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Background
• Prosody refers to the rhythmic grouping of supra-segmental linguistic units into prosodic domains (e.g., grouping

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 developed within Articulatory Phonology [3, 2], this rate modulation is the result of

varying a parameter of gestural stiffness (a result of local clock-slowing at the edges of prosodic domains; see [5]).
• At the edge of the prosodic domain, low gestural stiffness produces slow movements. Inside the prosodic domain,

high gestural stiffness produces fast movements [4, 6, 8, 1].

Hypothesis
Our hypothesis is based on two premises:
1. Gestural stiffness k is low at the edge of prosodic domains and high inside prosodic domains [4, 6, 8, 1].
2. As shown by [11, 13], gestural stiffness k is equal to the inverse square of the slope of Fitts’ law [9, 11, 10], a

linear equation relating movement time T and an index of movement difficulty Id.

T = a+
(

1√
k

)
Id (Fitts’ law)

The slope is used as a measure of information throughput [9] in human-computer interaction and ergonomics.
Premises 1 and 2 lead to the following hypothesis:

At the edge of the prosodic domain, low gestural stiffness makes the slope of Fitts’ law steep.
Inside the prosodic domain, high gestural stiffness reduces the slope of Fitts’ law.

Methods

Data
• 54 electromagnetic articulography recordings (9 participants × 6 trials/participant × 1 recording/trial) [14].
• Participants repeated a pair of words (e.g., “top-top”) in time to a metronome (1 word/beat; 170 bpm from time

0-7.5 s, increasing to 230 bpm from time 7.5-15 s).
• The pair of words consisted of two identical syllables that constituted a prosodic foot.
• Each syllable consisted of a bilabial, coronal, or velar onset stop consonant, a vowel nucleus, and a bilabial, coro-

nal, or velar coda stop consonant. Onset and coda were never identical.
• Each segment provided one data-point for statistical analysis.
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• The dependent variable was movement time (start- and end-points were defined as speed rising above and falling
below 10% peak velocity).

• The independent variable was an index of difficulty that [13] derived from the Task Dynamics model [12].

Id =−w−1

(
−W

eA

)
(index of difficulty)

– w−1 is the lower real branch of the Lambert W function [7].
– e is Euler’s number.
– A is movement amplitude: the path length from the start- to end-point of an individual movement.
– W is error tolerance: the sample standard deviation of the movement end-points relative to the centroid (calcu-

lated separately for 9 participants × 3 segments = 27 different samples).
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Linear Mixed Effects Model
• The fixed factors were foot position (levels: foot-initial, foot-final) and syllable position (levels: onset, coda).
• The random factors were participant and articulator (levels: lips, tongue tip, and tongue dorsum).
• Linear mixed effects model included all possible interactions of fixed effects and 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

Statistical finding Factors syllable position and foot position interact with index of difficulty (F(1,4589.4) = 14.77,
p = 1.23×10−4).

Implication Syllable position and foot position interacted to determine the steepness of the slope for Fitts’ law.

Details At the edge of a prosodic domain, a 1 bit increase in difficulty results on average in a 32 ms increase in move-
ment time. Inside the prosodic domain, a 1 bit increase in difficulty resulted on average in a 27 ms increase in
movement time.

Slope of Fitts’ law is steeper for onset than for coda position

Statistical finding Factor syllable position interacts with index of difficulty (F(1,4534.1) = 69.88, p= 8.28×10−17).

Implication The slope for index of difficulty was steeper for movements in syllable onset position than for movements
in syllable coda position.

Details The slope was steeper for movements in syllable onset position than for movements in syllable coda position.
Foot-initial syllable 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).

Fitts’ law holds in all cells of the experiment

Statistical finding Fitts’ law applied to constriction movements all cells of the experiment.

Implication Fitts’ law applied to broadly to movements elicited in the experiment.

Details 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).

lower lip tongue dorsum tongue tip

F
01

F
02

F
03

F
04

F
05

M
01

M
02

M
03

M
04

2 3 4 5 6 2 3 4 5 6 2 3 4 5 6

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

0.0
0.1
0.2
0.3
0.4

ID

M
T

metronome rate
slow medium fast

Significance
Confirming our hypothesis indicates a connection between linguistic prosody and the information throughput:

Information throughput is low at the edge of a prosodic domain (32 bits/s on average) and high inside the prosodic
domain (39 bits/s on average).

This finding provides an information 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.
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