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Abstract

The objective of this work is to characterize the intervocalic
glottal stops in Assam Sora. Assam Sora is a low resource lan-
guage of the South Munda language family. Glottal stops are
produced with gestures in the deep laryngeal level; hence, the
estimated excitation source signal is used in this study to charac-
terize the source dynamics during the production of Assam Sora
glottal stops. From that, temporal domain voice source features,
Quasi-Open Quotient (QOQ) and Normalized Amplitude Quo-
tient (NAQ) are extracted along with spectral features such as
H1-H2 ratio and Harmonic Richness Factor (HRF). One exci-
tation source feature is extracted from the zero frequency fil-
tered version of the speech signal to characterize the variations
within the glottal cycles in glottal stop region. A recently pro-
posed wavelet based voice source feature, Maxima Dispersion
Quotient (MDQ) is also used to characterize the abrupt glottal
closure during glottal stop production. From the analysis, it is
observed that the features are salient enough to uniquely char-
acterize glottal stops from the adjacent vowel sounds and may
also be used in continuous speech. A Mann-Whitney U test
confirmed the statistical significance of the differences between
glottal stops and their adjacent vowels.

Index Terms: Assam Sora Language, glottal stop, zero fre-
quency filter, maxima dispersion quotient.

1. Introduction

Speech sounds are produced with gestures in the sub or supra-
laryngeal level. However, some sound units are articulated only
in the larynx without any effective gestures in the vocal tract. A
glottal stop, defined as a stop made by the glottis, is an example
of such sound that is produced by firmly adducting the vocal
folds [1]. In the glottal continuum model [2], the glottal stop is
considered to be an extreme form of glottal closure and is placed
at the right edge of the continuum, while voiceless sounds are
placed at the extreme left edge. However, it is suggested that a
complete glottal stop is rare in continuous speech [3].

Apart from producing glottal stops as a phonological unit
in a language, they can be produced as compensatory articula-
tions. For example, Cleft Lip and Palate (CLP) patients pro-
duce glottal stops as compensatory articulations [4], while in
English, glottal stop occurs as an allophone of the stop con-
sonant /t/. At the same time, many Austro-Asiatic languages
of the Mon-Khmer subfamily such as Khmer, Chong, Kammu,
Car, Khasi, Pnar, Katu, Dannu, Mon, Bunong, Sedang and Kui
as well as of the Munda subfamily such as Santali, Mundari,
Kera?, Ho, Korku, Juang, Kharia, Sora, Gorum, Remo, Gutob
and Gta? [5] [6] include glottal stops in their phoneme inven-
tories. However, analysis and characterization of glottal stops
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with the help of a spectrogram is difficult [7] [8]. As there is
no movement of the supralaryngeal articulator, information re-
garding articulation in the larynx cannot be obtained. Hence, a
significant voice (excitation) source analysis is needed to char-
acterize this sound unit.

Production of glottal stops has a variety of realizations
ranging from a complete stop to a laryngealized realization.
Similarly, acoustic characteristics of a glottal stop differs sig-
nificantly depending on the context in which it occurs [9]. For
instance, while it is suggested that intervocalically a dip in the
pitch and amplitude contour are reliable cues for perceiving a
glottal stop [10], it is argued that irregularity and aperiodic-
ity of estimated source signals may also serve as dependable
cues of identifying a glottal stop in the same region [7] [8] [11].
Moreover, in the production of a glottal stop, as the larynx pri-
marily has an effective gesture and vocal fold vibration is sig-
nificantly deviated from the adjacent voiced region, analysis of
glottal stop may also be conducted using aerodynamic parame-
ters, EGG signals and estimated voice source from speech sig-
nals. However, it is preferable to analyze glottal stops directly
from the speech signal so that estimated voice source may pro-
vide a better way of characterizing the acoustic qualities of a
glottal stop.

A few attempts have been made to automatically character-
ize a glottal stop using speech signal processing. These studies
have mostly used excitation source information to characterize
a glottal stop. In one such study, the irregularity during a glot-
tal stop region using a normalized cross correlation between
two adjacent glottal cycles is quantified in a linear prediction
residual of the speech signal [8]. Also, in order to detect the
glottal stop in continuous speech of Amharic, normalized jit-
ter and logarithm peak normalized excitation strength (LPNES)
at each glottal closure instant (GCI) is computed [7]. Addi-
tionally, pitch synchronous integrated linear prediction resid-
ual is also used as voice source representation to characterize
the glottal stop in intervocalic context [11]. This has helped in
capturing the variation in the abruptness of glottal pulses using
the ratio between the strength of excitation (SoE) at two con-
secutive epoch locations and temporal energy distribution using
waveform peak factor (WPF). The asymmetric behavior of each
glottal cycle is extracted using higher order statistical (HOS)
measures.

The current study proposes a characterization method for
intervocalic glottal stops in a South Munda language called As-
sam Sora, spoken by approximately 5000 people in Assam of
North East India. Assam Sora has emerged due to the migra-
tion of Sora speakers from Orissa to Assam in the 19*" cen-
tury. While the presence of a glottal stop in Sora has been re-
ported [12], its presence in Assam Sora is also observed [13].
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Glottalized vowels in Sora are reported by [12] and [14]. How-
ever, a discriminatory feature of glottalized vowel in Sora or in
Assam Sora is unknown. Additionally, Anderson and Harrison
suggest that a glottal stop in Sora may also function phonologi-
cally to add a mora to monosyllabic nouns to complete the min-
imal word template. The phonetic realization of a glottal stop
in Sora or in Assam Sora is unknown. However, close observa-
tion of Assam Sora glottal stops, by trained phoneticians, have
revealed that variability in the production of glottal stops is sig-
nificant in the language (see Section 2). Hence, this study con-
siders Assam Sora as a suitable language for classifying glottal
stops through signal processing methods.

Due to the lack of a large dataset to build an acoustic model
for glottal stops, this study is limited to the analysis of glottal
stop characteristics using different voice source features only.
The iterative adaptive inverse filtering based glottal flow wave-
form and traditional linear prediction residual are used as the
representation of the estimated voice source for this analysis.
The abrupt adduction of glottis in a glottal stop region and its
resultant phenomena of increased harmonics in voice spectrum
is captured using temporal and spectral domain source features.
Additionally, to capture the variations within the glottal cycles
of zero frequency filtered version of the signal, cosine distance
between each half of the glottal cycle is computed. Since the
glottal closing is more abrupt in glottal stops than in vowels, it
is expected that the maxima following the wavelet decomposi-
tion of LP residual in glottal stops will be less dispersed than
the vowels. This information is captured by the recently pro-
posed voice source feature maxima dispersion quotient (MDQ).
The irregularity of adjacent glottal cycles in voice source sig-
nal is captured by computing the normalized cross-correlation
coefficient between them.

The paper is organized as follows. In Section 2 character-
istics of the glottal stop in Assam Sora is discussed. Different
source features used in this work are elaborately discussed in
Section 3. In Section 4, a detailed discussion of dataset prepa-
ration and experimental results are provided. Finally, in Section
5, the paper is concluded by summarizing the present work.

2. Glottal stops in Assam Sora

The data in this study reveals that glottal stops in Assam Sora
have three different realizations. 79% of the samples in the
dataset show that glottal stops in Assam Sora are partial stops.
A partial glottal stop occurs due to coarticulatory laryngealized
voicing [9], and the most common characteristic caused by this
is the distribution of features of the preceding vowel of the glot-
tal stop into the following vowel. While 13% of the samples in
the dataset contain creaky phonation in the glottal stop region,
only 8% of the samples show a complete glottal stop. However,
samples containing complete glottal stop are not taken due to
the limited scope of this study.

It was mentioned earlier that a glottal stop in an intervo-
calic region can be perceived by a dip in the pitch contour and
a dip in the amplitude contour [10]. However, the data in this
study reveals that intervocalic glottal stops can have two differ-
ent pitch contours. It is found that the pitch contour during a
glottal stop production in an intervocalic region can either be a
dip or a peak. Figure (1) shows the two different pitch contours
in the speech sample produced by two male speakers examined
in this study. The pitch contour is estimated by SE-VQ ( [15])
algorithm and is cross examined with the widely used speech
analysis tool, Praat [16].

On the other hand, the amplitude dip during the glottal stop
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Figure 1: Illustration of two realizations of pitch contour ob-
served in Assam Sora (Glottal stop region is marked by a red
rectangle).

production in intervocalic region is invariably present in data
taken in this study. Only a few samples in the dataset show a flat
amplitude contour from the preceding vowel to the following
vowel. However, apart from these commonly fundamental fre-
quency and amplitude analysis, better characterization method
is required to accurately describe a glottal stop in an intervocalic
context of Assam Sora. Hence, several voice related features are
explored in the following sections that are expected to provide
more insights to the source dynamics in the glottal stop region.

3. Feature extraction

The features used in this analysis characterizes the voice source
signal to extract information regarding the intervocalic glot-
tal stop in Assam Sora. All features are computed GCI syn-
chronously from the representation of the voice source signal.
Iterative adaptive inverse filtering (IAIF) based method is used
to estimate the source signal in this work [17]. Along with
this, linear prediction residual is also used to compute a wavelet
based voice source feature. Since the voice behavior shifts to
the non-modal category during the glottal stop region, a robust
GCI detection method to handle this situation is needed. A re-
cent GCI detection method, SEDREAMS algorithm, modified
to better handle voice qualities, (SE-VQ) is used for this pur-
pose [15]. This method shows better performance in non-modal
phonation. Different source characteristics are explored using
the following features:

Quasi-Open Quotient (QOQ): It is a time domain feature
describing the relative open time of the glottis [18]. This param-
eter is preferred over the traditional open quotient (OQ) because
it does not use information regarding the location of significant
excitations. It is defined as the timespan during which the glot-
tal flow is above 50 % of the difference between the maximum
and minimum flow, normalized to the pitch period.

Normalized Amplitude Quotient (NAQ): This feature
characterizes the glottal closing phase and it is defined as the
ratio between the maximum of the glottal flow waveform and
the minimum of its derivative. It is then normalized with re-
spect to the pitch period. Since the closing phase constitute the
main excitation of the vocal tract, this feature reflects phonation
and vocal intensity changes robustly [19].

H1-H2 ratio: This feature describes the spectral slope of
voice source spectrum. It was found that more the voice be-
comes tense or loud, the HI-H2 ratio decreases [20].

Harmonic Richness Factor (HRF): The harmonic content
in the voice source spectrum is changed with respect to the vari-
ation in the vocal fold vibration. This parameter is defined to
quantify the amount of harmonics present in the amplitude spec-
trum of voice source [21]. The HRF is defined in Equation (1).
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Maxima Dispersion quotient (MDQ): This recently pro-
posed source feature has significant link to the sharpness of the
glottal closure. To compute MDQ), the LP residual of the signal
is processed by a dyadic wavelet transform with seven scaled
version of the wavelet function. Then, from each glottal closure
instant (GCI), the locations of the maxima are searched within a
predefined search interval. The distances from the GCI to each
maxima is measured and then mean of these distance is com-
puted. At last, the MDQ feature is computed by normalizing
this mean value by pitch period. For breathy voice the max-
ima were observed to be more dispersed than the tense voices.
In our study it is used to observe the sharpness of the glottal
closure for the CLP speech [22].

To characterize the period to period irregularity in the
derivative of the glottal flow during the glottal stop region, nor-
malized cross-correlation coefficient (NCC) between two adja-
cent glottal cycles is computed. The NCC is computed as fol-
lows.

HRF = (1)

(Va, Va)

NCC = —
Vallvell

(€3

where, Vi and V> are two successive glottal cycles of residual
signals. The number of samples in V; and V5 residual segments
are n1 and no, respectively. If n; is greater than no, then n; —
no zeros are added at the end of the V5> segment and vice versa.

A zero frequency filter (ZFF) based feature is derived to
characterize the intervocalic glottal stop in Assam Sora. ZFF
method is proposed to compute the GCI locations from the
speech signal [23]. In this method the speech signal is passed
twice through a zero frequency resonator. The transfer function
of such a resonator is determined by the equation in (3).

1
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This resonator de-emphasizes the characteristics of vocal
tract system. The resonator output decays or grows as a poly-
nomial function of time. The trend of the output signal is re-
moved by subtracting the local mean over 10 ms at each sam-
ple. The resulting signal obtained after subtracting the local
mean is called zero-frequency filtered signal. A window size
of average pitch period is used for computing the local mean.
Generally time instants of negative to positive zero crossings of
the ZFF signal are regarded as GCI locations. In case of inter-
vocalic glottal stops, the average pitch period is computed from
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the vowel region. Then the trend removal for the glottal stop re-
gion will not be proper due to the inherent variation of the pitch
period in that region. Each half of one glottal cycle for zero
frequency filtered signal in the glottal stop region is not similar
as shown in Figure 2(b). To compute this variation, cosine dis-
tance between two halves within the glottal cycle is computed.
The illustration of this feature is given in Figure 2(b). Apart
from the above features, we have also explored normalized jit-
ter and logarithm peak normalized excitation strength (LPNES)
to characterize the glottal stop in Assam Sora. The robustness
of these features to characterize the intervocalic glottal stop is
reported in [7]. LPNES feature is derived from the ZFF output
of speech. It is defined as the logarithm of excitation strength
at each GCI location of the speech divided by the local peak of
ZFF output. The slope of the ZFF output at each GCI location is
defined as the excitation strength [23]. In the vowel region the
LPNES value will be nearly constant, while during the glottal
stop region it will have higher variation.

A recent freely available software repository known as CO-
VARERP [24] is used in this analysis to estimate the voice source
using IAIF and MDQ parameter. This repository is also used
for the SE-VQ GCI detection method.

4. Experiments
4.1. Dataset

Speech samples used for analysis in this study are collected
from 12 native Assam Sora speakers, both male and female
speakers between 23 to 40 years of age. The dataset includes 14
Assam Sora disyllabic words that have an intervocalic glottal
stop between two identical vowels. A description of the dataset
is shown in Table 1. The targeted words were recorded twice
in isolation and twice in a sentence frame I saw X written”.
Recordings were done in Singrijhan tea estate of Sonitpur dis-
trict in Assam using a Tascam linear PCM recorder connected
to a Shure unidirectional head-worn microphone. The sampling
frequency was 44.1 kHz, 24 bits in WAV format. All the speech
samples were later manually annotated in Praat [16].

Table 1: Description of the Assam Sora database

| # [ Sora [ English [ # [ Sora [ English ‘
1| 1?1 louse 8 Si?i hand
2 | utu hair 9 so?o | rotten foul smell
3 | da?a water 10 | to?0 | mouth
4 | lu?u ear 11 | za?a | snake
5 | mo?o | eye 12 | ze?e | red
6 | mu?u | nose 13 | zi?i tooth
7 | ra?a elephant | 14 | zo?0 | fruit

4.2. Results and Discussion

This section discusses the extracted features for both classes by
plotting the distribution for all the speech samples in the dataset.
To compute the spectral domain features, a frame size of three
pitch periods around the GCI location is taken from the deriva-
tive waveform of glottal flow. The hanning window is used for
this GCI centric feature extraction. Figure 3 shows the distri-
bution of all the features computed at the GCI locations. Open
quotient decreases in case of glottal stop region in comparison
to the vowel region. This signifies the firm adductive behavior
of glottis in the glottal stop production. The small extra peak in
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Figure 4: Distributions of the variance values of (a) QOQ, (b)
HRE (c¢) NCC and (d) LPNES in glottal stop regions and in
vowel regions.

the distribution for the vowel region may be due to the feature
values of vowel region adjacent to the glottal stop. The abrupt
glottal closing during the glottal stop production is character-
ize by the NAQ parameter, as its value decreases for the glottal
stop region (Figure 3 (b)). The abrupt glottal closing increases
the higher order harmonics and decreases the slope of the voice
spectrum (Figure 3 (c), (d)). These results are supported by the
reduced value of MDQ feature. The period to period irregu-
larities during the glottal stop region is captured by the NCC
feature. Hence, the inherent irregularity of glottal cycles ob-
served in languages analysed previously are also applicable to
the glottal stops in Assam Sora. The irregularity of the glottal
cycles may be due to the irregular vocal folds vibration caused
during the production of a glottal stop. The feature extracted
from zero frequency filtering also provides some amount of dis-
crimination between the vowel and glottal stop region.

We computed all the features at every GCI location of the
speech samples. In order to analyze the variability of the feature
values of vowels as well as of the glottal stop regions, variance
of the feature values for those regions is computed separately.
The QOQ, HRF and NCC features show higher variability in
the glottal stop region (Figure 4). The variance values show
significant discrimination among the two classes and this can be
used as another feature for spotting a glottal stop in continuous

speech. Though the other features show discrimination between
the two classes, the variability during the glottal stop region is
lesser.

From these experiments, it is found that LPNES feature val-
ues in the vowel region is almost constant, whereas in the glot-
tal stop region this feature shows higher variation. Figure 4(d)
clearly shows that the LPNES value is less consistent for the
glottal stop region then the vowel region. Since the excitation
strength is not regular during the glottal stop due to the inappro-
priate vocal folds vibration more variation in the LPNES values
for the glottal stop is noticed.

The normalized jitter value is computed for glottal stop and
its adjacent vowels for all the samples in our dataset to observed
the pitch period variation within the glottal stop region. It is
found that the mean of all the jitter values computed from vowel
(0.36) is significantly less than glottal stop (1.081). The vari-
ance of jitter for the glottal stop (1.43) is very high compared
to the jitter of the vowel region (0.09). A Mann-Whitney U test
between the glottal stop and its adjacent vowel regions for each
features was performed and a significant difference (< 0.005)
is observed. Hence, the intervocalic glottal stops in Assam Sora
can be characterized robustly using the QOQ, NAQ, H1-H2 ra-
tio, HRE, NCC, MDQ, ZFF based, LPNES features as well as
the jitter values.

5. Conclusion

This study proposes a method to characterize the source behav-
ior in the production of intervocalic glottal stops in Assam Sora.
In Assam Sora, glottal stops are phonemic sound units that oc-
cur intervocalically and word finally. In this study the intervo-
calic glottal stops are used for source characterization. Most
of these intervocalic glottal stops showed pitch dip character-
istics, while a few were produced with increased fundamental
frequency.

Two representations of the voice source, IAIF and LP resid-
ual, are used to extract temporal and frequency domain features
separately. It is found that the open phase duration in the glot-
tal stop region is very small and additionally opening to closing
phase transition is very sharp when compared to the adjacent
vowel regions. Significant irregularities in the adjacent glottal
cycles in the voice source signal during the glottal stop produc-
tion is observed. The LPNES features show higher variability
and the normalized jitter value is high for the glottal stop re-
gions. Hence, all the voice source features provide effective
characterization of the intervocalic glottal stops in Assam Sora.
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