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Production of Tone!

JOHN J. OHALA

Real languages are not minimal redundancy codes invented by scholars
Jascinated by the powers of algebra, but social institutions serving funda-
mental needs of living people in a real world. [In trying to understand] how
human beings communicate by means of language, it is impossible for us to
discount physical considerations, [Le.] the facts of physics and physiology
[Halle 1954 79 80).2

1. INTRODUCTION

This chapter is offered as a brief review of those aspects of tone production
that may be relevant to an understanding of tonal phenomena. It is reasonable
that widely attested sound patterns, tonal or not, can be explained to a great
extent, if not totally, by reference to the only thing that is common to different
linguistic communities, though they be geographically, chronologically, or
geneologically remote from each other, namely, the physical mechanisms used
in the transmission and reception of speech: the human articulatory and
auditory mechanisms, including associated neurological structures. This ap-
proach has proven useful in phonology for almost a century (Passy 1890,
Rousselot 1891, Haden 1938, Grammont 1965, Lindblom 1972, 1975, Ohala
1971, 1972a, 1974u, 1974b, 1975a, 1975b, 1975¢, 1976, Ohala and Lorentz 1977).

It is impossible in the space of one brief chapter to give even the beginnings
of a comprehensive review of the production of tone, and, in any case, there
are other extensive reviews ol fundamental frequency production which serve
that purpose: Arnold 1961, Damste 1968, Luchsinger and Arnold 1965, Zemlin
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* Parts of this quotation have been rearranged from the original without, I think, distorting
ils sense.
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1968, Ohala 1970, Sawashima 1970, Broad 1973, Netsell 1969, Dixit 1975, as
well as collections such as Bouhuys 1968 and the extensive bibliography in
Di Cristo 1975. 1 will therefore attempt the following more modest tasks:
first, to review very briefly enough of laryngeal anatomy and physiology so
that the later parts of this chapter and the other chapters making reference to
the production of tone will be understandable even to those with little previous
exposure to experimental phonetics; second, to review the more recent and
more controversial issues in tone production; third, to provide an introduction
to the literature in this area; and fourth, to give the reader some of the facts
which have emerged from the various experimental studies on tone produc-
tion and also to convey a *“‘feel”” for how research is done in this area, for it is
only with an understanding of the basic research techniques that the recader will
be able to evaluate on his own the evidence and claims.

1.1 Terminology

I use the terms *‘pitch™ and “fundamental frequency” (F) interchangeably.
Both will be taken to mean the rate of vibration of the vocal cords during voice
production. When quantified, the units are hertz (Hz). Some cases of tonal
contrasts which linguists have described apparently include the distinctive use
of other phonetic parameters besides pitch, for example, duration, voice quality,
manner of tone ollset, and vowel quality. However, 1 will be concerned only
with pitch itsell, and not with these other parameters. Subglottal air pressure,
P., will be mentioned frequently as a determinant of pitch. More properly this
should be the difference between subglottal and oral air pressure. i.e., the trans-
glottal pressure drop; however, in most cases of inlerest (nonobstruents) this
would have approximately the same value as subglottal pressure itsell, since oral
pressure would be near zero. The units for P, will be centimeters of water (cm
H,0), since the standard way of measuring pressures in the vocal tract is with
a U-tube water manometer (see Figure 4). Glottal air flow will also be men-
tioned as a determinant of pitch. In most cases glottal air flow is directly
proportional to P, and has a similar effect on pitch. There are instances, how-
ever, where the two are not necessarily related to each other {namely, when
glottal area varies or when the larynx itself moves up or down). In such com-
plex cases the effect of one parameter on pitch may be greater than the othcr
(see Ishizaka and Flanagan 1972).

2. REVIEW OF LARYNGEAL ANATOMY AND PHYSIOLOGY

Functionally, the larynx is a valve and a sound producer. As a valve it
regulates the flow of air into and out of the lungs and keeps food and drink oul
of the lungs. The two functions are accomplished by a relatively compleX
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Figure 1. (a) An exploded schemalic representation of laryngeal cartilages and their move-
ments. (b) Cartilages as they are normally joined. (¢) Manner of rotation of thyroid and cricoid
cartilages which cause vocal cords, 48, Lo increase in length, 4'8. (d) Adducted position of the
vocal cords when arytenoid cartilages are tilied inward. (e) Abducted position of the vocal cords
when arytenoid cartilages are tilted outwards.

arrangement of cartilages, muscles, and other tissues. The hard structure of
the larynx consists of four principal cartilages: the thyroid, the cricoid, and a
pair of arytenoid cartilages, as shown schematically in Figure 1 (a—exploded
view and b). The thyroid and cricoid are connected as shown and pivot
about a transverse axis. The two arytenoid cartilages are connected to the
cricoid cartilage via a ligamentous “hinge” and sit atop its rear rim. Each can
rotate on the rim of the cricoid in such a way as to bring their [ront projections
towards or away from the midline (see Figure 1d and e).

The two vocal “cords™ or, more appropriately, the vocal folds, are basically
ligaments which stretch between the inner lower front surface of the thyroid
cartilage and the front faces of the separate arytenoid cartilages (see Figure |
d and e). It is the rotation of the arytenoid cartilages which enables the vocal
cords to be brought together towards the midline for voicing or breath-holding
(adducted) or to be separated from each other (abducted). With the cords
adducted and the arytenoid cartilages lixed with respect to the cricoid cartilage,
rotation of the thyroid and cricoid cartilages with respect to each other causes
the vocal cords to change their length: Bringing these two cartilages’ front edges
together lengthens and stretches the cords; increasing the separation of the
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front edges shortens and slackens the cords (see Figure Ic). As will be dis-
cussed below, this is the primary mechanism for changing the tension of the
cords and thus the pitch of voice.

The muscles which cause the movements of the laryngeal cartilages and of
the larynx as a whole are quite numerous and are attached in ways that are
difficult to explain fully in prose. The schematic representation of some of
these muscles and their attachments in Figure 2 (a-—c) may be sufficient to
make this aspect of laryngeal anatomy clear. Some of the categorizations or
cover terms generally used when speaking of these muscles are:

I. The adductor muscles: the lateral cricoarytenoid, the vocalis (that part
of the more complex thyroarytenoid muscle—not shown in the figures— which
runs parallel to the vocal cords), and the interarytenoid muscles. These close
off the laryngeal opening.

2. The abductor muscle: the posterior cricoarytenoid, which draws the
vocal cords apart.

3. The tensor muscle: the cricothyroid, which, by drawing the front edges
of the thyroid and cricoid cartilages closer together, lengthens and tenses the
vocal cords.

4. The strap muscles: the sternohyoid, sternothyroid, and thyrohyoid (also
the omohyoid, not shown in the figures), which are in front of the larynx and
which attach directly or indirectly to the larynx and to portions of the skeletal
frame enabling them to move the larynx as a whole up or down or, within
limits, forward or backward. (Such movements are most noticeable during
yawning and swallowing.) Some believe that the strap muscles may also be able
to affect movements of the thyroid cartilage with respect to the cricoid (see
below).

5. The constrictor and other pharyngeal muscles which connect to the
larynx from the rear via the pharyngeal walls and which can, like the strap
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Figure 2. Schematic representation of the laryngeal muscles and the movements they accom-
plish: (a) cricothyroid muscle; (b) lateral cricoarytenoid, vocalis, posterior cricoarytenoid, and
intetarytenoid muscles; (c) strap muscles: sternothyroid, thyrohyoid, and sternohyoid muscles.

(c)

Figure 3. Photographs (by the author and Ralph Vanderslice) of the larynx taken wnh‘ a
laryngoscope. In these views the front of the larynx is at the top. (a) The vocal cordi (the white
bands) in the abducted position for normal breathing (cf. Figure le). Th'e “knobby stru_clures
at the base of the vocal cords are the fleshy covering of the arytenoid cartilages. (b) Low-pitched
phonation. (c) High-pitched phonation.
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muscles, affect the position of the larynx as a whole and also the closure or
constrictions of the laryngeal passage giving out onto the pharynx.

The first three groups are also referred to collectively as the intrinsic laryngeal
muscles, and the remaining ones as the extrinsic laryngeal muscles, although
occasionally some writers include the cricothyroid in the latter category. Like
most structures in the body, all of these muscles, except the interarytenoid, are
symmetrically paired, one on the right and one on the left, even though it is
common to speak of the cricothyroid “muscle’ rather than “muscles.”

It is fairly easy to detect on oneself the rotation of the thyroid and cricoid
cartilages—or at least one result of it, the diminishing of the cricothyroid
space— by applying one’s finger to the “notch” between the cartilages (easily
felt through the skin) as one raises the pitch of voice. The stretching and the
abduction/adduction of the vocal cords is also relatively easy to view in oneself
with the help of a laryngoscope (which is just a small mirror placed at a 45°
angle on a thin handle). The photographs in Figure 3 (a-—c) were taken using a
homemade laryngoscope.

In a thin person’s neck it is possible to see the outline of some of the strap
muscles, particularly the sternohyoid —especially if the individual, lying
supine, attempts to lift up his head. There is as yet no easy way to visualize
the other muscles, even with a laryngoscope.

3. BRIEF HISTORY OF RESEARCH ON PITCH REGULATION

The role of the larynx and trachea in sound production has been recognized
for millenia (Allen 1953), although detailed and accurate descriptions of
laryngeal anatomy were not available until the work of Vesalius (1543). And
it was not until even more recently that experimental evidence was offered to
show that the vocal cords produce the sound of voicing by means of their
vibration, which in turn interrupts (ie., “chops up”) the air stream passing
through the glottis into the vocal tract proper, and that it was lengthening and
consequent tensing of the cords which changed the rate of vibration, i.e., the
pitch of voice (Ferrein 1741, Willis 1833).

The great German physiologist, Johannes Miiller, more than anyone else can
be credited with putting our knowledge of laryngeal physiology on a firm
empirical basis, in that not only did he verify (and quantify) many earlier
claims about the action of the larynx in sound production, but he also un-
covered many new details as well (Mueller 1851). Many of his studies were
done using freshly excised human larynges, sometimes with most of the rest of
the vocal tract attached (see Figure 4). By adding known weights to strings
attached (via pulleys) to various parts of the larynx, he simulated the action of
certain laryngeal muscles, and by blowing into a tube connected to the trachea
(the exact pressure of which was measured by a U-tube water manometer), he
simulated the pulmonic air flow, He showed that although the primary mecha-
nism for raising pitch was the tensing of the vocal cords via the cricothyroid
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Figure 4. The laboratory set-up Miiller used in his studies with excised larynges to quantify
the effect of muscular pull and air flow on various parameters of the voice, including pitch (from
Mueller 1851).

muscle, it was also possible to change pitch by varying P, ; in this case pitch
varied at the rate of about 4.5 Hz/em H,0.

Although Miiller was not the first to use this technique, he was perhaps the
first to use it carefully and to get reliable quantitative data from it. Experi-
mentation with excised larynges has continued to yield important data which
increase our understanding of laryngeal mechanisms used in speech (e.g..
van den Berg and Tan 1959, Furukawa 1967, Anthony 1968, Baer 1975).

Of course, excised larynges cannot duplicate every aspect of the living
larynx, and this leaves open the possibility that studies based on them exclu-
sively may have missed some very fundamental aspects of normal laryngeal
behavior. At least Raoul Husson thought so. In his 1950 dissertation he
challenged the prevailing views on the mechanisms of vocal cord vibration
and pitch regulation by claiming that each vibration of the cords was ac-
complished by a separate contraction of the adductor muscles, i.e., for a Fy of
400 Hz these muscles would supposedly contract at the rate of 400 twitches/sec.
This was called the neurochronachtic theory ; the traditional view was called the
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myoelastic aerodynamic theory (van den Berg 1958). In support of his theory
Husson and his followers claimed to have recorded (via electromyography,
EMG) contractions of the vocalis muscle having the same rate as the vibra-
tions of the vocal cords. Also, in another study they reported that they found
vocal cord vibration in the absence of any air flow through the glottis (in a
tracheotomized patient whose pulmonic air was diverted out through the hole
in his trachea by a tube). The arguments and counterarguments, evidence and
counterevidence offered on both sides were quite complex, but in the end the
neurochronachtic theory was disproved. It was shown, for example, that what
was interpreted as individual contractions of the vocalis in the above-mentioned
EMG studies were actually movement artifacts caused by the vibration of the
EMG needle inserted in the vibrating vocal cord. Moreover, the vocal cord
vibrations supposedly found in the absence of glottal air flow were shown to be
caused by a probable leakage of air around the tube diverting the tracheal air
flow, such that there was some slight glottal air flow causing the vibrations
after all. An additional piece of evidence supporting the myoelastic acrodynamic
theory was the fact that a push on the chest of a person phonating will produce
a sudden involuntary increase in P, and a consequent increase in F,. This
phenomenon, which shows that aerodynamic factors can affect pitch (as Miiller
had also shown on excised larynges), is familiar to anyone who has attempted
to converse or sing while driving over a bumpy road. By 1971 the neuro-
chronachtic theory was judged long dead and so much a nonissue that
Abramson (1972) chided Lafon for bothering to devote a good part of his
plenary address at the 7th International Congress of Phonetic Sciences to a
refutation of Husson’s claims.

Insofar as a model, whether implemented mechanically or by a computer
program, represents a manifestation of a theory, it can be said that all im-
portant aspects of the myoelastic aerodynamic theory of vocal cord vibration
have been successfully duplicated and, in that sense, verified by a number of
very successful vocal cord models (Wegel 1930, Ishizaka and Flanagan 1972,
Flanagan, Ishizaka, and Shipley 1975).

In retrospect, Husson’s theory seems highly unlikely, given what was known
at the time about laryngeal physiology and about muscular contractions in
general. Nevertheless some of the most imaginative and technologically
advanced studies on laryngeal physiology were made as a result of the dispute
between the two theories (see, e.g., Fabre 1957, Isshiki 1959, van den Berg and
Tan 1959, Faaborg-Andersen 1957, 1965). This is consistent with the view
that two (or more) clearly defined competing theories can be very beneficial to
a scientific field (Feyerabend 1968, Derwing 1973).

4. RECENT ISSUES IN LARYNGEAL PHYSIOLOGY

Although the earlier research indicated that the pitch of voice could be
varied both by adjustments in the tension of the vocal cords and by changes in
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the aerodynamic conditions at the glottis, there were—inevitably —many
questions concerning pitch control for which there were no clear answers:

1. Are the mechanisms of dynamic pitch control used in speech the same as
those used in singing and steady-state phonation (the only conditions
investigated in the earlier work)?

2. Are both of the above-mentioned mechanisms of pitch control used in
speech, and, if so, what is the relative contribution of each?

3. Is pitch lowered simply by relaxing the pitch-raising muscles, or is there
a separate (active) pitch-lowering mechanism?

4. What is the role of the commonly observed larynx height variations in
pitch variations? Or, more generally, what is the role of the extrinsic
laryngeal muscles in pitch control?

5. What causes the small systematic variations in pitch found near specific
speech segments?

4.1 The “Larynx versus Lungs” Controversy

One study which triggered a detailed investigation of these questions was the
MIT dissertation of Philip Lieberman (1967b) and other articles based on it
(e.g., Liecberman 1967a, 1968). Briefly, he claimed that variation of pitch in
speech was accomplished not by the action of the laryngeal muscles but by
variations in P, (except in the case of the pitch rise at the end of yes-no ques-
tions, where he allowed that the laryngeal muscles were responsible).> This
claim was based on recordings from three speakers of the voice signal and the
P, during various types of utterances. His data were similar to the top two
parameters shown in Figure 7 (the third parameter in the figure will be con-
sidered later). Such records (and many that were published previously, e.g.,
Smith 1944, Ladefoged 1963) often show a certain synchronization between
the momentary pitch rise on the stressed syllable (cf. bombed in the second
sentence) and a momentary increase in the P, function. Likewise, the terminal
falling pitch such as that in Sentence 1 in the figure was observed to coincide
with falling P,. Lieberman had no records of the activity of the laryngeal
muscles and assumed that in general they maintained a constant level of ten-
sion in the vocal cords, except, of course, in the case of the terminal rises on
yes—no questions, such as that in the third sentence in the figure, where there is

* Lieberman claimed that this was the “‘archetypal’ manner of pitch control in speech. He also
allowed that *‘alternate articulatory maneuvers” could be used to vary pitch, for example, use of
the laryngeal muscles. So formulated, his hypothesis is nonempirical, since there is no conceivable
data that could falsify it (see also Ohala and Ladefoged 1970, Ohala 1970). For example, Lieberman
considered his hypothesis that P, causes [, as verified even though he himself admitted that a
majority of his subjects, two out of three, gave evidence of using these so-called “alternate arti-
culatory maneuvers.”
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no correlation between pitch and P, and thus where P, cannot be invoked as a
cause of the pitch change. He also obtained simultaneous values of F, and P, at
various points in his data where he assumed that the laryngeal muscles main-
tained a constant level of activity and thus arrived at “calibrations” of the
effect of P, on F, that ranged from 16 to 22 Hz/em H,0.*

Lieberman intended his ““ P, causes F,,”” hypothesis to apply to pitch changes
on stressed syllables and sentence-final elements. He did not apply it to tone or
to pitch accent (such as occur in Chinese and Japanese) and in fact, called for
further research to decide how pitch was varied in such cases. He did suggest,
however, that the shape of ““allotones” that appear on stressed syllables or at
the end of sentences in Chinese are due to the same factors which shape pitch
variation in nontonal languages, i.e., P, variations. There have also been some
attempts by others to explain certain aspects of tonal sound patterns by refer-
ence to Lieberman’s hypothesis, e.g., terracing in African tone languages
(Painter 1971, 1974).

Although no one had yet made direct recordings of the activity of the laryn-
geal muscles during speech when Lieberman’s dissertation appeared, the
dominant opinion among phoneticians and speech scientists was not in agree-
ment with his claims. Rather, they thought that the pitch of voice during
speech was in all cases, yes—no questions or not, controlled by the laryngeal
muscles and that the effect of P, on pitch (certainly real enough, as Miiller had
shown a century ago) was too small to account for the major part of the ob-
served pitch variations (Sweet 1877, Scripture 1902, Stetson 1928, Wegel 1930,
Pressman and Kelemen 1955, Ladefoged 1963, Ohman and Lindqvist 1966,
Zemlin 1968, Proctor 1968). There were a number of reasons for this belief:

1. Larynx height follows pitch variations.

It was commonly observed that the larynx moves up and down in the neck
during the pitch changes in speech and singing, and it was thus assumed that in
some way the larynx contributed to these pitch changes (Herries 1773, Scripture
1902, Critchley and Kubik 1925).

2. Different consequences of laryngeal versus pulmonic paralysis.

Clinical observations suggested that paralysis or other loss of the use of
some of the laryngeal muscles commonly resulted in defective use of pitch in
speech (Critchley and Kubik 1925, Sokolowsky 1943, Sonninen 1956, Arnold

* As I have pointed out elsewhere (Ohala 1977a). the values Lieberman gives for AF, /AP, are
questionable even in the absence of data on laryngeal activity. My own analysis of his data showed
that if he had indeed followed the measurement procedures he specified in his book, the values
would be more like 2833 Hz/em H,O. These are absurdly high values, of course, and clearly
reveal that the assumption behind the measurements, namely, that the laryngeal muscles main-
tained a constant level of activity, is false. The skeptical reader may, if he cares to, check this for
himself, since all the relevant raw data are published in Lieberman 1967b.
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1961, Luchsinger and Arnold 1965). On the other hand, respiratory paralysis
apparently did not result in any defect in the use of pitch in speech (Peterson
1958).

3. Electromyographic studies of laryngeal function.

Direct EMG recordings during steady state phonation showed the laryngeal
muscles, especially the cricothyroid, to be very highly correlated with the pitch
level produced (Katsuki 1950, Faaborg-Andersen 1957, 1965, Sawashima,
Sato, Funasaka, and Totsuka 1958, Arnold 1961, Kimura 1961). Hirano,
Koike, and von Leden (1967) also found the sternohyoid active for low pitch
and extremely high pitch. It was therefore assumed that these results could be
extrapolated to speech conditions. It should be mentioned here that as a
technique for gathering data on muscle activity, EMG is rather simple in
concept but extremely difficult to use in practice, especially on the muscles of
the larynx. It consists of inserting small electrodes (thin needles or wires) into
the muscle of interest and then amplifying and recording the small spikelike
voltage variations they pick up from the contracting muscle. The chief problem
is making sure the electrodes end up in the intended muscle, which is par-
ticularly difficult in the case of the larynx since so many muscles are crowded
into such a small space. For example, we may guess that the “‘cricothyroid”
muscle which Zenker (1964) found to be active during low pitch and during
jaw opening—an unusual pattern for this muscle—was actually the sternohyoid
muscle for which these patterns are more expected. The sternohyoid lies over
the cricothyroid (see also Faaborg-Andersen 1964). Nevertheless, used carefully
it can give us reliable information on the activity of specific muscles, as is
evident from the similar results obtained in independent studies (see below).

4. Calibrations of the extent of P, influence on F;.

Calibrations of the effect of P, on F,, where some care was taken to ensure
that the vocal cords maintained a constant level of activity, yielded values of
AF,/AP, (i.e., rate of change of pitch with respect to the change in P,) of
2-5 Hz/em H,O in the pitch range used in speech. The calibrations of AF, /AP,
were obtained by the push-on-the-chest technique described above. Figure 5
(data from Ohman and Lindqvist 1966) shows the kind of raw data obtained
from such investigations. The close temporal coincidence of the F, and P,
curves is a reasonable assurance that the F, change was caused in a purely
automatic way by the P, increase and not by the speaker reacting to the push
on the chest. Figure 6 shows how the data can be analyzed, by plotting the
F, variation as a function of the P, variation. The slope of such plots, then,
equals AF,/AP,. In Figure 6 the slope is 2.9 Hz/cm H,0. Having obtained
such calibrations Ladefoged (1963) and Ohman and Lindqvist (1966) applied
them to their records of P, and F, during connected speech in order to factor
out those pitch variations that could be attributed to £,. By far the major part
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Figure 5. Synchronized variations in pitch, £y (solid line), and subglottal air pressure, P,
(broken line) during a sudden push on the speaker’s chest (redrawn from data given by Ohman and

Lindgvist 1966).
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Figure 6. Variations in fundamental frequency, Fy, plotted as a function of variations in
subglottal air pressure, P,, during a sudden push on the speaker’s chest (data from Figure 5).
From such data it can be deduced that P, can influence F, at the rate of about 2.9 Hz/cm H,O
(the slope of the line passing through the data points as determined by the least squares method).

of the recorded pitch variations had to be attributed to factors other than P,
i.e., to laryngeal factors. For example, for a stress-related pitch rise of 50—
100 Hz—quite common in normal speech—no more than 5-10 Hz of the rise
could be due to P, variations. Ohman and Lindqvist also commented that ““the
f, changes during stressed syllables do not correlate well with the stress-
induced [P,] changes either in phase or in amplitude [p. 4].”

Lieberman did not review most of this evidence and made no attempt to
reconcile his claims with the fraction he did review except to dismiss Ohman
and Lindqvist’s findings as applying to singing not to speech.

Although Lieberman (1968) declared his hypotheses “verified,” the over-
whelming bulk of research done on the topic since 1967 has not supported his
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innovative clai‘rns e_md has instead supported the traditional view of the primacy
of the larynx in pitch control. New evidence was obtained, as well as refine-
ments and elaborations of the existing types of data. These were:

I. Larynx height correlates with pitch.

Vanderslice (1967) recorded vertical laryngeal movements and P during
connected speech and showed the former to be better correlated wifuh pitch
than was P,. Quantitative data showing good correlation between larynx
height and pitch were obtained by many investigators (Ohala 1972b, Ewan and
Krones 1974, Ewan 1976, Shipp 1975a, 1975b, Shipp and Izdebski 1975
Kakita and Hiki 1976). There is undoubtedly some individual variation in this:
however, since Lindqvist, Sawashima, and Hirose (1973) and Gandour and
Maddieson (1976), each studying a single subject, failed to find substantial
correlation between these two parameters. Looking at all the relevant studies
however, there are still more cases where the correlation was found than where’
it was not. It is reasonable to conclude, then, that the larynx, at least in part by
its vertical movements, actively participates in the control of pitch in speech
whether it is found on pitch falls or pitch rises, on nonterminal or sentence-
terminal elements.

2. Further calibrations of AF,/AP,.

Additional calibration of the effect of P, on pitch were made using refined
lechmques, including monitoring the activity of the laryngeal muscles during
the induced pressure changes (Netsell 1969, Ohala and Ladefoged 1970, Ohala
1970, Lieberman, Knudson, and Mead 1969, Hixon, Mead, and Kla{t 1971
Baer 1976, Okamura, Gould, and Tanabe 1976).°> Table 1 summarizes thesé
and earlier such determinations of AFy/AP,. The studies employing excised
la_rynges generally yield higher values than do those involving living subjects,
Llﬂbcrman’s (1967b) study excepted, of course. This is probably due to the
excised larynges lacking normal muscle tonus (van den Berg and Tan 1959).
Lleberman et al.’s (1969) upper limit of 10 Hz/em H,O is substantially lower
than that originally claimed by Lieberman. Curiously, Hixon et al. (1971), using
Lh'c same technique and one of the same subjects involved in the su;dy of
Lieberman et al., could not replicate those earlier findings, i.e., did not find
values as high as 10 Hz/cm H,0. Although there may be methodological
prablems with all of these calibration techniques, there is scant evidence from
them to‘support Lieberman’s claim that P, could be responsible for all or even
most of the observed pitch variations in speech. It follows, then, that other
factors, presumably the laryngeal muscles, must be causing the pitch changes.

5
Qkamura et al. (1976) do not report their results in a way which allows them to be converted
to Hz/em H,0. However, their data seem much like that of Hixon et al. (1971).
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TABLE 1
Values of AF, /AP, (in Hz/em H,0) from Various Studies

Source Normal voice High pitch and falsetto
Mueller (1851) 43~45 10 ~ 16
Isshiki (1959) 34
van den Berg and Tan (1959)" 5~13 17 ~ 20
Ladefoged (1963) 5
Ohman and Lindgvist (1966) 29
Furukawa (1967)" gh
Anthony (1968)" 6~38
Lieberman, Knudson, 3~ 10 9~ 18
and Mead (1969)
Netsell (1969) 35~94
Ohala and Ladefoged (1970) 2~4 710
Ohala (1970) 2~8
Hixon, Mead, and Klatt (1971) 2~4
Baer (1976) 3~5
Licberman (1967) 16 ~ 22

“ Used excised larynges.
b Average slope of one F, versus P, plot.

3. P, not independent of laryngeal activity.

It was pointed out (by Isshiki 1969, Ohala 1970, 1975a, 1976, van Katwijk
1971, 1974) that P, 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 closures, reduced mean glottal area, such as occurs during pitch
increases (Sonesson 1960, Ishizaka and Flanagan 1972), or increased per- ‘f
centage of closed time in the glottal area function, such as occurs during voice -::
intensity increases (Sonesson 1960, Flanagan 1965). This point has long been =
well known among speech scientists (Stetson 1928, Peterson 1957, Strenger
1958, Isshiki 1964, Yanagihara and von Leden 1966, Ohman and Lindqvist

1966, Ladefoged 1968, Zemlin 1968, Benguerel 1970, Netsell 1973).

A related fact which no doubt reflects the increase of glottal impedance with
increasing pitch is that the minimum pressure drop necessary to maintain
voicing is greater for high pitch than for low pitch (Mueller 1851, Isshiki 1959). =

Thus, not only is it improbable that P, variations could cause much of the
observed pitch change in speech, it is probable that to some extent the P,

variations are themselves caused by laryngeal activity.

For this reason it is not surprising that good correlations are occasionally
found between speech intensity (which is unquestionably causally correlated
with P.) and pitch (Lieberman 1967a, Zee and Hombert 1976), but, again,

F

CRICOTHYROID

Production of Tone 0

rather than the correlation implying that one of the parameters causes variation
in the other, it reflects the fact that both are heavily influenced by a third
parameter, laryngeal activity.

4. Electromyography of laryngeal muscles during speech.

Electromyographic studies of the activity of the laryngeal muscles during
speech in a variety of languages (tone, ‘“‘pitch accent,”” nontone) showed that
they were centrally involved in pitch changes, no matter what type of pitch
change was involved. (Ohala and Hirano 1967, Ohman, Martensson, Leanders-
son, and Persson 1967, Fromkin and Ohala 1968, Hirano, Ohala, and Vennard
1969, Hirano and Ohala 1969, Netsell 1969, Lieberman, Sawashima, Harris,
and Gay 1970, Ohala 1970, 1972b, Garding, Fujimura, and Hirose 1970,
Simada and Hirose 1970, 1971, Erickson and Abramson 1972, Sawashima,
Kakita, and Hiki 1973, Atkinson 1973, Fischer-Jorgensen 1974, Collier 1975,
Maeda 1975, Shipp 1975a, Erickson and Atkinson 1976, Atkinson and Erickson
1976, Erickson, Liberman, and Niimi 1976). In agreement with the earlier
findings for singing, the cricothyroid muscle was found to be the primary
force for raising pitch although the lateral cricoarytenoid and vocalis also
assisted. In addition, in many studies the sternohyoid and sternothyroid were
shown to be active during pitch lowering. (The involvement of the strap muscles
in pitch change is not surprising, of course, given the evidence cited above that
larynx height varies with pitch.) Typical EMG records are shown in Figures 7,
8, and 9. The pitch and P, parameters in Figure 7 were discussed earlier; the
third parameter shown is the cricothyroid activity. It can be seen that in the

BEV BOMBED BOB., BEV BOMBED BOS. oD BEV BOMB BOB?
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Fi_gm‘e 7. From the top: fundamental frequency (F,), subglottal air pressure (P,), cricothyroid
dctivity, microphone signal and .1 sec time standard during three utterances.
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first sentence, where there is no pitch rise, this muscle is not active. However, |
considerable activity is evident during the pitch rises in the other two sen-
tences. Moreover, the degree of activity during the terminal rise in the third °
sentence, the question, where the involvement of the laryngeal muscles has :-
never been questioned, is of about the same magnitude as the degree of activity |
associated with the pitch rise on the stressed syllable in the second sentence, *
where Lieberman would have predicted the laryngeal muscles would show no
change in level of activity. ,

Figure 8 shows F, and the activity of the cricothyroid and the sternohyoid
muscles. Again, during the rise in pitch on Bev the cricothyroid is active, but &
during the lowered pitch after the rise the cricothyroid is inactive and the |
sternohyoid shows increased activity. Since the sternohyoid attaches at its
upper end to the hyoid bone, it is also occasionally involved in such segmental *
activities as jaw opening and tongue retraction (Ohala and Hirose 1969). This |
has led some researchers to discount the role of the sternohyoid in pitch con-
trol and to suggest that its activity in such records may be associated only with -
segmental gestures (Lieberman 1970, Harris 1970). This issue is easily resolved |
by recording the activity of this muscle during pitch changes in the absence of ¢
any segmental gestures, e.g., while humming. Figure 9 (from Ohala 1972b) 1
shows data gathered under such conditions. It shows the sternohyoid active |
during the lowering of pitch and during the maintenance of low pitch. This’
finding was recently replicated by Atkinson and Erickson (1976). 1

200

150 .

b gl L 100

A

on

BEV BOMBED B0

e
CRICOTHYROID —-———-%mmm———

STERNOHYOID

AUDIO

J SEC by ! i
LR TRl e sl S M S T R

Figure 8. From the top: fundamental frequency (), cricothyroid activity, sternohyoid activ-
ity, microphone signal (audio), and .1 sec time standard during the utterance “Bev bombed Bob.” =
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Figure 9. From the top: fundamental frequency (F,), sternohyoid activity, microphone signal
(audio), and .1 sec time standard during a sudden voluntary change in £, while the subject phonated
with jaw closed.

I should emphasize that the sternohyoid and sternothyroid muscles, although
certainly involved in pitch lowering, are not necessarily the only or even the
primary muscles responsible for it. This conclusion is based on the fact that
these muscles often show no marked activity in speech until after a pitch contour
has begun to lower (Sawashima, Kakita, and Hiki 1973, Erickson and Atkinson
1976). Other muscles may be involved in initiating the fall. The main point is
that laryngeal muscles do contribute to pitch lowering in speech.

Although there are still reasonable grounds to dispute the involvement of
any particular extrinsic muscle in pitch lowering during speech, it would appear
necessary that some extrinsic muscle(s) be involved in lowering pitch in certain
cases where the simple relaxation of the pitch-raising muscles—a possibility
raised by Harris (1970)—would not be sufficient. Specifically, there is evidence
tha_t as an individual gradually raises pitch, the cricothyroid begins to show
activity only at a level of pitch considerably above his lowest pitch, g.gana0
or 140 Hz in a male speaker capable of reaching 75-80 Hz. In order to reach
such lower pitch levels—quite common in speech—relaxation of the crico-
thyroid would not help.

5. Investigations of pulmonic activity in speech.

Studies of the pulmonic respiratory muscles and changes in lung volume,
afthqugh still quite scanty, failed in many cases to show the kind of pulmonic
activity during pitch rises on stressed syllables which would be expected if
Lleberman’s hypothesis were correct. Ladefoged (1967) reports that in an
€xtensive EMG study of the respiratory muscles, increased activity was found
On stressed syllables, whether these were emphatically stressed or not. How-
ever, Munro and Adams (1971) and van Katwijk (1971, 1974) failed to replicate
this finding, except that van Katwijk did find increased activity on emphatically



» John J. Ohala production of Tone 23

stressed syllables. In a very preliminary plethysmographic study (measurement

of lung volume) involving only three subjects, I invariably found increased
lung volume decrement (indicative of extra expiratory activity) only on em- |
phatically stressed, not on normally stressed syllables (Ohala 1977a).

(1975a, 1975b), and Ewan (1976) are also advocates of the “vertical tension”
hypothesis. Clearly more evidence is needed to test this hypothesis.
Whatever might be the way in which vertical larynx shifts affect pitch, there
is evidence that this mechanism is less directly involved in pitch raising than in
pitch lowering. Ohala and Ewan (1973) sampled pitch and larynx position
(using the “thyroumbrometer” (Ewan and Krones 1974), a photoelectric
device which tracks the shadow of the laryngeal contour cast on it) while
subjects execute rapid pitch changes. Figure 10 shows a sample of the data.
In Figure 11 the average larynx height (from several tokens similar to that in
Figure 10 as produced by one subject) is plotted against the F,. Both of these
figures show first of all the good correlation between larynx height and pitch;
however, they also show a slight phase shift between the two during the pitch

4.2 The Role of the Extrinsic Muscles in Pitch Control

Yet to be satisfactorily resolved is the question of exactly how the extrinsic
laryngeal muscles and the related correlation of larynx height and pitch are |
involved in pitch control. It may be useful to classify the various opinions on |
this question into the following categories: |

1. They (the extrinsic muscles) play at most only an ancillary role in pltCh i
regulation. i
2. They play a central role by changing (lengthening and/or shortening) the ¢
vocal cords. |
3. They play a central role in some other way than by changing vocal cord
length. ;

125 in.

THY R
UMBROMETER increments

Sokowlowsky (1943) and Faaborg-Andersen (1964), among others, have ." g
espoused (1). Sokowlowsky feels the extrinsic muscles move the larynx about
in the neck in order to allow the intrinsic muscles to do their task more effi- |
ciently. However, he does not go into detail on this point. It is also the “received |
opinion” among voice teachers that singers should not shift the position of
their larynx to change pitch (Luchsinger and Arnold 1965). This is undoubtedly
true, but it need not apply to ordinary speech. L

The second view has been advocated by (among others) Sonninen (1956, 4
1968), Zenker and Zenker (1960), Zenker (1964), Lindgvist (1972), and Erick-=
son, Liberman, and Niimi (1976). Zenker and Zenker suggest a variety of ways |
the extrinsic muscles could change vocal cord length, whereas the others’
generally focus on a specific muscle or group of muscles which might perform
the task: Sonninen on the sternothyroid, Lindqvist on the pharyngeal con--'
strictors, and Erickson ef al. on the supralaryngeal muscles which attach to the ?f.
hyoid bone. All of these hypotheses are quite promising and require further
research to test them.

In 1972 I presented evidence for the third position, suggesting that it was the
vertical, not simply the anterior—posterior tension of the vocal cords which ¥
could affect pitch. Conceivably the vertical stretching of the soft tissues of the *
larynx may cause the vocal cords to be free of overlying tissues (the false vocal |
cords) and in that way allow freer and more rapid vibration. Another pos- !
sibility is that vertical stretching thins and vertical compression thickens the 3
cords, thereby affecting their rate of vibration. Stevens (1975) suggests that the &
vertical shifts of the larynx may create changes in the vocal cord properties
which would affect their sensitivity to P,. Shipp and Haller (1972), Shipp °

FUNDAMENTAL
FREQUENCY

200 msec

Figure 10. Synchronized variations in fundamental frequency (F,) and larynx height (trans-
duced by the thyroumbrometer) during a sudden F, increase (on the left) and a sudden F, decrease
(on the right) (from Ohala and Ewan 1973).
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Figure 11. Larynx height plotted as a function of fundamental frequency, F,. during rapid
ch-culges in F, (from tokens similar to that in Figure 10) (from Ohala and Ewan 1973).
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rise—1i.e., after the target high pitch is reached during the rising contour, the
larynx continues to rise. In the case of the falling contour, the two parameters
are more closely synchronized. Similar records presented by Kakita and Hiki
(1976) show the same thing. This may mean that the cricothyroid is the primary
pitch raiser, with secondary (and somewhat delayed) assistance from the
muscles that raise the larynx; for pitch lowering, though—at least for rapid
drops in pitch—the larynx height mechanism may be primary.

Further support for the “vertical tension™ hypothesis comes from cases of
bilateral cricothyroid paralysis in which patients are still able to vary pitch
(although over a more restricted range, of course). In one such case, lateral
X-rays taken at two different pitches revealed that there was no change in the
rotation of the thyroid and cricoid cartilages with respect to each other—and
thus we may presume no anterior—posterior stretching of the vocal cords—but
the larynx was higher during the production of the higher pitch (Luchsinger
and Arnold 1965).

More evidence relevant to these questions will be presented in the next |

sections.

5. FIRST STEPS TOWARD EXPLAINING UNIVERSAL
TONE PATTERNS

Although the study of laryngeal physiology and the study of the way tones
pattern in languages are both relatively far along, the application of the physio- ;‘
logical research to questions in tonology is very recent and therefore somewhat 3
primitive. There are more unanswered questions in this area than there are °
answered ones. Nevertheless we may take some consolation in the fact that the =
questions are highly specific and the various hypotheses offered as answers to

the questions are generally explicit and detailed enough to be testable.

In the phonological literature, there is considerable evidence that tones
interact with certain classes of speech segments in very specific ways (see
Chapter IIT, by Hombert, this volume, as well as Hyman 1973, Hombert -
1975, and Hombert, Ohala, and Ewan 1976). As Hombert discusses in Chapter
III, in seeking explanations for these interactions what we need to show is =
that in the process of producing (intentionally) certain speech sounds or =
sequences of speech sounds, conditions are created which (unintentionally)
affect other speech sounds in a purely mechanical way, that is, due to the =
physical constraints of our sound producing or sound receiving mechanisms .

(see Ohala 1974a, 1975b for elaborations of this point). Such unintentional
distortions of the speech signal can, in time, be reinterpreted as intended parts
of the signal and even outlive the original sounds which fostered their develop-
ment. Thus it must have been with the nasal vowels in languages such as
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‘ Iigure 12. Fundamental frequency (F,) and the integrated, rectified microphone signal during
four Hindi nonsense words; .1 sec time standard at bottom (from Ohala 1974a).

French and Hindi. Originally we may suppose the vowels were unintentionally
nasalized due to a purely mechanical assimilation to adjacent nasal consonants:
when the nasal consonants dropped out the nasalization remained on the
vowels.

Since the interaction between tone and segments is fully covered in Chapter ITT
of this volume, I will restrict my discussion to two aspects of this question.
The first concerns the commonly observed phenomenon that voiceless oral
obstruents produce high tone (or a higher variant of a tone) on the following
vowel, whereas voiced oral obstruents produce low tone (or a lower variant) on
t]_le following vowel (Haudricourt 1961, Cheng 1973). The second question I will
discuss concerns the influence of vowels on pitch. There will be some overlap
between my discussions here and those in Chapter III, but to insure an under-
standing of the earlier part of this chapter this discussion is necessary.

5.1 Interaction of Tone and Oral Obstruents

lThe different effects on tone produced by voiceless and voiced oral ob-
Slruent_s are n_lanifested phonetically today even in nontonal languages,®
¢.g., Hindi, as is evident in the pitch curves in Figure 12. The figure shows the

6
: I?Iom.bert (1975) and Jeel (1975) provide good reviews of the literature (as well as original
contributions) on F, differences after voiced/voiceless stops.
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pitch and speech intensity for Hindi nonsense words /abi/, /api/, /aphi/, and
/abhi/. It is clear that the pitch at the onset of the second vowel is slightly
higher after the two voiceless stops, lower after the two voiced stops. Dia-
chronically this effect has given rise to the introduction or multiplication of
tones (Hombert 1975). In fact Punjabi has tones today, presumably due to the
influence of an earlier consonant system similar to the one Hindi has.

We do not yet know the reason for this effect of the voicing distinction on
pitch, although considerable progress has been made on the problem in the

last few years. An early explanation for it was that the aerodynamic conditions

created by the voiceless/voiced obstruents, i.e., high air flow after voiceless,
5 £

especially voiceless aspirated, obstruents, and low air flow after voiced ob-
struents caused the high and low pitches, respectively (Ohala 1973). This was
an appealing hypothesis in part because it explained why these consonants
should affect the following, not the preceding vowel. However, there are ap-
parently serious problems with the hypothesis. First, the differing aerodynamic |
conditions present at obstruent release last for only a few milliseconds after -
voicing begins, whereas the effect of these consonants on the pitch of the |
following vowels is known to last for 100 msec or more (Hombert 1975). &
Moreover, although the air flow differences between voiceless and voiced ob- =
struents is as described above at the moment of release, there is some evidence
that by the time voicing starts, glottal air flow after voiceless aspirated stops |
may in fact be less than that at vowel onset after a voiced stop. (This is evident ¢
in data published by Isshiki and Ringel 1964, van Hattum and Worth 1967.) &
In any case, the P, is less at vowel onset following an aspirated stop as opposed
to a voiced or voiceless unaspirated stop. This is shown in Figure 13 where 3
the P, and microphone signal are given for two utterances identical except for
the medial stops. P, builds up (from the level on the vowels) during the closed -
portions of both stops. At release of the voiced stop the P, remains at this high
level and then gradually returns to normal. After the release of the aspirated =
stop, however, the P, decreases markedly (due to the rapid outflow of air) and |
then gradually builds back up at vowel onset. But P, is lower at vowel onset -
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Figure 13. From the top: subglottal air pressure (£,), microphone signal, and .1 sec time _

standard during two utterances (from Ohala 1975a).
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Figure 14. Simulation of aerodynamic events during two VCV utterances. On the left C =
voiceless aspirated stop; on the right C = voiced stop. Upper four output parameters: oral airflow
(F,), glottal airflow (U,), subglottal air pressure (P,), and oral air pressure (P,); three input param-

eters: oral constriction air resistance (R,), glottal resistance (R,), oral volume (V) (from Ohala
1975a).

alter the /ph/ than the /b/. P, data in other studies reveal the same basic pattern
(Ladefoged 1963, Ohala and Ohala 1973).”

These relationships between stop type and the air flow and P, at vowel
onset are also predicted by an aerodynamic model of speech (Ohala 1975a,
197§_). The input and output of the model for intervocalic voiced and voiceless
aspirated stops are given in Figure 14. In the figure, the bottom three curves,
oral resistance (R,), glottal resistance (R;), and oral volume (V) (not given for
the voiceless aspirated stop), are the independent parameters, i.e., the input to
the model and the top four curves; oral air flow (U,), glottal air flow (U, ),
subglottal air pressure (P,), and oral air pressure (P,) are the dependegnt
barameters, 1L.e., the output of the model. Stop closure occurs when the oral
fesistance becomes infinite. The main difference between the two stop types is
the presence versus the absence of glottal opening (reduction of glottal re-
sistance) when the oral closure occurs. The above-mentioned relations of

" A further, if indirect, indication of the reality of this difference in P, after voiced and voiceless
5tops can be found in the various reports that vowels have greater intensity following voiced as
f>pposcd to voiceless aspirated stops (House and Fairbanks 1953, Lehiste and Peterson 1959).
This makes sense only when we realize that voice intensity is largely a function of P, and that the
P, on vowels will vary as a function of the type of stop preceding as described above.
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glottal air flow and P, at vowel onset may be seen by comparing the values of
the relevant curves at the points marked by arrows.®

Given these fairly substantial problems with the aerodynamic hypothesis,
it seems best to look for explanations in terms of how vocal cord state could
be differentially affected by voiced and voiceless obstruent articulation. Two
such hypotheses have been proposed.

Halle and Stevens (1971) note that the degree of stiffness of the vocal cords
can determine whether or not voicing will occur, i.e., stiff vocal cords will
inhibit and slack vocal cords will facilitate voicing. They suggest that it is the
vocal cords’ stiffness and slackness during voiceless and voiced stops, respec-
tively, which also affects the pitch of surrounding vowels. This is an interesting

and innovative hypothesis because traditionally either vocal cord abduction
or the reduction of the transglottal pressure drop have been cited as necessary
and sufficient conditions for cessation of voicing during voiceless stops (and
there is ample evidence that these two conditions do occur during voiceless ]
obstruents). But there are some problems with the hypothesis, as discussed in

Hombert’s chapter and in Anderson’s chapter, this volume.

A second hypothesis suggests itself from the fairly well-established fact that

larynx height is slightly higher for voiceless than voiced stops (Jespersen 1889

Hudgins and Stetson 1935, Ewan and Krones 1974, Ewan 1976; further
references on this point are given by Slis and Cohen 1969). If it is then true, as
suggested above, that, other things being equal, vocal cord tension varies with
larynx height, the different pitch on vowels following the different obstruents is
accounted for. Presumably the lower larynx during voiced stops is a conse- -
quence of the need of the vocal tract to expand in order to accommodate more E
air in the oral cavity so that it can maintain the positive transglottal pressure -
drop necessary for voicing. In Figure 14 it can be seen that oral volume (V,),
one of the input parameters to the aerodynamic model, increases during the
simulated voiced stop. This turned out to be necessary in order to maintain the
glottal air flow necessary for voicing. Without this volume increase P, would
become equal to P, (and thus the transglottal pressure drop and glottal air

flow would fall to zero) within 20 msec of the stop closure onset.

® It may be worth mentioning that when originally working on this problem, it was the predic- 1
tions of the model regarding the differences in air flow after stops which were discovered first, &
and only then was the literature searched to try to verify the predictions-—and, as mentioned, =
some support was found for them, This is one function of models: to tell us what to look for, to
reveal to us the logical consequences of our assumptions, so that by comparing the model’s predic-
tions with “real” data we can see whether those assumptions are reasonable or not. Some may 4
think model making is a futile exercise since one can only get out of a model whatever one puts 1
into it, and therefore its output ought to be known beforehand. This is not necessarily the case, =
however. As Simon (1969) notes, simulation studies can provide new knowledge because “even

when we have correct premises, it may be very difficult to discover what they imply. All correct
reasoning is a grand system of tautologies, but only God can make use of that fact. The rest of us
must painstakingly and fallibly tease out the consequences of our assumptions [p. 15].”
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Data which tend to support this reasoning were presented by Ewan (1976),
who found the difference in larynx height between voiced and voiceless stops
to be greater at stop release than at stop onset. Furthermore he showed that
this difference in larynx height persists for some time (more than 100 msec)
into the following vowel. All of this is compatible with the fact that stops
affect the pitch of following not preceding vowels and that the pitch perturba-
tions last for over 100 msec.

There is, unfortunately, at least one problem with this hypothesis, too.
Namely, given that the data suggest that the larynx is actively depressed for
voiced stops vis-d-vis sonorants, it should be the case that pitch on vowels
after voiced stops is also perturbed downwards in comparison with that for
sonorants. However, this latter prediction is not borne out: The available data
suggest that pitch following voiced stops is substantially similar to that fol-
lowing sonorants and that it is the pitch following voiceless stops that is per-
turbed upwards (Lea 1972, Hombert 1975, Jeel 1975). A great deal of research
is currently going on to attempt to resolve these problems.

5.2 The Influence of Vowels on Pitch

It has been noted for over 50 years that, other things being equal, the average
pitch of vowels shows a systematic correlation with vowel height, that is, the
higher the vowel, the higher the pitch (Crandall 1925, House and Fairbanks
1953, Lea 1972). The difference in pitch between high and low vowels may be
as much as 25 Hz. Although such a pitch perturbation is of the same order of
magnitude as that caused by consonants, there are remarkably few instances
in which vowels are claimed to have triggered the development of tones. I sus-
pect the reason for this lies in the constraints of the auditory system and not in
the articulatory system (see speculations on this in Hombert, this volume, and
Pllom_bert et al. 1976). Nevertheless the mechanism causing this pitch perturba-
ton is of interest since it may provide additional evidence on some of the
hypothesized ways pitch can be changed other than by action of the intrinsic
laryngeal muscles,

Two hypotheses are currently entertained as explanations for this effect.
Qne, the “coupling” hypothesis, suggests that during the production of rela-
U}fﬂly close, constricted vowels, the acoustic impedance of the vocal tract is
high enough to “dictate” to the vocal cords the frequencies they can vibrate at,
m_imely} at or very close to the resonant frequencies of the vocal tract. Since
high, close vowels have low first resonances—closest to the F, of voice—
Kley‘ would be expected to have the greatest effect on pitch (Lieberman 1970,

tkinson 1973). An early mathematical model of the vocal cords’ vibration
constructed by Flanagan and Landgraf (1968) did reveal such interaction
between vocal cord vibration and the vocal tract, but in later, more sophisticated
models this phenomenon was far less evident (Ishizaka and Flanagan 1972).
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According to the “tongue pull” hypothesis (Ladefoged 1964, Lehiste 1970), the
tongue, in articulating a high close vowel, somehow pulls on the vocal cords

and causes greater tension in them, thus raising the pitch slightly. Ohala and 4

Eukel (1976) attempted to test the two hypotheses by measuring the effect on

the average pitch of vowels when speakers utter them with and without small i

wooden blocks propping open their jaws. Earlier research by Lindblom and

Sundberg (1971a) showed that speakers can utter acoustically normal high

vowels even with their jaws propped open by compensatorily bunching their

tongues up more and thus presumably increasing the pull of the tongue on the
structures it is connected to, including the larynx. Thus the test allows one of
the hypothesized causal factors, tongue pull, to vary while the other causal 3
factor, vocal tract impedance, remains constant. An enhancement of the pitch A
difference between high and low vowels when speaking with propped open
jaw would support the tongue-pull hypothesis; no such enhancement would 1

support the coupling hypothesis.

In fact, the pitch difference was enhanced. This was taken as support of the _;:-
tongue-pull hypothesis, and therefore may be taken as further support for the i
hypothesis discussed above that the pitch of voice can be controlled in part by &
varying the vertical tension of the vocal cords. (See Ohala and Eukel 1976 for
more details of the test and for further arguments in support of the conclusion.)® |

5.3 Falling versus Rising Tones

There are intriguing reports in the tonal literature that falling tones behave
differently than rising tones, namely, that they are more numerous in tonal
inventories of languages (Cheng 1973), that the pitch interval between the
tonal sequence low—high is more likely to be reduced than the interval between
a high-low sequence (Hyman 1973a), that falling contours must cover a greater
pitch range than a rising contour in order to be perceived with a given level of
“prominence” (Black 1970, ’t Hart 1975). (For further evidence of such asym--
metries see also Hombert 1975.) The perceptual data may simply reveal{f
listeners’ “knowledge” of an articulation-caused asymmetry between rising
and falling pitch contours, or it could be the reverse: The asymmetry may be:
of auditory origin, and speakers may modify their articulation to accommodate ¢

the listener.

° To keep this review as balanced as possible, T should note that objections have been raised
against the tongue-pull hypothesis, too. One of these is that larynx height is in certain cases inversely -
related to vowel height, just the opposite of what would be expected if the tongue were pulling on =
the larynx during high vowels (Ladefoged, DeClerk, Lindau, and Papcun 1972, Atkinson 1973).
It is not feasible to review the details of this minor dispute here, Arguments can be found in Ohala =
1972b, 1977b, and Ohala and Eukel 1976 as to why this counterevidence to the tongue-pull hypo- f.

thesis may be irrelevant to this issue.
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Some studies by Ohala and Ewan (1973) and Sundberg (1973), although they
do not reveal the exact causes of the effect, do suggest that it is at least arti-
culatory in nature. (This does not rule out the possibility that it is both arti-
culatory and auditory in nature.) Briefly, both studies showed that speakers
are able to produce a falling pitch over a given pitch interval much faster than
a rising pitch over the same interval. (In Sundberg’s study this was true only of
speakers with no voice training.) This effect is evident in Figure 10, which is
from the study by Ohala and Ewan.

Of course, we should be cautious in attempting to apply these results to
speech and to tone production, but they may indicate that since falling tones
can be produced faster than rising tones, they make better tonal contrasts —
are perceptually more salient—and for that reason are found in greater number
in languages. Also, since they can be accomplished quicker, they might be less
likely than rising tones to “‘spill over” onto the next syllable. This is an area
where more research is needed.

5.4 Downdrift

Most (all?) languages exhibit a gradual fall in pitch from the beginning to
Lhc_end of an utterance, that is, over a stretch of speech that has been called
variously a “phonological phrase,” a “‘breath group,” or a ‘“‘syntagm.” (This
need not apply to questions, however.) In many tone languages this results in
successive tones becoming phonetically lower and lower in pitch until, at the
end of the phrase, the high tones could be phonetically as low or even lower
}han t]_le low tones at the beginning of the phrase. This is called “downdrift”
in Afncan languages but is evident in nontone languages as well (Collier 1972,
We1‘1zman 1970). Breckenridge (1977) has, in fact, recently demonstrated the
&{Ll(ilt'or)' reality of downdrift (or the ““declination effect,” as she calls it) in
English. Listeners judged the peaks of two pitch prominences in a synthesized
sentence to be equal even though the second was a few hertz lower than the first.
I'he causes or origins of downdrift are not known, but it is possible to consider
the following three hypotheses for it. :

Maeda (1975) suggests that the larynx progressively lowers during a single
breath group as a result of its linkage to the sternum which should lower as
lung vlolume decreases, and that given the correlation between larynx height
and pitch, this movement should cause a gradual lowering of pitch. Ewan
(.1'976_) showed, however, that the larynx normally moves upwards during ex-
Piration (on which speech is superimposed), not downwards.

One might also suppose that a gradual reduction in P, due to the pulmonic
System’s having to work harder (against the elastic recoil force of the lungs and
thorax) to maintain a positive P, as lung volume decreases might cause a
gradual lowering of pitch. This hypothesis encounters the same difficulty noted
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above for Lieberman’s hypothesis, namely, that the magnitude of the observed
downdrift usually exceeds what could be accounted for by P, variations.

A third hypothesis—one which 1 personally believe in—is that the effect is
due to active laryngeally caused changes in vocal cord tension, and that it is
not an “‘automatic’ effect at all, but is purposeful. This is superficially reason-
able because the gradual pitch decrement in utterances serves a useful linguistic
purpose in signaling clause and sentence boundaries. We might say (with apolo-
gies to Voltaire) that if downdrift were not purposeful to start out with, speakers

would soon enough make it so since it is so useful in speech. Moreover, there
is some evidence in favor of this hypothesis, namely, that the rate of pitch |
decrement is inversely proportional to the length of the utterance it spans

(Weitzman 1970, Hirose 1971, Collier 1972, Silverstein 1976). This would be a
very amazing finding if the slow pitch fall were a purely mechanical effect

determined by decreasing lung volume or the like—in which case the rate |
should be about the same no matter how long the utterance—on the other
hand, it is a very reasonable finding if it is actively and purposefully controlled
by the speaker. This still leaves open, of course, the question of how this ap-

parently universal pattern originated.
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