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INTRODUCTION

1t has been shown that nonlinear acoustic interaction between the glottal source and the
low frequency inertance of the vocal tract (subglottal and supraglottal) during normal voicing
can cause a skewing of the glottal flow pulse to the right, with a resulting increase in the
high frequency acoustic energy generated at the instant of glottal closure and decrease in the
high frequency energy generated by the opening of the glottis. For typical values of voice
fundamental frequency and formant frequencies, these variations in high frequency energy
help determine the energy at the second and higher formants, and therefore are an important
determinant of voice quality. For open vowels, the degree of this type of source-tract acoustic
interaction has been shown to depend on a dimensionless parameter which we have previously
termed L,, the “normalized inertance”, but for which we will hereafter use the symbol a,
adapting a notation closer to that used by Fant (Fant, 1982), since the symbol L, may imply
that the parameter has the units of inertance (often symbolized L). The interaction parameter
a is related to the total subglottal and supraglottal vocal tract inertance L, as seen by the glottis
by the relationship

a = LngMAX G
1,/2
where 1, is the duration of the glottal pulse, and GSM Ax is the maximum value of U,/P, that
would be attained during the glottal cycle if there were no vocal tract loading, i.e. if L, were
zero, Py being the transglottal pressure (constant and equal to the lung pressure Py if L, =
0) and U, the glottal volume velocity (Rothenberg, 1981a; Fant, 1982).

In this paper we will show that during breathy voice produced by an abduction of the
vocal folds, the vocal tract inertance has an opposite effect; it reduces the energy at the higher
formants by smoothing the flow waveform. The point of excitation of the higher formants
remains at the instant of glottal closure, but, as observed by Fant (1980) this instant is moved
toward the middle of the falling segment of the flow waveform (instead of being at the end
of the falling segment as in normal voice), as the fundamental frequency component of the
flow waveform is delayed by the interaction of the vocal tract inertance and glottal conductance.

Moreover, it will be shown that the amount of the delay in the fundamental frequency
component can be used to estimate a, the vocal tract interaction parameter during normal
voice, and therefore can be used to test models for glottal source acrodynamics.

ANALYSIS DURING BREATHY VOICE

When the voice is made “breathy” by medial abduction of the vocal folds (and not by
abduction of just the posterior interarytenoidal segment, as sometimes occurs (Rothenberg
1973)), the projected glottal area can be expected to have the form shown in the lower solid
trace in Figure 37-1. During the “open” segments, labled 0, the folds are vibrating freely
without any appreciable contact with each other. If there is a strong phase difference between
the vibration patterns at the superior and inferior fold margins, the projected area (PGA)
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Development of s Norton-equivalent linear model for the glottal source during breathy voice. A
Idenlized waveforms of projected glottal area for two degrees of voca! fold abduction. B. Simplified
nonlinear interactive source-tract model. The incremental giottal conductance G, is usually assum-
ed to be proportional to A /U, forhrgeglﬂtﬂams(theﬂow—dependentcase),mdpmportiom!
to A3 for vocal fold separations less than about 0.2 mm (the flow-independent case). C. A lineariz-
ed small-signal or incremental model for the source-tract system during breathy voice.

pattern will tend to be more triangular, with the upper margins defining the PGA during the
opening phase and the lower margins defining the PGA during the closing phase. At the apex,
the upper and lower margins would be approximately equidistant. This phase difference is
generally believed to be less with more tension in the vocal folds, and the PGA would then
tend to be more smoothly varying, or sinusoidal, as in the dashed trace. in Figure 37-1.

During the C or “closed” phase, some segments of the vocal folds have come into con-
tact, and the variation of PGA is therefore more limited. However, the PGA waveform dur-
ing the C periods will generally not be perceived as completely “flat™ or constant in amplitude,
since the segments of the vocal folds that are not in contact are still in motion. The existence
of contact during this phase is easily verified by means of an electroglottograph. The fact
that not all of the vocal folds are in contact can be verified from the offset from zero area
of the measured PGA waveform, or the offset from zero flow of the glottal air flow waveform.
All of these features are illustrated in the example presented in the following section.

In this paper we will be examining the relationship between the glottal air flow and glottal
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area functions, using the simple model shown in Figure 371, in which the subglottal and
supraglottal systems are represented by only their low frequency inertance L. This condi-
tion is approximated when the lowest supraglottal and subglottal resonances are at least about
three times the voice fundamental frequency. The glottal orifice is represented by its con-
ductance G = dU /dPg, and the lung pressure Py_is assumed to be constant.

Furthermore, it is assumed that the glottal conductance is determined by the PGA ac-
cording to either the flow-dependent relationship G, o A;2/U, derived from kinetic energy
considerations and usually assumed to be valid at lalger glottal areas, or the flow-independent
relation Gy F(A,) derived by considering the viscous losses that are assumed to
predommate at small glottal areas (van den Berg, et al, 1957). According to van den Berg’s
model experiments, the function F(Ay) is roughly proportional to A 3, with the viscous
losses predominating at glottal areas less than about 10 or 15% of the maximum area during
the glottal vibratory cycle associated with normal, non-breathy voicing. When the folds are
not parallel, i.e., when they are narrowly separated at some points along their length, and
widely separated at other points, then both relationships may hold simultaneously, however
this complication is usually ignored in a simple analysis.

In order to correctly predict the flow pattern that would result from a given area func-
tion in non-breathy voice (in which the glottal area and air flow waveforms have little or no
offset from zero), it is necessary to consider the nonlinear relationship between area and flow
represented by the differential equation for the model of Figure 37-1B. Due to the strong degree
of nonlinear interaction that can occur at small glottal areas, no linearization of the system
equations can be made without introducing a significant error. However, if in breathy voice
the offset from zero area is large enough, we can advantageously use a linearized small signal
analysis in which Py and Gg are transformed into a Norton or flow-source equivalent net-
work. The result is the model of Figure 37-1C, in which the fictitious flow function Uy ap-
pearing as a driving source represents the glottal flow U, that would occur if Ly=0. The
characterization of G usually assumed at larger glottal areas results in Uy being propor-
tional to Ag. This is because when L, is zero, the transglottal pressure Py is equal to Py and
therefore constam A constant Pg results in an essentially constant partncle velocity v, when
the glottal area is large (Fant, 1960) If vg is assumed constant over the glottal area, then
U, will be equal to vyA,, and therefore proportional to Ag. The bar over the dissipative ele-
ment Gg indicates that it is an average value that is considered to be constant either at the
value of dP,/dU, that occurs at the average glottal area during the vibratory cycle, or at the
average value of dPy/dU,. These two values would converge as the offset from zero area
became large compared to the variations in area over the glottal vibratory cycle.

In the form of Figure 37-1C, the system is easily identified as a first-order low pass system,
with the waveform of A, as input, and with Uy, the flow through L, as the output. The time
constant of the system is given by the product L,G and the -3 dB frequency is
V2L, Gg)

To obtain order-of-magnitude estimates for the time constant and -3dB frequency of this
source-tract low_pass filter, we can estimate the average glottal conductance G8 as
'/ngIP where U and P are the average values during breathy voicing. The factor of % is
introduced when the dlfferentla! conductance is calculated under the flow-dependent condi-
tions (Fant, 1960). Since U is roughly 1.0 liter/sec at normal voice levels, and Py is closely
equal to the average lung pressune, or about 6 cm H,0 during breathy voice, Gg would be
about 1/12 titer/cm H,0-sec. We have previously estimated (Rothenberg, 1981a) that for some
vowels the supraglottal component of L, can be as large as approximately 008 cm H,0-
sec2/liter. The relative contribution of the subglottal system, which was neglected in that
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reference, can be inferred from the relative magnitudes of the excess pr.estsurels(:’?l:t b;-.glgrr
and above the glottis at the instant of vocal fold closur.e during normal voicing ( 1 m;a;mder,
Rothenberg, 1981b). Since the subglottal overpressure 1s.abwt 50% of the supraf ;)5 o 012-
pressure (very roughly), the estimate of L, should be increased by a factor of 1.5, to .012.
We may then estimate the source-tract time constant as:

G,L, -l - (37-2)
tgr = Ggl, ™ 55 x 012 = .001 sec
The resulting -3dB frequency of the source-tract system is:
L~ 1 __~5oH @13
Lapst = 25 tgr  2n (.001)

For a first order low pass system, the asymptotic attenuation above the -3db frequ:x::y
is 20 dB per decade, or about 6 dB per octave. Thuswcseethatthcloypassactﬁnlono e
source-tract filter can be expected to significantly mmmmmmMMdmmmd n-
tal frequency, and, in fact, result in some attenuation and phase shift of even the fundamen-
nent.
" fm:tex s::nrz(-)tmct interaction during breathy voicc'is significant should not b; sur-
prising, since 6, is much larger than in nonm.nl voice., while L, can be c)l({pected :o ‘;e ;:‘g;:
very little, and the interaction varies dire.ctly wnlt? ﬂ(;z rt::: mﬁﬁs dci);fvccr:‘ t, e have
just shown that the effect of this interac.tlon‘on 8¢ B s fon he
effect it has on normal, non-breathy voice, in that it attenuates . e .1g b e
while it generally strengthens the higher harmonics .m the non- reathy case;
:,hr:;:,ythc:s:;urce-mg:cousﬁ{: interaction tends to have an opposgtc effect on the :Lgt::ir;
quency spectrum in breathy voice, as compared to no.n-breathy voice. One cons:rq;l ehee of
this is that the interaction should tend to significantly increase t}.le degree of spec " seg °
at voiced-unvoiced transitions. We refer here to transitions in which the unyowed s;l)e;cal 5 f
ment is associated with a vocal fold abduction, and not with an adduction or glo P
gesm;en'other effect to be expected during a voiced-unvoiced transition is a small decr.ease
in the voice fundamental frequency (or increase inﬁmdamemalfrequen.qdun.nganu;wmﬁ:
voiced transition) as the phase shift at the ﬁmdamental' frequency varies, since th: reqn:em
cy is the time derivative of the phase. The perturbation we re.fer to would be indepe: et
of, and would add to or subtract from, any changes intheummgofthc'glottnl nn:aosscethe
ti(;ns. To obtain an estimate of the magnitude of the.ﬁeqnency pertur.bauoE\s, w: can u: o the
above rough estimate of 1 ms for the source-tract time constant during fairly rzlaﬁy voie-
ing, and note that this is the approximate delay at the fundamental frequency for. theaam
e e et
ion). During non-breathy voice, ase
;:lt;eul :\:lndmmon) D:mlngﬁequency is only about % msec for ﬁmdamentxl. fmqucncll,es in th;s; nr::‘li?
(see, for example, the shift from the centerline of the peaks flows in the non- rct:thy e
tion in Figure 37-6). If we assume that the transition from non-bmat'hy to brea y vo s
curs in about 30 ms, the average change in fundamental frequency during the transition
be (1-%2)ms + 30 ms, or about 1.5%, with a peak value of perhaps 2%.:. ade would
Perturbations of the frequer 4 of the fundamental component of this magt;u o
be detectable instrumentally, though they may not be of great perceptual signi cam::l (;n ey
ing as they do during a period of strong spectral change. In addition, pitch percep o
often depend more on the periodicity of the glottal harmonics near the first and seco!
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mants, and therefore on the timing of the instants of glottal closure, than on the frequency
of the fundamental component. However, the timing of the instants at which the vocal folds
come in contact also tends to be perturbed by about one or two percent during a voiced-
unvoiced transition, due to the fact that the contact occurs at a different point in the vocal
fold cycle as the folds are abducted or adducted. As with the interactive effect, the perturba-
tion would be a decrease in frequency during abduction and an increase during adduction.

THE SIMULTANEOUS RECORDING OF GLOTTAL FLOW, GLOTTAL
AREA AND VOCAL FOLD CONTACT

To illustrate the different effect of source-tract interaction in non-breathy and breathy
voice, we show in Figure 37-2 simultaneous recordings of inverse-filtered oral air flow, a
photoglottograph signal and an electroglottograph signal. All three signals were recorded
simultaneously on an F.M. tape recorder from a male adult subject pronouncing the Swedish
sentence “Axel ar har” (“Axel is here”), and written out on a Minograph ink jet chart recorder.
The segments chosen for Figure 37-2 are the onset and offset of the /h/ in “har”, including
a few glottal cycles before and after the /h/. The horizontal arrow above the air flow trace
indicates the approximate extent of the abductory movement for the /h/, as estimated from
the three traces. The abductory movement encompasses about 18 glottal pulses.

The air flow was recorded from a mask system similar to one described previously
(Rothenberg, 1977), with a response time of about 1/4 ms, and inverse-filtered using formant
values that were an average of those for the vowe! just before the /h/ in “har” and just after
it. The orthographic “r” in “ar” is not pronounced in this context, and both the preceding
and succeeding vowels have a rather high Fy (about 610 Hz and 710 Hz, respectively, for the
sample recorded). Thus the estimate of glottal flow in the top trace of Figure 37-2 has a small
remanent formant ripple during the closed-glottis periods of the nonbreathy voice associated
with each vowel, and is probably set fairly accurately for the central segment of intervening
/h/. The zero level for the flow trace was extrapolated from points of known zero flow before
and after the sentence, and should be accurate within +2 mm, or 50 mi/s.

The delay introduced by the inverse filter reflects the sum of the glottis- to-mask transit
delay and the delay due to any low pass filtering, and was measured to be 1.25 ms. The glot-
tal air flow trace in the figure was shifted left by the equivalent of 1.25 ms to account for
this delay, and should therefore be in correct time alignment with the photoglottograph and
electroglottograph traces. The chart recorder response time was less than 1/4ms, and the time
alignment of the three channels was adjusted to be better than 0.2 mm, which was equivalent
to about 0.6 ms.

The photoglottogram in the middle trace was recorded by placing a strong light source
on the neck near the cricoid cartilage and picking up the portion of the light visible through
the glottis with a photodiode at the end of a catheter inserted through the nose and running
down the posterior pharyngeal wall to a point about 1 or 2 cm above the glottis. The posi-
tions of the light source and sensor were adjusted until a good signal was obtained. Observa-
tion of the light coming through the glottis by means of a laryngeal mirror placed in the
oropharynx showed that the glottis was not uniformly illuminated, and that a strong signal
from the photodiode was consistently associated with a band of light across the glottis near
its center. Thus a glottal “chink” between the arytenoid cartilages, for example, would not
be detected in the photoglottogram. However, a uniform return of the air flow trace to near
zero flow during normal voice for this speaker indicated that he had a fairly parallel action
of the two vocal folds, and therefore that the medial separation measured by the photoglot-
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“Axel ar har” (“Axel is here.”),

breathy-voiced transition at the word boundary between “ar” and “hir” of the Swedish sentence

Glottal air flow (inverse filtered oral flow), projected glottal area (photoglottograph) and
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togram would be closely proportional to the glottal area.

The response time of the photosensor was also checked at the light levels it was to be
used at {since the response time of a photodiode varies with the light level) and found to be
only one- or two-tenths of a msec. The step change in light required for the test was generated
by a light-emitting-diode energized by a square wave generator. The upper zero line for the
glottal area waveform was taken from the closed-glottis level of the adjacent vowels and is
probably accurate. The lower zero line is taken from the initial glottal closure for the onset
of the initial /a/ in “Axel”, and probably has been affected more by drift than was the top

« zero line.

As one indication that the waveshapes of flow and area are mutually consistent, it can
be noted that although the area trace tends to be triangular, there were some perturbations
from a triangular shape near the apex in the non-breathy voice before the /h/. That these per-
turbations actually reflected-changes in the area waveform, and were not just artifacts of the
measurement system, is attested to by their presence in the inverse-filtered air flow trace,
albeit in a smooth form due to the source-tract acoustic interaction.

The electroglottograph was a modified Laryngograph. The trace shown has the polari-
ty of inverse vocal fold contact area, so that a positive deflection indicates a more open glot-
tis. This polarity permits a more direct comparison with the area and flow waveforms. Though
the electroglottograph trace appears to have a noise-generated cycle-to-cycle irregularity that
is about 10 or 20 percent of the signal generated by vocal fold contact area variations, the
timing of the rapid change in the waveform associated with the vocal fold closure is usually
clear. As illustrated by the four long vertical lines, the instant of vocal fold closure comes
closely just before the rapid drop in the IVFCA. This agrees with measurements from time-
corrected inverse filtered air flow (Rothenberg 198ic) and, incidentally, verifies the accuracy
of our method for correcting the timing of the air flow trace, which is the same as was used
in that reference.

COMPUTATION OF o and L, FROM MEASURED GLOTTAL AIR FLOW
AND AREA

In this section we will compute the value of the interactive parameter a during non-breathy
voice ! from the glottal air flow and area waveforms in Figure 37-2, and show how the total
vocal tract inertance L, could be computed if Py were also known, using various models for
the glottal source. Since the time scales in the figure and the accuracy of the inverse filter
settings were not optimum for this purpose, it is not expected that the results will exhibit
the accuracy that can be attained in this type of computation. However, it is hoped that the
resulting measurements will have some significance, and that the procedures will illustrate
how such measurements can be used in the future to test models of glottal aerodynamics,
and help evaluate the mechanisms behind voice quality differences.

Turning first to the non-breathy voice immediately before and after the /h/, we have labled
the four non-breathy pulses closest to the abductory movement as A, B, C and D. It can be
seen that the area waveform for these pulses is not symmetrical, even ignoring the perturba-
tions at the apex. In each case, the rise time is about twice the duration of the fall time. A

Footnote:

1Since we will only compute a during non-breathy voice, for brevity we will often delete
the modifier “for the non-breathy voice” when mentioning a, even though it varies from
cycle-to-cycle with the degree of abduction.
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“skew factor” o characterizing this asymmetry in a manner convenient for our purposes is
defined as:
_ rise time — fall time
rise time + fall time (37-4)

This factor can theoretically vary between +1 and -1, and is equal to about +1/3 for the non-
breathy pulses marked A, B, C and D in Figure 37-2. (During pulses C and D, the glottal
period has started to increase, but this has resulted only in a greater interpulse interval as
compared to pulses A and B, with little change in the shape or amplitude of the pulses.)

It can be shown (Rothenberg, 1983) that if F, is much greater than Fy, as in our exam-
ple, the interactive parameter a can be related to the waveshape of a non-breathy glottal air
flow pulse by using the ratio of the magnitude of the maximum slope of the falling segment,
signified Sg, to Sg, defined as the maximum slope of the increasing segment with the oscilla-
tions at the frequency of the first formant “averaged out”. The initial half of the increasing
segment tends to be of rather constant slope, except that the slope immediately following
the onset tends to be reduced by factors such as the time-varying acoustic inertance of the
glottis and the viscous losses in the glottis at small glottal areas. Therefore Sg could be
measured at about 40% of peak flow amplitude, averaging over a short interval to eliminate
the influence of oscillations at Fj (assuming F, is much higher than Fg, as in this case). The
slope of the falling segment is measured at its steepest point, which, from simple models
for source-tract acoustic interaction during non-breathy voice, would be expected to occur
at or just before the instant of glottal closure, and therefore at or just before the minimum
level of flow attained during the glottal closing phase.

The relationships between the slope-ratio so defined and a are shown graphically in Figure
37-3. The solid line shows the relationship that would exist if the glottal conductance was
proportional to A,2/U, over its entire range (the flow-dependent case), and is derived from
the solution to the resulting nonlinear differential equation (Fant, 1982). The dashed line
is derived from a simple flow-independent assumption in which glottal conductance is assumed
proportional to the area over its entire range.

Using the results of an analog simulation of a “combined”” model (Rothenberg, 1983)
in which the glottal conductance is flow-dependent at large areas and flow-independent at
small areas, with Fy o Ag, it can be argued that (1) for a wide range of the interactive
parameter a in the combined model, the increasing slope will be similar to that predicted
by a flow-dependent model, and also similar to that predicted from a simple flow-dependent
model if the interaction parameter in the flow-independent model is made equal to one-half
a, (2) at small values of a the terminal slope of the falling flow segment is determined by
the flow-dependent model, in which case the same factor of two for a is required to match
the results to the slope predicted by the simple flow-independent assumption, and finally,
(3) that at large values of o the final slope should be determined by the flow-independent
model, with a crossover between the two cases apparently occurring at about « = 1 for values
of viscous (flow-independent) and kinetic (flow-dependent) loss similar to those measured
by van den Berg and his associates (1957).

The heavy solid line in Figure 37-3 shows the result of these three conditions in the form
of a plot of slope-ratio for the combined-source case as implemented in an analog simula-
tion. Note that the slope-ratio for the combined source tends to break away from the plot
for the strict-flow-dependent case when a is near unity. However, it should be emphasized
that this plot is based on a number of coarse simplifications and assumptions that require
experimental verification, especially the model used for the flow-independent glottal con-
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The slope-ratio Sg/Sg for a combined-source glottal model using estimates of viscous and kinetic
glottal losses similar to those proposed by van den Berg, et al (1957). The slope ratios for a strict
flow-dependent model and a linear flow-independent model are shown for comparison.

ductance at small areas, the precise nature of the glottal area function, and the glottal
aerodynamics at small values of area during the closing phase. The plot is given here as a
best available basis for predicting a from the slope-ratio.

The curves in Figure 37-3 are for a symmetrical triangular area function. (The combined-
source plot was actually obtained using a half-wave rectified sinusoid for glottal area, but
adjusted to approximate the results for a triangular function.) It can be shown (Rothenberg,
1981b and 1983) that for a non-symmetrical triangular area function in the simple flow-
independent case, the slope-ratio can still be read from the curve in Figure 37-3 if the or-
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dinate scale is interpreted as reading a + o instead of a, where g is the skew factor defined
above. Thus for an area function with a value of o of 1/3, Sg/Sg becomes infinite at & = 2/3
instead of at unity, for the simple flow-independent case. Although no precise derivation can
be presented at this time, it appears reasonable to assume that a skewing of the area waveform
will have a roughly similar effect in the combined-source case, at least for small values of 0.2

With the above theoretical basis laid, we have only to measure the slope- ratio from Figure
37-2, use the heavy trace in Figure 37-3 to determine a value of a that would apply for a sym-
metrical pulse, and finally subtract 0 = 1/3 to obtain a final estimate of e. Our graphical
estimate of Sg/Sg is 3.5 for pulses A and B, 3.75 for pulse C, and 3.6 for pulse D. Taking
into account (1) that the inverse filter was more accurately set for pulses C and D (there was
less remanent F; oscillation during the closed-glottis period), and (2) that an inverse filter
frequency setting that is too high (as in pulses A and B) will tend to lead to an underestimate3
of the magnitude of the terminal slope Sg, we might accept an estimate for slope-ratio near
the higher end of the range for these pulses, or about 3.7. This value of slope-ratio would
be generated by a value of a of about 1.03 if the A, pulse were symmetrical. Subtracting a
factor of 0.33 to account for the tilt in Ay, we arrive at a final value for a of about 0.70.

This final value is entirely reasonable in terms of our previous estimates of a possible
range for the interaction parameter. However, note that by having an asymmetric glottal area
pulse that tilts to the right, the subject has, according to our model, increased his slope-ratio
from about 2.15 (the “symmetric” ordinate for « = 0.70) to a significantly higher value of 3.7,

We might also note here that to relate the interaction parameter a to the vocal tract iner-
tance during the non-breathy and breathy voice, as we will do, the glottal pulses used should
be produced with the same subglottal pressure, since  depends on unloaded glottal flow,
and this varies with subglottal pressure. However, by using non-breathy pulses both before
and after the /h/, and a linguistic context without a marked rise or fall in stress, we can perhaps
assume that the “adjusted average” slope-ratio of 3.7 is generated by an average non-breathy
subglottal pressure that is close to the value during the intervening breathy /h/.

Let us now consider the case of breathy-voice. In Figure 37-2 we have numbered as one-
through-eight a sequence of glottal pulses of increasing breathiness. On an enlarged copy
of Figure 37-2, we connected positive and negative peaks of the flow waveform, and the average
value of flow at the center of each pulse. A slight adjustment of the negative peaks was made
for the first few pulses, 5o as to obtain a value closer to the negative peak of the sinusoidal
fundamental frequency component. After pulse three, the flow waveform itself is essentially
sinusoidal.

The same procedure was followed for the area waveform, except that adjustment of the
peak value to obtain the peak of the sinusoidal component was needed for all pulses. These

Footnotes:

2]t is obvious that a cannot be adjusted by simply adding o if the flow-dependent glottal
source model prevails, since in this case the maximum falling slope must become infinite
as o approaches unity, but adding o to a does not yield that result. The exact relation between
0, a and slope-ratio, and approximate relations for the combined-source glottal model, will
be submitted for publication elsewhere (Rothenberg, 1983).

3Since the error component at F, has the phase of a cosine function when the inverse filter
is set too high, it will obscure the final decay in air flow by making it appear delayed by 1/4
CYClC at Fl'
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FIGURE 374
Average glottal air flow vs. average relative glottal area (in mm trace deflection) for eight consecutive
glottal pulses in the transition from voiced to breathy-voiced shown in Figure 37-3.

judgements were made by the author by eye, on the basis of a long experience with Fourier
analysis.

To test the consistency of the amplitude scales and zero settings, and to provide a calibra-
tion of the glottal area trace in terms of the resulting static glottal flow, the average area was’
plotted against average flow in Figure 37-4. The data fell close to a straight line going through
the origin, indicating that volume velocity was closely proportional to the area as the area
varied over a range of about 2:1. This would be the relation between flow and area predicted
by the flow-dependent model for a constant average transglottal pressure, when the oscilla-
tions in flow and area around their mean values are small, and the time constant of the in-
crease in average area is large compared to the time constant for source-tract interaction.

Checking to see if these conditions held, we find: (1) The l/e time constant of the in-
crease in average area, about 30 ms, is much larger than a typical source-tract time constant
G,L, of about 1 or 2 ms. (See, for example, the computations in this paper for a typical
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value.) (2) From the linguistic context and the similarity of the glottal flow amplitudes before
fmd al'ier the /h/, we can assume that there was no great variation in subglottal pressure dur.
ing this pulse sequence, though there may well have been a small variation of up to, say, five
or ten percent that was not recorded in our procedure. (3) Since the variations in area and
flow for the first three individual glottal pulses were certainly not “small” compared to the
average values, we should expect some deviation from the relation A, o U, for these pulses
For amore accurate estimate of the error caused by a non-negligible ratio of the “a-c to d-c':
components, one would have to return to the underlying nonlinear differential equation

Comparing the area and flow traces in Figure 37-2, we see that the flow appears to be
a low-pas§ filtered version of the area, with the low-pass action increasing at larger glottat
areas. This is precisely the relationship predicted above from the source-tract acoustic in-
teraction. We will now proceed to show one way in which the underlying vocal tract iner-
tance and the parameter a can be estimated from the phase lag or delay caused by L,. This
was done for the glottal pulse numbered 8.

In the small-signal Norton equivalent model for the glottal source shown in Figure 37-1C
.above, the “input” is a flow source representing the flow that would occur if the vocal tract
impedance were zero. As generally assumed from the flow-dependent model, and verified
for our example by the flow-area data of Figure 374, this source will have a waveshape similar
to that qf A, for the larger values of area we are considering. The “output” is the glottal flow
Uy, which is acted on by the low pass filter formed by 6! (the average small-signal glot-
tal conductance G,) and L,. From linear system theory, we know that the time constant of

this filter, agl..,, can be computed from the phase shift 0 at the voice fundamental frequency,
Fy. from the relation

- |

where g, is the phase difference between the Fy sinusoidal components of U, and A,.
For pulse no. 8,thetimelngAtbetweentheFocompomntsongandAgwa:measu?ed
to be 0.8 ms (after removing the 1.25 ms system delay in the air flow trace). This measure-
'ment was made graphically by bisecting a sinusoidal fit to each pulse (the short vertical lines
in the figure). Because of the time scale in the figure, the accuracy of this measurement could
only be considered to be about +10%. The delay angle O, can then be computed as

©p, = At X 360 Fj = (0.8 x 103) (360) (142) = 40.9° (37-6)
and from (5) above
a 1
= = 0 — 3
Tt Gth m(182) Tan 40.9 0.97x10 l&15))

The conductance Gy in this time constant is the small signal value, dUs/dPg, and for
the flow-dependent case is approximately equal to % the quotient of Uy and Py, with the
factor of % being introduced in the process of differentiation (Fant, 1960). Reading ﬁg
from Figure 37-4 as 1.53 liter/sec, we obtain in liter/sec, cm H,O units:

ST Ts- . 3
Lo=—t= 3L . 091XI07 _ 05403 x p, 318)

G, WUS/P,  %(1.53)/P,

Using a tygical value of Py, say 7 cm HyO, we see that L, is approximately 9 x 10-3.
However, we will see that Py is not needed in computing the interaction parameter a.
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From the definition of a for non-breathy voicing (Equation 37-1),

G
a=L, gMAX (319)
rp/2
where GgMAX is the quotient Ugpax/Py that would occur if Ly = 0, at the peak area of a
triangular glottal area pulse, and T, is the pulse duration, in this case about one-half of the
glottal period, or 3.5 ms. Ugmax was estimated to be 1.28 liter/sec by determining the peak
of a non-symmetrical triangular pulse fit to a recorded non-breathy photoglottograph (relative
area) pulse, and carrying over the peak relative area to flow, using Figure 37-4. The final
computation yields

U max/P 1.28/P
- gMAXTTL _ -3 L__ A
a=1, o2 1.27x10°P, ==~ = 0.93 (3710

Since some of the above measurements could only be considered accurate to at best +10%
or +15%, a result of @ = 0.93 can be considered a partial confirmation of the value obtained
for non-breathy voice (0.70). However, more significantly, this example does illustrate that
it is possible to obtain realistic estimates of L, by measurements during breathy voice.

It could be noted here that this procedure could have been carried out from only the air
flow trace and the vocal fold contact area, making a non-invasive measurement possible. The
timing information required for the delay measurement could be obtained from the VFCA
function, as long as some small period of vocal fold contact remained during the glottal cycle.
When the period of vocal fold contact is only a small fraction of the glottal period, the most-
closed peak of the VFCA waveform can be expected to align well with the minimum value
of the PGA waveform. If P; were available, then L, could be computed fairly directly from
the air flow and timing data. To obtain a, Py is not required, however T, and a peak unloaded
glottal flow Ugmax must be estimated from the non-breathy voice segment for which a is
to be relevant.

Finally, we note that L, could also be obtained from the degree to which the ac-to-dc
ratio in the flow trace is smaller than the ac-to-dc ratio in the area trace. However, since the
dc or average flow is not determinable from the small signal model, we would have to go
back to the nonlinear differential equation for the flow-dependent case to determine the cor-
rect relationship between these ratios and L,.

This is illustrated in Figure 37-5, in which the input to an analog model for the glottal
source and vocal tract, using the “combined-source” case of Figure 37-3, was given the form
and ac-to-dc ratio (relative offset from zero) of A, of pulse 8 in Figure 37-2, and L, then ad-
justed to give the same ratio of ac-to-dc component for Uy as found in Figure 37-2, pulse
8. The value of L, required to make this adjustment was similar to that computed above for
Figure 37-2. The strict flow-dependent model gave a very similar result, since the glottal area
never approaches the small values at which the combined-source and strict flow-dependent
models differ most, however the value of L, required was about 30% larger with strict flow
dependence. The phase difference between the fundamental frequency components of Ay
and U, was also similar to that measured in Figure 37-2, for pulse 8, &45° from the model
vs. 40.9° from Figure 37-2. Though the difference could have been due to measurement errors,
a difference of this magnitude, if substantiated in other measurements of the same nature,
would indicate that there may be some significant inaccuracy in the models of laryngeal
aerodynamics proposed so far. Alternatively, the discrepency could be due to an inaccuracy

in the simple model we use for the vocal tract. For example, we have neglected the resistive
and compliant elements of the vocal tract. Inclusion of the subglottal flow resistance in the
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URE 37-§
gl(e;solid lines are the results of an analog simulation of the flow and area traces in Figure 37-2

1 for the glottal conductance.
he breathy glottal pulse number 8, using a combined-source model
;tl:e dashe:lmA' trace Is the waveform used for the non-breathy simulation of Figure 37-6.

model might have reduced the phase shift caused by the voca'l tract' inertance; 'hov‘veve.r, the
proper representation of this resistance would require a consideration of .the distribution of
inertance and resistance in the trachea, bronchi and bronchioles, and an estimate of the degree
to which the resistance is flow dependent at the flow levels involved. .

The value of L, required to give the relationship between area afnd flow §h0wn in the
simulated breathy-voice of Figure 37-5 can be determined by changmg the simulated A,
signal to a symmetrical triangular pulse with no offset from zero flow, to simulate non-b:jeathy
voice, and measuring the slope-ratio of the resulting simulated glottal flow puls‘e. This has
been done in Figure 37-6, for two glottal source models. In each case, the amplitude of the
triangular A, pulse was kept in roughly the same proportiop to the breathy A, as was the
case for actual the non-breathy and breathy A, waveforms in Figure 37-2. The resulting slope-
ratios, as measured from the waveforms in Figure 37-6, are as follows.

Top trace: Strict flow-dependent source, S.R. = 24

Lower trace: Combined source, S.R. = 3.2 '

The increasing slope for the combined-source trace was measured using the protocol
indicated in the definition of slope-ratio.

In Figure 37-3, a slope-ratio of 2.4 for the strict flow-dependent case and 3.2 for. the
combined-source case would both be generated by a normalized inertance of abgut 0.95. Smce
we have used a symmetrical A; pulse of about the same duty cycle and relative amplitude
as in the non-breathy voice of Figure 37-2, this simulation value of 0.95 should be comparable
to the measured values of a, namely 0.93 from the breathy voice and 0.70 from the non-breathy
volCt;gain we have obtained a result of the correct order-of-magnitude, bu.t differing fro
the non-breathy voice measurement by a margin somewhat larger than that which can be safely

attributable to measurement errors. If replicated in future similar measurements, this res_ult
would indicate some inaccuracy in the aerodynamic models used. For example, as')summg
for the non-breathy voice in Figure 37-2 a strict flow-dependent source, or a source with flow-
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The smaller and more skewed trace is the simulated glottal air flow that results when using the
same model parameters as in Figure 37-5, except that the average value of the simulated

waveform was reduced so as to form a symmetrical (skew factor=0) triangular pulse with a 50%
duty cycle (the dashed trace in Figure 37-5), The relationship between the A, pulses used for the
glottal ﬂowﬂwof!‘\gnmJ%SandS%mthennppmxﬁmter the same as between the breathy
(pulse 8) and non-breathy pulses in Figure 37-2, except that the non-breathy pulses in Figure 37-2
had a skew factor of about 1/3, For the larger and more symmetrical trace, the conditions, including
L,, were the same, except that a strict flow-dependent source model was used. Scalloping of the

decreasing flow was caused by the discrete implementation used for the time-varying glottal
resistance,

dependence to smaller values of Ay than assumed in our combined-source model, would have
yielded a measured interaction parameter greater than 0.70 and closer to the simulation value
of 0.95. The adjustment made for an unsymmetrical area pulse could also be inaccurate.

The simulation results can be summarized by saying that they confirm the general validity
of the models we have been using for glottal acrodynamics, and indicate that a more accurate
simulation study of adjacent breathy and non-breathy voiced segments could be useful in
deciding between the alternative aerodynamic models presently proposed. However, to be
maximally useful, an analysis-by-synthesis study such as we have outlined above should be
more accurately implemented, possibly using a digital formulation of the appropriate dif-
ferential equations, with the actual Ay waveforms as “input” to the simulation, instead of
the idealized shapes we have used here. The criteria we have used for goodness-of-fit, namely
ac-to-dc ratio, phase shift at the fundamental frequency, and slope-ratio, are proposed here
as convenient and meaningful measures, but by no means the only ones possible.
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DISCUSSION

J. BEAUCHAMP: I wasn't quite clear on what the controller on that resistor looked like.
M. ROTHENBERG: The analog electronic circuit used for simulating the combined-source
case in Figures 37-3, 37-5 and 37-6 will be described in more detail elsewhere (Rothenberg,
1983). For all except the smallest areas and flows, a variable resistance in the electronic cir-
cuit made the small-signal differential conductance (the reciprocal of the resistance) pro-
portional to the area squared divided by the volume flow. Since the conductance or resistance
then depends on the volume flow rate, it is called “flow-dependent”. This is the type of equation
you get when the energy loss causing the resistance is dominated by kinetic energy losses.
The flow-dependent losses are thought to dominate at the larger glottal areas and resulting
higher volume flow rates. But at small areas and flows, the glottal conductance should, ac-
cording to the theory resulting from van den Berg’s early model experiments, be approx-
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lfrnately proportional to Ag3 and not depend on flow rate. However, to simplify the simula-
tion I just made conductance proportional to Agand not A3 at small glottal areas. That was
at areas below the equivalent of about 10 or 20% of the r:aximum glottal area i;l normal
non-breathy voicing. For the breathy voicing Ag2/Ug dominated throughout most or all o;
the wavefqrm, since the glottal areas and flow rates are greater than in normal woici
’I’h'et‘vefore including the flow-independent term at small areas only affected the non-breanthg);
voicing. But if you took out the flow-independent resistance entirely and made the conduc-
tance proportional to Ag?/U, for all areas and flows, the non-breathy waveforms changed
and what may be significant in modifying van den Berg’s theory, the waveforms changed il;
sth a way that you obtained a little better fit to the measured values of @ and L,. But as I
said in the paper, I don’t know if that improvement was accidental or not. '
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