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on glottal airflow gained from inverse filtering with data on vocal fold vibration 
obtained by means of the recently developed Digital High Speed Imaging 
technique (Hirose & al., 199 1 ; Kiritani & al., 1988). 

Voice source characteristics 
The voice source can be varied continuously along the phonatory dimensions of 
pitch and vocal loudness. A third phonatory dimension embraces the extremes 
of hyperfunctional and hypofunctional phonation and can be referred to as 
mode of phonation. These phonatory dimensions are relevant from the point of 
view of phonatory hygiene as well as from the point of view of vocal pedagogy. 
For example, a habitually elevated pitch or vocal loudness level may be 
harmful to phonatory health. The same applies to the habitual use of an 
inappropriate mode of phonation. 

While measuring the acoustical correlate of voice pitch is trivial, finding an 
objective correlate to vocal loudness is somewhat problematic. It is generally 
assumed that the sound pressure level (SPL) in dB, i.e., the log of the ratio 
between the sound pressure ratio of the sound to a fixed reference pressure, 
offers a fair approximation of perceived loudness. This is certainly true for 
sinewave signals, but for voice sounds the situation is obviously different. As 
shown by Gramming and Sundberg (1988) and by Titze (1992), SPL mainly 
reflects the amplitude of quite few or even one single spectrum partial. SPL 
also varies with pitch and with the lowest formant frequencies even if the 
amplitude of the voice source remains constant. Therefore, SPL values of voice 
sounds are comparable only if the sounds are identical with regard to 
fundamental and formant frequencies. Moreover, the same SPL can result from 
a distant loud voice and from a soft voice at a close distance; perceived vocal 
loudness would be more sensitive to the amplitude balance between low and 
high spectrum partials than to the SPL. However, for practical reasons this 
problem will be left aside in this article, and SPL will be accepted as an 
indicator of vocal loudness. 

Measuring mode of phonation seems to be even more difficult than 
measuring vocal loudness. The acoustic and airflow characteristics of different 
modes of phonation have been investigated in the past in terms of flow 
glottograms as derived from inverse filtering of the airflow ad modum 
Rothenberg (1973) (Gauffin & Sundberg, 1989). Figure 1 shows some typical 
examples collected from a male singer subject (the author) recorded while he 
deliberately switched between the different modes of phonation indicated in the 
figure. Pressed phonation is a hyperhnctional type of phonation, typically 
associated with an elevated larynx position while Flow phonation is typically 
produced with a lowered larynx. Some associated acoustic and aerodynamic 
data are listed along with the SPL values in Table 1: subglottal pressure Ps, 
acoustic power PAC, peak low amplitude Upk, mean airflow MV U, closed 
quotient Qcl, efficiency E, peak glottal permittance PM, and estimated glottal 
vibration amplitude AG (see below). 
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Type of phonation 

Normal 

P= 9 cm H10 
SPL= 76  dB 

0 

ctFlowcc 

P = 8  cm HIO 
SPL = 7 8  dB 

Whisper 
P =  4 c m  H20 

I SPL = 60 d3 

01 + + 
10 msec 

Figure I .  Typical 
examples of glot- 
togram produced 
by a mule adult 
trained voice 
mimicking the 
different types of 
phonation indi- 
cated. To the 
right of each 
glottogrum, the 
underlying sub- 
glottul pressures, 
measured as the 
oral pressure 
during a (p]- 
occlusion, und 
the resulting SPL 
at 0.5 m distunce 
ure specified. 

lublc) 1. Dutrr on the glottul uirflo~l waveforms sho~ln  in Fig. I :  subgloltulpres.sure 
(Ply), ucoustic power (PA (9 ,  peuk flo~t umplitu~le (Upk), sound pressure level (SPL), 
incun flo~j (MV U), closed quotient (Qcl), efficiency (E), peak glorrul permittunce 
(I'M), und an estimute of glottul uretr (AG) mude under the ussumption /hut glottul 
ud(/uction remained the sunze in ail five nzodes of phonation 

AG 

0.21 
0.135 
0.12 
0.075 
0.06 

Pressed 
Neutral 
Flow 
I ,eaky 
Voiced 
whisper 

Qcl 

0.53 
0.53 
0.48 
0.3 
0 

PS 
cm 
I170 - 

14 
9 
8 
5 
4 

E 

0.125 
0.401 
0.545 
0.055 
0.01 1 

I'M 

0.014 
0.033 
0.063 
0.076 
0.05 

SPL 

dB 

70 
76 
78 
68 
60 

PAC 
W 

0.016 
0.063 
0.099 
0.01 
0.0002 

Upk 
11s 

0.2 
0.3 
0.5 
0.38 
0.2 

MV 17 

11s 

0.0896 
0.1246 
0.2172 
0.363 
0.3783 
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It can be seen that by varying the type of phonation, the waveform of the 
glottal airflow can be changed within wide limits. A great difference is found in 
the length of the closed phase, i.e. the closed quotient. It is nonexistent in 
voiced whisper. In breathy phonation, the waveform displays a clear 
discontinuity at the end of the closing phase but the curve fails to reach zero 
flow, thus suggesting a brief incomplete glottal closure. In flow phonation, the 
flow very nearly, but not completely, reaches a true zero flow value. The same 
applies to neutral phonation, while in pressed phonation the flow curve reaches 
zero. The closed quotient is similar in flow, neutral and pressed phonation. 

Great differences between these phonation types can be observed also in the 
peak amplitude of the flow pulses. This amplitude is small in pressed phonation 
and large in flow phonation, neutral phonation taking an intermediate position. 
Breathy phonation and voiced whisper have the greatest peak amplitudes, but 
this is an effect of the considerable glottal DC leakage, so the peak-to-peak 
amplitudes of these waveforms are rather similar to that of neutral phonation. 

The acoustical significance of certain waveform properties have been 
identified. Thus, the peak-to-peak amplitude of the flow pulses is strongly 
correlated with the amplitude of the voice source hndamental. Furthermore, the 
loudness of phonation is determined by the maximum slope of the trailing end 
of the flow pulses, provided pitch and vowel quality are unchanged. As shown 
both experimentally by Gauffin & Sundberg (1980; 1989) and theoretically by 
Fant (1982), SPL is directly determined by the maximum steepness of the flow 
decrease during the closing phase, i.e., amplitude of the negative peak of the 
differentiated airflow. Three different changes of the glottal flow waveform can 
bring about an increase of this steepness, as illustrated in Figure 2. One 
alternative is an increase of the amplitude of the flow pulse. Another possibility 
is an increase of the closed quotient. A third possibility is an increase of the 
skewing of the pulses. 

THREE WAYS TO LOUDNESS VARIATION 

Figure 2. Three different 
possibilities to bring about 
an increase of the amplitude 
of the negative peak of the 
differentiated air f lo  w. 



The different waveform characteristics are significant to the relationship 
between subglottal pressure and the resulting SPL, as can be seen in the figure. 
In pressed phonation, a subglottal pressure as high as 14 cm H 2 0  produced no 

more than 70 dB SPL, while in neutral phonation a lower pressure, 9 cm H20,  

produced a 6 dB higher SPL. Flow phonation uses a still lower subglottal 
pressure for producing a somewhat higher SPL. In breathy phonation and 
voiced whisper, the pressures are much lower and so are the SPL values. The 
relationship between subglottal pressure and SPL is clearly influenced by the 
mode of phonation. 

The physiological characteristics of these different modes of phonation have 
not been h l ly  demonstrated. Glottal efficiency, EG is sometimes used as a 

indicator of phonatory function (Schutte, 1980). It is defined as the ratio 
between output acoustic power, PAC, and input aerodynamic power, PAE, the 

latter being detined as the product of subglottal pressure PS and mean 

transglottal airflow U: 

PAC = 2nr2* 10(1/10), whcre I is the intensity in dB. 

Efficiency values E for the different flow glottograms are listed in Table 1 .  
Efficiency is clearly low in the modes associated with a glottal leakage, leaky 
phonation and voiced whisper. It is highest in flow and neutral phonation and 
about a quarter as high in pressed phonation. Thus, glottal efficiency seems to 
differentiate the various types of phonation. 

An alternative physiologically oriented aspect of these different modes of 
phonation is to be the ratio between the peak flow amplitude and the subglottal 
pressure (Sundberg & Rothenberg, 1986; Sundberg, Titze & Scherer, 1993). 
This ratio PM, referred to as the peak glottal permittance is also listed in Table 
1 .  I t  is smallest for pressed phonation, about twice as large for neutral 
phonation, about f'our times as large for flow phonation, and greatest for leaky 
phonation. 

?'he link between the aerodynamic characteristics of the flow pulse and vocal 
li,ld physiology is the relation between cross-sectional glottal area and airflow. 
717he peak amplitude of the flow pulses depend on the vibration amplitude of the 
folds. This amplitude, AG (cm), is proportional to the square root of the 

subglottal pressure PS in cm H z 0  (Titze, 1988): 

A<; = I \ * ( P ~ ) ' / ~ .  

The constant k depends on the glottal adduction force. In  an experiment, 
.l'itr.e (op. cit.) li)und this constant to be 0.1 5 for a particular excised larynx. If 
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this value is used for estimating the vocal fold vibration amplitude for the 
different modes of phonation considered here, the amplitude would have been 
greatest for pressed phonation and small for flow, i.e., just contrary to the flow 
peak amplitude. The considerable discrepancies between the estimated 
amplitude and peak glottal airflow demonstrate quite clearly that the modes 
differ with respect to the glottal adduction force. 

However, even when the condition of an unchanged glottal adduction force 
is met, the relation between vibration amplitude and glottal airflow is far from 
being straight-forward. As demonstrated by Rothenberg (198 l), the glottal area 
allows comparatively little airflow at the beginning of the pulse, when the 
airstrem is accelerating. The opposite applies at the end of the pulse, when a 
decreasing glottal area tries to arrest the airstream; then, a narrow glottal area 
allows a comparatively great airflow. The vibration amplitude of the folds 
offers an estimate of the glottal area, provided glottal length is kept constant. 

Summarising, the amplitude of the vocal fold vibration is interesting, being 
the link between the acoustical and the physiological aspects of phonation. 
Therefore, it is a particularly relevant characteristics of different modes of 
phonation. However, it is difficult to infer vocal fold vibration amplitudes from 
glottal airflow waveforms, particularly if the underlying modes of phonation 
differ with regard to glottal adduction force. For these reasons, a direct analysis 
of vocal fold vibration amplitude seems worthwhile. 

Vocal fold vibration analysis 
The glottal vibration characteristics of the different modes of phonation 
described above were analysed using the equipment at the Department of 
Research Institute of Logopedics and Phoniatrics, Faculty of Medicine, The 
Tokyo University (Hirose & al., 1991; Kiritani & al., 1988). The subject (the 
author) contrasted the same four modes of phonation as those shown in Figure 
1, all on the same pitch of G3 (196 Hz): breathy, flow, neutral, and pressed 
phonation. In addition, he also produced modes neutral and breathy phonation 
one octave deeper (98 Hz). 

The vocal fold vibrations were recorded on a microcomputer and transferred 
to a video tape. The tape was then played, frame by frame, on a video recorder, 
and the maximum glottal width, generally appearing at the middle of the 
anterior-posterior glottis contour, was measured in mm on the TV monitor 
screen. This method does not offer any absolute data on glottal width. 
Moreover, if the lens-to-glottis distance is changed between two utterances, 
comparisons become difficult. As mentioned above, changes in larynx height 
typically accompany shifts between some of the modes of phonation 
considered. The order of magnitude of these effects can be roughly estimated. 
Assuming a lens-to-glottis distance of 10 cm and a change in larynx height of 1 
cm, the amplitudes measured for the higher larynx position should be divided 



STL-QPSR 2-3/94 

by a factor of 111.1. Conversely, amplitudes measured for a 1 cm lower larynx 
position should be multiplied by a factor of 1.1. 

Results 
Inspection of the movie film indicated that in many cases there seemed to be a 
delay between the anterior and posterior portions of the mucosa during opening, 
while during closing the fold boundaries looked almost perfectly parallel. In 
breathy phonation, the vibration amplitude pattern suggested that the 
contraction of the vocalis muscle was faint; the vibrations seemed somewhat 
similar to phonation with an internus insufficiency. In pressed phonation, an 
asymmetry in the movements of the left and right folds could be noted. 

Data obtained from the video recording on the maximum distance between 
the folds are shown in Figures 3 and 4. Figure 3 compares the four different 
modes of phonation produced at the higher pitch of G3 (196 Hz) and Figure 4 
compares the waveforms for amplitudes of the two modes which were 
produced at different pitches. In many cases, an unevenness can be observed 
during the closing phase apparently reflecting a delayed closing, i.e., the 
structures delimiting the point of widest glottal width are not moving at a 
constant rate. One possible reason would be a difference in vibration phase and 
velocity between the upper and lower parts of the glottal mucosa. 

Y T BREATHY 

Figure 3. Muxirn~lnl gloltul width us observed by means oJ digitul high speed irnuging 
techniyue,fbr the modes ofphonution indicated us produced at the pitch of G3 (196 
Hz) by the same sz4hject us in k'igzire 1. 
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The modes of phonation clearly differ with respect to the waveform, as can 
be seen in Figure 3. As expected, breathy is characterised by a rounded quasi- 
closed phase so the vocal folds fail to close the glottis. The other wave forms all 
reach a zero glottal width. The duration of the closed phase is another diffe- 
rence, being clearly longest in pressed phonation. The pulses are more peaked 
in pressed phonation and more rounded in flow phonation, neutral phonation 
showing intermediate characteristics in this respect. Figure 4 shows similar 
differences between neutral and breathy phonation modes at the lower pitch, 
neutral showing a clear flat closed phase with zero glottal width and breathy 
possessing a rounded quasi-closed phase clearly above 0 amplitude, although 
less than at the higher frequency. 

PITCH G2 (98 Hz) PITCI-I G3 (196 1-12) 
NEUTRAL NEUTRAL 

BREATHY 

O l O P J O U 3 X I ~ 7 O ~ W l ~ o  10 20 JO 40 50 e0 70 

TIME (frame number) 

Figure 3. Maximum glottal width as observed by means of digital high speed imaging 
technique for the modes of phonation indicated as produced at the pitches of G2 and 
G3 (98 Hz and 196 Hz) by the same subject as in Figure 1. 

A rough comparison of the amplitude of the vocal fold excursions can be 
made in terms of the distance units collected directly from the video recording, 
although the units are uncalibrated. From Figure 3 it can be seen that the 
vibration amplitude at the higher pitch was clearly greatest for flow phonation, 
12 units, and smallest for pressed phonation, about 7 units. The pulses in 
neutral phonation were about 9 units high while those in breathy phonation 
reached higher widths, 16 units, but due to the leakage of 5 units, the peak-to- 
peak is still no more than about 10 units. 



STL-QPSR 2-3/94 

Figure 4 shows that the phonations at the lower pitch had amplitudes about 
twice as high as those one octave higher. This is in accordance with the 
observation that glottal peak amplitude decreases with rising fundamental 
frequency (Fant, 1982). On the other hand, the peak flow amplitude does not 
always show this relation with pitch (Sundberg, 1987). 

It has been shown that subglottal pressure tends to increase proportionally 
with fundamental frequency, i.e., a doubling of frequency tends to be associated 
with a doubling of subglottal pressure, approximately (Sundberg & al., 1993). 
Moreover, as assume mentioned before, vibration amplitude should be propor- 
tional to the square root of the subglottal pressure, provided glottal adduction 
remains constant. If we asssume that the subglottal pressure was twice as high 
for the upper as for the lower pitch in Figure 4, and that glottal adduction was 
kept unchanged, the vibration amplitude should have been 1.4 times as high for 
the upper as for the lower tone. A shift in larynx height is not likely to explain 
the difference; distortions greater than a factor to two are not likely to result 
from shifts in larynx to lense distance. Furthermore, larynx height often 
increases with pitch in untrained subjects, but if the larynx was higher for the 
upper than for the lower pitch, the vibration amplitude would appear too large 
at the upper pitch. The data suggest that glottal adduction was higher for the 
upper tone. 

The vibration amplitudes shown in Figures 3 and 4 can be compared only if 
the lens-to-larynx distance remained the same, as mentioned. It can be assumed 
that the larynx height differences between the phonations at the lower pitch in 
Figure 4 were small. With respect to Figure 3, however, previous investigations 
have indicated that pressed phonation is typically associated with an elevation 
of the larynx and flow phonation is associated with a lowered larynx position. 
This would cause the glottal width to appear too wide in the case of pressed 
phonation and too narrow during flow phonation. Thus, the differences between 
these modes must be even greater in reality than they appear in the figures. 

As mentioned, the magnitudes of these errors can be roughly estimated. Let 
us assume that the larynx position for pressed and flow phonation during the 
high speed imaging experiment was 1 cm above and 1 cm below that used in 
neutral phonation. Let us further assume that the lens-to-larynx position during 
neutral phonation was 10 cm. This would mean that the peak widths in pressed 
phonation would be about 8 units rather than 9 units, while the peak widths for 
flow phonation would be 14 units. In other words, these two phonation modes 
would differ with a factor close to 2 with regard to the peak maximum width of 
the glottis. 

Discussion 
Even with the very limited material now available, the results seem quite 
interesting. The various phonation modes investigated differ systematically 
with respect to glottal vibration amplitude. The amplitude gradually increased 
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as phonation mode was changed from pressed to neutral to flow to breathy. 
This supports the idea that the physiological correlate of these phonation modes 
is glottal adduction. The observation is also in agreement with glottal 
permittance characteristics revealed in previous inverse filtering investigations 
of these modes. The small ratio between peak flow amplitude and subglottal 
pressure in pressed phonation corresponds to a small glottal vibration amplitude 
and the great ratio for flow phonation corresponds to a great vibration 
amplitude. Amplitude was also greater for the lower than for the higher pitch. 
Pitch also tends to affect glottal permittance, higher pitches generally showing a 
lower permittance than lower pitches (Sundberg & Rothenberg, 1986; Sundberg 
& al., 1993). Still, subglottal pressure is typically increased with pitch 
(Sundberg & Rothenberg, 1986; Titze & Sundberg, 1992). The reason for a 
concomitant decrease of glottal vibration amplitude would be the increased 
stretching of the folds. 

Glottal adduction is sometimes accounted for in terms of the glottal resis- 
tance, the ratio between average glottal flow and subglottal pressure. This ratio 
is often regarded as a phonatory input parameter. However, glottal resistance is 
a compound variable, depending not only on glottal adduction, but also on sub- 
glottal pressure. These two variables, on the other hand, are both phonatorily 
independent variables. It seems more appropriate to view them as such and to 
see the glottal resistance as a dependent variable. Further glottal resistance does 
not seem capable of clearly differentiating pressed and flow phonation. Glottal 
permittance seems a more relevant factor to phonatory function. 

It is quite interesting that of all phonations studied in the present investi- 
gation only two indicated a glottal leakage during the closed phase, viz. the two 
examples recorded of breathy phonation. The flow glottograms derived from 
inverse filtering, on the other hand, showed a minute glottal leakage during the 
closed phase in neutral and flow phonation. Even though the flow glottogram 
and the high speed imaging recordings were made on different occasions, this is 
a typical observation. An explanation was proposed recently (Hertegird & al., 
1992). By a synchronous analysis by fiberoptic stroboscopy and inverse 
filtering, they showed that this discrepancy probably stems from two effects. 
First, the glottal closure starts at the lower edge of the folds and propagates 
upward, thus chasing the small quantity of air between the upper part of the 
folds during the first part of the closed phase. Second, the mucosal wave has the 
effect of a glottal piston motion during the closed phase generating a small 
airflow. 

This investigation was a first attempt to use the High Speed Digital Imaging 
technique for studying vocal fold vibration characteristics associated with 
different modes of phonation. Our analysis of the results, particularly 
combining them with those reported in other studies of the same phonation 
modes, has shown that the technique offers quite useful data that complement 
our understanding of the vocal fold mechanism in interesting respects. Here, 
only one single subject was investigated. As the technique seemed to yield 
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