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Abstract
The subglottal pressure (Ps) and voice source characteristics of five professional baritone singers have been analyzed and the
normalized amplitude quotient (NAQ), defined as the ratio between peak-to-peak pulse amplitude and the negative peak of
the differentiated flow glottogram and normalized with respect to the period time, was used as an estimate of glottal
adduction. The relationship between Ps and NAQ has been investigated in female subjects in two earlier studies. One of
these revealed NAQ differences between both singing styles and phonation modes, and the other, based on register
differences in female musical theatre singers, showed that NAQ differed between registers for the same Ps value. These
studies thus suggest that NAQ and its variation with Ps represent a useful parameter in the analysis of voice source
characteristics. The present study aims at increasing our knowledge of the NAQ parameter further by finding out how it
varies with pitch and Ps in professional classically trained baritone singers, singing at high and low pitch (278 Hz and 139
Hz, respectively). Ten equally spaced Ps values were selected from three takes of the syllable [pae:], initiated at maximum
vocal loudness and repeated with a continuously decreasing vocal loudness. The vowel sounds following the selected Ps

peaks were inverse filtered. Data on peak-to-peak pulse amplitude, maximum flow declination rate and NAQ are presented.
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Introduction

Compared to spontaneous speech, singing is a much

more highly controlled phonation task. Thus, in

singing, phonation mode cannot be allowed to

change automatically with subglottal pressure (Ps)

or fundamental frequency (F0) since such changes

may produce inappropriate expressive effects.

Therefore, the use of professional singers ought to

be advantageous in an investigation about the

behavior of voice production over a wide range of

Ps values.

Vocal sound is produced when the vibrating vocal

folds chop the air stream from the trachea into a

train of pressure pulses, called the voice source. This

sound is filtered by the vocal tract resonator, the

frequency response of which is controlled by the

vocal tract shape. The transglottal pressure, in vowel

production equalling Ps, is the essential driving

force, and also the primary variable for control of

vocal intensity (1,2). Countless varieties of sounds

and voice qualities can be obtained depending on the

muscular, aerodynamic, and acoustical conditions in

the glottis and in the vocal tract. Hence, the radiated

sound is a complex product of the relationship

between Ps, the voice source and the formant

frequencies.

To gain information about the voice source, the

acoustic filtering effect of the vocal tract resonances

must be eliminated. Inverse filtering (3) is a widely

used technique for this purpose. By cancelling the

contributions of the vocal tract in the voiced signal,

recorded either with a flow mask or a free-field

microphone, an estimation of the pulsating trans-

glottal airflow, e.g., flow glottogram waveform is

obtained. A flow glottogram or volume velocity

waveform reflects the glottal opening and closure

Correspondence: Eva Björkner, Helsinki University of Technology, Laboratory of Acoustics and Audio Signal Processing, P.O. Box 3000, FI-02015 HUT,

Finland. Fax: �/358 9 460 224. E-mail: evab@speech.kth.se

Logopedics Phoniatrics Vocology

2006, 1�9, PrEview article

ISSN 1401-5439 print/ISSN 1651-2022 online # 2006 Taylor & Francis

DOI: 10.1080/14015430600576055



in terms of time and amplitude. Parameters typically

used in expressing voice source characteristics are,

for example: the peak-to-peak pulse amplitude (Up-t-

p), and the negative peak of the differentiated flow

glottogram, i.e. the maximum flow declination rate

(MFDR). Up-t-p has been found to correlate strongly

with the amplitude of the fundamental (4,5), and

MFDR, determined by the glottal closing phase, has

shown to be closely related to several voice char-

acteristics, such as vocal intensity (6), sound pres-

sure level (SPL) (4), and to Ps (7). These two

parameters alone seem to give informative glottal

information and has become the focus for several

studies.

Parameterization of time-based features of the

glottal flow from amplitude domain values was first

proposed by Fant et al. (8). In parallel with Fant’s

studies, Alku et al. (9,10) introduced the amplitude

quotient (AQ), defined as the ratio between the

peak-to-peak flow amplitude of the glottal waveform

and the negative peak amplitude of the differentiated

flow (Up-t-p/MFDR). Alku et al. found that the AQ

parameter systematically reflected changes in phona-

tion type. For their four male and four female

subjects the AQ value decreased monotonically

when phonation type was changed from breathy to

pressed. They also found that AQ differed between

sexes, possibly due to laryngeal and fundamental

frequency (F0) differences. Hence, Alku et al. (11)

introduced the normalized version of AQ called

NAQ, which normalizes the AQ values with respect

to the duration of the fundamental period (AQ/T0).

The extraction of the amplitude-based AQ and NAQ

does not involve the problematic time instant of the

glottal opening, and NAQ was found to be more

robust than the time-based closing quotient (ClQ).

High AQ or NAQ values have been shown to

indicate a less adducted phonation type, and hence

lower values indicate a more adducted phonation

type.

Since its introduction NAQ has been used in a

number of studies. Vilkman et al. (12) used NAQ in

a study of vocal dynamic extremes, Gobl et al. (13)

and Campbell et al. (14) in studies of voice quality,

and Airas and Alku (15) found that NAQ varied

depending on the emotional coloring of speech. In

all of these studies, the voice material analyzed was

speech. Sundberg et al. (16) were the first to apply

NAQ to singing voices. Their results showed good

correlations between NAQ and perceived degree of

phonatory pressedness in a single singer subject,

phonating in different singing styles and modes of

phonation.

Increasing Ps affects not only the shape of the

glottal pulse but also the rate of the glottal pulses, i.e.

F0. Quoting Titze (2): ‘Speakers tend to raise their

voice in pitch when they raise their voice in loudness,

and they do it differently in different portions of their

vocal range.’ In other words, increasing Ps in natural

speech increases vocal loudness, and mostly also

raises F0. In singing, on the other hand, these effects

cannot be allowed. Thus, singing requires a wide

range of perfectly controlled Ps to accurately match

the required wide ranges of F0 and vocal loudness.

Moreover, it seems likely that classically trained

singers strive to keep voice source characteristics

unaffected by F0 and loudness variation such that

they avoid pressed phonation at high pitch and/or

high loudness.

Summarizing, Ps variation in phonation affects F0

and MFDR. MFDR, in turn, is part of the NAQ

parameter, and NAQ varies with glottal adduction/

phonation type. It is therefore interesting to find out

how NAQ is affected by Ps variation, and if that

relationship is affected by F0. Our method was to

analyze the voice source by inverse filtering the

pressure signal. As subjects for this study we selected

professional classically trained singers. It seemed

reasonable to assume that, unlike untrained voices,

such singers do not automatically change phonation

mode with pitch and vocal loudness. An additional

advantage of choosing baritone voices as subjects

was their low F0 range, adding to the reliability of

inverse filtering.

Material and methods

Subjects and recording

Five Swedish professional baritone singers with

international opera careers, age range 29�65 years,

volunteered as subjects. They were asked to sing a

diminuendo at a constant pitch while repeating the

syllable [pae:], starting from high lung volume

and at maximum degree of vocal loudness (see

Figure 1). The sequence was repeated three times

at each of three F0 values located at approximately

25%, 50% and 75% of their professional pitch

range measured in semitones. Oral airflow was

captured using a Rothenberg mask (17). Subglottal

pressure (Ps) during the [p]-occlusions was cap-

tured by means of a thin plastic tube attached to a

pressure transducer from Glottal Enterprises

(http://www.glottal.com/). The singer held this

tube in the corner of his mouth. The flow and

the pressure signals were recorded on separate

tracks on a multichannel TEAC PCM recorder

together with an audio signal, picked up by a B&K

condenser microphone, 30 cm in front of the

subject’s mouth.

Calibration signal of flow, pressure, and SPL were

all recorded on the same tape; airflow obtained from
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a pressure tank attached to the flow mask via a flow

meter, pressure by means of a water manometer and

sound level by recording vowel sounds with SPL

values determined from a sound level meter that was

held next to the recording microphone. All calibra-

tion values were announced on the tape. For the

analysis, the recorded material was transferred into

sound files using the Soundswell signal analysis

workstation from Hitech Development AB (http://

www.hitech.se/development/). While the flow re-

cordings were analyzed for a different investigation

(7) the present study was based on analyses of the

audio signal.

Pressure measurements

A detailed analysis of the influence of Ps on glottal

parameters should ideally be analyzed as a function

of several Ps values. Therefore, from the three takes,

ten equally spaced Ps values were selected by calcu-

lating the extremes of the singer’s total Ps range and

by dividing it by 9, giving 10 ideal Ps values. The Ps

values closest to these ideal values were then

identified and the subsequent vowel was selected

for analysis. Since the subjects continuously de-

creased vocal loudness while repeating the syllable

[pae:], Ps decreased somewhat during each vowel.

This should marginally over-estimate the Ps values

associated with the subsequent vowel. An example of

one singer’s Ps range for one sequence is shown in

Figure 1.

Inverse filtering and flow glottogram measurements

To receive information about voice source character-

istics, vocal tract resonances must be eliminated

from the recorded signal. Flow glottograms were

obtained by inverse filtering the speech pressure

signal, using the custom made program DeCap

(Svante Granqvist, Kungliga Tekniska Högskolan,

Sweden). Since the microphone pressure signal was

used there was no information about the Direct

Current component of the glottal flow. From the

inverse filtered samples four adjacent periods in the

middle of the sample were averaged and period time

(T0), peak-to-peak pulse amplitude Up-t-p, and

MFDR were measured. Then, the ratio between

Up-t-p and MFDR, i.e. amplitude quotient (AQ) (8)

as well as the normalized version NAQ (10) were

calculated.

The reproducibility of the flow glottogram mea-

surements was examined. The same person who had

carried out the first analysis (co-author EB) analyzed

20 randomly selected samples after approximately 5

months. The resulting values were plotted against

the corresponding values from the first analysis and a

correlation coefficient was calculated for each para-

meter: the correlation coefficient equalled 0.999,

0.898, 0.990, and 0.996 for MFDR, Up-t-p, NAQ,

and AQ, respectively (Figure 2).

The flow recordings had been previously inverse

filtered, as mentioned. Therefore, also the effect on

flow glottogram measurements of using audio or

flow signals for inverse filtering was analyzed. Seven

samples produced by one of the singers were

selected, avoiding, however, the softest phonations.

The same sequence, of four adjacent periods, was

then selected from the middle of the vowel. These

sequences were inverse filtered using both the flow

and the audio signals. Averages of the flow glotto-

gram measurements across the four periods were

then calculated. The results showed that NAQ

differed less than 1%, thus confirming the reliability

of the NAQ measurement.

Figure 1. An example of the task. Audio (top) and pressure (bottom) signals for a sung diminuendo at a constant pitch while repeating the

syllable [pae:], starting from maximum degree of vocal loudness.
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Results

The five singers’ Ps data were highly structured.

Figure 3a shows the ten mean Ps values across singers

for each of the three pitches. The figure shows that

fundamental frequency and Ps are strongly corre-

lated: the higher the pitch, the higher the Ps (18,19).

Figure 3b shows, along a logarithmic scale, the ten

Ps values used by the singers for the low and the high

Figure 2. Reproducibility of the flow glottogram measurements MFDR, peak-to-peak pulse amplitude, and NAQ. The graph compares

data derived on separate occasions from the same flow glottograms. (MFDR�/maximum flow declination rate; NAQ�/normalized

amplitude quotient).
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Figure 3. a: The singers’ mean subglottal pressures (Ps) for each of the ten selected pressures. Black, grey and white columns represent

the fundamental frequencies of 139 Hz, 196 Hz and 278 Hz, respectively. b: Each singer’s Ps -values, plotted along a logarithmic scale,

for each of the ten selected pressures. Filled and open symbols refer to the fundamental frequencies of 139 Hz and 278 Hz, respec-

tively.
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F0. The Ps range clearly differed between the

subjects. Thus, even though the Ps ranges differed,

a similar relationship between Ps and F0 was found

in all of them. Table I lists the slope and intercept

values of the linear trend line equations for each

singer’s Ps relationship between the two F0 values,

separated by one octave approximately. The correla-

tion was high, and on average all singers approxi-

mately doubled their Ps for the higher F0 as

compared to the lower F0, as indicated by the slope

values.

In Figure 4 are shown Ps and MFDR, both

averaged across subjects. MFDR increases with

increasing Ps for both F0, as expected. For a given

Ps value, the low F0 shows higher MFDR values and

also increases more rapidly with Ps as compared to

the higher F0.

Figure 5a shows the MFDR values for the two

singers who had the most extreme Ps ranges, and in

Figure 5b the corresponding SPL values are plotted.

The greater MFDR values for singer 4 (Figure 5a)

correspond to his high Ps values. Figure 5b shows

that this difference was associated with rather small

SPL differences, particularly for the low F0. For the

high pitch clearly higher values were produced by the

singer who used higher Ps.

The relationship between NAQ and Ps is illu-

strated in Figure 6a, where Ps is expressed in terms

of the normalized excess pressure Psen (18). This

value compensates for the fact that high F0 values

require higher Ps values than low F0 values. Thus

Psen facilitates comparisons along the F0 continuum.

NAQ tends to decrease with increasing Ps.

Although the NAQ values differ between the two

F0 values, the relationship is similar: NAQ decreases

quickly at low Ps and reaches an asymptote-like value

at high Ps. Thus, the relationship can be approxi-

mated by a power function.

In Table II the intersubject variation can be seen,

showing correlation coefficient, constant and expo-

nent for each singer and the two F0s. The mentioned

difference in magnitude between the two F0 values

suggests an F0 influence on NAQ. It therefore

seemed interesting also to analyze how the non-

normalized AQ varied with Ps. This variation is

illustrated in Figure 6b. It was much smaller than for

NAQ, even though for very low Psen values AQ was

somewhat greater for the low F0 than for the high

F0. As for NAQ the AQ values tended to reach an

asymptote at high Ps.

The individual singer’s relationships between Psen

and AQ are plotted in Figure 7a�e. No clear

differences can be observed between the two F0

values. For the very lowest Psen values, PsenB/1, AQ

decreases quickly with increasing Ps, but for higher

Psen values AQ tends to remain constant.

Discussion

As mentioned above, Alku et al. (8) used the AQ

measure for quantifying phonation types. Since AQ

is defined as the ratio between the flow pulse

amplitude and MFDR, it decreases with F0, even

if the waveform remains identical. For this reason

Alku and collaborators introduced the NAQ, ob-

tained by normalizing AQ with respect to period

time. In this way they eliminated the AQ variation

that automatically occurs between genders because

of the F0 difference.

Nevertheless, the non-normalized AQ parameter

showed much less variation with F0 than the

normalized NAQ parameter. If it is correct that the

NAQ measure faithfully reflects phonation mode,

this would indicate that the singers used a more

pressed type of phonation at low F0 than at high F0.

This, however, seems highly implausible. In un-

trained voices and in amateur singers high tones are

likely to sound more pressed than lower tones.

Professional baritone singers, on the other hand,

Table I. Correlation squared (R2), slope and intercept of the best

linear fit of the ten selected subglottal pressure (Ps) values used by

the indicated singers at the high F0 plotted as a function of the

same singer’s Ps values used the low F0.

Singer R2 Slope Intercept

1 0.995 2.234 �/2.03

2 0.985 2.307 0.74

3 0.982 2.112 �/5.99

4 0.991 2.567 �/3.18

5 0.966 1.982 �/6.22

Figure 4. Mean MFDR as a function of mean subglottal pressure

(Ps) for the five singers. Curves and equations show the best power

function fit of the data sets, and R2 represents the squared

correlation. (MFDR�/maximum flow declination rate; Ps�/sub-

glottal pressure). Filled and open symbols refer to the fundamental

frequencies of 139 Hz and 278 Hz, respectively.
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would have learnt to avoid changing phonation

mode with F0. This calls into question the close

connection between phonation mode and NAQ.

Gobl and Chasaide (13), analyzing spontaneous

speech of a single female Japanese speaker, noted

that AQ seemed to reflect, more effectively than

NAQ, the vocal tenseness differences that the

authors perceived in this voice across a large F0

range. Also, Björkner et al. (20) found, comparing

female musical theatre singers’ chest and head

registers, a somewhat smaller scatter for the AQ

values than for the NAQ values, although the F0

variation was rather small. The relationship between

phonation mode on the one hand, and AQ and NAQ

on the other, needs to be analyzed in future

investigations, preferably comparing voices, singing

techniques, and voice qualities. One possibility

would be that AQ more accurately than NAQ

reflects phonation mode within a voice phonating

at different F0, and that NAQ is more appropriate in

Table II. Correlation squared (R2), constant and exponent for the

power function trend lines of the relationship between normalized

amplitude quotient (NAQ) and subglottal pressure (Ps) for high

and low fundamental frequency (F0) sung by the five baritones.

Singer R2 Constant Exponent

High F0

1 0.918 0.358 �/0.508

2 0.758 0.190 �/0.338

3 0.775 0.154 �/0.202

4 0.738 0.231 �/0.307

5 0.679 0.188 �/0.152

Mean 0.774 0.22 �/0.30

Low F0

1 0.939 0.315 �/0.656

2 0.369 0.085 �/0.079

3 0.821 0.221 �/0.521

4 0.851 0.184 �/0.492

5 0.813 0.138 �/0.300

Mean 0.759 0.19 �/0.41
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Figure 5. Comparison of singer 1 and singer 4 with regard to MFDR, plotted on log scales, and SPL (left and right graphs) observed at the

ten selected subglottal pressure (Ps) values. Open and filled symbols refer to low and high F0 (139 Hz and 278 Hz), respectively. (MFDR�/

maximum flow declination rate; SPL�/sound pressure level; F0�/fundamental frequency).

Figure 6. NAQ and AQ values (upper and lower graph) for each of

the five singers’ ten selected samples as function of normalized

excess pressure Psen. Filled and open symbols refer to low and high

F0 (139 Hz and 278 Hz), respectively. (NAQ�/normalized

amplitude quotient; AQ�/amplitude quotient; Psen�/normalized

excess pressure; F0�/fundamental frequency).
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comparisons of phonation mode between genders

and/or between subjects.

It is somewhat surprising that NAQ as opposed to

AQ differed so clearly between F0 values. The

difference between these measures is merely that

AQ is based on absolute time values while NAQ is

based on time values expressed as fractions of the

period time. For a sine wave, the maximum value of

NAQ is

NAQSin�2�A0=(2p�F0�A0�F0�1)�1=p

:0:318 (1)

where A0 denotes the amplitude of the sine wave.

This value is close to what was observed for the

lowest Ps values. NAQ for a sawtooth wave will be

infinitely high but the sawtooth is clearly an un-

realistic approximation of a flow glottogram, since

the closing of the glottis and the termination of the

flow pulse cannot be performed in infinitely short

time. For higher Ps values NAQ approached an

asymptote value of approximately 0.07 and 0.14 for

the lower and higher F0, respectively. This asymp-

tote, which was very similar for our five singers,

might have a physiological background related to the

maximum speed of tissue motion. Schade (21)

observed an upper limit for the horizontal vocal

fold motion speed, being 1.6 m/s for the closing

speed and 1.8 m/s for the opening speed. The

relationship between this maximum tissue speed

and the maximum flow declination rate is complex

so the lowest possible NAQ value cannot be pre-

dicted. The better performance of AQ as compared

to NAQ is likely to be related to the maximum speed

of vocal fold motion during the closing phase.

The wide Ps range that produced almost constant

NAQ and AQ values are likely to be relevant from

the point of view of voice quality. If we assume that

NAQ reflects phonation mode the results indicate

that the baritones kept phonation mode constant

when they varied vocal loudness but that phonation

mode differed depending on F0. If, within gender or

within a voice, AQ rather than NAQ reflects phona-

tion mode, the results suggest that the singers kept

phonation mode independent of both loudness and

pitch. While this seems quite plausible, the relation-

ship between AQ and perceived degree of pressed-

ness remains a question for future investigation.

The singers’ AQ values showed a quite small

dependence on Psen, particularly at the high F0. At

the low F0, AQ increased quickly for the very lowest

Psen values (see Figure 7 a�d). It seems likely that

opera singers rarely use these extremely low pres-

sures, since a large operatic stage raises certain

demands on the lowest useful sound levels. If this

is correct, the data suggest that the singers used the

same phonation mode throughout their dynamic

range.

The singers were asked to sing the [pae]-sequence

with continuously decreasing vocal loudness. As a

consequence all loud phonations were produced at

high lung volumes. Iwarsson (22) noted that in

untrained voices glottal adduction tended to increase

with decreasing lung volume. Thomasson (23),

however, observed that this effect did not occur in

trained singers. Therefore, the systematic change of

Figure 7. AQ values as a function of Psen for each singer. Filled and open symbols refer to low and high F0 (139 Hz and 278 Hz),

respectively. (AQ�/amplitude quotient; Psen�/normalized excess pressure; F0�/fundamental frequency).
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lung volume with Psen in our experiment should not

have affected phonation mode and AQ.

Vilkman et al. (24), studying vocal fold collision

mass and register, conclude that the softest possible

phonation can be produced only in the falsetto

mode. These findings could explain our results for

the low F0. The abrupt increase of the AQ values in

very softest phonation might be a result of such a

register shift. A change of register from chest to

falsetto may very well be associated with a decrease

of glottal adduction. Another possibility is that the

abrupt change of AQ at low pressures is associated

with a sudden disappearance of vocal fold closure.

The singers differed considerably with respect to

Ps. For example, singer 4 used almost twice as high

pressures than singer 1, who sang with the lowest

pressures. This difference was observed both in loud

and in soft singing. Thus, singer 1 could be

considered a ‘low-pressure singer’, and singer 4 a

‘high-pressure singer’. Similar observations have

been made in a comparison between counter tenors,

tenors, and baritones (25). Thomasson et al. (22)

found that professional operatic singers’ breathing

behavior was highly consistent within singers, but

quite different between singers. It is possible that the

differences in singers’ vocal pressure ranges observed

here are associated with different breathing strate-

gies.

Sundberg et al. (26) found in their study of male

singing that Ps systematically increased with increas-

ing F0, and that a doubling of F0 was typically

associated with a doubling of Ps. They also found

that the doubling of Ps raised the SPL by approxi-

mately 10 dB. In studies on speech by Fant (1) and

Holmberg et al. (27) a Ps doubling was found to

increase intensity with approximately 9�13 dB. For

the high F0 our singers 1 and 4 both increased SPL

with approximately 10 dB while for the low F0 the

SPL rise differed between singers and was somewhat

lower.

In acoustical analysis of voice function systematic

variation of or at least information about Ps and F0 is

important. Such information may be difficult to

obtain from a speech database. The systematic

variation of Ps, AQ and NAQ observed in our

baritone singers is likely to be a result of their

vocal skills; during years of training singers learn

how to master and control forces relevant to voice

production. Thus, in investigations of voice function

the use of singer subjects may be quite advantageous.

Conclusion

Our baritone singers showed a linear increase of Ps

with F0. AQ and NAQ were found to be principally

unaffected by increases of Ps, except at very low Ps

values. However, NAQ differences were found

between the two F0 values (139 Hz and 278 Hz,

respectively). The AQ values, by contrast, remained

basically unaffected. If it is assumed that classically

trained singers keep phonation mode independent of

loudness and pitch, AQ is likely to reflect mode of

phonation. Nevertheless, more studies are needed to

fully understand the information about voice pro-

duction that is offered by AQ and NAQ values.
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