
DX8-03C-Foldover.docx Rev. 4/22/10 

Design-9ȄǇŜǊǘ у ¦ǎŜǊΩǎ DǳƛŘŜ                                Fractional Factorial with Foldover Tutorial ¶ 1 

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-ÒÕÎ ɉȰ-ÉÎ 2ÕÎȱɊ ÏÐÔÉÏÎÓ 
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: 

Á free main effects from two-factor interactions, or 

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

Design-%ØÐÅÒÔȭÓ Ȱ&ÏÌÄÏÖÅÒȱ ÆÅÁÔÕÒÅ ÁÕÔÏÍÁÔÉÃÁÌÌÙ ÇÅÎÅÒÁÔÅs 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 LanceȭÓ ÄÅÓÉÇÎ ÂÅÌÏ×, which can be set up from Design-Expert via 
ÉÔÓ ÆÁÃÔÏÒÉÁÌ ÔÁÂ ×ÉÔÈ ÔÈÅ ÄÅÆÁÕÌÔ ÄÅÓÉÇÎ ÂÕÉÌÄÅÒ ÆÏÒ Á Ȱς-,ÅÖÅÌ &ÁÃÔÏÒÉÁÌȱ.  It is 
ȰÓÁÔÕÒÁÔÅÄȱ ×ÉÔÈ ÆÁÃÔÏÒÓȟ ÔÈÁÔ ÉÓȟ ÎÏ ÍÏÒÅ ÃÁÎ ÂÅ added for the given number of 
runs.  (Inspiration for this case study came from Statistics for Experimenters, 2nd 
Edition (Wiley, 2005) ÂÙ "ÏØȟ (ÕÎÔÅÒ ÁÎÄ (ÕÎÔÅÒ ɉȰ"((ȱɊ.  In Section 6.5, BHH 
reports a very similar study with a few factors and results differing from those 
shown below.) 

Ȱ7ÈÅÎ ÙÏÕÒ ÔÅÌÅÖÉÓÉÏÎ ÓÅÔ ÍÉÓÂÅÈÁÖÅÓȟ ÙÏÕ ÍÁÙ ÄÉÓÃÏÖÅÒ ÔÈÁÔ Á ËÉÃË ÉÎ ÔÈÅ ÒÉÇÈÔ ÐÌÁÃÅ 
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 solvedȢ  %ØÐÅÒÉÍÅÎÔÁÌ ÄÅÓÉÇÎ ÃÁÔÁÌÙÚÅÓ ÂÏÔÈ ÆÉØÉÎÇ ÁÎÄ ÓÏÌÖÉÎÇȢȱ 
  -- Box, Hunter and Hunter. 
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Std Run A: 
Seat 

B: 
Tires 
psi 

C: 
Handle 
Bars 

D: 
Helmet  
Brand 

E: 
Gear 

F: 
Wheel 
covers 

G: 
Gener- 

ator 

Time  
1/4 

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.) 

 
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 ÒÕÎÓ ÖÉÁ ÔÈÅ ȰÍÉÎ-ÒÕÎ 2ÅÓ 6ȱ ÄÅÓÉÇÎ (also 
ËÎÏ×Î ÁÓ Ȱ-2υȱɊ invented by Stat-Ease statisticians.  But 30 runs is 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 



DX8-03C-Foldover.docx Rev. 4/22/10 

Design-9ȄǇŜǊǘ у ¦ǎŜǊΩǎ DǳƛŘŜ                                Fractional Factorial with Foldover Tutorial ¶ 3 

to produce results showing aliasing up to two-factor interactions (2FI) ɀ ignoring 
terms of 3FI or more. 

 
%ÖÁÌÕÁÔÉÎÇ ÔÈÅ ÂÉËÅÒȭÓ ÅØÐÅÒÉÍÅÎÔ 

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. 

 
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. 

$ÏÎȭÔ bother studying the remaining design evaluation report.  Click the Time ¼ 
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 m any effects near the zero effect level and the vital three effects that you 
picked. 

 
Effect graph ɀ three largest ones selected 

On the floating Effects Tool, click Pareto Chart. 

 
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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0ÁÒÅÔÏ ÃÈÁÒÔ ÏÆ ÅÆÆÅÃÔÓ ×ÉÔÈ ÁÌÉÁÓÅÓ ÄÉÓÐÌÁÙÅÄ ÆÏÒ ÔÈÅ ÂÁÒ ÌÁÂÅÌÅÄ Ȱ%ȱ 

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. 

 
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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ANOVA output ɀ 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, LanceȭÓ ÆÒÉÅÎÄ ɉÁÎÄ ÐÅÒÓÏÎÁÌ ÃÏÁÃÈɊ 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 
ÁÃÔÕÁÌÌÙ ×ÈÁÔȭÓ ÉÍÐÏÒÔÁÎÔȢ  Ȱ9ÏÕ ÍÕÓÔ ÒÕÎ at least one more experiment to clear this 
ÕÐȟȱ ÓÁÙÓ SherylȢ  Ȱ4ÈÁÔ ÓÏÕÎÄÓ ÌÉËÅ Á ÇÒÅÁÔ ÉÄÅÁȟȱ ÓÁÙÓ 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 ÒÕÎ Á ȰÆÏÌÄoverȟȱ ×ÈÉÃÈ ÒÅÑÕires a reversal in all of the signs on the 
original eight runs.  Combining both blocks of runs produces a resolution IV design 
ɀ all main effects will be free and clear of two-factor interactions ɉς&)ȭÓɊȢ  (Ï×ÅÖÅÒȟ 
all the ς&)ȭÓ 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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Augment the first block of runs 

This selection brings up the following screen. 

 
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. 

 
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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Suggestion to evaluate foldover design 

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

 
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 ɀ ignored by default because they are so unlikely.  3ÅÅ -ÏÎÔÇÏÍÅÒÙȭÓ 
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 
ÙÏÕȭÄ ÌÉËÅ ÔÏ ÁÓÓÅÓÓ ÔÈÉÓȟ ÇÏ ÂÁÃË ÔÏ ÔÈÅ -ÏÄÅÌ ÓÃÒÅÅÎ ÁÎÄ ÃÈÁÎÇÅ ÔÈÅ /ÒÄÅÒ ÔÏ -ÁÉÎ 
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 sÅÁÔ ɉÆÁÃÔÏÒ !Ɋ ×ÅÎÔ ÕÐȟ ÄÏ×Îȣ ÉÎ ÂÌÏÃË ρȟ ÉÔ ÇÏÅÓ ÄÏ×Îȟ ÕÐȣ 
in block 2 ɀ everything goes opposite. 
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Folded-over design in standard order 

LanceȭÓ ÒÅÓÕÌÔÓ ÆÏÒ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ ÒÕÎÓ appear in the following table. 

Std Blk A: 
Seat 

B: 
Tires 
psi 

C: 
Handle 

Bars 

D: 
Helmet  
Brand 

E: 
Gear 

F: 
Wheel 
covers 

G: 
Gener- 

ator 

Time  
1/4 mile 

 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. 

 
Folded-over design in standard order with block-2 times (secs) keyed in 
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Click the Time ¼ mile node and display the Effects plot.  Starting from the right, 
click the three largest effects (or rope them off as shown earlier). 

 
Half-normal plot of effects after foldover 

It now appears that what looked to be effect G really must be AF.  Be careful though 
ɀ 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 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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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 ×ÁÒÎÅÄ ÔÈÁÔ ȰThis design contains 
aliased terms.  Do you want to switch to the View, Alias listé?ȱ   Click No to 
continue.  (You will return  later to this !ÌÉÁÓ ,ÉÓÔȟ ÓÏ ÄÏÎȭÔ ×ÏÒÒÙȢɊ 

The ANOVA looks good.  ɉ&ÁÃÔÏÒ ! ÉÓ ÎÏÔ ÓÉÇÎÉÆÉÃÁÎÔ ÂÕÔ ÉÔȭÓ ÉÎ ÔÈÅ ÍÏÄÅÌ ÔÏ ÐÒÅÓÅÒÖÅ 
hierarchy.) 

 
ANOVA output after foldover 


