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ABSTRACT

This report contains a table of the expectations of mean squares in the analysis of
variance for crossed classifications and the description of the table. In an appendix the
method is outlined which was used to obtain the mean square expectations.

The table covers the two-way, the three-way and the four-way classification with
unequal but proportional as well as with equal cell numbers. The mean square expectations
(and the appropriate variance ratios for testing all nullhypotheses) are listed for all pos-
sible combinations of fixed and random effects classifications. Also, rules are given for
generating the mean square expectations for all situations in the general case of an n-way
crossed classification.
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I. Introduction

In the application of analysis of variance techniques, the expectations of mean
squares serve two essential purposes: (1) They determine the appropriate F-value for
exactly or approximately testing a stated nullhypothesis and (2) they indicate how to
estimate a given variance component. For the conceptually simplest and, at the same
time, most frequently occurring classification of statistical data, the crossed classifica-
tion (i.e., a classification into rows, columns, slices, etc., by logical reasoning), the
expectations of mean squares in the analysis of variance are commonly known provided
that there are equal numbers of replicated observations in all *‘cells’’ formed by the
classification and that the underlying model is either of the ‘“fixed effects’’ type (‘‘Model
I”’) or of the ‘‘random effects’’ type (‘‘Model II’’). Here the terms *‘fixed effects’’ and
‘‘random effects’’ relate to the classical definitions by Eisenhart (1947), i.e., in the
linear model, the effects of a given way of classification (the row effects, for example)
upon the variable under investigation are conceived to be fixed (non-random) or to have
been randomly sampled from parent infinite populations, respectively.

If one deals, however, with a three- or more-way classification with an underlying
model of the ‘‘mixed effects’’ type, say, (i.e., with a model containing both fixed and
random effects classifications) it requires, even in the case of ‘‘equal cell numbers’’,
some time to find in the literature -- if it is at all possible -- ready formulas of mean
square expectations. Some of these formulas are given, for example, by Anderson and
Bancroft (1952), Bennett and Franklin (1954), Cornfield and Tukey (1956) and 3rownlee
(1960). One reason for the said rarity seems to be the fact that various models and
methods of different degrees of complexity have been proposed and applied to this case of
mixed effects. This necessarily led to differing mean square expectations and thereby,
understandably, to some confusion. The-e facts are reviewed in the very lucid summary
paper by Plackett (1960). In the discussion of Plackett’s paper voices also arose that
the theoreticians of analysis of variance should keep closer to the needs of the practice
rather than construct highly complicated models which are theoretically right but practical-
ly of not too much use.

In the most general orthogonal case of unequal but proportional cell numbers (in
crossed classifications, see Appendix 3) few attempts have been made to develop general
formulas which would be applicable to all models; see the papers of Wilk and Kempthorne
(1956) and of Bankier and Walpole (1957). These authors use the method of sampling from
finite populations which seemed to be the only one capable of handling the derivations of
mean s quare expectations in this case of proportional cell numbers. The method, which
also in case of equal cell numbers is applied by various authors, see for example Bennett
and Franklin (1954) and Cornfield and Tukey (1956), is extremely cumbersome, however.
Moreover, in case of proportional cell numbers, it seems as if this method leads to
questionable expectations of mean squares for the fixed and the mixed effects models
(see paragraph II. 3, below).

Stimulated by these facts the author of this report felt that for the practitioner of
analysis of variance a unified and simplified underlying model and method for the deriva-
tion of mean square expectations should be employed and the expectations themselves be
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tabulated. In particular, it was thought that the model, the method and the table should
also cover the most general orthogonal cases of unequal but proportional cell numbers.

This aim was accomplished, it is believed, for n-way crossed classifications in
cases where the underlying model is of the fixed, random or mixed effects type. The re-
sults are presented in this report. Section IV contains the formulas for the expectations
of mean squares (and the appropriate variance ratios for testing all nullhypotheses) in the
analysis of variance for the two-way, three-way and four-way classification, for all three
types of models and for equal as well as unequal but proportional cell numbers. The
method used for the derivations is described in Appendix A. This method is general, how-
ever, and can be applied also to other than crossed classifications. Otherwise its appli-
cation is restricted to the *‘classical’’ cases of fixed, random or mixed effects. The ex-
pectations of mean squares when the sampling of classification effects is from finite
populations (non-exhaustive) cannot be obtained by the method.

II. Description and use of the table

11.1. Notation and linear model

The notation used in this report ‘or the expectations of mean squares and for
the method of their derivation was chosen such that on one hand the table would be as
easily readable as possible and on the other hand that the notation would not deviate too
much from that widely used in the literature.

Each criterion of claasification (into ‘‘rows’’ or ‘‘columns’® or *‘slices,”’ etc.) is
called a ‘““factor,’”’ and the classes within each classification or factor are called “‘levels’’
of that factor. This terminology is used for simplicity only, and it may well be noted that,
for example, the blocks in a randomized block design also will fall under this definition
of factor levels, the ““factor’’ being that of replications.

The factors are symbolized by capital script letters @, B, C, etc., where these
letters never represent any numerical valuc. They are used only to identify the classifica-
tions, or as arguments, for example in the term MS () = “‘mean square (of estimated level
effects) for factor @.”’

All terms related to a given factor will show this by a symbol or a subscript which
is the corresponding letter or letter type in the Latin or Greek alphabet: The numbers of
levels of the factors are 4, B, C, etc.; the general subscripts indicating the factor levels
are a, f3, 7, etc. Thus, one has

for factor @: a=1....,4;
for factor B: B=L....,B;
for factor C: y=1...., C; etc.

In the underlying linear model for the analysis of variance ‘‘true’’ factor level (or “‘main’’)
effects are denoted by small Latin letters and their respective interaction effects by
combinations of the corresponding small Latin letters. The general (true) mean is always
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called p. For example, a is the (true) effect of level a of factor (@ over the general
(true) mean p; ab,g is the interaction effect of levels a and B of factors @ and B,
respectively, etc. These factorial effects are defined in terms of expectations of the
cell responses as is shown in Appendix A. In a two-way classification, for example,
such a ““true” cell response is denoted by Xaﬁ'

In case of random sampling from infinite populations one has furthermore the nota-
tion for variances:

V[aa] = °a2 '

| 4 [abaﬁ] = aabz, etc.

For the classification ‘‘Replication within cells’’ the script letter R is used, with the
corresponding letters R, p, and r in the relating terms. By that one has, for example,
Tafp 88 the “‘residual’’ or error term in the model for a two-way classification. Here,

then, p runs from 1 to Raﬂ' where RaB is the number of replicated observations in the

cell which is determined by level a of factor I and by level B of factor B. The residual
or error term always represents the combination of unit error, unit-*‘treatment’’ interaction

and technical error. a,.2 is the residual or error variance, with the three above-mentioned

error sources.

The general subscript of an actual observation x is composed of the factor level
subscripts determining the cell in which x is observed and of p, the index of the particular
replication in that cell. Thus, for example, %aBp denotes ‘‘pth observation in cell ‘af’ of

a two-way crossed ciassification.”’

Using the terms explained before, the observation *aBp in a two-way crossed classi-

fication is then expressed by the linear model
*aBp = Xap * TaBp
=p +aa+bB +abaB + TaBp -

Correspondingly, one has for the analysis of variance of a three-way crossed classifica-
tion the following underlying model:

*aByp = XaBy * "apyp
=p+a,+ bﬁ +ey "'“baﬁ + 6cqy, + bcﬁ»y + "bcaﬂy + TaByp -

For further discussion of the model see paragraphI1.3 below and Appendix A.
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Whenever summation (of first urder terms) takes place over any one of the subscripts,
this subscript is replaced by a dot. Thus, for example, x, means the sum of all x-values

observed at level aof factor @ in a two-way classification. Correspondingly, R, means

the number of all observations made at level a . f factor . Average values are denoted,

as usual, by bars, for example, ¥, = a./Ra. means the average of all observations
made at level aof factor 4.

In the formulas for expectations of mean squares there also appear the symbols k;',
t1

k';', cr e lc;;, ky , etc. They are definedin paragraph I1.3 below. The test values F'
denote the approximate variance ratios as suggested by Cochran (1951). They are ex-
plained more fully together with the numerator and denominator mean squares (for example,
MS l((f) and 5152(6), respectively, for factor (1) in paragraph I1.4 below. An asterisk

(“*’’) attached to an F-value (sometimes additionally to the prime) indicates that this
variance ratio only approximately tests the stated nullhypothesis by distributional reasons.
This also is further discussed in paragraph I1.4 below.

All cases for which the mean square expectations and/or the variance ratios are
given in the table are marked by indicative symbols, which are explained in paragraph II.2
below. For example, *“[2.8.R]” means a two-way classification, with factor B of the
random effects type (factor (I being “‘fixed’’) and with Raﬁ = R replicated observations in

each cell. Finally, the abbreviation EMS is used for ‘‘expectation(s) of mean square(s).”’

II. 2. Scope of the table

The table given in section IV contains the EMS (expectations of mean squares) for
two-way, three-way and four-way crossed classifications when the factor levels are
either randomly sampled from infinite parent populations (*‘random effects’’) or when
they are fixed (‘“fixed effects’’) or when the factor levels are of both types together in
any possible combination (‘‘mixed effects’’). In the last case ‘‘any possible combina-
tion’’ merely means that either all factors are ‘‘random,’’ or the first factor is *‘*fixed”’
and all others are ‘‘random,’’ or the first two are ‘“fixed’’ etc., or, finally, that all
factors are ‘““fixed’”’ and none are *“‘random.”’

The formulas are given for the case of equal cell numbers R as well as for the
most general orthogonal case of unequal but proportional cell numbers. As Wilk and
Kempthorne (1956) already put it, ‘‘a case of “proportional numbers’ can arise quite
naturally when there are unequal numbers of observations corresponding to only one
factor of classification.”” Actually, the formulas for the EMS are simplified consider-
ably if one goes from the most general cases to those where corresponding to one, two or
more factors of classification the numbers are equal. Because of the fact that they can
easily be derived from the EMS for the most general cases the EMS for these ‘‘partial
proportional”’ cases, as they may be called, are not given. Naturally, the cases of
‘e qual cell numbers R'’ could equally as easily be derived from the most general ones.
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These cases are, however, extensively listed because of their frequent occurrence in
practice. Again the EMS are not given for the case R = 1 (‘‘one observation per cell”’),
because they can most simply be obtained from the cases with equal numbers R per cell.

In many situations the testing of nullhypotheses is only possible by construction
of linear combinations of mean squares for the numerator and the denominator quantities
of the variance ratio. ‘Joth quantities have to be constructed such that they will have
equal expectations if the stated nullhypothesis is true. This test procedure is only ap-
proximate, however, and sometimes requires cumbersome derivations for the approximate
variance ratio F' and its effective degrees of freedom, f; and f5. In order to save the

user of the table the burden of deriving these formulas, the appropriate test values for
all nullhypotheses, along with the necessary formulas for the degrees of freedom, have
been included in the table. 3y a matter of consistency, however, this also led to the
inclusion of well known ordinary F-values, and the author wishes to take excuse for this
from the reader.

Throughout the table the approximate test procedure of Cochran (1951) was applied.
The formulas given are more fully described in paragraph II. 4 below. The author is
aware of the fact that for four- and more-way classifications the approximations may not
be good. For the “‘partial proportional’’ cases (as they were called above and for which
the EMS are not given) only the F'- and F-values are listed. These test values show how
the situation gradually simplifies when the numbers of observations per level become
equal for one, two and more factors.

In this connection, it is worthwhile to mention that, in testing nullhypotheses
concerning main effects of or interactions between fixed factors, it makes no difference
whether or not the numbers of observations at the levzls of the fixed factors are equal,
the numbers of observations having no influence upon the proper F-values.

The estimation of variance components is easily achieved by using the formulas
for the F'- and F-values. This procedure is more fully described in paragraph II. 4 below.

Because of space limitations and practical considerations it was decided to go
only up to the four-way classification in the present table. However, the structures of
the formulas for the two-way, three-way and four-way classifications indicate sufficiently
the rules under which the EMS have to be formed for the general n-way classification.
These rules are given in paragraph II.5.

‘In order to facilitate the use of the table tabular summaries for the three classifica-
tions dealt with are given. In each of these summaries the different cases are arranged
in rows and columns according to the various models and characteristics of the cell
numbers, respectively. The column headings give the cell numbers expressed according
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to the proportionality conditions imposed upon them. These conditions are:

R, g = R for a two-way classification,
R, RoR
R = _a_“_‘ﬁ_'_'l for a three-way classification,
aBy R'2" and
R, Rg R _R
Raﬁy& - Jo ﬁ's =Y eeed for a four-way classification.

‘veee

For a derivation of these conditions see Appendix B.

Thus, if the numbers of observations at the levels of factor B in a two-way classi-

[

fication are equal, say, it implies that R'B = const. = RB and one gets for this case

R, R
R“B = aé B 5 - According to the procedure thus exemplified, the column

headings in the tabular summaries are formed.

Each case for which formulas are given is marked by an indicative symbol, which
again is shown on the page where the EMS and/orthe variance ratios are listed. A double
line frame indicates that the EMS and the variance ratios are given; a single line frame
shows that only the variance ratios are listed. The symbol is composed of three parts
which are separated by points. The first is the number 2, 3 or 4, showing the respective
number of ways of classification. The next part indicates which of the factors are
‘‘random’’ by showing the respective script letters. Thus the script letters which do not
appear are those relating to fixed effects factors. The third and last part of the symbol
either consists of the subscripts of those factors for which the numbers of replicated
observations per level are unequal, or it is simply *‘R"’ or ““1”’, indicating ‘‘R observations
in each cell’”” or “1 observation in each cell,”’ respectively. In the first case, therefore,
the small Greek letters which do notappear are those relating to factors at the levels of
which the numbers of observations are equal. For example, *“[3.8C. a]”’ means: “‘Three-
way (crossed) classification. Factor ( fixed, factors 8 and € random. Unequal numbers
of observations at the levels of factor (1, equal numbers of observations at the levels of
factors B and C.” Another example, namely [2.8.R]; was explained at the end of
paragraph II.1. It may be noted that only the typical cases.received symbols. Also
given for each one of the three classifications is a table of the corresponding mean
squares in the analysis of variance in their general form as well as in their computa-
tional form.

Again because of space limitations, the case of orthogonal contrasts in fixed
factors and their interactions with other factors is not treated in this report. However,
some remarks are made in paragraph I1.6 with reference to a later report which will cover
this subject.
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II. 3. Discussion of mean square expectation formulas

The derivation of the formulas for the expectations of mean squares (EMS) given in
this table is exemplified and shown in Appendix A for the two-way crossed classification
with unequal but proportional cell numbers. The method of derivation is based upon
defining the components of the linear model in terms of expectations of the ‘‘true’’ cell
responses. This is done by a generalized expectation operation which takes care of
both ‘‘random’’ and ‘‘fixed’’ effects. Once the terms of the linear mode!l have thus been
defined, and after some distributional assumptions concerning them are stated, no further
assumptions about them whatsoever are made for the sake of arriving at the final mean
square expectation formulas, and the latter then follow in a straightforward process. For
the special case of equal cell numbers in the two-way crossed classification with one
factor fixcd, the other random, the method used for the present table resembles in several
aspects that used by Scheffe’(1956a) in a critical paper about the mixed model. It will be
noted that in the mode! used in the present report (see Appendix A) the true interaction
effects are tied to the main effects by definition. This is a more realistic situation than

that of ‘“independent’’ interactions, as has been pointed out in another paper by Scheffe’
(1956b).

The relatively simple structure of the formulas, even in the most general cases,
may surprise the reader who is familiar with the formulas for the case of proportional
cell numbers in the paper of Wilk and Kempthorne (1956). In their “Table 3’* (‘°EMS for
special cases of a two-factor experiment’’) these authors have - besides other deviations -

oab2 appearing in the mean square expectations of both factors even if these factors are

‘““fixed.”’

A sufficient explanation for the discrepancies between the mean square expectations
obtained by these authors and the expectations in the present table may be given in con-
sidering the definition of the true factorial effects. Namely, in the case of unequal but
proportional cell numbers the usual least squares estimates of main effect- and interaction
effect-contrasts would be biased if related to Wilk and Kempthorne’s definition of the cor-
responding true contrasts. If Wilk and Kempthorne’s true effects are marked by asterisks
but otherwise the notation of the present report is retained, one gets, for example, for the
contrast of the estimates of two B factor effects, bzg and b&l with 8 # 'y in a two-way

classification with @ “fixed’’ and B “random’’:

E [’—‘..ﬁ, - %g :l

R'O - R"l
X X
* L] a ﬂﬂ a Hﬁ.
# bB -— bﬁl = -—T - .—A-—

A A

E[b;; ] b;,.]
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(Here the term on the right hand side of the inequality sign is the definition of
bﬁ - ;3' in Wilk and Kempthorne’s paper.)

In the method used in the present report the estimates of the true contrasts are un-
biased, see paragraph 2c of Appendix A.

When the cell numbers become equal the formulas for the most general cases as
given in the present table reduce - with one exception - to the familiar ones found here and
there in textbooks and papers. The only exception is that, in case of mixed models, the
interaction variance components carrying the subscript of a fixed factor are multiplied by
the ratio of the number of levels of that factor over that same number minus one. For

example in case [3.8C.R], "abz is multiplied by A_t’—i in all EMS. Because the multi-

plication by this coefficient is consistent, it does not influence the familiar procedure for

testing nullhypotheses. It has, however, an influence upon the estimation of the variance
. 2 .

components concerned (in the above example upon that of 0,5“). The explanation for the

appearance of these multipliers is as follows. In the method of sampling from finite
populations, the interaction variance in a two-way classification, say, is defined as

A* B*
Yer. - D 2y 2
("ab)F.P. T@-DET-D L o abag

Here “F.P.” stands for “‘finite populations’’ and A* and B* are the sizes of the respec-
tive populations of factor levels from which 4 and B levels, respectively, are randomly
sampled. The subtraction of 1 from both A* and B* is done in analogy to the degrees of
freedom (4=1) and (B—1) in the samples. In fact, when it comes to exhaustive sampling
in factor @ and to sampling from an infinite population in factor B, i.e., when 4 + A* and
B* + x, one deals with the classical mixed model. If, however, A = A*, it does not
make much sense to keep to the analogy of providing one degree of freedom for the esti-
mation of the mean and of subtracting it from A*, because, actually, this population
average then is ‘‘known’’ and does not have to be estimated. Therefore, if one has in
mind to make the transition A » A* it would be more logical to define

A* B*
S PP

Then, when A » A*, independently from B as long as B < B*, one has the relation,
leaving the subscript “‘F.P.”" off:

(cas®) = 721 (oab”)

This, in fact, reflects the relation between the interaction variances (mixed models)
usually found in the literature and those given in the present table, where then (o,

stands for the commonly used variance and (oabz)' for the one used in this table. (For the
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above-discussed example the definition of (oabz)l or simply of "abz in this report is

oabz =E [abe]. This definition appears to be straightforward if a random sampling

process from an infinite population is involved as is the case here for the levels of factor
B. See also Appendix A.) Comments emphasizing the adequacy of the coefficient

Alrather than that of Z%'I were also made by D. R. Cox and H. E. Daniels in the discussion
of the paper by Plackett (1960).

So far, except for the coefficients k;;, klb', “ ooy k:, k;. : ¢ etc., the formulas for the

EMS in the present table are self-explanatory after the notation has been explained in para-
graph 1.1. The k-coefficients are introduced only for the simplicity of writing. The number
of their apostrophies indicates whether they relate to the two-way, three-way or four-way
classification; their subscript indicates to which factor they belong. Thus, for example,
the k-coefficient relating to factor B in a three-way classification is defined as

B

m o 1 2
k b - R 2 ;IR-.B.

Here R.ﬁ. and R__ are the numbers of observations at level B of factor B and the total

number of observations in the whole analysis, respectively. These k-coefficients are
explicitly defined in the table for all three classifications.

The EMS for a two-way classification with proportional cell numbers when both
factors are random (case [2.@B.aB]in the present table) seem to have first been given
by H. Fairfield Smith (1951). The expectations of mean squares of H. F. Smith take on
exactly the form of those presented in this table if one replaces his terms by the symbols
of the present table as follows:

Ra.
a by ——
VR,
R
b by_:_ﬁ_

VR

A

S'aa' -= (Sa)® - SaZ by R (1 - _12_ 2 Ri.) = R, (ikg)
R, a=

5'b0' by R_ (1-ky)

N by R

p by 4 and V_ by 0,2
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g by B and Vg by o) 2
V.g b 2and V_ by 0.2
a3 ®Y %ab o %Y %" -

A final remark concems the correctness of the formulas presented. After the mean
square expectation formulas had been derived they were checked by application of the
rules for obtaining EMS’s as given in paragraph II.5 below. Complete conformity was ob-
served in all cases.

II. 4. Approximate F-tests and the estimation of variance components

The appropriate variance ratios for testing all nullhypotheses are listed in the
present table in order to save the user the burden of deriving them, especially in the
complex cases, as mentioned earlier. This listing of variance ratios may, however, also
be of help for the planning of experiments or sample surveys in that it shows under which
conditions exact F-tests will be available and under which they will not. This also is
the main reason why the F- and F':values are listed for the ‘““partial proportional’’ cases
(where the EMS are not explicitly given). By that the reader may see at a glance also in
these cases in which situation with respect to the testing of nullhypotheses he is or will

be.

The numerator and denominator quantities and their effective degrees of freedom f,
and f,, respectively, for the approximate F'-tests are given following Cochran (1951) and,

for the degrees of freedom, Satterthwaite (1946). These two quantities, which are actually
linear combinations of mean squares from the analysis of variance, are denoted (for testing

a nullhypothesis 0,2 = 0, say) by MS (@) and MS, (@), in analogy to the numerator mean
square, MS (1), in the ordinary case. The expectations of the two quantities are equal if

the Aullhypothesis is true. Thus, in the above example, £EMS, (D] = EMS, (D] if

°a2 = Ois true. The subscripts 1 and 2 always refer to the numerator and the denominator

in F', respectively.

Cochran proposes to have all coefficients positive in both the numerator and the
denominator linear combination of mean squares because such linear forms are better rep-
resented by a Type III approximation than those where some coefficients are negative.

The two quantities have always been constructed according to this suggestion. In fact,
the coefficients as given in the table for the cases of proportional cell numbers (where

the absolute value of the coefficients is not simply unity) will never be negative. This

is true because the k-coefficients, as can easily be seen, are always smaller than one, and

products like 4K}, Bk';;' «etc., as appearing in the coefficients for the residual mean square,

MS (R), are always greater than or e qual to one. (The last statement can easily be proven
geometrically.) The case in which these products are equal to one (whereby the residual

10
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mean square drops out of the corresponding linear combination because of Ak; ~ 1 = 0,

for example) arises when the numbers of observations at the levels of the corresponding

factor become equal. More explicitly, for the above example of a two-way classification:
1 2 1 n

2.2 ERG’ = -7 and thereby 4k, - 1=0.

Ra. = const. = R7— will make k:; =

The numerator quantity in F' is always such that its expectation is larger than
that of the denominator quantity if the alternative hypothesis is true.

In his above-mentioned paper Cochran discusses the accuracy of the F' ‘approxima-
tion only for the case when 3 variances (mean squares) are involved in testing a null-
hypothesis. This accuracy is rather good as shown in his Table IIl (*“True significance
probability of F' at the apparent 5% level’’). However, there can be no doubt that the
accuracy decreases considerably if many mean squares are involved in F' as is the case
in some F'-values in the four-way classification, for example. Therefore, it is recom-
mended to use the F'-values in this table, in which more than three mean squares are in-
volved, with caution. There will be no sense in keeping exactly to the 5% significance
level, say, of the F-distribution. Only a definitely significant F'-value or a definitely
non-significant F'-value will lead to a statement whether the nullhypothesis should be
rejected or not rejected, with a no-decision region of 0.01 < a < 0.10, say.

The approximate degrees of freedom f; and f, of F' will always have to be rounded

to the nearest integer in order to compare the computed F'-value with the tabled percentage
point of F.

Another type of approximation in testing nullhypothesea by variance ratios in the
analysis of variance is present if the underlying model is of the mixed effects type. In
this case all those variance ratios which test for fixed main effects and fixed or mixed
interaction effects and whose denominator quantities have expectations larger than 0,2,
the error variance, are not distributed as F under the stated nullhypothesis. This and the
fact that the nullhypothesis on the fixed factor effects in a two-way classification with
underlying mi xed model can be tested by Hotelling’s T2 has been discussed by Scheffe’
(1956a). This author, however, doubts whether the exact test procedure is worth the
extra computational labor. Later, Scheffe’(1959) almost ruled out the application of
Hotelling’s T2 for cases of mixed models in three- and more-way classifications in
saying that in these cases its use is ‘‘numerically so complicated that it is unlikely
ever to be applied in practice.” Following Scheffe’, howe ver, Imhof (1960) has given
exact test procedures for the three-way classification with one factor fixed and the other
two random.

Up to now it seems to be unknown how good the approximation of the *‘classical’’
F-values is in these situations. In the present table they are marked by asterisks (‘“*’’).
The user of this table should keep in mind the approximate character of these F-values
when applying thom to test a stated nullhypothesis. This especially will apply when
both the prime and the asterisk are attached to an F-symbol, thus indicating ‘‘double?’
approximation.
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The estimation of variance components is easily achieved with the help of the listed
F- and F'-values. As a general rule the following can be stated:

Numerator quantity of the F- Denominator
or F'-value for testing the minus | quantity of this
Estimate of corresponding nullhypothesis F- or F'-value
Variance -
Component [Coefficient of variance component to
be estimated in numerator quantity ]

Thus, for example, in cuse [3. @BC. aByl, one has as the best estimate of 002:

A MS, (@) - MS, (@)

e “R...(A-k)/U-D

For the sampling variances of variance component estimates the reader is referred to the
papers by Crump (1951), Tukey (1956), Welch (1956) and Searle (1958).

II. 5. Generalization for the n-way crossed classification

Mean square expectations for the n-way crossed classification can be induced from
those given in this table for the two-way, three-way and four-way classification. The rules
of doing this are given below. They could be separately listed for all models and for pro-
portional as well as for equal cell numbers. For the sake of simplicity, however, the
rules are given for the case of ‘“‘proportional cell numbers, all factors random’’ only, with
additional rules of how to change these formulas if one, two, or more factors are fixed.

Any case of equal numbers can then casily be obtained by equating the k-coefficients to
the reciprocals of the numbers of levels of the corresponding factors. (For example, in
the two-way classification, if there are equal numbers of observations at the levels of

factor @, one substitutes "'a. = ]1- ‘)

1 Rules for obtaining expectations of mean squares in_an_n-way crossed
classification, case of unequal but proportional cell numbers, all factors random.

la. Each mean square expectation contains the residual variance component 0,2

(with coefficient 1); further it contains all variance components (with coefficients as
described in 1b. below) with subscript combinations containing those small Latin letters
which correspond to the script letters in the designating symbol of the respective mean
square. Thus, for example, the expectation of the mean square for the first order interac-
tion|@3 in the five-way classification will contain 0,2 plus the following components

12



NWL REPORT NO. 1833

(with coefficients as indicated in 1b. below): "czzbcde' '"czlbcd’ "zbce’ “’gbde’ ”czzbc’ 035(1»

a:‘;be, and azb.

In general, in an n-way classification with all factors random, the expectation of a
mean square designated by, say, f script letters thus will contain a,.2 plus 2"-, additional
variance components related to main effects and interactions. Main effects, therefore,

are characterized by f = 1 and their expectations will contain 0,2 plus 27-1 additional
variance components.

1b. The coefficients of the 2/ variance components are obtained as follows:
Each component is multiplied by the total number of observations in the n-way classifica-
tion. (In a five-way classification, say, R is the symbol for this number.) For each
Latin letter in the subscript of the variance component which corresponds to a designating
script letter in the respective mean square, there will be a coefficient (1-k) divided by the
number of degrees of freedom corresponding to that particular script letter. Thus, in the

above example, all 8 variance components (not including 0’2) in EMS (@B)] will have

R, (L-k7Y(1-k39

(4-1(B-1)

as a common coefficient. Corresponding to all other Latin letters in the subscript the
variance component will be multiplied by a k-coefficient with that very subscript. Thus,
finally, in the above example, the coefficient of ogbcde in EIMS (@8)], say, will be

R (14 QRPN 7 7
(4-1)XB-1)

2. Rules for deriving mean square expectations from the formulas obtained under
la. and 1b. above for the case of unequal but proportional cell numbers, one factor or more
fixed, the others random.

2a. If a factor is fixed all variance components containing the corresponding
small Latin letter in their subscripts are deleted in the expectations of those mean squares
among whose designating script letters is not the script letter of the fixed factor. Thus,
in the before-mentioned example of a five-way classification, if factor C is fixed, say, the

components aﬁbcd,, azbcd' 'ozbce and aﬁbc are deleted in E[MS (@8)]. They are, how-
ever, not deleted in the expectation of MS (AC), for example.
2b. In the expectations of those mean squares among whose designating script

letters is that of the fixed factor, the coefficient (1-k) corresponding to the fixed factor
is deleted. In the above example of a five-way classification with factor C fixed,

13
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- k.:)'is thus deleted in the common multiplier of all 8 variance components (not in-

cluding 0,2) in EMS(QC)).

2c. In the expectation of the mean square due to the fixed factor the term con-
taining the corresponding variance component is replaced by the weighted sum of the
squared (true) level effects divided by the corresponding degrees of freedom. Thus, in

a.2 in EMS(@)] (after

the example, if again factor C is assumed to be fixed,
application of rule 2b.) is replaced by

-1 - 2
C-1 t Koy

y=1

—~—s2e3e.
C-1

2d. If two or more factors are fixed, rules 2a. - 2c. simultaneously apply with
respect to all fixed factors. Moreover, the terms including interaction variance components
due to fixed factors only are replaced by the corresponding weighted sums of squared
(true) interaction effects, divided by the respective degrees of freedom. Thus in the five-

vesne

way classification with factors @ and B fixed, say, the term B

EIMS (@8)] (after application of rule 2b.) is replaced by

—_] 2
@-DE-D 2 ;; Rap...%ap -
am -

II. 6. The case of orthogonal contrasts in fixed factors.

) ”abz in

In case of orthogonal contrasts in fixed factors, i.e., when the {(overall) sum of
squares for main effects of a fixed factor or for interaction effects involving one or more
fixed factors is split into independent components with one degree of freedom each, the
situation with respect to expected values and testing of nullhypothe ses is not, in general,
a priori obvious. '

However, if one deals with a fixed model it is not difficult to see that such a single
degree of freedom component will have expectation 0,.2 if the comesponding nullhypothesis
is true. This applies both for unequal but proportional and for equal cell numbers. There-
fore, in this case of a fixed model, one will have as denominator quantity in the respective
variance ratio the mean square for replications or the mean square for the highest order
interaction (if the latter can be assumed not existent), respectively, depending upon

whether or not one has replicated observations in the cells.

In the case of a mixed model with unequal but proportional cell numbers the ex-
pectations of the said orthogonal components are such that the nullhypotheses concerned
cannot be tested following the pattern given for the (overall) mean squares in this table.
The expectations of the components and adequate procedures for testing the correspond-
ing nullhypotheses will be given in a later report.

14
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The situation with respect to orthogonal contrasts simplifies to a given extent
when in case of mixed models the cell numbera are equal. This also will be discussed
in the above-mentioned later report.

15
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IV. 3 TABLE OF MEAN SQUARE EXPECTATIONS AND VARIANCE RATIOS IN THE
ANALYSIS OF VARIANCE FOR THE FOUR-WAY CROSSED CLASSIFICATION
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Description of the method used for the derivations of mean square expectations.

1. Definition of a generalized expectation.

In deriving the mean square expectations as they are listed in this report use was
made of a generalized expectation which will be defined below. This expectation opera-
tion is applied to the *‘cell’” responses which are ““true’” in the sense that they constitute
one of the two additive components in the assumed underlying model for the analysis of
variance. (The second component is the residual or error term from a normal population
with expectation zero and variance o,2.)

The generalized expectation (as well as the entire method) will be explained with
the example of the two-way crossed classification. Here, one has the model

*app = Xap * "app

where %28 is the pth observation in cell ““af’’, or: the pth observation at level a of

p
factor @ and at level B of factor B, with a = 1,...., 4, B=L....,Bandp=1,....,
Raﬁ' Raﬁ is the number of replicated observations in cell ‘“‘af’’ and is assumed to meet

R_R
the proportionality condition Raﬁ = ;.Rf—"-é » (see Appendix B.)

TaBp is the above-mentioned error term with the assumption TaBp ~ NID(O,a,.z)v.

Finally, Xaﬁ denotes the ‘“‘true’’ response of the random variable under consideration

in cell “af’, no matter whether random or fixed effects are represented by factors @ and B.
In the following, xaﬁ and its generalized expectation is defined for the three cases: la. @

and B random, 1b. @ and B fixed, 1c. @ fixed, B random.

la. Case of both factors random

Here X"ﬁ is defined as follows:

X.g = [(x,)
GB f Yy x.xa'y -yB,

where f(x,y) is a unique but unknown function of the two ““carrier variables” x and y.
These carrier variables are continuous but otherwise unspecified random variables, re-
lating to the (- and B- classification, respectively, with joint probability density func-
tion p (z,7). Thus, level a of factor @ is uniquely defined by the sampled value x = x,,

and level B of factor 8 correspondingly by the sampled value y = 78+ Now, using the
notation X‘@ﬁ - f (,:,yﬁ) » the expectation of Xgg with respect to the carrier variable x for
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any given y = g is defined as:

+ os

E[X@)ﬁ |y -7,3] - ff&.yly =yg)pxyly =ygldx .

The left hand side will be abbreviated to £ [Xuﬁ] because the above opera-
a

tion is analogous to an averaging over subscript a for any given y = 8- If forther the

marginal probability density function of y,

+ o0

Pﬁ (Y) - / P(X:y)dz

is introduced, one gets

P( x,yg)
E[Xdﬁ] / f(‘:’ﬁ) P (Y ) dx .

Because this will hold for any sampled value y = g the definition can finally be written

+ 00
(x,y)
i) - f rente
Correspondingly, one has

+ o0
g[x“ﬁ] - [ f(x.y)%’%)-d,

The expectation of xaﬁ with respect to both carrier variables x and y is defined by attach-
ing both subscripts a and S to the expectation symbol:

+ o L]
“Eb Xaﬂ] - f ./.I(x.y)p(s.y)lxdy
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In the derivations of expected mean squares repeated use must be made of the
following relation between the three above-defined expectations:

&[] - £[E [rep] | - £[zPrs]| -

This property holds if the product f(x,y) p(x,y) is continuous for (—e <% <+ 00, —c0 <y <+00).
This can readily be assumed, so that the relation will be generally valid.

Proof. One has

E [g [xaﬁ]] = E [p)],

where the random variable

+
_ (x,y)
o) = f,[(x,y)%—a&’r dy

has probability density

+ %
Palx) = fp(x,y)dy "

The expectation of ®(x), being that with respect to the carrier variable .x, will be expressed
according to the present notation by attaching the subscript @ to the expectation symbol:

E o) - f Pa)p o (x)dx

+ o0

+ 00
- plxy)
f ff(x.y )m dy pa(ﬁ)dx

+ 00 400

- f f f(ﬂ‘sy)P(’,Y)dxd)‘,
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because the sequence of integration can be interchanged if the integrand is everywhere
continuous. The last term by definition is equal to E[Xaﬁ]' so that
af

£g (ee] ] - L]

Correspondingly it can be shown that

g[f [xaﬁ]] - £ [xaﬁ] . qed

1b. Case of both factors fixed

Here the definition of XaB is:
XaB = g(xavyﬁ)

with x, and I8 being discrete but otherwise unspecified carrier variables (non-random)
which take on the values and only the values xy,...., %5 ¢+.., x4 and Ysesers
YBsesees VB respectively. g(xa,yﬁ) is another unique but unknown function of the car-

rier variables. 3ecause these are non-random, there will be no possibility of taking the
usual expectations of X“B in this case. By analogy to the usual expectations and for

later use in the model, however, the weighted averages of Xaﬁ are formed, making use of

Ra.R'.E .

the proportionality condition Raﬁ =R

rwe

E Raﬁg gy, g ERa.XaB

3Reg R.. '
IRopslrgrg)  pR.pYap
SR af " R. ’

B

EE'R“B 8l qap) _ 2 ;: RogXag

EﬂzRaB R"l *
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le. Case of one factor fixed ({1, say), the other (B) random. (Mixed model).

As a combination of cases la and 1b, here xuﬁ is defined as:

Xag = blxgy)
aﬂ ay y-yﬁ

where y =78 is a sampled value of the continuous random variable y and where x, takes
on the values and only the values x,...., 255440, 4. y has probability density
function p(y), say. A(x,y)is a third unique but unknown function of the carrier variables.

Then the expectation with respect to y is defined to be

+ oo
5["«3] - f hagy)pl)dy .

With respect to the non—random variable x, the weighted average of Xaﬁ is formed for
later use in the model:

ERth(xa,y) ERa_Xaﬁ
~ 3R 'B_ * T R.. .

By analogy of taking expectations with respect to both carrier variables the following
term is formed for later use:

+ 00

ZRoghtigy) SR, E [xaﬂ]
a a Q
—;_T——a ” piyMdy = R .

The expectations and their analogues as introduced above for the three
models will be used for the definition of the model components (section 2, below).

In deriving the properties of the model components expectations will have to
be taken also of the error term Tafp* In accordance with the notation used before, in

these cases the subscript p will be attached to the expectation symbol. It is obvious

that, for example,
£ [berase) = E[E[% wg]| -
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In this connection it may also be mentioned that the expectation “‘with respect
to p’’ applied to the actual observation %afp as expressed by the basic model, %aBp = xaﬁ
[} ”
+ 'aﬁ » leads to the ‘‘true’’ cell response:

% zaﬁp] - XCB
Finally, the definition E ['azﬂ'p] - 0,2 is used for all three models.

2.  Definitions and properties of model components.

In the following, the definition and properties of the model components are exem-
plified with the two-way classification for the random, fixed and mixed effects case. The
generalization for three- and more-way classifications can easily be made.

Generally (for all three models in the two-way classification), the true cell response
Xaﬂ will be split up into a general mean y, plus the effect of level a of factor @, plus the

effect of level B of factor B, plus the interaction effect abaﬂ' Therefore, the general
model for the two-way classification will read:

xﬂBP = aﬁ + 'aﬁp =u + aa + bB + “baﬁ + rdﬁ'p ‘.

2a. Case of both factors random

Here the following definitions are made:
w=E[xg]
% = E[¥eg] - E [%ap]
b = E[%ep] - £ [%as]
“beg = Xep = E[Xep] - E[%ap] + E [¥at]
It will be noted that

p+a¢+bp +abap-Xaﬁ
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Also it can be seen, inserting the above definitions of the model terms and making use of
the theorem on the expectation operations as proven in section 1, that:

2[eq -0

A
f[abaﬂ] -g abaﬁ] '4% abap] =0,

In the same way, the following covariances are shown to be zero:
5 loate] = EPa] Et6] - ©
A ag3bag] = f[aag abap]] -0
agp [%aapg = .ﬁg [aa_f raﬂ.P]] -0,

Correspondingly:

ab;; [bﬁabaﬁ] -agp[bﬁrapp] - agp abaBraBp] = 0..
Considering the fact that the values z, and yg of the carrier variables x and y in

X = D
af f(ﬁy)lx_xa'y "Yﬁ

are randomly sampled from continuous distributions, the covariances m (xgr x) and

gzé' (yp.yﬂo) are zero by definition. This in turn implies that
E[a9¢] = E[bg bg] =0
for afa' and B ¥ B', respectively, and

E “baﬂade]-' 0
for aB#a'B'.
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In the last statements the expectation operation is the ucual one, i.e., it is clear with
respect to which random variables the expectations will have to be taken. Definitions of
these expectation operations by attaching subscripts to the expectation symbols, analogous
to the definitions introduced before, would lead to further but actually unnecessary
formulas. The usuval expectation symbol will also be applied in all further derivations

of this appendix wherever its meaning is obvious.

Finally for this case of both factors random, the foilowing definitions are used for

the expectations of the squared model terms as they appear in the expectations of the
mean squares:

E[aa] - a¢2
E[42] = 02
E[ab2g] = o

For the F-tests in the analysis of variance only, the assumption is made that the a, bﬁ
and abaﬂ are normally distributed. (That they are also independently distributed with

expectations zero followed from their definitions as shown above.)

2b. Case of both factors fixed

For this case the model components are defined as follows:

.. 33 :szaﬁ

SR gX,g EZRgX
B “ﬂ B _ “ﬂ ﬁ aﬁ
a R.. R..

TRaXap 3 g RapYup
bB = R". - R".

IRp¥eg  EReXeg f%Raﬁxaﬁ
abog = Xeg ~—R— - "Rt K
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Again, one has

p+a +bﬁ+"b¢B'Xaﬁ .

As can readily be verified, the following relations hold:

IR, 5, =0

3R gbg = 0
5R.pt8

ERacabaﬂ - %R-.ﬁabaﬁ =0 ‘.

2c. Case of one factor (@) fixed, the other (B) random. (Mixed model).

Making proper use of both types of definitions one has for this case:

ER E[X ﬁ]
k= R-.

=R E[Xaﬁ]

% = E[Xg] - —fo—

. 3R, Xap ) X R, E[ 8]
B K.. R..

ZRaXeg R E[ o)
“bap = Xap = E[¥ap] -~ + -

As before,
p+aa+bp+abaﬂlxaﬁ

It will also be noticed that a, is no random variable, whereas bﬁ is one and ab ap | is one
for any given a.
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Here one has the following relations:

ERa.abaﬁ =0
E[2p] =0

Ela =
; baﬁ] 0

It is of importance thatBER.ﬁ bﬁ ¥ 0 and ERB abaﬁ # 0. Further it is worthwhile to
mention that the termg [bﬁ“baﬁ] does not appear in the derivations of expected mean

squares for this case. Naturally,
E lbgr = Elab_por.pn = 0,
£ (%6 7app] = E [*bap "ap]

Finally, the variances are defined for this case as follows:

([
E [ab‘fﬁ] - aﬁb ,

the latter under the assumption that E[abgﬁ] is constant for all 4 levels of the fixed
factor d.

For the F-tests only it is further assumed that the bﬁ and the “baﬁ (the latter for
all 4 levels of () are normally distributed.

For this case of the mixed model only it will be demonstrated below that the dif-
ferences between the estimates of any two main effects and the second differences
between estimates of interaction effects are unbiased. (The same property can be shown

to be valid for the estimates in the other two models and, equally, for those in three-
and more-way classifications.)

10
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As is well known, one gets as least squares estimates:

A
aa Goe voe

[]
L]
!
R

-'E.ﬁ. -x

rove

Lalb

A
abaﬂ =%p. “ . - %p. + X,

The contrasts which have to be shown to be unbiased are consequently (a # &, B ¥ 8'):

A A - -

aa - aa' - xa-- - %‘O.

A Ay

bﬁ - bﬁl - X - z‘.B,.

A A A A _ - _
abaﬂ - abdﬁ - abaﬁ' + aba‘ﬂ' = ;aﬁ. - xa.ﬁ. - Zapu.‘ + Zalﬁl'.

Making use of the model %aBp =XaB * TaBp and of the fact that for the present mixed

model the expectation of the first contrast has to be taken ‘‘with reapect to 8 and p*’
and the expectations of the other two contrasts only ‘‘with respect to p’’, one gets:

. 3 Xaﬁ +r¢ﬁ'p) > Z(Xdﬂ + 'dﬂp)
E [‘;\ - ;\'] _ﬁE'; Be Ra. - Be Rd" -
-5l -5l

-aa—-aa. ;

A A 2'2 Xaﬁ + 'aﬂ'p) pp > Xag + 7, "P)
Eb-b.]-E“P _ap
'P[ﬁ L L K

IR Xeg  ERgXep
= ]E e - ]z‘..

- ﬁ"'bpl

11
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and, correspondingly:

A A A A
ﬁ[ﬂbaﬂ - abanB - abaﬁu .+ abdp'] - X“B - Xdﬁ - Xaﬁl + Xalﬂl

- abaﬁ - abaup - “baﬂ' + abapﬂl

3. Derivation of EMS-formulas.

In this section the derivation of the formulas for the mean square expectations will
be exemplified with the case of the mixed effects model, i.e., the case of factor A fixed,
factor B random. This example will show all essential principles of the derivations
which have been applied to obtain all expectations contained in the table of this report.

First, the average values of the actnal observations %8p Bre expressed in terms of
. P
the underlying model,

‘aﬁ'p =p+a+ bﬁ + “baﬁ + TaBp

using the dot-notation for the summation over a subscript:

;‘lﬁ- B +ag+ bﬂ + “baﬁ +7;5&

ap
2R pb 3R pab
-B7B -B™af
fa"=,¢+aa+B ) +B T +%

K+ b

N
»
[ ]

+ R'.ﬂ

3R gbg

r
x—"-O-F.’.%— +F

(In these expressions use has already been made of the relations 3R
ERa.“baﬂ = 0 as they were found in paragraph 2c, above.) @

2% =0 and

12
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Substituting the above expressions for the averages in the mean square terms one gets:

£ [us@] - & 130 G, - 7.0
1 grehe . r
=E[1?1§R (“ M S sl R_)]

After performing the squaring and summation and in using the definitions and relations
from paragraph 2c, above, one gets:

2R%g
E[MS(@)] = 0 + n-éraab +an a

. RE 1 2
= o, +T1_0“b +Z:1-§Ra.a¢ ’

with /q';"' k—z-g.Rzﬁ .

The last form is that which is given for case [28.aB] in the table of this report.

Further one has:

EIMS(®)]| = E g -%.)
[ ],,.p 7T 3R.8 Gp. ?

ERBbB r r 9
“pp | FT B R.plts - — “%”‘:)]

-B
1
=2 + B-1 (R... "_R—B ) )"bz
R.. (143

-0,2 +——-§—:1—-——ob

2

13
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Correspondingly, the other two expectations are obtained:

R, (1-kp)
_ 2 ‘o b 2
£[us@®)] - o + Gy o

E[Ms®) ] = 0,2

14
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Proportionality conditions for cell numbers in crossed classifications.

In order to obtain an orthogonal decomposition of the total sum of squares in the
analysis of variance for crossed classifications with unequal numbers of observations in
the cells, all sums of products have to be identically zero. This only is achieved when
the so-called proportionality condition holds for the cell numbers. The condition will be
derived below for the two-way crossed classification; the generalization to three- and
more-way classifications can easily be obtained.

In the notation of this report one has for the decomposition of the total sum of
squares in a two-way classification with unequal cell numbers RaB:

Eﬁzf (xaﬁp - ?".)2 = (orthogonal sums of squares)
+ (sums of products).

In the second part on the right hand side it is sufficient to consider the sum

2% g_ Rig G, - %, )Eg - % )-

The basic condition for this sum to be identically zero is that the two summations
over a and 8 can be performed independently, i.e., it must be

RaB - Rl (G) Rz(ﬁ) .
However, ERl (a) (%, ~ %_), say, is identically zero only if R} (a) = CR,_, with

C = const., because of

_ _ xﬁvo z""
IR (@G, ~F,) =C ERa-<T" " K, >- o

Then, from

it follows that

Rg=CRR B,
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or:

Rg
Rz(ﬂ) =er—— .

ve

Finally, therefore, the condition reads:

Ra. R.ﬁ
T

R

This, in fact, is a *‘proportionality condition’ because it is equal to

R R
_Ra:fi = —R.% , or in words:

““The number Raﬁ of observations in cell ‘af’ must be to the marginal total R, as the

marginal total R..ﬁ is to the total number R of all observations.”

Correspondingly, the conditions for the three- and four-way classifications can be
shown to be, respectively:

R - Rau R'oﬁo R'Ody
aBy R 2
and
R._ R R R
_ Qeve '.B'.‘- -"y. vee 8
Raﬁy8 h R 3

‘eore

In gencral, one will have for the n-way classification:

RWI(ICC. 'o) R'-¢2('nu 'o) ."'..R('-du .) %
MR REL

where ¢y, Pgs ++¢ » 9, denote the level subscripts for factors 51, 52, caney 3"n, respectively.
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