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Symbols:
⇒
≡

rxy or rx. y

implies
is equivalent to
mean of a set of values of x
error
Greenhouse–Geisser correction (see p. 25)
Huynh–Feldt correction (see p. 25)
mean
population correlation
sample correlation
correlation between x and y

ry.a , b, c

multiple correlation between y and (a, b, c)

ry.( x| z )

semipartial correlation between y and x, having partialled out z (see
p. 100)
partial correlation between y and x, having partialled out z (see p.
100)
sum of (see p. 209)
population standard deviation of X
sample standard deviation of X
population variance of X

x

ε
εˆ
ε~
µ
ρ
r

ry. x| z
∑
σX
sX
σ X2
s 2X
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sample variance of X

Additive model. In within-subjects ANOVA, a structural model that assumes
the effects of within-subjects treatments are the same for all subjects.
ANCOVA. Analysis of covariance: an ANOVA that uses a covariate as a predictor variable.
ANOVA. Analysis of variance. See p. 8→ for an explanation of how it works.
A priori tests. Tests planned in advance of obtaining the data; compare post hoc
tests.
Balanced ANOVA. An ANOVA is said to be balanced when all the cells have
equal n, when there are no missing cells, and if there is a nested design, when
the nesting is balanced so that equal numbers of levels of the nested factor appear in the levels of the factor(s) that they are nested within. This greatly simplifies the computation.
Between-subjects (factor or covariate). If each subject is only tested at a single
level of an independent variable, the independent variable is called a betweensubjects factor. Compare within-subjects.
Carryover effects. See within-subjects.
Categorical predictor variable. A variable measured on a nominal scale,
whose categories identify class or group membership, used to predict one or
more dependent variables. Often called a factor.
Continuous predictor variable. A continuous variable used to predict one or
more dependent variables. Often called a covariate.
Covariance matrix. If you have three variables x, y, z, the covariance matrix,
x
y
z
2

σx
cov xy cov xz 
x

 where covxy is the covariance of
denoted ∑, is Σ =
σ y2
cov yz 
y cov xy
z cov xz cov yz
σ z2 

x and y (= ρxyσxσy where ρxy is the correlation between x and y and σx is the variance of x). Obviously, cov xx = σ x2 . It is sometimes used to check for compound
symmetry of the covariance matrix, which is a fancy way of saying
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σ x2 = σ y2 = σ z2 (all numbers on the leading diagonal the same as each other). and
cov xy = cov yz = cov xz (all numbers not on the leading diagonal the same as
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•
•
•

•
•
•
•

•

•
•

each other). If there is compound symmetry, there is also sphericity, which is
what’s important when you’re running ANOVAs with within-subjects factors.
On the other hand, you can have sphericity without having compound symmetry; see p. 25→.
Conservative. Apt to give p values that are too large.
Contrast. See linear contrast.
Covariate. A continuous variable (one that can take any value) used as a predictor variable.
Degrees of freedom (df). Estimates of parameters can be based upon different
amounts of information. The number of independent pieces of information that
go into the estimate of a parameter is called the degrees of freedom (d.f. or df).
Or, the number of observations free to vary. For example, if you pick three
numbers at random, you have 3 df — but once you calculate the sample mean,
x , you only have two df left, because you can only alter two numbers freely;
the third is constrained by the fact that you have ‘fixed’ x . Or, the number of
measurements exceeding the amount absolutely necessary to measure the ‘object’ (or parameter) in question. To measure the length of a rod requires 1
measurement. If 10 measurements are taken, then the set of 10 measurements
has 9 df. In general, the df of an estimate is the number of independent scores
that go into the estimate minus the number of parameters estimated from those
scores as intermediate steps. For example, if the population variance σ2 is estimated (by the sample variance s2) from a random sample of n independent
scores, then the number of degrees of freedom is equal to the number of independent scores (n) minus the number of parameters estimated as intermediate
steps (one, as µ is estimated by x ) and is therefore n – 1.
Dependent variable. The variable you measure, but do not control. ANOVA is
about predicting the value of a single dependent variable using one or more
predictor variables.
Design matrix. The matrix in a general linear model that specifies the experimental design — how different factors and covariates contribute to particular
values of the dependent variable(s).
Doubly-nested design. One in which there are two levels of nesting (see nested
design). Some are described on p. 159→.
Error term. To test the effect of a predictor variable of interest with an
ANOVA, the variability attributable to it (MSvariable) is compared to variability
attributed to an appropriate ‘error term’ (MSerror), which measures an appropriate error variability. The error term is valid if the expected mean square for the
variable, E(MSvariable), differs from E(MSerror) only in a way attributable solely to
the variable of interest.
Error variability (or error variance, σ e2 ). Variability among observations that
cannot be attributed to the effects of the independent variable(s). May include
measurement error but also the effects of lots of irrelevant variables that are not
measured or considered. It may be possible to reduce the error variability by accounting for some of them, and designing our experiment accordingly. For example, if we want to study the effects of two methods of teaching reading on
children’s reading performance, rather than randomly assigning all our students
to teaching method 1 or teaching method 2, we could split our children into
groups with low/medium/high intelligence, and randomly allocate students
from each level of intelligence to one of our two teaching methods. If intelligence accounts for some of the variability in reading ability, accounting for it in
this way will reduce our error variability. Within-subjects designs take this principle further (but are susceptible to carryover effects).
Expected mean square (EMS). The value a mean square (MS) would be expected to have if the null hypothesis were true.
F ratio. The ratio of two variances. In ANOVA, the ratio of the mean square
(MS) for a predictor variable to the MS of the corresponding error term.
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Factor. A discrete variable (one that can take only certain values) used as a
predictor variable. A categorical predictor. Factors have a certain number of
levels.
Factorial ANOVA. An ANOVA using factors as predictor variables. The term
is often used to refer to ANOVAs involving more than one factor (compare oneway ANOVA). Factorial designs range from the completely randomized design
(subjects are randomly assigned to, and serve in only one of several different
treatment conditions, i.e. completely between-subjects design), via mixed designs (both between-subjects and within-subjects factors) to completely withinsubjects designs, in which each subject serves in every condition.
Fixed factor. A factor that contains all the levels we are interested in (e.g. the
factor ‘sex’ has the levels male and female). Compare random factor and see p.
31.
Gaussian distribution. Normal distribution.
General linear model. A general way of predicting one or more dependent
variables from one or more predictor variables, be they categorical or continuous. Subsumes regression, multiple regression, ANOVA, ANCOVA, MANOVA, MANCOVA, and so on.
Greenhouse–Geisser correction/epsilon. If the sphericity assumption is violated in an ANOVA involving within-subjects factors, you can correct the df for
any term involving the WS factor (and the df of the corresponding error term)
by multiplying both by this correction factor. Often written εˆ , where 0 < εˆ ≤
1. Originally from Greenhouse & Geisser (1959).
Heterogeneity of variance. Opposite of homogeneity of variance. When variances for different treatments are not the same.
Hierarchical design. One in which one variable is nested within a second,
which is itself nested within a third. A doubly-nested design (such as the splitsplit plot design) is the simplest form of hierarchical designs. They’re complex.
Homogeneity of variance. When a set of variances are all equal. If you perform an ANOVA with a factor with a levels, the homogeneity of variance assumption is that σ 12 = σ 22 = … = σ a2 = σ e2 , where σ e2 is the error variance.
Huynh–Feldt correction/epsilon. If the sphericity assumption is violated in an
ANOVA involving within-subjects factors, you can correct the df for any term
involving the WS factor (and the df of the corresponding error term) by multiplying both by this correction factor. Often written ε~ , where 0 < ε~ ≤ 1. Originally from Huynh & Feldt (1970).
Independent variable. The variables thought to be influencing the dependent
variable(s). In experiments, independent variables are manipulated. In correlational studies, independent variables are observed. (The advantage of the experiment is the ease of making causal inferences.)
Interaction. There is an interaction between factors A and B if the effect of
factor A depends on the level of factor B, or vice versa. For example, if your
dependent variable is engine speed, and your factors are ‘presence of spark
plugs (Y/N)’ (A) and ‘presence of petrol (Y/N)’ (B), you will find an interaction such that factor A only influences engine speed at the ‘petrol present’ level
of B; similarly, factor B only influences engine speed at the ‘spark plugs present’ level of B. This is a binary example, but interactions need not be. Compare
main effect, simple effect.
Intercept. The contribution of the grand mean to the observations. See p. 65.
The F test on the intercept term (MSintercept/MSerror) tests the null hypothesis that
the grand mean is zero.
Level (of a factor). One of the values that a discrete predictor variable (factor)
can take. For example, the factor Weekday might have five levels — Monday,
Tuesday, Wednesday, Thursday, Friday. We might write the factor as Weekday5
in descriptions of ANOVA models (as in ‘Tedium = Drowsiness2 × Weekday5 ×
S’), or write the levels themselves as Weekday1 …Weekday5.
Levene’s test (for heterogeneity of variance). Originally from Levene (1960).
Tests the assumption of homogeneity of variance. If Levene’s test produces a
‘significant’ result, the assumption of homogeneity of variance cannot be made
(this is generally a Bad Thing and suggests that you might need to transform
your data to improve the situation; see p. 34).
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Liberal. Apt to give p values that are too small.
Linear contrasts. Comparisons between linear combinations of different
groups, used to test specific hypotheses. See p. 75→.
Linear regression. Predicting Y from X using the equation of a straight line:
Yˆ = bX + a . May be performed with regression ANOVA.
Logistic regression. See Howell (1997, pp. 548-558). A logistic function is a
sigmoid (see www.mathworld.com). If your dependent variable is dichotomous
(categorial) but ordered (‘flight on time’ versus ‘flight late’, for example) and
you wish to predict this (for example, by pilot experience), a logistic function is
often better than a straight line. It reflects the fact that the dichotomy imposes a
cutoff on some underlying continuous variable (e.g. once your flight delay in
seconds — continuous variable — reaches a certain level, you classify the flight
as late — dichotomous variable). Dichotomous variables can be converted into
variables suitable for linear regression by converting the probability of falling
into one category, P(flight late), into the odds of falling into that category, using
P( A)
odds =
, and then into the log odds, using the natural (base e) logarithm
P(¬A)
loge(odds) = ln(odds). The probability is therefore a logistic function of the log

eln( odds )
, so performing a linear regression on the log
1 + eln( odds )
odds is equivalent to performing a logistic regression on probability. This is
pretty much what logistic regression does, give or take some procedural wrinkles. Odds ratios (likelihood ratios), the odds for one group divided by the odds
for another group, emerge from logistic regression in the way that slope estimates emerge from linear regression, but the statistical tests involved are different. Logistic regression is a computationally iterative task; there’s no simple
formula (the computer works out the model that best fits the data iteratively).
Main effect. A main effect is an effect of a factor regardless of the other factor(s). Compare simple effect; interaction.
MANCOVA. Multivariate analysis of covariance; see MANOVA and ANCOVA.
MANOVA. Multivariate ANOVA — ANOVA that deals with multiple dependent variables simultaneously. Not covered in this document. For example,
if you think that your treatment has a bigger effect on dependent variable Y2
than on variable Y1, how can you see if that is the case? Certainly not by making
categorical decisions based on p values (significant effect on Y1, not significant
effect on Y2 — this wouldn’t mean that the effect on Y1 and Y2 were significantly different!). Instead, you should enter Y1 and Y2 into a MANOVA.
Mauchly’s test (for sphericity of the covariance matrix). Originally from
Mauchly (1940). See sphericity, covariance matrix, and p. 25.
Mean square (MS). A sum of squares (SS) divided by the corresponding number of degrees of freedom (df), or number of independent observations upon
which your SS was based. This gives you the mean ‘squared deviation from the
mean’, or the ‘mean square’. Effectively, a variance.
Mixed model. An ANOVA model that includes both between-subjects and
within-subjects predictor variables. Alternatively, one that includes both fixed
and random factors. The two uses are often equivalent in practice, since Subjects is usually a random factor.
Multiple regression. Predicting a dependent variable on the basis of two or
more continuous variables. Equivalent to ANOVA with two or more covariates.
Nested design. An ANOVA design in which variability due to one factor is
‘nested’ within variability due to another factor. For example, if one were to
administer four different tests to four school classes (i.e. a between-groups factor with four levels), and two of those four classes are in school A, whereas the
other two classes are in school B, then the levels of the first factor (four different tests) would be nested in the second factor (two different schools). A very
common example is a design with one between-subjects factor and one withinsubjects factor, written A × (U × S); variation due to subjects is nested within
variation due to A (or, for short-hand, S is nested within A), because each subject is only tested at one level of the between-subjects factor(s). We might write
this S/A (‘S is nested within A’); SPSS uses the alternative notation of S(A).
See also doubly-nested design.
odds: probability =
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Nonadditive model. In within-subjects ANOVA, a structural model that allows
that the effects of within-subjects treatments can differ across subjects.
Null hypothesis. For a general discussion of null hypotheses, see handouts at
www.pobox.com/~rudolf/psychology. In a one-way ANOVA, when you test
the main effect of a factor A with a levels, your null hypothesis is that µ1 = µ2 =
… = µa. If you reject this null hypothesis (if your F ratio is large and significant), you conclude that the effects of all a levels of A were not the same. But if
there are >2 levels of A, you do not yet know which levels differed from each
other; see post hoc tests.
One-way ANOVA. ANOVA with a single between-subjects factor.
Order effects. See within-subjects.
Overparameterized model. A way of specifying a general linear model design
matrix in which a separate predictor variable is created for each group identified
by a factor. For example, to code Sex, one variable would be created in which
males score 1 and females score 0, and another variable would be created in
which males score 0 and females score 1. These two variables contain mutually
redundant information: there are more predictor variables than are necessary to
determine the relationship of a set of predictors to a set of dependent variables.
Compare sigma-restricted model.
Planned contrasts. Linear contrasts run as a priori tests.
Polynomial ANCOVA. An ANCOVA in which a nonlinear term is used as a
predictor variable (such as x2, x3…, rather than the usual x). See Myers & Well
(1995, p. 460).
Post hoc tests. Statistical tests you run after an ANOVA to examine the nature
of any main effects or interactions you found. For example, if you had an
ANOVA with a single between-subjects factor with three levels,
sham/core/shell, and you found a main effect of this factor, was this due to a
difference between sham and core subjects? Sham and shell? Shell and core?
Are all of them different? There are many post hoc tests available for this sort of
purpose. However, there are statistical pitfalls if you run many post-hoc tests;
you
may
make
Type
I
errors
(see
handouts
at
www.pobox.com/~rudolf/psychology) simply because you are running lots of
tests. Post hoc tests may include further ANOVAs of subsets of your original
data — for example, after finding a significant Group × Difficulty interaction,
you might ask whether there was a simple effect of Group at the ‘easy’ level of
the Difficulty factor, and whether there was a simple effect of Group at the ‘difficult’ level of the Difficulty factor (see pp. 20, 39→).
Power of an ANOVA. Complex to work out. But things that increase the expected F ratio for a particular term if the null hypothesis is false increase power,
MS predictor SS predictor × df error
. Bigger samples contribute to a larger
and F =
=
MSerror
SS error × df predictor

df for your error term; this therefore decreases MSerror and increases the expected F if the null hypothesis is false, and this therefore increases your power.
The larger the ratio of E(MStreatment) to E(MSerror), the larger your power. Sometimes two different structural models give you different EMS ratios; you can use
this principle to find out which is more powerful for detecting the effects of a
particular effect (see p. 73→). For references to methods of calculating power
directly, see p. 102.
Predictor variable. Factors and covariates: things that you use to predict your
dependent variable.
Pseudoreplication. What you do when you analyse correlated data without accounting for the correlation. A Bad Thing — entirely Wrong. For example, you
could take 3 subjects, measure each 10 times, and pretend that you had 30 independent measurements. No, no, no, no, no. Account for the correlation in your
analysis (in this case, by introducing a Subject factor and using an appropriate
ANOVA design with a within-subjects factor).
Random factor. A factor whose levels we have sampled at random from many
possible alternatives. For example, Subjects is a random factor — we pick our
subjects out of a large potential pool, and if we repeat the experiment, we may
use different subjects. Compare fixed factor and see p. 31.
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Regression ANOVA. Performing linear regression using ANOVA. A simple
linear regression is an ANOVA with a single covariate (i.e. ANCOVA) and no
other factors.
Repeated measures. Same as within-subjects. ‘Repeated measures’ is the more
general term — within-subjects designs involve repeated measurements of the
same subject, but things other than subjects can also be measured repeatedly. In
general, within-subjects/repeated-measures analysis is to do with accounting
for relatedness between sets of observations above that you’d expect by chance.
Repeated measurement of a subject will tend to generate data that are more
closely related (by virtue of coming from the same subject) than data from different subjects.
Robust. A test that gives correct p values even when its assumptions are violated to some degree (‘this test is fairly robust to violation of the normality assumption…’).
Sequence effects. See within-subjects.
Sigma-restricted model. A way of specifying a general linear model in which
a categorical variable with k possible levels is coded in a design matrix with k –
1 variables. The values used to code membership of particular groups sum to
zero. For example, to code Sex, one variable would be created in which males
score +1 and females –1. Compare overparameterized model.
Simple effect. An effect of one factor considered at only one level of another
factor. A simple effect of A at level 2 of factor B is written ‘A at B2’ or ‘A/B2’.
See main effect, interaction, and pp. 20, 39→.
Source of variance (SV). Something contributing to variation in a dependent
variable. Includes predictor variables and error variability.
Sphericity assumption. An important assumption applicable to within-subjects
(repeated measures) ANOVA. Sphericity is the assumption of homogeneity of
variance of difference scores. Suppose we test 5 subjects at three levels of A.
We can therefore calculate three sets of difference scores (A3 – A2), (A2 – A1),
and (A3 – A1), for each subject. Sphericity is the assumption that the variances
of these difference scores are the same. See p. 25→.
Standard deviation. The square root of the variance.
Structural model. An equation giving the value of the dependent variable in
terms of sources of variability including predictor variables and error variability.
Sum of squares (SS). In full, the sum of the squared deviations from the mean.
See variance. Sums of squares are used in preference to actual variances in
ANOVA, because sample sums of squares are additive (you can add them up
and they still mean something) whereas sample variances are not additive unless
they’re based on the same number of degrees of freedom.
t test, one-sample. Equivalent to testing MSintercept/MSerror with an ANOVA

with no other factors (odd as that sounds). F1,k = t k2 and t k = F1,k . See inter-

•

cept.
t test, two-sample, paired. Equivalent to ANOVA with one within-subjects
factor with two levels. F1,k = t k2 and t k = F1,k .

•

t test, two-sample, unpaired. Equivalent to ANOVA with one between-

subjects factor with two levels. F1,k = t k2 and t k = F1,k .

•

•

Variance. To calculate the variance of a set of observations, take each observation and subtract it from the mean. This gives you a set of deviations from the
mean. Square them and add them up. At this stage you have the sum of the
squared deviations from the mean, also known as the sum of squares (SS). Divide by the number of independent observations you have (n for the population
variance; n–1 for the sample variance; or, in general, the number of degrees of
freedom) to get the variance. See the Background Knowledge handouts at
www.pobox.com/~rudolf/psychology.
Within-subjects (factor or covariate). See also repeated measures. If a score is
obtained for every subject at each level of an independent variable, the independent variable is called a within-subjects factor. See also between-subjects.
The advantage of a within-subjects design is that the different treatment conditions are automatically matched on many irrelevant variables — all those that
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are relatively unchanging characteristics of the subject (e.g. intelligence, age).
However, the design requires that each subject is tested several times, under different treatment conditions. Care must be taken to avoid order, sequence or carryover effects — such as the subject getting better through practice, worse
through fatigue, drug hangovers, and so on. If the effect of a treatment is permanent, it is not possible to use a within-subjects design. You could not, for example, use a within-subjects design to study the effects of parachutes (versus no
parachute) on mortality rates after falling out of a plane.
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A very good statistics textbook for psychology is Howell (1997).
Abelson (1995) examines statistics as an technique of argument and is very
clear on the logical principles and some of the philosophy of statistics.
Keppel (1991) is a fairly hefty tome on ANOVA techniques. Winer (1991) is
another monster reference book. Neither are for the faint-hearted.
Myers & Well (1995) is another excellent one. Less fluffy than Howell (1997)
but deals with the issues head on.

There is also an excellent series of Statistics Notes published by the British Medical
Journal, mostly by Bland and Altman. A list is available at
www.mbland.sghms.ac.uk/pbstnote.htm
and the articles themselves are available online from
www.bmj.com
This series includes the following:

•

•
•
•
•
•
•
•
•
•
•
•
•

The problem of the ‘unit of analysis’ (Altman & Bland, 1997). Correlation and
regression when repeated measurements are taken, and the problem of pseudoreplication (Bland & Altman, 1994a). The approach one should take to measure correlation within subjects (Bland & Altman, 1995a) and correlation between subjects (Bland & Altman, 1995b).
Why correlation is utterly inappropriate for assessing whether two ways of
measuring something agree (Bland & Altman, 1986).
Generalization and extrapolation (Altman & Bland, 1998).
Why to randomize (Altman & Bland, 1999b), how to randomize (Altman &
Bland, 1999a), and how to match subjects to different experimental groups
(Bland & Altman, 1994b).
Blinding (Day & Altman, 2000; Altman & Schulz, 2001).
Absence of evidence is not evidence of absence — about power (Altman &
Bland, 1995).
Multiple significance tests: the problem (Bland & Altman, 1995c).
Regression to the mean (Bland & Altman, 1994e; Bland & Altman, 1994d).
One-tailed and two-tailed significance tests (Bland & Altman, 1994c).
Transforming data (Bland & Altman, 1996b) and how to calculate confidence
intervals with transformed data (Bland & Altman, 1996c; Bland & Altman,
1996a).
ANOVA, briefly (Altman & Bland, 1996), and the analysis of interaction effects (Altman & Matthews, 1996; Matthews & Altman, 1996a; Matthews &
Altman, 1996b).
Comparing estimates derived from separate analyses (Altman & Bland, 2003).
Dealing with differences in baseline by ANCOVA (Vickers & Altman, 2001).

Finally, there’s an excellent on-line textbook (StatSoft, 2002):
www.statsoft.nl/textbook/stathome.html
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