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Abstract

Dynamical systems are useful for bridging discrete and contin-
uous aspects of speech. In this paper, we compare the ability
of two models, critically-damped oscillators and General Tau
Theory, to predict gestural landmarks.

Predictions of the two models were compared with each
other and with original kinematic data. The data consisted of
electromagnetic articulography recordings of Tibetan collected
as part of Geissler (2021). In addition to the landmarks-based
approach, this study also uses a a language with a different
phonological typology.

As compared to results from kinematic thresholds, the
critically-damped oscillator model tended to predict that land-
marks would take place earlier in time and closer to the tar-
get. The General Tau model generally predicted that landmarks
would take place later and farther from the target. These re-
sults highlight the differences in, and invite further comparison
on, the trajectory shape generated by the two models.
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1. Introduction

The mathematics of dynamical systems has proven to be a fruit-
ful way to relate continuous and discrete properties of speech
(Iskarous 2017; Miicke, Hermes, and Tilsen 2020). In this pa-
per, we compare the ability of two models, critically-damped
oscillators and General Tau Theory, to predict individual points
in kinematic data.

Articulatory movements have been modeled as critically-
damped mass-spring oscillators by Saltzman and Munhall
(1989) in Task Dynamics. Among the benefits of this approach
is the ability to describe intergestural timing in terms of phase,
and to coordinate gestures by coupling the oscillators, as in
Nam and Saltzman (2003).

More recently, Elie, Lee, and Turk (2023) have applied
General Tau Theory to speech. This model, adapted from work
on non-speech motor control, is based on the time-to-closure of
"gaps" rather than mass-spring systems. Elie, Lee, and Turk
(2023) found that a Tau-based approach compared favorably to
coupled-oscillator implementations when fitting kinematic data.
That study globally compared the fit of several models to a cor-
pus of electromagnetic articulography (EMA) data of English
speech.

The present study instead focuses on experimental stimuli
collected to study gestural timing, and uses a typologically-
different language, Tibetan. We test coupled-oscillator and
General Tau models by fitting each to articulatory trajecto-
ries, then comparing their predictions for specific points that
are commonly used as landmarks for characterizing articula-
tory gestures. Our findings highlight advantages of each model,
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and demonstrate how differences in the curves translate to dif-
ferences at salient kinematic landmarks.

2. Methods

Predictions of the two models—critically-damped oscillators and
General Tau Theory—were compared with each other and with
original kinematic data. Data and code are available on OSF:
https://osf.io/x34sa/

2.1. Kinematic data

The data consisted of electromagnetic articulography record-
ings collected as part of Geissler (2021). Six native speakers
(four female) of Tibetan living in and around New York City
participated in the experiment. All speakers were multilingual,
and all speakers were raised in Tibetan diaspora communities in
India and Nepal.

Stimuli consistent of Tibetan words elicited in a carrier sen-
tence, presented on a screen in the Tibetan orthography. Target
syllables were word-initial and consistent of /m/ followed by
the vack vowels /u o a/. The target words were preceded by
the vowel /i/ in the carrier sentence in order to facilitate iden-
tification of vowel retraction. Target syllables were balanced
to include both high and low tone, presence/absence of a coda
consonant, and occured either in one-syllable words or as the
first syllable in a two-syllable word.

EMA sensors were placed on the upper and lower lips,
lower incisor, tongue tip, dorsum, and blade. Consonant ges-
tures were identified as the closing of the lips, and the vowel
gesture was identified as the retraction of the tongue dorsum.
Gestural landmarks, depicted in Figure 1, were calculated in
Mview (Tiede 2005), and the position, velocity, and timestamp
of each landmark was recorded. In the closure phase, Gestural
Onset and Nuclear Onset were defined as the points at which
20% of peak velocity were achieved in acceleration and decel-
eration toward the target. Likewise, Nuclear Offset and Ges-
tural Offset were defined as points with 20% of peak velocity
in movement away from the target. These timestamps, along
with the point of Maximum Constriction, were the focus of
analysis.

2.2. Simulations

Parameters for each model were set using certain landmarks,
then used to predict the spatio-temporal coordinates at other
landmarks. Both models took as inputs the displacement
(change in position) of a gesture; the critically-damped oscil-
lator model used the peak velocity and the point at which this
was achieved (PVEL and PVEL?2), while the General Tau model
also used the duration of the movement.

Both models could then calculate the position at any given
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Figure 1: Gesutral landmarks in the lip closure gesture of
[ma]. GONS = gesture onset; PVEL = peak velocity of clo-
sure; NONS = nuclear onset; MAXC = maximum constric-
tion; NOFF = nuclear offset; PVEL2 = peak velocity of release;
GOFF = gesture offset

time duration the gesture, and were used to identify the posi-
tion and timestamps for the gesture-internal landmarks PVEL,
NONS, and PVEL2.

2.2.1. Critically-damped oscillator model

In the critically-damped oscillator model, it is possible to cal-
culate the position from a timestamp (or vice versa) using two
parameters: the displacement and the natural frequency of the
oscillator. The displacement was calculated as the distance from
gestural onset to maximum constriction for the closure phase,
and the distance from nuclear offset to gestural offset for the re-
lease phase. The natural frequency, wo, can be calculated from
the position and velocity of the system at the point of peak ve-
locity. (1) shows the general equation for a mass-spring system,
which can be restated as (2) for a critically-damped oscillator.

mé + bi + kx = 0, 1

&+ 2woi + waz = 0. )

At the point of peak velocity, this simplifies to (3), since the
acceleration & = 0. Note that, since the oscillator returns to an
equilibrium point x = 0, the velocity will always have a sign
opposite to the displacement, which ensures that the value of wo
must be positive.

. TPVEL
WiTPVEL = —2wodpvEL, = Wo = —2 (7) (3)
ZTPVEL
Thus, by knowing the displacement zo, peak velocity, and
position at peak velocity, the position = can be calculated as a
function of time ¢ using (4):

x(t) = 2o (ef“’ot + wotefwot) , @

2.2.2. General Tau model

For the Tau model, we used the following equation from Elie,
Lee, and Turk (2023), which is derived from Lee (1998). This
gives the position of an articulator at a given time ¢ from its
starting position o and 7', the time at which the target (z = 0)
is to be achieved.

The only additional parameter is , which is analogous to
stiffness in that it determines the shape of the velocity profile.

k = 0.4 was used, following the observation by Elie, Lee, and
Turk (2023) that this value held across speakers and articulators;
this is also the value at which velocity profiles are symmetrical.

2\ "
z(t) = zo (1 - ﬁ) Q)

The Tau model thus requires the displacement and duration
of a movement in order to predict the points in between. The
displacement was the same as for the critically-damped oscilla-
tor model: the distance from gestural onset to maximum con-
striction for the closure phase, and the distance from nuclear
offset to gestural offset for the release phase. The timestamps
of these points were used as the durations.

3. Results

A comparison of predicted with actual data is presented in the
figures below: Figure 2 for position data, and Figure 3 for
temporal data. Analysis and model comparison with linear
mixed-effects models confirmed that interactions between land-
mark and model/data type were significant for both time and
distance.

As compared to results from kinematic thresholds, the
critically-damped oscillator model tended to predict that land-
marks would take place earlier in time and closer to the tar-
get. The General Tau model generally predicted that landmarks
would take place later and closer to the target. These patterns
broadly held for both closure and release landmarks, and for
both the consonantal lip gesture and the vocalic tongue dorsum
gesture.
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Figure 2: Predicted position for landmarks in Tibetan /mV/ se-
quences. Asterisks indicate significant differences between pre-
dicted and observed data. CDO = critically-damped oscilla-
tor; data = kinematically-defined landmarks; Tau = General
Tau model. PVEL/PVEL?2 = point of peak velocity toward/away
from target; NONS = (gestural) nucleus onset

We performed a linear mixed-effects analysis on the rela-
tionship between these data and their source (kinematic data,
oscillator model, Tau model) using the /me4 package in R.
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Figure 3: Predicted time for landmarks in Tibetan /mV/ se-
quences. Abbreviations as in 2

We fit two models: one for the position data, and one for the
time data. For each, we entered as fixed effects the landmark
(PVEL, NONS, PVEL2), articulator (lips or tongue dorsum),
and source, as well as random effects of speaker and word.
These models were compared to another pair of models that
also included an interaction between landmark and source. Ta-
ble 1 reports this model comparison, which supports the model
that includes an interaction.

Table 1: Comparison of baseline and interaction models, show-
ing improved fit with interaction.

Position Model AIC BIC logLik
baseline 184609 | 184687 | -92295
interaction 182684 | 182797 | -91329
Time Model AIC BIC logLik
baseline 278535 | 278609 | -139258
interaction 277350 | 277457 | -138662

We conducted a post-hoc analysis using the emmeans pack-
age to identify pairwise differences between levels of the mod-
els. Specifically, we noted where there were significant dif-
ferences between oscillator- or Tau-predicted data and the ob-
served kinematic data. These are indicated in Figs. 2 and 3.

Predictions of the oscillator model were significantly differ-
ent from kinematic data in 10 of 12 cases, while the predictions
of the Tau model were significantly different in 7 cases. Inter-
estingly, the Tau model achieved closer values than the oscilla-
tor model on the peak-velocity landmarks (PVEL and PVEL2)
despite the fact that the oscillator model used these points as
inputs.

The direction of the divergence between models is also
noteworthy. In the spatial domain, the oscillator model tended
to predict that landmarks would occur slightly closer to the tar-
get than was identified in the kinematics, while the Tau model
predicted landmarks occurring slightly farther from the target.

In the temporal domain, the oscillator model predicted land-
marks occurring earlier than in the kinematics, while the Tau-
predicted landmarks occurred around the same time as, or after,
their kinematic equivalents.

4. Discussion

This study compared the ability of two models to predict the
spatial and temporal points at which kinematically-defined ges-
tural landmarks would occur. Both the critically-damped os-
cillator model and the General Tau model predicted landmarks
with a fair degree of accuracy, but with some systematic differ-
ences. Oscillator-predicted landmarks fell sooner and closer to
the target, while the opposite was the case for the Tau-predicted
landmarks.

These results highlight the differences in the shapes of the
trajectories generated by each model. Critically-damped os-
cillators move rapidly, then slow to asymptotically approach
the target; Tau-derived trajectories unfold gradually (and, when
Kk = 0.4, symmetrically), and reach the target at a known point
in space and time. We encourage further research on the models
to address not only overall fit to data, but also how the details of
particular shapes.

The use of data from a less-commonly studied language,
Tibetan, is an important part of creating models that more ac-
curately capture the diversity of human speech. It is notewor-
thy that the value of x obtained from English speech by Elie,
Lee, and Turk (2023) worked reasonably well for the Tibetan
data. Further study is needed on the ways ~ might vary across
languages, speakers, natural classes, articulators, and contexts,
parallel to similar work on stiffness in Task Dynamics.

Constructing these models also called attention to the im-
portance of careful definitions for the start and end of a gesture.
Both oscillator and Tau models required kinematic landmarks:
the oscillator model used the onset of the gesture (along with
the peak velocity), while the Tau model used both beginning
and end of each gesture. Using different values, such as the
point of maximum constriction rather than nuclear onset for the
Tau model, leads to different results. Careful consideration for
the use of particular landmarks is crucial to accurately compar-
ing models.

This study was limited by the range of materials and the
relatively simple versions of the models used. For example,
we would expect to find better-fitting curves had the oscillator
model used gradient activation like that of Sorensen and Gafos
(2016). Nevertheless, the results demonstrate that generating
predictions for specific points allows for models to be tested
against each other and against speech data.
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