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ABSTRACT

We investigated nasal coarticulation in English pro-
duced by native English and Mandarin speakers,
based on hundreds of hours of speech. A novel
method was proposed to measure nasality, using
softmax-based features from deep neural network
models for broad phonetic classes. Segment du-
rations were calculated from the results of forced
alignment. Our analysis revealed that vowel stress
tends to “block" the regressive influence of the fol-
lowing nasal coda, leading to less nasality in stressed
vowels compared to unstressed ones. In addition,
there was a positive correlation between the dura-
tion of vowels and nasal codas in L1 English, but a
weak negative correlation in L2 English speech.
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1. INTRODUCTION

Nasals and vowel nasalization have been extensively
studied, mostly based on small amounts of articula-
tory, aerodynamic, acoustic, or perceptual data col-
lected through controlled stimuli in laboratory set-
tings. In recent years, phonetics research has started
to take advantage of large speech corpora, however,
very few studies have attempted to investigate nasals
and vowel nasalization from this perspective, largely
due to the lack of techniques for automatic mea-
surement of nasality in the speech signal. In this
paper, we developed a new method for measuring
the degree of nasality automatically. With the new
method, together with the widely used forced align-
ment technique, we conducted a study of nasal coar-
ticulation in English produced by native English and
Mandarin speakers, based on two large datasets of
hundreds of hours of speech.

In speech production, a nasal consonant is made
when the velum is lowered and at the same time
there is a closure in the oral cavity, forcing air
through the nasal passages. Vowel nasalization is the
production of a vowel while the velum is lowered, so
that the nasal cavities are coupled into the vocal-tract
resonance system. Vowels are necessarily nasalized
to some extent preceding or following a nasal con-
sonant due to coarticulation, because it takes time

to lower or raise the velum. Many acoustic param-
eters have been found to be related to nasalization,
including a reduction in the amplitude of the first
formant (A1) [14]; the relationship between A1 and
the amplitude of the first harmonic (H1) [16]; nasal
poles, one below the first formant (P0) and the other
above the first formant (P1) [21]; the difference be-
tween A1 and P0, and the difference between A1 and
P1 [5]; nasal pole-zero pairs in the vicinity of the
first formant [10, 13]; and a low-frequency center of
gravity [2]. As this large number of relevant acous-
tic parameters suggests, the acoustic consequences
of nasalization are very complex. Furthermore, the
degree of vowel nasalization as a coarticulatory pro-
cess has also been found to be related to a wide
range of factors such as vowel height [1, 3, 12, 24],
phonetic context [4], non-segmental factors such as
stress, prosody, and speaking rate [6, 20], as well as
speaker and language characteristics [7, 11, 29]. It
is, therefore, desirable to investigate nasalization us-
ing large speech corpora, with an automatic measure
of nasality.

In this study, we are interested in two aspects
of nasal coarticulation: the effect of lexical stress
and the difference between L1 and L2 English.
With regard to how stress affects vowel nasalization,
there were contradictory results in the literature.
Some claimed that stressed vowels appeared more
nasalized by coarticulation than non-stress vowels
[19, 23], while others claimed that vowels resist
nasalization under stress or focus [6, 28]. Also, lan-
guages differ in terms of not only the phonemic or
allophonic status of vowel nasality [9], but also how
vowel nasalization is realized [7, 26]. Some stud-
ies have suggested that coarticulatory vowel nasal-
ization is under speaker control, and fine-tuned in
language-specific ways [17]. We believe that an-
alyzing large speech corpora may help to answer
these questions.

2. DATA AND SEGMENTATION

The data used in this study consisted of read sen-
tences in English and were collected through an
English-learning mobile app. Two sets of speech
data were used, one from native American English
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speakers (L1) and the other from Mandarin Chinese
speakers (L2). The L1 dataset contained approxi-
mately half a million utterances and 500 hours of
speech. The L2 dataset contained approximately
550K utterances and 620 hours of speech. All L2
speakers were from northern Mandarin dialect re-
gions, in which there is a contrast between alveolar
and velar nasal codas.

Phonetic segmentation was done automatically
through forced alignment using the HTK Toolkit
[15]. To achieve better segmentation accuracy,
we trained GMM-HMM acoustic models of both
phones and phone boundaries, following the method
in [27]. The phone models were standard 3-state
HMMs. The phone boundary models were a spe-
cial 1-state HMM, in which the state cannot repeat
itself. Forced alignment on the L1 and L2 data was
performed separately, with acoustic models trained
on the two datasets respectively.

The CMU pronouncing dictionary was used for
forced alignment [8]. In the dictionary a stress
marker is placed after every vowel: "1" for primary
stress, "2" for secondary stress, and "0" for no stress
(reduced vowels). To avoid the complexity aris-
ing from syllabification and secondary stress, we re-
stricted our analysis to the word-final alveolar nasal
/n/ and the preceding vowel, either in primary stress
(hereafter V1N) or no stress (hereafter V0N). Based
on the results of forced alignment, we excluded to-
kens in the data whose duration was not in a typi-
cal range (likely due to speech errors or alignment
errors). For vowels, both V1 and V0, the duration
range was set to between 60 and 300 msec; for the
nasal coda, the duration range was between 40 and
200 msec. The total number of tokens used in our
analysis is listed in Table 1.

Table 1: Total number of tokens for analysis.

L1 English L2 English
V0N 29,286 38,037
V1N 146,410 131,129

3. A METHOD FOR AUTOMATIC
MEASUREMENT OF NASALITY

The method we proposed for automatic measure-
ment of nasality was based on deep neural network
models of broad phonetic classes. Following [25],
we mapped English phonemes into six broad pho-
netic classes plus a class for silence, as listed in Ta-
ble 2. In order to measure nasality, we used the
softmax function as the output layer of the neural
network, which generates a vector representing the

probability of each and every broad class. The prob-
ability of the nasal class was then used to measure
nasality in the speech signal.

Table 2: Broad phonetic classes.

Class Description: phonemes
V1 Stressed vowels: 1 2
V0 Non-stress vowels: 0
N Nasals: /M N NG/
S Stops and affricates: /B CH D G JH K P T/
F Fricatives: /DH F HH S SH TH V Z ZH/
G Glides and liquids: /L R W Y/

SIL Silence: –

We trained a Kaldi [18, 22] TDNN (nnet3) model
of the seven classes (including silence) with 80% of
the L1 dataset, i.e., 400 hours of L1 English speech,
and used the model to compute softmax values for a
given time point in the speech signal. The procedure
is illustrated in Figure 1.

Figure 1: The procedure of computing broad-
class probabilities.

To evaluate the performance of the model, we ex-
tracted a softmax vector at the phone center for ev-
ery phone in the entire L1 dataset (the phone center
was determined by the forced alignment process de-
scribed above), and selected the class with the high-
est probability as the recognition result. The recog-
nition accuracy is listed in Table 3, for test and train-
ing data respectively. Among the six phonetic broad
classes, the overall accuracy was about 74%. Most
of the errors were between similar classes, for ex-
ample, V0/V1 and V1/G. If we group the six classes
into nasal (N) and non-nasal (V1, V0, S, F, G), the
accuracy was better than 96%.

Table 3: Broad class recognition accuracy.

6 classes nasal vs. non-nasal
Test set 74.1% 96.5%

Training set 74.7% 96.6%

From Table 3 we can also see that there is little
difference between the training and test sets in terms
of recognition results. Therefore, we combined the
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two sets in the following analysis.
Figure 2 shows the mean probabilities of the six

broad phonetic classes, computed from all phones
in the entire L1 dataset. Note that we obtained the
probabilities for the center of the phones. We can see
that for each broad phonetic class in the data (de-
termined by the CMU dictionary, as the gold stan-
dard), the probability of the class of the gold stan-
dard is much higher than the probabilities of the
other classes.

Figure 2: Probabilities of broad phonetic classes
for all the phoneme tokens in the L1 dataset.
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4. RESULTS

4.1. The effect of stress on vowel nasalization

Using the proposed method, we extracted a softmax
vector at the center of the vowel for all the selected
V1N and V0N tokens described in Section 2. The
probability of the nasal dimension in the softmax
vector was used to measure the degree of nasality
in the vowel. Figure 3 compares the difference be-
tween V1N and V0N on the degree of nasality at the
center of the vowel.

Clearly, for both L1 and L2 English the nasality
is lower for V1N. That is, when preceding a nasal
coda, stressed vowels bear less nasality than non-
stress vowels. There are at least two possible ex-
planations for this result. The first explanation is
that stress resists or blocks nasalization by coarticu-
lation. The second one is that because stressed vow-
els are longer than non-stress vowels, the center of
a stressed vowel is further away from the following
nasal coda and therefore less influenced by the nasal
than a non-stress vowel.

To test the second hypothesis, we extracted soft-

Figure 3: Nasal probability at vowel center.

max vectors at six different time points in every to-
ken: the boundary between the vowel and the nasal
coda (B); 10, 20, 30 msec from the boundary into
the vowel (B-1, B-2, B-3); and 10, 20 msec from
the boundary into the nasal coda (B+1, B+2). The
results are shown in Figure 4, for L1 and L2 respec-
tively.

By comparing the three time points in the vowel,
B-3, B-2, and B-1, we can see that when preceding
a nasal coda stressed vowels are less nasalized than
non-stress vowels, and this is true for both L1 and
L2 English. As these points were determined by the
distance in time from the nasal coda, regardless of
the vowel duration, we can conclude that the sec-
ond hypothesis is not supported by our data. Our
data demonstrate that lexical stress resists or blocks
the influence of the following nasal coda, so stressed
vowels are less nasalized than non-stress vowels.

Figure 4 also shows a difference between L1 and
L2 English on the nasal coda. It appeared that the
nasal coda had less nasality in stressed syllables
(compared to non-stress syllables) in L1 English, but
more nasality in stressed syllables in L2 English.

4.2. The duration of vowels and nasal codas

With regard to the duration of vowels and nasal co-
das, our data show an interesting difference between
L1 and L2 English. Figure 5 contains smooth scat-
terplots of the vowel and nasal coda duration in
V1N, for L1 and L2 respectively. In L1 there was
a positive correlation between the vowel and nasal
coda duration (r = 0.34, p < 0.001) whereas in L2
the correlation was negative, although very weak (r
= -0.06, p < 0.001).
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Figure 4: Nasality at six time points.
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The negative correlation between the duration of
stressed vowels and nasal codas in L2 English might
be a result of negative transfer of the rhythm of Man-
darin as a syllable-timed language. However, addi-
tional research is needed to draw a conclusion.

5. DISCUSSION AND CONCLUSIONS

We developed a new method for automatic measure-
ment of nasality in large speech corpora, based on
deep neural networks and broad phonetic classes.
By grouping phonemes into broad phonetic classes,
we trained acoustic models to represent the acous-
tic property of each broad class instead of individual
phonemes, e.g., the common property (nasality) of
all nasal sounds.

We used the softmax function as the output layer
of the neural network, and the probability of the
nasal class to measure nasality in the speech signal.
The nasal probability in nasalized vowels were rel-
atively small, as we can see from the results. This

Figure 5: Duration of V1 and N in V1N.

does not affect our analysis because we only com-
pared vowels in different contexts. However, if the
goal is to detect nasality in speech, we need to cal-
ibrate/normalize the measure using non-nasalized
vowels (vowels not adjacent to a nasal consonant)
as a reference.

We trained only one model using L1 speech, and
the vowel classes were trained using all the vowel to-
kens, including those preceding or following a nasal
consonant. Further effort is needed to test how mod-
els trained on L2 or only on non-nasalized vowels
will affect the nasality measure.

In summary, our analysis of large speech corpora
demonstrated that in both L1 and L2 English lexi-
cal stress blocks vowel nasalization, leading to less
nasality in stressed vowels. We found a positive cor-
relation between the duration of vowels and nasal
codas in L1 English but a weak negative correlation
in L2 English.
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