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Mixed-effects design analysis for experimental phonetics
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a b s t r a c t

It is common practice in the statistical analysis of phonetic data to draw conclusions on the basis of statistical sig-

nificance. While p-values reflect the probability of incorrectly concluding a null effect is real, they do not provide

information about other types of error that are also important for interpreting statistical results. In this paper, we

focus on three measures related to these errors. The first, power, reflects the likelihood of detecting an effect that

in fact exists. The second and third, Type M and Type S errors, measure the extent to which estimates of the mag-

nitude and direction of an effect are inaccurate. We then provide an example of design analysis (Gelman & Carlin,

2014), using data from an experimental study on German incomplete neutralization, to illustrate how power, mag-

nitude, and sign errors vary with sample and effect size. This case study shows how the informativity of research

findings can vary substantially in ways that are not always, or even usually, apparent on the basis of a p-value

alone. We conclude by repeating three recommendations for good statistical practice in phonetics from best prac-

tices widely recommended for the social and behavioral sciences: report all results; design studies which will pro-

duce high-precision estimates; and conduct direct replications of previous findings.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Statistical analysis is often used to reason about scientific
questions based on a data sample, with the goal of determin-
ing “which parameter values are supported by the data and
which are not” (Hoenig & Heisey, 2001, p. 4). Researchers in
phonetics frequently reach such conclusions based on signifi-
cance: the probability, or p-value, of obtaining an effect of the
observed size (or greater), if the true effect were zero.

For example, consider a study of the effect of speech rate
on Voice Onset Time (VOT) on short-lag stops in a particular
language (e.g. Kessinger & Blumstein, 1997). The researcher
fits a statistical model (say, a simple linear regression) in which
the dependent variable is VOT, and the regression coefficient
of interest b1 is the slope of the regression line, representing
an estimate of how a unit change in speech rate impacts
VOT. A t-test is then conducted to assess whether this slope
is different from zero. Judging from the literature, many

researchers would conclude that there is an effect of rate if this
difference is significant (i.e. if p < 0:05), and that if the differ-
ence is not significant ðp P 0:05Þ, VOT is unaffected by rate.

This focus on the p-value stems from a desire to avoid
incorrectly rejecting the null hypothesis, when it is in fact true.
This is obviously to be avoided, because we do not want to
claim that an effect exists when it does not. However, p-
values provide only limited information when interpreting stud-
ies, particularly if we are trying to interpret a study in relation to
other work. To continue with the speech rate example, imagine
two studies of the effect of speech rate on VOT, one of which
finds a significant effect ðp 6 0:05Þ and one of which does
not ðp > 0:05Þ. Given only the p-values, we are not in a posi-
tion to assess which result is more plausible, since the p-
value itself does not measure the probability that speech rate
has a non-null effect on VOT. Moreover, the difference
between the p-values may not itself be statistically significant
(Gelman & Stern, 2006; Nieuwenhuis, Forstmann, &
Wagenmakers, 2011), so we cannot even conclude that there
is a meaningful difference between the two studies.

In addition to interpreting significant effects, researchers
are often interested in interpreting the lack of a significant
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effect, a so-called “null result”. The temptation is often to con-
clude that if a coefficient is not significantly different from
zero, that it does not have an effect on the dependent vari-
able. Concluding from non-significance that there is no effect
of an experimental manipulation is a well-known statistical fal-
lacy; the p-value is not the probability that the null hypothesis
is true, but rather the probability of observing an effect of a
given magnitude, or larger, assuming that the null hypothesis
is true. In order to avoid this pitfall, it is sometimes taught, or
propagated in practice, that null results cannot be interpreted
at all. However, this is not strictly speaking the case: null
results can sometimes give information about likely parameter
values or effect size—arguably the central goal of data anal-
ysis—but determining whether or not this is the case requires
considering information other than the p-value of a test
statistic.

In this paper, we discuss additional quantities that can
give useful and complementary information to p-values: the
probability of rejecting the null hypothesis assuming that it
is false (statistical power) as well as errors of magnitude
and sign in estimating effect size (Type M and Type S
errors: Gelman & Tuerlinckx, 2000; Gelman & Carlin,
2014). Using simulation studies based on real experimental
data, we illustrate three reasons researchers in phonetics
should take into account power and effect size in addition
to significance:

(1) Depending on statistical power, a non-significant result can still
be informative.
(2) Errors in estimates of effect size can be substantial even when
p-values are low.
(3) Estimates of effect size improve with power, and can be robust
even when p-values are higher than a conventional threshold, e.g.
a ¼ 0:05.

Using a case study of so-called incomplete neutralization
(hereafter IN), we illustrate how (1)–(3) can affect conclusions
drawn with respect to two questions, which are arguably
always our goal in interpreting research studies: what can we
conclude about likely values of a parameter from a single study
(Q1), as well as from a body of studies (Q2)?

This exercise provides an example of design analysis (or
design calculations; Gelman & Carlin, 2014): the use of statis-
tical tools to reason about likely outcomes (= parameter val-
ues) of replications of a study—which is generally of greater
interest than the statistical analysis of a single experiment.2

Our focus here will be on design analysis for mixed-effects
regression models, because these methods have become
increasingly common for phonetic data analysis, and also
because they can be somewhat more technically and conceptu-
ally challenging to implement. However, we note that the basic
points (1)–(3) apply to most statistical methods commonly used
to analyze phonetic data, including t-tests, classical ANOVA,
classical regressions (without random-effect terms), and
GAMMs.

None of the points we raise about power and effect size are
novel (see e.g. Brysbaert & Stevens, 2018; Button et al., 2013;
Cohen, 1988; Colquhoun, 2014; Gelman & Carlin, 2014;
Gigerenzer, Krauss, & Vitouch, 2004; Meehl, 1967;
Nieuwenhuis et al., 2011; Westfall, Kenny, & Judd, 2014;
Vasishth & Nicenboim, 2016; Judd, Westfall, & Kenny, 2017;
Vasishth & Gelman, 2017, among others), but they are not typ-
ically addressed in interpretation of phonetic data. We believe
that greater attention to these dimensions would improve the
quality of phonetic research, both in terms of research design
as well as interpretation. We hope the technical illustration pro-
vided in this paper will be of particular use to those researchers
who are interested in performing power calculations and
design analysis in the mixed-model context, but are unsure
how to go about doing so.

The remainder of this paper is organized as follows. Sec-
tion 2 provides some background on power, effect size, and
sign and magnitude errors, including the practical issue of
how to compute them. Section 3 gives a case study of incom-
plete neutralization in word-final German stops, focusing on
points (1)–(3), in the context of interpreting individual studies
(Q1) and a body of studies (Q2), using power and effect size
considerations in addition to significance. Finally, in Section 4
we conclude with some more general observations and
recommendations.

To facilitate the use of power and effect size error calcula-
tions in phonetic research, code and data files for carrying
out all analyses in this paper, as well as further worked exam-
ples, are archived as an Open Science Foundation project
(Kirby & Sonderegger, 2018a).

2. Background

In this section, we define power and effect size before
turning to considerations of power calculation, magnitude
and sign errors, and design analysis. While there exist large
literatures on each of these topics—in particular for the
behavioral and social sciences—they are not usually dis-
cussed as part of mainstream statistical analysis of phonetic
data. (For psycholinguistic data on the other hand, Vasishth
& Nicenboim (2016) cover similar topics, and our presentation
is indebted to theirs.) We aim here to briefly summarize rele-
vant concepts for our case study, and give relevant refer-
ences where interested readers can follow up to learn
more. Our case study (Section 3) provides a worked example
showing one way these concepts can be applied to the anal-
ysis of phonetic data.

2.1. Power

In considering whether there is in reality an effect of a
covariate or experimental manipulation, there are two essential
types of errors a researcher can make: falsely concluding there
is an effect when none exists (a Type I error, or “false positive”),
or falsely concluding there is no effect when one in fact exists
(a Type II error, or “false negative”). Type I errors are arguably
more familiar, and everyday statistical practice places consid-
erable emphasis on avoiding them. If a term is found to be sta-
tistically significant, many researchers would conclude from
this that a Type I error is unlikely. The Type I error rate of a

2 For example, in a study of whether there is a speech rate effect on VOT for lenis stops
in English, we are less interested in whether the coefficient for this effect is significantly
negative ðp < 0:05Þ than in what can be concluded about the true value of the speech rate
effect. By points (2) and (3), these are not the same thing.
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