3.11 Latin Square Designs

e The experimenter is concerned with a single factor having p levels. However, variability from two
other sources can be controlled in the experiment.

o If we can control the effect of these other two variables by grouping experimental units into blocks
having the same number of treatment levels as the factor of interest, then a latin square design may
be appropriate.

¢ Consider a square with p rows and p columns corresponding to the p levels of each blocking variable.
If we assign the p treatments to the rows and columns so that each treatment appears exactly once
in each row and in each column, then we have a p % p latin square design.

¢ It is called a “latin” square because we assign “latin” letters A, B, C, ... to the treatments. Examples
of a4 x 4 and a 6 x 6 latin square designs are

Column
Column 1 2 3 4 5 6
1 2 3 4 1/A B C D E F
1A C B D 2/ B C D E F A
Rows 2D A C B Rows 3|C D E I A B
3|B D A C 4D E F A B C
41C B D A 5|E F A B C D
6|]F A B C D E

* By blocking in two directions, the MSE will (in general) be reduced. This makes detection of
significant results for the factor of interest more likely.

e The experimental units should be arranged so that differences among row and columns represent
anticipated /potential sources of variability.

— In industrial experiments, one blocking variable is often based on units of time. The other
blocking variable may represent an effect such as machines or operators.

. Operator
Machines P -
1 9 3 4 1 2 3 4 5
M|IA B C D E
1{tA C B D
. Tw|B C D E A
Six-Hour 21D A C B
. Day wWlC D E A B
Work Shift 3/|B D A C
ilc B D A Th|D E A B C
FIE A B C D

— In agricultural experiments, the experimental units are subplots of land. We would then have the
subplots laid out so that soil fertility, moisture, and other sources of variation in two directions
are controlled.

— In greenhouse experiments, the subplots are often laid cut in a continuous line. In this case, the
rows may be blocks of p adjacent subplots and the columns specify the order within each row
block.

Rep. 1 Rep. 2 Rep. 3 Rep. 4 Rep. b Rep. 6 Rep. 7
AR|GIR[E[CIHG]F|B[C|A|EDIBICID|GIF[AIE[EIG]AID][CIF[B]C[BIF|[E[D]GJAJFE[CTA[B]D|GIDIAE[F]GIBIC
| {

|

After converting Rep. 1 to Rep. 7 into row blocks, we get
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Column

1 2 3 4 5 6 ¥

1fA D G B E C F

2I1G F B C A E D

3:+B C D G F A E

Reps 4| E G A D C F B
5|1C B F E D G A

6|F E C A B D G

7TID AAE F G B C

¢ Like the RCBD, the latin square design is another design with restricted randomization. Random-
ization occurs with the initial selection of the latin square design from the set of all possible latin
square designs of dimension p and then randomiy assigning the treatments to the letters A, B, C,
.... The following notation will be used:

p = the number of treatment levels, row blocks and column blocks.

Yijk = the observation for the j* treatment within the " row and k** column.
N = p? = total number of observations

y.. = the sum of all p? observations

R; = the sum for row block i

' = the sum for column block &

T} = the sum for treatment j

.. = the grand mean of all observations = y.../p?
7. = the i*® row block mean
. = the k** column block mean

| =

g.;. = the j* treatment mean

¢ There are three subscripts (3, , k), but we only need to sum over two subscripts.

¢ The standard statistical model associated with a latin square design is:

Yigk = £+ @ + 1 + B+ ek (18)

where g is the baseline mean, o is the block effect associated with row 7 ,» B is the block effect

associated with column &, 7; is the 4" treatment effect, and ;5 is a random error which is assumed
to be IIDN(0, o2).

¢ To pet estimates for the parameters in (18), we need to impose three constraints. If we assume

p P b
Za“" =0, Z’rj =0 , and Z Br =0, then the least squares estimates are

wm— — — —

=9, @=T.-F. A=T.a-G.  5- G -T.
¢ Substitution of the estimates into (18) yields
gk = B+8+7+ B + e
= Y.+ @ ~0.) + (7;:-7.) + @x—-7.) + ey (19)

where e;ji, is the {7k residual from a latin square design and

o BTy Ty -Ta 2 B
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3.11.1 The ANOVA for a Latin Square Design
o Degrees of freedom (df):  (Treatment df) = (Row df) = (Column df) = p -1

e SStrt = the treatment sum of squares

MS,,; = the treabment mean square = SS;:/{(p — 1)
® 550w = the sum of squares for rows

M S0 = the mean square for rows = 88,y /(p — 1)
o 55, = the sum of squares for columns

M S5 = the mean square for columns = S8..;/(p — 1)
e S5g = the error sum of squares

The SSg degrees of freedom = (p— 1)(p — 2)

M Sg = the mean square error = SSg/[(p — 1)(p — 2)]
¢ 55501 = the corrected total sum of squares

The SS;0m degrees of freedom = N —-1=p% -1

The total sum of squares for the latin square design is partitioned into 4 components:

SStotal = SSraw + SSLrt + SScol + SSE

» Formulas to calculate 55,01, SSrow, SOt and 58,1

a b rpr ,y2 P 4 R2
SSuatat =3 > (e =73 =33 vk~ 05 SSrow =Y 0@ —7.)2 = =

=1 j=1 i=1 =1 =1 = P
P P2 2 » P2
88w =Y p@; -7l = L - L et = 3 PG TN =S Lo e
j=1 =1 P P k=1 k1 P
2yl
SSg = SSietat — SSrow — SSii — 550 = = == = the correction factor.

Latin Square Design ANOVA Table

Source of Sum of Mean F
Variation Squares d.f. Square  Ratio
MS,
Treatments S8t p—1 M Sy i ‘Sf;t
Rows SSrom p-1 M Srouw
Columns S8cot p—1 MS.o
Error 55z (p-D®-2) MSg
Total SStotal p2 -1



¢ Note that there are two restrictions on randomization with latin square designs: (i) a row re-
striction that all treatments must appear in each row and (ii) a column restriction that all treatments
must appear in each column.

¢ Because of these restrictions on randomization, there is no F-test for the equality of row block effects
and no F-test for the equality of column block effects. This is not a problem, because the factor of
interest is the treatment, and there is an F'-test for treatments.

3.11.2 Latin Square Example (Peanut Varieties)

Example: A plant biologist conducted an experiment to compare the yields of 4 varieties of peanuts (A,
B, C, D). A plot of land was divided into 16 subplots (4 rows and 4 columns) The following latin square
design was run. The responses are given in the table to the right.

Row

NC
s5C

Treatment (peanut variety)

Column
E EC WwC W
C A B D
A B D C
B D C A
D C A B

Response (yield)

Column
Row E EC wC W
N 26.7 19.7 20.0 20.8
NC 23.1 21.7 24.9 26.0
SC 28.3 20.1 20.0 27.3
s 25.1 17.4 28.7 35.1

298.0056250

0.0091

33.1117361 8.28
6| 23.9837500 3.9972917
15 | 321.9893750
0.925514 7.691552 1.996323 2599375

| Type 111 85| Mean Square | F'Value | Pr > F
2459118750 81.9706250 20.51 | 0.0015
3 0.4268750 3.1422917 0.79 | 0.5439
eveT
31 42.6668750 14.2222017 3.56 | 0.0870 T Favo & -t
o Fo . =D 5
Ho» Tz =T =Ty RéeFeer Po
~— Fﬂ [ A=, to

W T

4‘# ’T;’FBfL Soma
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P
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. 6
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© [ |
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B A 2552 | 4|C
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ANALYSIS FOR LATIN SQUARE DESIGN

E c 26.7 | 258875 | 0.8125
“T2lN [EC A 19.7 | 187375 | 0.9625
' wC B 20.0 { 30.9875 | -1.9875
W D 29.8 | 29.5875 | 0.2125
E A 23.1 234375 | -0.3375
EC B 21.7 | 211875 | 05125
wC D 249 | 255625 | -0.6625
w c 29.0 [ 285125 | 0.4875
E B 203 | 202625 | 0.0375
EC D 20.1[19.1375 | 0.9625
we c 29.0 | 27.8625 | 1.1375
w A 27.3 | 29.4375 | 2.1375
E D 25.1 | 25,6125 [ 05125
EC c 17.4 | 19.8375 | 2.4375
wC A 28.7 | 271875 | 15125 A
W B 35.1 [ 33.6625 | 1.4375 %'J}"’*‘ﬁ']h

A

4 ~ -~
SAS Code for Latin Square Design Example ~ N 3T 4
%"L_‘d;fhz/u +O<) J.TJ /Qh'

DM ’LOG; CLEAR; OUT; CLEAR;’; i
0DS GRAPHICS ON;

ODS PRINTER PDF file=’C:\COURSES\ST541\LATIN.PDF’;
OPTIONS NODATE NONUMBER;

DATA in;
D0 rows = *'N ?, !NC’, ’3C’, '8 ?;
DO columns = 'E *, ’EC?, WC’, W ’;
INPUT peanut $ yield @®; output;

END; END;
LINES;
€ 26.7 A15.7 B 29.0 D 20.8
A 23.1 B21.7 D24.9 C 29,0
B29.3 D20.1 C290.0 A 27.3
1 C17.4 A 28,7 B 35.1

D 25.
; OZDAR DotS NoT MATIZZ IF NO  prstow
PROC GLM DATA=in PLOTS=(ALL);
CLASS columns rows peantt; / OBSRVATION 1S MNSS NG,
MODEL yield = cblumns rows peanut / SS3; (TYyFPRE & V1 =z TYPRE 1§ 35S

MEANS rows columns;

[}
MEANS peanut / TUKEY ALPHA=.10; 9 GAOLAATL A DOAMA ST ‘o] 1T

OUTPUT OUT=diag P=pred R=resid; ALS )
TITLE ’ANALYSIS FOR LATIN SQUARE DESIGN’; CONTAWS 24l y D Pr
PRADILTRD VALUAS .

PROC PRINT DATA=diag;
RUN;
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3.12 Matrix Forms for the Latin Square Design

e Consider the 4 x 4 Peanut Variety Latin Square Design Example

* Model: y;jx =,£L+Cei+7'j+ﬁk+€5jk fori,5,k=1,2,3,4 eijkrvN(O,a?)

16!0:0-

4
k=

_17; =0 and (iii) 3

4
7

-1 % = 0 ’ (")

4
i

o Assume (i) >_;

Using the Alternate Approach: Keeping 3p -+ 1 Columns
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3.12.1 Selection of a Latin Square Design

» Randomization with a latin square design occurs by (i} randomly selecting a generating design, (ii)
randomly permuting the p columns and (iii) randomly permuting the last p — 1 rows.

» For some values of p, the number of unique designs that can be generated from permutations of &
generating design are not all equal. This will be true for p = 5 and p = 6.

A B C
» For p = 3, there is only one generating design B C A
C A B
— Randomly permute the three columns.
— Randomly permute rows 2 and 3.
e For p =4, there are 4 generating designs
(a) (b) (c) (d)
A B C D A B C D A B C D A B C D
B A D C B C D A B D A C B A D C
C DB A C D A B C A D B C D A B
D C A B D A B C D C B A D C B A
- Randomly select generating design (a), (b), (c), or (d).
— Randomly permute the four columns.
— Randomly permute rows 2 to 4.
e For p = §, there are 2 generating designs
(a) (1 —50) (b) (51 — 56)
A B C D E A B C D E
B A DE C B C D E A
C E A B D C D E A B
D C E A B D E A B C
E D B C A E A B C D

— Randomly select a number I between 1 and 56.
If 1 £ D <50, then select generating design (a).
I 51 £ D < 56, then select generating design (b).
- Randomly permute the five columns.

— Randomly permute rows 2 to 5.

» For p = 6, there are 17 gencrating designs (1, 11, ..., XVII). These generating designs are shown on
the next page.
— Randomly select a number £ between 1 and 9408.
— Find the generating design with interval that contains D.
— Randomly permute the six columns,

~ Randomly permute rows 2 to 6.
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LATIN SQUARES FOR USE IN FIELD EXPERIMENTS
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3.13 Balanced Incomplete Block Designs (BIBD)

o In many experiments containing blocks, it is not possible to assign all o treatments within each block.
The goal is to assign a subset of k& (k < @) treatments within each block.

o If we assign & (k < a) treatments within each block then we have an incomplete block design.
Several types of incomplete block designs are
~ Balanced Incomplete Block Designs (BIBD)
— Partially Balanced Incomplete Block Designs (PBIBD)

— Lattice Designs, Youden Squares
The BIBD because it is the most commonly-used incomplete block design. In a BIBD:
— Treatments are applied in each block in a balanced manner so that any two treatments appear

together in the same number (A) of blocks.

— Treatments are randomized within each block.
o Notation:

a = the number of treatments in the experiment

& = the number of blocks in the experiment

k = the number of treatments per block

7 = the number of blocks in which any treatment appears

A = the number of blocks for which any each pair of treatments appears together

E—1
» For any BIBD, A= % and N =bk =ra.
* The following tables contain a BIBD example with a = 6’, b="4 k= 3 , 7= 3 ,and A = 2

If a cell in the left table is blank, then that treatment is missing in that ‘incomplete’ block.

Treatment
Block A B o D Block Treatments
1 A B C
1 X X X
— 2 A C D
2 X X X
3 A B D
3 X X s 4 B C D
4 X X X

3.13.1 ANOVA for a BIBD

s Assume p is the overall mean, m; is the i treatment effect, f; is the 4t block effect, and ¢ is
the random error for y;;. The statistical model for a BIBD is

Yis = LA + 'T" + /3\}' + E'J and €ij ~ ITDN(0,0%). (20)

¢ Because the blocks are incomplete, the Type I and Type HI sums of squares will be different. That is,
the missing treatments in each block represent missing observations (but not missing ‘at random?).

2
» For both Type I and Type III analyses: RSS] = SSitar = z nyg - yﬁ
i g



e We can use the sequential Type I (V2) sum of squares. The steps are the same for the RCBD
with & missing observation (see Section 3.6).

Step V2 Source Fit df Type 155 for V2
T Total 7 N —1 RSS,
2 Block B b—1 R(B|up) = RSS1 — RSS}
3 Tri{adj) T a—1 R(7|8,p) = RSS5 —~ R5S;
3  Error €5 N-—-a—b+1 RSS;

¢ We say “treatment sum of squares is adjusted for blocks”. The goal is to account for the block
variability before we assess the variability among the treatments.

e For a BIBD, there are formulas for Type I (V2) sums of squares for blocks and (adjusted) treatments:
b

2 2 o 2
v 2 k5o G
SShioek = —kj - yﬁ S8iri(ad)) = —E;‘; £ 58g = 88ttt — SSbiock — S Sira(ady)
i1

b

where 0; = y;. — P an’jyj and ny; = 1 if treatbment ¢ appears in block 7, and n;; = 0 otherwise.
=1
b

1
% Zn,;jy.j = average of the block totals across blocks that contain treatment 7.
=1

Type I (V2) Analysis of Variance (ANOVA) Table for a BIBD

Source of Sum of Mean F
Variation Squares d.f. Square Ratio
Blocks SSutock b—1 —
Treatment, SSrt(ads) a—1 M Striady  Fo = M Sireaay/MSE
Error S8 N-a-—-b+1 MSg
Total S Stotai N-1 S e

where NV = bk = ar.

+ For the Type IIT sum of squares, the steps are:

Step Source Fit df Type III 5§
1 Total 7 N -1 RSS
2 Trt(adj) T a—1 R(r|8,p) = RSS} — RSS;
3 Block(adj) B; b—1 R(B|r, ;1) = RS5S; — RS S5
1 Error €5 N—-—a-b+1 RS5;

¢ The Type Il and the Type I (V2) sums of squares will always produce the same F-statistic for
testing the equality of treatment effects. The sums of squares for blocks will be different.

Bus v Caats |
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e Totest Hp: =7 = =1, and H : 7 # 75 for somei# f:

Compare Fp to the critical value F,{a — 1,N —a — b+ 1).

IfFg> Fala—1,N—a—b+1) thenreject Hy:mm=m =" =7,

IfFy< Fpla—1,N —a—b+1) then fail to reject Hy: =1 = =7,

o Or, more simply, compare the p-value to o.

If p-value < « then reject Hp. If p-value > o then fail to reject Hj.

3.13.2 BIBD Example (Fabric Wearability)

This example can be found in the 1978 text by Box, Hunter, and Hunter. The experiment involves a
Martindale wear tester which is a machine used to test the wearing quality of types of cloth or other
fabrics. It possesses the feature that four pieces of cloth may be processed simultaneously in one run of
the machine. The responses is weight loss in tenths of a milligram suffered by the test fabric when it is
rubbed against a standard grade of emery paper for 1000 revolutions of the machine. The wearing quality
of specimens of seven different types of cloth (treatments) 4, B,C, D, E, F,G are to be compared. Four
treatments are randomized and mounted in the four Martindale wear tester specimen holders. The layout
and results are given below:

Cloth Type
Block A B C D E F G Ui
1 627 248 563 252 | 1690
2 344 233 442 226 | 1245
3 251 | 211 | 160 297 919 2
4 | 337 | 537 195 300 | 1369 2.2 vy = 3974162
5 520 278 199 | 595 1562
6 369 196 | 185 | 606 1356
7 396 602 240 | 273 1511
Y. 1446 2286 1002 028 739 2206 1075 | 9682 = 1.
_ N _ _ _rlk—-1) 12 -
a = 7 b = 7 k = Lf’ T = q = —mﬂ = -?;— JZ
Estimation of Model Effects
e p, 7 (2= 1,2,...,a), and B; (j = 1,2,...,b) are not uniquely estimable. Constraints must be

imposed. To be able to calculate estimates [, 7, and f;, we need to impose two constraints.

b
2. Bi=0
=1

@
» We will assume constraints Zn =0

i=1

¢ Applying these constraints will yield

b
1
where ; = y — Eijy.j.
=1

= ;j

and

7= LS Q; (21)

e The derivation of these formulas is presented in the Montgomery text.
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Therefore, for the fabric wear example, we have
G = Y, -Lus +1369 + (256 + 151y ) = 7575
Q= 2786 -L(iL4o + V369 + 1592 +/510 ) = TYG.§
Q= 002 —-1(1245 + Nq +1592 + |51 )= =34.5
Q= a2 —5(NF0 + 919 + /35 +151 ) = -yy|
@G =729 -i(91% +I12%9 + 1592 + 1356 ) = 57

Q= 2206 ~5(JbQ0 +I1245 + 1992 + 1350 ) = 36,25
Qr = 1075 _i (1690 +1245 + 919 + ,3&;1 ) = '_230‘-!;5*
96827
SStotul = 3974162 — 23 = 626 26"{.7,"{3
SSyos = 16902+12452+9192+13(3192+15922+13562+15112 B 9523822 97394 71y}
A 2
SSdoth(mi‘j} = L%(I’Qi

2 2 7 R\2 4 AATN2 (_xm2 EoR2 ) 2 _
_ A[75.75% + 745.5% + (—314.5)2 + ( 21;1)1(??)+\ 570)2 -+ 735.25 + ( 239.75)] _ 5061798.57 1
,SSE = 626264.7143 — 97394.7143 — 5067985714 = Q357 1. U2D b

¢ You can calculate the estimates using the formulas in (22), or you can use the LSMEANS statement
in SAS. The LSMEANS statement calculates i +7;. Thus,

73 — LSMEAN; — ﬁ = LSI\'EANZ —7..
¢ For the fabric wearability example, 'ﬁ' = LSMEAN; — 345.786: —_—

Ty =21.643 75 =213.000 T3 =-89.929 T;=—126.000
75 = —162.857 75 = 210,071 75 = —65.929

e You can also calculate the estimates directly from ESTIMATE statements using the same structure
used for the oneway ANOVA and the RCBD.

e The LSMEANS statement can also be used to perform a multiple comparison procedure (MCP)
using the ADJ= option. For example, The / ADJ=BON opticns creates a Bonferroni MCP table
with adjusted p-values for all pairwise comparisons . For any adjusted p-value < .05, we would reject
Ho : B; = B;, or equivalently, reject Hy : 7; = 73.

Note: 7i; is the mean for treatment i averaged over the blocks.

o Suminarizing the table results indicates:

Treatment E D C G A F B
LSMEAN 182.9 219.8 2559 2799 3674 555.9 5588
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Therefore, for the fabric wear example, we have

Q1 = —3 ( + + + ) =
Q2 = -5 ( + + + ) =
Qs = -5 ( + + + ) =
Qs = ~1 ( + + + ) =
Q = -1 ( + + + ) =
Q6 = —i( + + + ) =
Qr = -1 ( + + + ) =

2
SStotat = 3074162 — 9?2882 =

16902 + 12452 + 9192 + 13692 + 15922 -+ 13562 + 15112 06822
SShiacks = - =

4 28
kST Q2
SSiothiad)y = Z/\:a :

_ A75.75% + 745.5% + (=814.5)% + (—441)® + (=570)% + 735.25% -+ (—230.75)7]
@™
SSg = 626264.7143 — 97394.7143 — 506798.5714 =

¢ You can calculate the estimates using the formulas in (21), or you can use the LEMEANS statement
in SAS. The LSMEANS statement calculates i 4 7;. Thus,

% = LSMEAN; - = LSMEAN; —7..

»

For the fabric wearability example, 7; = LSMEAN; — 345.786:

71=21.643 Tp=213.000 73=-—89.929 73 = —126.000
T = —162.857 75 =210.071 75 = —65.929

You can also calculate the estimates directly from ESTIMATE statoments using the same structure
used for the oneway ANOVA and the RCBD.

The LSMEANS statement can also be used to perform a multiple comparison procedure (MCP)
using the ADJ= option. For example, The / ADJ=BON options creates a Bonferroni MCP table
with adjusted p-values for all pairwise comparisons . For any adjusted p-value < .05, we would reject
Ho : i; = {;, or equivalently, reject Hy : 7 = 7.

Note: 71; is the mean for treatment 7 averaged over the blocks.

¢ Summarizing the table results indicates:

Treatment E D C G A F B
LSMEAN 182.9 219.8 2559 2799 3674 555.9 5588
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SAS Code for BIBD Example

DM ’LOG; CLEAR; 0UT; CLEAR;’;

ODS GRAPHICS ON;
0DS PRINTER PDF file=’C:\COURSES\ST541\BIBD.PDF’;
OPTIONS NODATE NONUMBER;

sk e fe sk o oo o o ok s o o s o ok e ok ok s s s s o el o ko ok ok 7
*tx Balanced Incomplete Block Design *#*%;
*%x From Box, Hunter, and Hunter deok ok
SRRl el sk s o s ook o o sk sk ok ok kR ROR R stk o ok ok o 3

DATA bibd; INPUT cleth $ block wear @@; CARDS;
1 5863 1248 G 1 262 1 627

2 233 2 344 226 2 442
3 297 3 211 i80 3 261
4 196 4 300 B37 4 337
b 520 5 1989 278 5 b9b
6 196 6 369 185 6 606
T 273 T 240 602 7 396

I R < B £ I 7 B T |
[ I o B B e I
Wi m e

~N MR W R e
o B - B e [ o v

?

TITLE ’BALANCED INCOMPLETE BLOCK DESIGN (BIBD)’;

PROC GLM DATA=bibd PLOTS=(ALL); ) GeT ESTIMMES Tog
CLASS cloth block ; If_/ |NCLUDE / 50 LUTION ro

MODEL wear = block cloth . $AS CONISTRAINTS 'TQ:O ) ﬁb: ©
MEANS cloth ; BoNF ERRON MLC?
warge ! LSMEANS cloth / ADJ=BON ; -1
ﬁ;;égm;mmnum block / TEST ; i & a
Lo ESTIMATE ’cloth A effect’ cloth 6 -1 -1 -1 ~1 -1 -1 / DIVISOR=7:
FIreD, ESTIMATE ’cloth B effect’ cloth -1 6 -1 -1 -1 -1 -1 / DIVISOR=T;
ESTIMATE ’cloth C effect’ cloth -1 -1 6 -1 -1 -1 -1 / DIVISDR=7;
Yuows ESTIMATE ’cloth D effect’ cloth -1 -1 -1 6 -1 -1 -1 / DIVISOR=7;
Wy™POM™  ESTIMATE ’cloth E effect’ cloth -1 -1 -1 -1 6 -1 -1 / DIVISOR=7;
ESTIMATE ’cloth F effect’ cloth -1 -1 -1 -1 -1 6 -1 / DIVISOR=7;
ESTIMATE ’cloth G effect’ cloth -1 -1 -1 -1 -1 -1 6 / DIVISOR=T;
TITLE2 ’BLOCKS FIRST, TREATMENTS SECOND’;
RUN;

119



BALANCED INCOMPLETE BLOCK DESIGN (BIBD)
BLOCKS FIRST, TREATMENTS SECOND

e The GLM Procedure

Dependent Variable: wear

“Squares | Mes Square’| 5 Valiie |

12 | 604193.2857 50349.4405 34221 <0001

15| 22071.4286 1471.4286

f | 27 | 626264.7143

0.964757 11.09335 38.35920

97394.7143 162324524 11.03 | <.0001

TYPE & S5
V2

6 | 506798.5714 84466.4286 57.40 | <.0001

T\,: S Souree:| DF | Type 111 S8 | Mean S F Valiie | Pr >
PE 3L 55 block 6| 14570.0714 24283452 1.65 | 0.2015

S cloth 7| 615067085714 | 844664286 |  57.40 | <0001

E B Standard L
I 1 Esﬁmate Error t_—Yalue_ Pr>t|
a clothAeﬁ’ectf 21642857 189828832 | 1.14| 02721
T; ESTIMATES clothBeﬁ'ectf 213.000000 {18.9828832 | 11.22 | <.0001

ASLUMIP G 80928571 | 189828832 |  -4.74 | 0.0003
7 A -126.000000 | 18.9828832 | -6.64 | <0001
z. T; =0 {-162.857143 [ 189828832 | 858 <0001

=1 210.071429 | 189828832 11.07 | <.0001

-65.928571 | 18.9828832 -3.47 (| 0.0034

Tests of Hypotheses for Mixed Model Analysis of Variance

Variable: wear 'TREH"T B‘««OCV'S M A Bappom kFFECT

TYPeIIISS MeanSquare FValue Pr>E
7 SAME ANOVA
6 14570 2428.345238 1.65 | 0.2015
506799 saass | ora0 | <ooor [< RESV LS AS
Sl St |

ARove BecAuse

MGE 15 WBEP IM
DEMORpHTOR - _ T
ofF T-TasT 120 g e PO

1471.428571




Residual

Residual

Fit Diagnostics for wear

50 - o 2 = 25
Q o o
25 % eg”® ° 14 ®og® ° 1
a©® 5 o 0° o H
g ammcanmn -t ECARRENNN B MG
o ﬁ ° ° & o
25, s ‘14 o ? -118
50 - %o ° 2 % e 28
o o o
L] L4 i 1 I T ¥ T T T 1 ¥ T T L]
200 300 400 500 600 200 300 400 500 600 05 06 07 08 09
Predicted Value Predicted Value Leverage
5() = a 600
25 - ° 500
0 § 400+ |
E
-25 300 4
a
S0 A 200 H it neﬂm [ 5,
T ¥ T L T T ¥ L) T T T T L] T L T
2z -1 e 1 2 200 300 400 500 600 0 5 10 15 20 25
Quantile Predicted Value Observation
Distribution of wear
600 — = gau2 DATH
Ya. H BOXPLOTS
I
500 W ARNN O
TRESE-MArD
. AL poT
: vy
gJLj" ADTUSTAD
fon Buock
N 9.
= 7 ’\@ CFFRLTS.
™ &

o -
(=]

361.500000

26.7893013

571.500000

51.1631378

250.500000

19.7737199

232600000

34.9952378

184750000

17.5190373

551.500000

75.2440474

AN EN EX AN

268.750000

35.9756862

N 2Awr DATA SAMPL
(ROT ADTVUSTS Fot Block
EFFECTS )
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Adjustment for Mulfiple Comparisens: Bonferroni

L

{| 0.0002

The GLM Procedure
Least Squares Means

367.428571

558.785714

255857143

219.785714

182928571

555.857143

279.857143

L I = U B B S IREUR I ]

0.03324) 0.0028

1 0.0002

<.00(]L 0001

0.6003

LEAST Saupess (LS)
M ZAN S

( DIV STED Vue

BLoce EFFECTS)

THESE ARE WHAT TOU

WANT TO COMPALL

PONTERROM]
- MeP

0.1809 CinND CASES

i<.0001j

T e ADJVSTED

Atad (.0332

<.0801

1,0000

1.0000

+] 0.0028

<0001

1.0000

1.0000
e

1.0000

P VALLEZS €. 05

4 00003

BT Y

<0001

0.4995 | 1.0000

el REFelT  Hor

21 0.0002

1.0000

<.0001 | <.0001

<.0001

g

<.0001

iy MO D >

] 0.1809

<.0001

1.0000 | 1.0000

0.0935

Ta=Tp, T >Te ,73’7:;

wear Comparisous tor cloth

-

I_ Al

200

300 400

360

600

Differences for alpha=0.05 (Bonfermoni Adjustmeat}

.=~ Nat significan

Siguificant

Ta>Te, Ta> TF
f]‘é::Tc' , %: ,TD) TB:,TE
TB > ,TG_) 72\,:7;) {D-:fTi
TE‘TF) ‘T;::Tcr
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The GLM Procedure
Least Squares Means

Adjustment for Multiple Comparisons: Bonferroni

367.428571 1

558.785714

255.857143

182,928571
555.857143

2
3
215.785714 4
5
6
7

279857143

0.0002

0.0028

0.0003

0.0002

0.1809

<0001

<.0001

1.0000

<.0001

<0001

1.0000

0.4995

<.0001

1.0000

<.0001

1.0000

1.0000

<.0001

1.0000

<0001

0.4995

1.0000

<.0001

0.0935

1.0000

<.0001

<.0001

<0001

<.0001

<.0001 | 1.6000 | 1.0000 | 0.0935 | <0001

wear Comparisons for cloth

600 —

N g
N
AN

N

500 =
rd
e
e
00~ D .
N .
\ N
SNNN 3
001 NN\ L
NONRNOX
NN N
2004 ‘)c\ N\
SN
I
/4’ E Dc G A F 5
T Ll T L) 1
200 300 400 500 600
Differences for alpha=0.05 (Borferroni Adjustmerd)
— = Notsignificarg Significant

122




3.13.3 Mairix Forms for BIBD

o Model: yij=p+7m+8j+e; fori=1,2,3,4,5,6,7and j=1,2,3,4,5,6,7

B; ~ N(0,03)

€ij ~ N(O, 02)

-18;=0.

7
7

(7i=0 and (i) >,

7
1

o Assume (i) >;

* GO&I: Estimate [#17-1172:7-371-4)7-5:1—6:TT}ﬁl:ﬁ2,63)ﬁ4)ﬂ5’ﬁ6).87 ]'

Alternate Approach: Keeping o + b+ 1 Columns

B2 B2 Ba Bs PBs Br

T9 T3 T4 Ts Te T7 [

1

7

627
248
563
252
344
233
442

O = " D= D O OO DD O O NS M
NN = OSSO N D00 oS o M~
TSI N D AR D0 DD N

o o

CcCCcCoDL OO

DoOOoODOOoOo

coCcoooo

OO OoOC O

cCoOCcoCoCOoO o

SO0 O e~

B B B B e B e B e

OO O OO0 OO D e e

COoOCOCOOoOoOCLCO M AHOD OO

=== R B -l o B e B o Y e B BB I N e O o B B o B e B e W e O e

CoOo0O0O0OH MO0 0O0SO00DoOO0

=R Rl = e e e i - N -l e B o o Y oo B o B - W e W e Rl e W e

Lo g e e N e B oo e Bl v T T e B o B e B o Y o I o e B e Rl e W S

CODDOo0000QOCoOOoO0oCoOC oo o oo

1]

jam

o

-

it |

0 ]

=0

[y ]

F
-

-y

(== ]

OCCOmOO S

oo o -

SOoOCcCoOoOOC o

SCHOoDOOO O

COoOOO OO

SO0 0o0OSD

OO0 ~0O D

HFoO O N OO0 -HOOOO0OO0O oo Do OO0

COoOO0CDDO0OODOOCCOO O MO0 MO0 DO

OO0 OO HOOOO~0OOoOo OO

COCOoOCOoO0O0CO0O0Oo 000000 —

O D000 -HOOooOO0D O —o

OO0 00O ~O0OO0O - 00000000 -0

o OO OO 0000 O MHMOOOoO NSO

=

Lo ]

7

—
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L e
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= = e |
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Note: T
( F I'ZD)

SAL ONTPUT

MATCHE S

8
8
]

52

8 —6
8 —6
8

52 —4

E @ @ T B T R DT S

8 -6 -6
8 —6 -6
-4 —4 —4
52 4 —4

8 -6 -6
8

8 -6
8

L)

)
.

o+

OO D
OO - O
S DA -HD
O o O
O QO
0 — OO

O o= O e O~

L B o B B o B B T o]
o o o D -
Lo S o T IR o B T I ]
L B B B T B B B ]
™ e LD e e e ey
— LD e e et

D el el o e

§ -6

8 —6 -6
52 —4 -4 —4
Ny

3 -6

B

52 -4 -4 -4 —4
i

213
9.6429

—89.9286
7.5

8
27.2857

8 —6 ~6
8 6 -6 -6 -6

8 —6
82 -4 -4 -4 -4 -4 4
52 —4 —4
6429
—-126
—162.8571
210.0714
—65.9286
18.9286
—53.5
—4.8571

8

8|4 —4 -4 —4
8]-4 -4 -4 -4 —4
8|-4 -4 -4 -4 -4 —4
[ 345.7857 1 A

52|-6 -6 —6 -6

L B e B B e B R ]
ot 1Y
et = e LD e
™ o LD o e
o UY r ee — —
™ 1) = o

LD e e e e

e -HO O S
-0 0O~ ~HO
L I i I W
0 DO -
S D D —~
OO A A -

L B I B e B
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8 6 8 —6 -6
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8 8
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8

52 ~4 —4 -4 4
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8
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