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Abstract

In this paper the control of fundamental frequency (Fo), intensity
| evel of the radiated acoustic signal (IL), and voice quality is studied
in normal conversational speech. It is shown that the physiol ogical fac -
tors that best explain neasured features of the speech wave depend on
the part of the utterance taken into account. Also, it appears that in
speech transgl ottal pressure (Pir) is nore inportant than subglottal pres-
sure (Psb). We concl ude that currently avail abl e mat henmati cal nodel s that
describe the waveform of glottal volume flow (Ug) lack a nunber of
par amet ers necessary for a better understandi ng of the physi ol ogi cal con -

trol of the speech paraneters investigated in this study.



1. Introduction

The rel ati on between Psp and | aryngeal configurations on the one hand,
and Fo, IL, and Uy on the other is extrenely conplex. Mreover, Psp and
especi ally I aryngeal configurations and the ways i n which they are brought
about are difficult to nmeasure. Perhaps due to the measurenment problens
nost investigations of |aryngeal control and its effects on the radiated
acoustic signal have dealt with sustained vowels produced in widely dif -
ferent ways, rather than with "nornal " speech production. I n many studi es
Fo was varied over several octaves and Psp over a range from approxi mat e-
ly 5 cmaqg. to well above 30 cm aq. There are several reasons why the
results obtained in those studies may not directly be applied to speech
production. In "normal neutral" speech the ranges are nmuch smaller. This
may inply that some of the control nechani sns needed to span the w de
ranges in ’phonation experinents’ are much |less inportant in speech.
Al so, in sustained vowels oral pressure (Por) nay be considered equal to
at nospheric pressure. But in speech production, where non-negligiblecon -
strictions of the vocal tract occur, Por is much nore inportant. In the
present study we have | ooked into the relation of |aryngeal characteris -
tics tolIL and Fo in normal speech. W will touch upon sone nethodol ogi -
cal aspects of the research. Also, we will pay due attention to the role

of Por and Pir.

2. Material and met hods

2.1. Experinental procedure

The subject in this study was a nmal e nati ve speaker of Dutch, with no
experience i n phonetics or linguistics andwith no history of respiratory
or laryngeal dysfunction. During the production of various utterances
(sustai ned vowel s, sentences with different intonation patterns) sinul -
t aneous recordi ngs of the acoustic signal, electroglottogram (EGS, |ung
volume (M), Psb, Por, and el ectronyographic (EM5 activity of the ster-
nohyoid (SH) and vocalis (VOC) nuscles were obtained. Near the end of
the recordi ng sessi on he was asked to produce an utterance spontaneous -
ly. He replied by saying (in Dutch): "Ik heb het i dee dat m jn keel wordt

af geknepen door die band" (I have the feeling that ny throat is being



pi nched of f by that band). After he spoke this sentence, he was asked to

repeat it 29 tines.

2.2. Data recording

The speech signal was transduced by a condenser nicrophone (B&K 4134)
pl aced about 10 cmin front of the mouth, and anplified by a measuring
anmplifier (B& 2607).

The EGG was recorded with a Fourcin-Abberton | aryngograph (Fourcin,

1974).

The pressure signals were recorded using a MIlar(R) catheter with
four mniature pressure transducers, in the way descri bed by Cranen and
Boves (1985). The catheter was introduced i nto the pharynx via the nose,
and then into the trachea via the posterior conmsure. It did not have a

noti ceabl e effect on phonation (Boves, 1984).

The EMG signals were recorded using hooked-wire el ectrodes (Hirose,
1971). The el ectrodes were i nserted per cut aneously, and correct el ectrode
pl acement was confirmnmed by audi o-vi sual nonitoring of the signals during

various functional manoeuvres.

The perineter of chest and abdonmen were neasured with nercury filled

strain-gauge wires (Strik and Boves, 1988).

Al'l signals were recorded on a 14-channel instrumentation recorder

(TEAC XR-510), using a bandwi dth of 5 kHz.

2.3. Processing of the data

Al'l signals were A/D converted off-line at a 10 kHz sanpling rate. The
files were stored on a m croVAX conput er. Because of the sl uggi shness of
the articulators it seenms sufficient to use a sanpling frequency of 200
Hz. Therefore, the goal of preprocessing is to derive physiological sig-

nal s which all have a sampling rate of 200 Hz.

Fo and IL were calculated with the SIF program of ILS. Both values
were cal cul ated every 5 ns, resulting in Fo and IL signals sanpled at a

200 Hz rate.



Pressure signals, chest and abdonen si gnals were | ow pass filtered and
downsanpl ed to 200 Hz. Lung vol unme was cal cul ated fromthe | ow pass fil -

tered chest and abdomen signal s.

The integrated rectified EMG was calcul ated in the way described by
Basmajian (1967): first the signal is full-wave-rectified, and then it
is integrated over successive periods of 5 ms. The integrator is reset
after each integration. Finally, the signal is smothed by convolving it

with a triangular function (base length 35 ns).

There is a time del ay between the change of the electric potential of
anmuscleandtheresulting effect inthe acoustic signal (Atkinson, 1978).
To overcone this delay, all EMG signals were shifted forward over their

nmean response times.

After preprocessing nedian signals were calculated with the nethod of
non-linear time-alignment that is described in Strik and Boves (1991),

in which the fifth repetition was used as a reference.

2.4. The paraneters of the glottal volune flow

There are a nunber of different ways to paraneterize the glottal vol une
vel ocity waveform(Kl att & Klatt, 1990; Fant, 1986; Cranen & Boves, 1987).
Al t hough we do not believe that it is the best nodel froma physiologi -
cal point of view, we will use the Liljencrants-Fant (LF) nodel in this
paper, mainly because it seens to be t he nodel used in npst recent studies.
It seens that many of the features of this nmodel are notivated froma
perceptual point of view, i.e. by the ease with which they allow one to
approxi mate or explain (spectral) characteristics of the speech wave t hat
are inportant from a perceptual point of view However, nopst of the
parameters can also be related to what is known about the physiol ogy of
phonation. Specifically, the LF-nodel allows one to describe the maxi -
mum anpl i tude of the flowduring the open glottis interval (Up), the duty
cycle of the flow pulses, the anount of skewing of the pulses, the
ampl i tude of dUy/dt at the moment of glottal closure (Ee) and the tinme
del ay between the nonment of mmjor vocal tract excitation and the instant

where the glottal flow beconmes quasi-constant (Ta).



2.5. Calculation of glottal volume flow

O course, no direct recordings of the glottal volune fl ow were made;
this signal is derived fromthe speech wavef ormby nmeans of inverse fil -
tering. Cosed Aottis Interval Covariance LPC was used to estimate the
paraneters of the inverse filter. In de Veth, Cranen, Strik, and Boves
(1990) it was shown t hat this procedure outperformnms nore conplicated ones
that attenpt to estimate the paraneters of the inverse filter by neans

of Robust ARMA anal ysi s.

Inverse filtering yields an estimate of dUy/dt. Integration of this
signal gives the flow signal. For the present article we only wanted to
nmeasure peak glottal flow Up, excitation strength Ee, and Pir for each
voi ced period. The value of Ee is obtained by taking the mininmumof the
differentiated flow in each pitch period. Likewise W is found by | ook-
ing for the maxi numof the flow signal. Pir is nmeasured at the nmonent of
maxi mum glottal flow Its value is obtained froma |lowpass filtered

pressure signal .

Inverse filtering was done on the fifth utterance, because that is the
one that is used as a reference in the nethod of non-linear tine-align-
ment. Inverse filter results were obtained for all voiced periods, in-

cludi ng vowel s and voi ced consonants.

3. Results

3.1. Control of fundanmental frequency

The rel ati on between Psp and Fo has been the object of quite a number
of experimental (e.g. Atkinson, 1978; Collier, 1975; Maeda, 1976; Strik
and Boves, 1989) and nodel i ng studi es (e.g. |shizaka and Fl anagan, 1972;
Titze and Tal kin, 1979). Yet, the details of this relation remin un-
clear. Estimates of the Fo to Psp rati o fromspeech and speci al phonation
tasks resul ted in val ues between 5 and 15 Hz/cmaq. (Collier, 1975; Maeda,
1976; Strik and Boves, 1989). In another type of experinent pressure
variations are induced externally. The Fo to Psp rati os neasured in these
experinents tend towards values of 2-5 Hz/cmaq. (Baer, 1979; Strik and

Boves, 1989). Strik and Boves (1989) showed that the rati o of an Fo change



resulting froma Psp change alone probably is the same in both experi-
ments, viz. 2-5 Hz/cmag. In "normal" speech there are other factors that
control Fo, especially the laryngeal muscles. Due to the sinultaneous
operation of these factors the ratio of total Fo change to Psp change in
utterances is often larger than 2-5 Hz/cm aq. The latter ratio is in
agreenment with the ratio of 2-3 Hz/cmaq. that was found by I|shizaka and

Fl anagan (1972) for their self-oscillating two-mass nodel.

Furthernmore, it seens that in nost experinments, and therefore in nost
presently existing nodels, the effects of Por on Fop are not sufficiently
taken into account. Probably this is due to the fact nobst experinents
were done w th sustained vowel phonation, in which the variation in Por
is much smaller than in normal speech. Strik and Boves (1988) studied
the relation of Fo to Psp, Por, and Pir in connected speech. The nedian
signals for the 29 sentence repetitions of this experinment, obtainedwth
the nmet hod of non-linear tinme-alignment, are shown in Fig. 1. These sig -
nals were used to cal cul ate correl ati ons between the variables of inter -
est. In Table I the correlations are given for a |long voiced interval,

while Table Il contains the sane correlations for all voiced franes.

The nost i nportant concl usion that can be drawn fromthe data in Tabl es
| and Il is that the pattern of correlations between Psp, Por, Ptr, and
Fo depends very much on the part of the utterance over which the neasure -
ments are taken. If neasurenents are linited to a single voiced inter -
val, Ptr (and Por) are much better predictors of Fo than Psp (see Table
). When neasured over a conplete utterance, however, Psp and Pir explain
essentially the sane proportion of the variation in Fo (see Table I1).
This is due to the fact that the range of Psp in individual voiced in-
tervals is rather small (see Table I). The range spanned by Ptr, on the
other hand, is much w der, because of the fact that Por varies between
Psb i n voicel ess stops and zero in open vowels. In a conplete declara -
tive utterance, on the other hand, the correlation between Psp and Fo i s
much enhanced by the fact that both show some anount of declination. The
data in the Tables were obtained from a single subject and therefore
should be verified on a larger population. Yet, from a physiological
poi nt of view (as well as on statistical grounds) they seem to be quite

pl ausi bl e.



Qur results show that one nust be very cautious in interpreting the
out comes of experinments on physiological control of Fo (and all other
speech paraneters, for that matter). Such cautionis, of course, the nore
necessary wi th respect to single subject studies, |ike our present study.
One nust be especially cautious in generalizing the results of experi -
ments to other situations than those under which they were obtained. In
fact, only results that can be explained by a fairly conprehensive node
may be generalized to situations where a sinilar nodel can be assuned
operating in the same regime. W are confident that the conclusion of

our investigation are supported by a sufficiently conpl ete nodel.

3.2. Control of Intensity and Voice Quality

Even if the relation between Psp and Fo has received sone attention in
theliterature, one still nust be aware that the effects of Psp and | aryn-
geal configurations are not limted to Fo; on the contrary, factors like
the acoustic power generated at the glottis and the waveshape of the
glottal volume flow pul ses are also affected. These relations are nuch
| ess studied. That may, at least in part, be due to the assunption that
voice intensity and voice tinbre are of |ess inmportance from a linguis -
tic point of view However, if it comes to a better understandi ng of the
fundanental s of phonation and of para-linguistic phenonena I|ike voice
quality and its variations, radiated intensity and details of the glot -
tal vol une vel ocity wavef ormbecone of crucial inportance. In the present
study we contribute sone neasurerment data related to control of IL and
voi ce qual ity obtained fromconnected speech and show how these data can

fit in with nodelling research.

3.2.1. The relation between |L and Pressure

It has | ong been known that there nust be a relation between Psp and
IL, if only because Psp is the major source of phonatory energy (cf.
Rubi n, 1963). Mbst neasurenent data on the relation between Psp and IL
seemto stemfromin vitro experiments, however, or at best fromexperi -
ments where sustai ned vowel s were produced with intensity and pressure
variations spanning a range larger than usually found in speech (e.g.
Bouhuys, Mead, Proctor, and Stevens, 1968; Cavagna and Margaria, 1968;
| sshi ki, 1964; Tanaka and Goul d, 1983).



In our own investigation of the best predictor of IL in the produc -
tion of voiced speech sounds, we found that Pir outperforms Psp by far
(Strik and Boves, 1988). The result is true both on alocal (i.e. within
wor ds or voiced intervals) and on a gl obal level (i.e. |ooking over com-
pl ete utterances). In both situations the correl ation between P¢r and IL
exceeds 0.92, whilethe correlationwith Psp is at npst 0.49 (when nmeasur ed
over a conplete sentence, see Tables | and Il). So, at least for this
subject, it seens that Pir is nmore inportant in the control of IL than

Psb.

Bouhuys et al. (1968), Cavagna and Margaria (1968), Isshiki (1964),
and Tanaka and Gould (1983) all found high correlations between IL and
the logarithm of Psp when subjects produced sustained vowels. For sus-
tai ned vowel phonation Por is al nbst constant and close to zero and, as
a result, P is alnost equal to Psp. In our data Por, Pir, and IL vary
qui ckly and considerably, while Psp decreases slowy during the course
of the utterance (Fig. 1). This explains why in our data the relation

between IL and Psp i s rather weak.

Except for the correlation the regression coefficient is also of im-
portance, because it predicts the amount of change in IL due to a given
change in Ptr. In order to be able to conpare our findings with previous
resul ts we cal cul ated t he regressi on equati on between I L and the |l ogarithm
of Ptr. Based on the 293 voiced franmes of the nedian signals of the cur -
rent experinent (see Fig. 1) we found the following relation

IL = 41.6 + 30.3*1 og(Ptr) (N = 293, R = 0.90)

O, in other words, the intensity (1) of the radiated speech wave is
proportional to Pty to the power 3.03. Interestingly enough the val ue of
the power in the resulting relation between | and Pty i s quite conparable
to results reported in the literature about the relation between | and
Psp. For sustai ned vowel phonation Cavagha and Margaria (1968) found a
value of 3.0 = 1.0, Isshiki (1964) found a value of 3.3 = 0.7, and Tanaka
and CGould (1983) found a value of 3.18; while Bouhuys et al. (1968)

reported a value of 3.0 for singing.

At a first glance it seenms strange that conparable regression equa -
tions are found for different relations (IL and Ptr vs. IL and Psp), ob-

tained for different kinds of speech (normal conversational speech vs.



sust ai ned phonation) and different ranges of IL and pressure (2-7 cmag.

vs. 2-60 cmaq.). But closer inspection reveals that both relations are
not really different. For sustained vowel phonation, and singing of con -
stant tones, Por usually is close to zero and Psp and P¢r are al nost equal .
Therefore, for these nodes of phonation, the relations between IL and Ptr
and between IL and Psp are very sinilar. The conclusion is that the rel a-
tion between IL and Pir obtained by Bouhuys et al. (1968), Cavagna and
Margaria (1968), Isshiki (1964), and Tanaka and Gould (1983) for sus -
tai ned phonation and | arge ranges of IL and Psp i s conparable to the rel a-

tion obtained in this experiment for normal conversational speech.

It may still be that Psp is an inportant factor in the control of IL,
certainly if it is varied over ranges that are nmuch wi der than nornally
found i n conversational speech but that are not unusual in singing or in
very |l oud speech. But our data suggest that the faster variations of IL
related to articulatory manoeuvres are primarily determ ned by varia -
tions in Por that cause simlar variations in P, whereas the gradual
decrease of IL observed during many (declarative) utterances in a |large
nunber of |anguages is caused by a gradual decrease in Psp. The finding
that IL is mainly controlled by Pir makes it interesting to further in-
vestigate the detailed way in which IL is influenced by Pir via the charac-

teristics of the glottal volune flow.

3.2.2. Flow waveform characteristics and Pty

Fromthe literature it is known that the parameters Ee and W in the
LF-model have nost effect on IL (Gauffin and Sundberg, 1989). Thus we
nmeasured Ee and Up for all 181 pitch periods of the fifth repetition, for
which reliable inverse filter results could be obtained. Mst of these
periods pertained to vowels, but a substantial part comes from voiced

consonants. W wanted to examine the relation of Ee and W to Pyr.

The relation between Ee and Pir is shown in Fig. 2a. It seens as if
this relation shows three different regi nes. The bul k of the sanples (148
out of a total of 181) falls into the category of, what we call, steady
phonation. For the data of this category an exponential fit (R = 0.79,
see Fig. 2a) is slightly better than a linear fit (R= 0.73). The second
category consists of the pulses in V-U/ transitions (i.e. both V -UV and

W-V transitions). For this category Ee is often relatively |ower, com



pared to steady phonation, especially at the beginning of voicing. On
the other hand, for the vowel /a/ fromthe very last syllable of the ut -
terance, Ee is relatively higher (the reasons for taking the utterance

final syllable apart are nore fully explained in section 3.3).

The correlation between W and Pir is depicted in Fig. 2b. Again, for
the data of the category ’'steady phonation’, an exponential fit (R =
0.72, see Fig. 2b) is sonmewhat better than a linear fit (R = 0.65). The
data for the vowel /a/ of the last syllable still deviate considerably
fromthe regression line, while the data for V-UV transitions are scat -

tered on both sides of the regression |ine.

Froma | ook at the spectra of the glottal flowwaves it is imediate -
|y apparent that the spectral slopes inthe three regines are quite dif -
ferent. In the pitch pul ses taken fromvowel onsets and from the final
stressed syllable the spectral tilt is much steeper than in the central
pitch periods of the vowels taken fromthe begi nning and middle of the
utterance. The slope difference is nore than | arge enough to have cl ear
per cept ual consequences. Thus, the observed effects in voice quality are
of sufficient interest to take theminto account in the description of

speech production and to nmodel themin high quality speech synthesis.

Al t hough Ee and Wp appear as separate paraneters in the LF-nodel, they
are not unrel ated thensel ves, since Ee is dUy/dt at the noment of mmjor
excitation. Thus, if Uy increases, Ee should al so increase, everything
el se being equal . Therefore, we | ooked at the relati on between Ee and U,
which is shown in Fig. 2c. For steady phonation the correlation between
Ee and W is very high (viz. 0.80). Apparently the effect of other
paraneters (like To, skewness, and duty cycle) on this relation is not

large in "normal " speech.

3.3. The utterance final syllable

Towards the end of the utterance Fo, IL, Pir, and Psp decrease substan-
tially, while there is a marked increase in the SH activity during the
| ast syllable (see Fig. 1). This phenomenon, the so called final fall,
is observed nore often (Collier, 1975; Maeda, 1976; Strik and Boves,
1989). Presumably, thelarynx returnstoits rest position, andthelower -

ing of the larynx already starts before phonation has stopped (Meda,



1976). One woul d expect that these gross changes in the posture of the
I arynx shoul d affect the node of vibration of the vocal folds. This ob -
servation notivated a seperate study of the glottal flow pulses in the

utterance final vowel.

The fact that the characteristics of the vowel in the utterance final
syl l abl e deviate fromthose of the precedi ng vowel s was al so observed by
Klatt and Klatt (1990). For the | ast syllable they found increased noi se
inthe F3 region of the spectrum indicating a greater glottal airflow.
But they al so found a weaker first harmonic (relative to the anplitude
of the second harnonic) in an utterance final syllable, indicative of a
pressed voice with a slightly smaller open quotient. Therefore they in -

troduced a novel breathy-laryngealized node of vibration.

W tried to verify their hypothesis by comparing the data of the
(stressed) vowel /a/ of the last syllable, with the data of the first
(unstressed) vowel /a/ in the utterance. The spectrum of the utterance
final vowel indeed showed increased noise at frequenci es above roughly
1.4 kHz. But the anplitude of the first harnonic (relative tothe anplitude
of the second harnoni c) was about 1.5 dB stronger, and the open quoti ent
was approximately 50% in both vowels. Consequently, there is evidence
for a breathy node of phonation at the end of this utterance, but not

for laryngealization.

General ly, everything el se being equal, a decrease in Pir would | ead
to a decrease in W (Ishizaka and Fl anagan, 1972). Ptr decreases from5.5
cmaq. for the first vowel /a/, to 4.2 cmaq. for the last vowel /a/,
but the anplitude of the AC conponent of glottal flow (W) increases with
roughly 6% Substantial differences in the degree of adduction are not
l'i kely, since the open quotient is about 50%in both vowels. Presumably
in the utterance final vowel the vocal folds are slackened, either to
facilitate the maintenance of voicing with decreased Ptr, or due to a
general relaxation of nuscular activity and a preparation for breathing

at the end of an utterance.

Conparing both vowels /a/ it is observed that there is a decrease in
Ee of approxi mately 14%in the | ast vowel , even t hough W i ncreases slight-
ly. W found that, generally, the effect of other paraneters (like To,

skewness, and duty cycle) on the relation between Ee and W is not very



| arge for the data of the present experinment (see Fig. 2c). But for the
| ast vowel /al/ Tp is substantially larger than To of the first vowel /a/.
After correction for this tenporal difference, i.e. when the same num-
ber of flow pulses are plotted on the sane horizontal scale for both
vowel s, no major differences in the shape of the glottal volume floware
observed. Consequently, the change in U (+6% conbined with the change
in Fo (-20% deternmines the change in Ee (-14% . The fact that, apart
fromtine-stretching, no major differences were found in duty cycle and
shape of the glottal pul ses between both vowels /a/, also indicates that

the degree of adduction has not changed substantially.

4. Concl usion

Inthis paper we have shown that the control of Fo, IL and voice quality
in normal speech may be sonewhat different fromwhat is known fromthe
literature on studi es based on sustai ned vowel s or singing. In speech P¢r
seens to be nore inportant than Psp, mainly because Por cannot be con-
sidered as constant and negligible. Also, it was shown that the relative
i mport ance of physi ol ogi cal paranmeters that affect Fo, I L and voice quality
depends very nuch on the nature of the speech fromwhich they are derived.
Al though the results are based on a single subject study, they fit in

very nicely with current nodel s of the physiol ogy of phonation.

Especially fromthe results on the control of IL and voice quality it
became clear that descriptive mathematical nodels of the glottal flow
wavef ormdo not allow one to make the step fromdescription to explana -
tion. High correlations were found for Ee and Pir, and for Up and Pir. But
in the LF-nodel there is no relation between Ee and Pir, or between W
and Pir, for the sinple reason that Py does not figure in the nodel.
Thus, the LF-nodel will never allow one to explain these relations, or
why several different regines should exist in the relation between Pty
and basic paraneters in the nodel. One will have to take recourse to
nodel s that have a firm physiol ogi cal basis, |like the ones proposed in

Titze (1984) and Cranen (1990).
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Fi gure captions

Fi gure 1. Medi an physi ol ogi cal signals, obtained by the nethod of non-
linear time-alignment. Plotted are, fromtop to bottom Fo, IL, Ptr, Por,

Psp, Mi, SH, and VCC.

Figure 2. Scatterplots of respectively (a) Ee and Ptr; (b) Uo and Pir;
and (c) Ee and W. Gven are regression lines for exponential or |inear
fits, and the correlation coefficients for the fits for the data of the
category ’'steady phonation’. Ee and W values are given relative to the

maxi mum observed val ue for each quantity.



Tabl es

Table |. Correlation matrix, neans and standard devi ations of the
medi an physi ol ogi cal signals for a voiced interval (N=66, |R >0.315 for
p<0.01).

Fo L Per Por Psb nean SD
Fo 1. 000 0. 808 0.851 -0.783 0.478 118. 58 3.70
I L 1.000 0.960 -0.983 0.111 63. 23 3.38
Pt r 1.000 -0.968 0.274 5.42 0. 88
Por 1.000 -0.054 1.16 0.91
Psb 1. 000 6. 35 0.16

Table Il1. Correlation matri x, neans and standard devi ations of the
medi an physi ol ogi cal signals for all voiced franmes (N=293, | R >0.151 for
p<0.01).

Fo L Per Por Psb nean SD
Fo 1. 000 0. 667 0.729 -0.153 0.772 115. 87 8.59
I L 1.000 0.923 -0.663 0. 492 62. 20 4,25
Pt r 1.000 -0.638 0.612 4,95 1.17
Por 1.000 0.211 0. 89 0. 95
Psb 1. 000 5. 65 0. 90




