpomaperobsk 0 Show smersiors 1]

Cancel | |Continue >>

S

For Help, pressFL

Two-level factorial design builder in DesigBxpert

Lancewould prefer to run a resolution V or higher experiment, which would give

clear estimates of main effectand their two-factor interactions. Unfortunately,at

the very leastthis would require 300 0T 0 OEAO@IE A2 A00 Rdiso AAOECT
ETT xT A Gnvénte@hy 8tatEase statisticians But 30 runs istoo many for

the short time remaining before competiton. Lancebriefly considers choosing an
intermediate resolution 1V design(color-coded a cautionary yellow in Design

Expert), but seeingthat it requires 16 runs, he decides to perform only the 8 runs

needed to achieve the lesser resolution |

To save ime on data entry, selecFile, Open Design and chooseBiker.dxp. After
looking over the data, check out the alias structure of the design by clicking the

Evaluation nodeon the left. Note that DesigrExpert recognizes that this meager
design can only model response(s) to the order of main effect$he programis set
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to produce results showing aliasing up to twefactor interactions (2FI) z ignoring

terms of 3FI or more.

O -

?LE

D Notes for Biker.dxp
277 Design (Actual)
:-_'| Summary

Q Graph Columns
. Evaluation

E| Analysis

i R1:Time 1/ mile
i Optimization

ﬂ Numerical

fi{x)

todel

Results ‘ Graphs ‘

Order: | Main effects -
Model: | Factorial -

!

Options...

ﬁ Graphical
.. %] Point Prediction

ZZZZZZ=ZP

Intercept
A-Seat
B-Tires

C-Handle Bars
D-HelmetBrand
E-Gear
F-Wheelcovers
G-Generator

Response: | Design Only -

lgnore: | 3F1 -

%OA1l OAOET ¢ OEA AEEAOG6O AGPAOEI A1 O
Now pressthe Results button at the top of the data windowto see the impact of
only running a Res lll design in this case

Uze your mouse to right click on individual cells for definitions.

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

Design Matrix Evaluation for Factorial Main effects Model

[B]=8B + AD +CF +EG
[C] = C+ AE + BF + DG
[0]=D+AB +CG +EF
[E]=E+AC +BG +DF
[Fl=F+AG +BC +DE
[G] =G + AF + BE + CD

Leverage

Terms (Povwer))

Pop-Ciut i

Factorial Effects Aliases Bookmarks @
[Est. Terms] Aliased Terms Top
| [Intercept] = Intercept Aligzing
[A]= A +BD +CE + FG DF

Alias gructure for first block of bking time-trials

This design is a 1/16th fraction, so every effect will be aliased with 15 other effegts
most of which are ignored by defaulto avoid unnecessary screen clutter.The
output indicates that each main effect will be confounded with three twdactor

interactions.

$ 1 Tb6tker studying the remaining design evaluation report Click theTime ¥4
mile node in the analysis branch at the left ané&ffects at the top of the display
window. Starting from the right, click the three largest effectqor rope them off as
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pictured below). Notice how the line jumps up and a gap appears between the
trivial m any effects near the zero effect level and the vital three effects that you
picked.

21 ot for Daar 00 s = .
’ v tanarorm [ e i anova | [ cwgnastes | ;Moo

Design-Expert® Software
Time 1/4 mile Half-Normal Plot

Shapiro-Wilk test
W-value = 0.993
p-value = 0.972
A: Seat

B: Tires o
C: Handle Bars

D: HelmetBrand

E: Gear

F: Wheelcovers

G: Generator

o]

W Negative Effects

Half-Normal % Probability

0.00 390 780 "nm 1560 19.50

|Standardized Effect|

Effect gaph z three largest ones selected
On thefloating Effects Tool, clickPareto Chart.

Effects Tool \El

D Half-Marmal

Mottmal Plot

Pareto Chart |

[-| Effects List

Alizs List
Clear Selection

Recalculate

Pareto chartselectedbn Effects Tool
Thenon the chart itself, right -click the biggest bar(E) to show its aliasesas below.
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Pareto Chart

Effects Tool [=]

N8 — =
[] Half-Normal AC
[ ] Meormal Pict BG
E Pareto Chart DF
| ] Eifects List ABE
Alias List

ADG

@

1592 —

t-Value of |Effect|

7.96 —

Bonferroni Limit 5.06751

t-Value Limit 2.77645]

oo | = L] = [ e

Rank
0AOAOGT AEAOO 1T £ AEEAAOO xEOE Al EAOAO AEOE
Factors B (Tires), E (Gear), and G (Generator) are clearly significant. CAGKOVA

to test this statistically. Before you can gthere, you are remindedvia the warning
shown belowthat this design is aliased.

Warning ﬁ

This design contains aliazed terms.

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

Yes=Switch to View, Alias List

Mo=Continue with current selected Model

Alias warning

You know about this from the design evaluation, so cliddo to continue. (Option:
click Yes to go back and see the list. Then clitte ANOVA button.) The autput
shown below has theView, Annotated ANOVA option turned off to provide a
cleaner look at the statistics.
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Display Options  Design Tools Help  Tips
Annoctated ANOVA l
I
Show Cell Borders h.- — .
[f" Eftects | L% anova < Disgnostics | |<mocel Graphs
Pop-Out View | ‘ | | ‘ | gl
v Toolbar 1 Time 1/4 mile
v Status Bar ir selected factorial model
|| Show Bookmarks iriance table [Partial sum of squares - Type Ili]
Sum of Mean F p-value
ization |
) Source Squares df Square Value Prob>F
umerical
" Wodel 1441.00 3 480.33 640.44 <0.0001
raphical —
ntPrediction || B-Tires 200.00 1 200.00 26667  <0.0001
| E-Gear 760.50 1 760.50 1014.00 = 0.0001
__| G-Generator 480.50 1 480.50 640.67 = 0.0001
Residual 3.00 4 0.5 =
= Bookmarks Igl
__|Cor Total 1444.00 T
Top
| ANOVA
Std. Dev. 0.87 R-Sguared 0.9979 _
| R-Sguared
Mean 70.00 Adj R-Squared 0.9964
= Coefficients
| CV.% 1.24 Pred R-Square 0.9917 Equations
__|PRESS 12.00 Adeq Precisior 57.155 Pop-Out View
| 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 -5.85 415 1.00
_ |E-Gear 9.75 1 0.31 2.80 10.60 1.00
G-Generator 7.75 1 0.31 6.90 860 1.00

ANOVA atput z unannotated

Lancegets a great fit to his data Based on the negative coefficient for factor B,

seems that hard tires demease his time around the track. On the other hand, the

positive coefficients for factors E and G indicate thdtigh gear gives him better

speed and the generator should be left off. The whole approach looks very

scientific and definitive. In fact, afta adjusting his bicycle according to the results

of the experiment, Lance goes out and wins his race!

However,Lanced O AOEAT A j Al $herfd$odybiid$pdts a falldcyhirittieq
conclusions. She points out that all the main effects in this desigre confounded

with two -factor interactions. Maybe one of those confounded interactions is

AAOOAT T U xEAOGGO EIi arledidAcimoOre expetimeht@clebridd 001
OPbhosmeriialO O4EAO O1 01 AO Laadethedp, regliongés EAAAR G
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 interactiong his initial resolution Il design,

LancecanO O1  Aoveth/Bl 1x/E Eiksa rebeksll (all of the signs on the

original eight runs. Combiningboth blocks of runsproduces a resolution 1V design

z all main effects will be free and clear of twefactor interactionsj ¢ &) 8 O Q8 (T xAC
all the ¢ & )refn@in confounded with eachother.

To create the new runs for the foldover design, click thBesign node and then
selectDesign Tools, Augment Design, Augment.
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File Edit View Display Options | Design Tools | Help  Tips
O | = Simulation Editor... |
[0 Notes for Biker.dxp o Augment Design... 4 Augment ==
E Design (Actual) % Stg Write Candidate File... Add Center Points E:Gear |F
g o
- B Summary = Create Factorial Candidates... Replicate Design
L‘I Graph Columns. — Edit Design Model Blocks High
'D_‘-I Ewaluation _ T BT o BT op oy Low
E] Analysis = [:] 3 Block 1 Down 40.00 Down Atlas Low
_L'| R1:Time 1/4 mile (Ar - 3 4 Block 1 Up 50.00 Up Atlas Low

Augment the first block of runs

This selectionbrings up the following screen.

Factorial Design Augmentation lﬁ

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

Augmenting method:

Thiz method is usualy chosen when the
original factorial de=sign was highhy
fractionated (low resclution) and you still
wish to zcreen for critical factors.

Foldover -

Foldover option suggested by default

The default suggestion by DesigiExpert for Foldover is good, so tick OK to
continue. The program now lists which factors to be folded overBy default,
DesignExpert selects all the factors. This represents a complete foldover. Factors
can be seleatd or cleared with a right click on the factor, or by doublelicking on

the factor.

Foldover factors [ﬁ

Select the factors to fold over.
Default is all factors [complete foldover].

For Res IV designs, select a single factor.

vy A-Seat

vy B-Tires

% C-Handle Bars

%" D-HelmetBrand

v E-Gear

" F-Wheelcovers
G-Generator

<

Choice of factors to fold over

In this case itis best that all factors be folded over, solick OK to continue. The
program displaysthe following warning (really just a suggestior).
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Warning &J

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 evaluateofdoverdesign

Click Yes and pressResults to see the augmented desigavaluation z much
better!

Factorial Effects Aliases
[Est. Terms] Aliazed Terms

[Intercept] = Intercept

[Block 1] = Block 1

[Block 2] = Block 2

[Al=A

[B]=B

[Cl=C

[ =0

[E]=E

[Fl=F

[Gl=G

[#B] = 4B + CG + EF

[AC] = AC + BG + DF

[4D] = 4D + CF + EG

[AE] = AE + BF + DG

[AF] = AF + BE + CD

[AG] = AG + BC + DE

[BD] = BD + CE + FG

Aliasing after bldover

Complete foldover of a esolution Il design results in aresolution IV design.The

proof for this case is that the main effects are now aliased only with threfactor

interactions z ignored by default because they are so unlikeh8 AA - T 1T OCT I AOUGB ¢
Design and Analysis of Experimeriextbook for the details on why this happens.By

the way, the power also increases due to the doubling of experimental runs. If

Ui 66A 1T EEA O AOOAOO OEEOh c¢ci AAAE O1 OEA
effects before recomputing the Results. Then press the Power button on the

floating Bookmark tool.

Now return to the main Design node and slectView, Display Columns, Sort,

Std Order. (Tip: A quicker route to sorting any column is via a rightlick on the

header.) Notice how each run in block two is the reverse of block ond=or

example, whereas the AAO j ZFAAOT O ' xAT O Obh Al x1 8 EI
in block 2z everything goes opposite.

8 1 Fractional Factorial with FoldoveFutorial Design9 ELISNI y ! aSNna D



DX803GFoldover.docRev.4/22/10

File Edit Display Options Design Tools Help Tips
OO0 & g v Designlayout
1 notes fo L i Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor7 | Response 1
Column Info Sheet Block A Seat BTires |C:Handle Bars|D:HelmetBrand  E:Gear FWheelcovers| G:Generator | Time 1/4 mile
psi seconds
iz C_E” FerEs Block 1 up 40.00 up Windy Low off off 77.00
ecendingl e Block 1 Down 40.00 up Atias High off on 74.00
v Show Design Tool Block 1 Up 50.00 Up Atlas Low On On 82.00
Display Columns A 50.00 Up Windy High On off 47.00
: ||| Run Order 40.00 Down Windy High Cn Cn 72.00
Eongiuiiles) e 40.00 Down Atias Low On off 77.00
esign ID
Toolbar v Block 50.00 Down Atlas High off off 48.00
Status Bar Paint Type 50.00 Down Windy Low off on 83.00
| 9 10 Comments 50.00 Down Atlas High On On
| 10 12 Display Al 50.00 Down Windy Low On off
o ] Palis , 40.00 Down Windy High off off
| 12| 13 n.nn Dosern Atlas Low Off on
I REIET £t » [ ¥ 5idOrder Atias Low off off
| 14| 15 Block 2 up Run Order Windy High off on
| 15| s Block 2 Down DesignID Windy Low on on
16| 16 Block 2 up Block Atlas High On off
il Point Type
Comments
Row Status
Foldedover design in standard order
Lancd O OAOOI OO A& Oapfebrik thédfdlldwin@iEklel A1 001 O
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 esultsfor foldover block

To continue following along with Lance within your Response 1 columngnter his
abovetimes for the foldover block (Block 2) of eight runs as shown below First be

sure you have changedhe design matrix to standard order. Input factors must
match up with the responses, otherwise the analysis nonsense.

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

On 57.00
Off 53.00
Off &4.00
On &7.00
Off 54.00
On 57.00
On &6.00

onfs ]

Foldedover design in standardrder with block-2 times(secs)keyed in
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Clickthe Time ¥2 mile node and display the Effects plot. Starting from the right,
click the three largest effectqor rope them off asshown earlier).

File Edit View Display Options DesignTools Help Tips
[N =] g 7%
R T el [ N P [ ey [
= Summary
1] Graph Colamns
o Design-Expert® Software
ke Time 114 mile Half-Normal Plot
" Re:Time 114 mile
A3 optmzaton Shapiro-Wilk test
31 Numerical W-value = 0.929 9 _|
13 Graphical p-value = 0.404
#] Point Prediction A Seat i
B: Tires i
C: Handle Bars i ==
D: HelmetBrand 95 —{
E: Gear > 7
F: Wheelcovers = —
G: Generator 2 = Blac
B < E NS
m Negative Effects & 50 3 Opg @
° =
= 70 2
= =]
= =
=
=
S 50
= =
o =
© 30 = =
m
T 20 =
10 =
08§ &
I I I I I I I I
0.00 280 561 8.41 121 14.02 16.62 19.63
Clear Selection
Recalcuiste |Standardized Effect|

Half-normal plot of effects afterdldover

It now appears that what looked to be effect G really must be AF. Be carefidugh
Z recall from the design evaluationthat AF is aliased withBEand CDin this folded
over design (To see this, you can@back and lod at the screen shot from before
or press Evaluation on you screen and look at the ReportOr ,even better, just
right click on AF on the HaHNormal Plot (as pictured above)).DesignExpert picks
AF only because it is the lowest in alphabetical order of all the aliased terms.

From their subject matter knowledge Lanceand Sherylknow 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 tirpressure 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 warningabout model hierarchy.

Warning &J

The model you have selected is not hierarchical

Would vou like the hierarchy corrected automatically?

Warning that model is not kerarchical

Because you selected interactioAF, 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

w
©

] BE

> 95 ]
3 3

90 7
3 E B AF
2 3
e 80 = Op
R S @
= 70 F

]

5 g
= 50 = A
u =
© 30 ]
T 20 -

10 [}

0 &

T T I T I T T T
0.00 280 5.61 8 .21 14.02 16.82 19.63

|Standardized Effect|

Hierarchy corrected

Notice that these two new model terms, A and F, fall 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 toANOVA again. Youarenow x A O1 A AThi3 Béesign cOntains

>

aliased terms. Do you want t o0 GligkNatw h t o
continue. (You willreturn latertothis! 1 EAO , EOOh O AT 180 xI
The ANOVA looks goodi & AAOT O ' EO 110 OECI EEZEAAT O
hierarchy.)

ANOVAoutput after foldover
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