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Abstract 
The study of glottalization is usually based on methods whose 
limited reliability in the analysis of non sustained phonation is 
widely acknowledged. In this study we propose a method to 
measure the degree of glottalization which is robust to 
variation of fundamental frequency and which, applied to the 
electroglottographic signal, does not depend on changes in 
vocal tract resonances. The method, based on an original 
variant of recurrence analysis, is used to study the interaction 
between phonological glottalization of vowels and contrastive 
tones in Yalálag Zapotec. In this American Indian language, 
both modal and laryngeal vowels can occur with three 
different contrastive tones (low, high and falling). However, 
the rapid modulation of fundamental frequency needed for the 
production of contrastive tones is expected to be strongly 
limited by the presence of  laryngealization. We study how 
speakers resolve the competition between the constraints on 
the articulation of these two features of Zapotec phonology. 
Through wavelet based functional mixed regression we could 
model the changes in the degree of glottalization over the 
duration of both modal and laryngealized vowels produced 
with the three different tones.  
Index Terms: glottalization; contrastive tones; recurrence 
analysis; functional mixed models 

1. Introduction 
This paper focuses on a particular type of nonmodal voice, 
namely laryngealized voicing, which is sometimes also 
referred to as glottalized voice [1]. Laryngealization is 
typically associated with a particular laryngeal configuration, 
which may be characterized by a general constriction of the 
larynx accompanied by an increase of the pharyngeal stricture 
and always resulting in a constriction at the glottal level. This 
produces damping of the voice signal, cycle-to-cycle 
amplitude modulations and diplophonia [2]. Laryngealization 
can be an expression of specific characteristics and/or 
emotional states of the speaker [3]. This voice quality can have 
a distinctive function in the phoneme inventory [4, 5], i.e. it 
can distinguish different word meanings, and it can signal 
features of adjacent phonemes [6]. Furthermore, it can 
characterize prosodic and morpheme boundaries [6, 7, 8]. Due 
to the weakening of the voicing signal which characterizes 
laringealization, this feature can replace oral stops in particular 
contexts [6]. Importantly for the present study, glottalization 
introduces limits on the control of the fundamental frequency, 
resulting in complex interactions with other phonological 
features based on F0 [9, 5, 10].  
Many measures adopted to determine the degree of 
glottalization are based on the assumption that the 
distinguishing feature of laryngealization is an increase in the 

complexity of the vocal folds' movement [11]. In this paper, 
we argue that the complex but still relatively regular vibratory 
patterns observed in many studies on laryngealized voice [e.g. 
11, 12] can be observed during sustained phonation but are not 
always present in running speech. During sustained phonation, 
the articulators have enough time to stably set up in the 
configuration needed to produce laryngealization. In the 
production of a sequence of speech segments, this process is 
naturally transient and the resulting phonation exhibits more 
irregularity in the shape and duration of the oscillation cycles 
[cf. 13 for examples of glottalized voicing signals in running 
speech from American English]. 
The aim of this paper is twofold. On the one hand we provide 
a measure of glottalization based on the variability in  the 
shape of vocal folds' vibrations. On the other hand we apply 
this measure to characterize phonological laryngealization in 
Yalálag Zapotec, an Otomanguean language in which both 
modal and laryngealized vowels can occur with all three 
contrastive tones of the phonological inventory. Since our 
measure is particularly well suited to study the changes of the 
degree of glottalization over the duration of a vowel and it is 
robust to variation of fundamental frequency, we are enabled 
to study the complex interplay of phonologically specified 
constraints over voice quality and tone. 

The remainder of this paper is structured as follows. First, 
we motivate and briefly introduce the new method to measure 
the regularity of vocal fold vibration from EGG 
measurements. Second, we demonstrate its applicability to 
speech data by testing its capability to quantify changes in 
synthetically generated signals whose temporal and shape 
variation is systematically controlled. Third, we apply the 
proposed measure to the analysis of the vowels of Yalálag 
Zapotec. 

2. Method 
Recurrence quantification analysis (henceforth RQA) is a set 
of tools developed to study the behavior of nonlinear 
dynamical systems by means of constructing a Recurrence 
Plot (henceforth RP) using measurement observations from the 
system [14; 15]. In doing so, it is assumed that the 
observations are produced by the interaction of various 
processes (representing in our case the activity of the muscles 
and the aerodynamic forces involved in vocal fold vibration). 
Although it is not possible to observe the multidimensional 
time series corresponding to the unfolding over time of all the 
underlying processes, it is possible to reconstruct a 
multivariate signal which shows many features of the 
underlying dynamical system [16]. So besides from fulfilling 
the requirements concerning the waveform given above, RQA 
also allows to study the properties of the underlying dynamical 
system with only limited access to its components, as it is 
particularly the case with EGG measurements.. 
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2.1. Basic RQA algorithm 
The basic RQA algorithm proceeds as follows: Given an 
observed time series X(t), in our case an EGG measurement 
signal, this is submitted to time delay embedding to 
reconstruct a multidimensional trajectory which is in many 
aspects equivalent to the trajectory of the underlying 
dynamical system. The first dimension of the surrogate time 
series  is the original signal X(t), the second dimension 
corresponds to the same signal X(t+�) delayed by a certain 
amount of time, the third dimension is X(t+2�) and so forth up 
to the n-th dimension being X(t+(n-1)�). The portions of the 
reconstructed multidimensional trajectory that are repeated 
over time are represented in an RP. This is a square graph with 
side equal to the length T of the signal. On the RP, a black dot 
at coordinate (i, j) means that the state vector at time t=i (i.e. 
the vector which represents the multidimensional trajectory at 
that time point) is considered as equal to the state vector at 
time t=j (cf Fig. 1). While an isolated dot can be considered a 
random match, a straight line of slope 1 indicates that a 
portion of the waveform is repeated. If a line of slope 1 is 
found between the coordinates (i, j) and (i+�, j+�), it means 
that the portion ranging from time t=i to time t=i+� is 
considered equal to the portion going from time t=j to t=j+�. 
To determine if two state vectors representing the time series 
times t=i and t=j can be considered as equivalent a distance 
measure must be adopted. Euclidian or Maximum distances 
are commonly used. Once a distance measure for each pair of 
state vectors is obtained, a similarity criterion has to be 
adopted to determine if the compared points can be considered 
as equal. With the fixed threshold similarity criterion, two time 
state vectors are considered to be equal, if the obtained 
distance is lower than a threshold �. A state vectors which 
recurs at times i and j is represented as a dot at coordinate (i, j) 
in the RP (see Fig. 1). If the fixed-amount-of-neighbors 
criterion is adopted, for each column of the RP a different 
threshold � is applied so that the number of dots is constant 
from one column to the other. 

Figure 1: Recurrence Plot of two cycles of glottal vibrations as 
measured through EGG. The signal is displayed on both axes 
of the plot. 

The resulting RP with its characteristic dot pattern serves as a 
basis for the quantification of the represented signal’s self-
similarity. The main RQA indices are derived from counts of 
the dots belonging to diagonal lines, i.e. continuous lines of 
slope 1 [14, 17, 15]. The degree of repeatability of the 
waveform is given by the percentage of dots belonging to 

diagonal lines with respect to the total amount of dots present 
in the RP. This measure is referred to as percentage of 
determinism (%DET). It has been noted that %DET is affected 
by the degree of temporal stationarity of the signal [18, 19]. 
This means that the measure is sensitive to changes of pitch 
between phonations of the same speaker, which is undesirable 
in our case. Also for an appropriate application of time delay 
embedding the initial time series must be stationary. However, 
it has been observed that the recurrence plot of a 
monodimensional time series contains all the information 
present in the RP obtained from its surrogate time series. 

2.2. Modification and new measure 
A variant of the %DET measure, called elastic determinism 
(%EDET), was recently proposed [19] and has been shown to 
be unaffected by temporal changes of this kind [21]. %EDET 
is defined as the percentage of dots belonging to continuous 
lines, regardless their slope and curvature, with respect to the 
number of dots in the RP before the application of a dedicated 
cleaning algorithm. This additional cleaning step is applied to 
the RP resulting from the original time series without any time 
delay embedding step. The aim of the cleaning algorithm is to 
remove all the artifactual dots whose presence is due to factors 
other than the self-similarity of the time series. In Fig. 1 an 
example RP is displayed that shows a waveform with two 
replications of the same EGG cycle. Its time scale has been 
modified, so that its rate of change increases linearly over 
time. A downward line is found in the RP, if a portion of the 
signal is similar to another portion of the same signal time-
reversed. 

Figure 2: Example of artifacts removal from the RP in 
Figure 1. 

These structures are expected when a cyclic one-dimensional 
waveform is represented in an RP, since the trajectory can 
only go up and down. Thus, the first half of the cycle would be 
similar not only to the first half of the following cycle, but also 
to the time-reversed second half of the same cycle. 
Consequently, dots contained in downward lines are 
considered artifacts and are discarded by the cleaning 
algorithm. Another class of artifacts can be attributed to the 
local smoothness of the waveform and is manifested in an 
increased thickness of isolated groups of dots. In the case that 
a portion of X(i) recurs in a later portion X(i+�) where the 
signal changes smoothly, i.e. X(i)=X(i+�), it is likely that 
X(i)=X(i+�+1), because X(i+�) is similar to X(i+�+1). This 
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means that a slowed down repetition of the same EGG cycle 
spuriously increases the number of dots used for %EDET 
calculation. To remove these artifacts, a skeletonization 
approach is employed [20]. An in-depth description of all 
steps of the cleaning algorithm can be found in [21] (the result 
of its application is exemplified in Fig. 2). 
To show the results of our analysis method with controlled 
data we built two groups of 6 time series each representing a 
train of vocal folds oscillations. Each time series was 
composed of 20 repetitions of the same EGG cycle, which was 
extracted from the recording of a male speaker of Yalálag 
Zapotec (see next section for details). Waveforms belonging to 
the first group exhibited a constant low amount of amplitude 
variability, while the amount of temporal nonstationarity 
varied across signals. Waveforms from the second group were 
characterized by a constant low amount of temporal 
nonstationarity, but differed with respect to the amount of 
amplitude variability. To introduce these kinds of variability, 
we followed the method proposed in [22]. Temporal 
nonstationarity was established in each time series by 
changing the frequency  of oscillation over the duration of the 
signal (see Fig. 3). In each signal, the frequency values 
followed a gradually increasing sigmoid shape toward the 
middle of the waveform and an inverse sigmoid decreasing 
back to the initial value toward the end. In the time series with 
highest amount of temporal nonstationarity, the fastest cycle 
was three times shorter than the slowest cycle. In the time 
series with the smallest amount of temporal nonstationarity, 
the duration of the fastest cycle was 1.35 times the duration of 
the slowest cycle. Amplitude variability was introduced by 
adding to each signal randomly generated values smoothly 
changing over time (see Fig. 3). 

Figure 3: Generation of synthetic trains of EGG cycles 
with different levels of amplitude variability (left) and 
temporal variability (right). Topmost signals are 
characterized by the smallest variability levels. 
Bottommost signals were produced with the highest 
variability levels. 

The amount of amplitude variability was quantified by the root 
mean square error obtained by comparing the modified with 
the original waveform. Across the synthetic signals, the error 
from the original waveform ranged from 0.1 to 0.6 times the 
standard deviation of the original train of EGG cycles. 
To apply our method, an analysis window was moved over 
each time series.  The window's length was such to include the 
three slowest complete cycles. An RP and the corresponding 
%EDET value were computed from each window. Average 
%EDET values and standard deviations are shown in Fig. 4. 
We can observe that %EDET decreases as amplitude 
variability increases. Importantly the behavior of this index 
does not depend on the changes of cycles' durations. 

Figure 4: Results obtained with synthetic signals. Dark 
dots: trains of oscillations with increasing temporal 
variability. Red dots: trains of oscillations with 
increasing amplitude variability. 

3. Interaction between laryngealization 
and tone in Yalálag Zapotec 

The variety of Zapotec spoken in Villa Hidalgo (in the 
municipality of Villa alta, Oxaca, Mexico) is an Otomanguean 
language which shows a peculiar and quite rare characteristic. 
The phonological inventory of this language contains both 
modal and laryngealized vowels but also contrastive tones. 
Most importantly, both modal and laryngealized vowels can 
occur with one among three different contrastive tones (low, 
high, falling). As stated by Silverman [9], this distribution of 
laryngealized phonation and contrastive tones is quite rare. 
The production of contrastive tones requires precise control of  
rapid fundamental frequency modulations, but the production 
of non modal phonation should hinder the control of F0. 
Silverman thus proposes that, while a language like Mpi (a 
Tibeto-Burman language spoken in northern Thailand) can 
show only a limited amount of non-modality in the presence of 
contrastive tone, speakers of Otomanguean languages as 
Mixtec produce non modal voicing during a limited portion of 
the vowel, and modulate the fundamental frequency in the 
remaining modal portion of the vowel. A first analysis of the 
interaction between laryngealization and tones in Yalálag 
Zapotec was conducted by Avelino [23] on the basis of 
acoustic spectrogram and electroglottographic recordings. In 
that study it was suggested that the amount of laryngealization 
varied across contexts, speakers, and over the duration of each 
vowel (cf. Fig 5).  
In this paper we propose a reanalysis of the same signals 
studied in [23] produced by 3 speakers of Zapotec (2 women 
and 1 man). Before submitting the EGG signals to RQA, each 
signal was band pass filtered (4th order Butterworth filter with 
cutoff freqs. at 70 and 600 Hz). To discard variability due to 
changes in the overall amplitude of vocal fold vibrations and 
focus only on their shape, we computed the time varying RMS 
of the signal using a window of 20 ms and a time step of 3 ms. 
Then we divided the signal included in each window by the 
corresponding RMS value. As done with the synthetic signals, 
we moved an analysis window of 20 ms over the duration of 
each vowel with a time step of 13 ms. The signal included in 
each window was submitted to RQA and we obtained for each 
vowel a sequence of %EDET values which represent the 
amount of regularity of vocal fold vibration at different time 
points.  
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Figure 5: Two examples of laryngealized vowels with 
different degrees of laryngealization. Top panels: acoustic 
waveforms. Bottom panels: EGG signals. Gray bands indicate 
glottalized portions of vowels. 

The curves obtained in that way were interpolated to have  100 
values each. These curves were then considered as the 
dependent variable of a wavelet based functional mixed model 
[24]. With this approach we can model how regularity of vocal 
folds vibration is affected by the various factors considered at 
different points in time. We used as random factor the word 
from which vowel was extracted (26 different lexical entries 
were considered). The following predictors were considered: 
voice quality (2 levels: modal vs. laryngealized), tone (3 
levels: average tone, low vs average, falling vs. average); 
speaker identity (3 levels: average speaker, speaker JP vs 
average, speaker EL vs average); interaction between tone and 
voice quality; interaction between voice quality and speaker's 
identity; interaction between tone and speaker identity. 

Figure 6: Models' estimates. 

Figure 6 shows the estimate of the trajectories of regularity of 
the vocal fold vibrations for different voice qualities and tones. 
Fig. 7 shows the effects of voicing modality, of the tones and 
of their interactions. Since the reference level for the tone 
factor is represented by the average between different tones, 
the simple effect of voice modality (panel a of Fig. 7) is 
computed on the average tone. Since the reference level for the 
effect of voice modality corresponds to laryngealization, the 
simple effects of the tone factor (panel b for the difference 
between low tone and the average tone and panel c for the 
difference between the falling tone and the average tone) are 
computed on laryngealized vowels. The panels showing the 
interactions between the effects of tones and the effects of 
voice modality ( panels d and e ) show the correction needed 
to estimate the effect of the tones on modal vowels from their 
effects on laryngealized vowels. At the very onset of the 
laryngealized vowels vocal folds vibrations are  more regular 
(leftmost panel in Fig 6 and panel a in Fig 7). Regularity 
rapidly decreases and the difference in regularity between 
modal and laryngealized vowels becomes significant.
Laryngealized vowels occurring with low tones become also 

less regular than the average laryngealized vowels (panel b in 
Fig. 7). On the contrary vowels occurring with falling tones 
become more regular than the average laryngealized vowels 
(panel c). The effects of the interactions between tones and 
voice quality (panels d and e) have opposite directions with 
respect to the direction of the effect of laryngealization alone, 
suggesting that the differences in regularity due to different 
tones observed with laryngealized vowels are not significant 
when the vowels are modal. This is consistent with the lack of 
any visible effect on the model's estimates for modal vowels 
(cf. Figure 6). 

Figure 7: Model's effects over vowel's duration. 
continuous line: mean effect; dashed line: confidence 
bounds. Panel a: modal vs laryngealized; panel b: low 
tone vs average tone; panel c: falling tone vs average 
tone; panel d: interaction between voicing and effect 
of low tone; panel e: interaction between voicing and 
effect of falling tone. 

4. Discussion and conclusion 
The method introduced in this paper to measure the 

regularity of vocal fold vibrations from the EGG signal is 
robust to nonstationarity and can therefore be safely adopted in 
analyses of running speech signals. Results from simulations 
and analyses of real speech data support this claim. The 
analysis of Yalálag Zapotec data shows a behavior which is 
unexpected on the basis of the observations conducted on 
other Otomanguean languages ([1], [5], [9]). The three speaker 
analyzed modulate the degree of laryngealization in order to 
produce different tones. It is no surprise therefore that the 
vowels uttered with the low tone are less regular, because it is 
know that glottalization is more compatible with slow vocal 
fold vibrations. The falling tone ends up in a low fundamental 
frequency, but as a contour tone, it requires a more controlled 
vibration and thus it is expected to be less compatible with 
glottalization than low and probably high tones. Although the 
initial regularity of vocal fold vibration may be interpreted as 
compatible with the articulatory strategies described by 
Silverman [9], this observation may be just due to 
coarticulation with the context of occurrence of the analyzed 
vowels (which in our data is always represented by a voiced 
segment). The short duration of the regular portion of the 
vowels seems to support this idea. 
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