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INTRODUCTION

Prosody refers to the rhythmic grouping of supra-segmental
linguistic units into prosodic domains, such as the grouping of
pairs of syllables into feet. In speech production, modulating
the rate of articulator movement marks the temporal extent
of a prosodic domain. Specifically, movement slows down
at the edge of the prosodic domain and speeds up inside the
prosodic domain. In the theory of prosody that has been de-
veloped in Articulatory Phonology (Browman and Goldstein,
1986, 1989), this rate modulation is the result of varying a pa-
rameter of gestural stiffness (a result of local clock-slowing at
the edges of prosodic domains; see Byrd and Saltzman, 2003).
At the edge of the prosodic domain, low gestural stiffness pro-
duces slow movements. Inside the prosodic domain, high ges-
tural stiffness produces fast movements (Byrd and Saltzman,
1998; Byrd et al., 2000; Edwards et al., 1991; Beckman and
Edwards, 1992).

Lammert et al. (2018) and Sorensen et al. (2020) derived that
the gestural stiffness parameter is equal to the inverse square
of the slope of a linear equation relating movement time and
an index of movement difficulty known as Fitts’ law (Fitts,
1954; Lammert et al., 2018; Kuberski and Gafos, 2019). This
theoretical derivation led to the prediction that, at the edge of
the prosodic domain, low gestural stiffness makes the slope of
Fitts’ law steep, but inside the prosodic domain, high gestural
stiffness reduces the slope of Fitts’ law. The primary con-
tribution of the present study was to confirm this prediction
empirically.

METHODS

The present study used 54 electromagnetic articulography record-
ings (9 participants × 6 trials/participant × 1 recording/trial)
from the dataset of (Tiede et al., 2019). Each recording con-
sisted of a participant repeating a pair of words in time to a
metronome (1 word/beat) for 15 s. From time 0 s to time
7.5 s, the metronome rate was 170 bpm. Metronome rate in-
creased from 170 bpm at time 7.5 s to 230 bpm at time 15
s. The pair of words consisted of two identical syllables that
comprised a prosodic foot. Each syllable consisted of a bil-
abial, coronal, or velar onset stop consonant, a vowel nucleus,
and a bilabial, coronal, or velar coda stop consonant. Onset
and coda were never identical. Each segment provided one
data-point for statistical analysis.

The dependent variable was movement time. Movement time
was the duration in seconds of an individual movement. Move-

ment start- and end-points were the times at which the speed
of sensor movement rose above and fell below 0.1vp, respec-
tively, where vp is peak velocity. The position of the sensor
was the lower lip for [p], the tongue tip for [t], and the tongue
dorsum for [k].

The independent variable was index of difficulty, calculated
as Id = −w−1(−W/eA), where w−1 is the lower real branch
of the Lambert W function (Corless et al., 1996), W is error
tolerance, e is Euler’s number, and A is movement amplitude.
Sorensen et al. (2020) derived this index from the Task Dy-
namics model of speech production (Saltzman and Munhall,
1989). Movement amplitude was the three-dimensional path
length from the start- to end-point of an individual movement.
Error tolerance was a statistic of a sample of movement end-
points corresponding to a particular participant-articulator com-
bination. We calculated separate error tolerance for 27 (9
participants × 3 segments) different samples. Error toler-
ance was the sample standard deviation of the movement end-
points relative to the centroid.

The fixed factors under experimental control were foot posi-
tion (levels: foot-initial, foot-final) and syllable position (lev-
els: onset, coda). The random factors were participant and
articulator (levels: lips, tongue tip, and tongue dorsum).

We fit a linear mixed effects model to the dependent variable
movement time. The fixed effects were independent variable
index of difficulty and factors foot position and syllable posi-
tion. The model included all possible interactions. The model
included random intercepts and slopes for index of difficulty
for each participant-articulator combination.

RESULTS

Slope of Fitts’ law is steeper at prosodic boundaries than
inside the prosodic domain The interaction of factors syl-
lable position and foot position with index of difficulty was sta-
tistically significant (F(1,4589.4) = 14.77, p= 1.23×10−4).
This indicates that syllable position and foot position inter-
acted to determine the steepness of the slope for Fitts’ law.
At the edge of a prosodic domain, a 1 bit increase in dif-
ficulty results on average in a 32 ms increase in movement
time. Inside the prosodic domain, a 1 bit increase in difficulty
resulted on average in a 27 ms increase in movement time.
Specifically, although syllable onsets did not have a signifi-
cantly steeper slope in foot-initial position than in foot-final
position (z = 2.50, p = 1.23×10−2; not significant accord-
ing to the Bonferroni-corrected α = 0.005 threshold), syllable
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codas had a steeper slope in foot-final position than in foot-
initial position (z = −2.93, p = 3.34×10−3). We inferred
that Fitts’ law had a steeper slope at the edge of the prosodic
domain (i.e., foot-initial syllable onsets and foot-final sylla-
ble codas) than inside the prosodic domain (i.e., foot-initial
syllable codas and foot-final syllable onsets).

As the slope of Fitts’ law is the reciprocal of information
throughput, the present discovery indicates a connection be-
tween linguistic prosody and the information throughput of
the motor system. Specifically, our finding implies that in-
formation throughput is low at the edge of a prosodic do-
main (32 bits/s on average) and high inside the prosodic do-
main (39 bits/s on average). This finding provides an infor-
mation theoretic basis for linguistic prosody: the consequence
of rhythmically grouping supra-segmental linguistic units into
prosodic domains is to modulate information throughput such
that time intervals of low information throughput separate time
intervals of high information throughput.

Slope of Fitts’ law is steeper for onset than for coda posi-
tion The interaction of factor syllable position with index of
difficulty was statistically significant (F(1,4534.1) = 69.88,
p = 8.28×10−17). This indicates that the slope of Fitts’ law
depended on position within the syllable. Specifically, the
slope was steeper for movements in syllable onset position
than for movements in syllable coda position. Foot-initial syl-
lable onsets had a steeper slope than foot-initial syllable codas
(z = 8.83, p = 1.04×10−18), and foot-final syllable onsets
had a steeper slope than foot-final syllable codas (z = 3.66,
p = 2.50×10−4). The present study indicated that the slope
for index of difficulty was steeper for movements in syllable
onset position than for movements in syllable coda position.

Fitts’ law holds in all cells of the experiment Fitts’ law
applied to constriction movements all cells of the experiment.
Specifically, the slope of Fitts’ law differed significantly from
zero for foot-initial syllable onsets (z= 7.88; p= 1.7×10−15),
foot-final syllable onsets (z = 7.03, p = 1.1×10−12), foot-
initial syllable codas (z= 4.49, p= 3.6×10−6), and foot-final
syllable codas (z= 5.56, p= 1.3×10−8). This confirmed that
Fitts’ law applied to movements in all cells of the experiment.
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