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INTRODUCTION

Although ""stress" has been observed in many of the world's languages, its
physical correlates have been widely studied only in European languages and of these,
one language, English, has been the most extensively investigated. Therefore, the
points made in the following review of the physiological correlates of stress should
not be taken as necessarily applying to any language outside this restricted range.
Moreover, I will make no attempt to give systematic coverage to those aspects of the
phonetics of stress and accent covered in some of the extensive reviews already
available, e.g., Vanderslice (1968), Broad (1968), Lehiste (1970), Ohala (1970),
Benguerel (1970), Gfrding (1973), Netsell (1973), van Katwijk (1974), and Di Cristo
(1975). I will instead concentrate on some of the more controversial aspects of the
subject.

EARLY VIEWS ON STRESS

Early assumptions on the articulatory correlates of what was called "stress" in such
languages as English, German, and Russian generally had it that stressed syllables were
produced with greater articulatory, especially expiratory, force and thus greater inten-
sity than unstressed syllables (Sweet 1890, 1911, Passy 1895, Jones 1960, Grammont
1965). This type of accent system, so-called (among other things) ""expiratory accent"
or "accent of intensity,' was held to be different from the type of accent found in such
languages as Swedish, Serbo-Croatian, and Chinese, which was called "pitch accent'.
The latter type was supposedly realized by distinct pitchl modulations (Roudet 1910).

The term "stress' was generally reserved for the first type of accent system. It was
also allowed that stressed syllables were generally longer than unstressed syllables
(Parmenter and Treviho 1935, Muyskens 1931).

There were, however, a few who thought a pitch change was an essential element
of "stress'"; Stetson (1923) cites Mitford (1804), Coleman (1914), Abas (1925), and
Morris (1925). Stetson himself, while allowing that there might be a pitch change on
accented syllables, thought that even so it would be a secondary effect of the increased
expiratory force since

..« the heavy stroke of the accent involves the chest pressure and
is apt to change the pitch because the laryngeal musculature is often
affected by tensions in the other musculatures of speech (141).



However, he cites no cvidence supporting this claim (of the special sensitivity of the
laryngeal muscles to other muscles' contractions) and I know of none even today.

Some of the earliest objective analyses of specch supported the minority view
on the role of pitch in the production of stressed syllables. Muyskens (193]) and Scott
(1939), for example, found significant pitch variations on stressed syllables and the

latter even claimed:

...there seems to be a strong indication that stress [i.e.,
intensity] unaided, is not very efficient as a distinguishing
feature of English...

Some influential research on the physiological correlates of stress was that
conducted by Stetson (1923) who presented evidence (e.g., records of oral and subglottal
air pressure and chest movements) that there were separate expiratory pulses ('breath
pulses') for each spoken syllable as well as extra heavy pulses for stressed syllables.
Many of Stetson's recording techniques were rather primitive and some of his experi-
mental techniques problematic (for example, the fact that many of his syllables
showing discrete breath pulses also happened to be almost isolated utterances) and
many of his findings were not replicated by Ladefoged (1962, 1967) and his colleagues
or by Lieberman, Griffiths, Mead, and Knudson (1967), both using more modern
techniques. Nevertheless, Ladefoged did find a momentary increase in the activity
of the expiratory muscles (sampled via electromyography) and in the subglottal air
pressure during and sometimes immediately before a stressed syllable, whether
emphatically stressed or not. He calibrated the effect that variations in subglottal
pressure, Psz, would have on both intensity (Ladefoged and McKinney 1963) and Fo
(Ladefoged 1963). The Ps was found to be directly related to the major variations in
intensity of voice (independent of those due to the resonance characteristics of the
vocal tract). However, the major part of the Fo variations including those on
stressed syllables, were accomplished by the larynx via changes in the tension of the
vocal cords.

RESULTS OF MODERN RESEARCH

As a prelude to the discussion of subsequent work on the physiology of stress it
may be appropriate to mention some of the extensive experimental data on the percep-
tual correlates of stress. Using such techniques as synthetic speech, Bolinger (1958),
Lawrence (1953), and Fry (1955, 1958, 1960, 1965) found that in English there was
actually a hierarchy of cues that listeners used to identify stress on a syllable; listed
in the approximate order of greater to lesser importance: pitch modulation, duration,
intensity, segmental quality (including especially vowel quality, but probably also such
things as degree of aspiration, etc.). As for pitch modulation, it was shown that it
was changing pitch, not necessarily higher pitch, which served most effectively to
signal stress.
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Acoustic analysis of natural speech (again in English) generally reinforced the
findings from these perceptual studies (e.g., Bolinger 1958, Lieberman 19¢0, Lechiste
and Peterson 1961, Morton and Jassem 1965, Lisker and Abramson 1967). Generally
similar results were obtained from other languages identified as having stress:
Polish (Jassem, Morton, and Sbeffan-Bato’g 1968), German (Isaé’enko and Schadlich
1966), Czech (Janota and Liljencrants 1969, Ondr{¥kovi 1972, Janota and Ondrddkovd
1975), Dutch (van Katwijk and Govaert 1967, van Katwijk 1969), (It should be
acknowledged, however, that quite different results from the above have also been
obtained on occasion, Fonagy (1958), for example, reports that in his studies of
Hungarian stress increased respiratory muscular activity is a more reliable correlate
of stress than variations in intensity, Fo, or duration.)

Perhaps the ultimate verification of the correctness of the above findings,
especially the primary importance of pitch and duration as the essential cues for
stress, has been the fact that highly successful synthetic speech has been generated
by rules based on these findings (Mattingly 1966, 1968, Rabiner 1968, Matsui,
Suzuki, Umeda, Omura 1968, Umeda 1976).

Given these results in the perceptual domain, it is not surprising that the more
recent physiological investigations of stress have confirmed that all the characteristics
of the speech signal shown to be perceptually important are accomplished actively by
the articulators in the vocal tract (and the muscles which serve them) which are
responsible for producing those features. For example, cine x-ray studies show
greater extent and force of articulator movement (and consequently greater duration)
when stressed as opposed to unstressed syllables are produced (Broad 1968, Harris,
Gay, Scholes, and Lieberman 1968, Kent and Netsell 1972). This is, however,
mainly true of what-would be classified as emphatically stressed syllables, less so
of normal, non-emphatic, non-contrastive, word stress.

Fo VARIATIONS IN STRESS: IS THE LARYNX OR LUNGS RESPONSIBLE ?

The only moderately controversial topic in the whole area of the physiology
of stress is that surrounding the question of how the pitch variations associated with
stress are controlled, specifically, whether by the laryngeal or the pulmonic systems.
This controversy was precipitated by the publication in 1967 of the M.I. T. doctoral
dissertation of Philip Lieberman in which it was claimed that except for the terminal
pitch rise in yes-no questions, the pitch variations in speech were regulated
primarily by the subglottal air pressure which, in turn, was controlled by the
pulmonic system.

The basis for his claim was recordings (from three speakers) of the acoustic
speech signal and Ps during a variety of utterances. A sample of his data is given
in Figure 1. In this data he noted that there was generally a close temporal coincidence
between a momentary Fo rise on stressed syllables (marked 'A' in Figure 1) and a
momentary increase in Ps (marked 'A'') and likewise the fall in Fo at the end
of declarative sentences and the fall in the Ps (not manifested in this figure).
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Figure 1.

Sample of data obtained by Lieberman (1967). Top: Fundamental frequency
(Fo); bottom: subglottal pressure (Ps).

The data shows the close temporal

coincidence of the momentary rises in Fo (A) and Ps (A's).
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(Such obsecrvations, of course, had been made before by others who recorded Ps
variations in speech, c.g., Smith 1944.) Licberman concluded from this that the
Ps changes caused the Fo variations; he assumed the laryngeal muscles played
no essential part in varying pitch in these cases. Iie measured corresponding
values of Fo and Pt at points in the data where he assumed the 1 aryngeal muscles
were inactive (i.c., in declarative sentences) and arrived at "calibrations' of the
cffect of Ps on Fo that ranged from 16 to 22 1lz/cm Hp0,4

The crucial assumption in Lieberman's claims, that the laryngeal muscles
maintain a constant level of activity except during the Fo rises of questions, was
quite unsupported by independent evidence. Of course, at that time neither Lieberman
nor anyone else had directly measured the level of activity of the laryngeal muscles
during connected speech. Nevertheless up to thattime almost all phoneticians and speech
scientists held the view opposite to Lieberman's, viz., that the Fo of voice during
speech is in all cases primarily regulated by the laryngeal muscles and that the
effect of Ps on Fo was too small to account for the major part of the observed Fo
variations, including those on stressed syllables (Sweet 1877, Scripture 1902, Stetson 1928,
Pressman and Kelemen 1955, Ladefoged 1963, Fry 1964, ‘Ohman and Lindqvist 1966,
Zemlin 1968, Proctor 1968). There were several reasons for this dominant view:

1. It was commonly noted that the larynx moved up and down in the neck
during the Fo changes in speech and it was therefore assumed that (somehow
or other) the larynx contributed to these changes (Herries 1773, Scripture
1902, Critchley and Kubik 1925),

2, It had been a common clinical observation that paralysis of the intrinsic
(or some extrinsic) laryngeal muscles frequently led to defects in the
control of pitch in speech (Critchley and Kubik 1925, Luchsinger and
Arnold 1965, Arnold 1961, Sonninen 1956), On the other hand, respiratory
paralysis did not lead to any difficulty in pitch regulation (Peterson 1958),

w
.

Direct electromyographic recordings of the activity of the laryngeal muscles
during steady-state phonation or during singing showed the intrinsic and
extrinsic lar yngeal muscles, especially the cricothyroid, to be very active
during Fo variations (Katsuki 1950, Faaborg-Andersen 1957, 1965,
Sawashima, Sato, Funasaka, and Totsuka 1958, Arnold 1961, Kimura 1961,
Hirano, Koike, and von Leden 1967). It was therefore assumed (explicitly
80 by Arnold) that these results could be extrapolated to speech conditions.

[

Calibrations of the effect of Ps variations on Fo, where care was taken to
insure that the vocal cords maintained a constant level of tension, were

done on excised larynges as early as the first half of the 19th century (Mueller
1851) and on intact speakers by Isshiki (1959), Ladefoged (1963), and Ohman

and Lindqvist (1966). In the studies involving the living subjects the

procedures involved having the subject praduce a steady-state vowel at a
constant pitch while receiving slight pushes on the chest at unexpected moments.
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These pushes produced brief involuntary increases in Ps which in turn
produced brief increases in Fo. In general such studies ylelded ratios

of Fo/APs in the range 2 to 5 Hz/cm H20 in the pitch range used in
speech. Ladefoged and Ghman and Lindqvist then applied these values to
the analysis to their own records of Fo and Ps during connected speech
(i.e., working with the same kind of data Lieberman did) and factored
out that part of the Fo contour that could be attributed to variations in Ps.
From this the major part of the observed Fo variations in speech had to
be attributed to the action of the laryngeal muscles. Ohman and Lindqvist
cited additional reasons for their conclusions:

... The AP change [i.e., the change in the pressure drop
across the glottis] which is due to stress is always much
smaller than that due to stop consonants for instance, and
. «.the fo changes during the stressed syllables do not
correlate well with the stress-induced a P changes either
in phase or in amplitude.

(This latter point, in fact, also applies to the data in Fig. l).

Liebermanfailed to note most of this evidence and made no attempt to reconcile

his claims with the part of it he did review except to dismiss Ohman and Lindqvist's
results as applying to singing not to speech.

Lieberman's hypotheses were quickly disproved. New evidence was obtained

as well as refinements of the existing counterevidence which was known before the
publication of Lieberman's provocative claims. These took several forms:

1. Vanderslice (1967) recorded the vertical movements of the larynx and

Ps during connected speech and showed the former to be in better synchron-
ization with Fo than was Ps. It is reasonable to conclude, then, that the
larynx, at least in part by its vertical movements, actively participates in
the control of Fo. It should be mentioned, though, that the larynx-hyoid
apparatus (unlike the lower mandible, for instance) is quite complex as
regards its muscular structure and attachments to the skeletal frame and
accordingly has many degrees of freedom in its movements (Ohala and
Hirose 1969, Ohala 1972). It is not unexpected then that there should be
some inter- or even intra-subject variability as regards use of gross
vertical movements of the larynx in Fo regulation. Thus, although there
may be some speakers for which the vertical movements of the larynx do
not show clear correlation with Fo during speech (Gandour and Maddieson
1976), this in no way undermines the conclusion that this mechanism is
used by many if not most speakers during speech, especially for large
variations in Fo such as occur on stressed syllables (Ohala 1972, Ewan
and Krones 1974, Shipp 1975a, b, Ewan 1976).
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Additional calibrations of the effect of Ps on Fo were done using refined
techniques (including monitoring laryngeal muscle activity during the
induced transglottal pressure changes) and studying a greater range of
voice qualities, initial Fo levels, and intensities (Ohala and Ladefoged
1969, Ohala 1970, Lieberman, Knudson, and Mead 1969, Hixon, Mead, and
Klatt 1971). A summary of the values of AFofAPs from these and earlier
studies are given in Table 1. In general, the studies using excised larynges
yield higher values for this ratio than do the studies involving intact
larynges, Lieberman’'s (1967) study excepted. This may very well be an
artefact due to the excised larynx lacking normal muscle tonus (van den
Berg and Tan 1959). Lieberman, Knudson, and Mead's (1969) upper limit
for normal voice of 10 Hz/cm Hg0 is still on the high side although it is
substantially lower than the values claimed by Lieberman (1967). Curiously,
Hixon, Mead, and Klatt (1971), using the same technique and one of the
same subjects involved in the study of Lieberman et al. (1969), could not
replicate those authors' findings.

There are, of course, methodological problems with all these calibration
techniques. Nevertheless, there is little evidence to support Lieberman's
claims that the Ps could be responsible for all or even most of the observed
Fo variations on stressed syllables. This conclusion is not surprising
since Lieberman made no serious attempt to insure that the tension of the
vocal cords (as affected by the laryngeal muscles' activity) remained
constant during the portions he computed a Fo/a Ps.

It was pointed out that Ps variations can be caused in part by changes in
glottal and oral impedance, i.e., by anything which would cause reduced
air flow, e.g., obstruent closure, reduced mean glottal area (such as
happens during increases in Fo (Sonesson 1960, Ishizaka and Flanagan 1972))
or increased percentage of closed time in the glottal area function (such
as occurs during increases in voice intensity) (Isshiki 1969, Ohala 1970,
1975a, 1975b, van Katwijk 1971, 1974). This is not a controversial point;

it is well known among speech scientists (Stetson 1928, Peterson 1957,
Isshiki 1961, 1964, Campbell, Murtagh, and Raber 1963, Yanagihara and
von Leden 1966, Ohman and Lindqvist 1966, Ladefoged 1968, Koyama,
Kawasaki, and Ogura 1969, Rothenberg 1968, Zemlin 1968, Benguerel 1970,
Netsell 1973, Ldfqvist 1975).

A related fact which undoubtedly reflects the increasing impedance of the
glottis with increasing Fo is that the minimum pressure drop necessary
to maintain voicing is greater for high Fo than low Fo (Mueller 185l,
Isshiki 1959).

Indirect evidence of increased glottal resistance during stressed syllables
(in comparison to unstressed syllables) would be the finding of less oral
air flow on stressed syllables (Ohala 1975a, 1975b). Such reductions in
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Table 1. Values of aFo/aPs (in Hz/cm H20) from various studies.

Source Normal voice High pitch § Falsetto
Mueller (1851)* 4.3~ 4.5 10 ~ 16
Isshiki (1959) 3.3
van den Berg

and Tan (1959)* | 5 ~ 13 17 = 20
Ladefoged (1963) 5
Ohman and

Lindqvist (1966)| 2.5
Furukawa (1967)* ga*
Anthony (1968)* 6~ 8
Lieberman, Knudson,

and Mead (1969) | 3 ~ 10 9~ 18
Ohala and

Ladefoged (1969)| 2 ~ 4 7~10
Ohala (1970) 2~8

Hixon, Mead,
and Kiatt (1971)| 2 ~ 4 .

Lieberman (1967) 16 ~ 22

* Used excised larynges.

**  Average slope of one Fo vs. Ps plot which ranged from 0 to 16 Hz/am H20.
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air flow, although probably not to be found on all stressed syllables,
are evident in some of the published data of Klatt, Stevens, and Mead
(1968; see thelr figure 5) and Broad (1968).

Thus not only is it improbable that the observed Ps variations could cause
much of the observed Fo changes, it Is probable that to same extent the Ps
fluctuations were themselves caused by the laryngeal muscles as they
adjusted the state of the vocal cords for Fo and intensity variations.

4. Finally, and most conclusively, the activity of the laryngeal muscles was
sampled directly during connected speech using electromyography (Ohala
and Hirano 1967, Hirano, Ohala and Vennard 1969, Hirano and Ohala 1969,
Fromkin and Ohala 1968, Ohala 1970, 1972, Lieberman, Sawashima, Harris,
and Gay 1970 Atkinson 1973, Netsell 1973, Collier 1975, Maeda 1975, Shipp
1975a, Erickson and Atkinson 1975, Kakita and Hikl 1975) and it was found that
Fo was varied in specch in much the same way as it was in singing. There
were muscles active for raising pitch: the cricothyroid, thyrohyoid, lateral
crico-arytenoid, and vocalis; and muscles active during lowering of pitch:
the sternohyoid and sternothyroid. (The involvement of the strap muscles in
Fo change is not surprising given the evidence reviewed above that
larynx height varies with Fo.)

Typical data is shown in Figs. 2 and 3 (from Ohala 1970). In Fig. 2 the
records of Fo, Ps, activity of the cricothyroid and lateral crico-arytenoid,
and the voice signal are given for three utterances. From such data it is
evident that although there is a noticeable increase in Ps on stressed
syllables (compare the middle sentence with the first in Fig. 2), there is
also a considerable increase in the activity of the cricothyroid muscle at
the same time. Fig. 3 shows an increase in the activity of the sternohyoid
muscle during the lowering of Fo. (It should be mentioned, however, that
the sternohyoid also participates in purely segmental gestures as well (Ohala
and Hirose 1969, Ohala 1972) and may in some subjects only reveal its
involvement in Fo lowering in the indirect way of not being active during
high Fo.)

The increase in the activity of the cricothyroid muscles during the stressed
syllable in Fig. 2 (middle sentence), where Lieberman would have predicted
the change in laryngeal muscle activity to be nil, is of about the same
magnitude as that during the final pitch rise in the question (right-most
sentence), where the involvement of the laryngeal muscles has never been
in question.

To summarize the evidence reviewed: the magnitude of the effect of Ps on Fo is
not great enough to account for the major part of the observed Fo changes on stressed
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Figure 3. From top: fundamental frequency (Fo), electromyographic signal from the
cricothyroid muscle, electromyographic signal from the sternohyoid muscle,
and microphone signal of voice. The utterances are: '"Mom bombed Bob"
(on the left) and ""Mom bombed Bob ?'" (on the right). As the two utterances
are phonetically identical except for the Fo contour, the observed changes
in the muscle activity from one utterance to the other must be due to these
muscles' involvement in Fo regulation, not segmental gestures. The
cricothyroid shows increased activity during increases of Fo, no activity
during lowering of Fo; conversely, the sternohyoid shows, in addition to
participation in segmental gestures (jaw opening for labial consonant + low
vowel sequences), increased activity for Fo lowering, lessened activity for

Fo rises.
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vowels (nor the fall in Fo at the end of declarative sentences); some of the Ps variations,

in fact, are probably dependent upon the action of the larynx itself, not the pulmonic system;
there is indirect and direct evidence that the laryngeal muscles causce the Fo variations

in speech. The answer to the question, so epigrammatically phrased by Vanderslice

(1967), 'is it the larynx or lungs that controls pitch?', is the larynx.

THE PULMONIC CONTRIBUTION TO STRESS

Even though it is clear now that any pulmonic contribution to the Fo change
observed on stressed syllables must be small this does not rule out the possibility
of a pulmonic contribution to other aspects of stress, in particular, increases in
intensity. Ladefoged (1963, 1967, 1968) citing his own extensive electromyographic
investigations of the activity of the expiratory muscles during speech, maintains
that there is a momentary increase in expiratory activity during or slightly preceding
each stressed syllable, whether emphatically stressed or not. Van Katwijk (1974),
however, obtained surface electromyographic recardings of the activity of some of
the expiratory muscles during speech (of two native speakers of Dutch) and found
appreciable increases in expiratory muscular activity only on emphatically stressed
syllables, not on conversationally stressed syllables.

It is difficult to evaluate such electromyographic records by themselves,
however, for two reasons: First, there is no simple way of estimating the magnitude
of lung volume decrement such bursts of expiratory muscle activity cause and,
after all, it is only by decreasing the lung volume at a faster-than-normal rate that
these muscles can have any influence on Ps. It is possible these fluctuations in the
level of expiratory muscle activity produce only negligible variations in Ps. Second,
it is difficult to know why the expiratory muscles show increased activity near stressed
syllables. Aside from the pulmonic system's possible role in the production of
individual speech segments or stressed syllables, we do not know whether its long-
term function is to maintain a constant pressure in the lungs or to maintain a constant
rate of lung volume decrement, or some combination of the two. If its task is
to maintain a steady rate of lung volume change, then the momentary increase in
expiratory activity on stressed syllables could simply be a compensatory reaction
to the increased glottal and supraglottal resistance to air flow expected during the
production of stress--which increased resistance would momentarily slow the rate
of lung volume decrease. If this were so, the increased activity of the pulmonic
muscles would not, strictly speaking, be an independent feature of stress, it would
be a feature dependent upon glottal and supraglottal activity.

It would be helpful to obtain some independent measure of the pulmonic system's
contribution to Ps changes during speech. This can be done most directly by recording
varfations in lung volume during speech. Such records can be obtained using a
plethysmograph such as has recently been constructed in the Phonology Laboratory at
Berkeley.
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Ours is a whole-body pressure plethysmograph. It consists of 1 and 2/3 50-gal.
oil drums welded together and tightly fitted with a plexiglass lid. The subject stands
in the plethysmograph and breathes and speaks through a face mask mounted in the
side of the lid (see Fig. 4) which vents to the atmosphere. As the flange of the face
mask creates an air-tight seal around the subject's nose and mouth and as the rest
of the drum is air-tight, there is a fixed mass of air inside the plethysmograph.
Changes in the lung volume during breathing and speaking (see chest profile in solid
and broken lines in Fig. 4) therefore cause corresponding changes in the air pressure
inside the plethysmograph. These pressure changes are sampled continuously through
a port in the side of the plethysmogrph, transduced by a sensitive pressure transducer,
and recorded on tape along with the voice signal for later analysis.

Preliminary studies have been done with three speakers (including myself): 2
English speakers and 1 Swedish speaker. Using speech samples that would eliminate
or minimize jaw movement (in order that the only volume changes recorded by the
plethysmograph would be those of the chest wall), the following results have been
obtained (illustrated in Figs. 5 and 6): '

1. There are relatively large rapid decreases in lung volume during moments of
high air flow, e.g., during aspiration, [h], and fricatives. See Figs. 5b, c,
and d. These presumably represent a passive collapse of the lungs due to the
rapid flow of air out of the lungs and the consequent decrease in lung pressure
(= Ps). This contrasts with the case of sonorants (nasals, laterals, etc.)
where the rate of lung volume decrement is the same as that for surrounding
vowels. See Fig. 5a.

2, There were also moments of lesser-than-normal lung volume decrement
during periods of reduced air flow, i.e., during the closure phase of some
stops. See arrows in Fig. 6a and b,

3. There were momentary greater-than-normal decreases in lung volume during
emphatjcally stress syllables. See portion delimited by broken vertical
lines in Fig. 6b.

4, There need not be any obvious change in the rate of lung volume decrement
on non-emphatically stressed syllables. This is easiest to see in sentences
consisting entirely of sonorants since the segments themselves will cause
no perturbation in the rate of air flow out of the lungs. See portion delimited
by broken vertical lines in Fig. 6a and also note lack of change on stressed
vowel in Fig. 5a.

In general, these results are completely compatible with those obtained by van
Katwijk (1974) in his electromyographic study of the expiratory muscle activity in the
speech of two Dutch speakers.
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Figure 4.

Schematic representation of the pressure plethysmograph. The subject
breathes and speaks through a face mask which makes an air-tight seal
around the nose and mouth. The pressure of the air trapped inside the
drum varies directly with changes in chest volume. The pressure is
sampled via a port, transduced by a sensitive pressure transducer, and
recorded
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Figure 5. Representative data obtained using the plethysmograph. 5a through d show
the lung volume (bottom) along with the voice signal (top) for the consonants
[m, s, h, th], respectively. Each of the consonants, whose onset and
offset are indicated by broken vertical lines, were spoken by a male speaker
of American English in the frame ""deem __oon real" [dim' _unril].
(Subject LB.) -
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Of course, the number of subjects studied so far with this technique is quite
amall, and it is possible that a simple visual analysis of the plethysmograph output
is not capable of revealing small but consistent changes in the slope of the lung
volume curve (computer averaging of the signals is planned for the near future).
Therefore these results should be viewed cautiously. Nevertheless, the data
obtained so far do not support the notion that there must al ways be an appreciable
expiratory pulse accompanying the production of ordinary (non-emphatic) stressed
syllables. For emphatic stress, however, the involvement of the respiratory system
is quite apparent.
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FOOTNOTES
lI use 'pitch’ and 'Fo' (fundamental frequency) interchangeably in this paper.

2Actua11y, the transglottal pressure drop which, during vowels, is usually equal
to Ps.

3In fact, Lieberman's claims were stated with so many qualifications and occasjonall;
in such self-contradictory ways, that it may be seriously questioned whether they repre-
sented empirical (i.e., potentially falsifiable hypotheses at all. In this paper I have
attempted to interpret his hypotheses as if they were serious scientific statements. On
this point, cf. also the detailed criticisms in Vanderslice 1968, 1970, Ohala and Lade-
foged 1969, Ohala 1970.

4Even aside from what later investigations have revealed (see below), the
significance and reliability of these calibrations is questionable due to the confusion
over how they were obtained. As noted in Ohala and Ladefoged (1969) Lieberman
claimed to have measured the corresponding values of Fo and Ps at points in the
data curves where it was

assumed that the tension of the laryngeal muscles was
unchanged, so that the fundamental frequency was a function
of the subglottal air pressure [ Lieberman 1967:95-6].

Nevertheless, a few pages later he remarks:

The points in Figure 4.35 [the data in question] have a

fair amount of horizontal dispersion, which indicates that

the laryngeal tension is not always constant throughout the
non-terminal portion of each breath-group [102, emphasis added].
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And a few pages later:

Quantitative calculations of the relationship between
fundamental frequency and the subglottal air pressures
were made... These calculations showed that the tension
of the laryngeal muscles was relatively constant during
the non-terminal portions of the breath-group [107,
emphasis added].

As Ohala and Ladefoged commented:

This kind of self-contradiction abounds in Lieberman's
work; and itmakes it very difficult for anybody else to
contradict him, since he can always claim that he has
stated the opposite to what is attributed to him... Besides
the contradictions between these quotes there is also the
rather strange procedure of first assuming X (i.e. the
inactivity of the laryngeal muscles) as part of the basis
of Y (i.e., the calculated A Fo/ A Ps ratio), and then
later taking Y as proof of X without, as far as we can
see, any other independent supporting evidence.

Moreover, there is evidence that these calibrations were done carelessly and
inconsistently. Though trivial by itself, this evidence is important in the context of
Lieberman's strong claims since it reduces even the prima facie plausibility of some
of these claims. In his book Lieberman presents measurements forming the basis of
the estimates of A Fo/A Ps in four figures, three of which give the individual data
from his three subjects and one of which presents the combined measurements from
all the subjects. For unexplained reasons the data in the fourth figure does not
completely agree with that in the other three although it was supposedly based upon
them. In addition, although Lieberman is (commendably) perfectly explicit about how
he did the measurements on his raw data--all relevant bits of which he published--
it turns out that a replication of these procedures fails to yield exactly the same data
points as those given in his Fo vs. Ps plots, The discrepancies are not small; they
would lead to ratios of AFo/ APs as high as 28 or 33 Hz/cm HgO--absurdly high
values that would have clearly revealed the assumption underlying the calibration,
i.e., that the level of activity of the laryngeal muscles was constant, was erroneous.

Lieberman (personal correspondence) acknowledged the mix-up in the construction

of the figures referred to but denied that any of the data in them was unjustified: that
the data points I couldn't find were in those sentences which in his book he said he
hadn't used for the calibration, namely, the yes-no questions, where it could not
safely be assumed that the laryngeal muscles were inactive:
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This is not an isolated case. His Figure 4.34, though in no way crucial to the
issue under discussion, also bears no relationship to the published data it was alledgedly
based on. This mix-up was also acknowledged by Lieberman (personal correspondence).

5Libermau (1973) repeats this fallacy in his analysis of some of my own data
(presented in Fromkin and Ohala 1968 and Ohala 1970): from records of utterances
showing Fo, Ps, and the activity of the cricothyroid and the lateral crico-arytenoid
muscles (Fig. 2 of this paper is a sample of that data) he estimates that Fo varies as
a function of Ps at the rate of 12.5 Hz/cm Hy0 during periods where the two muscles
recorded showed little variation in level of activity, However, Lieberman chooses
to ignore the fact that in Ohala 1970 other recordings of this same subject show the
sternohyoid muscle active during these kinds of pitch changes (the drop in pitch at
the end of declarative sentences). Moreover, it is well known that to some extent
almost all of the dozen or so intrinsic and extrinsic laryngeal muscles can play a
role in regulating Fo; one cannot rule out their participation either. Lieberman
seems to operate according to some extreme form of positivism: those factors not
represented in the instrumental records he examines (even if they may be represented
in other records) simply don't exist.

REFERENCES

Abas, A. 1925. L'accentuation syllabique en néerlandais. Arch. Néerl. de Phys.
10:82-154.

Anthony, J. K. F. 1968. Study of the larynx II. Work in Progress [Univ. of Edinburgh]
2:77-82, .

Arnold, G, E. 196l. Physiology and pathology of the cricothyroid muscle., Laryngoscope
71:687-753.

Atkinson, J. 1973. Aspects of intonation in speech: implications from an experimental
study of fundamental frequency. Doc. Diss, Univ. of Connecticut.

Benguerel, A. P. 1970. Some physiological aspects of stress in French. Natural
Languages Studies No. 4, Phonetics Laboratory, Univ. of Michigan.

Berg, Jw. van den and Tan, T. S. 1959. Results of experiments with human larynxes.
Practica Oto-Rhino-Laryngologica 21:425-450.

Bolinger, D. L. 1958. A theory of pitch accent in English. Word 14:109-149.

Broad, D. J. 1968. Some physiological parameters for prosodic description. Speech
Communication Research Laboratories, Santa Barbara, Monograph No. 3.

Campbell, C. J., Murtagh, J. A., and Raber, C. F. 1963. Laryngeal resistance to
air flow. Annals of Otology, Rhinology, and Laryngology 72:5-30.

Coleman, H. O. 1914. Intonation and emphasis. Miscellanea Phonetica 1:6-26.

Collier, R. 1975. Physiological correlates of intonation patterns. JASA 58:249-255.

Di Cristo, A. 1975, Soixante et dix ans de recherches en prosodie. Editions de
1'Universite de Provence. [Etudes phonétiques I, Travaux de l'Institut de
Phonétique d'Aix-en-Provence, ]

Critchley, M. and Kubik, C. S. 1925, The mechanism of speech and deglutition in
progressive bulbar palsy. Brain 48:492-534.



164

Erickson, D. and Atkinson, J. E. 1975. Function of strap muscles in speech. JASA
53, Supplm. 1:S12 (Abstract).

Ewan, W. G. 1976. Laryngeal behavorior in speech. Doc. Diss., University of
California, Berkeley.

Ewan, W. G. and Krones, R. 1974. Measuring larynx movement using the thyroumbro-
meter. J. Phonetics 2:327-335.

Faaborg-Andersen K. 1957. Electromyographic investigation of intrinsic laryngeal
muscles in humans, Acta Physiologica Scand. 41, Suppl. 140,

Faaborg-Andersen, K. 1965. Electromyography of laryngeal muscles in humans.
Technics and results, Bases: S, Karger.

Fonagy, I. 1958. Elektrophysiologische Beitriige zur Akzentfrage. Phonetica 2:12-58.

Fromkin, V. A. and Ohala, J. J. 1968. Laryngeal control and a model of speech
production. Preprints of the Speech Symposium, Kyoto. [Reprinted in:
Working Papers in Phonetics, UCLA, 10:98-110.]

Fry, D. B. 1955, Duration and intensity as physical correlates of linguisticstress. JASA
27:765-768.

Fry, D. B. 1958, Experiments inthe peroeption of stress. Language and Speech 1:126-152.

Fry, D. B. 1960, Linguistic theory and experimental research. Transactions of the
Philological Society [ London] 1960:13-39,

Fry, D. B. 1964. The function of the syllable. Zeitschrift fiir Phonetik, Sprachwissen-

schaft und Kommunikationsforschung 17: 215-221,
Fry, D. B. 1965, The dependence of stress judgements on vowel formant structure.

Proc. 5th Int. Cong. of Phonetic Sciences. Basel: S. Karger. Pp. 306-31l,

Furukawa, M. 1967. A study of the mechanism of phonation using excised larynges.
[In Japanese] Oto-Rhino-Laryngology Clinic [Kyoto] 60:145-181,

Gandour, J. and Maddieson, I. 1976. Measuring larynx height in Standard Thai

R using the cricothyrometer. Working Papers in Phonetics, UCLA, 33:160-190.

Garding, E. 1973. The Scandinavian word accents. Working Papers, Phonetics
Laboratory, Lund University, 8.

Grammont, M. 1965. Traité de phonétique. 2nd ed. Paris: Librairie Delagrave.

Harris, K. S., Gay, T., Scholes, G. N. and Lieberman, P, 1968, Some stress
effects on electromyographic measures of consonant articulations, Haskins
Laboratories Report 13-14:137-151.

Herries, J. 1773. The elements of speech. London. [Reprinted 1968, The Scolar
Press, Ltd. Menston, ]

Hirano, M., Koike, Y., and von Leden, H. 1967. The sternohyoid muscle during
phonation. Acta Oto-Laryngologica 64:500-507.

Hirano, M. and Ohala, J. J. 1969. Use of hooked-wire electrodes for electromyo-
graphy of the intrinsic laryngeal muscles. JSHR 12:362-373,

Hirano, M., Ohala, J. J., Vennard, W. 1969. The function of laryngeal muscles in
regulating fundamental frequency and intensity of phonation. JSHR 12:616-628,

Hixon, T. J., Mead, J., and Klatt, D. H. 197l. Influence of forced transglottal
pressure changes on vocal fundamental frequency. JASA 49:105 (Abstract).

Isafenko, A. V. and Schadlich, H. J. 1966. Untersuchungen iber die deutsche
Satzintonation. Studia Grammatica 7:7-67,

Ishizaka, K. and Flanagan, J. L. 1972, Synthesis of voiced sounds from a two-
mass model of the vocal cords. Bell System Technical Journal 51:1233-1268.



165

Isshiki, N. 1959. Regulatory mechanism of the pitch and volume of voice. Oto-
Rhino-Laryngology Clinic [Kyoto] 52:1065-1094.

Isshiki, N. 196]l. Voice and subglottic pressure., Studia Phonologica 1:86-94,

Isshiki, N. 1964 Regulatory mechanism of voice intensity variation. JSHR 7:17-29.

Isshiki, N. 1969. Remarks on mechanisms for vocal intensity variations. JSHR 12:
669-672.

Janota, P. and Liljencrants, J. 1969. The effect of fundamental frequency changes
on the perception of stress by Czech listeners. Speech Transmission Laboratory,
Quarterly Progress and Status Report, Royal Institute of Technology, Stockholm,
1969/4:32-38,

Janota, P. and Ondr:ﬂfkova’l, J. 1975, Some experiments on the perception of prosodic
features in Czech. In: Fant, G. and Tatham, M. A. A. (eds) Auditory Analysis
and Perception of Speech. New York: Academic Press. Pp. 485-496.

Jassem, W., Morton, J., and Steffen-Bato’g, M. 1968, The perception of stress in
synthetic speech-like stimuli by Polish listeners. Speech Analysis and Synthesis

1:289-308.
Jones, D. 1960. An outline of English phonetics. (9th ed.) Cambridge: W. Heffer
and Sons, Ltd.

Kakita, Y. and Hiki, S, 1975. A study of laryngeal control for voice pitch based on
anatomical model. Speech Communication. Proceedings of the Speech Communi-
cation Seminar, Stockholm. Vol. 2: Speech Production and Synthesis by Rule.
Stockholm: Almgqvist and Wiksell. Pp. 45-54.

Katsuki, Y. 1950. The function of the phonatory muscles. Jap. J. Physiology 1:29-36.

van Katwijk, A. 1969. The perception of stress. IPO Annual Progress Report 4:69-73.

van Katwijk, A. 1971. Subglottal pressure and linguistic stress. IPO Annual Progress
Report 6: 31-34. ]

van Katwijk, A. 1974. Accentuation in Dutch. An experimental linguistic study.
Utrecht,

van Katwijk, A. and Govaert, G. 1967. Prominence as a function of the location of
pitch movement. IPO Annual Progress Report. 2:115-117.

Kent, R. D. and Netsell, R. 1972. Effects of stress contrasts on certain articulatory
parameters. Phonetica 24:23-44.

Kimura, N. 196l. Electromyographic study of the extrinsic muscle of the larynx.
Oto-Rhino-Laryngology Clinic [Kyoto] 54:48l.

Klatt, D. H., Stevens, K. N,, and Mead, J. 1968, Studies of articulatory activity
and airflow during speech. In: A. Bouhuys (ed.) Sound Production in Man, Annals
of the New York Academy of Sciences 155:42-54,

Koyama, T., Kawasaki, M., and Ogura, J. H. 1969. Mechanics of voice produCtion.

I. Re gulation of voice intensity., Laryngoscope 79:337-354,

Ladefoged, P. 1962, Subglottal activity during speech. Proc. 4th Int. Cong of Phonetic
Sciences. Mouton, Pp. 73-91.

Ladefoged, P. 1963. Some physiological parameters in speech. Language and Speech
6:109-119.

Ladefoged, P. 1967. Three areas of experimental phonetics, Oxford University Press.

Ladefoged, P. 1968. Linguistic aspects of respiratory phenomena. In: A. Bouhuys (ed.)



166
Sound Production in Man. Annals of the New York Academy of Sciences 155:141-151,

Ladefoged, P. and McKinney, N. P. 1963. Loudness, sound pressure and subglottal
pressure in speech, JASA 35:454-460.

Lawrence, W, 1953. The synthesis of speech from signals which have a low
information rate. In: W. Jackson (ed.) Communication Theory. London:
Butterworths., Pp. 460-471.

Lehiste, I. 1970. Suprasegmentals. M. I. T. Press.

Lehiste, I. and Peterson, G. E. 196l. Some basic considerations on the analysis
of intonation, JASA 33:419-425.

Lieberman, P. 1960. Some acoustical correlates of word stress in American English,
JASA 32:451-454,

Lieberman, P. 1967. Intonation, perception and language. M. I. T. Press.

Lieberman, P. 1973. A study of prosodic features. Current Trends in Linguistics
Vol. 12,

Lieberman, P., Griffiths, J. D., Mead, J. and Knudson, R. 1967. Absence of
syllabic '"chest pulses." JASA 41:1614 (Abstract).

Lieberman, P., Knudson, R., and Mead, J. 1969. Determination of the rate of
change of fundamental frequency with respect to subglottal air pressure
during sustained phonation. JASA 45:1537-1543.

Lieberman, P., Sawashima, M., Harris, K. S., and Gay, T. 1970. The articulatory
implementation of breath group and prominence: cricothyroid muscular
activity in intonation. Language 46:312-327.

Lisker, L. and Abramson, A. S. 1967. Some effects of context on voice onset time
in English stops. Language and Speech 10:1-28,

LBfqvist, A. 1975. A study of subglottal pressure druing the production of Swedish
stops. J. of Phonetics 3:175-189.

Luchsinger, R. and Arnold, G. E. 1965. Voice--Speech--Language. Belmont:
Wadsworth.

Maeda, S. 1975. Electromyographic study of intonational attributes. RLE Progress
Report, M. I. T. 115:262-269.

Matsui, E., Suzuki, T., Umeda, N., and Omura, H. 1968. Synthesis of fairy tale
using an analog vocal tract, Reports of the 6th Int, Cong. on Acoustics,

Tokyo, Vol. 2: Speech. Pp. B-159--B-162,

Mattingly, I. G. 1966. Synthesis by rule of prosodic features. Language and
Speech 9:1-13.

Mattingly, I. G. 1968. Synthesis by rule of General American English. Status
Report on Specech Research, Haskins Laboratories, Suppl., April 1968,

Mitford 1804. Inquiry into the principle of harmony, etc. London.

Morris, A. R. 1925. The orchestration of the metrical line. Boston: Badger.

Morton, J. and Jassem, W. 1965. Acoustic correlates of stress. Language and
Speech 8:159-181.

Mucller, J. 1851, Manuel de physiologie. [Transl. from German by A.-J.-L.
Jourdan.] 2nd ed. Paris: Chez J. -B, Bailliere.

Muyskens, J. H. 193l. An analysis of accent in English from kymograph records.
Vox.17.2:55-65,

Netsell, R. 1969. A perceptual-acoustic-physiological study of syllable stress.
Doc. diss., Univ. of Iowa.

Netscll, R. 1973. Speech physiology. In: F. D. Minifie, T. J. Hixon, and F.
Williams (eds.) Normal Aspects of Speech, Hearing, and Language. Englewood
Cliffs: Prentice-Hall, Inc. Pp. 211-234.



167

Ohala, J. J. 1970. Aspects of the control and production of speech. Working Papers
in Phonetics, UCLA, 15.

Ohala, J. J. 1972. How is pitch lowered? JASA 52:124 (Abstract).

Ohala, J. J. 1975a. A mathematical model of speech aerodynamics. Speech
Communication. Proceedings of the Speech Communication Seminar, Stockholm.
Vol. 2: Speech Production and Synthesis by Rule. Stockholm: Almgqvist and
Wiksell, Pp. 65-72.

Ohala, J. J. 1975b., A model of speech aerodynamics. Paper presented at 8th
Int. Cong. of Phonetic Sciences, Leeds, Aug. 1975. [Reprinted in Report of
the Phonology Laboratory, Berkeley, 1:93-107. )

Ohala, J. J. and Hirano, M. 1967. Studies of pitch change in speech. Working
Papers in Phonetics, UCLA, 7:80-84.

Ohala, J. J. and Hirose, H. 1969. The function of the sternohyoid muscle in speech.
Reports of the Autumn 1969 Meeting of Acoustical Society of Japan. Pp.
359-360. [Reprinted in: Annual Report, Institute of Logopedics and Phoniatrics,
Univ, of Tokyo, 4:41-44 (June 1970). ]

Ohala, J. and Ladefoged, P. 1969. Further investigation of pitch regulation in speech.

.. Working Papers in Phonetics, UCLA, 14:12-24,

Ohman, S. and Lindqvist, J. 1966. Analysis-by-synthesis of prosodic pitch contours.
Speech Transmission Laboratory Quarterly Progress and Status Report
4/1965:1-6.

Ondrflékové, J. 1972, Stress and duration in CVCV and CVCVCV groups. Linguistics
83:56-63.

Parmenter, C. E. and Trevifio, S. N. 1935. The length ofthe sounds of a Middle
Westerner. American Speech 10: 129-133.

Passy, P. 1895. Les sons du frangais. Paris: Librairie Firmin-Didot.

Peterson, G. E. (1957) Breath stream dynamics., In: L. Kaiser (ed.) Manual of
Phonetics. Amsterdam: North Holland. Pp. 139-148.

Peterson, G. E. 1958, Some observations on speech. Quarterly Journal of Speech
44:402-412,

Pressman, J. and Kelemen, G. 1955. Physiology of the larynx. Physiological
Reviews 35:506-554. :

Proctor, D. F. 1968. The physiologic basis of voice training. In: A. Bouhuys (ed.)
Sound Production in Man., Annals of the New York Academy of Sciences 155.1:
208-228,

Rabiner, L. 1968. Speech synthesis by rule: an acoustic domain approach. Bell
System Technical Journal 47:17-37.

Rothenberg, M. 1968, The breath-stream dynamics of simple-released-plosive
production., Bibliotheca Phonetica 6.

Roudet, L. 1910. Eléments de phonétique générale. Paris: Librairie Universitaire.

Sawashima, M., Sato, M., Funasaka, S., and Totsuka, G. 1958. Electromyographic
study of the human larynx and its clinical application. J. Oto-Rhino-Lar ynvol.
Soc. of Japan 6l. 8:1357-1364.

Scott, N. C. 1939, An experiment on stress perception. Le Maltre Phone’tique.

July 1939, p. 44.
Scripture, E. W. 1902, Experimental phonetics. New York: Scribners.
Shipp, T. 1975a. Vertical laryngeal position during continuous and discrete vocal



168

frequency change. JSHR 18:707-718.

Shipp, T. 1975b. The apparent functions of vertical larynx position for phonation,
Paper presented at 8th Int. Cong. of Phonetic Sciences, Leeds, Aug. 1975.

Smith, S. 1944. The Danish stdd. Copenhagen: Kaifer.

Sonesson, B, 1960. On the anatomy and vibratory pattern of the human vocal folds,
with special reference to a photo-electric method for studying the vibratory
movements. Acta Oto-Laryngologica. Suppl. 156,

Sonninen, A. 1956. The role of the external laryngeal muscles in length adjustment
of the vocal cords in singing. Acta Oto-Laryngologica. Suppl. 130,

Stetson, R. H. 1928, Motor phonetics. Amsterdam: North Holland Publ. Co.

Stevens, K. N. 1975, Modes of conversion of airflow to sound, and their utilization
in speech. Plenary address, 5th Int. Cong. of Phonetic Sciences, Leeds, Aug.
1975,

Sweet, H. 1877. A handbook of phonetics. Oxford: Clarendon Press.

Sweet, H. 1890. A primer of phonetics. Oxford: Clarendon Press.

Sweet, H. 191l. Phonetics. In: Encyclopedia Britannica. lith ed. Pp. 458-467.

Umeda, N, 1976. Linguistic rules for text-to-speech synthesis. Proc. IEEE
64:443-451.

Vanderslice, R. 1967. Larynx vs. lungs: cricothyrometer data refuting some
recent claims concerning intonation and archetypality. Working Papers in
Phonetics, UCLA, 7:69-79.

Vanderslice, R. 1968. Synthetic elocution: considerations in automatic orthographic-
to-phonetic conversion of English with special reference to prosodic features.
Working Papers in Phonetics, UCLA, 8.

Vanderslice, R. 1970. Review of Intonation, Perception, and Language by Philip
Lieberman. J. of Linguistics 6:138-144,

Yanagihara, N. and von Leden, H. 1966. The cricothyroid muscle during phonation.
Annals of Otology, Rhinology, and Laryngology 75:987-1006.

Zemlin, W, R. 1968, Speech and hearing sceince. Englewood Cliffs: Prentice Hall,
Inc.



