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Summary

The brass instrument-player and the human voice production systems are both composed of a
vibrating “human valve” coupled to an acoustic resonator and can be modelled by very similar
dynamical systems. Moreover, lips and glottis are both difficult to access during sound production
without disturbing their mechanical behaviour and vibration characteristics. In this article, we
introduce a common measurement and analysis framework in order to study and compare the
vibration of lips and glottis during sound production. Based on previous studies conducted on
vibrating vocal folds, our measurement system is composed of three synchronous measurements
—electrical admittance (electroglottography and electrolabiography), high-speed video recording and
sound recording— and allows relatively non-intrusive measurements to be performed on singers and
trombone players. Analysis of the collected data highlights the interpretability of electrolabiographic
signals. Furthermore, similarities and differences between the two valve systems are investigated with
regard to high speed imaging, electrical admittance and basic characteristics of the radiated sound.

PACS no. 43.70.Jt, 43.75.Fg, 43.75.Rs, 43.75.Yy Last revised : Monday 234 March, 2015

1. Introduction

1.1. Context

Brass instrument-player and the human voice
production systems are both composed of a vibrating
“human valve” —constriction in a pipe— coupled to
an acoustic resonator (Fig. 1): lips coupled to the
instrument air column or vocal folds coupled to
the vocal tract. In both cases, the aeroacoustic
coupling is responsible for the self-oscillations of the
valve system. The various sounds and regimes are
obtained by modifying the resonator geometry and
the mechanical properties of the constriction. Hence,
similar dynamical systems involving lumped-element
physical models (mass, spring and dampers) have
been developed for the simulation of brass instrument
and voice sounds.

The dynamics of these two structures are commonly
represented by a set of three coupled equations: a
mechanical equation representing the dynamics of
the non-linear oscillator, a flow equation relating

the acoustic pressure drop across the lips or glottis
to the volume flow generated in the upstream and
downstream resonators —vocal tract and instrument
bore for brass, trachea and vocal tract for voice—,
and the acoustic equations simulating the effect of the
resonators. Physical representations of lip-reed valves
commonly consider the lips as identical and placed
symmetrically against the mouthpiece, then reducing
the problem to the modelling of one lip. Common lip
models include parametric one-mass one-dimensional
models allowing the lips to strike according to
either an outward or inward mechanism [1, 2, 3|.
Refined versions of lip models have been proposed
including sideway striking valve models [4, 5], as well
as two-dimensional models combining the effect of
the pressure on the internal, external and channel
faces of the lips [6], or two-mass models involving
two coupled oscillators [5, 7]. Similar approaches
have been studied for the vocal folds, the most
common physical representation being the n-mass
model, also parametrized as one or two-dimensional



Figure 1. Schematic description of the human voice production system and the mechanism of sound production in brass

instruments.

[8, 9, 10, 11, 12, 13, 14]. The pressure drop and
flow equations between the lips or vocal folds can
be of various complexity, from simplified Bernoulli to
complete Navier-Stokes equations [15, 16, 17]. Finally,
propagation inside the upstream and downstream
resonators is commonly simulated using a linear
model connected to radiation impedances at both
ends [18, 19, 20, 21].

Brass instrument-player and the human voice
production systems also share difficulties for the
in-vivo exploration of the excitation mechanism. In
both cases, it is difficult to monitor directly the
vibration of valve oscillator without invasive methods
likely to perturb the sound production mechanism.

Although they share strong similarities and can be
modelled with the same class of systems, important
differences exist between lips and glottis in terms of
size and stiffness as it is revealed by estimations of
elasticity modulus performed on both vibrating lips
in brass performance [22| and vocal fold tissues [23].
Furthermore the nature of the acoustic interactions
with the resonator is relatively different in voice
production and brass instruments. In particular, the
coupling between the lips an the air column can be
very strong in brass instruments, primarily due to the
geometry of the downstream resonator [5], whereas it
is much more moderate in voice production. In other
words, the strong impedance resonances of a brass
instrument bore only allow in theory a finite number
of frequencies to be produced for a given configuration
of the air column.

1.2. Objectives

In light of this introductory comparison, it appears
that a better understanding of similarities and
differences between the two valve systems has not
been the object of substantial research work, but may
provide some interesting outcomes with regards to the
vibroacoustic analysis and modeling of both systems.
A number of vocal-fold and lip replicas, allowing
in-vitro investigations on the behaviour of these
artificial excitation systems with various conditions
of acoustic loads (from a vocal-tract type resonator

to a brass instrument resonator) have been used by
researchers for the study of excitation mechanisms
in voice production and brass instrument playing
[5, 24, 25, 26]. Although these systems provide good
performance in reproducing the basic functioning
of a human valve, and in sometimes producing
some realistic sounds, they remain relatively rough
approximations of the complex structure of human
lips and vocal folds. In-vivo experimentation are
therefore still necessary to better characterize and
compare the complex characteristics of these systems.
In-vivo investigations on the mechanical properties of
human lips [27] or on vocal-fold vibrations [28] have
been proposed using optical and LDV methods. Their
implementation seems however relatively specific to
one case or the other. Therefore, a measurement and
analysis framework allowing in-vivo investigations
of the behaviour of the lips and glottis is thus
needed to be able to compare these two excitation
mechanisms systematically. Several studies have been
conducted on synchronous electroglottography and
high-speed video endoscopy of the glottis [29, 30, 31,
32, 33, 34, 35, 36, 37, 28]. In the context of brass
instruments, the concept of electroglottography has
been adapted for the exploration of lip vibrations
in recent works [38, 39] and high-speed video
recording of vibrating lips has been made possible
with transparent mouthpiece technologies [40]. In this
paper a measurement framework and visualisation
tool allowing synchronous display of high-speed video,
electrical admittance and radiated sound for the
lips and glottis is presented. A set of experimental
data collected on singers and on one trombone
player is analyzed, with the aim to further evaluate
analogies and differences between these two systems
in phonation and playing conditions.

This article is organized as follows: the method
to measure simultaneously and synchronously
high-speed video, electrical admittance and radiated
sound for the lips and glottis is described in section 2.
A visualisation tool allowing all measurements
to be synchronously displayed is presented in
section 3, leading to a first visual exploration



of the synchronised data. Section 4 is dedicated
to the analysis of a set of measurements —the
study presented here is a case study based on a
small number of measurements— with respect to
a set of descriptors. At first, electroglottographic
and electrolabiographic signals are compared in
sections 4.1 and 4.2, highlighting the interpretabilty
of the electrolabiographic signals with regard to
standard electroglottographic features such as the
open quotient. Secondly, open area waveforms of the
lips and glottis are compared in section 4.3 and 4.4,
based on a parametric representation of glottis and
lip open area waveforms introduced in [41]. Finally
the geometrical characteristics of the open area, and
the relationship between electrical admittance signals
and open area waveforms are explored in section 4.5.

2. Experimental setup

In 1894, Manuel Garcia managed for the first
time to visualize the vibrating glottis in a living
human using his laryngoscope [42, 43]. The first
laryngoscope inspired many other tools, including
modern fiberscope and video endoscopy. In our
work, we chose to record the motion of vocal folds
using a high-speed video endoscope. This tool gives
a direct access to the complete motion —unlike
stroboscopic techniques— and, after some practice,
allows the singers to sing as in natural conditions
using a modern video endoscope recording the
vocal-fold motion through the mouth or the nose.
In section 2.2, a similar method using a standard
high-speed camera and a transparent mouthpiece
applied to the monitoring of lip motion is presented.

The second selected device for the non-invasive
in-vivo exploration of lips and glottis is the
ElectroGlottoGraph —EGG—, an electric device
widely wused by voice pathologists. The first
electroglottograph was developed by Philippe Fabre
in 1957 [44]. This technology is based on impedance
analysis of the larynx; two electrodes are placed on
each side of the throat, a low-intensity high-frequency
modulated current (commonly around 2MHz) is
generated and applied to the laryngeal level, and the
admittance between the two electrodes is measured.
This admittance is approximately proportional to
the vocal-fold contact area. A basic EGG device
is schematically presented in Fig. 2-a. For a more
detailed review about EGG technology, we refer the
reader to [33, 34, 45]. Fréour and Scavone proposed
a modified version of the electroglottograph adapted
for the lips of a trombone player [38, 46|, where two
electrodes made of tin-plated copper foil shielding
tape are glued on the rim of the mouthpiece, as shown
in Fig. 2-b.

Unlike many imaging technologies (MRI, X-ray,
echography), the frequency range of the EGG is
sufficiently large to allow monitoring of vocal-fold

vibrations from 0.2Hz (for swallowing) to Fpaz,
where F,q, is between 4 kHz (telephone bandwidth)
and 20kHz (audible bandwidth). The output
of this measurement system is a time-domain
one-dimensional signal, which does not reflect the
whole spatial characteristics of vocal-fold vibratory
movement, as it will be discussed in section 4.5. EGG
is used in both medical and research fields. Typical
applications of EGG include extraction of some
vocal-fold vibration parameters and identification of
laryngeal mechanisms [45, 47].

Finally, the radiated sound is recorded with a
standard microphone. In the present study, it is
only used for fundamental frequency estimation and
qualitative assessment of the quality of the sound
produced, in order to select the data to be analysed.
As we’ll see in sections 2.1 and 2.2, a special
attention has to be given to the synchronisation
of the measurements, as high-speed video, electrical
admittance and audio are not all recorded at the same
sampling rate.

2.1. Detailed setup for the voice

The vocal data used in this article are extracted
from the corpus “USC_ 2008 02" of multimodal
measurements built at IRCAM by Gilles Degottex
and Erkki Bianco [35]. Electroglottographic signals
come from a portable electroglottograph (EG-90 from
F-J Electronics) and are recorded with a sampling
frequency of 44150 Hz. Vocal-fold motion is filmed in
color using a rigid endoscope, which passes through
the mouth, connected to a high speed camera (HreS
ENDOCAM 5562) recording 4000 frames per second
with a 256 x 256 pixel resolution. Finally, the radiated
sound outside the mouth is recorded with a standard
microphone at a sampling frequency of 44150 Hz.
All these measurements are synchronized using the
Richard Wolf’s HreS Endocam system [48]. The
system specifies that the synchronization between
high frame rate signals (electroglottograph and audio)
and high-speed video shows a temporal precision of
one video frame, that is 250 us. This delay is relatively
small regarding the usual speaking frequencies of
male speakers but must be considered in our study,
especially when the fundamental frequency increases.
Furthermore, the Shannon frequency corresponding
to the high-speed video frame rate, 2000 Hz, is also
relatively restrictive for the study of signals extracted
from the video and must be taken into account in
the choice of the data to be analyzed. Moreover, no
precise information about the microphone position
and the vocal tract length is available. Hence, we
cannot properly synchronise the audio data to video
and EGG recordings.

All the measurements considered in this paper were
performed during sustained vowels. In this article, two
sets of recordings are analyzed. A first set of five
recordings —labeled G1 to G5— corresponds to three
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Figure 2. (a) Schematic description of an EGG device. (b) Transparent mouthpiece developed by Castellango et al. [40]

equipped with copper foil shielding tape electrodes.

different speakers. These five measurements present
an interesting variety of vocal qualities, although
they correspond to the same French vowel /oe/ in
mezzo-forte dynamic. The three speakers are men
singing at relatively low frequencies so that the
spectral content of the glottal activity is captured
with a relatively good accuracy regarding the camera
frame rate. Unfortunately this implies that the
recorded regimes were very similar (M1 mechanism).
A second set —labeled G6 to G9- is also used
for analysis. This data includes higher fundamental
frequencies but without video recordings, as the
ratios between fundamental frequencies and video
frame rate is not high enough for the video analysis
algorithms to be applied properly.

2.2. Detailed setup for the trombone

Video acquisitions are performed using a transparent
mouthpiece developed by Castellengo et al. [40]. This
mouthpiece is made of a cylindrical cup closed by a
flat surface perpendicular to the cylinder axis. The
shank of the mouthpiece is oriented laterally allowing
an open field for the camera. The mouthpiece is
fixed on a stand and connected to a flexible plastic
tube of the same inside diameter and length as the
trombone slide in closed position. The end of the tube
is connected to the bell section of the instrument. This
set-up therefore allows to easily keep the mouthpiece
in fixed position while maintaining the acoustical
properties of the downstream resonator close to a
normal instrument.

The two electrodes glued on the rim of the
mouthpiece (Fig. 2-b) are connected to a commercial
electroglottograph signal conditioner (Voce Vista) as
proposed by Fréour and Scavone [38, 46]. This enables
lip electrical admittance to be monitored during
measurement without impairing the lip filming. The
output of the signal conditioner is connected to an
acquisition board (Qualysis USB-2533) running at
48 kHz. Prior to experiments, the latency of the EGG

signal conditioner was measured using a controllable
variable resistance (FET optocoupler) mounted at the
electrodes. A group delay of 180 us was quantified
between actual variation of the electrical resistance
at the electrodes and the signal conditioner output.
This delay is then systematically compensated in the
recorded data. In the following, the signal obtained
with this method will be called ELG, standing for
ElectroLabioGraph, as proposed in [38, 46].

Lip motion is captured using a high-speed camera
(Qualisys Oqus 310) running at 6000 frames per
second. A strong cool light source is used to
compensate for the short exposure time required at
this frame rate. The clock signal of the camera is
shared with the USB acquisition board to guarantee
synchronisation between both acquisition systems. In
addition, an LED, attached to the mouthpiece and
powered by a 1Hz square wave from an external
signal generator, is filmed during experiments. The
voltage at the LED is simultaneously monitored
by the USB-2533 acquisition board. This procedure
allows for quantification of a possible small delay
between the camera and acquisition board at the start
of acquisition since the communication with both
systems is performed with the same computer but
through different ports: Ethernet for the camera and
USB for the acquisition board. The radiated sound
is measured using a standard studio microphone
located 30 cm from the bell and connected to the USB
interface.

The complete installation is presented in Fig. 3.

In this article, we report results from one player
playing four tones (Bb2, Bb3, F3, and D4) labelled
L1 to L4 in the following, and corresponding to
the second, third, fourth and fifth resonances of the
trombone input impedance. The player was instructed
to play at a stable and comfortable dynamic. Results
for higher tones are not presented since the lip opening
area was too small to be detected and properly
extracted from the video acquisitions.
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Figure 3. Data acquisition set-up for brass instruments.
VV stands for Voce Vista signal conditioner.

3. Visualisation tool

In order to run some analysis algorithms indifferently
on lips or glottis data, a general data organisation is
needed. The following abbreviations will be used:

e HSV stands for High-Speed Video and refers to
the video recording of lips or glottis,

e EA stands for Electrical Admittance and refers to
the EGG or ELG signals, DEA stands for its
temporal derivative,

e RS stands for Radiated Sound and refers to the
audio recording of the radiated sound in both cases,

e OA stands for Opening Area and refers to the
signal representing open surfaces (in pixels or in
mm?) between the lips or the vocal folds, DOA
stands for its temporal derivative. 2D-OA stands
for the 2D signal representing the shape of the
opening area over time. In the voice case, 2D-OA is
a direct representation of the rima glottidis shape
seen from above.

3.1. Opening area extraction

The 2D-OA signals are extracted from the HSVs using
adapted algorithms. For the glottis, an algorithm
from G. Degottex [49, 50| is used and give satisfying
results with our measurements. In the case of lips,
we developed a simple, but yet perfectly effective,
algorithm based on luminance thresholding. The
extracted opening areas have been visually validated
for each frame of the measurements studied in this
article, as in the example presented in Fig. 10. The
OA waveforms are simply deduced from the 2D-OA
signals by computing the number of pixels inside the
estimated area on each frame. Note that, for the
voice case, the distance between the camera and the
glottis may vary due to the vertical motion of the
larynx. Hence, neither scaling information nor the
exact position of the larynx is available, and the
vertical motion of the larynx is likely to modulate
the size of the estimated 2D-OA. Some methods for
the dynamic estimation of glottis actual size on HSVs
exist (see for example [51, 52|) but none has been
implemented for the USC_ 2008 02 corpus. For the
trombone, the distance between the camera and the

lips is fixed during one measurement and the scaling
factor is retrieved by detecting the number of pixels
corresponding to the radius of the mouthpiece.

3.2. Synchronous display of multimodal
measurements

A video tool was designed to synchronously display
HSV, EA, DEA, OA, DOA and RS signals in both
time and frequency domains. This tool also displays
an instantaneous fundamental frequency estimation
(computed with the YIN algorithm [53] on RS), the
2D-OA estimation and the temporal position. Two
screen shots of these videos are shown in Fig. 4. Video
samples (in color) are available on the corresponding
author’s website [54].

These videos allow to synchronously visualise the
temporal evolution of the different signals. One can
see OA and its derivative DOA along with its local
magnitude spectrum, EA and its derivative DEA
along with its local magnitude spectrum and RS
along with its local magnitude spectrum. Signals are
identified with a captioned color code. It is a useful
tool to visually explore the behaviour of the lips
or glottis in different regimes. One can graphically
estimate standard EGG features on the EA and DEA
signals, such as the open quotient or the asymmetrical
coefficient. Due to a labeling error during video
captures, Electrical Admittance signals have been
labeled "Electrical Impedance" in the videos. To our
knowledge, there is no tool allowing simultaneous and
synchronous visualisation of all these measurements.

4. Analysis and comparison of the two
valve systems

4.1. EA waveforms

Four representative excerpts of ELG and EGG
signals are presented in Fig. 5. The four ELG
examples are extracted from sustained tones with
instantaneous fundamental frequency of 109.5Hz,
165.2Hz, 223.5Hz and 276.6Hz. The four EGG
examples are extracted from sustained vowels with
instantaneous fundamental frequency of 143.5Hz,
191.4Hz, 271.0Hz and 422.3 Hz. EGG patterns can
be associated with different vibration mechanisms of
the vocal folds [45]. It has been shown these vocal
fold vibration mechanisms can be classified into four
main mechanisms, each of which referring to a given
laryngeal configuration characterized by the shape
of the vocal folds and a degree of muscular tension
[47]. Going from mechanism MO to M3 involves
a decrease of the vibrating mass, increase of the
vocal-fold tension and decrease of vocal-fold thickness.
According to the literature, these changes in the
valve configuration result in significant differences in
the vibration patterns; while mechanisms MO and
M1 induce shorter open phases, mechanisms M2 and
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Figure 5. Extracts of EA signals of the lips (top line, instantaneous fundamental frequency of 109.5 Hz, 165.2 Hz, 223.5 Hz
and 276.6 Hz from left to right) and the vocal folds (bottom line, instantaneous fundamental frequency of 143.5 Hz,
191.4 Hz, 271.0 Hz and 422.3 Hz from left to right). Vocal-fold EA signals correspond to, from left to right, a male voice
in mechanism M1, a female voice in M1, a female voice in M2 and a male voice in M2. According to the definition of
EA, higher values correspond to higher degree of contact between the lips or vocal folds.

M3 involve shorter closed phases. According to the
convention presented in [45], the two bottom left
excerpts correspond to an M1 laryngeal mechanism
while the two bottom right correspond to an M2
mechanism.

Overall, ELG and EGG signals show different
waveforms. The open phases in ELGs (low values of
EA signals) are marked by significant variations of
the signal, while EGGs remain almost constant in
both M1 and M2. Moreover, the four ELG excerpts
fall in two categories according to the fundamental
frequency fo; the two top left signals show a relatively
triangular waveform, particularly asymmetrical and
closer to a sawtooth for the lower pitch. The
increasing phase of the signal, corresponding to an
increase in contact between the lips, is characterized
by an irregular evolution, while the decreasing phase
is short and linear. On the contrary, the two top right
signals show a rather sinusoidal and regular waveform.

Although the two lowest-frequency ELG signals do
not share particular features with M1 EGG signals,
the two highest-frequency ELGs show common
characteristics with M2 EGGs. The pulse-like shape

characteristic of EGG in M2 is apparent in
ELG signals, with a similar asymmetrical pattern

particularly visible in L4 and G9.

4.2. DEA waveforms: Open Quotient and
number of closing peaks

The derivative of the ELG and EGG signals presented
in Fig. 5 are displayed in Fig. 6. Similarly to DEGG,
DELG signals display peaks at closing and opening
instants. Although these peaks are clearly visible for
the two lowest tones, the change in ELG waveform
for the two highest tones produce a sawtooth-like
DELG waveform making the identification of closing
and opening peaks in the DELG less accurate. Again,
DELG signals can be categorized according to fo; the
two lowest tones show a similar rectangular waveform
including a plateau during the open phase as observed
in DEGG signals, but with non-negligible positive
value, while DEGGs are approximately null during
the open phase. On the contrary, the two highest
tones are closer to a triangle or sawtooth waveform
and the open phase is marked by important variations
in DELG values. In all DELG signals, the distance
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Figure 6. Electrical admittance derivative DEA signals of the lips (top line) and the vocal folds (bottom line),

corresponding to EA waveforms presented in Fig. 5.

between closing and opening peaks is relatively small
compared to DEGGs, suggesting shorter closed phases
for the trombone player’s lips than for the singer’s
glottis, as confirmed by further examination of AO
signals (see section 4.3).

The double-peak feature observed in voice (clearly
visible in G9, see [45]) is also present in some DELG
signals, especially in L2. Instances of a triple-peak are
even visible in this signal. Analogously to the voice,
this attribute observed at the closing peaks suggests
an irregular or sequential closing phase along the
length of the lip opening area. This feature is indeed
visible in the high speed video captures for L2.

The open quotient (Ogq) is defined for the glottis
as the ratio of the duration of the open phase to the
wave period. Efficient methods have been developed
to estimate the open quotient from EGG signals or
from its time derivative [34, 55, 56, 57, 58, 59, 45].
In this study, the state-of-the-art DECOM algorithm
[45] is used to extract Ogq values from lip and glottis
DEA signals. In addition, DECOM allows the number
of opening and closing peaks to be estimated for
each period of the DEA signals. The average Ogq, the
average number of closing peaks n.;, as well as the
average number of opening peaks n,, are presented
in Table IIT for all the measurements. The use of
DECOM on lip DEA signals has been validated by
manually locating the peaks on DEA signals. The
number of peaks and the Oq values obtained with
DECOM and from manual annotation are less than
0.5% different.

Firstly, Oq values obtained for the lips are higher
than for the glottis, and tend to decrease with fy. This
may be partly explained by the fact that, unlike the
vocal folds, the lips do not close and open along their
thickness. These differences between both systems are
in agreement with a qualitative observation of HSV
recordings and Fig. 6, which thus lends support to
the use of DEA for the extraction of lip Oq values.

Secondly, observations of DEA signals in Fig. 6
show that G8 (female M2) and G9 (male M2) present
similar features to L1 and L2. Particularly, G9 (male

M2) show similar characteristics to L2 with regards
to the double closing peaks and single opening peak.
This qualitative observation is confirmed by the
calculated Oq values. Indeed, Oq values in G8 and
G9, corresponding to a M2 laryngeal mechanism for
a female and male singer respectively, are close to the
Oq values calculated for the lips, as opposed to the
Oq values calculated for G1 to G7 corresponding to
M1 mechanisms. This observation, together with the
higher average number of closing peaks in G9, suggest
a possible analogy between the vibration mechanism
of the lips and a M2 laryngeal mechanism.

4.3. OA and DOA waveforms: LF parametric
representation

Fig. 7 presents eight representative excerpts of
OA signals from L1 to L4, Gl and G3 to G5
measurements.

As previously mentioned, these plots clearly
confirm that Oq values are significantly higher for
the lips than for the glottal folds. The categorisation
of the lip vibration according to the fundamental
frequency is confirmed by the observation of OA
waveforms. Low frequency and high frequency lip
OA signals tend to have on opposite asymmetry, as
already seen in the EAs. Moreover, the difference in
the roughness of the closure appears very clearly in
the OA signals. The closing phase (transition between
decreasing and null OA values) is abrupt and angular
in the voice case while it is much smoother in the
lips case, with the possible exception of L3. Finally,
the irregular closure of lips is visible in the decreasing
phase of OA signals, especially in L1 and L2. These
observations should be considered with care though,
because of the smaller sampling rate of the high speed
cameras.

Despite the huge variability of the extracted OA
waveforms, we observed that most of the signals show
a rather similar periodic pulse shape. A very common
pulse model used in voice production models is the
Liljencrants-Fant model (LF model) [60, 61]. One
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Figure 7. Open area (OA) signals of the lips (top line) and the vocal-folds (bottom line).

period of this parametric model is described in its
derivative form by:

s'(t) =< sh(t) te <t <t. ,

sh(t) te <t <T
where
sin(m-t)
$i(t) = —Bertt) — e, (2)
Sln(ﬂi)
(1) = _E et ettt 3) . . '
2 T ety ’ Figure 8. One period of LF model. This model has
sé(t) —0. (4) one temporal parameter T (the period), one amplitude

It is driven by one temporal parameter T (the
period), one amplitude parameter E and four shape
parameters {tp, te,ta,tc}. Two parameters « and ¢ are
determined by the implicit equations

()

: /
tlg?e s5(t)

/OT s'(t)dt

Its general shape is presented on Fig. 8.

sy (te) and

(6)

Initially conceived as a glottal flow model, this
model appears to be relevant as an OA model for
the glottis case, as shown in [41]. We have developed
an estimation method of the LF parameters for DOA
signals. The goal of this algorithm is to estimate
the LF parameters which provide the best temporal
estimation of a DOA target signal.

Assuming that the target signal contains N periods,
the estimation algorithm of the 6N parameters
{T(i), E(i),tp(1),te (i), ta(i), te(i) }icn,v) consists of N
steps:

e rough estimation of all the parameters,
e 1 <n < N — 1: optimisation of the LF parameters

of periods n and n + 1.

parameter E and four shape parameters {tp, te, ta, tc}.

The first step is achieved thanks to the event
detection method described in [62]. After event
detection (which determines N) has been performed,
the global maximum and the global minimum are
localised between each pair of adjacent events. Then,
the zero crossing points are detected between adjacent
minima and maxima. The set of detected minima,
maxima and zero crossing points give access to a
rough estimation of every LF parameter for each
period. The N following optimisations are performed
using the simplex method [63], the criterion being
the quadratic distance between the temporal model
§'(t) and the DOA target within the two periods
considered.

Two versions of the algorithm are proposed. The
first one estimates all the LF parameters for each
period of the target, the second one removes the
parameter t., i.e. fixes t. = T or removes the exactly
null phase at the end of each period. The two versions
of the algorithm have been tested on a set of 10
synthetic signals of 200 periods generated by LF
model with random parameters. Table I presents the
results obtained with both versions.



Tcomp € €E €T,
LF with ¢, 8.37 sec | 0.1569 | 0.1838 | 0.1342
LF without ¢. | 6.83 sec | 0.1645 | 0.2233 | 0.1475
Etp Ete €d, Et,
LF with t. 0.2793 | 0.2606 | 3.567 | 0.1979
LF without ¢. | 0.1749 | 0.1558 | 2.063 X

Table I. Performance of two versions of the LF algorithm
(with and without ¢. parameter) applied to synthetic
signals.

LF with t. | LF without ¢,
€ 0.2070 0.2097
Teomp 9.40 sec 7.37 sec

Table II. Performances of the two versions of the LF
parameters estimation algorithm (complete LF model and
LF model without parameter t.). Tcomp is the normalised
computation time for one period.

o T.omp is the mean computation time normalised by
the periods number.
e ¢ is the mean quadratic error on the whole set of
signals.
e cx is the mean relative estimation error for the
parameter X.
Although the mean quadratic error is slightly smaller
with the t. parameter, it appears that the estimation
error on each parameter is globally better without the
taking t. into account. This may be due to a better
regularisation of the estimation problem induced
by removing a parameter. Moreover, the algorithm
without the t. parameter is faster. Hence, this latest
version of the algorithm seems to be more appropriate
for our estimation problem. Table II presents the
mean quadratic error € and computation time Ttomy
for LF parameters estimation on a set of DOA
signals extracted from the corpus USC 2008 02,
containing approximately 1500 periods with various
voice qualities. As it can be seen in Table II,
removing the t. parameter offers significant gain
in computation time for a negligible performance
loss, as observed for synthetic signals. Moreover, we
observed in practice that the parameter t. is often
mis-estimated. Consequently, the LF model without
the parameter t. will be considered in our study.
Figure 9 presents some DOA signals along with
the results of the estimation method, and Table III
indicates the quadratic error € between the LF model
obtained by the algorithm and the target DOA signals
for each measurement of the two corpora. Although
the LF model seems relevant to model glottis DOA
signals, it does not seem appropriate when applied
to lip DOAs. These results on voice data hence show
promising benefits for parametric sound analysis and
synthesis, as presented in [41]. However, the direct
application of this type of LF pulse representation to
lip DOAs remains limited in the current state of the
model.

L1 L2 L3 L4
fo 109.1 165.3 223.5 276.6
€ 0.454 0.499 0.479 0.469
Oq || 0.8521 | 0.7278 | 0.6050 | 0.6209
Nel 1.000 3.020 1.918 1.289
Top 1.167 1.102 1.721 1.087
Gl G2 G3 G4 G5
fo 108.9 109.5 110.3 114.1 123.4
€ 0.400 0.327 0.337 0.294 0.356
Oq || 0.3967 | 0.4301 | 0.4473 | 0.5029 | 0.4319
Nel 1.549 1.000 1.000 1.000 1.003
Nop 1.235 1.000 1.028 1.752 1.088
G6 G7 G8 G9
fo 143.5 1914 271.0 422.3
Oq || 0.5725 | 0.5976 | 0.8662 | 0.6932
Nel 1.115 1.000 1.000 1.987
Top 1.816 2.041 1.000 1.852
Table III. Numerical results for lips and glottis:

fundamental frequency fo (Hz), quadratic error for
LF-estimation e, open quotient Og, mean number of
closing peaks during one closing phase n.;, mean number
of opening peaks during one opening phase n.p.

Observation of DOA signals from the database,
as well as of the short representative segments in
Fig. 9, highlights significant differences between lip
and glottis DOA waveforms. The minima of the
DOA signals, corresponding to maxima of the closing
velocity, is very precise and well temporally defined
in the glottis case, whereas in all lip measurements
but L4, a noisy relatively flat phase appears around
the minimum, corresponding to the smoother closure
of the lips. This property of the lip motion may
contribute to explain the poor performance of the
LF model in representing lip DOA signals. This may
also be emphasized by ripples in the positive phase of
lip DOA signals, which cannot be represented by the
proposed LF model.

Because our database does not present M2 DOA
signals for the glottis due to the limitation of the
camera rate, low correlation is observed between the
lip and the vocal-fold DOA signals presented in Fig. 9.
This is in agreement with our previous hypothesis
of the lips possibly behaving differently from a M1
laryngeal mechanism and rather analogously to a M2
mechanism.

4.4. OA geometry: D and d dimensions

In order to study the characteristics of the closing
phase of lips and glottis, we define the “OA corners”
of lip and glottal openings as the position of the
corner extremities of the opening area. Looking at the
high speed video capture of the lips, we particularly
observe that, on the contrary to the vocal folds,
the position of the OA corners at the extremity
of the lip opening varies along the length of the
lip contact during one cycle. This attribute is not
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Figure 9. LF estimation examples. (—) measured DOA signal, (— —) LF model (without ¢.).

verified in the vocal folds whose OA corners are
characterized by an almost constant position located
at the extremity of the folds. In other words, the lips
seem to close and open progressively along the lip
length (zipper-like closure), while the whole length
of the vocal folds tends to close and open within
a much shorter time frame. This contrast in the
opening mechanism between the two valve systems
may contribute to explain the differences observed
between ELG and EGG waveforms, particularly with
respect to the characteristics of ELG signals during
the open phase.

To further investigate the differences of opening
and closing mechanisms between the two valve
systems, two geometrical parameters derived from
the 2D-OA signals are introduced. These quantities
allow the main characteristics of the 2D-OA to be
quantified. For each frame, the smallest rectangular
box containing the detected opening area is computed
and the two dimensions of the box are extracted. The
largest dimension of the box is denoted D and the
smallest dimension is named d as illustrated in Fig. 10.

Figure 10. Geometrical parameters D and d on a lip frame.
Detected 2D-AOQ is represented in black.

Parameters D and d are represented as a function
of OA for two lip signals (L1 and L3) and two glottis
signals (G2 and G5) in Fig. 11. This representation
allows the influence of the two main dimensions of
the opening area to be evaluated with respect to OA.
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Particularly, these figures are usefull tools in order to
detect zipper-like closures, as well as abrupt closures
occurring on the whole length of the lips or vocal folds.

The relationship OA +— d is relatively linear for
both systems. On the contrary, the OA — D shows
a two-linear-segment shape, a first short segment of
high slope and a second segment of much smaller
slope. This feature is particularly emphasized in the
glottis signals (G2 and G5) and may be explained by
an abrupt opening and closing of the vocal folds with
no gradual opening nor closing along the length of the
vocal folds. Indeed, during the opening and closing
phases, the two vocal folds move rapidly toward or
away from each other, as depicted by the first short
segment of high slope in OA — D. During the open
phase, the vocal folds are not in contact and the
variation of OA is mainly caused by variations in d,
as shown by the second almost constant segment in
OA — D.

This behaviour is not as striking for the lips (L1
and L4). In lowest tones (L1), the relationship OA —
D tends to show a two-segment structure similar
to the one from glottis measurements. However, for
the highest tones (L4), the OA — D and OA —
d relationships are closer, indicating a balanced
contribution of D and d to the opening area OA,
possibly correlated to the zipper-like opening and
closure of the lips (moving lip corners). Note that
this logarithmic shape of the OA +— d relation is
in agreement with previous quantitative analysis of
the relationship between both variables observed in
artificial and real trombone players’ lips [64].

4.5. Relationship between OA and EA

In this last section, we aim to further concentrate
on the relationship between OA and EA signals. The
values of OA are represented as a function of EA along
several cycles of vibrations for the lips and glottis in
Fig. 12.

As predicted by OA — D and OA — d
relationships, FA — OA relations are marked by
strong hysteresis behaviours, apparently uncorrelated
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with the playing frequency and particularly
emphasized in the case of the lips. The two-step
sequential relationship OA + D observed for the
vocal folds in Fig. 11 is clearly visible in the glottis
(EA,OA) representations. It indicates a predominant
influence of the dimension D on EA for the glottis.
Unlike the vocal-fold results, this predominant
influence of one geometrical dimension on the EA
signal is not apparent for the lips. Nevertheless, this
observation is in agreement with previous evidence
of a zipper-like lip closure and opening of the lips
(moving corners).

This figure also illustrates that, in the case of
the lips, the instant of maximum in OA does not
correspond exactly with a minimum in EA, which
suggests that despite a maximum in opening area, the
degree of contact between of the lips is not necessarily
minimum. It also highlights the lack of information
provided by the EA signal during the open phase.
On the contrary, the steadiness of the OA corners
for the vocal folds tends to reduce the hysteresis and
to establish a more systematic synchronicity between
maximum of the OA and minimum of the EA. This
observation raises the question of the relevance of the
DECOM algorithm for the Oq estimation in the case
of the lips. Although closing and opening peaks signal

are properly identified by the DECOM algorithm from
the lip DEA signal, Fig. 12 reveals that OA and EA
signals are correlated which each other to a lesser
extent in case of the lips. The lip Oq values obtained
with the DECOM algorithm case should therefore be
confronted to other Og estimation methods based on
OA signals.

Furthermore, Fig. 12 confirms that the EA signal
brings information during the completely closed
phase that cannot be interpreted with the present
tools. We strongly believe that this information is
precisely related to the zipper-like opening of the
vocal folds along their thickness and possibly to an
outward motion of the lips typically observed in brass
instruments [6, 7, 65, 22|.

5. Conclusion

An in-vivo and synchronous measurement and
analysis framework was presented for the comparison
of the vibratory mechanisms in oscillating vocal folds
and lips. A visualisation tool was developed to allow
the synchronous examination of the multimodal data.
Analyses of the experimental data was conducted with
respect to : 1) EI and DEI waveforms and Oq values,
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2) parametric LF modelling of the DOA signals,
3) relative influence of the geometrical parameters d
and D on OA waveforms, 4) relationship between OA
and EI signals. This analysis framework leads to the
following conclusions:

(C1) The transposition of the EGG device to
the ELG device for monitoring the lips of a brass
instrument player by Fréour and Scavone [38, 46|
proved to be efficient and able to deliver interpretable
signals with respect to standard EGG descriptors such
as the open quotient Ogq.

(C2) Analogously to the vocal folds, EI signals
from the lips can be categorised according to their
fundamental frequency. They show more complex
waveforms for the lowest tones, while displaying more
sinusoidal shapes in the highest ones (such as a M2
glottal mechanism), corroborating previous evidence
of a more sinusoidal motion of the lips with increasing
pitch [66, 65, 22, 64]. Moreover, lip EI signals show
much activity during the open phase, while EGG
signals are rather constant. This could be related to
emphasized variations in OA corner positions during
opening and closing for the lips.

(C3) The differentiation observed in lip EI signals
according to the playing frequency is well visible
in DEI waveforms; a transition from rectangular
to triangular waves is observed with increase in
pitch. Analogously to the glottis, lip DEI signals
show closing and opening peaks, especially visible
at lower frequencies and including occurrences of
multiple closing and opening peaks. Observations of
DELG waveforms also show more similarities with
DEGG in a M2 laryngeal mechanism. Analogously
to classical analysis of DEGG signals, we propose to
compute the open quotient Oq of the vibrating lips
based on recorded DELG signals. Due to the frequent
occurrence of multiple opening and closing peaks in
lip DEI signals, classical Oq estimators [67, 68, 69]
are not able to provide a proper Oq estimations for
the lips. Nevertheless, the DECOM algorithm [45] is
able to detect and enumerate the multiple opening
and closing peaks in DEI signals and take them
into account for the estimation of Oq. Thus, this
latter algorithm allows to properly estimate the open
quotient for either EGG or ELG signals. The Ogq
values obtained for the lips fall within the same range
of values than Ogs observed for the vocal folds in a M2
laryngeal mechanism. This further suggest a possible
analogy between the vibration mechanisms of these
two systems.

(C4) A major difference which appears between lips
and glottis vibration behaviours in all the signals,
is the difference of roughness in the closure. This
can be seen especially in DEA and DOA signals
where the long null phases of glottis signals have
no equivalent in lips signals. This observation is
confirmed by the analysis of the 2D-OA signals, where
the two-segment structure of the glottis (D,0A)

12

curves comes from the abrupt closure of the vocal
folds, while the smooth closure of the lips may induce
smooth (D,AO) and (d,0A) curves. As a consequence,
the LF pulse model show poor agreement with lip
OA signals, whereas it appears as a satisfactory
parametric model for glottis AO signal, which brings
interesting perspectives for the analysis and synthesis
of voice sounds [41]. Regarding brass instruments, the
ability of a LF model to efficiently represent the flow
at the lips (derived from OA and the quasi-static
pressure difference across the lips) could be the object
of further investigations.

(C5) Geometrical parameters extracted from OA
signals reveal an overall linear correlation between the
large opening dimension D and OA in both lips and
glottis. On the contrary, the influence of the small
opening dimension d on OA is more emphasized in
the lips than in the glottis. This is in agreement with
variations in the position of OA corners occurring for
the lips and in a much lesser extent for the glottis.
This may contribute to explain the relatively low
performance of the LF model applied to the lip DOA
signals.

(C6) The representation of OA against EI makes
appear a strong hysteresis behaviour and a particular
asynchrony between the maximum in OA and
minimum in EI for the lips. Although the reasons of
this asynchrony remain unclear, we may hypothesize
that this is partly related to the variation of lip corner
position during the opening and closing phases: while
the lip opening area is still increasing the nature and
surface of the contact between the lips is varying in
way that makes the conductance between the lips
decrease.

(C7) Despite the interest of multimodal
measurements in the context of this study, the
main limitation in the exploration of the lips and
glottis is the impossibility to monitor the motion
within the thickness dimension, perpendicular to the
lip or glottis plane. Although EI signals provide some
information regarding the evolution of the contact
during the closed phase, more information is needed
to fully characterized the motion of the lips and
glottis when they are in contact with each other. A
new multichannel EGG/EIT device [70] is currently
in development and we have good hope that this
equipment will give access to the characteristics this
motion.

Finally, the visualization tool presented in this
paper presents some obvious interests for medical
uses, as well as for vocal and brass-instrument
pedagogy. Some developments in the context of
a medical and/or pedagogical platform based on
some elements of the proposed analysis framework
would certainly open interesting perspectives for
practitioners in the voice and musical community.
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