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Abstract

This study compares four nasalance measures coth@ste
ratios between the amplitude of signals recordedh wi
accelerometers and microphones. Two new measuses! [oga
RMS amplitude differences between the nasal sigmal a
either the vocal folds vibration signal (LND) orethoral
acoustic signal (OND) are introduced. Measures were
compared on a total of 584 utterances producealnyrfative
French speakers. Results show that (1) all measaparate
nasal from oral consonants, (2) the different expental
setups cannot be considered equivalent, (3) difterdased
measures appear to better describe the time cotirsasality
than ratio-based measures.

Index Terms: nasality, nasalance, accelerometer, microphone

1. Introduction

Acoustic correlates of nasality are complex [1]isltherefore
interesting to supply the acoustic signal by othgres of
signals, which give a more direct indication of alag [2]. X-

ray [3], EMA [4], Nasoendoscopes [5] or PNG [6] gia
direct indication of the state of the velopharyrgeart, but
these instruments are invasive. When the velum rewthe
nasal cavity is coupled with the oral cavity, ahd excitation
from the glottis propagates in the nose. The sidrmah the
nasal cavity can be recorded by non-invasive instnts,
either by measuring the vibration on the skin by an
accelerometer or by recording the acoustic sigrshgu a
microphone.

The main limitation of acoustic recordings for theeidy of
nasality is the difficulty of separating the nasad the oral
acoustic output, since the mouth and the nose emng alose
and both outputs are mixed. This issue has beeressiet by
inserting a probe microphone inside the nostril §f] by
physically separating the nasal and oral signatsgus barrier

[8, 9]. Moreover, the intensity of the nasal outjubot only a
function of the degree of nasal coupling: it alsflects the
vocal effort, which cannot be easily controlledkept constant
through utterances by speakers [10].

A number of instruments and measures based on tacous
measures of nasality have been developed sinceOtheOnly
measures that enable a temporally accurate tracingsality
are considered here.
combinations of RMS amplitude measures (hereafter
Arms(signal)) of a nasal and a vocal signal. Foiffeint
signals, summarized in Table 1, were used in tmepcation

of those measures.

Table 1:Signals used in the calculation of nasality measure

Nm | nasal acoustic signal measured by a nasal ntiorap
Vm | oral acoustic signal measured by an oral micoogh

Na nasal vibration measured by a nasal acceleromete
Va laryngeal vibration measured by a throat acoeheter

Those measures are based on

Fletcher [11] defined The Oral Nasal Acoustic Ratio
(TONAR) measured as an analog ratio, implemente&an
elemetrics, between Na and Vm:

TONAR = Arms(Nm) 1)
Arms(Vm)

Still using Kay elemetrics and the nasometer (wigrasures
Nm and Vm), Dalston [12] introduced a measure Glatence
defined as the ratio between Nm and the sum of Na\am:

Arms(Nm) (2)
Arms(Nm)+Arms(Vm)
Since the vibration on the nasal surface can bectit, some
authors [13, 14] used a nasal accelerometer placedhe
lateral nasal cartilage (Na). However, Stevend.atraderline
that the accelerometer not only captures variationmgsality,
but also changes in intensity, as the acoustic mneaglo [15].
Horii [16] defines the Horii Oral Nasal Coupling (INQ)
index as the ratio between the amplitudes of a Inasa
accelerometer (Na) and a glottal accelerometeredlamn the
neck surface (Va), normalized by a calibration tanisk that
represents the value of the ratio on maximally Ieeg
speech productions:

Arms(Na)

HONC =k Arms(va) (3)

The NAVI measure, equivalent to HONC, was developgd
Redenbaugh and Reich to evaluate the link between
physiology and perception of hypernasality [18].

Since the throat accelerometer may be influencedabtors
such as the vowel quality and the mode of phonatitorii

[17] examined the correlation between the N/V raideing
obtained from an oral microphone (Vm) and N fromasal
accelerometer (Na), and perceived hypernasalispaech:

_ Arms(Na)
N/V - Arms(Vm) (4)

All measures presented above were mainly developedder
to describe the speech of English-speaking patisuffering
from hypo- or hyper-nasality. The first purposetu$ study is
to compare the different instruments on healthyakpes of a
language with both nasal vowels and nasal conssrsarch as
French. The second purpose of this study is torahte the
best minimal experimental setup that can be usatefield.
We also introduce new measures computed from al nasa
accelerometer and either a glottal accelerometdiD]Lor an
oral microphone (OND), which appear to bring impatt
information to study the time course of nasality flee nasal
consonants.

Nasalance =

2. Methodology

2.1. Subjects

Four native speakers of standard French (two maies,
females, aged 30 in average) participated in thidys None
of them had any diagnosed language trouble.



2.2. Speech material

The recorded corpus can be subdivided into threts.péhe
first part is composed of isolated sustained vowslisFrench
oral (hyu.ew0,e,e0.a) and nasal /§g5) vowels were
included. The second part is composed of 30 CVCVCVC
logatoms, with C={d,n,s,z} and V={a,i,u,d,,3}. The third part

of the corpus is composed of 30 French words inicud
nasal consonant with another consonant as leftigiftr
context. All these words have a CN, NC or NN sequence
where C=p,tkb,d,gfs.f,v,z,3L5} and N={m,n}, for instance
apnée(/apne/), amena(/amna/) or Parkinson fhrkinson/).

All the utterances were produced twice by everyesib

2.3. Recording setup

All data were recorded in a soundproof room. Two
microphones and two pairs of accelerometers weegl,uass
illustrated in Figure 1. The oral acoustic signaswecorded
using an AKG C520 headset microphone. A double
piezoelectric accelerometer (K&K Sound System Hpotp
was stuck to the speaker’s lateral nose bridgesgudbuble-
sided adhesive tape [19]. A Panasonic reversible
electrodynamic transducer was inserted into thakgrés right
nostril to be used as a nasal microphone. Thissthacer is
equivalent to a high acoustic pressure (12Q@pgBelectret
microphone with a frequency response range frord2€ 20
kHz [20]. A double piezoelectric accelerometer (K&o6und
System Hot Spot) was placed on the speaker’s trab#te
larynx level using double-sided adhesive tape. &hes
accelerometers have a frequency response range2fidtiz to

15 kHz.

The nasal microphone and the double piezoelectric
accelerometers were connected to preamplifiers @@thdB
gain. These preamplifiers and the headset microphoere
connected to a multichannel recording device (RdightPro
Mixer 12U) and linked up to a Mac computer. Theording
process was monitored by the Pro Tools LE softwdrd. All
signals were recorded at a sampling rate of 48 kHz.

piezoelectric

s~ accelerometers (Na)

nasal
!w microphone (Nm)

<

oral
microphone
(Vm)

piezoelectric
.~ accelerometers (Va)

Figure 1:Location of the two microphones and the two pairs
of piezoelectric transducers on the speaker’'s fand neck
(adapted from [21]).

2.4. Calibration

Since the four signals are recorded in independeanels as
described supra, the gain of each channel and thkitive

values had to be carefully controlled for each kpea

The retained calibration procedure was to set #ia fpvels

from a sustained nasal consonant /m/, supposee podaluced
with the highest nasal amplitude [17], and a sosthiopen
vowel /a/, which is known to the vowel with the héast oral
amplitude. Levels were first adjusted on a susthife# to

obtain the same volume Vmax for the headset micogtand
the laryngeal accelerometer on this vowel, used r@gerence.
Secondly, the gain values of the nasal microphame the
nasal accelerometers were adjusted to obtain tHemeo
Vmax on a sustained /m/. The purpose of this galib@tion
process is to obtain higher amplitude on nasaladsgfNm and
Na) compared to vocal signals (Vm and Va) during th
production of nasal segments.

2.5. Implemented measures

The four measures based on ratios of signal andgltuand
presented in section 1 were tested: TONAR, Nasalance
HONC and N/V. The calibration constant k used in the
computation of the HONC measure is supposed to septe
the value of the ratio on maximally nasalized speec
productions. For each speaker, the value of k \wasetore
defined as the ratio Arms(Na)/Arms(Va) during tleduction

of a sustained /m/.

2.6. Measurements based
difference

on RMS amplitude

A drawback of ratios between oral and nasal sigisalhat

they exhibit high values on segments with very kEwvergy on
both signals used in the ratio calculation, whickypically the
case in voiceless plosives (see Figure 4). Suchmeeg as
well as silent parts can therefore be incorreatlgrpreted as
nasalized.

Some authors indicate that the nasality ratio shbel applied
only to voiced segments [18]. Indeed, the unwainetlision

of low-energy parts of signal may have drastic egugnces.
Since nasality indices based on amplitude diffeegnare
expected to be less sensitive to such cases, weute and
evaluate the new measures LND (Laryngeal NasakEiffce)
and OND (Oral Nasal Difference).

The LND difference is computed from the RMS amplésief

the nasal and laryngeal accelerometers, as:

LND = Arms(kVa - Na) — Arms(Va) (5)

In order to compensate for the possible imprecisiotihe gain
calibration process, the nasal signal is rescaietthe level of
the laryngeal signal. The constant kVa is therefmeto the
ratio between the amplitude of the laryngeal acoebeter
during the production of a sustained /a/ (considlems the
most oral segment) and that of the nasal acceld¢esrdaring
the production of a sustained /m/ (considered asrbst nasal
segment).

The OND difference is computed from the RMS ampéiof
the nasal accelerometers and that of the oral ptaoe, as:

OND = Arms(kVm - Na) — Arms(Vm) (6)
Similarly to the kVa constant used in LND calcubati kVm is
set to the ratio between the amplitude of the oriarophone
during the production of a sustained /a/ and tlighe nasal
accelerometer during the production of a sustain@d Note
that since the units of the Na and Vm signals ao¢ n
homogenous, kVm is expressed ifPat.s%

An expected advantage of LND/OND over ratio-based
measures is that it makes the definition of a rigstdireshold
more straightforward. Indeed, values of LND/OND are
expected to be positive on nasal segments. LND/GX®
supposed to be less sensitive to the inclusiorowfdnergy
parts of signal such as voiceless consonants, aeehpt
ratio-based measures (see Figure 4). However,atildhbe
noted that the interpretation of the value zeramid-oral or
mid-nasal would not be fully consistent with thetion of
nasality. In order to retain only values correspogdto
nasalized portions of the signal, negative valuestlaerefore
setto 0.



2.7. Phonetic labeling

The phonetic labels and boundaries were manuatbriakéned
by a trained phonetician, for all 146 sustained eiswand
utterances produced by each of the 4 speakers.

3. Resultsand discussion

3.1. Distinctiveness of nasality measures
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Figure 2:Distribution of the mean z-score values of
the 6 calculated nasality measures on phoneticselas
(all 4 speakers pooled).

Nasality measures values can be mainly interpregidively
to a nasality threshold depending on the speakeorder to
account for this variability, raw values of theseasures were
transformed into z-scores for each speaker.

As illustrated on Figure 2, the distribution of akty values
on phonetic classes varies according to the nasaldasure
considered. For every measure except N/V, nasaocmants
are attributed the highest values. The particulbiyh values
attributed to voiceless plosives by N/V underlihe urge to
apply ratios only on voiced segments, as recomneerme
[18]. Though less obvious, such overestimation afatity in
voiceless plosives can be observed in the threer atitios.
Figure 2 suggests that only LND and OND attributhigh
degree of nasality for nasal consonants and nasakls,
while voiceless consonants are ranked as the lasaliped.
The distribution of the degree of nasality on phimnelasses
for LND and OND is therefore more consistent witie t
sonority scale of nasality [22].

Figure 3 shows the average z-score values of thmsasures
for nasal vs. oral consonants produced by thedpaakers.
The ability of each measure to distinguish nagsl oral
segments was evaluated separately for consonastecavels
by ANOVAs with the z-transformed measure as depende
variables, and the speaker and the nasality stafuthe
segment as fixed factors. The effect of nasalitys @und
highly significant (p<.001) for all six measuresyr fboth
consonants and vowels.

Since the speaker*nasality interaction was alsamdohighly
significant, separate analyses were performed fache
speaker, using ANOVAs with only nasality as fixexttbrs.
For consonants, the effect of nasality was founghli
significant (p<.001) for all measures and all sgesk For
vowels, though the effect of nasality was found hhig
significant for most speakers and measures, LND@ND do
not distinguish oral vs. nasal vowels producedisaker M2.
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Figure 3:Z-transformed values of the six measures for
nasal (grey) vs. oral (white) consonants produced by
the four speakers. Error bars = standard deviation.

3.2. Relationships between nasality measures

Table 1 summarizes the mean correlation coeffisient
computed on voiced segments between the six nasalit
measures for all the four speakers. Unsurprisirtly,highest
correlation is found between TONAR and nasalancdctwh
are calculated from the same signals. Measures wi@ahfirom

the nasal and laryngeal accelerometers appear to be
moderately correlated to measures computed fromnésal
accelerometer and the oral microphone (HOMCN/V and
LND vs.OND). The rather high correlations between N/V and
measures obtained from both microphones show hieahasal
microphone and the nasal accelerometer capturelasimi
phenomena. Indeed, the correlation between the RMS
amplitudes of Na and Nm is r=.874 on voiced segment
Comparatively, the correlation between the RMS annbétof
the oral microphone signal and that of the laryhgea
accelerometer is only r=.676.

Table 1:Mean correlations between the six nasality
measures on voiced segments (four speakers pooled)

TONAR | Na. | HONC | NV | LND
Nasalance, .990
HONC 531 530
NV 822 811 669
LND 478 474 707 534
OND 672 657 606 719 797

Figure 4 shows the acoustic signal recorded from dhal
microphone and the variations of the six measuogsttie
word ‘cornflakes’ (borrowed from English and proddcas
Ikognfleks/) uttered by speaker F1. The LND and OND
measures seem to best describe the time coursasafity in
the production of nasal segments compared to batsed
measures. This observation is consistent with tiitgtive
analysis of measures variations on other utterarees
speakers. Positive LND and negative OND values ofieef
negative values cancelation) observed for the woael &/
illustrate the difficulty of appropriately defininthe nasality
threshold from calibration values. Indeed, this ebwis
detected as nasal in the first case, and as nai-imaghe
second case. Defining nasality ranges dependingthen
phonetic class of analyzed segments might therdfer@ more
realistic objective than the definition of a unigueltipurpose
nasality threshold.



4. Conclusions

All evaluated nasality measures from accelerometard

microphones successfully separate nasaloral consonants.
However, voiceless segments have to be discardéatebe
applying ratio-based measures.
measures LND and OND require an accurate definiiotne
calibration values, which have a direct impact lo@ hasality
thresholds or ranges. Indeed, in our preliminagl@ation of
these new measures, the chosen calibration valiteat
enable an appropriate separation of nasabral vowels for
every speaker. Calibration values will have to be-iuned by

matching difference-based measures with more direct

physiological nasality data (velum opening measuwsidg a
PNG [23] and nasal pressure measures).
Correlations between measures indicate that
experimental setups can hardly be considered asadeut. In
order to determine minimal setups enabling a ridialeasure
of nasality, measures obtained from different setugve to be
compared to physiological measures.

According to the current state of knowledge on litgsa

phenomena, difference-based measures appear ter bett

describe the time course of nasality, comparedato-based
measures. Reference physiological measures wil eeable
an objective evaluation of the appropriateness afality
measures to describe the time-course of nasality.
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Figure 4:Variation of the values of the six nasality measuwtaring the production of the word cornflakes (lmoved from
English and produced asknfieks/) by speaker F1. LND and OND values are plotted witm@gative values removal.



