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1 Randomized Block Design
Problem Setting:

e One block factor with b levels. and one treatment factor with ¢ levels.
e Treatments randomized with blocks.

e No replicate observations. Our observed data y;; represents the data in ith block with jth
factor.

Treatment

A B C D |Mean
Block 1 89 88 97 94| 92
Block 2 84 77 92 79| 83
Block 3 81 87 87 85| 85
Block 4 87 92 89 84| 88
Block 5 79 81 80 88| 82
Mean 84 85 89 86| 86

Table 1.
Model without block-treatment interactions:
Yij=p+b+ti+e; i€cl:B,j=1T
with ez-jii(jN(O7 0?) and >;t;=0. bis and ¢;s indicate block and factor effects.
There are two settings for the block effects in the model:
e Fixed block effects: vazl b;=0 (sum to zero constraint for block effects)
¢ Random block effects: by, ..., bBiim(}N(O, o3)

Data decomposition: the observed data can be decomposed to a summation of the (estimated)
effects:

Yij =Y.+ Wi —y )+ (Y —v.)+ Wi — v —y;+v.)
=0+ b¢+£j+ éij

ANOVA decomposition: the total sum of squares can be decomposed to:

Z Z (yij —y--)? :tZ (yi—y.)*+ bZ (yj—y.)*+ Z Z (yij —yi.—y+y.)?

Total sum of squares Blocks Treatments Errors

Source SS df E(MS =SS/df)
Fixed block effects
Blocks t> (i —y..)? b—1 ol4+t(b—1)"1%, b7
Treatments sz (y.j—y.)? t—1 02+b(t—1)_12jt32-
Error Y Wi v~y ty)? (b—1)(t—1) o2
Total > (Wij — y..)? bt—1
Random block effects

Blocks ty (Wi —y. )2 b—1 o2+ tof
Treatments b3, (y.; ..)2 t—1 o?+b(t—1)"1 th?
Error ij (Yij—vi.—y+y.)? b—1)(t—1) o>

2
Total Z (yw ~-)2 bt—1

Table 2. ANOVA table for Randomized Block Design



2 Factorial Treatment Structure

2.1 Model Setting

Consider an experiment with two factors P and @ (P and @Q may have interactions) with
levels j=1,2,...,p,and k=1,2,..., q, replicated r times (I=1,2,...,r), with model

Yjkl = ik + €5kl
Group effect parameters:
o Grand mean: pu..=(pq) '3, >y fjk
e Group means for factor P: p;. = qilzkujk
e Group means for factor Q: p.,= pilzj ik
o [Effect of factor P: p; = ;. — p..
o Effect of factor Q: qr=p.r — p..

We have sum to zero constrains under this setting:

> pi=0, Y ¢=0
j k

Interaction effect parameters:

(P@)jk =t — (po+ pj + a) = (e — pr) — (b5 — po..)

Also, we have

Z (pq)jr=0 for all k, Z (pQ)jx=0 for all j
J k

Then the model can be expand as:

tjk = fh+ Dj + @+ (PQ) k- (1)

Remark 1. p and ¢ without subscripts denote the number of levels for fator P and (), while p;
and g; denote the effect parameter for each level.

Example 1. (4 x 4 Design)

Wik K. Dj (Pq)jk
4210 20 30|16 6|3 4 1 6
14 20 40 50|31 9|8 -9 6 11
14 20 10 20| 16 6| 7 6 -9 -4
20 30 30 20|25 3|4 7 2 -13
e 13 20 25 30] 22
% 9 -2 3 8

Table 3. 4 x 4 design data table



2.2 Compare differences between treatments

To compare differences between treatments, we define contrast and interaction contrast:

Definition 1. A contrast for the main effects of factor P is defined as

p
Cr=>" L.,
j=1

where 1, ..., 1, are coefficients with Z]I'):1lj =0.

Example 2. (Simple Pairwise Comparison)

Cp= 1. — pa.

Definition 2. An interaction contrast is defined as:

P q
Cpg= E Z Lt
j=1 k=1

where my, ..., mq are also coefficients with >} _ my=0.

Example 3. Test whether the difference between levels of P depends on the level of Q.

Cpq = (p11 — p12) — (p21 — p22)

Interpretation of main and interaction effects:

1. Always start by checking main effects. Interactions modify these effects and only make
sense in that context.

2. If interactions are negligible, simplify the interpretation and focus on main effects.

3. If 3 or higher order interactions are negligible, but second-order interactions are
significant, then we should focus on both main effects and second-order interactions.

4. If a two-factor interaction is very important, and its mean square (MS) value is
similar to the MS values for main effects, then the best way to interpret results is by
looking at the mean values for two-factor combinations rather than just reporting
main effects.

5. If a two-factor interaction is significant, but one or both main effects are much
larger than the interaction, then the interpretation should consider main effects first,
with adjustments for interaction effects.



2.3 Least-squares estimation for an unreplicated 2Xx 3 design

Consider a two-way factorial design with p=2 and ¢=3

ik = ..+ i+ @+ (P @)k

12 3
Llyin viz 43
2|Y21 Y22 Yo3
Table 4.
Y11 11 1 0 1 0 ..
Y12 11 0 1 0 1 P1
Y13 1 1 -1 -1 -1 -1 q1
= :X_ =
i P=l1-1 1 0-1 o e |
Y2 1 -1 0 1 0 -1 || (poun
Y23 1 -1 -1 -1 1 1 (pq)12

The columns of X w.r.t. different parameter groups are orthogonal. In this case, the columns
with respect to p and columns with respect to ¢ are orthogonal. Also, they are orthogonal to the
columns w.r.t. pg. Therefore, XTX appears to be block diagonal:

6 00000
06 0000
004200
X'X=
002400
000042
000024
1/6 0 0 0 0 0
0 1/6 0 0 0 0
P 0 0 1/3 -1/6 0 0
(XX)™" = 0 0 -1/6 1/3 0 0
0 0 0 0 1/3 -1/6
0 0 0 0 -1/6 1/3
The least square solution gives
..
Yi-—y..
A: X'X —lxl _ Yyi1—y..
A=XX)"Xly=

Y11—y1.— Y1+ y..
Y12 —Y1.—Yo2+y..

Note that the number of parameter equals to the number of observations, X is invertible, 3 is the
solution to X3 =y.

Now we consider an additive model without interactions:

Wik = ..+ Dj+ qk,



the least square solution gives:
B=X"X)""Xy=(y. y1.—y. y1—y. y2—y.)7",
which align with the solution of the model with interactions. This is due to the orthogonality.

2.4 Experiment with Replication

The model for an experiment with replication can be written as:
y]kl:M+p]+qk+(pq)]k+€]kl7]:177pak:17Q7l:17r7
where €y are i.i.d. N(0,02%). We can decompose data as:

Yjkt =i+ Dj+ Gk + (P @) jk + €k
=y.+ (yj.. — y...) + (y.k. — y...) + (yjk- —Yj..— Yk + Z/~~) + (yjkl - yjk-)-

The sum of squares are defined as:
Sp=qry_ (yj..—y..)?
J
So :prz (yr-—y...)2
k
Spq=r Z Z (Yjk-— Yjo- — Y-+ y.)?
ik
Se=>_> "> (yjm—ysr)?
i k1
Sp=>_"3"3 " (yim—y-)?
i k1

Source SS df MS Ratio
Factor P Sp=1.03301 p—1=2 53p=0051651 sp/s%=23.22
Factor Q Sp=0.92121 g—1=3 55:0.30707 522/5123:13.81

Interaction Spg=0.25014 (p—1)(g—1)=6 spo=0.04169 spg/sh=1.87
Residual Sp=0.80073  pq(r—1)=36 s%=0.02224
Total Sp =3.00508 pqr—1=47

Table 5. ANOVA table for two factors experiments with replications

2.5 Model Checking

1. Define the estimated value of pj under the full model as fij = yj.. Let fijx=1y;.. + v.6. — ¥...
denote the estimated value of ji;; assuming no interactions.

2. To assess the homogeneity of variance in interactions, create a plot of the residuals y;x; — fijx
against the fitted values fijx. A consistent spread of residuals across different values of fij
suggests homogeneity, while a pattern or funnel shape may indicate variance issues.

3. To detect possible nonadditivity, plot y;r — fi;x against fi;z. If the plot exhibits a curvilinear
pattern, this suggests the presence of transformable nonadditivity, meaning that a trans-
formation of the response variable may be necessary for a better model fit.
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Figure 1. Model checking plots suggesting heteroscedasticity and non-additivity

2.6 Transformations

2.6.1 Taylor Power Transformation

0.8

Consider heterogeneous data Var(y,x;) = U]Zk and assume that ajz-k x ,u]@k for some 3. We can use
Taylor power transformation to deal with the heteroscedasticity (Assume y;. > 0).

1. Calculate the sample mean y;. and sample standard deviation s;; for each (7, k) cell.

2. Fit a linear regression on log s;; ~ log y;z.

3. The fitted slope (3 is an estimate of §.

4. Use the transformation (y* — 1)/ with A:=1— §.

5. If A=0, apply the log transformation ¥, = log(y;xi)-

Remark 2. Simple power transformation uses y*, which doesn’t smoothly transit to logy as A— 0.

Justification for the method:

Define

By Taylor expansion:

Since f'(y) =y*"",

zzfmy):{fj;y‘””’ Ao

zjkt = Ia(yir) = Pa(pge) + fACpin) (Yirn — win)-

Var(zjr) ~( fA( k) Var ()
_,2(0-1) 2
=Mk Ojk
2(A—1
CX,Ujlg )/‘32'1?
2A—1+47

and Var(z;i;) becomes a constant if A=1— (.
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Figure 2. Power transformations

2.6.2 Box-Cox Transformation

Assumptions: There exists a A such that { fa(y:)}ie1:
e are mutually independent
e are normally distributed
e have constant variance
e satisfy a linear model f\(y)=Xf(+¢€

2.6.3 Maximum Likelihood Estimation of Box-Cox A

Assume yN = fy(y) = X3+ € where f; is defined in (2) with € ~AN(0,02I) for some A. Then the
likelihood function for the untransformed data follows:

{ <y<A>—x,8>T<y<A>—xm} Jouy)

LA, B,0)=

1
(27 02)™/? 202

with Jacobian

Jy) =] v"

i=1
We first find the LSEs of 8 and o for fixed A:

. . MN_XANT (vIN_X3
b= (XTX)IXTy™, 5= f*_)p(_yl By,

then we have

0y o) =22 =D 0y

o e (—(n—p—1)/2)
=0y 221_[1%)\ 125D (QW)S/Q




Let £(\) =log L(\, B, 6»), and find the MLE A that maximizes £()).
The confidence interval follows from the standard result that the log-likelihood ratio statistic
follows a chi-square distribution with 1 degree of freedom
2(6(3) = (V) ~ xt.
Then the confidence interval is the root for £(\) =£(\) —0.5x3 4.

Remark 3. The boxcox function in MASS library gives the MLE of .

library (MASS)

bc <- boxcox(y ~ p+q)

title(paste("Without interaction, lambda =",round(bc$x[which.max(bc$y)],2)))
bc <- boxcox(y ~ pxq)

title(paste("With interaction, lambda =",round(bc$x[which.max(bc$y)],2)))

Without interaction, lambda = -0.75 With interaction, lambda = -0.83
o
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o
<
[ o
8
o
8
o
° ke ™ -
o o I
£ g £
g ! £ o
7 1057
g 34 g
I
o
8
o
g
]
o
g
o |
R
T T T T T T T T I T
-2 -1 0 1 2 -2 -1 0 1 2
A A

Figure 3. Likelihood of Box-Cox Transformation
Example 4. For the Poison data, we present the ANOVA table after the two transformations.

Df Sum Sq Mean Sq F value P-value
Poison 2 34.877 17.4386 70.6302 5.17e—13
Treatment | 3 20.414 6.8048 27.5610 2.48e—09
Interaction | 6 1.571 0.2618 1.0603 0.4046
Residuals | 35 8.643 0.2469

Poison 2  11.926 5.9631 66.5525 1.18e—12
Treatment | 3 7.158 2.3860 26.6295 3.76e—09
Interaction| 6 0.486 0.0810 0.9040 0.5032
Residuals | 35 3.136 0.0896

Table 6. ANOVA table after simple Taylor power transformation (y(*) =y with A=—1) (above) and Box-
Cox transformation (below).

Remark 4. The residual Df is reduced by 1 to compensate for the estimation of .

10



2.7 Confidence Intervals

2.7.1 When interactions are not significant

Let uj = p+ p; and vy = g+ qi. Let the unbiased estimators be 4; = y;.. and 9y = y.,. with
Var(a;) =02/ (pr), Var(dy) =02/(qr). The sample standard deviation is

s(;) = Sr/ /T, 8(0k) = Sr/\/qT"

Then 100(1 — «)% confidence interval for w; is t; +t,,.q/2 X se(t;), where vgp = pq(r — 1) is the
degree of freedom for Skg.

For simultaneous confidence intervals, we define the contrast of interest be

p
L= Z cjuj, Wwhere Z cj=
7j=1 =1
with its estimator
. P . P
L= ¢yj.. with s(L)=Sg (qr)*lz 3
=1 j=1

Then a 100(1 — )% simultaneous confidence interval for L takes the form:
L+Ts(L),
where T is a multiplier that depends on the type of the inference method used.

1. Tukey’s Method (Pairwise Comparisons): Tukey’s method is designed for simulta-
neous confidence intervals when comparing all possible pairwise differences between group
means. The multiplier is:

q(p, vr; @)
T:—
V2

where ¢(p, vg; ) is the studentized range statistic for p groups and residual degrees of
freedom vpg.

When comparing all pairs, each pairwise difference is a contrast (with coefficients ¢; =1 for
one group and ¢; = —1 for the other, and 0 elsewhere). Each interval is given by:

, VR, O 124 (—1)2
CI for (uj —ug): AC (yj..—yk)iq<p\/§ )SR q(r )

q(p,vr; @)

Here, the multiplier is applied to each pairwise contrast.

2. Scheffé’s Method (All Contrasts): Scheffés method is more conservative and applies to
all possible contrasts, not just pairwise comparisons. The multiplier is:

T=/(p~1) Flp—1) v

where F(,_1),up;a is the critical value from the F-distribution with p —1 and vg degrees of
freedom.

11



For any contrast L= Zj ¢;juj, the simultaneous confidence interval is:

7 /1
Li\/(pfl) F(pfl),uR;a SR Ez CJQ'
J

This interval applies to every possible contrast you might form.

3. Bonferroni’s Method (For g Comparisons): The Bonferroni method controls the fam-
ilywise error rate by adjusting the significance level for multiple comparisons. For any set
of g comparisons, the multiplier is:

T'=typa/(29)

where t,,.0/(2¢) is the t-distribution critical value with residual degrees of freedom vg and
a Bonferroni-adjusted significance level of a//(2 g).

If you have a specific set of g comparisons (contrasts) you plan to test, each interval is:

) 1
Lt tuga/zn Sry [ o5 >
J

Each of the g contrasts gets its own interval, with the critical value adjusted by dividing «
by 2 g.

2.7.2 When interactions are significant

In this case, each combination of factor levels has its own mean:
tik = p+pi+ ak + (pQ)jk

If we are interested in comparing the means of two specific treatment combinations, say p;,x, and
Ijsky, We are comparing two of the pg treatments.

1. Tukey’s Method: for all possible pairs of treatment means,

- - 4P g, VRr; 2
(Nmkﬁumz)i—( el )SR\/;

where ¢(pq, vg; ) is the quantile of the studentized range statistic for pq treatments and
Vg is the residual degrees of freedom.

2. Bonferroni’s Method: for g pairs of comparisons,

N N 2
(Mjllﬁ - szkz) + tVR;a/(2g) SR \/;7
where t,,,.0/(2¢) is the quantile from t-distribution.

3. Scheffé’s Method for General Contrasts: the contrast takes the form:

q
L:Z Z Cik Hjk, with Z Cjkzo
k=1 7.k

j=1

The confidence interval for the contrast L is given by:

L+ \/(pq —1) Flpg—1),ma (L)

12



where:

o L=32; kCikllh:

o s(L)=sp,/ Zg P (assurmng balanced replication),

e  Flpg—1),up;a is the critical value from the [-distribution with pg —1 and vr degrees
of freedom.

2.8 Two-way Factorial with Blocks

2.8.1 No Replicates Within Blocks
Model:
Yigh = p+bi+ i+ €ijk = 1+ bi+ pi+ g+ (PQ)jr + i

fort=1,...,b, 5=1,...,p,and k=1,..., g, with sum-to-zero constrains:

Z bl:ijZZ qr = 0.
i j k

Data decomposition:

Yijk =Y. + Wi = y.) + (Wi — y) + (Yije — Yie. — Yoju + y...)
=Yoo+ Yir- = Y) + (Y. = y) + Yok — y-.)
+(Yojk = Yjo — Yo+ yo) + Wigk — Yir — Yoje + Y.o)

Y
Y

Source  SS df

Blocks  pgqY; (yi.. — y...)? b—1

P bgd>; (yg—y )? p—1

Q bp > (Yok —y...)? q—1

PQ bZ >k Yk — v = Yot ye)? (p—1(¢g—1)
Residual 37, > > (Yijk — Yi— Yje+y..)2 (b—1)(pg—1)
Total ;5,5 Wik — y.)? bpq—1

Table 7. ANOVA table for two-way factorial with blocks and without replicates

2.8.2 With Replicates Within Blocks
Model:

Yigkl = f1+bi + ik + €ijk = p+ bi+ pj + g+ (pQ)jk + Eijrt
ori=1,...,b, j=1,...,p,l=1,...,r,and k=1,..., g, with sum-to-zero constrains:
LR S PR
i j k

Data decomposition:

Yijkl =Yoo + (Ys.. — y...)+ (Vg =y + (Yot — y....)
(Wi — Yoo = Yoo+ Yoor) + (Yisjht — Yoo — Yojie- T Yo)

13



2.8.3

Source  SS df

Blocks  pqry., (yi..—y...)? b—1
P bqrzj (Yo — your)? p—1
Q bpry . (Yok-—y...)? q—1
PQ 030 3 (Yot =Yg = Yo+ ) (p—1)(¢—1)

Residual ZZ Zj Zk Zz (yijkl — Yie — Yojk- T y)2 bpgr —b—pg+1
Total >0, 5 > Wikt — ) bpgr—1

Table 8.

Advantages of Two-level Factorial Designs

. Efficiency in runs: They require only a few experimental runs per factor, making them

cost-effective and time-saving even when several factors are under study.

Two-level factorial designs use only two settings per factor, which are chosen to maximize
the contrast between high and low values. This strong contrast helps in estimating the main
effects with greater clarity.

Identifying Major Trends: While they don’t cover the entire range of possible factor
values, these designs help reveal the main effects and trends, pointing toward areas that
merit further investigation.

Flexible Augmentation: If more detailed local analysis is needed later, two-level designs
can be expanded or combined with additional points (composite designs) to explore the
factor space more thoroughly.

Modular Design Building: They serve as building blocks. By combining them appropri-
ately, you can tailor the complexity of the experimental design to match the sophistication
of the problem at hand.

Precision in Effect Estimation: With fewer runs and a clear structure, the estimates of
the main effects of factors are generally precise.

They form the basis for two-level fractional factorial designs.

3 Factorial Design

3.1 Comparison of designs

3.1.1

OFAT v.s. Factorial

OFAT Experiments: An experimental approach in which only one factor (independent vari-
able) is varied at a time while keeping all other factors constant. The goal is to observe the effect
of that single factor on the response variable.

22 Factorial Design: an experimental design where there are two factors, each with two
levels (e.g., "low" and "high"). This results in 22 =4 experimental runs, covering all possible
combinations of factor levels.

Example 5. OFAT Design: An engineer designed an experiment to compare a standard and a
new gas anneal process by varying pressure and temperature across three runs:

1.

2.

Standard pressure & standard temperature

Standard pressure & new temperature

14



3. New pressure & new temperature

A single lot of 48 wafers was used, with 16 wafers assigned to each run.

Temperature

Pressure | Standard New
Standard | 16 wafers 16 wafers
New ‘ - 16 wafers

Table 9. OFAT Design

22 Factorial Design:

Temperature

Pressure | Standard New

Standard | 12 wafers 12 wafers
New ‘ 12 wafers 12 wafers

Table 10. 22 Factorial Design

Advantages of 22 Factorial Design:

Response

@ New Pressure

.\. Std. Pressure

| |
T T

Std. New

Temperature

Figure 4. OFAT Design

Response
.\. New Pressure

.\' Std. Pressure

] |
T T

Std. New

Temperature

Figure 5. 22 Factorial Design

1. Estimates of the factor effects are more precise (all 48 wafers are used, while only 32 wafers

in the OFAT design)

a. Variance of each effect is 02 /12 for the 22 design.

b. Variance of each factor effect for the OFAT is 2 /8(50% more).

2. Interaction effect can be estimated.

3. 22 design provides data over a broader factor space.

3.1.2 Central Composite Design

Example 6. Two engineers planned an experiment for a rapid thermal anneal process. They
wanted to study the sensitivity of the response sheet resistance to two factors—time and temper-

ature. The followings are 3 different designs

Temperature

1020 1020
1000 1000
980 980

9 10 11 Time

Figure 6. OFAT Design

Temperature

Temperature
1028
1020

1000

980
972

Figure 7. 22 Design

869 10
Time

1111.4
9 10 11 Time

Figure 8. Central Composite
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Central Composite Design (CCD): is a type of Response Surface Methodology (RSM)
used for building a quadratic model in experimental designs. It helps optimize processes by
exploring both linear and interaction effects, as well as curvature in factor responses. It contains
the following components:

e Factorial Points: A full or fractional factorial design that represents the main effects and
interactions.

e Axial (Star) Points: Points placed outside the factorial design to capture curvature and
quadratic effects.

e Center Points: Replicated runs at the center of the design space to improve model accuracy
and detect pure error.

Type X4 X9
Factorial Points | —1,+1 | —1,+1
Axial Points +a +a
Center Points |0 0

Table 11. Example of CCD with two factors

Advantages of Central Composite Design:
1. Estimates of factor effects are more precise
2. Interactions can be estimated
3. Curvature can be estimated in the entire space
4. Optimization is possible for the entire space

5. If center point is replicated 4 times, the design is rotatable, i.e., equal precision in estimation
at all points equidistant from the center

3.1.3 22 Design

Example 7. 3-factor OFAT design & 22 experiment

16 @ 16
Exhaust Time
12 @ (sec.)
Environmental Exhaust
se Temperature Temperature
(degrees C)
1o 2 23
— ‘ 2 Resist Environmental
2.1 2.2 / 2.4 2.5 Temperature 2 : 19 Temperature
20 (degrees C) 21 Resist 25
19 Temperature
Figure 9. 3-factor OFAT in 15 runs Figure 10. 23 experiment in 8 runs

Advantages of the 22 design:

1. Requires less resources: 8 runs instead of 15.
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2. Estimates of factor effects are more accurate: all 8 runs are used in each estimate. But in
OFAT, only 5 runs are used in each estimate.

3. Interaction effects can be estimated.

4. 23 design yields information over a larger region of the factor space

3.1.4 Box-Behnken design

@
16 @
& - — - — - - — —@
Exhaust - ® P
Temperature & — — | — — — — — ( §
@ 23
Environmental
2 @ 19 Temperature
21 Resist 25
Temperature

Figure 11. Box-Behnken design in 15 runs

Advantages of Box-Behnken Design:
1. Interactions can be estimated in Box-Behnken design.

2. Runs are more evenly spread out—hence more accurate predictions while OFAT can esti-
mate curvature along 3 lines only.

3. Box-Behnken can estimate curvature in entire experimental region.

4. Box-Behnken design can be optimized over entire factor space while OFAT can be optimized
along 3 lines only.

3.2 Analysis of Factorial Design

3.2.1 22 Design

Notation 1. We use the following notations to represent factors and interactions in a 22 design:
e Two factors A and B, each at two levels.
e 4 sets of experimental conditions. “Low” indicated by “—" and “high” indicated by “+”.

e Use notation (1), a, b, ab to denote the mean responses at the treatment combinations listed
n figure 12.
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Run A B Symbol
T - - (1)
2 + - a B
3 -+ b
4 + o+ ab

(1) A a
Figure 12. Notations in a 22 design
Model:
Yijk =1+ i+ B+ (af)ij + €iji
with sum-to-zero constrains:
ar+ag= 1+ Fo=(af)i1+ (af)iz= (af)21+ (@ f)az= (@ )11+ (@ B)21=0.
Define as =, B2 = (3, then we can write

ar=—a, f1=—0,(af)a=—(af), (af)in=(af),(af)iz=—(ap)

i j A B Observation Without constraints With constraints
rtr - - (1) n+ai+pi+(aBf)n n—a-pB+(apf)
21+ - a n+ax+ B+ (af)a n+a—p—(af)
12 - + b n+ar+ B+ (af)iz n—a+p—(af)
22+ + ab n+ast ot (afB)ee nta+ B+ (af)

Table 12. Summary of 22 design model

Then we have the least square estimates of the parameters:

Remark 5. The interaction coefficients cancel out because of the sum-to-zero constrains.
The main effect of A is defined as:
A=2&=[ab+a—b—(1)]/2
=lab+a]/2—-[b+(1)]/2
=(1/2){[ab—b]+[a— (1]}

The interaction effect is defined as:

—

AB=2(ap)
[ab—a—b+(1)]/2
(1/2){[ab—=b] = [a— (1]}
(1/2){[ab—a]=[b— ()]}
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Notation 2. We use upraight letters to denote the factors, and use italic letters to denote the
effects defined above.

3.2.2 Generalization to 23 Design

y abc
C

U —

Figure 13. 22 design

Mean effect of A:

A=(a+ab+ac+abe)/4—((1)+b+c+bc)/4

=mean of high A—mean of low A

=(1/4){(a— 1))+ (ab—=Db)+(ac—c)+ (abc—bc)}

=mean of 4univariate A effects
=(1/2){abc+ac—bec—c}/24+{ab+a—-b—(1)}/2]
=(1/2) {Effect in A-B design at high C+Aeffect in A-B design at low C}

Interaction Effects:
e The 23 consists of two 22 designs: one at high C and one at low C
e AB interaction at low Cis AB1=(ab+ (1)—a—">)/2
e AB interaction at high Cis ABs=(abc+c—ac—bc)/2
e AB and ABC effects for 22 are defined as

AB=(1/2)(ABa+AB1)=(1

/2 Y(abct+c—ac—be+ab+ (1) —a—0b)
ABC=(1/2)(AB;—AB)

/4
(1/4)(abc+c—ac—bec—ab—(1)+a+1b)

Alternative Expressions:

The LSEs

[abc+ab+ac+bct+a+b+c+
[abc+ab+ac+a—bec—b—c—
[
[

Ul
A
AB=[abc+ab—ac—bc—a—-b+c+
C

AB

abc—bc—ac—ab+a+b+c—
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Combining the expressions, we have:

H=(a+1)(b+1)(c+1)/8
A=(a—1)(b+1)(c+1)/4
AB=(a—1)(b—1)(c+1)/4
ABC=(a—1)(b—1)(c—1)/4

—1

e Variance of any effect estimation is var(effect) =4 N=! o2, where N is total number of

observations and o? = var(e)

e Let s? be the estimate of ¢ at the 4 th treatment combination (i=1,2,..., g). Let v;=r; — 1
be the degrees of freedom for s?, where 7; is the number of replicates in rth combination.
Then the pooled estimate of o2 is:

2 2
2:1/131+~--+V939
V1+"'+Vg

e Confidence intervals for estimated effects may be obtained using the Bonferroni method.

e Hidden replication property: When estimating the effect of a single factor (say, 4) in a 23
design (with factors A, B, and C'), the precision of the estimate for A is the same as it would
be if you had conducted an experiment with only A at two levels with the same number of
replications (for example, 4 runs at low A and 4 runs at high A).

We may use a table of contrast to summary the result of a 23 design. The “Dot product” in this
table refers to the inner product between each column (e.g. A) and the response vector y, and
Dividing it by N /2 gives the estimate of the corresponding effect.

A B C AB AC BC ABC vy

-1 -1 -1 1 1 1 —-160

1 -1 -1 -1 -1 1 1 72

-1 1 -1 -1 1 -1 1 54

1 1 -1 1 -1 -1 -1 68

-1 -1 1 1 -1 -1 1 52

1 -1 1 -1 1 -1 -1 83

-1 1 1 -1 -1 1 —145

1 11 1 1 1 1 80

Dot product 92 —20 6.0 6.0 40 0 2.0
Division by N/2 23 -5 15 1.5 10 0 0.5

Table 13. Table of contrast example

Notation 3. (Notation summary) We use upright letters (e.g. A, AB) to represent the factor or
the corresponding columns in the table of contrast, and use italic letters (e.g. A, AB) to represent
the corresponding effects defined in section 3.2.1.

3.2.3 Regression Formulation

The model of 23 design can be written as:

E(yije) =n+ i+ B+ v+ (@ B)ij+ (av)in + (87) 1 + (@ B7)ijk

For an observation y;, Let z;; =1 indicate the ith factor is at its high level and z;; = —1 indicate
the ith factor is at its low level. Then we can write

E(y) = Bo+ frxu+ Pexa+ Bsxsi+ Praxi xor + Pi3 X1 xar + Pog T2y T3 + ProstiiTaxsl.
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The LSEs are:
ii=By=[abc+ab+ac+bc+a+b+c+(1)]/8
A=2p1=[abc+ab+ac+a—bc—b—c—(1)]/4
AB=2p,=labc+ab—ac—bc—a—b+c+(1)]/4
ABC=2f1a3=[abc—bc—ac—ab+a+b+c—(1)]/4,etc.

The general 2¥ design model can be written in a matrix form:
y=XB+e,

where y is the vector of observations and when k=3:

-1 -1 =1 1 1 1]-1 n
1) 1 -1 —1|-1 -1 1] 1 a
1-1 1 —1|-1 1 -1] 1 B

I I S RS T S QR ) | | A

=2 <1 1] 11 <1 1 | PR e
10 1 -1 1|-1 1 -1|-1 (a)
/-1 1 1|-1 -1 1|-1 (B7)
101 1 1|1 1 1] 1 (aB87)

Note that X is an orthogonal matrix, then X7X = 2*I is an diagonal matrix, and we have

B =2"FXTy.

3.3 Yates Algorithm for 2* Experiments

Yates algorithm is a systematic computational procedure used to analyze data from a full 2%
factorial experiment. In these experiments, you have k factors, each at two levels (often labeled
as "low" and "high"). The algorithm helps you calculate the main effects and interaction effects
quickly and efficiently.

1. Order the Data:
List the experimental data in the standard order (the order shown in the 1st column of table 14).

2. Construct £k New Columns:
For each new column (starting from the first column of responses), perform the following:

e Addition (First Half):
For the first 2¢~! entries, form each new entry by adding pairs of consecutive entries from
the previous column. That is, for row ¢, compute:

New entry =(entry in row 24 — 1) + (entry in row 21).

e Subtraction (Second Half):
For the remaining 2% ~! entries, compute each new entry by subtracting the entry in row
2¢ — 1 from the entry in row 2¢ in the previous column:

New entry =(entry in row 2¢) — (entry in row 2¢ — 1).

3. Create a Scaling Column:
Add an additional column (the (k +1)th column) where all entries are 28—, except the first entry,
which is 2F.

4. Compute the Estimates:
Obtain the effect estimates by dividing the entries in the kth column by the corresponding entries
in the (k+ 1)th (scaling) column.
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5. Identify the Effects:
Determine the identity of each effect by inspecting the signs of the factors along each row in the
table.

A B C y (1) (2) (3) Div. Est. Effect
-1 -1 -1 60 132 254 514 8 64.25 y
1 -1 -1 72 122 260 92 4 23.00 A
-1 1 —1 54 135 26 —20 4 —=5.00 B
1 1 -1 68 125 66 6 4 150 AB
-1 -1 152 12 -10 6 4 150 C
4

4

4

1 -1 183 14 —-10 40 10.00 AC
-1 1 145 31 2 0 0.00 BC
1 1 180 35 4 2 0.50 ABC

Table 14. Example of data table created by Yates algorithm

3.4 Factorial Design with blocks

3.4.1 22 Design in 2 Blocks of Size 2

Let x1, 29,z € {—1,1}, where 1, z2 indicates levels of A and B and z indicates the block variables.
The model is defined as

y=Po+ Biz1+ Paxa+ Braz1x2+ 02 +¢

b ab
B
(1) A a

Figure 14. 22 design with blocks
Consider 3 possible designs:
e DI1. (1), a in block 1;b,ab in block 2
e D2. (1), b in block 1;a,ab in block 2
e D3. (1), abin block 1;a,b in block 2
In D1, B is confounded by the block effect because z = x5 leads to:
E(ab+b—a—(1))=452+406,
while A and AB are not confounded.

3.4.2 23 in 2 Blocks of Size 4
OFAT Block Design:
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bc abc

c ac
C
b ab
B
(1) a
A

Figure 15. OFAT block design. Different colors indicate the experiment is conducted in different blocks.

A B C AB AC BC ABC Block

b - -+ + + - -
at+ - - — - + + -
b -+ - - + — + -

ab + + - + - - - 4+
c—- -+ + - - + -

ac + — + — + — — 4
bc — + + - - + - +

abc + + + + + + 4+ 4+

Table 15. Treatment table of OFAT block design
The corresponding model is:
y=PBo+ Brx1+ Bawa+ B3xs+ frax1 22+ B1371 3+ Bes w223+ Praz r1 223+ 02 + € (4)
A is confounded in the design shown in Figure 15 and Table 15 because the expression
A=labct+ab+act+a—-bec—b—c—(1)]/4

cannot eliminate ¢ if we plug in (4).

We may change the design of the experiment to make the parameters of interest unfounded while
some other parameters confounded. As shown in table 16, we can make the assignment of blocks
exactly the same as the assignment of the 3-way interaction ABC. By doing this, only ABC is
confounded in our data. However, we can never make all the parameters unconfounded if we have
to impose 2 blocks of size 4.

A B C AB AC BC ABC Block

rn - - - + + + - -
a + - - - - 4+ + +
b -+ - - + - + +
ab + + - + - - - -
¢c - -+ + - - + +
ac + - + -+ - - -
be - + + - -+ - -
abc + + + + + +  + +

Table 16. Experimental design such that only ABC is confounded.

Remark 6. In a 2% design in 2 blocks, we usually use the largest-order interaction column to
define the assignment of blocks such that only the highest order interaction is confounded.
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3.4.3 23 in 4 Blocks of Size 2

If we have 4 blocks, we need two block variables X, Y € {—1,1} to represent the block combinations
in the table.

A B C AB AC BC ABC X Y
P - - - + + + -+ +
a+ - - - - 4+ + - +
b - + - - 4+ - + - -
ab + + - + - - -+ -
c - -+ + - - + + -
ac + - + -  + - - - -
bc - + + - - + - -+
abc + + + + + + + + +

Table 17. 22 design with blocks of size 2

If we put the columns X = AB,Y = BC, then all the two-way interactions are confounded while
the other parameters are not.

3.4.4 2% in 4 blocks

A B C D|ABC ABD CD|Block
- |1
+ - - -+ o+ 4| 4
T I e
+ o+ - - - -+
- -+ -+ - -] 3
+ -+ - -+ - 2
S S I S B
+++ -+ - - 3
- - -+ -+ -] 2
+ - -+ + - - 3
-+ -+ + - -] 3
e T I S
- -+ |+ + + | 4
+ oo+ |- -+
e -+
++ A+ 4] 4

Table 18. 2 design with blocks of size 2

Use ABC and ABD to define blocks as shown in figure 18, then CD is confounded as well since
ABC x ABD=CD.

3.4.5 Partial Confounding

4 Fractional two-level designs

2% designs include too many interactions and variables when k is large. But in most cases we are
only interested in few of them. Fractional factorial design reduce the number of experiments
by assuming many higher-order interactions are negligible and we only care about main effects and
two-factor interactions.

4.1 Half-fraction of 23

Assume that all interactions are negligible, then the model can be written as

y=pu+axry+ Pra+yr3t+e, x1,%2,x3==11 (5)
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Now we investigate different experimental designs.

1. Design 1 (OFAT): Using runs (1), a, b and c, i.e. using the design matrix:

1 -1 -1 -1
11 -1 -1

=10 |
1 -1-11

and the covariance matrix for the estimation is:

1 1/2 1/2 1/2
1/2 1/2 1/4 1/4
1/2 1/4 1/2 1/4
1/2 1/4 1/4 1/2

UQ(XTX)71 — 02

2. Design 2: Using runs a, b, ¢, and abc, i.e. using the design matrix:

1 1 -1 -1

1 -1 1 -1
X= 1 -1 -1 17

1 1 1 1

and the covariance matrix for the estimation is

1/4 0 0 0

2 v Ty —1_ 2 01/4 0 0
(X X) =0 0 01/4 0
0 0 01/4

4.2 Construction of 2°~! design
1. Write a full 2% design in variables A, B, C and D

2. Add a column of signs for factor E defined by E=ABCD

Notation 4. Product of upright letters (e.g. ABCD ) is a shorthand for taking Hadamard (element-
wise) product of the corresponding column vector in the design table.

ABCDE[ABCDE
- - - - Jr - - - Jr -
R I
T I A A
e ST S S S
S RS
- - -+ -
e S o) IR S S
+ 4+ + - -+t

Table 19. E=ABCD design

The equation

E=ABCD
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is called the generator of the design. Multiplying both sides of the generator by E gives:
I=ABCDE, (6)

where [ is a column of positive signs and (6) is called the defining relation of the design. We can
easily obtain its confounding pattern by multiplying (6) on both sides by any main or interaction
effect, e.g., A=BCDE, B=ACDE, AB=CDE, which means the effects on both sides of the equality
is confounded with each other. The expected values of the estimations are:

E(y1)=n+ABCDE/2
E(A))=A+BCDE

E(AB))=AB+CDE

E(ABC))=ABC+DE

E(ABCD,)=ABCD+E

Combining two half-fractions. Suppose we are allowed to run another 2°~! experiment with

defining relation E=—ABCD. Let ¢ be the block effect of the second run, 1212, cee, mz be the
estimations for the corresponding effects in the second run, then we have

E(g2)=n+d6—ABCDE/2
E(A;)=A—-BCDE

E(AB,)=AB—-CDE
E(ABCy)=ABC —DE

E(ABC D) =ABCD — E.
Thus, we can obtain unbiased estimation of each effect by combining two estimations. e.g.
]1/*3\[(1‘11 +/f12) /2]=A
E((AB, + ABy) /2] =AB,
while the grand mean is still confounded by the block effect 4.

4.3 Resolution

Definition 3. The resolution of a two-level fractional design is length of the shortest non-identity
word in the defining relation.

Interpretation: A design with Resolution R means that Any p-factor effect (an effect that
involves p factors, such as a main effect where p=1 or an interaction where p>1) is not confounded
with any other effect that involves fewer than R — p factors.

e A design with Resolution ITI means that while the mean effect are not aliased with one
another, they may be aliased with two-factor interactions.
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e A design with Resolution IV ensures that main effects are unconfounded with two-factor
interactions while two-factor interactions might be aliased with each other.

e In a Resolution V design, main effects and two-factor interactions are not aliased with
each other. In other words, any confounding (aliasing) involves interactions of order three
or higher.

4.3.1 Half-fractional design for the highest resolution

To construct a half-fraction of the highest resolution (i.e., a 2¥~1 design) with maximal clarity for
estimating lower-order effects:

1. Start with a Full Factorial: Construct a full 2¢~! factorial design for the first k — 1 factors.

2. Generate the k th Factor: Define the k£ th factor as the product of the first k£ — 1 factors
(ie., zp=x1 X wa X - -+ X k1 ). This leads to the defining relation:

I=FF,...Fy
where F; denotes the ith factor, and the defining relation has length k.

This approach produces the highest possible resolution for a 2¥~! design because a longer defining
word (length k) ensures that any aliasing only involves high-order interactions (order k or more).
As a consequence, main effects and low-order interactions (which are usually of primary interest)
remain unconfounded, maximizing the interpretability of the experimental results.

Remark 7. If we remove any one column in a 2¥~! design, the remaining four columns form a
complete 2% factorial. A fractional factorial design of resolution R is constructed in such a way
that every R — 1 factors appears as a complete factorial.

4.3.2 Sequential use of fractional designs

It is generally advisable for an experimenter planning a 2° design in 32 runs to first conduct a half-
fraction (16 runs), review the results, and then decide how to proceed. Here are the key points:

1. Within-Fraction Randomization:
Randomize the order of runs within each half-fraction.

2. Orthogonal Blocking When Combining Fractions:
If you choose to run another fraction later, structure them as randomized orthogonal blocks of the
complete factorial design.

3. Retention of Information:
No information is lost except for the interaction effect that becomes confounded with the block
effect.

4. Enhanced Precision:
Running the design as two randomized fractions can provide greater precision than a full random
order because the block effect is removed.

4.3.3 Construction of Resolution III designs

Resolution III designs involving 2% — 1 variables can be constructed by "saturating" a 2* factorial
design with additional variables. For instance, let k=4, a 277, '* design (a design with 25~ runs
and resolution IIT) may be obtained by the following procedure:

1. Full Factorial Formation:
Start by constructing a full factorial design on variables 1, 2, 3, and 4.
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2. Association with Interaction Columns:
Assign the additional variables, numbered 5 through 15, to the 11 interaction columns corre-
sponding to the interactions:

+Fy, £ F3, £FFy, £FF3, £FF;, F3F,,
AT\ FoFs, +FFoFy, +F FsFy, + FoFsF,, + FyFoFaF,.

In this context, each distinct assignment of the + signs to these interaction terms defines
one fraction of the design.

Example 8. ( 2171}4 design) Use generators Fy=FFy, F5=FF3, Fs=F2F3 and F;=F;F5F3

+
o e
+ +le

o
+

- - + -
+ + + +

Table 20. 2;1_14 design

If we run another half-fractional design by switching the sign for 4, 5, 6, 7, then Fy=-F;F,
Fs5=-F1F3, Fg=-F5F3 and F;=-F;F5F3 then the shortest defining relation becomes

1= (F1Fy - Fy)(F1F5- F5) =FoF4FsFs.
The resolution is 4 and we therefore have a 21y, % design.

4.3.4 Plackett-Burman Designs

Saturated fractional factorial designs are valued for their orthogonality: in any two columns of the
design matrix, exactly half the runs in column A are “+,” and among those, half are “+” and half
“~”in column B; the same balance holds for the runs where column A is “—.” Under the assumption
that all interactions are negligible, this balance guarantees unbiased, minimum-variance estimates
of all main effects for k=N — 1 factors in just N runs.

e Classical limitation: Regular 2*~P designs exist only when N is a power of 2.

e Plackett & Burman (1946): Extended this orthogonality to any N that is a multiple of
4, allowing efficient main-effects screening with non—-power-of-2 runs.

e Example (=11, N =12):
1. Write the first row of 11 signs (e.g. “+ — + + — ...”). If you have a Hadamard matrix
of order NV, remove the 1 column. Any one of the remaining rows of length N —1

can be the first row. Standard choices of first rows are summarized in table 35.

2. Generate each subsequent row by cyclically shifting the previous row one column to
the right.

3. Add a final 12th row of all “” signs.

28



This simple “shifted-row” construction produces a 12 x 11 Plackett—Burman design that retains the
key orthogonality property for unbiased estimation of main effects.

Run 1 2 3 4 5 6 7 8 9 10 11
1+ - + - - - + + + - +
2 + 4+ - + - - - + 4+ + -
3 -+ 4+ - 4+ - - -+ 4+ +
44 - + 4+ - + - - - + +
5+ + - + + - + - - - +
6+ + + - ++ - + - - -
T -+ 4++ - ++ -+ - -
8 - - + 4+ + -+ + - + -
9 - - - 4+ 4+ + -+ + - +
10 + - - - + + + - + + -
11 - + - - - + 4+ 4+ - + +
12 - - - - - - o oo

Table 21. Plackett-Burman design for k=11 and N =12

4.3.5 Construction of Resolution IV Designs

You can obtain a 211\3_” design from any resolution III fraction in three steps:

1. Base Fraction (Resolution III):
Construct a 2191“_1)_” design on the first £ —1 factors.

2. Add a “Pure” Column:
Append a kth factor column consisting entirely of “+” signs to that design.

3. Foldover:

Create a second block of runs by flipping every sign in the first block. Together, the original block
and its foldover form a resolution IV design on k factors.

Example 9. Constructing a 217‘73 design from 2?1_13 Design
1. Base 2?1_13 Design. Define the generators:
Fs=FFs, Fs=FF;, Fs=FyFs.
The defining relation for the first 263 =8 runs is:
I=F1FoF, = F1F3F5 = FoF3sFg.
2. Add the seventh factor F7. Assign F7;=+1 in the first half, introducing the word
I=F-.

3. Fold-over to Resolution IV. Create a second set of 8 runs by flipping every sign in the
first half. Its defining relation becomes:

I = —FFoF, = —FF3F5 = —FoF3Fg = —F7.

4. Combine Both Halves. When the two halves are pooled, each length-3 word appears once
with “4” and once with “-” so they cancel. The shortest remaining aliasing words involve
four factors, yielding a resolution IV design.
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Example 10. Constructing a 217\73 design from 2;1__,4 Design.

1.

2.

3.

Base 2;1_14 design: Use generators
Fy=FFy, Fs=FF3 Fe=FF3 Fr=FTFFs.
Its defining relation is

I; =F FoFy = FyF5Fy = FoF3Fg = Fy FyFsFy
= FoF3F s = Fy F3F,Fg = F3F,FgF-
=T\ F,FsFg = FoFsFgF, = F; FsFgF;
=T\ FoF3F FsFeFs.

Second Fraction by Sign-Switching: Flip every sign in all columns of the first fraction.
Its defining relation becomes

Iy =—F1FoFy = —F1F3F5 = —FoF3Fs = F1 FoFsFy
— FyF3F,Fs = FyFF,Fg = — F3F,FF-
= F1FoF5Fg = —FoFsFebr = —F FsFely
= —F1FoFsF FsFgEy.

Combine to Resolution IV: Pooling both fractions cancels all length-3 and length-7
words, leaving only length-4 words as the shortest aliases. The final defining relation is

I =F1FoF3F; = FoFsFyFs = F1 FaFyFg = Fi1FoFsFg = FsFsFeFr = FoFyFFr = FiFaFsFr.

Remark 8. (Selection of Resolution I'V and V Designs)

A main effect or two-factor interaction (2-fi) is said to be clear if none of its aliases is a
main effect or two-factor interaction.

A main effect or two-factor interaction is said to be strongly clear if none of its aliases is
a main effect, two-factor interaction, or three-factor interaction (3-fi).

. In any Resolution IV design, all main effects are clear.

In any Resolution V design, all main effects are strongly clear and all two-factor interactions
are clear.

Among Resolution IV designs with fixed k and p, those maximizing the number of clear
two-factor interactions are preferred.

4.4 Blocking Fractional Factorials

Blocking fractional factorials is a technique used in fractional factorial experimental designs to
control nuisance variables (like time, batch, machine differences) without confounding them with
the primary treatment effects you care about.

1.

Add "block" as a new factor, but instead of randomizing fully across all runs, you restrict
randomization within each block.

The blocks are chosen based on defining relations — you decide that certain interac-
tions (e.g., AC) are "negligible," so you use them to split the design into blocks.
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3. As a result, the block effects are confounded (aliased) with higher-order interactions,
but not with the main effects or low-order interactions you’re most interested in.

4.4.1 237 'in 2 or 4 blocks
Suppose we have a 2°~1! fractional factorial design, with defining relation:
I=ABCDE
If we want to run it in 2 blocks of 8 runs each. we might use AC as the blocking factor:
e Runs where AC=+1 go into Block 1
e Runs where AC=—1 go into Block 2
If we want to run it in 4 blocks of size 4. We might use AC and CD as the blocking factors
e Runs with AC=+ and BD =+ — Block 1.
e Runs with AC=+ and BD=— — Block 2.
e Runs with AC=— and BD =+ — Block 3.

e Runs with AC=— and BD =— — Block 4.

A B C D E|AC A B C D E|AC BC
- - - = 4+ | + - - - = 4+ + +
+ - - - - - + - - = =1 = +
- 4+ - = - | + - + - - =1 + -
+ + - - + | - + + - - 4+ | - -
+ - + - + | + + - + - 4+ | + -
- 4+ 4+ - 4+ | - -+ 4+ - + | - +
+ + + - -] + + + + - -1 + +
- - - + - | + - - - 4+ =1 + +
+ - - + + | - + - - 4+ 4+ | - +
- 4+ - + + | + -+ - 4+ + | + -
+ + - + - - + + - 4+ - - —
- - 4+ + + | - - - 4+ 4+ +| - -
+ - + + - | + + - + 4+ -1 + -
- 4+ 4+ 4+ = — - 4+ + + - — +
+ + 4+ 4+ + | + + + + 4+ + | + +
Table 22. 237! in 2 blocks of size 8 Table 23. 23! in 4 blocks of size 4

4.4.2 277" in 4 blocks
Consider a 2y ! design with defining relation

I=ABCD.
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We introduce blocking factors X = —AC and Y = —AB to define the blocks. Then we get a ‘“fold-
over” design as shown in table 24 with following properties:

e Any fold-over design of resolution IV can be divided into blocks of size two.

without losing its resolution IV property.
e Each block consists of a pair of complementary treatment combinations.

e The blocking procedure corresponds to taking the 2fi’s as blocking factors.

>
vs)
Q
O
b
=<

oo
+
oo

+
oo

+

+ - -

+
+ o
+ o

Table 24. 2} ! in 4 blocks

4.4.3 Blocking resolution III designs

In a saturated Resolution III design with 2% runs and 2* — 1 factors:

e Blocking one factor (e.g., A) into two blocks leaves 2¥ — 2 treatment factors, with each
block having 2¢~! runs.

e Blocking two factors and their interaction (e.g., A, B, and AB) creates four blocks,
reducing to 2¥ — 4 treatment factors. Because AB would correspond to a third factor.

Example:
e Start with 2*= 16 runs, factors A, B,C, D.
e Define blocking factors X =AD, Y =BC.
e Skip XY =ABCD (already determined by X and Y').

e Add new factors: E=AB, F=AC, G=BD, H=CD, J=ABC, K=ABD, L=ACD, M =
BCD.

Result:

e A 2{%7% design: 12 factors, 4 blocks of 4 runs each, maintaining Resolution IIT.

5 Random Effects Model

5.1 General Case: Mixed Effects Model

Consider the following mixed-effects formulation for a threeway ANOVA structure:

Yijk = b+ o + bj + ¢cij + €ijr,i=1,...,1, j=1,...,J, k=1,...,n,
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where
e 1 denotes the overall intercept.
e ; are fixed primary{factor effects satisfying Zle a; =0.
2

e b, are random secondary{factor effects with E[b;] =0 and Var(b;) = o}.

e ¢ are random interaction effects between levels i and j, with E[c;;] =0, Var(c;;) =02, and,
for each j, Zle cij =0.

e ;i are residual errors satisfying E[e; ] =0, Var(e;;,) =0, and independent of all random
effects.

This model admits the compact matrix representation
y=Xp+Za+e, (7)

where

e yisthe (I Jn)x1 response vector.

o [B=(u, ai,...,ar)" is the (I +1) x 1 vector of fixed effects.

e a=(by,...,by, c11,--. ,CIJ)T is the random-effects vector and

Cov(b;, cii)=0 Vi,i,j.

e X and Z are the corresponding design matrices for fixed and random effects, respectively.

e ¢ is the residual vector of length I J n.
We assume

E[a] =0, E[e] =0, Cov(a,c) =0,
Cov(a)=V,Cov(e) =021,

with I the identity matrix, V typically block-diagonal and can be partitioned as

2I; 0
gp 1g
V= Var(b) )
I
0 ogilry
Var(c)

Continuoussum constraints Zi a; =0 and ZZ ¢ij =0 ensure identifiability of fixed and interaction
effects.

5.1.1 Recap: estimable function and its properties

Now we recall the definition and some properties of estimable functions.

Definition 4. (Estimable Function) A linear function of the parameter vector ¢ = c'f3 is said

to be estimable if there exists a vector a € R™ such that the linear statistic a’y is unbiased for ),
i.e. ElaTy] =c"B for all 3.
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Theorem 1. (Characterization of Estimability) The function ¢ =c' 3 is estimable if and
only if the row vector ¢’ lies in the row space of the design matriz X. Equivalently, there exists a
vector a € R" satisfying ¢’ =a’ X.

Lemma 1. (Uniqueness via Projection) Suppose 1 = c'[3 is estimable, and let V, =
Col(X) denote the column space of X. Then among all unbiased linear estimators of 1, there
is a unique one of the form a”y with a € V,. Moreover, if b"y is any unbiased estimator of 1,
then a=Projy,(b).

Theorem 2. (Gauss—Markov).
Every estimable function ¢ =c’ 3 admits a unique linear unbiased estimator Ywhose variance is
minimal among all unbiased linear estimators. Concretely, if B is any (generalized) least-squares

solution to XB: y, then

b=c’ p
is the Best Linear Unbiased Estimator (BLUE) of 1.

5.1.2 Estimation of contrasts

Under the linear mixed-effects framework, consider estimation of an estimable contrast
W =A"3. We proceed as follows:

1. Condition for estimability.
The scalar function 1) = A" 3 is estimable if and only if the row vector A” lies in the row space of
the fixed-effects design matrix X.

2. Covariance structure.

Writing ¥ = Cov(y)=ZVZ" + 0%I, where V = Cov(a) and 02] = Cov(e), the generalized least
squares (GLS) estimator for the fixed-effects vector is

Bars=(XT81X)"XTE 1y,
and hence the Best Linear Unbiased Estimator (BLUE) of ¢ is
doLs =\ Bars=AT(XTE1X)" X781y

3. Balanced-data simplification.
In many applications—particularly when the design is orthogonal or balanced—the covariance
matrix ¥ is unknown but need not be explicitly estimated: one can show that the ordinary
least squares estimator

boLs=AT(XTX)"XTy
coincides with the GLS-based BLUE of .

4. Tllustrative example.
For the mixed-effects model

Yijk = P+ i+ bj + cij i,

the fixedeffects component is E[y;;x] = p + ;. The contrast a; — ao is estimable (since its
coefficient vector lies in the row space of X), and under balance the OLS estimator

G1—Q2=y1.—Yo.
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is therefore also the BLUE for the mixed model.

Best linear unbiased predictor of vector a.

Consider the mixed effect model (7), the predictor of a minimizing meansquared error is the
conditional expectation E[a|y].

If (a,y) is jointly Gaussian, then Cov(a,y)=V ZT, and the standard formula for the multivariate
normal conditional expectation gives

Elaly] = E[a] + Cov(a,y) [Cov(y)] "y — Ely}) =V ZT £~ (y - X B).
More generally, V ZT ¥7! (y — X ) is the best linear unbiased predictor (BLUP) of a.
Because (3 is typically unknown, one replaces it by its generalized leastsquares (or, in balanced
designs, OLS) estimator
B=(XT 2 X)" X" ly=(X"X)"XTy.
The resulting BLUP is
a=VvZT 2y - X B).
5.2 One-way Random Effects Model

Now we consider a special case: one-way random-effects model which is defined by

Yijg = M+ai+6ij7i:17"'at7 jzlv"'vna
where:

1. The group effects a; are independent and identically distributed with
Ela;] =0, Var(a;) = 02, Cov(a;,ay) =0 (i#4').
2. The withingroup errors ¢j; are independent and identically distributed with
Ele;j] =0, Var(g;;) =02,
and

Cov(eij,eirj7) =O0whenever ¢ # i’ or j# j'.
3. The group effects and the errors are mutually independent:
Cov(ai, ei757) =0 for all 4,4, 5.
Under these assumptions, the marginal moments of y;; are
Var(y;;) = Var(a;) + Var(ei;) =02 +02,Y 4, j,
Cov(yij, yir) =Cov(a;+eij, a;+¢e:x) = Var(a;) = o2, j +k,
Cov(yij, yiryr) =0,i#1,

so that observations from distinct groups are uncorrelated, while observations within the same
group share the common component a;.
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5.2.1 Estimation of random effects

Now we consider doing estimation and inference in such a model.

1. Design matrices and variance components.
Writing the model in matrix form y=X 3+ Z a+¢, one finds that the ML (or GLS) estimator of
the fixed parameters satisfies

B=y.,

i.e. the overall sample mean (since with two observations per group the normal equations
collapse to an intercept only). We assume the random-effects covariance is

V =Cov(a) =02 I3,
and the marginal covariance of y is
N=ZVZ" + 02 Is=blockdiag(c?Is + 02 Jy, 02Is+ 02 Js, 0L+ 02.J5),
where J3 is the 2 x 2 matrix of ones.

2. Inverse covariance.
A standard matrixdnverse identity for a compound-symmetric block gives

(0'212+0'2J2)71:i I, — J—g Jo |
“ o? 02+ 202

Hence

»-1 :% blockdiag(b — Jo, I o Ja, Iy o J2)~

o-(l a
024202 024202 024202

3. Derivation of the BLUP.
The Best Linear Unbiased Predictor of a is

BLUP(a)=V ZT ! (y— X ).

Noting that ZT concatenates the row-sums within each group (i.e.\ each block has a row of
two ones in the corresponding position), one obtains after simplification

203 Y. — Y.

BLUP(G):m Y2. =Y. |
“\ Y3 — Y.

where §;. = (y:1+ yi2) /2 is the ith group mean and .. the overall mean.

4. Plug-n estimator
Replacing o2 and o2 by their estimates 62 and 2 yields the empirical BLUP

This estimator shrinks each group deviation toward zero in proportion to the signaltonoise
ratio 202 /(02 + 202).

5.2.2 Estimation of variances

Under the one-way random-effects model, one may obtain method-of-moments estimators of the
variance components by equating the observed mean squares to their theoretical expectations:

E[MSg] =02, EMSr] =02+n o2
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Replacing the expectations with the corresponding sample mean squares,

Sk St
MSp=—"="_ MS,=
Sr=Tm o M
we obtain the moment estimators
N Sr
2 _ _
7 =M=y
52 ~2 St
6°+n o; =MSr= .
t—1
Solving for 62 yields
1 ST Sk

52 1 _ _ L _
%= (MS7 —MSg) = n|t—1 tin—1) |

These estimators are unbiased for ¢ and 2. However, in finite samples it is possible for G2 to
take a negative value, in which case one typically sets it to zero or employs alternative estimation
methods (e.g. restricted maximum likelihood) to ensure nonnegativity.

Source Sum of squares DF E(MS)
Treatment ,S’T:nz;;l (yi. —y.)? t—1 o2+ no?
Residual ~ Sgp= Zle 2?21 (yij—vi)? t(n—1) o2

Total Sp=1 >0y (Wi —y.)? nt—1

Table 25. ANOVA Table for Random Effects Model
5.2.3 Hypothesis test
Suppose we want to test are there significant random effects in our data, it is equivalent to test
Hy: 03 =0.
We can derive hypothesis test procedure based on the following theorem.
Theorem 3. Let y~ Nyt(plne, X), where
Y=02Iy+ 02 A,

and A is the block-diagonal matriz with t identical blocks of size n X n, each equal to the matriz of
ones Jy,:

A =blockdiag(Jy, Jn, - .-, Jn).
Define the between- and within-sum of squares by

Sr=nY" (4i—y)%m=>_ > (vij—y: )~
i=1

i=1 j=1
Then:

St 2
5~ Xt-1-

1, ————
o2+n o

Sr 2
2. 2 X t(n—1)-

3. St and Sgr are independent.
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Under the full model, the ratio

Sr/l(t—1) (0*+n o
Sr/[t(n —1) 7]

N Fi 1 tn-1)

In particular, under Hy (when o2 =0), this simplifies to the test statistic

__ Sr/(t-1)
F—m ~Fy_1, t(n-1)

Hence, at significance level «, one rejects Hy if
F> thl, t(n—1); o

where F'y, 1, o denotes the upper a—quantile of the F-distribution with 1, and v, degrees of
freedom.

Remark 9. This testing procedure coincides with the classical oneway ANOVA F-test for fixed
effects. When Hy is false (i.e. 2> 0), the numerator mean square acquires a noncentral chisquare
component, yielding a (scaled) noncentral Fdistribution.

6 Split-Plot Design

A split-plot design is a two-stage (or multi-stage) experimental design used when some factors
are harder or more expensive to change than others. It was originally developed in agricultural
experiments (e.g. for machine-controlled irrigation vs. hand-applied fertilizer), but now appears
in many industrial and scientific settings.

6.1 Motivating Example: Corrosion Resistance

A splitplot experiment was conducted to assess the corrosion resistance (measured by yield) of
steel bars under two factors whose levels differ markedly in how readily they can be randomized:

1. Wholeplot factor: Furnace temperature P at three levels,
P e {360°C, 370°C, 380°C'}.

Because heating the furnace to a new temperature requires a full day’s operation, these
treatments were applied to whole plots (i.e.\ each “day” of the experiment).

2. Sub-plot factor: Surface coating @ at four levels,
QE{CL 027 037 04}

Within each day’s run, the four furnace positions (slots 1-4) received a random permutation
of the four coatings; after the furnace reached its designated wholeplot temperature, bars
in each slot were coated and then tested.

The experiment was replicated b =2 times over six consecutive days (labelled D1-D6). Each
replicate thus occupies three days (one per temperature level), and within each day the four
coatings are randomized across the four positions. Table 26 summarizes the raw corrosionresistance
readings ¥ijk, where i =1,2 indexes the replicate, j =1,2,3 the temperature level, and k=1,...,
4 the coating.
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Day Temp. (°C) Slot 1  Slot2 Slot3 Slot 4

D1 360 73(C.) 83 (Cs) 67 (Cs) 89 (Ca)
D2 370 65 (C.) 87 (Cs) 86 (C.) 91 (C,)
D3 380 147 (C) 155 (C.) 127 (C,) 212 (Cy)
D4 380 153 (C,) 90 (Cy) 100 (C,) 108 (Cy)
D5 370 150 (C.) 140 (Cy) 121 (C) 142 (C,)
D6 360 33 (C.) 54 (C.) 8(Cy) 46 (Cy)

Table 26. Corrosion Resistance Data

Aggregating these observations yields the following cell means (two replicates per temperature x
coating combination) and marginal means:

C1 CQ Cg C4 Mean
360 67 73 83 89| 78.00
370 65 91 87 86| 82.25
380 155 127 147 212| 160.25
360 33 8 46 54| 35.25
370 140 142 121 150 138.25
380 108 100 90 153 | 112.75
Mean | 94.67 90.17 95.67 124|101.125

Table 27.

6.2 Split-Plot Model

6.2.1 Model Formulation

Let
Yijk = yield for replicate 1 =1,2, temperature j=1,2,3, coating k=1,...,4.
We decompose y;;i into wholeplot and subplot components as follows:
1. Wholeplot (day) model:
mij = p+ pj+ €,
where
e 4 is the grand mean,
e pj;is the fixed main effect of temperature level j, with Zj p; =0,
e ¢ is the wholeplot error for replicate ¢, day j, satisfying E[e;j] =0 and Var(e}}) = o,
2. Subplot (coating) model within each day:
Yijk=mij + gk + (PQ) jk + €k
where
® g is the fixed main effect of coating &, 3, qx =0,
o (pq)jx is the fixed interaction between temperature j and coating k, subject
t

03, (Pq)jr=0and 33, (pq)jx=0,
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e ¢}, is the subplot error with E[e;;,] =0 and Var(ef;;,) = 02, independent of €}?;.

Equivalently, the splitplot model can be written as

Yik= @+ pi+es  + an+ Pk + €
—_—

wholeplot (day) model subplot (coating) model

Because temperature assignments cannot be rerandomized more than once per day, the variability
due to € must be estimated from the variation among whole plots (days). Coating effects and their
interactions are estimated from within-day comparisons and thus are tested against the finerscale
error o2. This splitplot structure both reflects the physical constraints of the furnace and pro-
vides efficient estimation of the subplot (coating) effects while properly accounting for the larger
wholeplot variability.

6.2.2 ANOVA for split-plot design

Data Decomposition
Any observation may be decomposed into orthogonal components corresponding to overall mean,
main effects, interaction, and residuals:

Yijk =Y.+ (y] — y) + (yij. — yj) -+ (y..k — y) —+ (y.jk* Yj.— Ykt y) + (yijk— Yij- — Yjk + y])

ANOVA Table

Let
P
SSp =b qz (yj.—y.)% dfp =p—1,
i—1
P
SSwp ZQZ Z (yij-— v.5.)%, dfwp =bp—p,
i=1 j=1
q
SSq =bp>  (yr—y.)% dfop =q¢—1,
Py
SSpq =b> N (Wik—vj. —yk+y.):  dfeq =(p—1)(g—1),
j=1 k=1
SSsp :Z (yuk Yij- — y~jk+y'j')27 dfsp =bp (qfl)a
i gk
SSTotal = (Yij — y-..)% dfrotar =bp qg—1.
ik

Then we have an ANOVA table

Source SS df EMS
P SSp  p—1 bqg o2+ q o2 +bg ZJ pj
Wholeplot error SSwp p(b—1) q o+ o?

P
Q SSq g—1 o2 +bp %

>k (PO

P x SS ~1)(qg—1) o2+b—LE_"~"_
Subplot error SSsp bp(g—1) o2
Total SStotal bpg—1 —

Table 28. ANOVA Table of Split-plot Design
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6.3 Split-plot with Blocks
Let

Yi;jk =Tesponse in block i, wholeplot treatment j, subplot treatment k,

fori=1,...,b,j=1,...,p, k=1,...,q. Under the usual sum+tozero constraints on all fixed effects,
the mixed model is

- (w) ()
Yijk = ptbi+pj+ e + @+ (PDjkt €
N— —_———
grand mean pu, subplot factor g,
block effect b;, P x Q interaction (pq);k,
wholeplot (block X P) interaction error egf)w(o,oﬁ,) subplot error e§j}€~(o,a§)

Each observation decomposes into orthogonal contrasts:

Yigk =Y+ (Yio —y-) (Y5 — y) + (Yij. — Yir- — Y5+ y.)
Yok = Y) + (Yoje = Yoo — Yok + Y) + (Yijhe — Yij- — Yosk + Yojo),

Define the wholeplot error sum of squares
b p
SSWP:Z (% — Yi- = Y4+ y.)%
i=1 j=1
One shows by independence and zerosum constraints that

E[SSwe] = (b—1)(p—1) (¢~ "0 +03).

Thus the wholeplot error mean square satisfies

e g0’ 4 o2
]E[MSWP] = (b — 1)(]7 — 1) ]E[SSWP} q oy + 05,

exactly as in the block free splitplot design.

6.4 Split-Plot with Two Subplot Factors

Now suppose that within each wholeplot (block x P) we implement a full factorial in two subplot
factors @ (with ¢ levels) and R (with r levels). The observation index becomes y;;x; for block 1,
wholeplot j, subplot levels kand .

6.4.1 Model Specification

(w

Yijkt =H+ D+ e+ qi i (qr)e+ (g)jn + (pr)j+ (pgr) e+ esh,

with all effects subject to their appropriate sum-+tozero constraints. In particular, the threefactor
interaction is defined by

(pgr) = e — (L +pj+ g+ 711+ (pQ) i + (pr)ji + () K1),

and its unbiased estimate is

o —

(Par)jm =Yg —{ Y+ (Y —y) + (Yo =y ) + (Yo — y) }

@i — v = Yok Y ) F Wgr =Yg = Yot FYe) F Yokt = Yok — Yot + ) L

41



6.4.2 Full Orthogonal Decomposition

Analogous to the twofactor splitplot, one can write each y;jx as the sum of ten orthogonal
components:

Yijt =Yoo + (Yjo. — Yor) + Wije. — v ) + (oo — yo) + (Yo — Y....)
Yk —Yj =Yk +Yr) F (Vg =Yg — Yot + Y.)
H(Yerd = Yoke = Yoo+ Yo) + (Yojir — - Ay
+(Yijkt = Yijo- — Yojht + Yoji),

thus isolating the grand mean, three wholeplot terms, three twofactor interactions, the threefactor
interaction, and the subplot error. This orthogonal decomposition underpins the construction of
the corresponding ANOVA table and the derivation of each expected mean square for valid F-tests.

Source SS DF

P bar 2 (4. = ..)° p—1

Whole plot error ¢r 3>,  (¥ij.- — ¥ )2 (b-1)p

Whole plot total ¢7 3, ; (Gij-—§..)? bp—1

Q bpr Y2y (Foke — §o)? q—1

R bpay, (§oa—4..)° r—1

QR - (a-1)(r—1)
PQ br 32w (ke = Gojee = Yok + ) (p—1)(¢-1)
PR ba>;  (Gju— o= Gt Gor)? (p=1)(r—1)
PQR b ke Gogrt = g = Gojt = Gkt + Gojor + Jokee + G = Go)® (p—1) (¢—1) (r—1
Subplot error >k Wigkt = Gigeo = Gojii + G.5-)° (b—=1)p(gr—1)
Total ik Wikt — o) bpgr—1

Table 29. ANOVA table for the split-plot experiment

6.5 Final Remarks on Split-Plot Design

Advantages

e Enhanced subplot precision: Subplotfactor comparisons use the smaller subplot-error
MS, yielding more precise inferences than a fully randomized design.

e Practical logistics: Accommodates hardtochange wholeplot treatments without complete
rerandomization.

Disadvantages

1. Fewer error df: Two variance components (02,,02) consume more degrees of freedom than

a single residual term.

2. Uneven precision trade-off: Because wholeplot df < subplot df, the loss in wholeplot
precision often outweighs the gain in subplot precision.

3. Reduced power for some interactions: Tests involving wholeplot factors have less error
df than in a completely randomized design.

4. Multiple SEs required: Up to four distinct MS estimates complicate graphical or tabular
comparisons.

5. Complex inference: Exact distributions for wholeplot MS are not closedform, making
some tests and CIs more involved.
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Take- Away
Splitplot designs suit experiments constrained by hard-to-change factors but sacrifice uniform pre-
cision. When all treatment contrasts require similar accuracy, alternative factorial layouts typically
outperform.

7 Incomplete Block Designs

We wish to compare six treatments A, B,C, D, E, F' using two blocks (indexed by ¢ =1, 2), each
of size 5. The allocation is

Block 1: A, C, D, E, F,
Block 2: B,C, D, E, F.
Let 02 denote the common withinblock error variance. We denote by Y;; the observed yield for
treatment j € {A4,..., F'} in block i, except that the pair (i,j)=(1, B) and (2, A) are unobserved
by design.

7.1 Direct Comparisons

Comparisons among the treatments in both blocks. For any two treatments j, k€ {C, D,
E, F}, each appears once in each block. Hence an unbiased estimator of the treatment difference
tj — tk is

(Yij — Yir) + (Yo; — Yar)
2 )

which has variance

Var[é((Ylj —Yip) + (Yaj — Yai)) | = 0>

Comparison of A versus B. Because A appears only in Block 1 and B only in Block 2, we
must adjust for the block effect. Define the block-effect estimator

EEED SN TR T DI ¥

j€{C,D,E,F} j€{C,D,E,F}

Yi.
which satisfies Var(b) :%2. Then an unbiased estimator of ¢4 —tp is
(Yia—Yap) — b,
with variance

X 2 2
Var(Yia—Yap —b) =2 02+%=520

Comparison of A versus C. Here C is observed in both blocks but A only in Block 1. One
may form the estimator

v Yic+ Yoo+ b
M- ——
which is unbiased for ¢4 — t¢ and has variance

. 2 2
Var[YlAfé(chJrcher)] :02+%:320

(See, however, the leastsquares solution below for the exact efficiency factor.)
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7.2 Least-Squares Analysis

We fit the standard one-way twoblock model with treatment effects and block effects:

Yij=p+bi+tj+e;, =12 je{A, . .. F},

G
where eijl XN (0,02), subject to the constraints

b1+ b2 =0, thzo.
J

Omitting the two empty cells (1, B) and (2, A), the normalequations yield the following estimates.

Estimate of t4 — tg.

. . 5
ta—tp=7[Y1a—Yop) = (V1. — Y2.)]
1
=Z<4KA——4BB— DR TR yz)
je{C,D,E,F} je{C,D,E,F}
with
R R 2
Var(ta—tp) = 520 .

Estimate of t4 — tc.

- - 1
ta—tc==[9Y14—Yop—8Yc—5(V1.— Y2.)]

_L

[e 2]

oo

j€{D,E,F}

<8KA5HCSEC > (mjnp>
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Var(fA - fc) = S

(82412452 +32+6)

Here the “6” arises from the two missing observations (one each in Blocks 1 and 2).

These formulas quantify the relative efficiencies of direct versus leastsquares estimators in an
incomplete-block setting. The leastsquares approach automatically accounts for the unequal repli-
cation of A and B across blocks and yields the correct variance factors.

7.3 Balanced Incomplete Block Design

Let v be the number of treatments, b be the number of blocks, r be the replicate of each treatment,
k < v be the unites per block. A balanced incomplete-block design (BIBD) with parameters (v,
b,r,k,\), where A means each pair of treatments occurs together in A blocks, is a way of arranging
v treatments into b blocks so that

1. Each block contains exactly & distinct treatments (so “incomplete” means k < v).

2. Each treatment appears in exactly r blocks.

3. Every unordered pair of distinct treatments occurs together in exactly A blocks (the “bal-

anced” condition).

44



These parameters are not independent but must satisfy two counting identities:

1. Total-unit count
Counting “treatment-in-block” incidences in two ways gives

vr =>bk.

On the left is “each of v treatments appears in r blocks,” for a total of v r incidences; on
the right is “each of bblocks contains k treatments,” for a total of b k.

2. Pair-co-occurrence count
Fix any one treatment 7. It appears in r blocks; in each of those blocks it co-occurs with (k —
1) other treatments, giving r (k — 1) ordered “T-other” incidences. On the other hand,
each of the other (v — 1)treatments co-occurs with T in exactly A blocks, for a total of A
(v —1) “T'-other” incidences. Equating,

rk—=1)=X(@w-1).
Solving for A yields the standard formula

T(k—l).

A= v—1

Properties of a Balanced Incomplete Block Design
e Estimability of treatment contrasts.
Every linear contrast among the treatment effects can be uniquely estimated under the standard

BIBD model.

e Uniform precision of pairwise comparisons.

The variance of the estimator for any difference between two treatments is the same for all (;) pairs.

e Minimized average confidence-dnterval length.
Over all pairwise contrasts, a BIBD tends to yield the shortest average length of (1 — ) %-confi-
dence intervals.
Limitation
¢ Existence constraints.

Feasible BIBDs occur only for specific integer solutions (¢,b,r, k, A); for many parameter combi-
nations no design exists.

Example 11. (BIBD(6,6,5,5,4)) 6 treatments with 30 units grouped in 6 blocks of 5 units.Below
is the simplest balanced incomplete-block design (a BIBD) that meets your requirements:

e Treatments: v=06 (call them A,B,C,D,E, F)
e Blocks: b=6, each of size k=5
¢ Replications: each treatment appears r =5 times

e Each pair of treatments occurs together in

_r(k=1) _5-(5-1)
A= v—1 ~— 6-1 =4
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blocks.

Because vr =bk (6-5=06-5), such a BIBD exists and is in fact the complement of the trivial
onetreatmentper-block design: simply omit each treatment exactly once. Concretely, number your
blocks i=1,...,6, and let Block ¢ contain all treatments except treatment 7. In alphabetical labels:

Block | Treatments included | Omitted
1 B,C,D,E, F A
2 A,C,D,E,F B
3 A,B,D,E,F C
4 A B,C,E F D
5 A,B,C,D,F E
6 A, B,C,D,E F

Table 30. BIBD(6,6,5,5, 4)

Example 12. (Incomplete—block design with v=6, b=6, k=4, r =4)

Six treatments {A, ..., F'}, six blocks of size 4, each treatment in r =4 blocks (omitted twice),
never repeated within a block. A BIBD would require

)\_r(k—l)_ﬁ 12
T owv—1 5

which is not an integer. Since A must be a whole number, no BIBD can exist for these
parameters.

General variance formula. For any contrast ¢’3,

Var(c/f) = o2 ¢/(X'X) " c.

Design I (Missing pairs: (A B),(AC),(BC),(DE),(DF),(EF)).
o Notice this “splits” the six treatments into two triangles {4, B,C} and {D, E, F'}.
e As a result, for the three “withintriangle” pairs

AB, AC, BC and DE, DF, EF

each pair never appears together in exactly two blocks (those two in which the pair is
omitted), and always appears in the other four. This gives them higher precision.

e The remaining nine pairs (one from each triangle across triangles, e.g. A vs. D, B vs.E,
etc.) each co-occur in only three blocks, so are estimated with slightly larger SD.

Contrast | SD (Design I)
AB,AC,BC,DE,DF,EF | 0.7303 o
the other 9 pairs 0.7601 o

Table 31. Variance of design I

Design IT (Missing pairs: (A B), (AC),(BD),(CE),(DF),(EF)).

e This pattern “mixes” treatments more evenly across blocks.
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o Consequently, six of the contrasts attain the best precision, another six are slightly worse,
and the remaining three are just a hair larger.

Contrast | SD (Design II)
AB,AC,BD,CE,DF,EF |0.7321 o
AD, BF,DE, FC, EA, CB | 0.7579 o
AF,BE,DC 0.7596 o

Table 32. Variance of design II

Comparison. Design I gives maximum efficiency for its six primary contrasts; Design II spreads
precision more evenly. Choose according to which pairs are of greatest interest.

Remark 10. Note if the observations were obtained from 4 complete blocks of size 6, the standard
deviation would be o /+/2 ~0.7070

Switching from 4 RCBs of size 6 to 6 blocks of size 4 incurs only a small efficiency penalty (6-15%)
in SD of treatment differences, while offering potential gains in reducing ¢ via more homogeneous
blocking and greater logistical flexibility. The choice of how to omit treatments—Design I versus
Design ITI—lets you “tune” which pairs receive the best precision.

Example 13. (Unbalanced Design) Construct an incomplete-block arrangement for six treatments
A,B,C,D,E,F on N =25 experimental units, grouped into b=>5 blocks of size k =5. Each block
omits exactly one treatment, so one treatment must appear in all blocks. Label the blocks 1,...,
5, and choose A to be the “always—included” treatment. A convenient allocation is:

Block I II IIT IV V

A A A A A

B B B B (C

Treatments| C C D D D
D D E FE FE

F F F F F

Table 33. Unblanced Design

e v =0 treatments, b=>5 blocks, each of size k=5.

e Treatment A occurs in all 5 blocks; each of B,C, D, E, F occurs in exactly 4 blocks.

e FEach block omits a different treatment, so that no block repeats.

e This design is not balanced since the replication numbers differ, but it may be useful when

one treatment must serve as a control (appearing in every block) and each other treatment
must be compared to it under as homogeneous block conditions as possible.

Example 14. (Unequal-Block Design)We have
e Treatments: A,B,C,D,E F,G (v="7).
e Total units: 35.
e Blocks: 5 blocks of sizes 5,6,7,7, 10.

e Replication: each treatment must appear r=35/7=5 times.
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Because block V holds 10 > 7 units, some treatments must be repeated there. One convenient
allocation is:

Block Size | Multiset of treatments

I 5 {A,B,C,D,E}

11 6 {A,B,C,D,F,G}

111 7 {A,B,C,D,E,F,G}

v 7 {A,B,C,D,E,F,G}

A% 10 |{A,B,C,D,E,E,F,F,G,G}

Table 34. Unequal Block Design

e Within-block replication (in block V) is a legitimate way to attain the required overall
replication when k; > v.

e Analysis is still a simple two-way ANOVA with blocks and treatments; just build the design
matrix X according to the above multiplicities.

This design thus achieves a perfectly balanced replication r =5 for each treatment while respecting
the prespecified blocksize pattern (5,6, 7,7, 10).

7.4 Cyclic Balanced Incomplete Block Designs
e Definition.
A cyclic design is a BIBD in which every block can be obtained by applying a fixed cyclic permu-
tation (rotation) to the treatments in an initial “starter” block.
e Construction procedure.

1. Select an initial block of size k from the ¢ treatments.

2. Generate subsequent blocks by cyclically rotating the labels of the treatments
in the starter block through all ¢ positions.

3. Validate balance. The starter block must be chosen so that each unordered pair
of treatments appears exactly A\ times across the b rotated blocks.

e [Illustrative example (t=b=7, k=r=3, A=1).
1. Inferior choice: If the starter block is (A B C), cyclic rotation yields

(ABC), (BCD), (CDE), (DEF), (EFG), (FGA), (GAB).

In this arrangement some treatmentpairs occur multiple times while others occur
only once, violating the balance requirement.

2. Valid BIBD starter: If instead one uses (A B D), cyclic rotation produces
(ABD), (BCE), (CDF), (DEG), (EFA), (FGB), (GAC),

which satisfies
t=7,b=7,k=3,r=3,A=1,

and hence constitutes a proper cyclic BIBD.
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7.5 Latin Squres

A Latinsquare design provides a way to control two orthogonal nuisance factors simultane-
ously—commonly called “row” and “column” blocks—while comparing ¢ treatments. Its key features
are:

1. Layout and blocking structure

e There are t? experimental units arranged in a t x ¢ grid.

e Row blocks: t horizontal strips, each containing one of each treatment.

e Column blocks: t vertical strips, each also containing one of each treatment.

e Thus each treatment appears exactly once in every row and once in every column.
2. Connection with randomized-block designs

e Viewed marginally, the rows themselves form a randomized-complete-block design
(RCBD) for the ttreatments (one replicate per row).

e Likewise, the columns form an independent RCBD.

3. Canonical example (t=4)

SQw
QoW
DO Q
= QU

In this 4 x 4 Latin square, each of the treatments A, B, C, D appears exactly once in each
row and each column.

4. Statistical model
For the response y;; observed in row ¢ and column j, let k(¢, j) denote the treatment assigned there.
The usual additive model is

Yiy= p+ i+ ¢+ T g, +Eij

subject to the usual side<onditions o
11
St ri=0, X1 ¢=0, 3, 7 =0, and &;;~N(0,0?).

5. Analysis and degrees of freedom
e Total: t2—1
e Row effects: t —1
e Column effects: t — 1
e Treatment effects: t — 1
e Error: (t—1)(t—2)
One then performs an ANOVA splitting sums of squares accordingly, testing treatment
differences against the meansquare error.
6. Advantages and limitations

e Advantages:

o Controls two blocking factors simultaneously, thus reducing experimental error
when both sources are important.
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o Requires only one replicate per treatment (efficient in unit usage).
e Limitations:
o Requires exactly t? units and equal block sizes.
o Assumes no interaction among treatments and the two blocking factors.

o Suitable only when both row and column blocks are genuinely irrelevant to
treatment ordering (no ordinal or carry-over effects).
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A Plackett—Burman Table
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Table 35. Plackett—Burman Table
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