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The sound patterns of tone, as described in the phonological

literature--much of it very recent (Bien-Ming 1931, Haudricourt
1954, 1961, Wang 1967, Greenhérg 1970, Chang 1972, Hyman and
Schuh 1972, Cheng 1973), exhibit many interesting assymmetries
which are determined by phonetic context, for example:

1. Historically, many consonants seem to haﬁe'induced tonal
differences on the vowel following, but few consonants,
primarily only [h] and [?], seem to have caused tonal

changes on the vowel preceding.®

THE PHYSIOLOGY OF TONE g 2. Specificall#; [R], voiced or hreathy—voiced obstruents
i . seem to depress tone on the vowel followipg3 whereas
voiceless, particularly voiceless aspira#e@jgbstruents,
[{h], and implosives seem to raise tone on the following
vowel. There is also some evidence that [5]=and [h]
may raise:and lower, respectively, the tone of the pre-

BY ceding vowel (cf. Matigoff 1973).%

3. Falling tones outnumber rising tones.
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4, Sequences of low tone--high tone often change so as to
reduce the pitch interval between the two tones, but

DepARTMENT OF LiNeuIsTICS this happens less often with sequences of high tone--

UNIVERSITY OF CALIFORNIA . low tone (cf. Hyman 1973).

BERKELEY, CALIFORNIA 94720 i If further research supports the claim of universality for
these and the many other tendencies of tonal behavior discussed
in this volume, then it is clear that these patterns can best be
explained by reference to universal characteristics of the human

speech production and speech recognition systems.

The primary emphasis of this paper is on the physiological
mechanisms involved in the production of tone; the perception of
tone is not covered extensively not because it is less important,
but because less is known about it (however, see Fry 1960, Had-
ding-Koch and Studdert-Kennedy 1964, Lehiste 1370, van Katwidik
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1. PHYSICAL CORRELATES OF TONE

Although the primary physical correlates of what has been
labelled "tone" are the level, direction, and/or rate of change
of the "pitch" or fundamental frequency (Fy) of vibration of the
vocal coxds, secondary correlates may in some cases be the mode
of vibration (lax, breathy, tense, creaky voice), vowel duration
and quality, and manner of termination of the wvowel bearing the
tone, i.e. with vs. without a glottal stop (Pike 1948, Hinton
1970, Matisoff 1973). 1In this paper I will be primarily concerned
with the physiological mechanisms that affect FO'
2. DETERMINANTS OF FD

The Fy of voice is determined basically by two partially in-
dependent factors: {(a) the state of the vocal cords and (b) the
aercdynamic forces driving the vocal cords (van den Berg 1958,
.Ishizaka and Flanagan 1872). The state of the vocal cords in- -
cludes, for example, the anterior-posteriocr and vertical tension
of the cords and the degree of approximation of both the ligamen-
tal (the anterior 2/3) and arytenoidal (the posterior 1/3) of the
vocal cords. The aerodynamic driving forces are the air pressure
difference ("pressure drop") across the vocal cords and the rate

of air flow through the glottis.

Both of these parameters can be varied in an active, inten-
tional way, and in a passive, fortuitous way--fortuitous in the
sense that when a speaker intentioﬁally produces some other speech
gesture, these parameters may change and thus fortuitously affect
FO' {(This is identical to Wang and Fillmore's (1961) use of the
terms "extrinsic" and "intrinsiec", respectively, with respect to

phonetic variation.)

2.1. Active Variation of ¥, by Adjustment of Vocal Cord Tension

Active, intentional changes of vocal cord tension or glottal
configuration are accomplished primarily by the muscles attached
to the larynx, principally the cricothyroid muscles, but also by
all the adductor muscles of the larynx: the lateral cricoaryten-

oid, the vocalis, and the interarytenoid muscles (Ohala 1970,
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Sawashima 1970). The extrinsic laryngeal muscles, chiefly the
so-called "strap" muscles of the neck, which attach either direct-
ly to the larynx (thyrohyoid and sternothyroid muscles) or in- :
directly via attachment to the hyoid bone, which, in turn, is con-
nected to the larynx via ligamental attachments (sternchyoid mus-
cles), are also active in pitch regulation, especially in lowering
pitech (Ohala and Hirose 1969, Ohala 1970, Ohala 1972, Erickson and
Abramson 1972). The involvement of the strap muscles in regulat-
ing pitch. is obviously related to the common observation that lar-
ynx height correlates closely with pitch (Ohala 1973, Ohala 1972,
Ohala and Ewan 1973), although why this happens is still dispute&;
Nevertheless, I view this as evidence for the existence of active

laryngeal mechanisms for both the raising of pitch and the lqﬁer¢”

ing of pitch. These mechanisms are the primary ones utilized for -

the production of intended linguistically significant pitch
changes, that is, the large pitch variations characteristic of -
all tonal and intonational contours. There are other views on
this matter, however (Lieberman 1967, 1970}.

2.2. Active Variation of Pitch by Modification of Aerodynamic
The preséure drop across the vocal cords can be actively in-
c¢reased or decreased by varying the expiratory force. Liberman
(1967) claimed that this is the primary method speakers use to
increase pitch on stressed, especially emphatically stressed syl-
lables, and to let pitch fall at the end of sentences. There are
serious problems with this theory (Vanderslice 1967, Kim 1968,
Ohala and Ladefoged 1969, Ohala 1970, MacNeilage 1972). Electro-.
myographic {EMG] and other evidence points instead to the activity
of the laryngeal muscles being the primary force behind these and
all other major linguistic pitch variations. Moreover, recently
Lieberman seems to have abandoned many of the more extravagant .

aspects of his theory (Lieberman, Sawashima, Harris and Gay 1970}.

However, Ladefoged (1967, 1971) notes that an extra expira-

tory pulse (which can be detected as a momentary increase in the

'EMG of the internal intercostal muscles) does occur during some

stressed syllables and there is a momentary increase in subglottal

air pressure (Ps) during stressed syllables {which all investiga-



tors of P have noticed). Ho doubt a good part of this momentary
rise in B is due to this expiratory pulse, but part of it may be
due to a momantary increase in glottal resistance which would re-
sult from the vocal cord adjustment for increased pitch and in-
tensity. At any rate, these Pg rises accompanying stress cannot
account for mast of the pitch changes observed during stress:

the effect of P_ changes on pitch has been found to be zbout 2.5
Hz/cm H20 {Ohala and Ladefoged 1969, Hixon, Mead and Klatt 1971),
so the P_ rise of 1 to 5 cm H,0 usually found during emphatically
stressed syllables could account for pitch rises of at most some
13 Hz--far less than the 50 to 100 Hz pitech changes commonly en-
countered on these syllables. And neediess to say, the increase
im P_ cannot account for any pitch drops which are commonly used

to manifest stress (Bolinger 1958}.

It would appear, then, that the extent to which pitch is
actively regulated by variations of the expiratory force is negli-
gible.

The aerodynamic driving force can also be medified by action
of the larynx: other things being equal, the volume of air flow
through the glottis will vary inversely with the glottal air re-
sistance and the pressure drop across the vocal cords will vary
inversely with the volume of air flow through the glottis. But,
again, the effect on pitch of this laryngeally-induced change of
the aerodynamic driving force is very likely negligible for the

reasons menticoned above.

2.3. Passive Variation of Pitch by Changes in Vocal Cord Tension

2.3.1. Pull on larynx by tongque. Apparently a high position of

the tongue creates a slight pull on the larynx which is translated
into increased vocal cord tension. This results in the widely-
noted slightly higher average pitch for high vowels [i, ul and
slightly lower pitch for low vowels [, a, ol, with mid vowels
having a pitch intermediate between these. This explanation is

disputed, however (Atkinéon 1973, but see review by Chala 193]

For a possible (rare) instance of this effect leading to
tone alternations determined by vowel height, see Wang (1970} or
Mohr (1971).

This would also predict that consonants invelving a high
position for the body of the tongue, i.e. palatals and velars,
ought also to induce a slightly higher average pitch {as opposed
to labials and dentals, which do not involve the body of the
tongue in the same way). The available data on this is mixed:
House and Fairbanks (1953) and Mohr (1971) do show average pitch
to be higher in the envircnment of English [g] than it is in the
environment of English [b] or [d); however the data of Lehiste
and Peterson (1961} and Lea (1972) do not. :

2.3.2. Vocal cord state and voicing. Halle and Stevens {1971}
suggest that the vocal cords are stiff during the productich of
voiceless obstruents and are slack during voiced obstruents, and
they provide a model of vocal cord vibration that shows why these
differences are required. This, they say, accounts for the pitch
variations accompanying voiced and volceless obstruents. However,
as far as T know there has as yet been no experimental verification
of their model. Recent electromyographic recordings of the in-
trinsic laryngeal muscles (Hirose, Lisker and Abramson 1873) re-
vealed no obvious differences in the tension of the laryngeal
muscles during the production of the voiced/voiceless distinction--
other than what would be expected for the abduction of the cords
during the voiceless obstruents. A crucial point in Halle and

Stevens' argument is their claim that the pitch of vowels pre-

- ceding obstruents also show the same kind of perturbation as do

the vowels following obstruents, i.e. pitch raised slightly for
voiceless obstruents; lowered slightly for voiced obstruents.
But I know of no hard evidence in support of this; in fact, just
the opposite: pitch usually falls immediately at the beginning

of any obstruent, voiced or voiceless {Lea 1972, 1973).

2.3.3. Larynx elevation and voiecing. La Raw Maran {1971) posits

“a raised larynx for voiceless obstruents and a lowered larynx for

voiced cbstruents. There is some support for this in the older
literature (see Ohala 1973) and in the recent work of Ewan and
Krones (1973), and given that, other things being equal, larynx
height is correlated with pitch, one might expect this larynx

position for consonants to affect pitch on surrounding vowels.
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But perhaps "other thingé" are not egual in these cases because
Ewan and Krones did not find a consistent relation between pitch
and larynx height over the small range of larynu displacements
accompanying voiced and voiceless consonants. Moreover,; like
the Halle and Stevens hypothesis, this would also predict that
consonants would perturb pitch on both preceding and following
vowels, but, as noted above, the perturbation on the preceding
vowels is not the same as that on the following vowels. Thus
this hypothesis certainly requires further study but there is at
present no overwhelming data leading us to believe larynx height
causes the pitch variations associated with voiced/voiceless ob-
struents.

2.3.4. Voice gquality and vocal cord tension. Ohala and Ohala

{1972a,b} have speculated that the lowered pitch accompanying
Hindi breathy-voiced stops could be due to 2 lessening of the
tension of the wocal cords primarily intended to achieve lowered
glottal resistance in order to produce the rapid air flaw through
the glottis and consequently the noisy guality of breathy-voiced
phonation. However, there is no evidence for this as yet.

2.4, Passive variations of Pitch by Changes in Aerodynamic
Conditions

During voiced obstrﬁents the decrease in the pressure drop
across the vocal cords [due to the build up of air pressure in
the oral cavity) causes ﬁhe transglottal air flow and consequently
the fundamental frequency of phonation to lower {cf. Ladefoged
1967:47££). Thus, upon release of a voiced obstruent the pitch .
iz initially very low and may gradually return to its "normal"
level. Upon release of a voiceless aspirated consonant, however,
the rate of air flow is initially very high, since there is momen-
tarily little resistance to the air flow at the open glottis or
in the oral cavity. Thus when the vocal cords do adduct for
voicing they meet a very high rate of air flow and consequently
vibrate at an initially high rate, gradually returning to their

"normal®" rate of vibration.

Tt is interesting that pitch remains perturbed for a rela-

tively long time after the consonant release-—for as much as 100

ms afﬁer the onset of voicing (Lea 1972, Loéfgvist 1973). This
may be due to some kind of oscillatory momentum. Or, it is also
possmble that the rate of transglottal air flow characteristic

of the obstruent persists for a rather long time after the stop
is released. Thus air flow records published by Subtelny, Kho,
McCormack and Subtelny (1963) show higher-than-normal air flow
persisting more than 300 ms into the vowel following a voiceless
aspirated stop. Similar records but with the high air flow last-
ing only about 50-60 ms into the vowel have been published by
Klatt, Stevens and Mead {1968) and Frgkjaer-Jensen, Ludvigsen and
Rischel (1971).

Implosives must cause elevated pitch by the high rate of air
flow through the glottis generated by the rapidly descending lar-

ynx (Ladefoged, personal communication) -

Breathy-voiced stops such as Hindi [bh, dhl etec. and voiced
wpn, [h], are complex cases. Upon release af the breathy-voiced
stops and throughout the [R] the air flow is very high and thus
one might expect them to raise pitch, yet they depress pitch.

The reasons for this may be one or more of the following:

1. The vocal cords have to be rather closely adducted for
the high rate of air flow to cause increased pitch (this
is reasonable, given what we know of how the Bernoulli
effect works; cf. Ladefoged 1973), and as the vocal cords
are somewhat abducted during these sounds, the high air
flow has little effect on pitch.

2. The vocal cord tension may be lowered in the process of
abducting the vocal cords, particularly by the lateral
cricoarytenoid muscles, known to play a secondary role
in pitch regulation. A brief period of inhibition of
the lateral cricoarytenoid muscle during [h] is evident
in the EMG records presented by Chala {1970:72}) .-

3. Most of the air flowing through the glottis during these
sounds is escaping through the arytenoidal portion, not
the llgamental portion of the vocal cords (Ladefoged

 1973). Thus, although the average transglottal air flow
may be high during breathy-voice, the air flow through
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the ligamental portion may be lower than normal. As it
is only or mainly the ligamental portion of the vocal
cords which is vibrating in this case this lower-than-

normal air flow may cause the lowered pitch.

3. SPEED OF PITCH CHANGE

Ohala and Ewan (1973) found that for a given pitch interwval
subjects could execute a falling pitch faster than a rising pitch.
They tentatively concluded that raising pitch may involve more
"affort". This may account for {a) the aspect of "downdrift”
which involves the lowering of successive high tones (Hyman and
Schuh 1972, Hyman 1973), (b) the higher incidence of falling tones
over rising tones in Chinese (Cheng 1973), and {c) the assymmetri-
cal behavior of sequences of low-high tones ws. high-low tones
(Hyman and Schuh 1972, Hyman 1973).

4. SYNCHRONIZATION OF TONE {ACCENT} RND SEGMENTS

There is evidence that at least in Swedish, and possibly
putch, and very likely, English, pitch contours and segments need
not be precisely synchronized, at least not as cleosely synchron-
ized as the oral articulators are with each other {Chman 1965,
van Katwiijk and CGovaert 1967, Lofgvist 1973} .

5. PERCEPTUAL RELEVANCE OF TONAL DIFFERENCES TO CONSONANT

IDENTIFICATION

Although the pitch perturbations induced by different types
of consonants are typically guite small, there is ample evidence
that in languages not considered to be tonal (e.g. English and
Russian), these pitch changes do have value as perceptual cues
for the identification of the voicing of stops (Chistovich 1968,
Haggard, Ambler and Callow 1970, Fujimura 197000,

If these supposedly small fortuitous pitch contours follow-
ing consonants can be used as perceptual cues by listeners, it
is a small step beyond that to suppose that eventually these
small pitch differences might be taken by listeners as the major

acoustic cue differentiating the lexical items formerly differ-

31:

entiated by voicing or voice onset time. Thereafter the pitch
contours after the stops would be greater and would be intention-
ally produced. This is undoubtedly what happened over the cen-
turies in those cases where voicing contrasts have been lost and
tonal differences on the following vowel have been left in their
place {cf. Maran 1973, Matisoff 1973). This is the mechanism

called "rephonologization" by Jakobson (1931}).

NOTE

*A somewhat puzzling exception to this generalization may be the
case of the Punjabi high tones which appear on vowels which were
follaowed by [h] or breathy voiced stops in Middle Indo-Aryan
{Arun 1961, Gill and Gleason 1969).
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