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Learning Objectives

)

ASQ

Understand the strengths and weaknesses of definitive
screening, fractional factorial, and Plackett-Burman designs
for screening input variables to your process.

Determine the trade-offs between run efficiency, power, and
confounding for definitive screening, fractional factorial, and
Plackett-Burman screening designs.

Compare the performance of these three screening designs
when executed on the same seven-factor variable space.

Apply the concepts of run efficiency, power, and
confounding to select the screening experiment design
applicable to your process scenario.
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e! All industrial experiments, results and scenarios are based on the authors’ actual experiences.
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The Problem with Screening Designs

@ Peter Wilson

Definitive screening designs with a hard to change factor

| want a 10 factor Definitive
Screening Design

Watch out for those
Definitive Screening Designs

£ Josef Betschart | my expenonce, you will not get o relizble result which will meet
a asccadademic standards I you do an experiment with 10 lactoss and 40 runs!
| would recomend to gain more process knowledge In order to reduce facte From
¢ | learned that the biggest potential Lays hadden in interaction of factors, If you still
run this DoE and you can't exchude some INMeractions you must condudct & minimum of

You need 40 runs and Res IV
because of interactions

)
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Phil Kay Hi Josef, it sounds [k yoo have had some interesting experience in 2 situation that is
In in some way simllar 1o Petar's. But perhaps this s 2 case of "excess of canviction redative &

knowledge” (one of Tim Gesthner's favourite phrases, according to the book Stess Teat), | don't

You might not know what
your talking about

£ Harry Rever Hello Peter, I'd suggest using a 16 rur Plackett-Burman desizn. This would aflow

ﬁ you to gither add a few more test factors or simply use the blank colurmins to help with the
inelysis and you waul L some information about interact you ¢ hd use & 12 rur
geslgn but you wou ANy Informathon HouUt Intes Smply your hard

] g 1or
not Lhof | Ok O
angef rw 16 sign; simply | & the
fiest, run those treatments, then randomize the & “+" lsvel runs, and run those second, Th
3 i J o’ ! et 1o ¢ ge lactoes. {
| bie
lidat

Do a Plackett-Burman in just
16 runs

Phil Kay Frank, your question is gesting away from the arlginal guestion. Probably a8 good one
MP Cor inity. Howevey, in genecsl you can creste 8 DSD for the casy t
esultine table as covariate facto

nth Sh ow more

I thlnk we are getting away
from the original question.
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Agenda

« Criteria to Compare Screening Designs

« Case Studies — Examples of each Design
— Resolution IV Factorial; Calcium Smelting Process
— Plackett-Burman; Post Treatment of Metal Cast Parts
— Definitive Screening; pDNA Fermentation Process Yield

Green Bean Seedling Experiment Comparison
Strengths of Each Design

* Five Tips for any Screening Experiment

* Question and Answer Discussion

ASQ 5
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Comparing Apples and Oranges
D)

Oranges have Vitamin C

! Fall apples are cheaper Pears have low calories
ASQ

6 FJ

Data Expe rt
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Four Criteria for Comparing Designs*

Screening Experiment — smallest possible factorial experiments designed
to determine the largest main effects for 6 - 20 factors assuming three-way

Interactions are negligible and many of the factors are unimportant.

« Confounding — confusion caused by overlapping
effects. This is required to reduce the number of runs.

* Run Efficiency — the number of experimental runs and
their information value

* Projection — the value of the information about the
Important factors after removing unimportant factors

« Power — the probability your experiment will detect an
effect if that effect actually exists

el *Jones, B and Nachtsheim, C. (2011)

ASQ By JMC
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Defining Projection for a Screening Design

Projection — assuming that some effects are going to be removed from the
analysis because they are unimportant, what does the dataset tell us about

the factors that remain.

@ Popcorn Worksheet - Projections =

+ C1-T C2-T c3
Quality Rub Flavor |&
1 |High Some 86
2 |Low Some 5.4
3 |High Maone 84
4 |Low Mone 2.8

Coded Coefficients

SE
Tarm Effect Coef Coef T-Value P-Value
Constant 7.050 * * *
Quality 2.900 1.450
Rub -0.10000  -0.02000

Quality*Rub 0.3000 0.1500

)

ASQ

Flavor Rating vs Popcorn Quality

Flavor Rating
~ ©

o

Low High
Popcorn Quality

Coded Coefficients
Term Effect Coef SECoef T-Value P-Walue

Constant 7.050 0.112 53.06 0.000
Quality 2900 1450 0.112 12.97 0.0086

©JMC 2018



Effect of the Design on Power

Power — an effect may test as insignificant if its size was too small, the noise was so
large it was covered up or the data points collected did not do a good job of measuring
the effect. Power is a combination of all three of these considerations.

How much information How well the data points
(data points) is collected  cover the design space

~_ —
t = Function of :QEﬁecD/@ndard Deviati@

df .ror = [N = (main effects) — 1] /

Degrees of Freedom for error come from data points
not used to estimate effects and from replicates

ASQ 9
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Properties of Resolution IV Screening Experiments

« Confounding — Main effects are clear. Two-way interactions

are confounded with other two-way interactions
A

AB+CE+FG or CG-EF (16 or 32runs)
 Run Efficiency — commonly 8, 16 or 32 runs

« Power — higher than PB or DSD due to a higher number of
runs and good coverage of the design space.

* Projection —

¢ full factorial in any 3, 4, or 5 factors for 8,16 or 32
runs

** Res V in any 5 factors in 16 runs

* Res IVinany 6, 7, or 8 factors in 16 runs

)

50 } 5 IMC
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Example of a Resolution IV Screening Experiment

Aluminothermic process (High temperature vacuum reduction calcium oxide)

Calcium™metal is produced by the aluminothermic method in which aluminum is used as reducing agent and calcium oxide
is reduced in vacuum at high temperature. Calcium oxide is obtained from calcium carbonate. Calcium oxide is grounded
to small particles and dry blended with the desired amount of finely divided aluminum. To ensure good contact, this
mixture is compacted into briquettes or retorts (these are horizontal tubes made up of heat resistant steel). It is heated
to 1100-1200°C. The open ends of retort protrude from the furnace and cooled by water jacket to condense the calcium
vapor. Retorts are sealed and evacuated to pressure less than 13 Pa. After 24 hours of reaction vacuum is broken by
Argon and 99% pure calcium is recovered and calcium aluminate residue is removed.

Typical Furnace Cross Section

T e~ = | Experiment Goal — determine process

Retort O.D. 15"

« N t | to maximize calcium yield per Ib charge.
i

L = / Retort 1.D. 12" §u
i b ! 118.50 H
" ¥

Experimental Factors

Briquettes In Bottom Of Retort .
J i3 Lime; 1 - 2%
f | | e e St | | 1 Al Particle Size; Fine - Course
H

Al Content %; 17.7 — 26.2%
Flourspar %; 0 - 6%

Burn Time; 30 — 60 min
Charge; 6 — 7 count
Vacuum; 2260 — 2415 mTorr

Experiment Plan
e ResolutionIvV -2 -3

e] Fractional Factorial, 16 runs

ASQ 11
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Results of ReslV FF Calcium Smelting Example

i 7—-3
Pareto Chart of the Standardized Effects ¢ Resolution IV — 2

SRS LT RS Fractional Factorial, 16 runs
Term 1 655
. < e Four main effects are significant,
E C Hal . .
- 0 %Fuee Lime Type, Burn Time, % Flourspar,
F  vewm Charge Count. Plus two interactions.
B&
- Using process below, Yield =115.2 |b
s compared to 106.71b historical AVG
C
S S S S :
Standardized ffec 8% Yield Improvement
Optimal Lime Typ Al Parti %Al % Fluors Burn Tim Charge C Vacuum
D:1000 High 20 Course 26.20 0.0060 60.0 7.0 2415.0
; "_ Cur [1.0] Fine [26.20] [0.0060] [30.0] [7.0] [2415.0]
Predict Low 1.0 Fine 17.70 0.0 30.0 6.0 2260.0
e o T - . ________ e N N W Wy e i L, o A S e :::_ZZ:"'"_'__"_T'
Crown We ' i e » T

N
o

aximum
e! y = 115.2233

ASQ 12




Properties of Plackett-Burman Experiments

« Confounding — Main effects partially confounded with two-
way interactions. Two-way interactions can not be estimated.

A-0.33BC +0.33BD +0.33BE - 0.33 BF - 0.33 BG ...
Two-way interactions partially confounded w/ each other.

 Run Efficiency - 8 +4x (x=1,2,3..), commonly 8, 12, 20.
at least N runs for (N — 1) factors

e Power — less than Res IV FF due to low df for error estimate
and bias of main effect estimates as shown above.

* Projection —

+» full factorial in any 2 factors regardless of N

¢ Partial confounding of main & two-ways for 3,4 or 5
g factors (each with 1/3 two-way interaction)

ASQ 3 B IMC
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Placket-Burman Example

c1 c2 C3 c4 C5-T Ce-T ci-T Ca8-T C9-T C10-T C11-T c12 C13
StdOrder  RunOrder, PiType | Elocks Initial Bead Size | Pressure Trt | HeatTrt | Cooling Polish Final Trt Life
2 1 1 -1 Treated | Small HIP Age Slow Mechanical |Peen 5.818
9 2 1 1|Asis Large HIP Anneal Rapid Mechanical |Peen 5.863
14 3 1 1 Treated | Large Mone Age Rapid Mechanical Mone 5.058
4 4 1 1 |Treated Large HIP Anneal Slow Chemical Peen 5.899
1 1 Asis Large Age Slow Chemical Mane 4525
lﬁ/n y / /1 Tr/d 7-9 /\Iun/ /neal/ Slc:/ M}hanical Nury /.DDD/

Experiment Goal: determine process to
maximize field life of welded castings.

Experimental Factors

Initial structure; Asis - Treated
Bead Size; Small - Large
Pressure Treat; None - HIP

- Resolution IlI, 7 Factor Heat Treat; Anneal —Age
Cooling; Slow — Rapid

e! * Plackett-Burman, 12 runs Polish; Chemical — Mechanical
: . Final Treatment; None — Peen
ASQ y

Experiment Plan

GmmoOow»




Results of Placket-Burman Casting Experiment

Pareto Chart of the Standardized Effects One significant main effect,
(response is Life, a = 0.03) POl ISh .
< 2 Projection properties of the
F > et design allow estimation of two-
¥ | P way interactions with Polish.

CF

Polish * FinalTrt is key.

16% Fatigue Life Improvement

|
|
DF |
|
|
|

BF
AF

(] 1 2 3 4 g
Standardized Effect Line Plot of Mean( Life )

6.5

8.0

Regression Equation in Uncoded Units
Life =5.73 + 0.458 Polish + 0.459 Polish*Final Trt

=
S
S
£ 55
7]
=

5.0

J 4
Chemical Mechanical

AS@ 15 Polish




Properties of Definitive Screening Designs

« Confounding — Main effects are clear. Square terms are
partially confounded with two-way interactions. Two-way
Interactions can not be estimated.

A
AA +0.26 AB -0.26 AD + 0.0BAE-BC-0.74BD ....

 Run Efficiency — 2k + 1 runs for screening k factors, 1 extra
run for each categorical factor

 Power — mathematically, slightly less than PB but practically
much higher due to the fact that main effects are clear.

* Projection — different for odd or even k, but in general;
e! +» full quadratic model for any 2 or 3 factors

©JMC 2018
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Definitive Screening Design Example

E=] Minitab 7 factor design **

: Stdg:der Runf:)zrder Pt'(l':;pe BI;::ks pC:I OZCI::TOW Tecn:p F;::d I\-:::;iiTa 0316%0 Dg[lli) TCit1:r

1 5] 1 2 1 6.8 120 41.0 3.5 Synthetic 20 10 1640

2 15 2 1 1 6.8 120 39.5 19 C}rude 40 10 1535

3 14 3 2 1 6.8 80 42,5 1.9 |Synthetic 40 20 1530

4 17 4 0 1 7.0 100 41.0 2.7 |Synthetic 30 20 1500

AT ¥ ot o SR SR B oY 4V 5 o o N 8 &

LONZC Experiment Goal — improve the yield of
A Novel pDNA Platform a plasmid DNA fermentation process

Experimental Factors

pH; 6.8 - 7.2

Oxygen Flow; 80 — 120 ml / day
Temperature; 39.5-42.5°C
Feed; 1.9-3.5

Media; Synthetic - Crude

Experiment Plan
« Definitive Screening Design

Q! In 7 factors, 18 runs OD600: 20 - 40

0 . _ 0
*Ormek, D., Hamilton, M., Chopra, M., et. al. (2012). A)DO’ 10 30 A)

ASQ 17 all J 5
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Results of Definitive Screening Example

Pareto Chart of the Standardized Effects
(response is Titer, @ = 0.05)

Tarm 231
I

AL | C Fead

(ol
AR
BB

BLC |

LT |

g 10 20 EL 20
Standardized Effect

Results
O, Flow, Temperature and Feed
identified as major variables
Model reduced to a 3 factor
quadratic design
(1740 — 1565) / 1653 = 11%

e! 11% Yield Improvement

from low to high

ASQ

Experiment Plan
« Definitive Screening Design
in 7 factors, 18 runs

Contour Plot of Titer vs Feed and O2 Flow
Hold Values; Temperature = 42.5

34
3.2

3.0

28

Feed

26
24
2.2

2.0

80 90 100 110 120
02 Flow

18



When Hobby and Expertise Combine
ReCafe at Windswept Farm

Organic Sustainable Farm to Table Cafe

B IMC
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Green Bean Seedling Screening Experiments

Experiment Goal — determine which factors have the strongest effect on
germination rate (%) , average days to germination and plant growth.

Experiment Plans
« ResolutionlvV —-27-2
Fractional Factorial, 32 runs

 Plackett-Burman, 12 runs

« Definitive Screening Design,
18 runs

Experimental Factors

. Seed Depth; %" - 1.5"

. Watering; 1/day — 1/2 day

. Miracle Grow; None — Twice

. Compost; None — 100% of soil

. Vermiculite; None — 33% of soil

. Seed Variety; Tendergreen — Blue Lake

. Sunshine; Shade — Sun
B IMC

©JMC 2018




Green Bean Experiments — Score Response

Green Bean Responses are Correlated
« Germination Rate (%)
Days to Germination (avg days)
Plant Quality after 14 days

Matrix Plot of Germination, Days, Quality - 14

Combine to one response
| called Score using Principal
o - - Components
5 . s Eigenanalysis of the Correlation Matrix
.s =8 Eigenvalue 27268 0.1706 0.1026
e . Proportion 0.909 Bbsi.  0.034
< e oo g e g R Cumulative 0.9000
é 4 i ; . . . L L . - .o .... ©
T . - " ol 9e® . s .
° - ' ‘ About 97% of the variation in
e 1% B the responses is captured
i i using the first two components
J B [MC
AS@ 21 J JZ-;‘t.‘; Experts
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Green Bean Results — Res |V Fractional Factorial

Pareto Chart of the Standardized Effects . .
2457 (response is Score, « = 0.05) Five main effects and three

Term

s interactions are significant.

—pCF
B

% Two-way interactions are
BG .

g confounded with each other.
2;% What is the alias structure for
& the significant interactions?
AE

Standardized Effect

CF-EG+ABD ° Sunshine * Vermiculite
AB + CDF + DEG Clear or
e] BG - ADE Clear Seed * Compost
ASQ ’ F IMC
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Green Bean Results — Res |V Fractional Factorial

Individual Value Plot of Germination Seed * Compost Interaction
° = ° - Seed
- . ) . o ponderore The Blue Lake seed
0.8 :
0 . variety clearly had
. o . St problems in the 100%
g o5 . compost soil
E 0.4 ® = °
&
0.3
0.2 o . . - ®
0.1 °
Compost 1 10 1 1
Vermiculite 0 33
Next Step

Reduce the model with the EG (Seed*

Compost) interaction, AB, DG and 3
Ql ! main effects. i

©JMC 2018




Green Bean Results — Res |V Fractional Factorial

Pareto Chart of the Standardized Effects Five main effects and three
response is Score, o = 005 . . . . pn
_ e ’ interactions are significant.
A Dy Heredity Principle
b Simiam Two-way interactions are most
P Ve likely found with significant main

effects.

A, B, D, E and G are important
as is EG, AB and BG.

C We will look more closely at
Water * Depth (AB) later.

Standardized Effect

Optimal % Depth Water Sunshine Stimulan Seed Vermicul Compost
D:1000 High 20 10 Sun 100.0 BlueLake 33.0 100.0
: Cur [1L.0] [1.0] Shade [0.0] Tendergree [33.0] (1.0}
Predict  Low 10 0.50 Shade 0.0 Tendergree 0.0 1.0
Score s S . o

Maximum
e y = 2.8239
d = 1,0000

ASQ | “ 24




Green Bean Results — Plackett-Burman

Wermiculite
Compost

Pareto Chart of the Standardized Effects No main effects are significant_
(response is Score Adj 2, o = 0.05)
Zo Due to low power, some would
| P e select D, E and G as
| == | jmportant.

Stimulant (D) is found to be
the largest effect, but these
main effect estimates are

m M b3 m (7] m 2

] biased by partial confounding
Y Mandadined Bt with interactions.
Good: Not Good:

« ABD,EGinthetop5 * Interactions are not found

« C, Fidentified as least « Main effect ranking is biased
Important * Low power
QJ « Only 12 runs
ASQ . e
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Green Bean Results — Definitive Screening Design

Pareto Chart of the Standardized Effects Two main effects are
(response is Score, o = 0.03) . .
- e significant.
GE | | oyt Due to low power, some

Sunshine

Stimulant would select BB and DD as

Seed

|
| roniculite .
; | e important.
- | | BB + 0.44 AB - 1.06 AC + 0.85 AD -
: |
e |
|

Mmooy e

1.06 AE + 0.85 AF + 0.85 AG + 0.06 BC
+0.15 BD + 0.06 BE + 0.15 BF + 0.15 BG
+1.06 CD-1.06 CE + 1.24 CF + 0.65 CG
0 1 2 3 4 +1.24 DE - 0.85 DF - 0.85 DG + 0.65 EF
Standardized Effect +1.06 EG - 0.85 FG

Good: Not Good:
- AB,E,Ginthetopeffects <« Square and interaction effects
* C, Fidentified as less are partially confounded.
e Important * Interactions not identified.
 Only 18 runs
AJS@- 5 B JMC
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Never Underestimate your Abllity to Learn

Score vs Depth of Planting

BEAN GARDEN

Blue Loke 274 (Bush)
100 " Water Needed + Duys to
\\ —a— 172 days VEGETABLE
075 ~ — ey
@ .
= \
E -
'E 050
=] s
w035 .,
-
5 .
-
g [T ] -
- e e = e et e B
025 ~ - -
|
- Suggestions:
. Avoid worklpg around beans when wet; this may spread djseases.
3/4 inch 1.5 inch When weeding, hoe gently because beans are shallowsrooted. Mulch
plants only after thinning.

Depth of Planting (inch)

Days to Planting Days to Spacing
“ 1y | Germination Depth Hurvest Rovw / Plant
| told them the 172 “ was wrong! W R s
We use 1” max depth. “
Late May - Nine
Erica - Technical Support pdny—
McKenzie Seed Company
R L DR AT TS R NARR RN

SINCE 1856

@) -

ASQ@

ZRAMERICAN \‘rrl)&x
81 Fiest Quality Sioce 99718, 7

FERRY~MORSE’

27

MSKENZIE

R

LAWN & (ARD[\I

Jiffy
B IMC
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Comparing the Three Design Approaches

« Plackett-Burman — Lowest number of runs, appropriate
when cost is critical. Works well when the sparsity of effects
principle applies and interactions are few and small.

 Resolution IV Fractional Factorial — useful when
characterization is a goal as well as screening. Best choice
when interactions are anticipated. Can require higher run
count.

« Definitive Screening Designs — Medium run count. Main
effects are clear so excellent for screening. Useful for
biological and chemical systems where quadratic effects
might be important.

ASQ 28
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Tips for Using any Screening Design

« Remove known factors — to discover important variables, leave known
factors out. This reduces the size and complexity of the screening
experiment. A follow-up experiment will study new and known factors in
detail.

 Use conservative set-points — one factor set-point that moves the process
“off the cliff” will derail 40 - 50% of your runs. Balance this with the “be bold
approach” to increase power. Mee, Robert, W. (2009).

« Multiple center points is not the best idea — this is common because it
allows error estimation and a test for curvature. However, | find additional
factorial design points are more powerful and provide the same value.

 When is the turnip out of blood? — “ If the analysis finds several
incompatible models, it is a strong indication that the information provided by
the data and design are limited and no analysis method can distinguish
between them”. Wu, J. F. and Hamada, M. (2012).

« Advance model fitting techniques can be misleading — modern computer
technigues can find best fit models based on statistical criteria that make

el no sense based on first principles. Adams, Wayne. (2016).
B IMC

©JMC 2018
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Learning Objectives

)

ASQ

Understand the strengths and weaknesses of definitive
screening, fractional factorial, and Plackett-Burman
designs for screening input variables to your process.

Determine the trade-offs between run efficiency, power,
and confounding for definitive screening, fraction factorial,
and Plackett-Burman screening designs.

Compare the performance of these three screening
designs when executed on the same seven-factor variable
space.

Apply the concepts of run efficiency, power, and
confounding to select the screening experiment design
applicable to your process scenario.

30
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Datasets in Minitab 18 at www.dataexperts.com
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