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Abstract

correlated with the adduction quotient (deﬁned as vocal fold
contact time/period, or 1-OQ) measured from EGG and airﬂow data for 20 female speakers (r=-0.46 for EGG measures,
and r=-0.69 for airﬂow data). In [6], four tokens of the vowel
/a/ recorded from seven speakers were inverse-ﬁltered and ﬁtted with a Liljencrants-Fant (LF) source model [7]. OQ was
then measured from the best-ﬁtting model. Results showed
that H1*-H2* and OQ were positively correlated for 17/28 tokens, negatively correlated for 4/28 tokens, and uncorrelated for
7/28 tokens. In recent work [8], H1*-H2*, OQ, and glottal
area waveform skewness were measured synchronously from
audio recordings and high-speed video images of the larynges
of six speakers. Results showed that H1*-H2* could be predicted by OQ, glottal area waveform skewness, and fundamental frequency (F0) with good accuracy (together accounting for
an average of 74% of the variance), but the regression model
parameters were speaker dependent. Many other studies (e.g.,
[3, 7, 9, 10]) have examined the relationship between harmonic
amplitudes and glottal conﬁguration in the context of models of
the voice source within a linear source-ﬁlter speech production
framework [11]. For example, in the LF model the relationship
is expressed as H1*-H2*=-6+0.27exp(0.055 OQ) [3].

The glottal open quotient (OQ) is often associated with the amplitude of the ﬁrst source harmonic relative to the second (H1*H2*), which is assumed to be one cause of a change in vocal quality along a breathy-to-pressed continuum. The association between OQ and H1*-H2* was investigated in a group
of 5 human subjects and also in a computational voice production simulation. The simulation incorporated a parametric
voice source model into a nonlinear source-ﬁlter framework.
H1*-H2* and OQ were measured synchronously from audio
recordings and high-speed laryngeal videoendoscopy of “glide”
phonations in which quality varied continuously from breathy
to pressed. Analyses of individual speakers showed large differences in the relationship between OQ and H1*-H2*. The
variability in laryngeal high-speed data was consistent with simulation results, which showed that the relationship between OQ
and H1*-H2* depended on mean glottal area, a parameter associated with the degree of source-ﬁlter interaction and not directly measurable from high-speed video of the vocal folds. In
addition, H1*-H2* may change with increasing glottal gap size;
this change contributes to the observed variability in the relationship between H1*-H2* and OQ.
Index Terms: harmonic magnitudes, laryngeal high-speed
videoendoscopy, glottal area waveform, open quotient

However, in [12], analyses of singing (and other) voice
showed that the LF model is unable to match some measured
H1*-H2* values. In that study, it was suggested that either
the LF model is limited, or else source-ﬁlter interaction is large
enough to hinder the linear source-ﬁlter approximation in some
phonatory modes. Nonlinear source-ﬁlter coupling between
subglottal and supraglottal tracts has been shown to signiﬁcantly affect source properties [13, 14, 15, 16]. This coupling
has the effect of controlling the well-documented pulse skewing
of the glottal airﬂow waveform, which is critical for determining spectral tilt (e.g., H1*-H2*) [12]. A recent study [17] performed simulation using a computational kinematic model of
the vocal folds [18] and incorporated the interactions between
vocal fold vibration and the trachea/vocal tract airway systems
[14, 19, 20]. Simulation results showed that H1*-H2* sometimes increased and sometimes decreased with increased separation of the vocal processes (OQ values were not reported).
In [21], analyses of high-speed recordings of the vocal folds
showed that H1*-H2* increased with increasing glottal gap size
when glottal closure was incomplete. Although different glottal
area and ﬂow signals were simulated by varying control parameters such as degree of vocal fold adduction, surface bulging,
vibratory nodal point, and supraglottal constriction, the kinematic model in [17] does not offer simple control over OQ or
glottal gap size.

1. Introduction
Many studies have investigated the acoustic and perceptual consequences of changes in glottal pulse shapes. Increases in open
quotient (OQ, the relative amount of time the glottis is open
within a glottal vibratory cycle) are widely assumed to be the
physical precursors of perceived breathiness, in part because of
consequent changes in the relative amplitudes of the ﬁrst two
harmonics of the voice source (denoted H1*-H2*, when harmonic amplitudes are measured from the audio signal recorded
at the mouth and then corrected for the effects of vocal tract resonances [1, 2]). When OQ increases, the length of glottal open
phase becomes closer to the glottal cycle, leading to a stronger
fundamental component in the source spectrum (assuming all
other inﬂuences, including pulse skewness, are constant) [3].
This increase in the fundamental component results in increased
H1*-H2*, which is a primary presumptive cause of the change
in vocal quality [4].
Most empirical studies used electroglottographic (EGG)
data or inverse-ﬁltered acoustic signals, and varying levels of
correlation between H1*-H2* and OQ have been reported. In
[5], H1*-H2* estimated from acoustic spectra was modestly
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extracted from the imaging signal for subsequent analysis. The
harmonic magnitudes, H1* and H2*, were calculated from the
speech spectrum and corrected for the effects of the ﬁrst two
formant frequencies using the formula in [2]. The formant frequencies were estimated using the “Snack Sound Toolkit” software [28].

In summary, despite the insights that modeling studies have
provided regarding the relationship between OQ and H1*-H2*,
we cannot currently account for all reported observations of natural data. Although experimental studies suggest that the relationship between H1*-H2* and OQ may be variable, modeling studies do not currently fully explain the observed variability. This study used natural data to examine the relationship
between H1*-H2* (measured from recorded acoustic signals),
OQ, and glottal gap size (measured synchronously from highspeed video images of the vibrating vocal folds). Simulations
of the glottal area waveforms were then performed using a parametric model of the voice source [22] that offers direct control
of the glottal pulse shape, paired with nonlinear source-ﬁlter
interactions to simulate glottal ﬂow and the radiated acoustic
signals. The effect of absolute glottal area was investigated and
model simulation results were compared to those from laryngeal high-speed recordings of human subjects.

2.2. Computational model simulation
2.2.1. Generating glottal area waveforms
The parametric voice source model in [22] (denoted EE2) was
chosen for this study to allow for direct control of the glottal area pulse shape. The EE2 model is a modiﬁed version
of the EE model [29], which has been shown to be more effective in capturing the observed glottal area waveforms than
the LF model [7, 29]. To generate glottal area waveforms, in
all simulations the EE2 model parameters “asymmetry coefﬁcient”, “speed of opening”, and “speed of closing” were set
to a constant value of 0.5 (see [22] for deﬁnition of model parameters). The parameter OQ was varied from 0.3 to 1 with a
step size of 0.05. Figure 1a shows sample waveforms obtained
by varying OQ. The maximum amplitude (MA) of the glottal
area waveform was varied from 0.1 cm2 to 0.6 cm2 with a step
size of 0.05 cm2 , by multiplying the original waveform (Figure
1a) with different MA values (scaling factors) (Figure 1b). The
range of MA was chosen according to [18]. Varying MA provides a way to simulate the relationship between H1*-H2* and
OQ under varying degrees of source-ﬁlter interaction, because
the degree of interaction depends on the mean glottal area [14].
In addition, although the source waveforms in Figure 1b have
the same OQ and skewness (differing only by a scaling factor),
the maximum area declination rates (MADR) vary across waveforms. The MADR is directly related to the maximum ﬂow declination rates (MFDR), an important quantity highly correlated
with vocal intensity [30]. DC (i.e., the glottal gap size, or minimum glottal area) was varied from 0 to 0.4 with a step size of
0.05, as demonstrated in Figure 1c. The glottal gaps observed in
the high-speed images in this study extended through the cartilaginous glottis into some or all of the membranous glottis. OQ
was set to 1 when varying the DC offset in generating the glottal
area waveforms.

2. Data and methods
2.1. Human subject data
2.1.1. Subject selection and data acquisition
Synchronous audio recordings and high-speed videoendoscopic
images of the vocal folds were collected from ﬁve phonetically
knowledgeable subjects, four males (speakers 1-4) and one female (speaker 5). These speakers were asked to sustain the
vowel /i/ and gradually change their phonations from breathy
to pressed while holding F0 and vowel quality as steady as possible. The vowel /i/ was selected to optimize the view of the
vocal folds [23]; across tokens vowel quality ranged from /I/ to
approximately cardinal vowel /E/. High-speed images of the vocal folds were recorded using a Phantom V210 camera (Vision
Research, Wayne, NJ) at a sampling rate of 10,000 frames/s,
with a resolution of 208×352 pixels. The camera was mounted
on a Glidecam Camcrane 200 (Glidecam Industries, Kingston,
MA). Audio signals were synchronously recorded with a Brüel
& Kjær microphone (1.27 cm diameter; type 4193-L-004) and
directly digitized at a sampling rate of 60 kHz. The audio
recordings were later downsampled to 16 kHz for analysis. Synchronized audio and high-speed images were recorded for 6 s.
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2.1.2. Measures from high-speed imaging

1

Glottal area waveforms of the complete utterances were extracted using “GlotAnTools”, a software toolkit that automatically segments the glottal area from high-speed images [24].
Following [8, 25], each cycle of glottal vibration was tracked
from the extracted glottal area waveforms by marking the ﬁrst
instants of glottal opening when glottal closure was complete.
When no complete glottal closure occurred, the moments of
minimal glottal area were tracked. For each individual cycle of
phonation, OQ was calculated as the time from the ﬁrst opening instant to the onset of maximum closure (or minimum area),
divided by the length of the current glottal cycle. DC (i.e., the
glottal gap size) was deﬁned as the minimum glottal area normalized by the maximum glottal area in each glottal cycle. OQ
and DC values were smoothed over 100 ms windows.
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2.1.3. Acoustic measures
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H1*-H2* was measured pitch-synchronously from the audio
signals with VoiceSauce software [26] using an analysis window of eight periods with a 1 ms shift. F0 values were obtained
from the STRAIGHT algorithm [27] to determine the period of
a glottal cycle. Values were aligned with glottal area waveforms
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Figure 1: Generated glottal area waveforms using the EE2
source model.
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2.2.2. Simulating nonlinear source-ﬁlter interactions

20

The glottal area was acoustically coupled to the trachea and vocal tract airway system [14, 19, 31]. The resulting glottal ﬂow
was determined by the interaction of the glottal area with the
time-varying acoustic pressures present just inferior and superior to the glottis. The effect of turbulence was approximated
by adding a noise component to the glottal ﬂow signal using the
method in [17]. These nonlinear source-ﬁlter interactions were
simulated using the software toolkit “LeTalker” [32], a Matlab
program to simulate human speech production. The parametric
voice source model EE2, together with LeTalker, allowed for
observation of the simulated glottal area, glottal ﬂow, and radiated acoustic signals. H1*-H2* was measured from simulated
glottal ﬂow signals using custom Matlab code, following the
settings described in Section 2.1.3.

25

18

H1*−H2* (dB)

20

16

15

14

10

12

5

10

0
0.1

8
0.2

6

1

0.3
0.8

0.4

2

MA (cm )

4

0.6

0.5

0.4
0.6

0.2

2
OQ

Figure 4: Effects of changing OQ and MA, in increments of
0.05, on H1*-H2*. Color visualizes values of H1*-H2* on the
z-axis.

3. Results
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3.1. Human subject data
Figure 2 shows H1*-H2* and OQ for glide phonations from
speakers 1-5. For speakers 1 and 5, the relationship between
H1*-H2* and OQ is positive and approximately linear, despite
the ﬂuctuation of H1*-H2* when OQ is close to 1 (discussed
below). For speaker 3, H1*-H2* is negatively correlated with
OQ when OQ is below 0.75 and H1*-H2* is above 2 dB. This
is not unexpected, because similar cases have been reported by
previous studies. For example, for 3 out of 6 speakers in [8],
OQ showed a negative regression coefﬁcient in predicting H1*H2* when OQ was below a certain threshold (thresholds were
manually selected and ranged from 0.65 to 0.8). For speakers 2
and 4, H1*-H2* remains almost constant as OQ increases from
0.5 to 1. These varying patterns suggest that the relationship between H1*-H2* and phonatory characteristics may be speaker
dependent.
Figure 3 shows H1*-H2* and DC for the same phonations
from speakers 1-5. For speakers 1 and 4, H1*-H2* increases
with increasing DC, consistent with the ﬁndings in [1, 21]. For
speakers 2 and 5, H1*-H2* is negatively correlated with DC.
For speaker 3, H1*-H2* only slightly decreases with increasing
DC when DC is above 0.15. Despite this variability, the cases
in which glottal gaps were observed are typically assigned an
OQ of 100% [33], or close to 100% ([8, 25], also in the current
study). Thus, the variability in H1*-H2 with varying DC partially contributes to the observed variability in the relationship
between H1*-H2* and OQ in previous studies
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Figure 5: Relationship between H1*-H2* and OQ for different
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Figures 6 and 7 show the effects of DC and MA on H1*H2*. When MA is relatively large (e.g., 0.6 cm2 as in Figure 7b), H1*-H2 decreases monotonically with increasing DC.
This simulated case is similar to the human data in Figures 3b
and 3e. Similar to the effect of increasing OQ, the increased
DC also results in increased mean glottal area, which leads to
a higher degree of source-ﬁlter interaction. The increased glottal ﬂow waveform skewness caused by this interaction might
have contributed to decreased H1*-H2*. When MA is relatively
small (e.g., 0.1 cm2 as in Figure 7a), H1*-H2* varies very little
with increasing DC (about 2 dB).

3.2. Model simulations

22
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Figures 4 and 5 show the effects of OQ and MA on H1*-H2*
in the model simulations. When MA is relatively small (e.g.,
0.1 cm2 as in Figure 5a), H1*-H2* increases monotonically
with increasing OQ and the relationship is approximately linear, similar to the observations in Figures 2a and 2e. When the
MA is relatively large (e.g., 0.6 cm2 as in Figure 5b), H1*-H2*
ﬁrst increases and then slightly decreases with increasing OQ.
This is partially attributed to an increased degree of source-ﬁlter
interaction. When OQ increases, the mean glottal area also increases, leading to a higher degree of source-ﬁlter interaction
[14]. Recall that this interaction has the effect of “skewing”
the glottal ﬂow waveform, which results in decreased H1*-H2*
[12]. This result is consistent with that in [17], where H1*-H2*
sometimes increased and sometimes decreased with increased
vocal process separation.
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Figure 2: H1*-H2* vs. OQ for speakers 1-5.
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in previous high-speed laryngoscopy-based studies [8, 36].
Although a kinematic model (e.g., [18]) might have provided more physiologically-realistic glottal area waveforms,
such a model was not used in this study because it does not
provide direct control over OQ and glottal gap size. In natural
data, the maximum glottal area within each glottal cycle might
also change when a speaker changes OQ [37]. Therefore, the
simulations in this study, which varied source parameters while
ﬁxing maximum glottal area, are only approximations. Nevertheless, the simulation results may be interpreted as showing
that the resultant H1*-H2* could be affected by absolute glottal
area, even if all the time quotient measures are the same. Under
the nonlinear source-ﬁlter framework, the absolute glottal area
could be considered to provide an additional degree of variability in the acoustic parameters.

4. Discussion

5. Conclusion

Standard laryngoscopy allows only a determination of the relative size of anatomical structures. Due to varying distances
between the laryngoscope and the glottis across recordings,
laryngoscopic recordings performed in separate sessions are
not comparable. While methods have been proposed to measure the absolute scale of anatomical structures (e.g., using a
laser projection device [34] or a stereo-endoscopy system [35]),
they have not been widely applied. Although model simulations
showed that the relationship between H1*-H2* and OQ depends
on the maximum amplitude of the glottal area waveform, the
absolute glottal area (in cm2 ) is not directly measurable from
high-speed images of the vocal folds. Previous studies (e.g.,
[8, 36]) based on high-speed laryngoscopy have mostly relied
on time domain measures (e.g., open quotient, speed quotient,
closing quotient, and pulse skewness). Even though time resolution could increase with increasing recording frame rate, it is
still possible that the result derived from laryngeal high-speed
recordings could be somewhat incomplete or inconclusive, especially when the acoustic variability associated with absolute
glottal area is strong due to source-ﬁlter interactions. The simulation results in this study may also provide a possible explanation for the large interspeaker variability and weak correlations
between time domain measures and acoustic measures reported

This study investigated the relationship between H1*-H2*, OQ,
and glottal gap size. Analyses of synchronous audio and laryngeal high-speed video recordings showed that the effects of OQ
and glottal gap size on H1*-H2* may be variable and speaker
dependent. Model simulations supported the observed variabilities and suggested that this relationship depends on mean glottal
area, a parameter associated with the degree of source-ﬁlter interaction but not directly measurable from high-speed images
of the vocal folds. H1*-H2* may increase or decrease with increasing glottal gap size, allowing more variability of relationship between H1*-H2* and OQ to be observed. Future work
will include recording other vowels using a ﬂexible endoscope,
as well as quantifying the absolute glottal area to aid analyses.
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