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Abstract. Prosody is a phenomenon that is crucial for numerous fields
of speech research, accenting the importance of having a robust prosody
model. A class of intonation models based on the physiology of pitch pro-
duction are especially attractive for their inherent multilingual support.
These models rely on an accurate model of muscle activation. Tradi-
tionally they have used the 2nd order spring-damper-mass (SDM) mus-
cle model. However, recent research has shown that the SDM model
is not sufficient for adequate modelling of the muscle dynamics. The
3rd order Hill type model offers a more accurate representation of mus-
cle dynamics, but it has been shown to be underdamped when using
physiologically plausible muscle parameters. In this paper we propose an
agonist-antagonist pitch production (A2P2) model that both validates
and gives insight behind the improved results of using higher-order crit-
ically damped system models in intonation modelling.
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1 Introduction

Prosody is a multidimensional phenomenon comprising the intonation, energy,
and duration contours of the speech signal, which carries both linguistic and
paralinguistic information [3], [15]. Prosody is crucial in speech technology sys-
tems, especially in Text to Speech synthesis (TTS) where it is necessary for
generating natural speech output, but also in Automatic Speech Recognition
(ASR), Speech Emotion Recognition (SER) [19], emotional speech synthesis [2],
and emphatic human-machine dialogue systems. Intonation is arguably the most
studied and modelled dimensions of prosody [14]. Most intonation models follow
one of two general approaches: (i) modelling the pitch contour directly, and (ii)
modelling the underlying mechanisms, i.e. the physiology of pitch production.
The physiology-based models are especially attractive because they offer insight
into the way prosody is produced, and because of their inherent multilinguality.

One of the most well-known physiological models is the command-response
(CR) model of Fujisaki [4], which models the pitch contour as a sum of global,
phrase components, and local, accent components. Both components are output
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from a 2nd order critically damped system that models laryngeal muscle activa-
tion based on the Spring-Damper-Mass (SDM) muscle model [5]. More recently,
research has shown that using higher order system models increases intonation
modelling performance. The quantitative target approximation (qTA) model,
for example, uses a 3rd order system to generate the surface pitch contours [13].
We have also observed improved performance in our Weighted Correlation Atom
Decomposition (WCAD) based intonation model3, when higher 6th order system
responses are used [9], [8]. These findings necessitate a closer examination of
the muscle model used in intonation modelling.

There are different muscle models suggested in literature, which go from
very detailed ones – modelling the internal mechanics of the muscle fibre, to
more general ones – modelling only the output to a given input of the muscle as
a whole [20]. Recently, we have analysed the two most commonly used muscle
models: the 2nd order SDM model and the 3rd order Hill type model [7]. Research
suggests that the SDM model is too simple to capture the basic mechanics of
muscle activation [10]. On the other hand, the Hill type model while offering im-
proved modelling of muscle-tendon dynamics, exhibits underdamped behaviour
when using physiologically plausible muscle parameters [11]. In this paper we
propose an agonist-antagonist pitch production (A2P2) model [12] and analyse
how it relates to recent results in physiological intonation modelling. The analy-
sis shows that the A2P2 model validates and gives insight behind the improved
results of using higher-order critically damped system models in intonation mod-
elling.

2 SDM and Hill muscle models

The spring-damper-mass (SDM) model shown to the left in Fig. 1 is the simplest
model of muscle activation. It comprises a parallel elasticity (PE) k, a damper
c and a force generator F . If we assume steady state initial conditions and an
impulse driving force its transfer function is given by (1) [6]. From it, we can
extract the damping ratio ζ and the undamped resonant frequency ω0, which
are given by (2). If we plug in physiologically plausible parameters taken from
the elbow muscles [11] into the SDM, we obtain the zero-pole diagram and
corresponding impulse responses in Fig. 2. The diagram shows that the system
reaches critical damping only for c = 10, which is at the extreme end of the
physiologically plausible range.
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The three-element Hill muscle model [20] is shown in its Poynting-Thomson

3 The WCAD implementation code is available on gitHub at https://github.com/

dipteam/wcad
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Fig. 1. The 2nd order spring-damper-mass (SDM) muscle model (left), and the Hill
three element model (right).

Fig. 2. Zero-pole diagram (left) and impulse response (right) of the SDM model, for a
sweep of values of c ∈ [1, 10], for k = 178 and m = 0.12.

(PT) form to the right of Fig. 1. It improves on the SDM by adding a series
elasticity (SE) ks that models the tendons connecting the muscle to the bone.
It is the simplest model that takes into account the essential interactions arising
from the stiffness of the tendon [10]. Its transfer function under steady state
initial conditions and an impulse driving force is given in (3). To derive its reso-
nant frequency ω0 (4) we can use the impedance electro-mechanical analogy [1]
to draw the equivalent electrical circuit, find its input impedance Zi(jω), and
equate its imaginary part to 0 [7]. Unfortunately, there is no straightforward
solution for the damping ratio ζ [11].
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1
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s3 +m
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ks
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kpks
m(kp + ks)

(4)

The movement of the poles is shown in Fig. 3 for a sweep of muscle damping c
and an increasing SE to PE ratio k = ks/kp. We can see that the system reaches
critical damping only for k ≥ 8, when the two imaginary poles reach the real
axis, and is underdamped over most of the parameter range. In fact, for k ≥ 8
the Hill model exhibits underdamped oscillatory behaviour independent of its
damping c [11].
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Fig. 3. Movement of the poles for the Hill model for a sweep of c ∈ [0.1, 1000].

3 Physiology of pitch production

It is clear the the SDM, and even the Hill muscle model, with their underdamped
behaviour cannot on their own account for the dynamics of the laryngeal mus-
cle system. In order to build a better model we have to take a examine more
closely the physiology of pitch production. Such a detailed analysis reveals four
physiological sources of pitch change [16]:

(i) Cricothyroid (CT) muscle that rotates the thyroid cartilage in respect to
the cricoid, stretching the vocal folds and raising pitch,

(ii) Vocalis (VOC) muscle, whose contraction decreases vocal cord length, but
increases their tensile stress, effecting a rise in pitch [18],

(iii) Sternohyoid (SH) muscle that lowers the larynx decreasing vocal fold ten-
sion and pitch, and

(iv) Subglottal pressure (PSB), which linearly correlates to pitch.

Other researchers have suggested that thyrohyoid (TH), rather than the SH
muscle effectuates the drop in pitch [5], but these muscle have been found to
activate in unison.

4 The agonist-antagonist pitch production model

Reflecting the complexity of the laryngeal muscle system we propose an agonist-
antagonist pitch production (A2P2) model to capture the opposing muscle physi-
ological environment of pitch production [16], [5]. The agonist-antagonist concept
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was first proposed by Plamondon and colleagues [12], mainly in the context of
handwriting analysis. Plamondon’s model is built around the velocity of muscles
following a lognormal profile. The lognormal in turn arises as a limiting case
where complex muscles are driven by signals travelling some distance from the
brain, and driving large masses. In considering the Hill model (and derivatives),
we rather model the absolute offsets of individual muscle fibres. Of course, com-
plex muscles lead to higher order models which likely tend towards lognormal
profiles. It is an open question whether the muscles associated with prosody
are small enough to be modelled as individual fibres. At least, the thrust of the
present work is to understand what can be gained from assuming so. Conversely,
the difference between a lognormal and the gamma-like profiles that arise from
such analysis is not large, and probably below the noise level of measurements
of prosody.

The A2P2 model is shown in Fig. 4 and consists of an agonist Hill muscle that
models the CT and VOC muscles, an antagonist Hill muscle that models the SH-
TH muscle complex, and a mass with its damper and elasticity that represents
the thyroid cartilage held in place by the elasticity of the vocal folds and whose
movements are damped by the friction at its joint with the cricoid. Although
PSB is not explicitly modelled, it is indirectly included in the two opposing
muscle models, as it is also due to the activation of muscles in the respiratory
system. The physiological plausibility of the proposed model is grounded on the
assumption that we can group all of the muscles responsible for the produc-
tion of the pitch into two equivalent opposing muscles, whilst still being small
enough to merit the small muscle assumption in the Hill model. This has been
common practice when modelling muscle systems [11] and is also justified by the
correlation seen in the activation of the CT and the VOC [16].

Transfer function. To obtain the transfer function of the proposed model we
can use the impedance electro-mechanical analogy [1] to obtain the equivalent
electrical circuit shown in Fig. 5. When solving in the Laplace domain [17] we find
that the proposed system is 4th order with one zero. It is possible to simplify the
equivalent circuit by applying Thévenin’s theorem between the connection points
of the two muscles, here marked A and B and thus calculating a joint equivalent
Hill model for the opposing muscles. If we assume that the two opposing muscles
have identical parameters, which is physiologically plausible, then the system
simplifies to a 3rd order system, whose impulse is given by (5) response for
steady state initial conditions, and an impulsive driving force .
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Resonant frequency ω0. We can now find the input impedance of the system
and use it to calculate the resonant frequency ω0. A simplified analysis, which
disregards the elasticity km, gives (6), showing that the A2P2 model has two
resonant frequencies. It is interesting to note that if we let cm = 0, the simplified
A2P2 model reduces to the Hill model, and as solutions of (6) we have (7).
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Fig. 4. The agonist-antagonist pitch production (A2P2) model.

Fig. 5. Equivalent electrical circuit of the A2P2 model.

While the first solution ω0 is equivalent to (4), ω1 explains the outer resonant
frequency seen in the movement of the poles in Fig. 3.
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Pole movement. To understand the A2P2 model’s behaviour and compare it
to the Hill model, we will look at the movement of the poles in the simplified
model for various k-s keeping cm = 2, shown in Fig. 6. We can see that (i) for
k = 1 the two resonant frequencies coincide, (ii) the asymptotic movement of
the poles towards ω0 and ω1 is from the outside rather than from in between as
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Fig. 6. Movement of the poles for the AA model for cm = 2 and a sweep of cp ∈
[0.1, 1000].

for the Hill model, and (iii) we have critical damping already for k = 5, instead
of k = 8 as was the case for the Hill model. Thus, the added damping cm in the
A2P2 compensates for the underdamped behaviour of the individual Hill model,
granting critical damping and overdamping for a physiologically plausible set of
parameters. This effect is emphasised if we let cm > 2.

5 Conclusions

The proposed agonist-antagonist pitch production model appears to be a rea-
sonable hypothesis for the model that is being implicitly assumed when higher
orders are used in prosody models. Combined with the feedback assumption of
Prom-on, it justifies use of a model order somewhere between the 2nd order of
the CR model and the limiting lognormal case of Plamondon. Moreover, the
A2P2 model also grants physiological plausibility to the use of critically damped
system models in intonation modelling.
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