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1. INTRODUCTION

* Background:

- Trying to recreate the ANOVA table for a standard split-plot
in Douglas Montgomery’s Design and Analysis of
Experiments.

- Intuition was no help. Needed a set of rules.

- There are many pitfalls awaiting the practitioner who

attempts to specify models in software, especially split-
plots.

- Truly, the building of split-plot designs in statistical
software is a nontrivial task (Adworth and Hoffman 2002).

* Objective: To establish a set of rules for correctly
specifying split-plot designs in statistical software.
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1. INTRODUCTION

* The model: A two-way model with one hard-to-
change factor is considered.

* More to come: Rules for more complex models,
including those with more than one hard-to-change
factor.

» Software:

- JMP 7.0.1 (using the Fit Model platform)
- SAS 9.2 (using Proc Mixed)
- Minitab 15.1 (using ANOVA->GLM)

* Disclaimers:
- Many elements of split-plots are not addressed.
- A basic knowledge of the software tools is assumed.
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2. A BRIEF OVERVIEW OF SPLIT-PLOT
DESIGNS

* Split-plots:

- The experimental unit for some subset of factors is an
observational unit for another subset of factors (Vining
2008).

- Common in industrial experiments.
- hard-to-change factors

* Example:

— Suppose that factors are temperature and material
amount, but it is difficult to change the temperature
setting. If the blocking factor is operator, observations will
be made at different temperatures with each operator, but
the temperature setting is held constant until the
experiment is run for all material amounts. In this
example, the plots under operator constitute the whole-
plots and temperatures constitute the subplots.
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2. A BRIEF OVERVIEW OF SPLIT-PLOT

DESIGNS
Operator Operator
Temperature Temperature Temperature Temperature
[T ] [ 1]
Material Amt.| = = = Ma|ter|ialﬁimt. -ns Ma|teri|aIA|mt. «-nw Ma|ter‘ialﬁ!mt.
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3. KEY CONCEPTS TO BUILDING SPLIT-
PLOTS IN SOFTWARE

* Split-plots are in essence two designs
combined into one. Schwarz (2007) notes,

-"Recognizing the two types of designs that are
combined is the key to analyzing [split-plots].
This combination of designs results in TWO
different sizes of experimental units... Most
standard statistical packages can be used to
produce analysis of variance tables for the
results, but the correct model must be specified...
In my experience in statistical consulting, this
design is likely the most common design to be
analyzed incorrectly.”
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3. KEY CONCEPTS TO BUILDING SPLIT-
PLOTS IN SOFTWARE

* These two levels of design are built as
follows:
- First, the whole-plot treatment levels are
randomly assigned to whole-plots. This is usually
done following a Completely Randomized Design

(CRD) or a Randomized Complete Block Design
(RCBD).

-Second, the subplot treatment levels are
randomly assigned to the subplots within each
whole-plot so that the whole-plots act as blocks.

* Getting the denominator degrees of
freedom (DF) correct for each term in the
design can be challenging.
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3. KEY CONCEPTS TO BUILDING SPLIT-
PLOTS IN SOFTWARE

* Split-plot with the whole-plot factor
assigned to the whole-plot following a
RCBD.

Block Block

Whole-Plot Whole-Plot Whole-Plot Whole-Plot

Sub-Plots | = = = | Sub-Plots R Sub-Plots | « = = | Sub-Plots
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3. KEY CONCEPTS TO BUILDING SPLIT-
PLOTS IN SOFTWARE

* Split-plot with the whole-plot factor
assigned to the whole-plot following a CRD.

Whole-Plot Whole-Plot

Sub-Plots - mm Sub-Plots
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3.1 - Experimental Units and How to
Identify Them

e A split-plot model is built in software by including terms
corresponding to the treatment structure and terms for the
experimental units.

* All experimental units should be random effects as we think of
them as being randomly selected from a much larger
population.

e The smallest experimental unit is usually left out and
combined into residual error.

e The Key Question: How are the levels of the whole-plot
factor assigned to the whole-plot? Only two of the
possible answers are considered: by a CRD or a RCBD.

- RCBD: the whole-plot experimental unit is uniquely determined
by the whole_plot_block*whole_plot_factor interaction.

- CRD: nesting the factor with the experimental unit is often
needed and always recommended. Use this syntax:
experiment_unit(factor).
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3.1 - Experimental Units and How to
Identify Them

* Whole-plot experimental units.

Whole-Plot Arrangement Whole-Flot Experimental Unit
In Blocks whole_plot block®whole plot factor

Ina CED whole_plot unit{whole plot factor)
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3.2 Denominator Degrees of Freedom

* The main tools we have at our disposal to
control denominator DF:

—(1) The inclusion or exclusion of terms in the
model.

-(2) The computational method of calculating
denominator DF used by the software.

-(3) Bounding or un-bounding variance
components.
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3.2 Denominator Degrees of Freedom

* (1) The inclusion or exclusion of terms in the model.

- Consider the case where the whole-plots are arranged in blocks.
Let A be the whole-plot factor and B be the subplot factor. The
mean square for Block*A is the correct error term for testing
factor A and the Block. As stated above it is also the experimental
unit for the whole plot. When we make this random the software
will use it correctly.

- We can control DF for testing B and A*B by including or excluding
the Block*B term.

- If you enter the term Block*B in the model, Block*B is used to
test factor B. The remaining error (which is Block*A*B - the
smallest experimental unit) is used for testing A*B.

- If you leave Block*B out it is pooled into error and this pooled
error is used to test B and A*B.

— This is done when one assumes that the Block*B and Block*A*B
interactions do not exist. You might also pool the two terms if the mean
square for Block*B is small relative to Block*A*B, or, in the case that Block
is random, if the Block*B variance component is small. (Minitab Inc. 2007).
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3.2 Denominator Degrees of Freedom

* The denominator used to test terms when
whole-plots are in blocks depends on the
inclusion of the Block*B term.

Block *B i the Model Term (assuming fixed Denominator Used to Test
Model effects)

Elock Block*4
A Block*&

Yes E Block*B
L¥R error = Block* A*E
Block*E error = Block*A*E
Block Block*A
A Block*&

Mo E ertor = Block*B + Block* A*E
LA*R error = Block*B + Block* A*E
Elock*B i
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3.2 Denominator Degrees of Freedom

* When the whole-plots are arranged in a
CRD there is no Block*B term to deal with
so the setup is easier. Let A and B be the
same as above and the Whole-Plot unit that
is nested with A be Whole_Plot_Unit.

Model Term Denominator Used to Test
A Whole Plot TTnit{ 4
E ErTor
A*E EITOr
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3.2 Denominator Degrees of Freedom

 Here we explore (2) and (3) together: software choice
and bounding or un-bounding variance components.

- SAS gives you several different options for calculating DF with the
default being the Containment method (SAS Institute, Inc. 2007).

- JMP always uses the Kenward and Roger (1997) method (SAS
Institute, Inc. 2007).

- Minitab always uses Satterthwaite’s method (Minitab Inc. 2008)
which gives similar results to the Containment method.

- The Key Point: When using the Kenward-Roger method any
terms with zero variance will be pooled into the error term. Zero
variance estimates most often occur when variances are bounded.

- Consider the case where whole-plots are arranged in blocks and
Block is random. The Block*B interaction will also be random. If
the Block*B interaction is zero the Kenward-Roger method will
automatically pool that term into the error just as if it was never
entered into the model as summarized in (1).

- The Containment method will not pool terms that have zero
variance.
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3.2 Denominator Degrees of Freedom

* Method summary of pooling variances.

DF Method FPool Random Terms
with Zero Varlance

Eenward-Eoger Tes
Containment Mo
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3.3 Other Considerations

* EMS may be needed to recreate what is in
some text books.

* In practice, REML is preferred.

* When using REML in JMP and SAS you have
the option to bound or unbound the
variance component estimates.
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3.4 Key Concept Summary

The model for the split-plot design is built by including terms
corresponding to the treatment structure and terms corresponding to
the experimental units.

The smallest experimental unit is not usually entered into the model.
Specify all experimental units terms as random effects.

If the levels of the whole-plot factor are assigned to the whole-plot
following a RCBD then the whole_plot_block*whole_plot_factor
interaction is the whole-plot experimental unit.

If the levels of the whole-plot factor are assigned to the whole-plot
foIIowmgI a CRD then the nested term: )
wh_cgle_p ot_exp_unit(whole_plot_factor) is the whole-plot experimental
unit.

Use REML over EMS.

Leaving the Block*B term out of the model will pool Block*B with error.

If you bound variance components in with the Kenward-Roger method
then any zero variance components will be pooled into error.

Intel Confidential
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4. EXAMPLES
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* The following examples show the application
the above key concepts. The common
“Paper Tensile Strength” data set is used.

* The first example sets up the problem with
the whole-plot factor assigned to whole-
plots following a RCBD.

* The second sets up the problem slightly
different so that it follows a CRD whole-plot
structure.

* We consider all the possible combinations of
the points we have discussed.

4. EXAMPLES

 Summary of examples.

Whole-Plot Block*B Included | Vanance Components | Example
Structure in the Model Bounded
RCBD Tes Mo 4.1.1
ECED Tes Yes (Only available in [ 4.1.2
SAS and JMP)
ECDE Mo Mo 413
ECDE Mo Yes IN/A — You get the same results
as 4.1.3 since all variances =0
CED Tes Mo IN/A — There is no Block*B
CED Tes Tes /A — There is no Block*B
CED Mo o 4.2
CED Mo Tes /A — You get the same results
as 4.2 since all variances = 0

Intel Confidential

11



4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

» Step 1 - State The Problem: “Consider a paper manufacturer who
is interested in three different pulp preparation methods and four
different cooking temperatures for the pulp and who wishes to
study the effect of these two factors on the tensile strength of the
paper. Each replicate of a factorial experiment requires 12
observations, and the experimenter has decided to run three
replicates. However, the pilot plant is only capable of making 12
runs per day, so the experimenter decides to run one replicate on
each of the three days and to consider the days or replicates as
blocks. On any day, he conducts the experiment as follows. A batch
of pulp is produced by one of the three methods under study. Then
this batch is divided into four samples, and each sample is cooked
at one of the four temperatures. Then a second batch of pulp is
made up using another of the three methods. This second batch is
also divided into four samples that are tested at the four
temperatures. The process is then repeated, using a batch of pulp
produced by the third method.”

mont_splitplot. TXT
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

* Step 2 - Draw The Model:

Day 1 Day 3
Method 3 Method 2 Method 3 Method 1
T3(T2|T1|T4 "B AR AR ] T2 (T3 |T1|T4 "B B AR ]
-anw
Method 1 Method 2
[ BN BN NN | L BN AN BN |
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

* Step 3 - Identify the Experimental Units and
Factors: We ask ourselves how the levels of the
whole-plot factor are assigned to the whole-plot. In
this example it is by a RCBD so the Day*Method
interaction is the whole-plot experimental unit. The
units and factors are as follows.

* Whole-plot Block = Day
* Whole-plot Experimental Unit = Day*Method

* Whole-plot Factor = Method - 3 levels randomized
to whole-plots grouped within blocks

* Subplot Experimental Unit = Day*Method*Temp

* Subplot Factor = Temperature - 4 levels
randomized to subplots within whole-plots
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

* Step 4 - Build The Model:
-Day, the whole-plot block, is considered random.

—-The two factors Method and Temp and their
interaction are considered fixed.

—-As always, the experimental unit term
(Day*Method) is random.

- Leave out the sub-plot experimental unit term
(Day*Method*Temp).

Intel Confidential
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

* Analysis 4.1.1

Whole-FPlot Structure | Block *B Included in the Model | Variance Components
Bounded
RCBD Yes No
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

TP Model:

2 Fit b

- * Model Specification
Select Columns: Pick Role Vorikies Personalty. Standard Least Squares W
s g gl .

thaTep Method  EM )

ol Strenggh e - 5
@l numer | | Setinputs to nominal
apbianal rumer [ Esimate gty Vsisnce Componerts {done in the data table in
Coc i e
Tnbound yvar comp
Construct Model Etfects Rt
oayg Random |
Method
Temp .
A R | st Set exp unit to random
Deary*Tempa Random
Mevotes
pegree [3
Aftritutes =
Tranztorm =
[ vio mtercent
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

Set mputs to nominal (use

class statement 1n SA3)
SA3 Model
proc mixed data=W
class day method temp: ‘_H_-_H_'k_‘—‘—-—

TUnbound var comp
model strength = method temp method*cemp e

random day day*method day*temp: .
run; Set exp unit to random (only

put randotm terms in the
random statement not the
model statement in 343
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

Minitab hdodel
eral Linear Model
€1 Day Responses: | Strength
(C2  Method
3 Temp Hodel:
[ S Day Mt Dsy“ethod T D2y “Terp Set mputs to nominal
% (use Data=>Code on the

spreadsheet)
Random factors: W

™

Unbound vay comp
{only option in Winitab)

Covaristes.... |
Graghs... | Set exp unit to random
{all terms are put in
| Factor Plts. . |

Model then any terms
with the Eandom factors
in them will be random
in Minitab)

Intel Confidential
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

Analysiz4.1.1 Output: All variance component estimnates, denominator degrees of freedom, and p-
values match between the three software programs. MNote that the Day*Temp (Block®B) interaction
18 negative. Some may argue that this term should be pooled into the error. Thiz will be shown in
Analyses 4.1.2 (bound variances) and 4.1.3 {exclude Block*E).

Analysis 4.1.1 Qutput Summary

TP 343 Minitab

Day*Temp Variance Component -0, 263889 -0.2639 -0.2639
Wethod Denominator DF 4 4 4
Temp Denominator DF 3 3 6
Method*Temp Denominator DF 12 12 12
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

TP Output SAS Output
REML Variance Compoeneint Estimates Cov Parm Estinata
Fuandlom Vg gw‘h %’-g:;;
2y *He thad i
Frrect Var Ratis  Component St Errer  B5% Lower 95% Upper  Pet of Total A el -0 Bose
Cary 06 25416867 33827204 BG4I BATSHIER 32914 Res idual 4,236
Doyetnod 03852455 12083333 1GBOSIE  204B3H  44EZETE 15847
Cov'Tene 005295 02639 OSTEATIE  1SS5T0S 14579271 347 ey
Fesichanl AZFA 17200350 276605 11543091 54556 tzhLakintice
Total TRz 100000 =2 fes Log Likel ihood 12z.2
. AIC (smaller iz better) 130.2
Pz oglkeihood = 138 27ET2392 AICE (znaller iz better) 1323
Iterations BIC (smaller s better) 126.6
Fixed Effect Tests
Souce Wparm  DF DFDen  F Ratio Prob = F Mull Model Likelihood Ratio Test
hethod 2 2 4 TOT O04ES DF  Chi-Square Pr 3 ChiSq
Temg 2 3 B 420081 Q0002
|ethod® Temp A 12 285574 005H0 3 #.18 0. 0425
Type 3 Tests of Fixed Effects
Hum Desry
Effect DF DF F Valus Pr 3 F
Hethad 2 4 7.08 0. 0485
Tenp 3 6 42.01 0.0002
Hethod® Tesp 3 12 2.96 0.0520

Intel Confidential
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Minitab Output

Source DF  Seq 33 Ad) 35
Doy z T77.556 77.556
Hethod & 128,389 128,399
DayTMethad 4 35,278 36.278
Tenp ¥ 434,083 434.083
Day*Tenp &  Z0LEET  20.667
Method*Tenp &  THUET  75.167

50.833  50.833
BZZ. 972

Exgor 1
Total kL

% Mot an exact F-test,

Analysis of Varisnce for Strength, using Adjusted 33 for Tests

4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

Adj HS F F Error Term= for Tescs, uzing Adjusted 55
3B.TTE 4,68 0.136 x
64.194  7.08 0.049 Synthesis of
S.065 214 0.138 Source Error OF Ercor M3 Error M5
144.694 42.01 0.000 1 Day 2.85 8.278  (3) + {5} - (T
J.44d 0.8l 0.580 2 Merhsd 4.00 2,069 (3}
12.528 2,96 0.052 3 Day*Hethod 12.00 4.236 (7)
d.236 4 Temp 6.00 3.444 (5)
5 Day*Temp 1z.00 4.236  (7)
& HMethod*Temp 1z.00 4,236 (7)

Estinated
Joucce Value
Day 2.5417
Day*Method 1.2083
Day*Tenp -0.2635
Ercor 4.236L

Variance Components, using Adjusced 33
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

* Analysis 4.1.2

Whole-Flot Structure

Block*B Included in the Maodel

Vanance Components
Bounded

RECED

Yes

Tes (Only available in
SAS and JNEP)

Intel Confidential
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

TP Model:

3 Fit Madal

* T Model Specification
Select Columns Pick Role Varisbles
Doy [y )| Mstrengh
il Msthoed n ction
e Temp. ‘___-——-___j__
Al sengn PV

Corstruct Model Effects

CoesJieme

Personsty: | Standad Least Squares ¥
Emphasie’ | Effect Scresning b
Method  REM. (Recormendes)_ ¥

_ﬁ__‘__ Set inputs to nnmilml.
[ EstimafEomc yariance Componerts {done in the data table in
(] )

T

Method

Intel Confidential

| o] Set exp unit to random

Bound yar comp

SAS Model

proc mixed data=temp.mont sSplitplot: _ad______________-—‘_

class day method temp; 4
model strength = method temp method*temp

random day day*method day*temp; ‘\
run;

4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

e

Set mputs to nominal (use
class statement 1n SAS)

Bound var comp (default in
SAS)

Set exp unit to random (only
put random terms in the
random statemnent not the
model statement in 343

Intel Confidential
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Analysis 4.1.2 Output Summary

4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

NP SAS Winitab
Day*Temp Variance Component 0 0 A
Method Denominator DF 4 4 NiA
Temp Denominator DF 18 6 A
Method*Temp Denominator DF 18 12 IR[EN

Analysis 4.1.2 Cutput: Note the difference in the degrees of feedom between the JMP and SA3S
output. Thiz is because the Eenward-Eoger method (JMWFP) pools terms with variance equal to zero.
SA3 uses the Containment method by default so the Day*Temp interaction 15 not pooled. The
chotce of method does affect the p-walues of Temp and Method*Temp, almost switching
significance at the 0.05 level.

Intel Confidential

4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

JMP Qutput: SAT Output:
* REML Variance Compoanant Estimates Cov Pairm Ezstimate
Rarvdom Vet
Eifeet War Bailo Component SidErrer  85% Lower  35% Upper  Pei of Total B:"y‘" hod f;;i;
Dy 06237 JATSEN4E 3ITEITAT QSIS 11027251 nose Day* T:w ° o
DaryMethod 0 006042 1ITAMISE 1 EITOMT  0ZTETTIE 608 A0S 16502 Residual T.9723
arpTeme [] a [ ] [ 0.000 )
Residsal I UIDEOTH DIETIANI  BESSHID 5143
Teedd TR 100000 Fit Statistics
-2 Loglkeihood = 13936226272
¥ erati -2 Res Log Likelihood 122.3
ol AIC (snaller is better) 1283
¥ Fixed Effect Tosts AICEC (smaller is better) 129.5
Soumes Wpsim  OF DFDen  FRato ProbsF BIC (smaller is better) 125.6
Wttt 2 4 TOTE1 OMEs
Tertg) 3 3 16 A6 <00*
hod Tergs & W& 318 omns Type 3 Tests of Fixed Effects
Nun Den
Effect DF bF F Value Pr > F
Me thod 2 4 .08 0. 0485
Tenp 3 [ 36.43 0. 0003
Method* Tenp & 12 2.15 0.0428

Ifthe following S AS code were run the results would match TP,

proc mixed data=gtemp.mont splitplot;
class day wethod temp:

model strength = method temp method*temp / DDFM=EENWARDEOGER:
random day day*method day*temp:
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

* Analysis 4.1.3

Whole-Flot Structure

Block*B Included in the Maodel

Vanance Components

Bounded

ECDE

Mo

Mo

Intel Confidential

WP Wlodel:

* = Model Specification

tha Temp
Asengn

pearee (3
Affritutes ~
Transform =

Select Comns Pick Role Variabies PersonBly. Siandard Least Squares %0
:Day ASrengn Emphasis:  Ertect Screering ~

Corstruct Model Effects
oo i
Method
Cross Termg

Doy "Hhethonds Random Set exp unit to random
V

[ o intercapt
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

Set inputs to nominal
{dene in the data table in
JME)

Unbound yay comp

20



4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

SAS Model

proc mixed dats=temp.mont splitplot -

'\

class day method temp;

model strength = method temp method*t

random day day*method:
run;

Set mputs to nominal {use
class statement in SAS)

Tnbound var comp

Set exp unit to random (only
put random terms in the random
statement not the model
statement in 343)
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4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

Mlinitab Mlodel

1 Day Respanses: [ Strength

2 Wethod

C3  Temp Model:

ct sengh Day Method Day*Method Temp Method*Tenp

Rardom fackors: o

[nw
Covaristes... | options... | Comparisons...

arophs.. | Resus.. |

| Factor Piots... |

_ v | ok | |

Set mputs to nominal (use
Data—»Zode on the spreadsheet)

Unbound var comp (only
option in Minitab)

Set exp unit to random (all
terms are put in Model then any
terms with the Random factors
in it in them will be random in
Minitab)
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

Analysiz 4.1.3 Quiput: All variance component estimates, denominator degrees of freedom, and p-
values match between the three software programs. Note that the Day*Temp interaction 15 pooled
into error. Also note that all variance components are positive. Thus there will be no difference in
the results in JMP (Eenward-Eoger) or SAS (Containment) were we to re-run this analysis with
bounded variance components.

Analysis 4. 1.3 Output Summary
MNP SAE Minitak
Methed Denominater DF 4 4 4
Temp Denominator DF 18 18 18
Method*Temp Denominator DE 18 18 18

Intel Confidential

4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

TP Cutput SAS Output
* REML Variance Component Estimates Cov Parm Eatimate
S0 Day 2.4757
erk ok Day*Method 1.2743
Effect Var Ratie  Component  Std Error  95% Lower  95% Upper  Pot of Total P i chua | .97z
Day 06232517 ZATIEMM4 327SITAT 306404 BE9S2ED 32059
Doy'Method 03208042 12743055 16370807 1504375 44805057 16502 Fit Statistics
Residusl 38722222 13240741 2IETMAN BESEIHIR 51,439 T ——— T
-2 Fos Log Likel ihead -
o Irien 100000 AIC (zmallor in botter) 1803
-2 LogLielbood = 13936226272 AICE [snallor is botter ] 123.5
L3 BIC (znallor iz botter) 125.6
lerations
* Fixed Effect Tosts Hull Hode! Likelihood Ratio Test
Source Hparmy  OF DFDen  FRatio Prob >F OF  Chi-Bguare Pr > ChiSa
et 2 2 4 TOTE1  OM4B5 . i N
Tomp i3 18 IEAE <0001
— £ 18 21ss oo Type 3 Tests of Fised Effects
Hun Den
Effeat oF DF  F VYalue
Hethad 2 4 7.08
Tanp Fl 10 ¥6,43
Hathad® Tenp [ L] 3,15

Intel Confidential
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4.1 Paper Tensile Strength - Whole-
Plots in RCBD, Montgomery (1991).

linitab Cutput

Analysis of Veriance for Strength, using Adjusted 55 for Tests

Source DF  Seq 35 Ad) 55 Ad) HE F P Error Terms for Tests, using Adjusted 33
Day 2 77.556 77.556 3B8.778 4.28 0.102
Method Z 128.389 126.389 64.194 T.08 0.049
Day*Methed 4 36,278  36.278  9.068 2.28 0.100 Simhesis
Teap 3 434.083 434.083 144.694 36.43 0.000 Source Ecror DF Error HS of Ecrror BS
Method*Tesp 6 75,167  75.167 12,528 3.1 0,027 L Day 4.00 9.069 (3)
Ereor 18 7L.500  TL.500  3.972 2 Method 4.00 9.069 (3)
Total 35 B22.972 3 Day*Method 18.00 3.972  (6)
4 Temp 18.00 3.972  (6)
5 Hethod*Temp 18.00 3.97z  (6)
5 = 1.99304 R-5q = 91.31% R-Sq(ad)) = 83.11%

Variance Componsnts, using Adjusced 58

Source Value
Day 2.476
Day*Marchad 1.274
Error 3872

Estimaced

Intel Confidential

4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

Step 1 - State The Problem: “A paper manufacturer is
interested in the effect of three different pulp preparation
methods and four different cooking temperatures for the pulp
on the tensile strength of the resulting paper. The equipment
that is used for the pulp preparation methods only works on
large amounts of pulp. The equipment that is used to cook
the pulp can work on smaller batches of material. On any one
day, the experiment is conducted as follows. A batch of pulp
is produced by one of the three methods under study. The
method of pulp preparation is randomized among 9 days
available for the experiment. Within a day, a batch is divided
into four sub-batches, and cooked at one of the four
temperatures. The resulting tensile strength of the paper is
measured.”

Data: http://www.stat.sfu.ca/~cschwarz/Stat-
650/Notes/MyPrograms
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

*Step 2 - Draw The Model:

Bateh 1§ Method 2 Batch %/ Methaod 1

Intel Confidential @

4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

* Step 3 - Identify the Experimental Units and
Factors: We ask ourselves how the levels of the
whole-plot factor are assigned to the whole-plot. Is
it by a CRD or RCBD? In this example it is by a
CRD so the nested term Batch(Method) is the
whole-plot experimental unit. The units and factors
are as follows.

* Whole-plot Experimental Unit = Batch(Method)

* Whole-plot Factor = Method - 3 levels randomized
to the whole-plots

* Subplot Experimental Unit =
Batch(Method)*Temp

* Subplot Factor = Temperature - 4 levels
randomized to subplots within each whole-plot
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

* Step 4 - Build The Model:

-The two factors Method and Temperature and
their interaction are considered fixed effects.

—-The experimental unit nested term is random.

—-There is no Block*B term to deal with making the
analysis simpler.

—-The sub-plot experimental unit term is left out.

4.1 Paper Tensile Strength — Whole-
Plots in RCBD, Montgomery (1991).

* Analysis 4.2

Whole-Flot Structure

Block*B Included in the Maodel

Variance Components
Bounded

CED

Hao

Mo
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

TP Blodel:

* = Model Specification

Select Cobamns Pick Role Variakles Personally. | Starcled Lenst Squaees ¥

s i ot [ty

thBotch Method  BEML (Recomey |

Astrengh 7 :
cpbiomal rumen Set inputs to nominal

{done in the data table in
ThPY

Unbound yar comp

Method'T g
= Set exp unit to random

) T —

pewee (3
Afirkndes =
Transtoem =

[ mao rtercept
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

Set mputs to nominal (use
class statement in SAS)

SAS Model

proc mixed data=temp.paper nobound!
class batch wethod temp:
model strength = method temp method¥temp: Ull]]ﬂllll(lmculnp

random batch (method) ;
run; Set exp unit to random (only
put random terms in the

random statetnent not the
model statement in 3AS)
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Minitab Wodel

|

1 T Responses: [ Sergh
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

;i ﬁh Modek: Set mputs to nominal {use
T e s bl Data=>Code on the spreadsheet)
P factors: B :: 3
e Ul.llJ.l:Illllll var comp (only option in
Iinitab)
Covarites... | optins... | Comparisons...| .
i = Set exp unit to random (all terms
are put in Model then any terms
b | | f with the Random factors in it in
| [ T et ] them will be randorm in Minitab)

VAriance Components.

4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

Analysic 4.2 Qutput: All variance component estimates, denominator degrees of freedom, and p-
values match between the three software programs. Given that the estimate of Batch(Method) 15
positive there would be no difference in output were we to re-run this analysis with bounded

Analysis 4.2 Output Summary

TP SAS Minitab
Method Denominator DF 6 6 6
Temp Denominator DF 18 18 18
Method*Temp Denominator DF 18 18 18
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

JIE Outpout SAS Output
* REML Variance Component Estimates Cow Parn Estimate
Rawdorm var Batchifethod ) 3.7500
Effact Vai Ratie  Compomnent S0 Erior  95% Lower  95% Upped Pt of Total Res idual 3.0722
BuatchiMethod] 059430555 375 2TsE3ES -1 BSE344 91563437 4B 551
Rsidust IOTIIND ANMOTEl  22ETMIN BEBES40D 643 Fit Statistics
Tetsh T 100000
-2 Res Log Likel ihood 123.8
-2 Logliethood = 1408847751 AIC [smaller is better) 127.4
» i AICE (smaller is better) 128.3
Hamtlara BIC (snaller is better) 128.2
* Fixed Effect Tests
Sowmce Hpam  DF DFDen FRatie Prob > F Hull Model Likelihood Ratio Test
Mttt 2 2 B Jgoes oo OF  Chi-Square Pr > ChiBg
Temp 3 3 16 2EESY <D0
Method" Temp: 6 6 16 10559 D42 ! E.57 0.0104
Type 3 Tests of Fixed Effects
N
Effect bF DF F Value Pr »F
N thiod z 3 4.00  0.0788
Toap 3 18 #2659 ¢,0000
Hathod® Teag [ 8 1,06 0.4236
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4.2 Paper Tensile Strength — Whole-
Plots in CRD (Schwarz 2007).

Minitab Output

maly!is of Variance for stﬂenqth' using Mjuﬂtgd 25 for Teacs
Soutce DF  Seq 55 Ad) 55 Ad) HS F 3
Teap 3 270.333 270.333 90,111 22.69 0.000
Method 2 151,722 181.722 95.861  4.00 0.079
Temp*Method 6 25.167 25,167 4.194 1.06 0.424 Synthesis
BatchMethod) 6 113.833 113.833 18.872 4.78 0.004 T TTLD G (e
Error 15 71. 500 71.500 3.972 1 Temp 18.00 3.972 (5)
e S LR 2 Method 6.00 18,972 (4)
3 TempMethod 18,00  3.972 ()
$ = 1.99304 R-3q = 80.70% R-Sgladi) = 78.02% 41 Batoh {Nethnd) 18c00 s ]

Variance Components, using Adjusted 535

Estimated
Source Value
Batch (Method) 3.750
Error 3.972
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5. CONCLUSIONS

* With the keys to building split-plot models

in hand and several examples to refer to the
reader will hopefully approach their next
split-plot analysis with confidence.
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