Word frequency, vowel length and vowel quality in speech production:
An EMA study of the importance of experience
Fabian Tomaschek, Martijn Wieling, Denis Arnold and Harald Baayen
Quantative Linguistics, University of Tübingen
fabian.tomaschek@uni-tuebingen.de, wieling@gmail.com,
denis.arnold@uni-tuebingen.de, harald.baayen@uni-tuebingen.de

Abstract
A frequently replicated finding is that higher frequency words
tend to be shorter and contain more strongly reduced vowels.
However, little is known about potential differences in the
articulatory gestures for high vs. low frequency words. The
present study made use of electromagnetic articulography to
investigate the production of two German vowels, [i] and [a],
embedded in high and low frequency words. We found that
word frequency differently affected the production of [i] and
[a] at the temporal as well as the gestural level. Higher
frequency of use predicted greater acoustic durations for long
vowels; reduced durations for short vowels; articulatory
trajectories with greater tongue height for [i] and more
pronounced downward articulatory trajectories for [a]. These
results show that the phonological contrast between short and
long vowels is learned better with experience, and challenge
both the Smooth Signal Redundancy Hypothesis and current
theories of German phonology.
Index Terms: articulography, vowels, word frequency, length,
quality, learning.

Wasser, lassen, Staffel

[a] long HF

Vater, Name, Laden

[i] short HF

Bitte, sitzen, Zimmer

[i] long HF

wieder, diese, niemand

[a] short LF

Masse, Tarnung, Stamm

[a] long LF

Pfad, Status, Tafel

[i] short LF

Bischof, Stille, Schilde

[i] long LF

Meeting, Dealer, Liebste
Table 1. Word material

2. Stimuli and methods
2.1. Stimuli
A total of 24 real German words (Table 1) with stress on
the first syllable were used as stimulus material and
selected according to the following parameters:
• The vowel in the stressed syllable was either high [i] or low
[a] and was crossed with phonological length (short, long).
The two variants of [i] are distinguished both by acoustic
duration and by vowel height. The two variants of [a] are
distinguished by duration only [12, 13].
• The consonantal context of the vowel in each of the words
was CVC with the places of articulation being coronal-Vcoronal, coronal-V-labial or labial-V-coronal (e.g. Laden
'shop', Name 'name', Vater 'father').
• Furthermore, words were differentiated by frequency. For
each vowel, three HF and three LF words were selected
based on the spoken frequency extracted from the CELEX
database [14]. Frequency was log transformed (range: 1.8
to 7.4). The median log-frequency from CELEX served as
the boundary between HF and LF words.

1. Introduction
It is well known that how often a word is pronounced affects
its phonetic form. High frequency (HF) words tend to have a
lower number of segments [1] and shorter acoustic durations
[2] as well as a higher probability of deleting a segment [3, 4]
than low frequency (LF) words.
In English, HF words have been shown to contain more
centralized and shorter vowels than LF words [5]. In addition,
the vowel space in HF words is more contracted than in LF
words [6, 7]. These effects are explained by the Smooth Signal
Redundancy hypothesis [8, 9]: More frequent words have a
higher probability of occurrence and hence carry less
information. Under the assumption that it is important to keep
the amount of information per time unit constant in a noisy
channel, frequent words would have shorter acoustic
durations.
Previous studies concentrated on acoustic measurements
such as the duration of a segment/word or indirect measures of
vowel height such as formant values in the center of the
vowel. In order to assess directly the dynamics of vowel
production (see e.g. [10] and [11] for the effect of formant
changes as a function of time in English) the present study
focused on the articulatory movements of the tongue
associated with the production of the vowel in HF and LF
words. The central question motivating the present study is:
Do tongue movements reveal less articulatory detail with
increasing frequency of occurrence? We addressed this
question through an investigation of the articulatory gestures
of the German vowels [i] and [a].

PREPRESS PROOF FILE

[a] short HF

2.2 Recording method
All recordings were conducted in a sound proof booth at the
Department of Linguistics of the University of Tübingen. A
total of 11 native German subjects (mean age: 22.9, sd = 3.1,
number of females = 6) were instructed to read aloud the
stimuli presented in pseudo random order. Each word
appeared three times in the list.
Articulatory movements of the tongue were recorded with
the NDI wave articulograph at a sampling frequency of 100
Hz. Simultaneously, the audio signal was recorded (Sampling
rate: 22.05 kHz, 16bit) and synchronized with the articulatory
recordings. To correct for head movements and to define a
local coordinate system, a reference sensor was attached to the
subjects' forehead. In addition, three sensors were placed on
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the tongue: slightly behind the tongue tip (TT), at the tongue
middle (TM) and the tongue body (distance between each
sensor: ~ 2cm). Before the tongue sensors were attached, a bite
plate recording was made to determine the rotation from the
local reference to a standardized coordinate system (defined
by the bite plate). During this recording, the subject was
instructed to bite on a plastic card to which three sensors in a
triangular configuration were attached.

Intercept
Length
VowCat
WordFreq
WF*Length

The recorded positions of the tongue sensors were centered at
the midpoint of the bite plate and rotated in such a way that the
front-back direction of the tongue was aligned to the x-axis
with more positive values towards to the front of the mouth,
and more positive z-values towards the top of the oral cavity.
Movement trajectories were low-pass filtered at 15 Hz with a
Butterworth-filter in line with [15].
To determine segment boundaries, the audio signal was
automatically aligned with phonetic transcriptions by means of
a Hidden-Markov-Model-based forced aligner for German
[16]. Alignments were manually verified and corrected where
necessary. The onset and offset time points of each vowel in
every word were used to identify the movement trajectories of
the three tongue sensors.

3. Analysis and results

edf [i]

p-value [i]

edf [a]

p-value [a]

TB long HF

10.7

<0.0001

12.9

<0.0001

TM long HF

6.7

<0.0001

6.0

<0.0001

TT long HF

12.7

<0.0001

11.9

<0.0001

TB short HF

11.6

<0.0001

10.7

<0.0001

TM short HF

1.0

0.012557

4.6

<0.0001

TT short HF

11.6

<0.0001

12.5

<0.0001

TB long LF

13.1

<0.0001

13.2

<0.0001

TM long LF

1.0

0.0002

5.0

<0.0001

TT long LF

11.3

<0.0001

11.2

<0.0001

TB short LF

13.7

<0.0001

11.6

<0.0001

TM short LF

6.6

<0.0001

4.1

<0.0001

TT short LF

9.4

<0.0001

11.3

<0.0001

Random
Effect

37.0

<0.0001

61.0

<0.0001

Vertical movement trajectories were analyzed by means of
generalized additive models (GAMs) [19]. So far, GAMs have
not been used to analyze articulation data. They are, however,
perfectly suited to analyze this type of data because they allow
the modeling of nonlinear relationships between the predictor
and the dependent variable. The non-linearity is modeled by a
cubic spline, i.e. a set of smooth, connected cubic
polynomials. Increasing the number of knots – the points
where the polynomials are connected – allows the spline to be
more ‘wiggly’. The exact wigglyness is measured by the
estimated degrees of freedom (edf) invested in the spline.
Since the duration of each vowel will differ from utterance to
utterance per person and depending on vowel height [18] and
vowel length [12], vowel duration was normalized between 0
and 1. Separate splines were fitted by using of the mgcv
package for R [19] to the vertical sensor position in
normalized time for each of the combinations of sensors (TB,
TM, TT), vowels ([i], [a]), phonological length (short, long)
and word frequency (HF, LF). A maximum of 20 knots was
allowed and proved to be sufficient.

180

vowel duration in ms

Factor level

3.2. Vertical movement trajectories

In order to investigate the effect of word frequency on vowel
duration, a mixed-effect regression analysis was conducted
with vowel duration as the response variable using the lme4
package for R [17], and as predictors word frequency (HF,
LF), length (short, long) and vowel ([i], [a]), using treatment
coding (reference levels in bold). Subjects and words were
included as a random-effect factors. The results of the analysis
are presented in Table 2 and Figure 1. Length yielded a
significant main effect. Short vowels were 83 ms shorter than
long vowels. Additionally, vowel category affected vowel
duration with [i] vowels being 45 ms shorter than [a] vowels.
These effects were in line with previous findings and therefore
expected [12, 18]. Interestingly, length interacted with word
frequency: in HF words, long vowels became longer whereas
short vowels became shorter as compared to LF words. As a
consequence, there was a large durational distinction between
long and short vowels in HF words. No other interactions have
been found.

160
140
120

Long
Short
Word frequency

t-value
14.4
-5.3
-3.7
-1.3
2.4

Table 3: GAM results fitting the tongue movements of [i] and
[a] across the length/frequency conditions.

3.1. Vowel duration

HF

Std.Error
13ms
15ms
11ms
16ms
23ms

Table 2: Mixed-effect model predicting vowel duration

2.3. Preprocessing

100

Estimate
198
-82ms
-44ms
-21ms
55ms

LF

Figure 1: Effects of word frequency on vowel duration.
HF=high frequency, LF=low frequency words
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Figure 2: Vertical movement trajectories for [i]. Lo = long, Sh = short vowel. TT: tongue tip, TM: tongue middle, TB: tongue body.
Solid line: high frequency, dashed line: low frequency, dotted line = differences between high and low frequency.
Grey lines: 95% CI. The scale for the dotted line is shown on the right vertical axis.
short vowels than long vowels across all sensors (Figure 2).
The effect was strongest for the TM sensor. In line with [23],
the differences in tongue height for [a] were much reduced as
compared to [i]. Nevertheless, short [a] is consistently higher
than long [a]. In addition, the two length categories differ by
the gesture toward the following consonant: in the short vowel
it started earlier than in the long vowel. In other words: the
vowel target was reached earlier. For a thorough analysis of
vowel length in articulography, see [24, 25].

Since the exact tongue movements might differ across
subjects due to different morphologies of the oral cavity, bysubject random smooths for normalized time were included.
These random smooths have the same function as the
combination of random intercepts and random slopes in a
standard linear regression analysis. The model is summarized
in Table 3, where edf measures the effective degrees of
freedom, providing an index of the wigglyness of each spline.
More wiggly curves require more edfs. The GAM for [i]
explained 88.9% of the variance in vowel height and revealed
mostly non-linear tongue trajectories (two linear relationships:
for TM short HF and TM long LF). The GAM for [a]
explained 88.3% of the variance in vowel height and
supported only non-linear trajectories.
To clarify the effect of word frequency, Figures 2 and 3
show tongue height trajectories for the different constellations
of sensors and vowel length. In each figure, the solid line
represents the trajectory associated with HF words, while the
dashed line shows the trajectory belonging to LF words. The
dotted line visualizes the difference between the two curves.
Each regression curve is presented together with its 95%
confidence interval (CI). The difference between HF and LF
trajectories is significant wherever its 95% CI does not contain
zero. A detailed description of this approach can be found in
[20-22].

3.2.2. Effects of word frequency on trajectories
Word frequency affected the [i] trajectories in both length
categories (short, long) and across all sensors. The 95% CI
around the dotted line never crosses zero (Figure 2). In other
words, [i] was produced higher, i.e. more tense, in HF words
than in LF words. The vertical difference between the
trajectories for high and low frequency words were larger for
short [i] than for long [i] (Figure 2, upper vs. lower panel).
For the [a] trajectories, the main effect of word frequency was
much reduced. Differences can still be observed at most
sensors at the onset and offset of the vowel, with a larger
displacement of the tongue in HF words compared to LF
words. In short vowels, differences are present only in the
offset. Furthermore, the gesture towards the following
consonant was initiated earlier in HF words than in LF words.
The tongue reached nearly the same minimum at the center of
the vowel for both HF and LF words. As a consequence, high
frequency words have a more pronounced articulatory
trajectory with greater tongue displacement.

3.2.1. Effects of vowel length
As expected, vowel length predicted the height of the [i]
trajectory. The tongue position was lower while producing
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Figure 3: Vertical movement trajectories for [a]. Lo = long, Sh = short vowel. TT: tongue tip, TM: tongue middle, TB: tongue body. #
Solid line: high frequency, dashed line: low frequency, dotted line = differences between high and low frequency.
Grey lines: 95% CI. The scale for the dotted line is shown on the right vertical axis.
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language change according to which sound changes spread
through a language’s lexicon on a word by word basis [29].
The susceptibility of specifically lower frequency words to
undergo phonological change [30] may in part be due to the
lesser degree to which native contrasts have been acquired for
these words.

4. Discussion
It has been widely observed that more frequent words tend to
have shorter acoustic durations and have fewer segments [1, 2,
26]. According to the Smooth Signal Redundancy Hypothesis,
shorter realizations of higher frequency words are necessary to
smooth the amount of information carried by the speech signal
[8, 9]. The present study investigated differences in the
realizations of vowels in high and low frequency German
words using articulography. The pattern of results obtained
challenges both the Smooth Signal Redundancy Hypothesis as
well as current phonological theories of the German vowel
system. The pattern of results points to the importance of
experience for learning phonological contrasts, on a word by
word basis.
With respect to acoustic duration, we found that the
distinction between long and short vowels is enhanced in high
frequency words and reduced or even neutralized in low
frequency words (Figure 1). The effect of greater frequency is
that long vowels become longer and short vowels become
shorter. In other words: the contrast between long and short
vowels is enhanced by experience.
With respect to the articulator trajectories, we observed
higher positioned trajectories for [i] in high frequency words
in contrast to low frequency words, and more pronounced Ushaped trajectories for [a]. This pattern also supports the idea
that the contrast between short and long vowels becomes
enhanced with experience. It is well known that children
underarticulate as compared to adults due to the lack of
practice (see [27] and citations therein). It takes considerable
practice to master the fine muscle control of the articulatory
apparatus. Our data suggests that the effect of practice is
visible within an age group as a function of experience with
individual words.
The Smooth Signal Redundancy Hypothesis predicts that
higher frequency words should have a shorter acoustic
durations. However, we observed more precise differentiation
between long and short vowels in high frequency words,
which gave rise to longer instead of shorter acoustic durations
for [i] and [a]. Orthogonal to the principle of least effort [1]
and orthogonal to the Smooth Signal Redundancy principle,
the present data indicates that experience is a double edged
sword. On the one hand, experience allows for reduction. But
on the other hand, experience also trains for more precise
execution. Our articulatory record shows that for highly
practiced words more extreme articulatory trajectories are
executed in terms of height ([i]) and displacement ([a]).
Phonological theories of German have sought to take one
feature as primary (e.g. duration) and infer the other feature by
rules (e.g. quality) [13, 28]. The way that experience
modulates acoustic duration and tongue height suggests that
the phonological feature of vowel length and vowel quality are
intrinsically interconnected. Furthermore, from a phonological
perspective one would expect that that the reduction of the
durational distinction for low frequency [i] would be
compensated for by a greater distinction in vowel height.
However, our data do not provide strong support for such a
compensatory process: the only sensor for which tongue
height is lower in low frequency words with short vowels is at
the tongue tip, which has little effect on the location of the first
formant.
Our finding that the phonological contrast between long
and short vowels is realized differentially across the lexicon
depending on frequency of use fits well with theories of
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