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This study presents an approach to visualizing intensity regulation in speech. The method expresses
a voice sample in a two-dimensional space using amplitude-domain values extracted from the glottal
flow estimated by inverse filtering. The two-dimensional presentation is obtained by expressing a
time-domain measure of the glottal pulse, the amplitude quotient 共AQ兲, as a function of the negative
peak amplitude of the flow derivative 共dpeak兲. The regulation of vocal intensity was analyzed with
the proposed method from voices varying from extremely soft to very loud with a SPL range of
approximately 55 dB. When vocal intensity was increased, the speech samples first showed a
rapidly decreasing trend as expressed on the proposed AQ-dpeak graph. When intensity was further
raised, the location of the samples converged toward a horizontal line, the asymptote of a
hypothetical hyperbola. This behavior of the AQ-dpeak graph indicates that the intensity regulation
strategy changes from laryngeal to respiratory mechanisms and the method chosen makes it possible
to quantify how control mechanisms underlying the regulation of vocal intensity change gradually
between the two means. The proposed presentation constitutes an easy-to-implement method to
visualize the function of voice production in intensity regulation because the only information
needed is the glottal flow wave form estimated by inverse filtering the acoustic speech pressure
signal. © 2006 Acoustical Society of America. 关DOI: 10.1121/1.2211589兴
PACS number共s兲: 43.70.Jt, 43.70.Gr 关BHS兴

I. INTRODUCTION

The regulation of vocal intensity is an inherent feature in
speech communication. Our everyday life is full of events in
which we want to vary the volume of speech: in order to
emphasize something, in order to be heard over a longer
distance, in noisy environments, or, for example, in order to
convey emotional content 共such as anger兲 in the speech message. Intensity of sound is defined in physics as a measure of
power per unit of area 共e.g., Young and Freedman, 1996兲. In
speech science, the term vocal intensity is commonly used to
refer to the acoustic energy of speech, and it is typically
quantified by using the sound pressure level 共SPL兲 共Titze,
1994兲. Healthy speakers are able to produce voiced sounds
over a wide range of intensity levels. In a study by Coleman
et al. 共1977兲, for example, voices of female and male subjects were analyzed by having each subject produce the
maximum and minimum SPL of which he or she was capable. The values obtained, measured at a distance of 6 in.
from the speaker, showed that the speech samples produced
in soft and 共very兲 loud phonation varied between 48 and
126 dB.
Changing sound intensity in audio equipment corresponds simply to amplitude scaling, i.e., multiplication with
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a constant that is either larger than unity 共amplification兲 or
smaller than unity 共attenuation兲. In contrast to this, intensity
regulation of natural speech uses various mechanisms realized by the human voice production apparatus. Consequently, varying speech intensity is reflected in changes of
many acoustical features of the speech wave form, such as
the fundamental frequency 共F0兲, formant values, and the
spectral tilt of the produced speech sound, rather than in pure
amplification/attenuation of the signal wave form alone. According to Titze 共1994兲, there are three basically distinct
mechanisms to control the intensity of the human voice.
They correspond to adjustments of the vocal apparatus below
the larynx, within the larynx, and above the larynx. Below
the larynx, intensity can be regulated by controlling the aerodynamic output of the lungs to the vocal system. The key
variable in this process is subglottal pressure1 共Ladefoged
and McKinney, 1963; Bouhuys et al., 1968兲. Within the larynx, there are methods to regulate intensity by modifying the
vibration of the vocal folds and hence changing the amount
of aerodynamic power converted into acoustic power. These
methods correspond, for example, to an increase in the flow
amplitude or to a decrease in the length of the glottal closing
phase and they are typically reflected by a changed value of
subglottal pressure. Above the larynx, vocal intensity can be
modified by adjusting the resonances of the vocal cavity,
especially the first formant, to coincide with the harmonics
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of the glottal source. This method to control vocal intensity
is called formant tuning, but it is not typically used in intensity regulation of conversational speech 共Titze, 1994兲.
In the late 1950s and early 1960s, a number of investigations were carried out on the intensity regulation of speech
共Van den Berg, 1956; Ladefoged and McKinney, 1963; Isshiki, 1964, 1965兲. These studies addressed mainly the impacts of subglottal pressure and air flow rate on vocal intensity. The key role of the subglottal pressure on vocal
intensity was demonstrated, for example, in a study by Ladefoged and McKinney 共1963兲, who reported that the peak
sound pressure level 共in dB兲 rose linearly as a function of
subglottal pressure 共presented on the logarithmic scale兲 for
the middle part of the subglottal pressure range. On the other
hand, Isshiki 共1964, 1965兲 studied intensity regulation as
controlled by two factors, the contraction of the laryngeal
adductor muscles and the expiratory force. He reported that
in low frequency phonation the flow rate remained almost
unchanged, or even slightly decreased, with the increase in
voice intensity reflecting the use of laryngeal control. In contrast to this phenomenon, the flow rate of high frequency
phonation showed a large increase when voice intensity was
raised indicating the use of expiratory muscle control. These
results were supported in a laryngeal electromyography
study by Hirano et al. 共1970兲. Subsequently, Isshiki’s approach to the study of vocal intensity based on respiratory
and laryngeal phenomena has been used in various investigations. Stathopoulos and Sapienza 共1993a, 1993b兲 for example, compared respiratory and laryngeal function in intensity variation between males and females and between adults
and children. In addition, the two factors suggested by Isshiki have been used in studies comparing intensity regulation of normal and disordered voices 共e.g., Makiyama et al.,
2005兲 as well as in studies addressing sustained and transient
increases of intensity 共Finnegan et al., 2000兲. Even though
the roles of the laryngeal adductor muscles and the expiratory force have been studied widely since they were originally proposed by Isshiki, it is worth noting that there is still
a lack of understanding on how these two major factors interact when vocal intensity is regulated.
The early studies on intensity regulation of speech did
not, however, address the relationship between the excitation
of 共voiced兲 speech created by the vibrating vocal folds, the
glottal volume velocity wave form, and vocal intensity.
Later, when the use of inverse filtering became widely used,
numerous experiments were conducted to study the behavior
of the glottal volume velocity wave form in intensity regulation of speech. These studies show, in terms of the
amplitude-based parameters of the glottal flow 共Fig. 1兲, that
raising the vocal intensity is accomplished typically by an
increase of the ac flow and also 共but perhaps not so clearly兲
by a decrease of the minimum flow 共Holmberg et al., 1988;
Hertegård and Gauffin, 1991; Titze, 1992b; Sulter and Wit,
1996兲. Furthermore, increasing vocal intensity corresponds
to changing the shape of the glottal pulse so that the length
of the open phase decreases 共Dromey et al., 1992; Sapienza
et al., 1998; Hodge et al., 2001兲 and, in particular, the length
of the glottal closing phase decreases 共Holmberg et al., 1988;
Sulter and Wit, 1996兲. The increase of the ac flow and the
J. Acoust. Soc. Am., Vol. 120, No. 2, August 2006

FIG. 1. 共Color online兲 Glottal flow pulse 共upper graph兲 and its first derivative 共lower graph兲 computed from natural speech using inverse filtering. The
amplitude-domain quantities shown as: f ac⫽peak-to-peak flow 共also called
the ac flow兲, f min⫽minimum of the flow 共also called the dc offset兲,
dpeak⫽negative peak amplitude of the flow derivative 共also called the maximum airflow declination rate兲. Length of the fundamental period is denoted
by T.

decrease of the duration of the glottal closing phase both
amplify the negative peak amplitude of the flow derivative
共Sundberg et al., 1993兲. This parameter, depicted by dpeak in
Fig. 1, is also called the maximum flow declination rate
共Holmberg et al., 1988; Stathopoulos and Sapienza, 1993a,
1993b兲. It has been shown in various studies 共e.g., Holmberg
et al., 1988; Gauffin and Sundberg, 1989; Fant, 1993; Stathopoulos and Sapienza, 1993b; Sapienza and Stathopoulos,
1994; Sulter and Wit, 1996; Alku et al., 1999兲 that dpeak is
closely related to vocal intensity. The important role of dpeak
characterizing the behavior of the voice source in intensity
regulation is demonstrated by the fact that the mapping between SPL 共in dB兲 and dpeak 共on the logarithmic scale兲 can be
approximated very closely with an increasing linear function
共Gauffin and Sundberg, 1989; Alku et al., 1999兲.
Titze and Sundberg studied the regulation of vocal intensity in speakers and singers by presenting analytic and
empirical models to predict sound pressure levels from glottal wave form parameters 共Titze, 1992a; Titze and Sundberg,
1992兲. In their studies, the role of minimum lung pressure to
initiate phonation, the phonation threshold pressure, was essential. The authors addressed, among other things, the question of how subglottal pressure affects the vocal intensity. It
was shown that the doubling of excess pressure over the
threshold caused an 8 – 9 dB increase in SPL. The first 6 dB
of this increase was explained by an increase in the glottal
flow amplitude, whereas the remaining 2 – 3 dB came from
changing the shape of the flow pulse to a less symmetric
form. Similar results were also reported by Fant 共1982兲,
whose theoretical calculations yielded the SPL increase of
9.5 dB as a result of doubling subglottal pressure. According
to Fant, 2 dB of this rise in vocal intensity is caused by
changes in the glottal flow pulse form during the closing
phase.
The relationship between vocal intensity and F0, or its
perceptual counterpart, loudness, has also been studied
widely 共e.g., Gramming et al. 1988; Strik and Boves, 1992;
Titze and Sundberg, 1992; Alku et al., 2002兲. Attention has
been focused especially on the voice range profile 共VRP兲,
Alku et al.: Amplitude quotient based method
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also called the phonetogram, which is a display of vocal
intensity range versus F0 共Damste, 1970; Gramming and
Sundberg, 1988; Åkerlund et al., 1992; Titze, 1992b; Coleman, 1993兲. In one of their VRP studies, Gramming et al.
共1988兲 reported that the mean pitch increased by about a
half-semitone when intensity was increased by one decibel.
According to their findings, the increased value of F0 can be
expected as a passive result of raising the subglottal pressure
in order to produce louder sounds.
The present study addresses the question of how speakers change the characteristics of the glottal pulse when vocal
intensity is increased. Given the essential role of intensity
regulation in voice communication, this issue is undoubtedly
of great importance in speech science. Previous studies,
however, have paid little attention to methodologies to visualize how the glottal pulse characteristics change when intensity is regulated. Therefore, a new method is presented
which makes it possible to analyze how a rise in vocal intensity is contributed to by the following two glottal source
related mechanisms both of which raise the negative peak
amplitude of the flow derivative: 共a兲 changing of the glottal
pulse to a more asymmetric form versus 共b兲 increasing of the
glottal flow amplitude. Rather than using the ordinary approach 共e.g., Holmberg et al., 1988; Stathopoulos and Sapienza, 1993a, 1993b; Södersten et al., 1995; Sulter and Wit,
1996兲, in which speech samples are divided into few intensity categories 共typically three: soft, normal, loud兲, this study
analyzes voices, the intensity of which rose from low to high
in small steps of approximately 5 dB. This approach, previously used also by Sundberg et al. 共2005兲, was chosen because it allows a more detailed insight into the intensity
regulation mechanisms in speech. Furthermore, many of the
previous studies on intensity regulation of speech have used
a rather narrow SPL range between soft and loud phonations.
For example, the difference between loud and soft male
voices was, on average, 11 dB in the study by Holmberg et
al. 共1988兲, 15 dB in the study by Sapienza et al. 共1998兲, and
18 dB in the study by Hodge et al. 共2001兲. In contrast to
these studies, the present survey aimed to gather information
on vocal intensity regulation mechanisms by using phonations that had SPL dynamics much closer to the extreme
limits achievable by normal speakers.
II. MATERIAL AND METHODS
A. Speech material

Speech data were-collected from ten adult Finnish
speakers 共five females and five males兲 with no history of
speech, voice, or hearing disorders. The ages of the female
speakers varied between 42 and 54 and those of the males
between 33 and 45 years. The acoustic speech pressure wave
form was recorded using a condenser microphone
共Brüel&Kjaer 4176兲 placed at a distance of 40 cm from the
lips of the speaker. The distance was carefully controlled
before each phonation, an important precaution in order to be
able to compare the amplitude features of the estimated glottal flows between different phonations.共see Sec. II D兲. Intraoral pressure was simultaneously recorded using a pressure transducer 共Frøkjær-Jensen Electronics, Manophone,
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MF710兲 connected to the subject’s mouth with a plastic catheter. For the computation of SPL values, we also recorded a
calibration signal generated by a Brüel&Kjaer 4231 calibrator. During the recording, the subject phonated with the catheter placed between the lips in the corner of the mouth. The
recordings were made in an anechoic chamber and all of the
subjects sat while producing the sounds.
The speaking task was to produce a series of the word
/pa:p:a/ with increasing vocal intensity. First, each subject
was asked to repeat the production of the word /pa:p:a/ several times as softly as possible without whispering. The output level of the speech signal was measured by means of a
sound level meter 共Brüel&Kjaer 2225兲, whose LED display
was visible to both the subject and the experimenter. When
the subject had learned to repeat the production of the test
word as softly as possible with a consistent SPL value, the
recording of the first sample was conducted. The subject was
then asked to produce the word /pa:p:a/ by increasing the
sound pressure level by 5 dB. In order to do this, the subject
again watched the LED display of the sound level meter and
gave multiple productions until the desired SPL increase
from the preceding representation was achieved. When the
desired SPL value was reached, five repetitions of the
/pa:p:a/ word were recorded. The same procedure was then
repeated several times with the subject increasing the value
of SPL by 5 dB until she or he reached the loudest sample
required with a SPL value of 105 dB. 共Some subjects also
voluntarily produced an even louder sound with an SPL
value of 110 dB.兲 All the subjects found this procedure
straightforward and they achieved the desired SPL value after a few productions of the word /pa:p:a/. Importantly, the
subjects were given no other restrictions regarding their
voice production, permitting the speakers to choose pitch and
phonation type freely during the recording.
Both the acoustic speech pressure wave form and the
intraoral pressure signal were directly transmitted to a computer via an audio card 共Turtle Beach Tahiti, Turtle Beach
Systems兲 with a frequency response from dc up to 20 kHz.
Each recorded speech sample comprised five productions of
the /pa:p:a/ repetitions, from which the middle one was always selected and stored for further analyses. The wave
forms were digitized using a sampling frequency of
22.050 kHz and a resolution of 16 bits. The bandwidth of the
signals was 11 kHz. In the computer, the acoustic speech
signals were first high-pass filtered with a linear phase FIR
filter, with a cut-off frequency of 60 Hz, in order to remove
any possible low-frequency air pressure variations picked up
during the recordings.
B. Inverse filtering

In order to estimate the glottal volume velocity wave
forms, we used an inverse filtering technique, which estimates the glottal excitation directly from the acoustic speech
pressure wave form as recorded in a free field, i.e., no flow
mask was used. The method used was a slightly modified
version of the technique described by Alku 共1992兲. The
modification concerned the modeling of the vocal tract transfer function, which was based on an all-pole modeling techAlku et al.: Amplitude quotient based method

nique, called Discrete All-Pole Modeling 共DAP兲 共El-Jaroudi
and Makhoul, 1991兲, instead of the conventional Linear Predictive Coding 共LPC兲 used by Alku 共1992兲. The difference
between DAP and LPC is that the former is based on the
Itakura-Saito distortion criterion in determining an optimal
all-pole filter, whereas the latter uses the least squares error
criterion. Consequently, the formants of the vocal tract, particularly for high-pitched voices can be more accurately estimated by DAP than by LPC 共El-Jaroudi and Makhoul,
1991兲. An accurate modeling of the vocal tract transfer function is crucial from the point of view of glottal inverse filtering. As reported by Alku and Vilkman 共1994兲, the application of DAP instead of LPC in modeling the vocal tract
transfer function decreases the amount of formant ripple in
the estimated glottal flows.
The inverse filtering method used in the present study
estimates the vocal tract transfer function applying the
above-mentioned DAP technique by first canceling the average effect of the glottal source from the speech spectrum
using low-order all-pole filtering. In order to be able to compare the different phonations in terms of the value of dpeak, a
normalization method described in detail in Alku et al.
共1998兲 was used. In this method, the dc gain of the vocal
tract model used in inverse filtering is adjusted to unity. This
makes possible an analysis of the amplitude features of the
glottal flow on an amplitude scale, which is arbitrary 共i.e., it
does not yield the absolute flow values兲, but remains the
same for all the voices analyzed. The length of the analysis
window was 50 ms. For some of the low-pitched male
voices, the length of the time window was increased to
70 ms in order to cover at least four glottal cycles. In order
to estimate the glottal flow over sustained phonation, the
analysis window of inverse filtering was set at the middle of
the long vowel in the/pa:p:a/word.
C. Computation of sound pressure level
and subglottal pressure

The SPL values were determined on the dB scale using
the energy computation2 and the SPL value of the calibration
tone 共94 dB兲 as follows:
L p = 94 dB + 10 log10

Es
,
Ec

共1兲

where L p is speech SPL, Es is the energy of the speech signal, and Ec is the energy of the equally long calibration signal. It is worth noting that Eq. 共1兲 here yields the SPL value
of a speech signal with linear weighting at a distance of
40 cm from the speaker’s lips. In order to be able to compare the results of inverse filtering to SPL values, the
analysis window of the SPL computation was adjusted to
start from the same position as in inverse filtering. However, the window length in SPL computation was longer
共100 ms兲 than that of inverse filtering.
Estimates of subglottal pressure 共Ps兲 were computed
from the oral-pressure measurements, a practice widely used
in voice production studies. In this approach, the subglottal
pressure of a vowel is estimated from the oral-pressure measurements during the stop consonants surrounding the vowel.
J. Acoust. Soc. Am., Vol. 120, No. 2, August 2006

FIG. 2. 共Color online兲 Example of the oral-pressure 共upper graph兲 and the
speech pressure wave form 共lower graph兲 phonated by a male subject. Two
magnified sections of the oral-pressure signal correspond to the /p/occlusions of the /pa:p:a/ word. The second of these, at the instant indicated
by a cross, was used for the computation of the subglottal pressure value.

If several steady-state pressure values are available, it is possible to use interpolation of consecutive oral-pressure values
共e.g., Löfqvist et al., 1982; Holmberg et al., 1988; Hertegård
et al., 1995兲. In the present study, however, there were only
two /p/-occlusions, the prevocalic and postvocalic /p/occlusion of the /pa:p:a/ word, available in the digital signals
stored in the computer. From these two measurements, the
subglottal pressure was estimated by taking into account
only the postvocalic /p/-occlusion because it was found to be
more stable. The value of Ps was estimated by searching for
the “knee” of the oral-pressure wave form during the postvocalic /p/-occlusion 共see Fig. 2兲. The “knee” was determined
subjectively by the experimenter by searching for the point
in the rising phase of the oral-pressure signal at which the
signal reached a plateau level 共a similar procedure has been
used, for example, in Hertegård et al., 1995兲.
D. Amplitude quotient as a function of the negative
peak amplitude of the glottal flow derivative

In the quantification of the time-based features of the
glottal flow it has become accepted that these are computed
by measuring the time intervals between certain events such
as glottal opening and closure as well as the instant of the
maximal flow 共Holmberg et al., 1988; Cummings and Clements, 1995; Sulter and Wit, 1996; Vilkman et al., 1997兲.
However, it is also possible to measure time-domain features
of the glottal closing phase using the amplitude-domain values extracted from the glottal flow and its first derivative.
This is based on the voice source parametrization schemes
developed both independently and in parallel by Fant and his
co-authors 共Fant and Lin, 1988; Fant et al., 1994; Fant 1995,
1997兲 and Alku and Vilkman 共Alku and Vilkman, 1996a,
1996b; Alku et al., 2002兲. In these studies, the application of
the ratio between the peak-to-peak amplitude of the glottal
flow and the negative peak amplitude of the flow derivative
was analyzed in the parametrization of the glottal source.
This ratio was shown by Fant and his coauthors to yield “a
measure of effective decay time of the glottal flow pulse”
and it was initially used as a method to reduce the number of
Alku et al.: Amplitude quotient based method
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FIG. 3. 共Color online兲 Illusory behavior of amplitude quotient 共AQ兲 as a
function of the negative peak amplitude of the flow derivative 共dpeak兲; both
quantities are expressed on linear scales using arbitrary values on the ordinate and abscissa. Four speech samples 共s1 , s2 , s3 , s4兲 were created by increasing vocal intensity. Increasing intensity from s1 to s3 was carried out by
shortening the length of the glottal closing phase, which implies that the
value of AQ decreases when dpeak is raised. Increasing intensity from s3 to
s4, however, was achieved by a multiplication of the ac flow of the glottal
pulse, which implies that the value of AQ remains constant when dpeak is
raised.

the LF parameters in modeling the glottal source 共Fant et al.,
1994; Fant 1995, 1997兲. The ratio between the two amplitude
domain quantities is named the amplitude quotient 共AQ兲 and
its normalized version 共with respect to the length of the fundamental period兲 is called the normalized amplitude quotient
共NAQ兲 共Alku et al., 2002兲. Using the notations given in Fig.
1, the definition of AQ is as follows:3
AQ =

f ac
.
dpeak

共2兲

It has been shown that AQ has the following two important features 共Alku et al., 2002; Bäckström et al., 2002; Gobl
and NiChasaide, 2003兲. First, AQ is a time-domain quantity
that correlates closely with the length of the glottal closing
phase, but is always smaller than the true closing phase 共except for the nonrealistic triangular-shaped flow, for which
AQ becomes equal to the length of the closing phase兲. Second, computation of AQ is straightforward because it does
not involve the extraction of the time instant of glottal closure. Hence, the quantification of the time-based features of
the glottal closing phase with AQ 共or with NAQ兲 is more
robust against distortion such as the formant ripple present in
glottal flows estimated by inverse filtering.
In our previous Studies, AQ 共and NAQ兲 has been used in
the quantification of the glottal flow when, for example, the
phonation type is changed 共Alku and Vilkman, 1996a, b兲 or
as a measure of perceived phonatory pressedness in singing
共Sundberg et al., 2004; Björkner et al., in press兲. Instead of
treating AQ as such, the present study introduces a new application for AQ especially well suited for the analysis of
intensity regulation. This new means of exploiting AQ is
based on a two-dimensional presentation shown in a schematic form in Fig. 3, where AQ 共y axis, linear scale兲 is plotted against dpeak 共x axis, also on a linear scale兲. This straightforward presentation will demonstrate how changing dpeak
which takes place in intensity regulation, will affect AQ in
different ranges of dpeak.
1056
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Let us assume that when an illusory speaker repeats a
vowel sound several times, gradually increasing the vocal
intensity after each phonation, the corresponding values of
dpeak and AQ of each speech sample will result as depicted in
the two-dimension presentation, shown in Fig. 3. Keeping in
mind that SPL has a strong positive correlation with dpeak
共Gauffin and Sundberg, 1989兲, it is obvious that the first
speech sample, depicted by s1 in Fig. 3, with the lowest vocal
intensity has a small value of dpeak. Moreover, it is likely
共e.g., Holmberg et al., 1988兲 that the speaker has used a
rounded glottal pulse with gradual opening and closing in the
production of this speech sample and, consequently, the
length of the glottal closing phase is extended. Given the
strong correlation between the length of the glottal closing
phase and AQ 共Alku et al., 2002兲, this also implies that the
first speech sample has a large value of AQ. The location of
the next speech sample, with slightly larger vocal intensity
共depicted by s2 in Fig. 3兲, is characterized by a larger value
of dpeak and a smaller value AQ, provided that the intensity
increase was achieved by a reduction of the length of the
glottal closing phase. Consequently, in this simplified schematic presentation, one would expect that the speech samples
of increasing vocal intensity will follow a decreasing function as shown in Fig. 3. According to the definition of AQ
关Eq. 共2兲兴 the prerequisite for this decrease demands that the
increase of dpeak 关denominator in Eq. 共2兲兴 be larger than the
increase of f ac 关nominator in Eq. 共2兲兴. More specifically, if
we also assume that the increase of intensity is achieved by
keeping the ac flow constant and by enlarging dpeak merely
by affecting the shape of the glottal closing phase, the decreasing function between s1 and s2 in Fig. 3 will be a hyperbola. 关This can be easily seen in Eq. 共2兲, which shows that
AQ becomes proportional to 1 / dpeak when f ac is a constant.兴
Let us continue the simplified example by assuming that after the production of the next sample, depicted by s3 in Fig.
3, the speaker abruptly changes the intensity regulation strategy so that the length of the glottal closing phase is no longer
shortened, but the vocal intensity is still to be raised. In other
words, the illusory speaker starts to produce louder speech
sounds by amplifying only the amplitude of the flow pulse.
Since a 共pure兲 multiplication of a signal with a constant corresponds to multiplying the derivative of the signal with the
same constant, it is clear, according to Eq. 共2兲 that the value
of AQ will not be affected in this case. In Fig. 3, this implies
that the new speech sample, depicted by s4, has a larger
value of dpeak than the previous sample, but 共exactly兲 the
same value of AQ. In other words, the function between AQ
and dpeak changes from a hyperbola into a horizontal line
between s3 and s4.
Even though the above-noted example is illusory, it can
be used to analyze the intensity regulation of natural speech.
In particular, when speech samples of gradually increasing
intensity are expressed in the AQ-dpeak presentation, with
this scheme it is possible to demonstrate how a speaker’s
means of increasing his or her vocal intensity changes from
affecting the shape of the glottal closing phase to the strategy
based on amplifying the flow signal magnitude but keeping
the pulse shape more or less constant. In the next section,
Alku et al.: Amplitude quotient based method

FIG. 4. Subglottal pressure 共Ps兲 as a function of sound pressure level 共SPL兲.
Each circle denotes a speech sample whose SPL value is also expressed on
a grey scale. Optimal exponential function, fitted by the regression analysis
to the data, is shown as a continuous curve. 共a兲 All speakers 共n = 10兲, 共b兲
female speakers 共n = 5兲, 共c兲 male speakers 共n = 5兲.

this approach will be used together with other sources of
information 共subglottal pressure and SPL兲 extracted from
natural speech samples.
III. RESULTS

Since the speaking task in the present study was to create voices of increasing intensity, the data obtained are presented in this section by expressing every sample with a grey
scale denoting the SPL value of the sound 共see grey scale bar
in Figs. 4–6兲. The data are depicted separately for female
and male speakers but also by combining the two genders
sexes. The presentation of the results comprises four stages,
J. Acoust. Soc. Am., Vol. 120, No. 2, August 2006

FIG. 5. Negative peak amplitude of the glottal flow derivative 共dpeak兲 as a
function of SPL. Each circle denotes a speech sample whose SPL value is
also expressed on a grey scale. Optimal linear function, fitted by the regression analysis to the data, is shown as a continuous line. 共a兲 All speakers
共n = 10兲, 共b兲 female speakers 共n = 5兲, 共c兲 male speakers 共n = 5兲.

corresponding to Figs. 4–7, respectively. The reasons for this
kind presentation are as follows. First, since subglottal pressure is known to be one of the key parameters underlying
intensity regulation 共Stevens, 1977兲, it is reasonable to
present the behavior of Ps as a function of SPL which was
the parameter that the subjects controlled in the recordings.
The data obtained in these analyses are shown in Fig. 4.
Second, the negative peak amplitude of the flow derivative is
expressed 共on a logarithmic scale兲 as a function of SPL 共Fig.
5兲 in order to demonstrate how the well-known, strong correlation of dpeak and SPL 共Gauffin and Sundberg, 1989兲 was
reflected in the speech samples of the present study characterized by substantial dynamics in sound pressure level values. Third, the data are presented by using the proposed
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FIG. 6. AQ as a function of the negative peak amplitude of the glottal flow
derivative 共dpeak兲. AQ is a measure for the glottal closing phase length and it
is defined according to Eq. 共2兲 from two amplitude-domain quantities, the
peak-to-peak flow, and the negative peak amplitude of the glottal flow derivative. Each circle denotes a speech sample whose SPL value is also expressed on a grey scale. Optimal hyperbolic function, fitted by the regression
analysis to the data, is shown as a continuous curve. 共a兲 All speakers 共n
= 10兲, 共b兲 female speakers 共n = 5兲, 共c兲 male speakers 共n = 5兲.

AQ-dpeak relationship in Fig. 6. Finally, Fig. 7 shows a combinatory expression of both AQ and Ps as a function of SPL
in order to demonstrate how these two distinct features underlying intensity regulation behaved as a function of SPL.
The range of SPL values produced by males4
共57– 111 dB兲 was almost the same as that of females
共54– 109 dB兲. As expected, based on previous studies 共e.g.,
Van den Berg, 1956; Ladefoged and McKinney, 1963兲, subglottal pressure increased when SPL was raised. The lowest
pressure values measured equaled 1.6 cm H2O and 1.1 cm
H2O for male and female subjects, respectively. The largest
Ps values of males and females equaled 35.8 cm H2O and
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FIG. 7. 共Color online兲 AQ 共circles兲 and subglottal pressure 共Ps, crosses兲 as
a function of SPL. Optimal exponential functions, fitted by the regression
analysis to AQ and Ps values, are shown by descending and ascending
curves, respectively. 共a兲 All speakers 共n = 10兲, 共b兲 female speakers 共n = 5兲, 共c兲
male speakers 共n = 5兲.

36.3 cm H2O, respectively. It is worth noting that the range
of Ps values measured in the present study is considerably
larger than in many previous studies, in which glottal flow
characteristics underlying intensity regulation have been analyzed. The range of Ps was 3.3– 15.4 cm H2O for males and
3.2– 13.1 cm H2O for females in the study by Holmberg et
al. 共1988兲. In the study by Södersten et al. 共1995兲, in which
only female voices were analyzed, the range of Ps was
3.2– 20.4 cm H2O.
When the subglottal pressure is plotted against the sound
pressure level the data points appear to follow an exponentially rising curve. Figure 4 shows the data scatterplot together with an exponential function that was optimally fit to
the data by using regression analysis. In the log-transformed
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domain, into which the regression line was fitted, the correlation coefficient of SPL and log-transformed Ps was 0.893
共for all subjects兲, indicating a very large correlation between
the subglottal pressure and the sound pressure level.
The strong correlation of SPL and the negative peak of
the glottal flow derivative, as demonstrated previously in
several studies 共e.g., Gauffin and Sundberg, 1989兲, is supported by the current results as shown by the plot of logtransformed dpeak versus SPL depicted in Fig. 5. The correlation of SPL, and log-transformed dpeak is also high with a
correlation coefficient value of 0.959 for all subjects. The
close correlation of dpeak and SPL is further emphasized in
Fig. 6, which shows the AQ parameter values as a function
of dpeak: the distribution of the data point value in the grey
scale closely follows that of the SPL scale.
Figure 6 illustrates the speech samples using the proposed AQ-dpeak graph. The data depicted in Fig. 6 follow the
schematic trends discussed, using the hypothetical speaker,
in Sec. II D: the value of AQ was largest for the voices of
low SPL, but it started to decrease rapidly when the vocal
intensity was increased 共i.e., when dpeak rose兲. This decline of
AQ, however, soon began to approach a saturation point after
which there was only a minor change in the parameter value
even though dpeak rose considerably. This behavior is illustrated in Fig. 6 by the regression curve fit to the data. The
constant in the regression formula indicates that while SPL
共and therefore, also the value of dpeak兲 was increased, the
average value of AQ asymptotically approached
0.2877± 0.05290 ms. This value may be considered the average lower limit of AQ in intensity regulation. Furthermore,
the curve indicates that at low SPL values, vocal intensity
was dominantly controlled by AQ variation.
The different control strategies of vocal intensity for the
voices of low and high SPL are further illustrated in Fig. 7,
in which both the AQ and Ps values are shown in the same
plot. In general, the value of AQ decreased when vocal intensity increased. This behavior is feasible because of two
results already shown in previous studies: First, there is a
strong correlation between AQ and the length of the glottal
closing phase 共Alku et al., 2002兲 and, second, there are many
studies in which the shortening of the glottal closing phase
coinciding with the raising of the intensity has been reported
共e.g., Holmberg et al., 1988兲. Correspondingly, above approximately 85 dB, Ps changed much more rapidly than AQ,
suggesting that in that region the SPL changes were mainly
caused by changes in the subglottal pressure. In the intermediate zone, 70– 85 dB, both AQ and Ps affected the SPL
equally.
The gender sex differences of the above-mentioned
curves were also assessed. By plotting subglottal pressures
against SPL values for females and males 关Figs. 4共b兲 and
4共c兲, respectively兴, the statistical significance of the regression line differences was examined by comparing full and
reduced ANCOVA models. The comparison indicated that
while there were no significant gender sex differences in the
intercept term, the slope did differ significantly 共p = 0.0013兲.
Thus, it is suggested that the subglottal pressure rises more
rapidly as a function of SPL for males than for females.
When log共dpeak兲 is plotted against SPL, as shown in Figs.
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5共b兲 and 5共c兲 for females and males, respectively, the analysis of ANCOVA models indicates that there was a statistically significant difference in the intercept term 共p
⬍ 2 · 10−16兲, indicating that at a given SPL value, female
voices exhibited larger dpeak values than males. Even the regression slopes differed significantly 共p = 0.0048兲, although
this effect was not as strong as the intercept. When AQ is
plotted against the dpeak values 关Figs. 6共b兲 and 6共c兲 for females and males, respectively兴, the regression coefficients
indicate that the level of the horizontal asymptote of the
hyperbola was higher for males, and that the scaling factor of
the hyperbola was higher for males than for females as well.
The scaling factor value differences are also clearly visible in
Figs. 7共b兲 and 7共c兲, which show AQ and Ps plotted against
the SPL values. In the lower SPL range, AQ values declined
more rapidly for males than for females. The significance of
the gender sex differences in the hyperbolas was examined
by calculating the difference between male data points and
the female regression curve, and then by fitting another hyperbola to the acquired cross-residue. The results indicated
that there were significant differences both in the k coefficient 共p ⬍ 2 · 10−16兲 and in the level of the horizontal asymptote c 共p ⬍ 2 · 10−16兲.
IV. DISCUSSION

Since the publication of the classic studies by Isshiki
共Isshiki, 1964, 1965兲, there have been various investigations
on respiratory and laryngeal mechanisms underlying regulation of vocal intensity. Respiratory mechanisms can be examined by either directly measuring the respiratory system
or by analyzing respiratory activity using subglottal pressure
共Stathopoulos and Sapienza, 1993a兲. Laryngeal means to
control vocal intensity have been typically performed by using an inverse filtering approach in which the estimated glottal flow is quantified in terms of its amplitude-domain features, time-domain features, or both 共e.g., Holmberg et al.,
1988兲. Both the respiratory and laryngeal mechanisms have
been studied, based mostly on speaking tasks where intensity
is varied across a few categories, typically three, namely soft,
normal, and loud phonation.
This study proposed a new approach for the analysis of
intensity regulation in which a time-domain measure of the
glottal flow, the amplitude quotient, is presented as a function of the negative peak amplitude of the flow derivative.
The resulting two-dimensional graph, the AQ-dpeak presentation, was used in the analysis of the glottal function of voices
that varied from extremely soft to very loud. In addition to
the proposed AQ-dpeak presentation, two conventional measurements, the subglottal pressure and the sound pressure
level, were used. The extensive dynamics in both of these
measurements, approximately 35 cm H2O for Ps and 55 dB
for SPL, indicate that the speakers took advantage of different mechanisms of intensity regulation when performing the
speaking task requested. It is of special interest to note that
for the softest voice samples, that is, on the lower SPL range
between approximately 55 and 70 dB, the increase of subglottal pressure was very modest even though the SPL values
changed by almost 15 dB. This indicates that there must
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have been other means to vary the vocal intensity. However,
for loud speech samples, that is, on the higher SPL range
between approximately 95 and 110 dB, Ps rose very rapidly
together with the SPL increase, suggesting that for these
voice samples, raising the subglottal pressure may become
the dominant way to increase the vocal intensity.
In the production of real speech, gradually increasing in
intensity, it is unnatural to change abruptly from laryngeal
means to respiratory mechanisms. Instead, speakers will
most likely start regulating intensity of soft samples mostly
by taking advantage of laryngeal means which then will be
gradually accompanied by respiratory mechanisms when
louder samples are to be produced. In the production of the
loudest samples, the regulation is mostly dominated by the
respiratory mechanisms. In the present study, this phenomenon was described by the AQ-dpeak graph as the convergence of the speech samples of increasing intensity toward
an asymptote. This asymptote, available with the help of the
proposed presentation, implies that there is a 共theoretical兲
maximum limit of pressedness in intensity regulation. Hence,
the presentation of speech samples of different intensity levels on the AQ-dpeak graph makes it possible to quantify how
control mechanisms underlying regulation of vocal intensity
change gradually from laryngeal to respiratory means.
In the study by Holmberg et al. 共1988兲, the glottal function was addressed in three intensity categories 共soft, normal,
and loud兲 by using a wide range of parameters. The speech
data of their study consisted of a short /p æ / syllable produced in a string of five repetitions. The authors speculated
that syllable productions in soft, normal, and loud categories
might reflect the use of three different “vocal modes” and
therefore they might represent intensity regulation conditions
that are not compatible with those used in the production of
sustained vowels. The authors of the present study agree with
this speculation but, based on the results obtained in this
research, we argue that the phonations in distinct “vocal
modes” could be explained rather by the use of few intensity
categories than by the use of syllable productions. Hence, if
intensity regulation is studied over several phonations of
gradually increasing SPL values, which was the case in the
present study in which every subject produced on average 17
voice samples of different SPL values, it is unlikely that
speakers can adapt a special “vocal mode” in each production. Therefore, speech samples analyzed in the present investigation might better reflect a continuous changing of the
vocal function from the low intensity voice production to the
generation of high intensity speech.
Previous studies on vocal intensity regulation have
shown that, as a general trend, the length of the glottal closing phase becomes shorter when intensity rises 共e.g., Holmberg et al., 1988兲. This overall behavior was also corroborated by the present study as indicated by Fig. 7, which
shows that the AQ values decrease as a function of SPL.
Gender sex differences, however, appeared in the changing
AQ when intensity was raised. The present study indicated
that the horizontal asymptote level of the AQ-dpeak graph
was significantly higher for males. In addition, the steepness
of the graph was also significantly sharper for males as compared to females. Both of these two observations reflect the
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physical differences in the vocal fold length between genders
sex, which results, in general, in a longer closing phase duration, that is, a larger AQ value, in male glottal pulses than
in females. The more abrupt steepness AQ-dpeak graphs for
males also implies that the male voice production mechanism is able to generate glottal flow pulses in low intensity
phonation that have a long closing phase, that is, a large
value of AQ, and a small value of dpeak. Vocal intensity increase for this kind of glottal pulses can be effectively controlled by laryngeal means resulting in a great decrease in the
glottal closing phase. Consequently, the AQ-dpeak graph will
show a steep decrease in particular for male voices at the
lowest SPL range.
Comparing gender sex differences found in the present
study to those reported in previous ones is somewhat problematic because of the following issues. First, the present
study applied a speaking task in which the intensity was
increased gradually by 5 dB steps whereas the majority of
the previous investigations have applied speaking tasks comprising only few discrete loudness categories. Second, the
extensive dynamic range in the SPL values of the present
study implies that the change from low-intensity voice productions to high-intensity phonations might have been accomplished by the use of vocal strategies which are different
from those used in studies involving considerably smaller
SPL dynamics. Third, and most important, most of the previous studies have used glottal source parametrization methods based on normalized time-based values, such as the closing quotient 共ClQ兲, that is, the ratio between the glottal
closing phase duration and the length of the fundamental
period 共e.g., Holmberg et al., 1988; Sulter and Wit, 1996兲.
The present investigation, however, used the AQ measurement, which quantifies the glottal closing phase in absolute
time units. It is, therefore, difficult to gauge how much
changes in the glottal closing phase characteristics reported
in previous investigations are due to changes in the glottal
closing phase length, that is, the numerator of ClQ, and how
much they reflect the change of the fundamental period, that
is, the denominator of ClQ.
Despite these differences, explaining how the gender sex
differences demonstrated by the AQ-dpeak of the present
study are related to the previous ClQ-based investigations on
vocal intensity is feasible. In the study by Holmberg et al.
共1988兲, it was found that male voices showed a significantly
smaller ClQ value in normal and loud phonation than females. However, there was no significant male-female difference in ClQ for soft voices. We may speculate that these
results reported by the above-mentioned study on ClQ are
actually in line with the results of the present study even
though the relationship between the two is perhaps not the
most obvious one. It is, for example, possible that in producing soft voices both the female and male speakers in that
study might have used the same “vocal mode” resulting in
glottal pulses that are of similar shapes, but of different timelengths, for the two genders sexes. 关A stylized illustration is
provided in Fig. 10, p. 519, in Holmberg et al. 共1988兲兴. Parametrization of this kind of glottal pulse will in fact result in
small ClQ differences between males and females, as reported in Holmberg et al. 共1988兲, but, importantly, in larger
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AQ values in male voices than in female speech as, indeed,
was indicated by the AQ-dpeak graphs of low-intensity voices
in the present study. Moreover, it can be argued that the
speakers in the study by Holmberg et al. 共1988兲 most likely
used means other than respiratory ones when changing vocal
intensity from soft to normal speech, because if this intensity
change was based solely on the respiratory mechanism, the
same “vocal mode” would have been used by both males and
females in normal loudness as well. Consequently, one
would not have expected to find a gender sex difference in
ClQ in normal loudness either. However, the existence of the
gender sex difference in normal and loud phonations in the
study by Holmberg et al. 共1988兲 indicates that the intensity
increase from soft voices was accomplished by means other
than respiratory; that is, most likely by changes in the timebased characteristics of the glottal closing phase. In the
present study, this indicates the occurrence of voice samples
on a steep decreasing portion of the AQ-dpeak graphs when
intensity is increased at the lowest part of the SPL range.
Finally, a possible explanation why ClQ values of males in
the study by Holmberg et al. 共1988兲 were smaller than those
of females in normal and loud speech while the horizontal
level of the AQ-dpeak graphs of males in the present study
were larger than that of females is the difference in the normalization of the time-based parameters involved. In other
words, it is possible that if intensity increase in female and
male voices is accomplished by the reduction of both the
glottal closing phase and the fundamental period, but if the
latter happens more rapidly for males, a smaller ClQ value is
to be expected for them, as reported in Holmberg et al.
共1988兲. However, since the absolute length of the closing
phase is still typically larger in male speech, it is understandable why the proposed AQ-dpeak graph showed a higher horizontal asymptote level for males than for females.
V. CONCLUSIONS

Regulation of vocal intensity was analyzed by means of
a new method, the AQ-dpeak graph, from voices whose SPL
varied from extremely low to very high. When vocal intensity was increased, the speech samples first showed a rapidly
decreasing trend when expressed on the proposed AQ-dpeak
graph. The hypothetical correspondence of this behavior is a
hyperbola, indicating that the speakers have mainly manipulated the length of the glottal closing phase in the regulation
of vocal intensity. When intensity was further raised, the location of the speech samples on the AQ-dpeak converged toward a horizontal line, the asymptote of the hyperbola. This
indicates that the decrease of AQ starts to diminish even
though dpeak continues to rise which, in turn, implies that the
speakers have started to increase their vocal intensity by amplifying the ac flow of the glottal pulse.
When interpreted according to Isshiki 共1964, 1965兲, the
behavior of the AQ-dpeak graph, as summarized earlier, implies that the intensity regulation strategy changes from laryngeal means, represented by the rapidly decreasing part of
the hyperbola, to respiratory mechanisms, represented by the
horizontal asymptote. The behavior of the AQ-dpeak graph in
the speech samples of the current study was in line with
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results reported in several other investigations on intensity
regulation in showing that increasing vocal intensity corresponds typically to the decreasing of the glottal closing
phase, reflected in the current study by AQ, and to the increasing of the negative peak amplitude of the glottal flow
derivative. In contrast to many previous studies, however, the
current research proposes a new means to visualize the function of voice production, which might be of use in investigating intensity regulation of speech and could supplement
existing voice production analysis tools such as the phonetogram. The proposed presentation is easy to implement because the only information needed is the glottal flow wave
form estimated by inverse-filtering the acoustic speech pressure signal.
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