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Abstract: This study proposes a method for differentiating hypernasal-
speech from normal speech using the vowel space area (VSA).
Hypernasality introduces extra formant and anti-formant pairs in vowel
spectrum, which results in shifting of formants. This shifting affects the
size of the VSA. The results show that VSA is reduced in hypernasal-
speech compared to normal speech. The VSA feature plus Mel-
frequency cepstral coefficient feature for support vector machine based
hypernasality detection leads to an accuracy of 86.89% for sustained
vowels and 89.47%, 90.57%, and 91.70% for vowels in contexts of high
pressure consonants /k/, /p/, and /t/, respectively.
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1. Introduction

The cleft palate (CP) is a craniofacial birth defect in children. Five universally accepted
speech disorders associated with CP are hypernasality, hyponasality, nasal air emission
and/or turbulence, consonant production errors, and voice disorder." Among these dis-
orders, hypernasality is the most frequently occurring disorder, which is defined as
excess nasality heard on the voiced sounds, especially vowels.! Hypernasality is due to
leakage of air through the nose during the production of vowels. It is different from
nasal air emission which is a term defined for leakage of air through the nose during
the production of pressure-sensitive sounds (plosives, nasal stop, fricatives, and affri-
cates).” Hypernasality leads to reduced intelligibility for many speakers with CP. In
order to block the air leakage from the nose, multiple surgeries may be performed to
repair the cleft and create a normal resonance balance during speech production.
Despite the surgical repair, hypernasality still persists in many individuals with CP.
This is due to the inability of velum to completely close the velopharyngeal port during
the production of speech sounds. The evaluation of hypernasality helps plastic sur-
geons and speech-language pathologists (SLPs) to decide whether additional surgery or
speech therapy is needed for the treatment of hypernasality.

In the clinical environment, hypernasality evaluation is done perceptually by
experienced SLPs, and the judgment is verified using instrumental techniques. Verification
is done because the perceptual judgment may vary among the SLPs.* This happens
because hypernasality occurs in conjunction with abnormalities in pitch, loudness, voice
quality, and/or articulation in CP speech. The co-existence of these abnormalities affects
the nasality perception.* The instrumental techniques may be invasive or non-invasive.
The invasive instrumental techniques such as x ray (cephalometry), videofluoroscopy, and
nasendoscopy are used to observe the movement pattern of the velopharyngeal port.
These techniques may cause discomfort and have a radiation risk to the subject. The
non-invasive instruments like Nasometer (PENTAX Medical, Montvale, NJ),5 accelerom-
eter, and PERCI-SARS (PERCI-SARS MicroTonics Corp., Chapel Hill, NC) measure
sound pressure, nasal vibrations, and the oral and the nasal airflow, respectively. These
instruments are portable, comfortable, and safe for the subject.

Researchers have used acoustic cues as an alternative objective measure for
the detection of hypernasality. The acoustic cues are obtained from spectral analysis of
hypernasal speech using digital signal processing methods. In this method, isolated
phoneme vowels /a/, /i/, and /u/ or vowels taken from consonant-vowel syllables are
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analyzed for hypernasality detection. The isolation of vowels is done to avoid conso-
nants because they may add nasal air emission and consonant production errors in the
data. The important acoustic cues for nasalized vowels such as shift in formants loca-
tion, especially first formant (F)), reduction in F; strength, and addition of extra-nasal
formant and anti-formant pairs in vowel spectrum are proposed in literature for nasal-
ity detection.* Hence, features are extracted based on these cues for hypernasality
detection. The features such as difference between the low-pass and bandpass profile of
the Teager energy operator (TEO),® voice low tone to high tone ratio,” and a combina-
tion of Mel-frequency cepstral coefficient (MFCC) and TEO profile® are used to detect
hypernasality. In Ref. 4, a feature extracted from a high-resolution group delay spec-
trum is used for hypernasality detection. The features based on acoustic and noise,
cepstral analysis, and nonlinear dynamic features and a combination of nonlinear
dynamic features plus entropy measurements,’ are also used for hypernasality detec-
tion. The automatic detection and severity grading of hypernasality are done in Ref.
10 using an energy distribution ratio feature and a Gaussian mixture model classifier.

The above features perform well for hypernasality detection with detection
accuracies ranging from 70% to 90%. These accuracies, however, vary from vowel to
vowel even for the same feature. For example, the hypernasality detection works in
Refs. 6 and 7 are performed for specific vowels only. This variation in accuracy hap-
pens because hypernasality is more evident in high vowels compared to low vowels.'
In literature, no attempt has been made to detect hypernasality using a feature which
is extracted simultaneously from the three vowels /a/, /i/, /u/. The vowel space area
(VSA) is a feature which is extracted simultaneously from the three vowels /a/, /i/, /u/,
hence, it is used for hypernasality detection in this work.

The VSA is a two-dimensional (2D) area bounded by lines joining the first for-
mant F; and second formant F, coordinates of vowels. Recently VSA is used to study
the characteristics of various pathology like psychological distress,'' hearing impair-
ment,'? and for analyzing regional dialect variation and sound change.'> A recent
study of VSA based on hypernasal speech produced by individuals with repaired CP
has shown a reduction in the vowel space.'"* Another study analyzing the effect of
severity of hypernasality on VSA has reported in Ref. 15. However, the application of
VSA as a feature for automatic detection of hypernasality has not been explored sys-
tematically. Motivated by the ability of VSA to characterize the pathological speech,
dialect variation, and hypernasality severity analysis by capturing the shift in positions
of F| and F, frequencies in vowels, this work uses the VSA as an additional feature
along with the 39-dimensional MFCC feature for the hypernasality detection using the
support vector machine (SVM) classifier. The detection is done for sustained vowels /a/,
/i/, lu/ and the same vowels in context of pressure consonants /k/, /p/, /t/, respectively.

The organization of the paper is as follows: Section 2 discusses the spectral
analysis of hypernasal speech. Section 3 discusses the CP speech database. Section 4
discusses the hypernasality analysis using VSA. Section 5 discusses the result of hyper-
nasality detection using VSA. The conclusion and future work are given in Sec. 6.

2. Spectral analysis of hypernasal speech

The vowel spectrum is affected by hypernasality with the addition of extra formant
and anti-formant pairs.* This addition happens at natural frequencies of the nasal tract
and sinuses present. The natural frequency of the nasal tract lies in the frequency range
of 450 to 650Hz and 1800 to 2400Hz'® and for sinuses, it lies around 400 and
1300 Hz.!” These extra pairs reduce the F; strength and shift the locations of F; and F»
frequencies. Figures 1(a)-1(c) show the linear prediction (LP) spectrum of normal and
hypernasal vowels /a/, /i/, and /u/, respectively. From Fig. 1 it can be observed that
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Fig. 1. LP magnitude spectrum of the normal and hypernasal vowel. (a) For /a/ vowel, (b) for /i/ vowel, and (c)

for /u/ vowel. The figure shows the addition of extra formants, reduction in formant strength, and shift in for-
mant frequency for hypernasal vowels.
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there is an addition of extra formant either in frequency below F; or above Fj.
Further, the reduction in first formant strength and the shifting of F; frequency for all
three vowels in the case of hypernasal speech can also be observed from Fig. 1. This
shifting of formants affects the VSA of speech perceived as hypernasal.

3. Speech database

The speech database used in this work is collected in All Indian Institute of Speech
and Hearing, Mysore, India.'® Two group of speakers participated in data collection:
The CP group containing 15 children with repaired CP and hypernasality present in
their speech and the control normal (CN) group containing 15 children with normal
speech production. Each group contains 9 boys and 6 girls in the age range of 7-12
yrs. Hence in both groups the distribution of age and gender is matched. None of the
children who participated for data collection have any history of hearing impairment
disorder. Speech is recorded in the Kannada language, which is a language spoken in
Karnataka state located in the southern part of India. The dataset consisted of 62 sus-
tained vowel phonations (/a/, /i/, and /u/) for the CN group and 56 for the CP group.
Similarly, for the CN group 122 productions of each /k/ context words (/kaka/, /kiki/,
and /kuku/) were recorded while 102 were recorded for the CP group. The number of /
t/ context words (/tata/, /titi/, and /tutu/) recorded were 80 in the CN group and 83 for
the CP group and the number of /p/ context words (/papa/, /pipi/, and /pupu/) recorded
included were 115 for the CN group and 105 for the CP group. The investigator pro-
duced each target stimulus word and the subject was asked to repeat the word. The
repeated response was recorded. The speech recording was done in a sound-treated
room using a sound level meter microphone at a sampling frequency 44.1 kHz, with a
quantization of 16 bits in .WAYV format. Each recorded sound was perceptually judged
for the normal and hypernasal speech by three experienced SLPs using a binary scale.
The manual isolation of vowels from words are done by using the Wavesurfer tool."”
The speech samples were down-sampled at 8 kHz for further analysis.

4. Analysis of hypernasality using VSA
4.1 VSA

In this work, VSA is defined as the area of a triangle formed by lines joining the F;
and F, coordinates of three vowels /a/, /i/, and /u/. To compute VSA, preprocessing of
speech was done to detect sustained region of vowels. The next step was to find the
formants F| and F, from each frame of the vowels. The formant frequencies (Fj, F>)
of vowels form coordinates of three vertices of the vowel triangle. Euclidean distance
between each pair of vertices gives the length of three sides of the triangle. Area of the
triangle was calculated using the Heron’s formula Area = \/s(s —a)(s—b)(s — ¢),
where s = a+ b+ ¢/2 and a, b, and ¢ are the lengths of three sides of the triangle. The
formant tracking method was used to find formant frequencies F; and F, for all sam-
ples. The LP analysis with order 12 was used for frame by frame formant tracking
based on the sustained region of the vowels. The frame size of 20ms and frame shift
of 10ms is used. An equal number of frames of normal and hypernasal vowels /a/, /i/,
and /u/ are considered for this analysis.
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Fig. 2. (Color online) Vowel space plots of normal and hypernasal speech in (a) sustained vowels, (b) vowels in /k/
context, (c) vowels in /p/ context, and (d) vowels in /t/ context.
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Table 1. Value of mean VSA for normal and hypernasal vowels and their difference.

VSA in 10* HZ?

Vowel type Normal Hypernasal Difference
Sustained 30.62 19.29 11.33
/k/ context 28.88 20.82 8.06
/p/ context 31.65 21.63 10.02
/t/ context 28.92 20.45 8.47

4.2 VSA in hypernasal speech

To compare the VSA for two groups, the sustained vowels /a/, /i/, /u/ and the same
vowels in context of pressure consonant /k/, /p/, /t/, respectively, were analyzed.
Figures 2(a)-2(d) show Fj, F, frequencies plotted in 2D space as a coordinate for the
isolated sustained vowels and the vowels in the contexts of /k/, /p/, and /t/, respectively.
From Fig. 2 it can be observed that the regions of formant frequencies coordinates are
smaller for the samples with hypernasality present compared to normal vowels. This
may be due to the addition of extra-nasal formants in the spectrum, which causes the
shifting in Fy, F> frequencies. Figure 2 also shows vowel triangles formed by the mean
values of all formant frequency coordinates which is called VSA mean. The calculated
VSA mean for the hypernasal speech was smaller than that calculated for the CN
group. For more clearance, VSA mean values and their difference (normal-hypernasal)
are listed in Table 1, which also confirms the reduction in VSA mean for the CP group
compared to the CN group. The reduction is highest for sustained vowels compared to
vowels produced in the context of high pressure consonants. To demonstrate differ-
ences across the speech samples, boxplots are shown in Fig. 3. A one-way analysis of
variance test was also conducted to check the significance of discrimination in VSA on
the entire database. The test shows significant discrimination (p < 0.001) for sustained
vowels as well as for the vowels in context of high pressure consonants.

5. Detection of hypernasal speech using VSA

In this section, the usefulness of the VSA feature for hypernasality detection using the
40-dimensional (39-MFCC+VSA) feature is discussed. The VSA feature captures the
formants location, and the MFCC feature captures the vocal tract spectrum shape to
differentiate the speech from the two groups. An equal number of frames from three
vowels are taken for the detection task. From each single frame of vowels /a/, /i/, and
/u/, formants F;, F>, and the 13-dimensional MFCC feature are computed. Then, each
13-dimensional MFCC feature in a sequence of /a/, /i/, and /u/ are appended to find
the 39-dimensional MFCC feature. Further, the VSA computed using F;, F> formants
of three vowels is appended to make it a 40-dimensional feature. The detection was
done using the SVM classifier with polynomial kernel. The two-class SVM model is
trained with 80% of the data and tested with the remaining 20% data. The detection is
done for four types of vowels, namely, sustained vowels /a/, /i/, /u/ and the same vow-
els in context of pressure consonant /k/, /p/, /t/, respectively.

5.1 Experiment results

Table 2 shows the hypernasality detection result using the VSA feature, the MFCC
feature, and the VSA feature appended with the MFCC feature (MFCC+VSA) for all
four types of vowels. It can be observed from Table 2 that the accuracy of the VSA
feature alone is significant for all four types of vowels but it is less than the baseline
MFCC feature in each case. When the VSA feature is appended with the MFCC
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Fig. 3. (Color online) Boxplot showing the value of VSA for normal and hypernasal (a) sustained vowel, (b) /k/
context vowel, (c) /p/ context vowel, and (d) /t/ context vowel.
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Table 2. Hypernasality detection accuracy (in %) for sustained vowels and the vowels in context of consonants /k/,
Ipl, Itl. (Acc = Accuracy, Sen = sensitivity, Sel = Selectivity).

Vowel type Feature Acc Sen Sel
Sustained VSA 65.77 70.14 61.40
MFCC 80.03 86.28 73.78
MFCC+VSA 86.89 95.85 77.93
/k/ context VSA 80.62 79.13 82.11
MFCC 84.65 87.04 82.26
MFCC+VSA 89.47 89.57 89.37
/p/ context VSA 68.76 68.76 68.77
MFCC 89.52 92.64 86.40
MFCC+VSA 90.57 92.64 88.51
[t/ context VSA 69.31 77.86 60.75
MFCC 88.65 82.11 95.19
MFCC+VSA 91.70 88.21 95.19

feature, the accuracy goes higher than the accuracy of the MFCC feature alone. There
is an increment of 6.86%, 4.82%, 1.05%, and 3.05% for the sustained vowels and vow-
els in the context of /k/, /p/, and /t/, respectively, for the appended (39-MFCC+VSA)
feature compared to the baseline MFCC feature.

6. Conclusions and future work

This paper presents the VSA feature for the detection of hypernasality during sustained
vowel production. The addition of extra-nasal formants in the vicinity of F| in hyper-
nasal vowels causes movement of F; and F>, which results in a reduced VSA for speech
judged as hypernasal compared to normal speech production. The addition of the
MFCC feature to the VSA measure enhances detection accuracy compared to the base-
line MFCC feature. The VSA feature is evidence derived using three vowels /a/, /i/, and
/u/, hence, providing a combined evidence which can be used by the researcher for better
identification of hypernasality in speech. This work can be further extended as a study
of the VSA feature for different severity level classification of hypernasal speech.
Further, the compensatory behaviors like less mouth opening and more breathy phona-
tion, which are often associated with hypernasality, may also affect the VSA feature;
this can be explored in future work.
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