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Abstract

This study analyses the source characteristics of voiced and
voiceless nasals in Mizo, a Tibeto-Burman language spoken in
North-East India. Mizo is one of the few languages that has
voiced and voiceless nasals in its phoneme inventory. This anal-
ysis is motivated by the interaction between breathiness and
nasality reported in a number of speech perception studies using
synthetic stimuli. However, there are no studies examining this
interaction in vowels after voiced and voiceless nasals. Existing
research has also documented the interaction between breathy
phonation and vowel height. The current study is an acoustic
analysis of breathiness in high and low vowels following voiced
and voiceless nasals in Mizo. The acoustic parameter measures
are: H1H2 ratio, spectral balance (SB), strength of excitation
(SoE), and waveform peak factor (WPF). The values obtained
for all the four acoustic measures suggest that vowels follow-
ing voiceless nasals exhibit stronger acoustic characteristics as-
sociated with breathy phonation than vowels following voiced
nasals. In addition, the degree of acoustic breathiness is affected
by vowel height.
Index Terms: Phonation, Voicing, Nasality, Breathiness.

1. Introduction
Nasal sounds are present in almost all the languages of the
world and cross-linguistically, nasals are generally voiced seg-
ments. However, a few languages exhibit a voicing contrast in
their nasal sounds; that is, they have both voiced and voiceless
nasals in their phoneme inventory. As implied, the character-
istic feature of a voiceless nasal is that there is no vocal fold
activity while the air is released through the nasal cavity. How-
ever, existing literature shows that there can be different types
of voiceless nasals in terms of when and how the voicing be-
gins. For instance, in Mizo, a Tibeto-Burman language investi-
gated in this study, the voiceless portion of the nasal is followed
by a short period of voicing as it transitions into the following
vowel. The effect of nasal consonants on its contextual vowels
has also been of interest to many researchers and a number of
research shows that the effect of contextual nasalization varies
across languages [1]. In addition, the interaction between nasal-
ization and other features including manner and voicing has also
been investigated [2],[3] [4],[5], [6],[7]. Specifically, Ohala and
Ohala (1993) provide an aerodynamic and phonetic account of
how nasality interacts with place and manner features [4], and
a similar account on nasality and voicing interaction is given
by Sole [7]. According to Sole, the degree to which different
segment type interacts with nasalization forms a hierarchy re-
sembling the one presented by Schourup [8], with obstruents
being the least likely to nasalize and vowels the most.

However, a phenomenon not as widely studied is the inter-
action between nasality and phonation type (e.g., breathiness)
across languages. To explain the so-called spontaneous nasal-
ization, an emergence of a contrastive nasal vowel in words that
do not contain a nasal consonant etymologically, such as the
development on the nasal vowel after a voiceless fricative [s]
in Hindi [sãp] from Sanskrit [sarpa] snake, Ohala and Amador
speculates that the need for a wider-than-normal glottal open-
ing required for high airflow rates in voiceless segments such as
voiceless fricatives or voices aspirated plosives may be partially
assimilated by the adjacent (voiced) vowels [9]. In turn, this
slightly larger glottal opening during voicing creates acoustic
effects such as broadening first formant bandwidth mimicking
nasalization without being nasal physiologically. The hypothe-
sis is tested and confirmed [3].

However, nothing is known about how the voice quality of
the vowel can vary as a function of the voicing of the preceding
nasal. We hypothesize that the following vowels may assimi-
late acoustic effects of voiceless nasals. Nasality and breathi-
ness shared a number of acoustic cues including low-frequency
peak and wide F1 bandwidth, as mentioned by Arai in [10].
In a breathiness and nasality rating experiment using /a/ vow-
els synthesized by a software packaged developed by [11] and
[12], [10] also found that perceived nasality increases when
the frequency of the nasal zero (FNZ) values are further apart
from the nasal pole (FNZ) values, and perceived breathiness
increases when aspiration (AH) increases. More interestingly,
however, there is an interaction between perceived nasality and
breathiness. Specifically, [10] found that perceived breathi-
ness increases when the pole-zero is slightly part (FNZ=600),
but when nasality is strong (FNZ =700), perceived breathiness
decreases. Similar finding is reported in [13]. In this study,
breathy sources are found to increase perceived hypernasal-
ity for the mild hyper-nasal filter, but to reduce it for moder-
ate or severe hyper-nasal filters. Both of these studies demon-
strate mutual acoustic and perceptual effects of spreading glottis
(breathiness) and velopharyngeal port opening (nasalization).

Studies have also shown an interaction between breathy
phonation and vowel height. For instance, [14] found that more
vowel tokens are identified as the higher vowel (i.e., /i/ vs /I/;
/u/ vs /U/) when modeled with a breathy phonation particularly
after female voices. This finding is congruent with the report
that breathy phonation frequency occurs with vowels produced
with a raised tongue body and/or advancement of the tongue
root [15]. According to [15], in approximately 50 languages
studied, breathy phonation is invariably found to associate with
higher vowels. According to [14], acoustic effects of breathy
phonation and a raised tongue body and/or an advanced tongue
root effectively enhance low-frequencies and thus the percep-
tual distinctiveness of vowels differentiated by low-frequency
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prominence. Motivated by the above discussion, this work in-
vestigates if the voiceless portion of the nasal has an effect on
the voice source characteristics of its contextual vowels. In case
of Mizo, the voicing beings towards the end of the nasal be-
fore it transitions into the vowel. However, we analyze only the
transition region of the following vowel. Three different vow-
els are analyzed; two high vowels /i/ and /u/ and the low vowel
/a/. The effect of breathiness in vowels following the voiced and
voiceless nasals are studied using excitation source analysis.

The rest of the paper is organized as follows: Section 2
describes the experiment and the features used in this study as
a measure of breathiness. Section 3 presents the results and the
discussion. Finally, Section 4 presents the conclusion and future
directions of the study.

2. Method
2.1. Dataset

Speech samples of two female native Mizo speakers were ana-
lyzed. The speakers read a list of 30 monosyllabic words of CV
and CVC structure, where the onset is either voiced or voiceless
nasal, followed by /a/, /i/ or /u/. The final C of the CVC sylla-
bles were non-nasal obstruents. The nasal consonants included
in the data set were /m, n, N/ and their voiceless counterparts.
The word list consisted of 5 words of each of the 3 vowel type,
in both voiced and voiceless nasal context, read by two speakers
(3 vowels× 2 nasal type× 2 speakers = 30 tokens). The record-
ing was conducted in a sound-attenuated booth with a sampling
frequency was 44.1 kHz, 24 bits in WAV. format. The data col-
lected was manually annotated and the onset of the vowels was
marked at the onset of voicing. The features extracted from the
speech samples are described in the subsections below. Statisti-
cal analyses were performed on the extracted values to examine
the significance of the results.

2.2. Preprocessing and feature extraction

This subsection explains the features extracted from the region
of interest, i.e. transition region of vowels. All the features
explored in this work characterize the excitation source signal.
Before extracting the features, speech signals are downsampled
to 8000 Hz, and the amplitudes are normalized by `2-norm of
the speech signal. Source features are extracted from the Lin-
ear prediction residual (LPR) based approximation of excitation
source signal. The number of LP coefficients considered are
fs/1000+4, i.e. 12. All the features are extracted Glottal Clo-
sure Instant (GCI) synchronized. Zero Frequency Filter (ZFF)
based GCI estimation method is used in this work [16]. In this
case, differenced version of the speech signal is passed through
a zero frequency resonator. The output of the zero frequency
resonator is exponentially growing or decaying depending on
the polarity of the speech signal, which is further processed by
a trend removal moving average filter. The positive to negative
zero crossing locations are considered as the estimated GCIs of
the speech signal.

2.2.1. H1-H2:

This measure describes the relative magnitude of the first and
the second harmonics. Breathy glottal source signals ob-
tained through inverse filtering typically show more symmetri-
cal opening and closing phases with little or no complete closed
phase. The round near-sinusoidal shape of the breathy glottal
waveform is responsible for a relatively high amplitude of the

first harmonic (H1) and relatively weak upper harmonics. How-
ever, to assess whether there is an increase in the H1 amplitude
or not, H1 amplitude must be compared with some reference
such as amplitude of the second harmonic (H2) [17], [18]; or
amplitude of F1 [19],[20],[21]. In this study, H1 amplitude is
compared to that of H2. H1-H2 is an indicative measure of open
quotient [22]. Thus, breathy voice has higher H1H2 ratio com-
pared to modal phonation [23, 24]

2.2.2. Strength of Excitation (SoE):

This measure quantifies the abruptness of the glottal clos-
ing [25, 16]. In breathy phonation, glottal closing is not abrupt
which leads to lower SoE value compare to modal voice [26].
This feature is computed from the Hilbert Envelope (HE) of the
LP residual with GCI synchronously. It is expected that as the
breathiness increases, the peak strength of the HE of LP resid-
ual around GCI will be decreased. To compute the SoE feature,
a 3 ms segment of HE of LP residual is considered around each
GCI. Then, SoE is defined as the ratio of standard deviation to
the mean value of the segment [25].

2.2.3. Waveform peak factor (WPF):

Waveform peak factor is used to measure the decay character-
istic the LP residual signal around the GCIs. It is expected that
breathiness may affect the peak strength of the LP residual, as
the glottal closure is less sharp. The energy distribution of exci-
tation source around the glottal closure may be a better attribute
to capture this information. WPF is defined as follows [24],

WPF =
max(|si|)

[ 1
N

∑N
i=1 s

2
i ]

1
2

,

where si is the amplitude in the ith sample and N is the total
number of sample points considered in one glottal cycle. This
factor is defined as when the waveform is flat the value of this
factor will be minimum, i.e. 1. For the case of impulse function,
the value of this factor will be maximum, i.e. N1/2.

2.2.4. Spectral balance (SB):

Spectral balance feature is used to describe the spread of en-
ergy in the voice source spectrum. In this work, this feature
is computed by passing the voice source spectrum through 24
triangular Mel-filterbanks, which are equally spaced in the Mel
scale. The resultant 24 Mel-energies provide a smoothed repre-
sentation of the excitation source spectrum [27]. Then, spectral
balance (SB) feature is derived to characterize the spectral dis-
tribution as follows,

SB =
3∑

i=1

PE(i)/
24∑

i=1

PE(i), (1)

(2)

where PE(i) denotes the perceptive energy computed in the ith

Mel-frequency band.
To illustrate the significance, the LP residual and the fea-

tures are computed from speech segments of around 4-5 glot-
tal cycles of the transition regions of both voiced and voiceless
nasals, which is shown in Fig. 1. From the figure, it can be
clearly seen that the peak strength around the GCI is decreased
in the case of voiceless nasal but not for the voiced nasal. There
is an increase in the value of H1H2 in the vowels after voiceless
nasals, while the values for the SB feature is higher after voiced

238



−2
0
2
4

x 10
−3

−1

0

1

−5
0
5

10

d
B

0

0.2

0.4

0

0.5

1

1800 1850 1900 1950 2000 2050 2100 2150
0

2

4

Sample index

−5
0
5

x 10
−3

−1

0

1

−5
0
5

10
15

0

0.2

0.4

0

0.5

1

1600 1650 1700 1750 1800 1850
0

2

4

Sample index

(a)

(b)

(c)

(e)

(f)

(g)

(h)

(i)

(d)

(l)

(j)

(k)

Figure 1: Excitation source features around the transition region of the following vowel of nasal sounds. Red rectangle represents the
transition region of the vowel. (a) - (f) represent the speech waveform, LP residual, H1H2 ratio, SB, SoE, and WPF for voiced nasal
context, whereas (g)-(l) for that of unvoiced nasals.

nasals. The SoE and WPF values are found to be higher when
the vowel follows a voiced nasal.
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Figure 2: . Distributions of all features for voiced (V) and voice-
less (VL) nasals, respectively. Top, middle, and bottom row sig-
nifies the /a/, /i/, and /u/ vowel contexts, respectively

3. Experimental results and discussion
This section presents the experimental results and the discus-
sion of the analysis. The significance of the extracted features
from the transition regions of preceding vowels of both voiced
and voiceless nasals are studied using qualitative and quantita-
tive procedure. Qualitative analysis is performed by box plot
in Fig. 2, to show the distributions the four features. From the
figure, it can be seen that the discrimination is comparatively
greater in the case of /a/ than /i/ and /u/. For a better understand-
ing of the significance, a qualitative procedure using statistical
analysis is performed. The mean and the standard deviation of

Table 1: Mean and SD of the 4 features for all the vowels (/a/,
/i/, and /u/

Context: voiced voiceless
mean sd mean sd

H1H2 3.54 3.61 5.06 2.59
SB 0.17 0.02 0.16 0.02

SoE 0.73 0.15 0.69 0.14
WPF 3.08 0.52 2.90 0.52

Table 2: Mean and SD of the 4 features for /a/

Context: voiced voiceless
mean sd mean sd

H1H2 3.25 4.51 5.21 2.83
SB 0.18 0.02 0.17 0.02
SoE 0.70 0.16 0.67 0.15
WPF 3.05 0.54 2.85 0.46

Table 3: Mean and SD of the 4 features for /i/

Context: voiced voiceless
mean sd mean sd

H1H2 3.45 2.99 3.39 1.56
SB 0.17 0.01 0.15 0.01
SoE 0.78 0.15 0.74 0.13
WPF 3.19 0.46 3.11 0.50

Table 4: Mean and SD of the 4 features for /u/

Context: voiced voiceless
mean sd mean sd

H1H2 4.52 1.42 6.32 2.08
SB 0.15 0.01 0.15 0.01
SoE 0.68 0.12 0.68 0.14
WPF 2.89 0.54 2.80 0.41
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the four features are presented in Table 1. As hypothesized, the
mean of H1H2 ratio in the context of voiceless nasal is higher
than that of the voiced nasals and the mean of SoD, SB and
WPF are lower for voiceless nasals than voiced nasals. The re-
sults of all the four features imply that breathiness in the vowels
following a voiceless nasal is higher than the ones after voiced
nasals. T-tests performed on the extracted values confirm that
the differences in the means between the voiced and voiceless
context in all the four features are statistically significant. H1H2
[t(299)=-5.01, P < 0.001], SB [t(399) = 4.12, P<0.001], SOD
[t(368)=2.46, P<0.05], WPF [t(387)=3.55, P<0.001].

Table 2,3 and 4 show the mean values and standard devia-
tions of the four acoustic parameters measured for the vowels
/a/, /i/ and /u/ separately. To examine the significance of vowel
quality on breathiness, a factorial ANOVA is performed with the
values obtained for the four acoustic parameters as the depen-
dent variable and the nasal context (voiced/voiceless) and vowel
type (a/i/u) as the independent variables. The results show a sig-
nificant main effect of nasal context and vowel height in all the
four features. However, the interaction between nasal context
and vowel type is significant only for the H1H2 [F(2,489)=5.76,
P<0.01] and SB [F(2,443)=3.14, P<0.01] features.

H1H2 ratio indicates that /a/ and /u/, but not /i/ are acous-
tically breathier following voiceless nasals than voiced nasals.
On the other hand, spectral balance values for /a/ and /i/, but /u/
are lower in the context of voiceless nasals than voiced nasals.

4. Conclusions
No earlier studies have explore the interaction between nasal-
ity and breathiness in vowels following voiced and voiceless
nasals. It is found that four acoustic parameters extracted from
the onset portion of vowels following voiceless nasals exhibit
acoustic characteristics of being breathier than those following
voiced nasals in Mizo. This finding is consistent with the hy-
pothesis that wider glottal opening during voiceless nasals af-
fects the source (glottal) spectrum of the onset portion of its
following vowels. Specifically, H1H2 ratio, SB, SoE, and WPF
measures suggest that the glottal configuration of this portion
of the vowel is similar to that of a breathy phonation. Specif-
ically, in breathy phonation, there is a considerable amount
of low-frequency flow because the glottis is never completely
closed at the back over the vibratory period. Consequently,
the source signal shows increased open quotient (H1-H2) and
a very strong fundamental component (H1). However, though
not consistently observed across four acoustic measures, high
vowels seem to be breathier than low vowel overall. In addi-
tion, for some parameters, an interaction between vowel height
and nasal context is observed.

The future work planned is to explore the glottal opening
and closing behavior using the estimated glottal flow waveform
in the preceding vowel context of voiceless nasals. The effect
of nasalization on the LP residual in the nasal vowel transition
due to the addition of extra zeros in the vocal tract spectrum
might show characteristics associated with breathy phonation.
Our future work shall try to analyze more into this interaction.
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