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Abstract

Anticipatory coarticulation has been reported to be affected by
word form frequency. However, it remains unclear whether fre-
quency effect also modulates carry-over (perseverative) coar-
ticulation. To investigate the interaction of word form frequency
effect and carry-over/anticipatory coarticulations, ultrasound
imaging was performed on the articulation of the vowel [a:] in
German verbs. Effects of coarticulation were induced by con-
trolling the verb’s suffixes and preceding pronouns. Contrary
to the standard tongue contour analysis, we analyzed whole ul-
trasound images using Generalized Additive Models. We found
more fronted tongue root, lower tongue body, and higher tongue
tip in low-frequency words. By contrast, high-frequency words
showed a more rounded tongue shape. This was reflected by the
middle part of the tongue to be higher and the tongue root more
retracted in high frequency words in comparison to low fre-
quency words. These findings indicate more optimized tongue
movements for higher frequency words.

Keywords: coarticulation, ultrasound, frequency, generalized
additive mixed models

1. Introduction

According to classical models of speech production such as
WEAVER++ (Roelofs 1997) or the spreading-activation model
(Dell 1986), morphologically complex words are built from dis-
crete sub-word units. This means that no representation of the
whole word plays arole. Accordingly, WEAVER++ predicts that
a lexical property such as whole word frequency should not co-
determine phonetic realizations of a word (see also Levelt and
Wheeldon 1994; Levelt, Roelofs, and Meyer 1999). Contrary
to this prediction, recent studies have reported word form fre-
quency effect on phonetic realizations (Gahl 2008; Pluymaek-
ers, Ernestus, and Baayen 2005; Tomaschek, Wieling, et al.
2013; Tomaschek, Arnold, et al. 2018).

More specifically, Tomaschek, Tucker, et al. (2018) in-
vestigated the articulation of the stem vowel [a:] in German
verbs. They found that word form frequency modulated the
u-shaped articulatory trajectory of the vowel. These modula-
tions reflected two articulatory constraints: one constraint fa-
voring smooth trajectories through anticipatory coarticulation
(Sosnik et al. 2004) and one favoring clear articulation by realiz-
ing lower minima (Lindblom 1990). The predominant pattern in
low-frequency words was the constraint of clarity. In medium-
frequency words, the smoothness constraint led to a raising of
the trajectory. In high-frequency words, both constraints were
observed, reflected by low minima and stronger coarticulation.

The study by Tomaschek, Tucker, et al. (2018) controlled
for the phonetic context following the stem vowel and its effects
of anticipatory coarticulation. However, the phonetic context
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preceding the stem vowel was not controlled for, thus neglecting
carry-over effects (Ohman 1966; Song et al. 2013).

The present study closes this gap. It aims at examining
word form frequency effect on coarticulation patterns, taking
into anticipatory and carry-over coarticulations.

2. Methods
2.1. Recording

The material for the present study consisted of 126 German
verbs with the stem vowel [a:]. To control for coarticulation
effects, verbs were articulated in two pronoun conditions (‘sie’
[zi], ‘ihr’ [ire]) and two suffix conditions. Verbs were mono-
syllabic when combined with the suffix [-t] and disyllabic when
combined with the suffix [-n]. As can be seen in Table 1, the
pronoun-by-suffix combinations created four conditions. 20
native German speakers were paid 10€ for their participation
in this experiment. Recordings were performed in the sound
attenuated chamber at the University of Tiibingen. Midsagit-
tal tongue images during articulating the target words were
recorded using ultrasound imaging (Articulate Assistant Ad-
vanced (AAA) (Articulate Instruments Ltd. 2012)). The trans-
ducer was placed under the chin and kept in place by means of
a headset.

Table 1: Four combinations of pronouns and suffixes with an ex-
ample verb malen ([ma:l(o)n] “paint”). Combinations between
the vowel in the pronoun and the suffix are created as tags for
the conditions (highlighted in bold).

Suffix
Pronoun [-t] [-n]
[-i-a:-t] [-ir-a-n]
[-i:] sie malt sie malen
[zi: ma:lt]  [zi: mal(o)n]
[-ie-a:-t] [-ie-a:-n]
[-ie] ihr malt wir malen
[ie ma:lt]  [vie mal(o)n]

2.2. Preprocessing data

To normalize for different sizes of oral cavity among partici-
pants, ultrasound frames were cropped at the following bound-
aries (cf. Figure 1): (A) the border between the skin part on the
bottom and the mylo-/genio-hyoid muscles, (B) the right edge
of the hyoid shadow in the left side of images, (C) the max-
imum height of the tongue body during [k], and (D) the left
edge of the mandible shadow in the right side of images. These
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cropping-points were determined for each participant.

Figure 1: Cropping points with the mouth front to the right.

To reduce the size of the data and thus estimation time of
fitting statistical models, the recorded ultrasound images were
averaged pixel-wise across speakers for each pronoun-by-suffix
condition. In each recording, five frames were selected within
the stem vowel, so that they correspond roughly to T=0.00 (the
onset of the stem vowel), 0.25, 0.50, 0.75, and 1.00 (the offset
of the stem vowel). For each of these time points, the recorded
ultrasound images were averaged pixel by pixel across partici-
pants in each pronoun-suffix combination.

2.3. Statistical analysis

Typically, ultrasound images are analyzed by spline curves fit-
ted on tongue surface curves (Stone, Goldstein, and Zhang
1997; Davidson 2006; Dawson, Tiede, and Whalen 2016;
Noiray et al. 2019) This method provides detailed informa-
tion about tongue surface movements but misses considerable
amount of information from other parts in ultrasound images.

In order to make use of as much information as pos-
sible in ultrasound images, we propose a different analysis
method in the present study. We analyze the whole ultra-
sound image using Generalized Additive Mixed-effects Models
(GAMMs, Wood 2011). To this end, the “pyult” python pack-
age was developed (Saito 2020). The package provides func-
tions for preprocessing ultrasound images for fitting GAMMSs
in an R environment. Source code and details are available in
https://github.com/msaito8623/pyult.

GAMMs can estimate non-linear relationships between a
dependent variable and one or multiple numeric predictors. As
the dependent variable in the present study, brightness values of
pixels were adopted. Pixels’ x- and y-coordinates were treated
as predictors, in addition to an interaction between pronoun-by-
suffix condition and frequency.

Individual models were fitted to the recorded ultrasound im-
ages at time steps T = 0.00 (the onset of the stem vowel), 0.25,
0.50, 0.75, 1.00 (the offset of the stem vowel).

2.4. Interpretation of GAMM Results

As explained above, we fitted the brightness values in the ultra-
sound images as a function of their x- and y-coordinates. Fig-
ure 2 demonstrates how ultrasound images are reflected in the
GAMM analysis. Figure 2a and b illustrate the shape of the
tongue surface in two pseudo-speakers. In Figure 2c, the av-
eraged ultrasound image, which is averaged across two pseudo
speakers, is presented. Note that the average picture is brighter
where the trajectories from the two pseudo-speakers overlap,
but dimmer where they diverge. The GAMM fit to the average
image is illustrated in Figure 2d by means of a colored surface
plot, where red color represents higher brightness, dark green
to navy represent lower brightness, and yellow to light green
represent middle brightness in the input ultrasound image.
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(a) (b)

Figure 2: Example of how variance is reflected in GAMMs.
(a & b) Pseudo-speaker 1 & 2. (c) Average between the two
pseudo-speakers. (d) GAMM on (c). Red represents brighter
and dark green to navy darker pixels in the input ultrasound
image. Greater positional uncertainty results dimmer (green)
colors in the GAMM.

This example demonstrates that greater variance in tongue
position between speakers is reflected by less bright pixels in the
input ultrasound image (Figure 2c) and by wider and dimmer
green areas in the surfaces plot (Figure 2d). This means that red
in the surface plot represents low uncertainty about the tongue’s
position in the ultrasound image across speakers (and trials);
wider and dimmer regions in the surface plot represent higher
uncertainty about the tongue’s position.

In the next section, we first discuss the effects of the pro-
nouns and the suffixes on the tongue position, which we regard
as controls of phonetic context on the articulation of [a:]. Ul-
trasound images for each phonetic context are obtained keeping
the frequency value to its median. Then we present the effects
of word frequency. For the presentation, we binned word fre-
quency to high and low, which correspond to 90% and 10%
quantile points.

3. Results
3.1. Coarticulation with pronouns and suffixes

The fan-shaped surface plots in Figures 3a and 3b illustrate
the effects of carry-over coarticulation at the onset of the stem
vowel (T = 0) from the ending vowels of the pronouns, i.e. [-i:]
vs [-ie]. Figure 3c illustrates the difference.

\ g

(a) [-iz] (b) [-ie] (¢) (a) - (b)

Figure 3: Effects of carry-over coarticulation from the vowels
(a) [-i:] and (b) [-ie] in the pronouns. (c) Difference between
the two conditions.

We observe warmer colors in the [-i:] condition and less
warmer colors in the [-ie] condition in the area of the tongue
body/root (highlighted by red circle). This is supported by the
difference plot (Figure 3c) that shows warmer colors in this re-
gion. Since the difference in brightness is in the same location
in both pronoun conditions, this indicates that the uncertainty
among speakers about the location of the tongue is higher in the
[-ie] condition than in the [-i:] condition (cf. Figure 2). In other
words, when the verb is preceded by ‘ihr’ [ie], there is more
variability in the tongue body/root at the onset of [a(:)] than
when the verb is preceded by ‘sie’ [zi:].

Figure 4 demonstrates the effects of anticipatory coarticu-
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lation of the suffixes [-t] and [-n] at the offset of stem vowels
(T=1.00).

\ "

(c) (@) - (b)

Figure 4: Effects of anticipatory coarticulation (a) [-n] and (b)
[-t] suffixes. (c) Difference between the two conditions.

We observe the warmer-colored region extending down-
ward in the [-t] condition (‘A’ in Figure 4b) than in the [-n]
condition (Figure 4a), supported by the strong difference in the
difference plot. By contrast, the tongue tip/blade region is fo-
cused towards the palate in the [-n] condition (‘C’ in Figure 4a).

The differences in the tongue tip/blade region are reflected
by differences in the tongue body/root region. The tongue
body/root region is less warmer in the [-t] condition ("B’) than
in the [-n] condition, indicating higher uncertainty about the
tongue’s location in the [-t] condition.

The differences between the conditions indicate that there
is a higher certainty that speakers placed their tongue tip at the
palate when anticipating upcoming [-n] than when anticipating
upcoming [-t]. This finding furthermore indicates that there is
a greater variability between speakers in the anticipation of [-t]
than in the anticipation of [-n].

3.2. Frequency effect

Among the time steps each of which a GAMM model was fitted
to, T=0.75 showed the most pronounced effect of the frequency
effect. Due to the lack of space, we focus on this time step in
the present paper.

Effects of word frequency are illustrated in Figure 5 with
the different pronoun-by-suffix conditions as different rows.
High and low frequencies are in the first and second columns.
Color coding is the same as in Figure 2.2. The third column
represents the differences between high and low frequency, ob-
tained by subtracting the estimates for low frequency from the
estimates for high frequency.

Cond. Freq:High Difference

Freq:Low

A—p——

[-i-ai-t]

[-ir-ar-n]

[-ie-ai-t]

[-ie-a:-n]

Figure 5: Fitted ultrasound images at T=0.75.

In the difference plot, ‘A’ represents roughly the location of
the tongue middle, ‘B’ that of the tongue back, and ‘C’ that of
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the tongue root. As can be seen, the regions ‘A’, ‘B’, ‘C” appear
in warmer colors, indicating that the corresponding regions are
in warmer colors in high frequency than low frequency.

The regions ‘D’ and ‘E’ appear in darker colors, indicating
that the estimated images for high frequency words are darker in
these regions. These changes in brightness indicate systematic
differences in tongue position between high and low frequency
words, independent of the pronoun-by-suffix conditions.

‘Warmer colors in the regions ‘A’ and ‘B’ in images for high
frequency words indicate that the tongue middle to back tends to
be higher in high frequency words than in low frequency words.
The difference in height is also reflected by darker colors in the
difference plots at the region ‘D’. Furthermore, warmer colors
in the difference plots in the region ‘C’ indicate that the tongue
root was retracted in high frequency words and fronted in low
frequency words.

Finally, we observe darker colors in the region ‘E’. Darker
colors in the difference plots represent brighter pixels in the cor-
responding region in the estimated ultrasound images of low
than high frequency. Since the region ‘E’ is located roughly at
the tongue tip, the region ‘E’ is indicating the tongue tip tends
to be higher and closer to the palate in low frequency than in
high frequency.

Figure 6 highlights these differences between high and low
frequencies. For this, the first author recorded two tongue posi-
tions, one in resting position (6a) and the other when the tongue
tip was pushed forward (6b). As can be seen in Figure 6b,
the fronting movement of the tongue pulls the hyoid shadow
(the shadow in the left side of ultrasound images) also forward
(towards the right side of the images). The appearance of the
shadow is reflected by darker colors in the area of the tongue
back in Figure 6b, which is in turn mirrored by the correspond-
ing region with warmer colors in the difference plot (Figure 6c¢).
At the same time, the tongue tip is lifted slightly to be pushed
forward, which creates the dark region in the top right corner of
the difference plot (Figure 6¢).

\

Bigge
Shadow

(a)

Figure 6: (a) Tongue in the resting position, (b) when fronted,
and (c) the difference between (a) and (b).

4. Discussion

The present study aimed at replicating and extending the find-
ings by Tomaschek, Tucker, et al. (2018), who investigated the
effect of word frequency on articulatory trajectories in [a:] stem
vowels in German verbs by means of electromagnetic articulog-
raphy. They reported greater clarity for low frequency words
and smoother tongue trajectories for high frequency words dur-
ing anticipatory coarticulation of [a:] with suffixes. The present
study used ultrasound to investigate the effect of word fre-
quency while controlling for carry-over and anticipatory coar-
ticulations.

The present study observed greater uncertainty about the
location of tongue back/root at the onset of the stem vowel for
the pronoun condition [-ie] than [-ii]. Furthermore, while an-
ticipatory coarticulation is observed in both suffix conditions
([-n] and [-t]), the tongue tip/blade positions were more vari-
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able when the upcoming suffix was [-t]. In line with the DIVA
model (Guenther 2016), these results indicate different degrees
of variability for an articulatory gesture ([a:]) depending on the
context. According to the DIVA model, articulatory movements
aim for targets defined by a higher-dimensional auditory and so-
matosensory maps. As a result of the experience with varying
context, these maps differ in the size of the potential target re-
gions. For example, while [t] allows different landing places
along the palate, it is highly restricted in its vertical position.
DIVA acknowledges that due to experience, sequences of mul-
tiple gestures can form a chunk, thus accounting for learning.

Accordingly, and in line with Tomaschek, Tucker, et al.
(2018), the present study observed systematically different
coarticulation strategies at the offset of the stem vowel in words
of high and low frequency. The study finds higher tongue tip,
lower tongue middle and back, in addition to fronted tongue
root in low frequency words as compared to high frequency
words (Figure 5). The shape of the tongue for low frequency
words is closer to the canonical articulation of alveolar phones,
in which the tongue tip is actively involved and raised to touch
the ceiling, attempting clearer articulation (Figure 7).

Typically, effects of frequency (and probability) are in-
terpreted as effects of informativity associated with reduction
(Aylett and Turk 2004; Jaeger 2010). Due to the complex pat-
tern of articulatory strategies, the present results do not support
only reduction in relation to higher frequency. Rather, we in-
terpreted these results in line with Tomaschek, Tucker, et al.
(2018) and Tomaschek, Arnold, et al. (2018). They indicate
that word frequency represents a measure of accumulated prac-
tice on a particular sequence of articulatory gestures, which is
reflected by smoother tongue trajectories while enabling faster
and more complex movements when necessary. In other words,
practice makes perfect.

Low High
Freq. Freq.

Figure 7: Schematized comparison between tongue shapes in
low and high frequencies.
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