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The dominant trend in phonetics today--due to a large

extent to generative phonology--is to discover the brain mechanisms
underlying the observed behavior in speech. Among other things there
is interest in attempting to find out how motor programs are stored
latently, selected, activated into muscular contractions, controlled,
and tailored for optimum communication. chapter 1 discusses research
thought and methodology in phonetics and expresses the need for
constant empirical feedback in all stages of the development of
models of these processes. Chapter 2 attempts to shed light on the
mechanisms speakers use to control the fundamental frequency of
phonation in speech. Chapter 3 considers arguments, evidence, and
experimental techniques relevant to discovering certain possible
brain mechanisms underlying observed speech behavior. Two issues are
covered: the possible role of feedback in speech and how the timing
of gestures in speech is controlled. (Autlxmln)
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Abstract

Chapter One: The dominant trend in phonetics today -- due to a large

extent to Generative
Phonology -- is to discover the brain mechanisms

underlying the observed
behavior in speech. Among other things there

is interest in attempting to find out how motor programs are stored

latently, selected, activated into muscular contractions, controlled,

and tailored for optimum communication. Constant empirical feedback

is needed in all stages of the development of models of these processes.

Chapter Two: It has traditionally been assumed that the modulation of

the fundamental frequency of phonation in speech is predominantly con-

trolled by the laryngeal muscles. However, Lieberman (Intonation, Peru

oeption, and Language, H.I.T. Press, 1967) challenpes this view and

proposes that the fall in pitch at the end of sentences and the rise in

pitch on emphasized words are both determined mainly by variations in

the subglottal pressure, and that except for the rise in pitch at the

end of yes-no questions, the laryngeal muscles are usually not involved.

To test this hypothesis the activity of some of the laryngeal muscles

was sampled electromyographically in five subjects as they spoke sentences

with a variety of intonation contours. It was found for all subjects

that the laryngeal muscles participate
actively in modulating pitch, in

particular the
cricothyroid and lateral

cricoarytenoid muscles are active

in raising pitch and the sternohyoid muscle in lowering pitch. This is

true no matter where the pitch
modulation occurs in a sentence and no

matter what grammatical or aemantic entity is mnnifested by the pitch

change. The effect of subglottal pressure
changes on pitch was calibrated

by the familiar "push-on-the-chest" technique
and was found to be about

2-3 Hz/cm. water for one subject in the pitch range used in speech. This

was too small a value to account :or most of any given pitch change

recorded in speech.

The evidence did not support
Lieberman's theory of intonation but

re-affirmed the traditional view that the speaker can and does "program"

his larynx to execute any intonational pattern he desires. Additional

evidence adduced by Lieberman to show that certain aspects of intonation

were innately determined and hence universal were critically examined and

found to be weak.

In addition, recent claims made about the perception of "stress" by

trained linguists were
examined in the light of recent experimental findings.

some explanations are
proposed for the perceptual origin of the multiple

levels of stress in English.

Chapter Three: Arguments and evidence from jaw movements were presented

demonstrating the possibility and
likelihood of the use of ranid kinesthe-

tic feedback in speech. Also two experiments are reported
relevant to the

question of how the gestures in speech are sequenced, Evidence could not

be found for the claim that an independent time schedule -- isochronic or

not.-- underlies speech utterances, but much morejesearch is needed on

this point,
iii
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if it is to be interesting, the description
of each language must also be testable; and the
possibility of making a sufficient test .must be
inherent in the underlying theory.

-- Peter Ladefoged (1967b)

Chapter 1

At a special session of the 1967 Conference on Speech Communicap.
tion and Processing, held at M.I.T,, Kenneth Stevens expressed tbe
opinion that speech research vas today at about the same stage that
chemistry was before the periodic'table of elements had been dis-
covered. Unfortunately for the field of speech, the analogy is quite
appropriate. As was the case with chemistry in the first half of
the 19th century, speech research does not seem to be able to make
all of its disparate pieces of data fit together into a general pat..
tern of any sort. Typically it is unable to generalize beyond the
available data and cannot tell what kind of experiments are worth
doing.

However, this is not to deny that progress has been made in the
field over the past 100.150 years, but mainly in the accumulation of
a wider variety of high-quality data. Mich more is known dbout the
behavior of the vocal tract and the acoustic properties of speech such
that it is now possible to synthesize speech vith some success. And
there has been some limited advancement on the problem of automatic
speech recognition.

Perhaps the most telling sign of progress in this area is the
shift in attention rrom the purely peripheral aspects of speech to
the more central, neurological substrate of speech. The periphery,
i.e., where sounds are produced, acoustically and neuromuscularly,
is still being studied, of course, but more and more for what it
will reveal about the brain mechanisms underlying speech. Quite
sensibly it is believed that if we could find out what is happening
inside the "box" (the speaker's head) we.might be able to make more
sense of the sounds that are emitted from it and of the perceptual
judgments made by it. This luta been the explicit or implicit strategy
of many researchers in phonetics/phonology, one of the disciplines
in speech research. In this chapter I propose to discuss hcv this
strategy should and should not be pursued within phonetics/phonology.

Of the many disciplines included in speech research, e.g., coo*
munications engifieering, oto-laryngology, speech pathology, psy-
chology, physiology, and phonetics/phonology (although the dividing
lines between these disciplines are fast disappearing), phone-
tics/phonology has played and still does play a rather central role
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Of
in the field of speech research, end thus possibly links the success
or failure of the whole field with its own achievements, Thus,
visely or not, most of the other disciplines have freely adopted the
terns and concepts of phonetics in their own specialized work. And so,
terms such as "phoneme , "syllable", "vowel and consonant", "phone"
and "allophone" seem to have a more secure, unquestioned position in
the writings of communications engineers than they do in those of
phoneticians.

Phonetics/phonology hes contributed to and shared in whatever
success has been enjoyed by all of speech research, and in the process
has experienced the sane shifting of its.goals, Although attentica hes
never shifted from its original tasks of providing accurate physio-
logical and acoustic descriptions of sounds and sound patterns in the
world's languages or of providing explanations for sound changes and
sound alternations in languages, there is now increasing concern for
discovering the brain mechanisms underlying the observed speech be-
havior. Compare, for example, the topics discussed at the first and
second International Congresses of Phonetic Sciences vith those at
the fourth and fifth: now we may expect a large nunber of papers
dealing with language and speech in general rather than detailed
studies of particular languages.

However phonetics hes always had a handicap that the other
disciplines did not have, namely it was not wholly convinced that it
could or should be an experimental science of the same rigor as physi-
ology or chemistry. This is undoubtedly due to its origin as a branch
of philology, a discipline in which it is impossible to employ laboram
tory expericents. Perhaps phonetics started out as a serious science,
but meeting many initial failures, retreated back into the safe, less
frustrating world of a priori -ism typical of philosophy and literary
criticism. It is possible to find among early phonetic studies some
veil -intentioned if prirdtive attempts to subject hypotheses about
speech to experimental verification, Grandgent (1890) in the same
article in which he reports on a creditable attempt to discover the
true tongue positions for certain vowels (by sticking wire measuring
"probes" into his mouth), finds it necessary to wan against unwhole-
some, unscientific attitudes in the field.* However we know ACM that

Grandgent's complaint was a universal and timeless one: he asserted
that one of the reasons why phonetics had not made much progress even

in those days was

the well-nigh irresistable tendency to construct
theories on insufficient data. Marry investigators have,
I fear, designed their system first, and then pared off
the toes and heels of their facts to make them fit the
symmetrical slipper into which they were to be thrust.
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even Grandgent's findings were not very accurate in spite of his care

and objective attitude, and perhaps it was the resulting endless dis-

putes end the frustration experienced from repeated failure at such

experiments that caused some phoneticians to be disapproving of
instruments. Thus, Sweet (1911) in the entry "Phonetics" for the llth

edition of the &cyclopedia Britannica briefly outlines the accomplish-

ments of instrumental phonetics but comments

There has been great discrepancy between the results
cbtained by different observers, and many results which were
at first received with implicit confidence for their sup- .

posed rigorously scientific and objective character have

been found to be worthless.

Sweet wrote these words in his last years and at the end of his long

career in phonetics (he was 65 years old when they were published and

he died the following year in 1912), We can therefore guess that there

. may be more disappointment than bitterness underlying his final haughty

write-off of instrunental phonetics in the following passage.

The claims of instrumental phonetics have been so
prominently brought forward of late years that they can no
longer be ignored even by the moat conservative of the older
generation of phoneticians. But it is possible to go too

far the other way. Some of the younger generation seem to
think that the instrumental methods have superseded the

natural ones in the same way as the Arabic superseded the

Roman numerals, This assumption has had disastrous results.

It cannot be too often repeated that instrumental phonetics

is, strictly speaking, not phonetics at all. It is only a

help: it only supplies materials which are useless till

they have been tested end accepted from the linguistic

phonetician's point of view. The final arbiter in all pho-

netic questions is the trained ear of a practical phoneti-

cian: differences which cannot be perceived must -- or at

least mey be ignored; what contradicts the trained ear

cannot be accepted.

Considering the trials that instrumental phonetics suffered in its

early yeaze it is more appropriate that we read these comments by Sweet-

with compassica rather than disapproval. Hadever the situation is dif-

ferent now and it is very surprising to find Sweet's statements en-

dorsed by modern phoneticians -- even by those who are also instru-

mentalists. Ladefoged (1964) quoted the above passage by Sweet and

added:

For those of us vho are not as skilled as Sweet,

instrumental phonetics mey be a very powerfUl aid and of

great use in providing objective records on the basis of

which we may verify or amend our sub,lective impressions.

But even the most extensive array of instruments can never
be a substitute for the linguist's accurate observatica

and imitation of an informant,
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This passage in turn was quoted approvingly by Stevens and Halle (1967)

in support of their claims on the abstract and mentalistic character

of phonetic units. Ladefoged, however, points out that the statement

appeared in a bock dealing with the phonetic description of the phono.

logical contrasts in a uunber of languages studied in the field. It

vas not meant to imply that a linguist's Observations were preferable

to experimental studies in other circumstances (Ladefoged 1969, per.

sonal cotmunicatian).

However, more debilitating to the field than 'scorn of instrumental

studies was the disregard of normal scientific procedure, particularly

with respect to testing one's hypotheses. Testing need not involve

fancy instruments. It amounts merely to refining one's observations

by constructing or finding a situation in which the phenomenon or re.

laticn one predicts will be free to appear or not appear free, that

is, from irrelevant influences. Introspection and intuition are, of

course, perfectly legitimate eources for initial observations. No one

really cares hou a scientist gets his ideas for hypotheses; but people

do care whether or not they are subsequently tested, i.e., submitted

to potential falsification. One cannot terminate one's study with

introspection because it is difficult, if not impossible altogether,

to replicate it, and because the results are too susceptible of being

rigged -- even unconsciously. As Grandgent (1890) noted, in arguing

against introspective experiments in phonetics,

00d sensation is uncertain; for feeling

depends far less on the actual movements of the organs

than on the preconceived idea.in the observer's mind.

As a result of much flagrant disregard for testing even of its

unet fundamental ideas, phonetics now hsa an abundance of terms which

have only an imperfectly understood meaning, e.g., syllable, stress,

tense versus laxv etc.

This attitude is still with us and generative phonology, as put

forth in the writings of Chomtkr, Halle, Postal, Lightner, etc.,.for

all the good it has done the field by reeichminelling interest clong

more profitable lines, remains one of the most ardent proponents of

this scientifically anachronistic mode of thought. Of course, this

school does frequently allow that certain issues are "empirical mat-

ters," i.e., need to be tested, (although what assumption of fact and

statement of hypothesis is not an empirical matter?), but one mei

question hog long a discipline interested in "the nature of mental

processes" (Chomsky mmd Halle 1968, p. viii) moo/ proceed without

actually performing any convincing experiments involving a human and

his mental processes. The only means of verification the generative

phonologists seem to admit is testing whether or not their system,

primitive units plus rules, is capable of "capturing" certain lin-

guistic generalizations. But before this can lead to information on

.7



mental processes, two more steps must be taken. As Zimmer (1968) has

recently pointed out,

It seems to be occasionally assumed that the verY

fact that a (linguistic] regularity can be stated suf-

fices to justify the inference that it has sone kind of

psychological reality, but there is surely nothing

necessary about this assumption. One nielt equally well

assume that someone who learns the sequence of numbers

1, 5, 19, 65, 211, 665 must necessarily know the formula

which relates them (namely that the nth member of the

series equals 3n-2n). Of course if this person could

not only repeat the sequence correctly, but also con-

tinued it on his own with 2059, that would be evidence

that he knows the formula in question, but it is just

evidence of such a conclusive nature that is lacking in

the case of some of the regularities we find in lan-

guages.

After writing a rule, the first step, then, is to see if it represents

a linguistic process that is productive in the Lative speaker.

Testing this point on some phonological rules in TUrkish, Zimmer found

that "speakers may well be only very imperfectly aware of regularities

that do not fall within the system of fully productive rules of their

language." Ladefoged and Fromkin (1968), however, in an experirent in

which subjects were presented with written nonsense words such as

sublane, sublantory, aubknation, etc. and were asked to transcribe

the words phonetically, found that subjects could be phonologically

productive along the lines set down in certain rules of English pho.

nology as formulated by Chomsky and Halle.

But the next step after this is as important as it is difficult.

This is to ascertain how close the rules, as written, match the proc-

ess used by the native speaker. Consider another series of numbers,

1, 3, 6, 10, 15, 21, 28, and assume that the subject can produce these

and all of the succeeding terms, 36, 45, etc., i.e., the nth term of

the series equals n At least two different algorithms, shown

il
in Figure 1, can be used to arrive at the correct value for the nth

term. Knowing the second algorithm a bright high-sdhool student,

given an n of 10,000,000,000 could, within a fraction of one minute,

coue up wrth the correct value for the nth term of the series,

50,000,000,005,000,000,000, a feat which would better many computers

using the first algorithm. If we "psychowmathematicians" only knew of

the first algorithm we would draw some fantastic and erroneous con-

clusions about the computing ability of the human brain if we assumed

the human were also using the first algorithm. Thus, even if we grant

for the moment that the transformational cycle in phonology describes

a process that is productive in speakers of English (although see
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start

linput n I

set COUNTER and SUM
equal to 0

set COUNTER equal to
current value of
COUNTER plus 1

set SUM equal to current
value of SUM plus

current value of COUNTER

yes

output SUM

no

( start )

[input n

set SUM equal
to (n+l)n

2

Ioutput SUM

stop

Algorithm 1 Algorithm 2 .

Figure 1. to, algorithm vhidh take the same input end give the sane

output.



counter-arguments in Chapter 2, below), need it follow that the
speaker is using an algorithm as complex as the transformational

cycle? It does not follow, for the reasons given obove and yet it is
such a claim which Chomsky and Halle use to attribute innate linguistic
structure to human brains, there being, supposedly, insufficient data

or time to learn such a complicated algorithm inductively. Clearly we

are in need of many more tests.

But generative phonology has adopted an incredible myth about the
function of tests, namely that they must alweys support the hypothesis
tested, otherwise they are defective:

operational* tests, just as explanatory theories,
must meet the condition of correspondence to introspective
judgement, if they are to be at all to the point.

(Chomsky 1964, p. 80]

If a test designed to demonstrate behavioral
correlates for tlinguistic notions such as nouns,

phcmemes, etc.] fails to yield the predicted results,
one feels obligated to modify the test, not the theory,

[Saporta 1965]

Would that the world were so lucky as to have a hard core of clearly

and unquestionably certain facts. If so, we could happily adopt the

Chomskyan method in science, Unfortunately, history has seen more than

one "intuitively obvious fact" overthrown by subsequent scientific
investigatim, e.g., the flatness of the earth, the motion of the sun
through the heavens, that heavy objects fall faster than light ones,

etc. Lacking omniscience, or divine revelatica,.scientists have decid.
ed that it is better not to throw out data if it conflicts with the

posited hypothesis -- ideally, at least, They do however frequently
present arguments against results that conflict with their hypotheses

by claiming or demonstrating that the experiment is unreliable or

invalid, or bcth. Unless scientists have good reason to discredit an
experiment (e.g., previous experiments haviug already countered the
revolutionary claim), they usually do not simply ignore its results.**

* *

It is not clear whether or not "operational" here means anything

more than "involving operations"; if not, it is redundant in that

all tests involve some operations.
Cf., e.g., Heleholtzle account (1881) of the treatment accorded

Goethels "refutation" of Newton's theory that white light consisted

of a mixture or &11 colors. Goethe's friends at first patiently

pointed out to him how Newton's theory and experiments accounted

for all of his objections, but when he persisted, they eventually

just ignored him.

1
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'This procedure is followed even in cases where many previoue experi-
ment') peem to have firmly established a certain theory. Witness, for

example, the flood of articles offered as counterevidence to Husson's

(1950) neurochronaxic theory of vocal cord vibration. Although it had

been confidently held for over 200 years that the vibrations of the
vocal cords were aerOynamic phenomena and not due to individual
muscular contractions, a large amount of energy was taken to refute
point-by-point most of Husson's innovative claims, The resulting

research (by both sides) has benefitted the field'immensely by en-
larging the store of information dbout laryngeal physiology and in
some cases by increasing the repertory of techniques availdble for

studying the larynx. However, many of the theoretical points Chomsky
and others espousing generative phonology hold to be so unquestionably

true that they take supremacy over experimental results, e.g., the

mental reality of phonemes, judgments of grammaticality, etc., do not

even fall into the class of issues strongly supported by many previous

experiments. All the more reason, I would think, for encouraging
fellow linguists to start looking for ways of testing them. Instead

Chomsky provides a discipline already having weak empirical foundations

with neat rationalizations for why experiments should not be attempted.*

at the present stage of the study of language, it
seems rather obvious that the attempt to gain some insight

into the range of data that we now have is likely to be far

more fruitful than the attempt to make this data more firm,

e.g., by tests for synonymy., grammaticalness, and the like.

Operational criteria for these notions, were they availdble

and correct, might soothe the scientific conscience, but

how, in fact, would they advance our understanding of the

nature of language or of the use and acquisition of lan-

guage? (1964, p, 613

How indeed? We can only find out if we try. If we do not try to firm.

up our hypotheses, if we do not try to get some empirical feedback on

our initial guesses about the nature of the linguistic rules in the

speaker's head, we are likely to develop a theory inflated with unreal

and fantastic theoretical machinery exactly as happened in Cartesian

cosmology. I believe Chomsky is completely wrong in the lesson he

derives from the natural sciences when he considers the issue of

One wonders whether or not this may also be part of the motivation

for the development of that favorite subject of linguistic exegesis:

the distinction between oompstenes and porfOrmande. Thus it was

asserted that the linguist's task was to discover and describe the

native speaker's competence, i.e., what be knew about his language;

however, tests or any sort of experimental evidence as to the presence

or use of these rules were difficult or impossible to obtain due te

"performance" factors which obscured the underlying competence.

Linguists were assured however that statements about the speeker's

competence could still safely be made in spite of these unsolved

interferences by performance factors.

Ii
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natural sciences have, by and large, sought objectivity

primarily insofar as it is a tool for gaining insight

vi

sciences had been their search for insight or their con-

cern for objectivity,

a good case can be made for the view that the

(for proding phenomena that can suggest or teat deep

000 whether the important feature of the successful

f.
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explanatory hypotheses).

In linguistics, it seenm to me that sharpening

of the data by more objective tests is a matter of small

importance for the problems at hand. (1965, p. 20)

Certainly chemists do not go around seeking the structure of any ran-

domly selected substance just for the sake of being exact; of course

they and all scientists seek insight. But the question is whether or

not insight can be achieved without objectivity. If any lesson can be

learned from the history of the "successful" sciences, the answer is a

resounding NO. Chemistry only really started making rapid progress

after Lavoisier, Priestly, Davy, Gay-Lussac, Berzelius, and others

concerned with objectivity as well as "insight", had blessed the field.

Similarly so with Physics and Newton, and with Physiology and Bernard;

It seems to be assumed that linguistics is the exception among

sciences. It is assumed that since many of the posited phonological

entities, sueh as the phoneme, any one of the Distinctive Features, or

the transformational cycle, are all so abstract and menta1istic that

evidence as to their psychological reality is necessarily hard to ob-

tain given the current state of the art in psychological testing.

Thus linguistics is apparently considered to be exempt from testing

until the time comes vhen adequate tests are developed. This is false;

the more abstract a posited entity is, the more likely it is to be

wrong and thus the more it requires a test. Besides, as Northrop

(194T) and others have pointed out, all the mature scientific disci-

plines posit unseeable entities, but this does not mean that there can

be no evidence of their existence and operations. Halle (1964, p. 325)

is completely unjustified in appealing to the acceptance of the elec-

tron, an unseedble entity, as the model for linguists' acceptance of

the phoneme. The two cases are not at all comparable. When have lin-

guists been treated to experiments as beautiful, as ingeniously de-

vised, and as convincing as those performed by Hertz, Thompson, Wilson,

Nillikan, and others who have not only demonstrated the existence of

the electron but many of its properties as well? Thus I would like to .

know exactly which "facts" Chomsky was referring to when he asserted

Like most facts of interest and importance, (informs..

tion about the speaker-hearer's competence) is neither

presented for direct observation nor extractable from data

1DY inductive procedures of any known sort. (1965, p, 18)

1 r)
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That the entities we are interested in are usually invisible is
true, as mentioned above, but that they oannot be known by inductive
procedures of any known sort has been refuted time and time again in
science. Only if "facts of interest and importance" refer to theo-
logical propositions, perhaps, could this be justified. But I have
been under the impression that linguistics is attempting to find out
omething about the nature of real mental processes. Is it possible
o know something without being able to test it? .0r, equivalently, is

tt possible to observe anything without it being possible to refine

rets observations?

It is understandable that to the highly creative and imaginative
nds that have given the world the intellectually satisfying system
f Generative Phonology, the drudgery of experimentation, the pains-
ing putting of one empirical brick on top another is quite boring

,as indicated by the above quotes. But there really is no other way

40 there are many researchers in science who are convinced that their
ingenuity and intellectual powers can be satisfyingly challenged in
designing and running experiments as well as inventing theoretical sys-

tems which explain their experimental results. Otherwise we might as

well revert back to Cartesian cosmology or Thomistic philosophy or the
Sunday New York Times crossword puzzle, all three of which never fail
to excite our esthetic and intellectual admiration but whieh advance
the knowledge of the world not at all.

Chomsky on occasion seems willing to admit this:

I do not think anybody actually working on lan-
guage can doubt that sooner or later .4. it is going to

be necessary to discover conditions on theory constructions,

coming presumably from experimental psychology or from
neuroloey, which will resolve the alterdatives that can Le
arrived at by the kind of upeculative theory construction
linguists can do on thr basis of the data available to them.

That is, there will come a point, no doubt, and I think in

sone areas of linguistics it may already have been reached,

where one can set up alternative systems to explain quite

a wide range of phenomena. One can think that this or that

system is more elegant and much more deep than some other,

but is it right?

it seems to me that in phonology that point may

have been reached. We can set up quite elegant theories of
phonological structure that can explain quite a remarkable

range of phenomena I think rather striking explanations

can be proposed on the basis of theories which, although I

think they are intellectually quite satisfying, have no

evidence for them other than the fact that they explain

quite a lot of phonetic data. Here, certainly, one hopes

it will be possible to go beyond that, and you cannot go

on beyond that on the basis of linguistics alone. (1967a,

p. 100)
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.0ne could quibble over the implication that linguistics needs to be a

non-experimental discipline and that it must look to other fields to

do its testing or the suggestion that experimentation is required only

at some critical stage in the progress of a theory rather than being

constantly needed, but the point is clear: without verification from

good experiments -- from whatever source -- the armchair theorizing

that has typified generative phonology is mere game-playing. Quite a

lot of fun, admittedly, but incapable of telling us very much about

the speaker's mlntal processes, which is our set goal, The emphasis

here on the need for an empirical foundation to phonetic and phonolog-

ical work should not be taken as a denial or rejection of the need for

speculative studies. It should be clear that both speculation and

testing of one's speculations are needed; neither can be dispensed with.

Although I have some argument over the methodology adopted by

generative phonology insofar as it purports to shed light on psycho-

logically real entities and processes, I in no wey deny the significant

advances and contributions made by this school by wly of describing

and cataloguing the sound patterns of languages. Chomsky and Halle's

The Sound Pattern ofEnglieh (1966) presents many useful and hitherto

unknown facts about regularities in English phonology, In addition

much valuable work hes been done in the generative phonology framework

on such diverse languages as Japanese, Frem.h, Sanskrit, Akan, Russian,

Spanish and many others. Distinctive feature notation itself, in its

various forms, represents an advance over previous notations in that

it allows broader, more general regularities in the sound pattern of a

language to be stated most economically and in a way that is fre-

quently quite revealing.

However speech research has now reached a stage where it needs and

has produced a better way to represent the phonetic facts -- a way

which does a much better job at giving an explanation of the phenomena

involved. A few examples of sound changes or alternations due to

known causes may make this clear.

1. According to Wang (1967), in an early stage of Chinese voiced

and voiceless stops were differentiated but later the voicing dis-

tinction disappeared and was replaced by a tonal difference on the fol-

lowing vowel; low tone appearing where the consonant rreceding had been

voiced, and high tone when the preceding consonant had been voiceless.

As Wang noted, this is easily explained by considering the mechanical

properties of the vocal apparatus. Voicing during an occlusion tends

to lower the fundamental frequency since the pressure build-up supra-

glottally tends to reduce the pressure drop across the glottis and

consequently the air-flow rate through the glottis. Thus upon release

of the voiced stop the fundamental frequency initially rises. In the

case of the voiceless stops, however, particularly voiceless aspirated

stops, i.e., those in Which the vocal cords adduct some time after the

release of the stop (of the order of 40-6) mace, or more), the.vocal
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cords are adducted in the presence of an initially high rate of air flow
through the glottis and consequently start vibrating more rapidZy (Sato
1988, Lehiste and Peterson 1961, Ladefoged 196Tb, Chistovich 1969,
Haggard 1969). Thus, upon the release of a voiceless aspirated stop
the fUndamental frequency will be falling. These tonal features were
undoubtedly secondary auditory cues for the different lexical items at
the ear4 stage of Chinese but when the voicing distinction was lost
became the primary distinctive feature differentiatihg the words.

2. For similar reasons, Punjabi now has replaced what was a
breathy-voiced stop by a voiceless unespirated stop plus atonal con-
tour. Interestingly, the tone is falling on the preceding vowel and
rising on the following vowel, as we would expect, knowing that breathy.
voiced phonation lowers fundamental frequency.

1 3. The reason so many of the world's languages have /1,a,u/

1

Vowel systems if they are limited to only three vowels is because these
vowels are maximally distinct from one another in their spectral proper-
ties (Wang 1968).

h. An overwhelming number of sound changes and sound alternations
can be explained -- or at least rendered plausible .- if we consider

1

the acoustic properties of the affected sounds before and after the
chenge. For example, the substitution of /2/ (glottal stop) for medial
/t/ in many dialects of English, e.g., Cockney (bto21) for *bottle",

i

is no doubt due to the strong acoustic similarity between medial /t/
and /2/, i.e., silence and minimal torment transitions on surrounding
vowels. Similar reasons explain the change of /henri/ to Mort/.

i

Likewise, such considerations lend plausibility to such well.
attested changes as:

(911 ... (hl]

11

(x1]

(pf]
[phi . {[f 1

1

(h 1

)

(VN] (V ] (where V vowel and'

N - nasal consonant)

i

In fact it seems safe to sey that most sound changes can take place
only if they do not result in a drastic chahge in the acoustic identity
of a word.

Many more examples cculd be offered, but this is not the plac4
(however, see Schane 1969, for a more systematic analysis of diverse
types of sound changes). MI point is to illustrate particular in-
stances of sound change or sound alternation which are rather easy to
explain when represented in terms of the relevant physiology and

A
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acoustics of speech. The account of such dhanges in terrs of dis-
tinctive features may be adequate and even elegant in their ingenuity,

but they are not explanatory. Apparently many of the inadequacies of
this notation have dawned on the generative phonologists, too, and for
this reason the marking convention was adopted (Chorsky and Halle
1966, p. 400 ff.). Specifically, it was recognized that the system
failed to take into account the "intrinsic content" of the features.
That is obviously true, as I have indicated above, but the proposed
changes still go only a short way towards rectifying that deficiency.
It strikes me that there is no possible way of modifying the dis-
tinctive feature notation, as long as it still represents sounds as a
column of features and words as 4 matrix of such features, which will
enable it to conveniently capture and explain the significant aspects
of the sound changes and sound alternations pointed out above.
Instead it is necessary to represent these processes by mathematical
or hardware analogues of the vocal apparatus, analogues which allow us
to incorporate all the known mechanics and constraints of speech
physiology and speech acoustics. Such models have been constructed
and used profitably by Fent (1956), Ohmen and Lindqvist (196§2,
Flanagan and Landgraf (1967 and 1969), Ohman (1967a), Stevens (1968),
Umeda mmi Teranishi (1966), Lindblom (1968a) and many others.

The importance of a notation system in any scientific discipline,
i.e., the- method whereby the researcher can represent and work over the
accumulated data in simplified form, cannot be overemphasized. The
particular method chosen may stimulate further advances if it is optimal
or inhibit further progress if it is poorly adapted to the purposes and
needs of the field. The tremendous effect on mathematics of the adoption

of the Hindu nurber system to replace the Roman number system is well
known. Similarly, in chemistry, the usual two-dimensional letter-and.
line symbols for molecular structure, e.g., that for alcohol,

III RIHCC OH

H H

proved to be incapable of conveniently representing important three -
dimensional structural aspects of the molecule, e.g., the distance and
angle of the bond between one atom and another. Precisely machined
balls end sticks are an important part of modern chemical notation aa
well an being convenient vehicles for research.

Any attempt to improve the notational system for representing
phonological or phonetic facts must be encouraged. But it appears to

be unprofitable to burden any notational system, and in particular the
distinctive feature system, with the task of representing and ex-
plaining all the relevant facts'of historicil pound change, perceptual
and physiological aspects of sound alternation in addition to aspects
of the acquisitiOn and development of sound systems in children.
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Further it is carrying things a bit far to reject without die-

cussion as Chomsky and Halle do (1968, p. 327-29), a perfectly good,
experimentally-founded analysis of voicing distinctions in the world's

languages, namely that of Lisker and Abramson (1964), in favor of

another system involving such largely uninvestigated features as

"tenseness", "heightened subglottal pressure", and "glottal constric.

tion", (See the reply by Lis)ter and Abramson 1966.)

Recalling again Stevens' evaluation of the field of speech
research, it is impcesible to tell when we will have our own analogue

to the periodic table of elements, but one thing is clear: we won't

have it until we build up a structure of reliable flints and models

comparable to the one chemistry had before the periodic table was

proposed. For the present, though, it seems unavoidable that we shall
profit from the current trend to investigate the mental processes and

brain mechanisms underlying observed speech behavior. Our task, then,

is to try "to see hov the human mind functions" (Lieberman 1967a,

p. 2). There is some hope that the dividends of this approach will

extend beyond helping us to have a better understanding of how speech

is controlled and produced, and how it is subject to change, Lashley

(1951) remdnded us of Fournie's (1687) comumnt that "Speech is the
only window through which the physiologist can view the cerebral life."

Whether it is the only "window" is debatable, but that speech is ex-

cellent subject matter to reveal the workings of the brain is

reasonable hope. It may be that by studying the mechanics underlying
speech we may be able to find out how voluntary motor behavior is

stored latently, selected, activated and controlled -- a problem that

neurophysiology has attacked for many years using, for the most part,,

animals. The movements of speech have the advantage over most studies

of movement in animals -- whether decerebrate or nct -- in that they

are voluntary, executed under control of the cerebrum, are repeatable

and quantifiable. Perhaps the best example of how phonetics can ex-

ploit these qualities to its advantage is the work of the group in the

Pavlov Institute of Physiology (Chistovich, et al, 1965, Ventsov, et al.

1966).

But, again, if we can take any lesson from the other "successful"

sciences, our understanding of the speech process will have to proceed

bit-by-bit, even if we are lucky enough to have an occasional break-

through. Ve cannot just build theories in the sky and let the testing

of them welt until later.

In the present work Chapter Two attempts to shed light on the'

mechanisms speakers use to control the fundamental frequency of phone,.

tion in speech. Instrumental investigations of up to five subjects are

reported which lead to the re-affirmation of the traditional view that

fundamental frequency is controlled almost exclusively by the laryn-

geal muscles. Claims by Lieberman (1966, 1967a, 196Tb, 1968a, 19681))

MID
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challenging this view are examined in detail, and an attempt is made

to counter them. Chapter Three considers arguments, evidence, and
experimental techniques relevant to discovering certain possible brain.
mechanisms underlying observed speech behavior. In particular, two

issues are covered: the possible role of feedback in speech and how the
timing of gestures in speech is controlled.

4
8
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Chapter 2

The previous chapter expressed the view that the task of
phonetics is to discover the stored units of speech, explain how
they are manifested and controlled as a pattern of muscular con-
tractions, how they are tailored for optimum communication, and
how they are perceived and identified by the listener. Viewed in
this way, phonetics is but one specialized branch of the behavioral
sciences. As in any other science this complex of tasks requires
(a) constructing a model of the system we wish to understand and
(b) seeing if the hoped-for correspondences between the output
of our model and the empirical observations of the real world
can be demonstreted.

Although relatively inaccessible, the action of the larynx
and one aspect of its acoustic output, fundamental frequency (F0)
or "pitch," has, perhaps, received more attention and study and
has more often been modelled than have any of fhe other physio-
logical mechanisms in the speech apparatus. We know much more
about the workings of the larynx and the way in which pitch varies
in speech than we do about seemingly more accessible articulators
such as the lips and the lower jaw. This is due no doubt to the

fact that pitch is relatively easily transduced into graphical
form, being readily extractable from the acoustic signal of phona-
tion, whereas lip movement is not, and due to the fact that a
separate medical discipline, laryngology, exidts which gives its
special professional attention to the workings of the larynx. But

the existence of a separate medical discipline has unfortunately
meant a neglect of physiological studies of laryngeal activity

during speech. The usual subject of physiological investiga-
tions have been how the larynx executes variatons in pitch, in-
tensity, or register during steady-state phonation and similar
non-linguistic actions.

However we should not overlook two other important factors
which help to explain the apparent lack of attention to speech.
First, the best methods of studying the physiology of the larynx
necessitate either that the larynx be removed from the body, or
if not rcloved, that the host be later sacrificed (thus necessitating
animal subjects), or that the vocal tract itself be occupied by
the insttuments used.. These techniques rule out study of normal

speech. Second, it has been assumed, implicitly and explicitly

(Arnold 1961) that what was found to be true of singing or non-
linguistic uae of the vocal mechanism, should apply as well to
speech. This is a reasonable assumption, but until demonstrated
experimentally it would have to remain merely an assumption. As
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we shall see below, Lieberman (1966, 1967a, 1967b, 1968a, 1968b)
raises doubts that this assumption is true, suggesting that the way
P is regulated in speech is different from the way it is con-
trolled in singing or other non-linguistic phonation.

The main issue of manner of control of Fo in speech is, then,
one of finding out if the principles which have repeatedly been
demonstrated to operate during non-linguistic phonation also hold
in speech.

Such physical parameters as vocal cord tension, the mass free
to vibrate, losses due to collision of the surfaces of the two

vocal cords, air flow through the glottis, etc., all determine
the rate of vocal cord vibration. These are not easy to obtain
in quantifiable form in the living, speaking subject although they
can be quantified in excised larynges. But fortunately some
secondary, indirect indications of the vocal cord tension, the
mass free to vibrate, etc., can be sampled in the living subject,
e.g., the length of the vocal cords, the vertical dieplacement
of the larynx and the electrical activity in the laryngeal muscles.

STUDIES ON EXCISED LARYNGES*

Ferrein (1741), in experiments on excised larynges, estab-
lished that increasing the tension of the vocal cords increases
the pitch of the sound produced (provided, of course, there is
a current of air sufficient to drive the vocal cords). His re-
sults were replicated by Maier (1843) who showed in addition
that pitch could also be increased by augmenting the force or
pressure of the air driving the vocal cords, although it is clear
from his quantitative data that changes in tension were capable of
varying pitch over a much wider range than were changes in air pres-
sure. These results have been obtained repeatedly by other inves-
tigators (Oertel 1895, RAthi 1896, van den Berg and Tan 1959,
Anthony 1968). One obvious difficulty in working with excised

larynges is, as van den Berg and Tan have remarked, the fact that
the muscles cannot contract or maintain their usual tonus. Some

simple moyements can be duplicated by the pull of strings ap-
propriately tied to the muscles or cartilages, however the action
of the vocalis muscle cannot be adequately copied. This doesn't

invalidate all the results obtained from excised human larynges,
though, because similar results have been obtained with animal
larynges in vivo (Isshiki 1959, Bast 1961, Koyama, Kawasaki and
Ogura 1969). The studies on animal larynges have been particularly
useful in elucidating some of the inter-relatedness of the para-
meters determining vocal pitch. For example, with a constant air
flow an increase in the stimulation of the adductor muscles pro-
duces an increase in subglottal pressure, intensity, and pitch.
Likewise, of course, a constant stimulation rate plus an

Illustrations of the anatomical structures referred to may be

found in the appendix.

C)
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increase in air flow produces increases in the same parametera.
Further detailed findings from excised human larynges will be mentioned

below.

Electromyographic and Clinical Studies of Laryngeal Activity

Electromyographic studies of the cricothyroid show that it ex-
hibits increasing activity during rising pitch (Katsuki 1950, Faaborg-
Andersen 1957 and 1965, Sawashima, Sato, Funasaka, and Totsuka 1958,
Zenker and Zenker 1960, Arnold 1961, Ohmon, MArtensson, Leanderson,
and Persson 1967, Perkins and Yanagihara1968). Katsuki found some
cases of increased cricothyroid activity during low pitch. Zenker and
Zenker characterize the pattern of activity of the cricothyroid as
being low for the middle range of pitch but increasing both for low
pitch and high pitch. Perkins and Yanagihara found this in one case
out of several. Wenrick (1931) applied electrical stimulation ex-
ternally in the vicinity of the cricothyroid muscle, and, noting that
the pitch of phonation was lowered, concluded that a contraction of
the cricothyroid lowers pitch.

Electromyographic studies of the intrinsic laryngeal muscles
generally find an increase in activity in all the adductor muscles
during rising pitch (Faaborg-Andersen 1957 and 1965, Sawashima, et al.
1958, bhman et al. 1967).

Although the extrinsic laryngeal muscles have been extensively
investigated during phonation (Michel 1954, Zenker and Zenker 1960,
Faaborg-Andersen and Sonninen 1960, Sonninen 1956, Arnold 1961, Kimura
1961, Faaborg-Andersen and Vennard 1964, Hirano et al. 1967) there is
still some doubt as to the action of most of these muscles. The sterna-
hyoid shows least activity in the middle of subjects'vocal ranges and
increasing activity for low or extremely high pitch (usually above the
range used in speech) (Hirano, et al. 1967). The function of an
increase for high pitch is not clear; the increase for low pitch is
probably related to the common observations that the vertical move-
ments of the larynx correlate Well with the variations in the pitch
of phonation (Garcia 1840) and that the sternohyoid pulls the larynx
downward. The reason for this relation between larynx height and Fo
is not completely understood either. This phenomenon is discussed
further below.

Hirose (1969, personal communication) reports a case in which a
patient who had lost the use of his cricothyroid muscles, but not the
use of his other intrinsic laryngeal muscles (by an accidental bi-
lateral section of his external superior laryngeal nerves during a
thyroidectomy), could still manage some variations in pitch but com-
plained he had difficulty in executing high pitch in speech and couldn't

achieve falsetto in singing at all. Similar cases have been reported
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and reviewed by Luchsinger and Arnold (1965). There is thus much re-

dundarcy in the muscular system regulating pitch such that if one or

two muscles are lost, others can take over and pitch regulation in not

thereby completely lost, although it may be drastically restricted in

range. However, that some laryngeal muscles must remain in working

order for pitch regulation is suggested by some cases of progressive

bulbar palsy in which the motor cranial nerves, including those sup-

plying the laryngeal muscles, degenerate gradually leaving a patient

who may be capable of phonation but without the ability to vary pitch

(Oritchley and Kubik 1925).

An estimate of the effectiveness of the respiratory muscles in

regulating pitch by varying the pressure or flow of the air through

the glottis may be made by considering the ability of patients with

respiratory paralysis to vary.the pitch of phonation. Ladefoged

(personal communication) has studied both paraplegics with paralysis

of all the normal expiratory muscles (see Draper, Ladefoged and Whitteridge,

1960) and poliomyelitis victims who found themselves in an "iron lung"

which took over the function of the paralyzed respiratory muscles. He

reports that neither group had noticeable difficulties in pitch control.

Severe paraplegics relying principally on the elastic recoil of the .

lungs after a diaphragmatic inspiration could pronounce short sen-
tences perfectly; and poliomyelitis victima had no great difficulty

in speaking naturally provided they learned to speak only during the

expiratory phase of the machine's pumping cycle. The "iron lung,"

of course, doss not provide any short-term variations in the respira-

tory force and thus whatever pitch variations these patients executed

had to be due to the action of their laryngeal muscles alone.
(Additional testimony on the naturalness of speech produced

in an 4.ron lune has been offered by Peterson (1958) and by

those who listened to his demonstration (Iang 1962, Martin 1956).

pidiographic and Photographic Studies of Laryngeal Activity,

Such quantifiable measures as changes in the length of the vocal

cords, in the thickness of the vocal cords, and in the size of the

laryngeal ventricles (ventricles o2 Horgagni) are indirect indications

of vocal-cord tension and the mass free to vibrate and can be obtained

fairly simply from sagittal and frontal X-rays of the larynx, as well

as from laminograms and from photographs of the vocal cords via indirect

laryngoscopy (French 1884, Moeller and Fischer 1904, Farnaworth 1940,

Griesman 1943, Mitchinson and Toffey 1948, Sonninen 1954 and 1956,

Hollien and Curtis 1960, Keenan and Barret 1962, Fink 1962, Ohala and

Vanderslice 1965, Ardran and Wulstan 1967). Such studies have provided

repeated confirmation of the general principle that pitch is varied

by changing the length and consequently the tension of the vocal cords,

and by changing the mass that is free to vibrate.

The good correlation between the vertical displacement of the larynx-

hyoid bone complex and the pitch of phonation in speech and singing has

long been known (Garcia 1840) and is easily noticed in speakers with a

("5 r".1
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frbminent "Adam's apple." Some authors dOubt that the vertical move-

ment of the larynx with pitch is necessary or desirable for a 'trained"
singer (Luchsinger and Arnold 1965).but.that it commonly occurs in the
pitch range used in speech or in speech itself has been demonstrated
and quantified by Inoue (1931), Griesman, Keenan and Barrett, Amenomori
(1960 and 1961)1 Sonninen (1956 and 1968), and Vanderslice (1967), and
is evident in many other authors' published data (Arnold 1961.). There

is little doubt that there are consistent patterns of muscular action
in the extrinsic laryngeal muscles and the supra-hyoid muscles in the

regulation of pitch in speech. This in itself however does not tell

us the relative contribution of these muscles to observed pitch changes.

Many muscles attach to the larynx-hyoid-bone complex and undoubtedly
influence its position. All of these forces have not yet been iden-

tified or factored out. Roughly speaking, though, it appears that the
height of the larynx varies directly with the log of the pitch of
phonation in the lower end of a speaker's pitch range, i.e., the range

used in speech. The reasons for this is not known exactly but some
interesting speculations have been presented by Sonninen. Upward and
downward movement may contribute somehow to lengthening or shortening,
respectively, of the vocal cords, or it may assist in varying the mass

that is free to vibrate. Citlite clearly this is not the sole mechanism

of pitch regulation since patients having their sternohyoids, omohyoids
an4/or sternothyroids severed c6L still execute pitch variations in
speech and singing, although perhaps over a more restricted range than
before the loss of these muscles (Sokolowsky 1943, Sonninen 1956 and

1968).

Aerodynamic Studies of Laryngeal Activity

It is not difficult to record subglottal air pressure in speech.
This can be done either by indirect means, e.g., by recording the
esophageal pressure (van den Berg 1956, Ladefoged 1962 and 1967a,

Strenger 1959, Lieberman 1967a and 1968c, Vanderslice 1967) or by using

a body plethysmograph (Kozhevnikov, et al. 1966) or by the direct

method of inserting a catheter or needle into the trachea (greatly

facilitated if the subject already has a hole in his trachea from a
previous operation) and connecting the catheter to a pressure trans-
ducer of some sort (Rousselot 1924, Smith 1944, Stetson 1928, van den

Berg 1256, Fiacher-Jorgensen and Hansen 1959, Isshiki 1959, Ladefoged

19601 Ohman and Lindqvist 1966a and 1966b). It is now also possible

to insert miniature pressure transducers directly into the trachea

(Koike and Perkins 1968). With the exception of Stetson's claims
that a separate breath pulse or subglottal pressure peak is present
for each syllable (a claim which was falsified by Ladefoged, Draper,

and Whitteridge 1958, and more recently by Lieberman, Griffiths, Mead,

and Knudson 1967) these investigations yield much the IMO

picture of subglottal pressure in speech. It necessarily becomes

positive during expiratory phonation, usually rising rapidly before

and falling rapidly after phonation, but maintaining a fairly constant'

a
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level in between. Momentary'increases in subglottal pressure are

noticeable on emphasized ("stressed" or "accented") syllables and

have been shown by electromyography to be due to some extent to

contractions of the expiratory muscles (Ladefoged 1962). Some

momentary variations in subglottal pressure, however, can be at-

tributed to short term variations in the glottal resistance

which is regulated by the laryngeal muscles (Ladefoged 1963,

Broad 1968). Some variations in subglottal pressure, particularly

short term variations, ,ee thus a function both of the respiratory

apparatus (active expiratory effort plus the passive effect of the

elastic recoil force of the lungs and thorax) a's well as the mean

glottal resistance.

Increased air flow (or subglottal pressure) has been shown to

increase pitch in the living subject in the investigations of van

den Berg (1957), Isshiki (1959), Ladefoged (1963) and Ullman and

Lindqvist (1966a). These studies all showed that a push on the

chest or abdomen of a subject attempting to phonate at a steady

pitch level causes the pitch to rise involuntarily and immediately..

This effect is certainly familiar to anyone who has attempted to

sing or carry on a conversation while driving over a bumpy road.

If one assumes that the laryngeal adjustment is constant in these

cases, the measured value of AF/dPs (with Fo in Hertz and Po in

centimeters aqueous, i.e., centimeters of water) should be a

fairly accurate quantification of the effect of subglottal pres-

sure on Fo for a given adjustment of the larynx. Table I gives

the values of this expression from the experiments of Isshiki

(1959), Ladefoged (1963), bhman and Lindqvist (1966a), van den

Berg and Tan (1959), Furukawa (1967), and Anthony (1968), the last

three working with excised human larynges.*

As mentioned above, excised larynges lack the usual muscular

tone in the vocalis and other parts of the thyroarytenoid muscle.

Since contraction of the vocalis can significantly affect the glot-

tal resistance which in turn affects.the rate at which a given level

of Po can affect Fo, values of AF0/4Po obtained in such studies may

be too high.

On the basis of such a "calibration" of the effect of variations

in subglottal air pressure, only Ladefoged (1963) and Ullman and Lind-

qvist (1966a) actually made any specific claims about the relative

contribution of the entire laryngeal musculature and the subglottal

respiratory musculature towards effecting the observed pitch changes

Values of AFSAP. are also available for non-human larynges, e.g.,

Haat (1961) working on dogs' larynges in vivo obtained values

in the range 2.3 to 2.9 Hz/cm. aq. However, these may not be

directly relevant quantitatively to studies of human larynges.

Cf. also: Negust V.E. (1949), p.142.
4.4
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Table I. Calibrations of 4S lo /4P
a

(in Hg/cm. aq.)

Source Normn1 ihnieim Falsetto Conditions

Isshiki
(1959)

3.3 ... 1 sample from 1
subject, male;
pressure obtained
from tracheal needle

.Ladefoged
tr (1963)

,$

ao

5 --- 1 subject, male;
pressure estimated
from esophageal
balloon

&man and Lindqvist"
(1966a)

2.5 ....... 1 subject, male;
pressure obtained
from tracheal needle

van den Berg and Tan
(1959)

5-12 17-20 excised male larynx
representative of some
30 other larynges

FUrukawa
(196?)

0-16 .... excised larynx

Anthony
(1968)

6-8 --- exciaed female
larynx

in speech. Using the value of 5 Hz/cm. aq. Ladefoged factored out
those pitch variations attributable solely to changes in the pressure

Ladefoged reported the va:.ue of 1/2 octave/7.5 cm.aq., but hie
figure suggests that it was more like 1/2 octave/9 cm. aq., which
over the pitch range covered, equals 5 Hz/cm. sq. In addition
Ladefoged and McKinney (1L63) in an earlier article had reported
sampling the subglottal psessure and ro of a subject producing
monosyllabic words at various intensities with unrestrained pitch.
They noticed a good correlation between the peak pressure and peak
F of each word and the value of air /41) waa very close to that
fSund by Ladefoged (1963),namely, HI/cm. sq., even though
there was no attempt to insure an unvarying laryngeal adjustment
in this case. They noted that "it is interesting to speculate on
the extent to which changes in intonation in English might be due
to variations in sabglottal pressure rather than variations in the
tension of the vcarcords." (p. 458)

ire Uhman and Lindqvist reported that the period of the glottal vibration
diminishes by .16 msec./cm. aq., which works out to an increase in
pitch of approximately 2.5 Hz/cm. aq. in the pitch range studied.
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drop across the glottis (especially owing to supraglottal prassure

increases during consonantal articulations) and thus derived another

curve labelled "vocal cord tension," defined as "the sum of the

physiological factors affecting the adjustment of the larynx" (p.

118). By far the greater part of the gross variations in Fo were

attributable to this parameter.

Ullman and Lindqvist, having determined the value of 2.5 Bz/cm.

aq. experimentally, similarly factored out those pitch variations
that could be attributed to the changes in the pressure drop across

the glottis and derived curves representing the action of the laryn-

geal musculature. Again, most of the observed pitch variations

were assigned to the action of the larynx. The pressure rises on

stressed syllables were said to be capable of causing at most only

about 10% of the observed pitch rise. They noted as well that

...the 0 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 ...

theAchanges during the stressed syllables do not correlate A
well with the stress-induced AP changea either in phase

or in amplitude. (p. 4 ]

Relevant to this issue are the studies of Flanagan and Landgraf

(1967 and 1969). and Flanagan (1968), who, on the basis of calculations

from a mathematical vocal cord model suggested that acoustic coupling

of the vocal tract and the vocal cords may become more important

with constricted vocal tract ehapes such as that for /u/ and that

therefore certain values of subglottal pressure would have a greater

effect on Fo if the vocal tract configuration were constricted than

if it were relatively open. Isshiki's, Ladefoged's and Ullman and

Lindqvist's calibrations were performed while their subjects phonated

open vowels and thus would not show this coupling effect if it d.7es

exist. In applying such values of AF0/aPs to real speech situa-

tions it must be remembered that this value varies to some extent

with the mean glottal resistance. Glottal resistance may undergo

considerable short-term (100-200 msec.) variation in running speech,

as is evident by the momentary drops in pressure during (hPs. Also

Isshiki found that the minimum subglottal pressure required to main-

tain phonation varied directly with the pitch, which suggests that

the mean glottal resistance also varies with pitch. This was con-

firmed experimentally by Yanagihara and von Laden (1966).

Vanderslice (1967) made a qualitative estimate of the relative

contribution of the subglottal air pressure and the extrinsic laryn-

geal muscles. He recoeded the esophageal pressure, larynx height,

and Fo (although not simultaneously in the case of the first two

parameters) and found the larynx height (a measure of the activity

of extrinsic laryngeal muscles which affect pitch adjustment --

see above) to be in better correlation with'the Fo than the pressure was.
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He concluded that "intonational pitch control is primarily vested
in the larynx."

The conventional view of pitch control was challenged however
by Lieberman (1966, 1967a, 1967b, 1968a, 1968b). He sampled and
recorded the subglottal pressure and the Fo for three speakers'
productions of several sentences with various intonation contours.
On some sentences (statements and WH-questions, i.e., those having
a terminal fall in pitch) he noticed a good correlation between
the pressure and the FA; on others (yes-no questions, or those
having a terminal pitcfi rise) the correlation was not very good,
especially at the end where the pressure fell but the pitch rose.
He concluded that in the first class of sentences the correlation
was of a causal nature, i.e., the subglottal pressure fully deter-
mined the pitch variations and the laryngeal contribution was
assumed to be zero or negligible. When the correlation was poor,
as it was for the terminal portion's in the other class of sentences,
it was allowed that the laryngeal musculature was active in in-
fluencing the pitch.

Lieberman employed the familiar term "breath-groul!" to refer
to the complex coordinated physiological activity which goes on
in between successive inspiretions in speech and which initiates
and supports phonation and produces the observed variations in
intensity and pitch (or at least those which cannot be attributed
to air pressure transients due to supra-glottal articulations).
Borrowing the terms and concepts of "marked" versus "unmarked"
from Chomskyan and/or Praguian linguistics he referred to the first
set of sentences as "unmarked breath-groups" (symbolized [-BO)
since they are alleged to involve the least expenditure of effort
and are supposedly simpler, intonationally, than the other sentences,
which thus become the "marked breath-groups." That is, Lieberman
suggests that if the speaker doesn't do anything extra with his
laryngeal muscles he winds up with an unmarked breath-group (and
the pitch falls at the end when the subglottal pressure does). If
he does perform an extra bit of work with his larynx at the end of
the sentence, he gets a "marked breath-group" (and the pitch rises
in spite of the fall in pressure). Further, Lieberman's data reveal
the well-known momentary increase in subglottal pressure and the
concomitant increase in F when a syllable is emphasized or re-
ceives prominence (symbolized (+PO). This pitch rise, like the
pitch fall of (-BO he attributes solely to the effects of the
subglottal pressure.

Obviously any claim that in some environments F0 is determined
by subglottal pressure and only negligibly by laryngeal adjustment
must rest on the more fundamental claim: that the observed varia-
tions in subglottal pressure are themselves not determined by laryn-
geal adjustment. Lieberman in fact does not address himself to .

this issue nor does he attempt to prove or justify it logically
or experimentally. It is however the logical basis on which his

other claims rest and must be considered as part of
his hypothesis on the physiological basis of

2?
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intonation.

Lieberman made no attempt to calibrate the effect of subglottal
pressure on Fo, but having merely assumed that the laryngeal muscles
were inactive with respect to pitch in the unmarked sentences, he
plotted (in Lieberman 1967a) the Fo against the corresponding sub-
glottal pressure at 30-odd points and arrived at values for edge
between 16 and 22 Hz/cm. aq.,* which are from 2 to 8 times larger than
the values obtained fcr normal voice by the authors cited above, vith
the exception of the values calculated by Flanagan and Landgraf (1967)
and Flanagan (1968) from their model of the vocal cords. Lieberman
recognized this disagreement between his values for the rate at which
subglottal pressure could affect Fo and those published by others who
had experimented with actual larynges. He suggested that this could
be attributed to a basic difference in the manner of control of Fo
in speech and in singing (the "calibration" such as Ladefoged and
Ohman and Lindqvist performed having not been obtained during speech
as such).

In some of Lieberman's records the Fo does not follow the sub-
glottal pressure in the way predicted. To account for these discrepancies
he suggests that there are "archetypal"' physiological correlates

*0

For some unexplained reason, in the summary on p. 106, the range
of values for iFo/Os is reported as being 17-20 Hz/cm. aq. This
is, though, the least of the inconsistencies between the main body
of the book and the summary. On pp. 95-96 it is admitted that the
data points for these graphs

.4. were measured at points where we assumed
that the tension of the laryngeal muscles was
unchanged. (italics mine]

But in the summary on pp. 106-107 this assumption is suddenly provad
by theidata it vas based on:

These (graphs) ahowed that the tension of the
laryngeal muscles was relatively constant during
the nonterminal portions of the breath-group.
(italics mine]

The use of the term "archetypal" is particularly unfortunate. It
might be thought to denote merely something like "basic," "classic"
(in the colloquial sense), "normal," or "statistically frequent."
However, it connotes-much more, such.as "innately determined," "pri-
mordial," or "primeval." This would perhaps be appropriate when sp.
plied to the "unmarked breath-group," the characteristics of which
Lieberman does claim are innately determined, however this term is

28



......wousivomsokaesS444ukat.4040.06,41thiske**:.4tudaa....&Wombiiildwitnumag ollhafilliakbillkibilahadmithiamaksidokmaam,4

26

of the basic phonological units (or "features"*), the "breath-group"
([BG)) and "prominence" ((P10), and that the speaker and hearer en-
code and decode speech with reference to archetypal or more basic
forms of these abstract units; however the speaker may also employ
"alternate articulatory maneuvers" which are physiologically different
from the archetypal forms but vhich produce the same acoustic output,
Communication is not thereby impeded, the argument runs, because the
acoustic shape of the unit is all that ultimately matters for Iluemy
cessful communication. Thus the "archetypal" form of an unmarked
breath-group would require that the subglottal pressure fall at the
end and that the Fo fall simultaneously. If, however it is observed
that in a particular case the subglottal pressure does not fall at
the end but the Fo falls anyway, (as happens in figure 4.25, p. 86,
Lieberman 1967a), this is explained as the speaker employing an
"alternate articulatory maneuver" (in such a case, changing the
tension in his vocal cords) which still results in the intended acous-
tic correlate, the terminal falling pitch. In this way Lieberman
neatly accounts'for all the data which fit his theory and seemingly
for those which don't, as well.

Other evidence is Adduced by Lieberman to show that his posited
features (+Ps] and (+BC] are psychologically real and that [-BG] is
innate and thus universal to all human languages. This extra evidence
included studies on newborn infant cry, a psycholinguistic experiment
of Hadding-Koch and Studdert-Kennedy (19614), and evidence on the
intonational patterns found in many diverse languages.

Although Lieberman has offered his theory of intonation as being

also applied to the "marked breath-group," i.e., the increase
in the tension of the laryngeal muscles at the end of a question,
and to the "marked" state of the feature [Ps], i.e., the momen-
tary increase in the subglottal pressure. There is no evidence
offered that the characteristics and the manner of using the
latter units are innately determined.
The term "feature" as used in most current vorks espousing
generative phonology, means something more like "unit" or
"primitive entity" in forming contrasts, rather than the usual
dictionary meaning of "feature" which is "... a distinct, or
outstanding part, quality, or characteristic of something ..."

28





The extent to which any given muscle was investigated in all

these subjects is also an indication of the confidence with which

conclusions are stated about the behavior of that muscle in regulating

F All subjects were adult speakers of Standard American English and

ail but subject LC were male. Subjects JO, GA, DB, and WV had all had

phonetic training and subjects WV and LC were professional singers.

All had normal larynges and were free of any speech defects.

Although many different sentences were spoken by each subject,

the following are the items used by all five subjects:

(1) Bev bombed Bob. (As a possible answer to "What happened2")

(2) Bev boibed Bob. (As a possible answer to liho bombed Bob?")

(3) Bev bombed Bob. (As a possible answer to lihat did Bev do

to Bob2")

(4) Bev bombed Bob. (As a possible answer to "Who did Bev
bomb:1

(5) Bev bombed Bob: (Echo question to sentence #1)

(6) Did Bev bomb Bob:

(7) Did Bev bomb Bob:

(8) Sob. (Elliptical reply to " Who did Bev bomb21

(9) Bob? (Echo question to sentence #8)

Subjects JO, OA, and DB also spoke the sentence "Joe ate his

soup," with similar variations in accent and in question versus state..

meat format.

The "Bev bombed Bob" series was chosen since only sentences which

minimized the involvement of the laryngeal muscles for "segmental"

gestures could hope to reveal those muscles' participation in purely

prosodic gestures. We attempted to eliminate phrases including (a)

word-initial vowels, since they are often initiated with a glottal

stop and would require action from the vocalist (b) voiceless conso-

nants and /h/ since they both involve activity of the lateral crico-

arytenoid and the interarytenoid, and (c) lingual consonants, since

they seemed to involve noticeable activation of the sternohyoid. In

fact it turned out to be impossible to completely eliminate segmental

involvement of the sternohyoid since it is active for tongue retraction

and jaw opening, both of which were present in our test sentences.

Still, however, its participation in prosodic gestures could be ev-

aluated by comparing sentences which were identical except for varia-

tions in pitch.

No special instructions were given to the subjects as to how to

read these sentences. There were, as a result, some minor differences

31
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in the prosodic patterns used, especially in the various question

forms. However this in no way interfered with the main purpose of the

study which was simply to find out if the laryngeal muscles regulated

the various pitch modulations in apeech or not.

In the course of this investigation a new technique was developed

for obtaining electromyographic records from the intrinsic laryngeal

muscles. A full description of this technique can be found in Hirano

and Ohala (1969). Briefly, this technique involves a combination of

the hooked-wire electrodes similar to those described by Basamajian

and Stecko (1962) and the method of transcutaneous insertion into the

intrinsic laryngeal muscles as developed by Hiroto, Hirano, Toyozumi,

and Shin (1962) and as used by these authors for the first electro-

myographic study of the laryngeal muscles in speech (Hiroto, et al.

1967). Tramscutaneous insertion, i.e., inserting the electrodes

through the skin and other tissues of the neck (instead of passing the

leads through the mouth and pharynx) han the advantage of permitting

the subject to articulate normally. It has the evident disadvantage

that, with the exception of the interarytenoid muscles and the vocalis

muscle (where the leads cross through the laryngeal cavity) one cannot

visually verify that the electrodes are in the desired muscle. How-

ever correct placement is possible by means of palpation, knowledge

of the anatomical environment of the target muscle, and, finally,

having the subject execute gestures known to involve certain muscles

-and not others (e.g., coughing, quiet breathing, singing musical

scales, etc.), and, comparing the obtained EMG activity with previoua

records from the same and other muscles. Figures 2, 3, and 4 show

the paths of insertion for some of the laryngeal muscles.

The articles cited above do not explain the method of inserting

the electrodes into the sternohyoid. This muscle can be palpated on

the neck and stands out particularly well when the subject strains

against an upward force on the underside of his chin. The electrodes

are inserted at the level of the middle of the thyroid cartilage and

as close to the midline as possible and, as with the other muscles, as

parallel to the muscle fibers as possible. In this area the only

danger of contamination is from the omohyoid, and possibly the thyro-

hyoid. These Can be easily avoided if the insertion is kept close to

the midline. Two thin wire electrodee with hooked ends are inserted

into the muscle with an ordinary hypodermic needle which is then with-

drawn, leaving the hooked wires in place. The hooks in the wire are

strong enough to prevent electrode slippage during ordinary speech

movements, but are not so strong that they won't unbend and slip out

painlessly at the eud of the session when they are pulled firmly.

These electrodes, Once embedded in the desired muscle, cause the sub-

ject little or no discomfort, so that up to two or three hours of

electromyographic recording can be obtained. FUrther, the bi-polar

wire electrodes provide
greater localization of the area from which
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Thyroarytenoid m.

Arytenoid cart.

Posterior
cricoarytenoid m.

Inf. tuberculum

Lat. cricoarytenoid m.

Figure 2. Direction of insertion of needle into the lateral crico.
arytenoid and posterior cricoarytenoid muscles. (From
Hirano sad Ohala, 1969)

Ia .



A
.

V
oc

al
 c

or
d

In
te

ra
ry

te
no

id
 m

.

T
hy

ro
id

ca
rt

ila
ge

C
ric

oi
d 

ca
rt

ila
ge

V
oc

al
is

 m
.

F
i
g
u
r
e

3.
D
i
r
e
c
t
i
o
n
s
 
o
f
 
i
n
s
e
r
t
i
o
n
 
f
o
r
 
p
u
t
t
i
n
g
n
e
e
d
l
e
s
 
i
n
t
o
 
t
h
e
 
v
o
c
a
l
i
s

a
n
d
 
i
n
t
e
r
a
r
y
t
e
n
o
i
d
 
m
u
s
c
l
e
s
.

(
F
r
o
m
 
H
i
r
a
n
o
 
a
n
d
 
O
h
a
l
a
,

1
9
6
9
)



In
te

ro
ry

te
no

id
 m

.

P
os

t. 
cr

ic
oo

ry
te

no
id

 m
.-

Lo
t. 

cr
ic

oo
ry

te
no

id
 m

.

C
ric

ot
hy

ro
id

 m
.

F
i
g
u
r
e
-
4
.

S
c
h
e
m
a
t
i
c
 
d
i
a
g
r
a
m
,
 
f
r
o
m
 
a
b
o
v
e
,
 
s
h
o
v
i
n
g
d
i
r
e
c
t
i
o
n
s
 
o
f
 
i
n
s
e
r
t
i
o
n
 
f
o
r
 
p
l
a
c
i
n
g

n
e
e
d
l
e
s
 
i
n
t
o
 
a
l
l
 
t
h
e
 
i
n
t
r
i
n
s
i
c
 
l
a
r
y
n
g
e
a
l
m
u
s
c
l
e
s
.

(
F
r
o
m
 
H
i
r
a
n
o
 
a
n
d
 
O
h
a
l
a
,

1
9
6
9
)



4.0110410Ulft.INVarb. . ,1,44....4 4i4 0 1..ot t St....4.11# 40.1

the action potentials are obtained than do mono-polar electrodes.

Figure 5 gives a block diagram of the experimental apparatus used
for gathering and processing the data. A detailed description of the

characteristics of the EMG pre-amplifier and calibrator is given by
Hubler (1967). The computer program used in averaging the data is
described by Fromkin and Ladefoged (1966) and by Hershman and Ladefoged

(1967). The F extraction system was built at the Speech Transmission
Laboratory, St8ckholm, in accordance with a design of Arne Riaberg.
It wile modified by the addition of an interval-to-voltage converter

(Mcnuacy 1965). The frequency response of the data-gathering portion

of the system was limited by the tape recorder which was flat (to

within -3 dB) from 70 to 10 kHz. In the data processing phase the

response was limited by the oscillomink and was flat (to within -3 dB)

from DC to 1 kHz, or by the computer processing, which except for the
initial high-pass filtering of the signal at 100 Hz (to remove possi-

ble movement artefacts) processes several signals (by adding them and

subsequently "smoothing" them) in a way that is not easily quantifi-

able with respect to frequency response.

The EMG activity was evaluated in conjunction with the audio
signal and the pitch curvea on the basis of either oscillomink tracings
of the "raw" electromyographic signals or computer-averaged EMG signals

(or both). Computer averaging was useful when the activity of a given

muscle during contraction was visually difficult to separate from its

background activity, as was usually the case with the lateral crico-

arytenoid, but hardly ever true in the case of the cricothyroid.

Meaningful comparison of the amplitudes of EMG records is re-

stricted to those that have been obtained from a single inaertion

site during one recording session. It is not possible to say on the

basis of EMG records alone whether muscle A contributed more to such-

and-such a gesture than muscle B. Nor cam we Bey meaningfully that

muscle A in subject X showed more activity than the same muscle in

subject Y. This should be borne in mind in considering thu results

presented below.

Results and Discussion

Figures 6 through 16present some of the "raw" and processed EMO

data obtained in this study.

First, it is quite obvious that the laryngeal muscles particpate
actively in ro control. A careful comparison of the records, for

example those of the cricothyroid in Figures 8a and 8bwhich have the

same phonetic "segments" but which differ only ir that the word "Bob"

in.8bhas a terminal rise in pitch whereas that in 8a does not, proves
that the differences in muacle action potentials are related to the
pitch variations, not to segmental gestures. The cricothyroid is
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relatively inactive, in fact, except when there is a rise in pitah,

On the other hand, the lateral cricoarytenoid is active immediately

before the onset of and throughout periods of voicing, but can be seen

to incruase in activity duriug a rise in pitch, as, e.g., in Figures

7a and 7b. The sternuhyoid shows intermittant activity, some of it

clearly associated with non-prosodic gestures, and some with lowering

pitch, e.g, in Figures the sternohyoid shows activity at the

beginning of the sentences (perhaps for the jaw opening in "Bev") as

well as during lowering of.pitch.

Contrary to the findings of Katsuki (1950), Zenker and Zenker

(1960), Perkins and Yanagihara !1968), and Wearick (1931) there was

no indication in this investigation that an increase in the activity

of the cricothyroid muscle is associated with low pitch. Katauki

found this pattern only when he used surface elect odes and thus the

signals obtained could easily reflect contamination from the sterno-

hyoid, which, as mentioned, does show increased activation for low

pitch. This could also explain the findings of Wenrick who used sur-

face stimulation on the larynx, assuming that only the cricothyroid

muscle would be affected by the electric pulse applied lateral to the

cricothyroid space. Since Zenker and Zenker as well as Perkins and

Yanagihara used needle electrodes in their studies, it is possible

that they, too, were actually recording from the sternohyoid muscle

in those cases where they found increased activity for low pitch.

Hirano and Ohala (1969) have shown that the depth of insertion of a

needle electrode is of critical importance in order to obtain recordings

of the cricothyroid muscle and not the aternohyoid (see Figure 18).

And it is quite easy for a stiff needle electrode to slip out of its

original placement during the'course uf an electrumyographic recording

session. Further evidence that Zenker and Zenker were recording from

the sternohyoid is the report by Zenker (1964) that they found in-

Creased activity in what they claimed to be the cricothyroid muscle

for such gestures as jaw opening and back tilting of the head, two

gestures more reasonably involving activation of the sternohyoid but not

of the cricothyroid.

Second, the cricothyroia and lateral cricoarytenoid show increases

in activity not only for terminal rises in pitch, where it is not dis-

puted even by ZJieberman that the laryngeal muscles cause the pitch

rise, but also for pitch rises anywhere else in the breath-group, where

he claims that the pitch rises result primarily from increases in sub-

glottal pressure. Compare, for example, Figures14 , i, and 16 with

Figure 17 . Further, these increases in muscle action potentials are

of the same order of magnitude no matter where the pitch rise oc-

curred within the breath-group. If it is admitted that the laryngeal

muscles are the prime cause of pitch rise in one environment, it is

hard to avoid the conclusion that when they show the same degree of

activity elsewhere they are the prime cause of the pitch rise there

too.
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Third, given the common observation that the larynx moves up and

down in conjunction with variations in pitch, it is not surprising to

find that the sternohyoid, which is capable of lowering the entire

larynx-hyoid apparatus, shows increased activity when pitch is lowered,

as can be seen in Figures 6R through 6d, 10a and lob, and lla through

11d. But this again provides no support for Lieberman's contention

that the terminal drop in Fo at the end of "unmarked" breath-groups

is due.to the falling subglottal pressure. And, as with the muscles

active in raising pitch, the sternohyoid exhibits this pattern no mate

ter whether the drop in pitch occurs at the end of a breath-group, as

it does in Figure 10aor if it is well before the end, as it is in

Figure lUb. The remaining activity of the sternohyoid is probably

due to its participation in movements of the jaw opening and tongue

retraction, although this has yet to be firmly established.

Figures 14through 1?show significant increases in vocalis activity

concomitant with increases in F I although it is active as well for

gestures not associated with pitch, e.g., for glottal stops, as in

Figure 17. These findings agree with those of Faaborg-Andersen (1957

and 1965). An investigation of singing in which either intensity

or F were held constant while the other parameter changed revealed

that in chest register the vocalis participates both in increases in

pitch and intensity -- see Hirano, Ohala, and Vennard (1969). The

large increase in the vocalis muscle's activity during pitch rises on

emphasized words suggests that theglottal resistance increases at these

points. This being the case it is possible that some part of the in-

creased subglottal pressure encountered on emphasized words is due to

this increased glottal resistance and not entirely due to increased

respiratory effort. This is not surprising and is in essential agree-,

ment with the above-mentioned studies on animal larynges (Koyama, et

al. 1969) as well as the aerodynamic studies of speech activity (Ladefoged

1963, Broad 1968). But this provides no support for the claim under-

lying Lieberman's assertions about the dependency of F on subglottal

pressure. His assertions rely on the assumption that subglottal

pressure is itself not dependent on laryngeal adjustment. To the ex-

tent that subglottal pressure is itself partly determined by laryn-

geal adjustment it is logically not possible to say that Fo in speech

is determined by subglottal'pressure and not all or only negligibly

by laryngeal adjustment.

Only the interarytenoid and the posterior cricoarytenoid muscles

showed no activity correlating with pitch variations. (In fact, the

interarytenoid activity did occur with pitch rises, at the extreme

high end of the subject's pitch range -- well beyond that used for

speech. Cf. Ohala, Hirano, and Vennard, 1968). Rather these muscles

were more active with segmental or respiratory gestures.
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Thyroid cartilage

Sternohyoid m.
Cricothyroid m.

Lot. 'cricoarytenoid m.

Cricoid

Figure 18, Schematic diagram shoving the possibility of having an
electrode aimed at the cricothyroid muscles slip bad(
into the sternohyoid'muscle instead. (From Hirano and

Ohala, 1969)
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STUDY TWO: CALIBRATION OF EFFECT OF SUBOLOTTAL PRESSURE ON PITCH

A calibration of the effects of either laryngeal adjustment or

subglottal pressure on Fo of phonation requires holding one of these

constant and varying the other. It is easier to hold the laryngeal ad-

justment constant and vary the subglottal air pressure, rather than the

other way around, since laryngeal adjustment is difficult to quantify

anyway. The procedure repeated that used by Isshiki (1959), Ladefoged

(1963), and &man and Lindqvist (1966a). The experiment involves having

a subject maintain a steady pitch and then pushing on his cheat or

abdomen at unexpected moments. The pushes cause rapid involuntary in-

creases in pitch. The assumption underlying this experiment is that

there will be insufficient time for the subject to reflexly adjust hie

laryngeal muscles and that the laryngeal adjustment can be taken as

remaining constant. One can then measure the increase in subglottal

pressure and the concomitant increase in Fo and calculate the effect

of increases in subglottal pressure on the pitch in Hz/cm. aq. In

the present study, as ill that of Isshikitfthe activity of the laryngeal

mscles (in the present study, the cricothyroid and lateral crico-

arytensid) was sampled in order to make sure that their tension did

not change during the pushes.

Subject JO from the previous study was the only Subject in this

study. Subglottal pressure was obtained from a modified spinal needle

inserted in the larynx between the thyroid and cricoid cartilage, which

was connected via a short plastic tube to a Greer photoelectric air

pressure transducer. The frequency response of the system was flat

within -3 dB from DC to 25 Hz. The subject was seated comfortably in

a chair with his eyes closed and attempted to maintain a given pitch

while phonating the open vowel /4/. At unexpeced moments he received

a alight push on the chest or abdomen. Various intensities, various

pitches and various modes of phonation were used in calculating AF0/AP5.

The pressure before a given push was subtracted from the peak pressure

to give AP and the difference between the values for Fo at these two

points provs ided AF,. The initial value of F was plotted against the

initial value of P" and the peak F against File peak Ps, the slope of

the line joining tRese two points qhen equalling AF /APs. The deter-

mination of any given P value (from the oscillominR write-out of the

pressure) is estimated o be accurate to within 49.5 cm. aq. and the

accuracy of the F measurements (from,snarrow band spectrograms) are

estimated to be agcurate to within 2 "/0 of the measured value. These

errora are compounded in determining the slopes of the lines and are

likely to be non-negligible when the line segment is short since in

that case the magnitude of error approaches that of the line itself.

Results and Discussion

Monitoring the activity of the two laryngeal muscles was found to

be important because changes in their level of activity did sometimes

Isshiki monitored the activity of the anterior crico-

thyroid by concentric unipolar needle electrodes in-

serted through the skin and the activity of the vocalis

muscle by the same type of electrode inserted via the

vocal tract (Isshiki, personal communication).

tr..=
kr to
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occur during a push, especially when the person doing the pushing

stopped being random in the interval between pushea. Apparently the

subject was able to follow the slight rhythm that was developing in the

time of the pushes. When this happened there was a decrease in the

activity of the cricothyroid muscle which could have the effect of

lowering the pitch at the moment of tho push. Only the pressure peaks

and F deviations that did not show any accompanying change in the

activity of these two laryngeal muscles were used in the calculations

for finding the influence of aubglottal pressure variations on the P.

In figures 19 through32 are plotted the changes in frequency

against the changes in pressure (as described above) for 161 pushes on

the subject's chest and abdomen for different conditions of phonation.

As is evident, the only large difference in the slopes of the lines is

that between falsetto and everything else, the slope being about

7-10 Hz/cm. aq. for falsetto and about 2-4 Hz/cm. aq. otherwise, with

the value for the pitch range used in speech being only 2-3 Hz/cm. aq.

None of the other variations in the conditions of phonation seem to

make a systematic difference although this is very possibly due to the

subject's lack of voice training and consequent inability to execute

the required phonation conditions accurately, e.g., low intensity

tended to be combined with breathy voice and high intensity with tense

voice in a non-systematic way. Unfortunately at the time of running

this study the relevance of the claims of Flanagan and Landgraf (1967

and 1969) and Flanagan (1968) had not been realized and consequently

variations in vocal tract shape were not among the various conditions

included.* These data, then, offer no evidence on the possibility of

whether or not acoustic coupling betwun the vocal tract and the .1cal

cords could allow a given change in subglottal pressure to affect the

F more when it occurred with a vocal tract whose first resonance

(2ormant) approached that of the fundamental. Possibly the high value

for AF
o
/AP during falsetto is due to this effect since the first

resonance ot the vocal tract for the vowel /a/ is near the fundamental

in this case. However, from van den Berg and Tan's high value for

AF /AP for falsetto obtained from an excised larynx .(see Table 1), one
owould expect such a high value to be due to the peculiar mode of phona-

tion used in falsetto and not due merely to effects of acoustic

coupling. An elucidation of this point awaits further experimentation.

These values compare favorably with thoatof Isshiki, Ladefoged, and

&man and Lindqvist, all of whom worked with living subjects, and are at

least in the range of values reported by van den Berg and Tan, Furukawa,

and Anthony, who worked with excised larynges, the differences being

attributable to individunl variation or to the different experi-

mental conditions (living subject versus excised larynx). However, the

difference between the values found in this study and the values de-

rived by Lieberman (1967a) from running speech, namely 16-22 Hz/cm. sq.

are too large to be attributed to individual variation. This is not

surprising, however, since Lieberman did not do any experiment of the

However, see Ohala and Ladefoged (1969) and Hixon, Mead,.and Klatt (1970).

Both of these studies failed to find any support for the

5 6 claims of Lieterman or the theoretical predictions of
Flanagan and Landgraf regarding the influence of Ps on
fundamental frequency,
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kind reported above, and in fact made no attempt either to control or

to monitor the highly relevant variable of laryngeal adjustment. He

merely assumed that the laryngeal tension was constant. As has been

shown above this is not a valid assumption.

This study obviously needs improvements, not the least of which

would be to include a wider variety of conditions of phonation in-

cluding using different vowels. Also it shows the need to administer

the pushes rapidly and randomly, perhaps by some kind of machine which

was controlled by a computer emitting triggering pulses at random

intervals. Furthermore, it should be established whether the change

in the cricothyroid muscle that was encountered on some pushes was due

to predictive behavior on the part of the subject or due to some la-

ryngeal reflex triggered by greater air flow through the glottis. And

it should be determined whether this effect can be completely elimi-

nated either by randomizing the pushes or by anesthetizing the mucosa

of the larynx.

Until these improvements are accomplished, however, the procedures

used here would appear to constitute an approximate but valid calibra-

tion of the effect of subglottal pressure on fundamental frequency.

STUDY THREE: EMG PLUS SUBOLOTTAL PRESSURE

The third study in this series consisted of sampling simultaneous-

ly in one subject, (J03), the following parameters: the acoustic

signal (from which the F was extracted), the subglottal pressure, and

the muscle action potendals of the cricothyroid and the laterel

cricoarytenoid. The techniques for obtaining these parameters and

the basic text of utterancis used were the same as in the previous

studies, although extra sentences were also included. The purpose was

to find out if the two factors which could affect the Fo, pressure and

larynx adjustment, worked together or not, and which of the two, if

either, proved to be more closely synchronized with the corresponding

increases in F
o

.

Results and Discussion

Figures 33through 38 present samples of the resulting data.

Only the pitch curve has been slightly retouched to remove artefacts

and to make it agree more with the pitch curve derived from narrow

band spectrograms. Not surprisingly it was found that increases in

both subglottal pressure and laryngeal adjustment often occurred at

about the same time on accented syllables. This is shown in Figures

33b, 34a, 3513, 36a, and 36b. Our subglottal pressure records do not

differ in any gross way from those of the other investigators cited

above. At the start of phonation the pressure rises rapidly as the

vocal cords close; at the end it falls as the vocal cords open and the
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33a. Subject: JO; utterance: "Bev bombed Bob," unprocessed
signala, from top to bottom: fundamental frequency,
subglottal pressure, EMO of cricothyroid muscle, EMG of
lateral cricoarytenoid muscle, audio, and time standard
(0.1 eec.).

Figure 33h. As in Figure 33a; utterance: "BEV bombed Bob."

gure 34a. As in Figure 33a; utterance: 18ev BOMBED Bob."

gure 34b. Aa in Figure 33a; utterance: "Bev bombed BOB."

4 4

Figure 35n. As in. Figure 33a; utterance: Toe ate his soup."

Figure 35b. As in Figure 33a; utterance: TOE ate his soup."

Tigure 36a. As in Figure 33a; utterance: "joe ate HIS soup."

Figure 361). As in Figure 33a; utterance: "Joe ate hia SOUP."

Figure 37a. As in Figure 33a; utterance: "Bev bombed Bob:"

Figure 37b. Aa in Figure 33a; utterance: "Did Bev bomb Bob:"

Figure 38a. As in Figure 33a; utterance: 'Did BEV bomb Fob:"

Figure 38b. As in Figure 33a; utterance: "Did JOE eat his soup?"
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respiratory cycle approaches inspiration; in between it maintains a

fairly steady positive level.
Momentary increases are found on

"streamed" or accented syllables and momentary decreases are found when

the glottal resistance drops an it does during true /h/'s,cf. Figure

36a and the drop in P during the /4/ in "his."' Activity of the

vocalis muacle was notrirecorded in this study but it is known from

records of thia muscle's activity during the production of similar

sentences that it typically shows increased activity on the empha-

sized words. Thus we might reasonably expect that glottal resis-

tance increases during these words. This could account for part of

the observed subglottal pressure peaks.

It is interesting to note that in all cases except in Figures

38a and 38b the subglottal pressure peaks ocCur during the vocalic

portion of the emphasized words. 'In the mentioned figures, however,

.the rather large pressure peaks occur during the initial stops of

the words "Bev" and "Joel" respectively. It is not clear why

the peculiar intonation contour used (in Bolinger's system, Accent 'IC")

should cause this, but it does suggest that the observed pressure

peaks are due in part to the increased supraglottal resistance

created by the consonant closures.

The EMG records are also similar to those of the first study

and again show these two intrinsic laryngeal muscles contracting during

and just preceding a pitch rise. It is easy to see how, if one sampled

only the pressure, as Lieberman did, and inspected it superficially,

one could arrive at the erroneous conclusion that the Fo was determined

solely or primarily by the pressure. The correlation between pressure

In Figure 35h , however, the sentence was pronounced as

(O30woirisuwp), i.e., without a A/ or an /4/ in "ate his" and

consequently there is no drop in the pressure trace. Phonetic

reduction of such words in unacceuted positions is quite common

and occurs as well in Lieberman's data in his Figure 3 (1968b,

P. 33; which is the same as Figure 440 in Lieberman 1967a, p. 67).

That is, it is clear from the spectrographic record in that figure

that the speaker had a voiced flap and did not pronounce a /t/ or

/11/ in the words "ate his," Thus it is puzzling to find Lieberman

commenting on this figure as follows:

Note that the fundamental frequency function in

FIGURE 3 is quite smooth through the words "ate" and

"his" despite the fact that phonation was interrupted

when the speaker abducted his vocal cords to produce

the consonants It/ and /4/ in these words. (1968b,

p. 34)

8
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land Fo at first glance seems quite good and in this study, too, one
could have been plotted against the other and the slope of the data

1 points taken as the value 4F0/05. But this would be quite min.
Ileading since in this case tho laryngeal muscles were clearly

1

'participating in the regulation of Fo.

A more careful examination of the data, even without the EMG
Irecords, would prevent one from jumping to the questionable con-
plusion that the Fo is determined primarily by the subglottal pres..
pure. It is true of our data -- as it apparently was of the data
it bhman and Lindqvist -- that the pressure rises are not always,

lit:in phase" with the Fo rises. This is evident in Figures 33b and
4a, of "Bev bombed Bob," and "Bev bombed Bob," respectively. In
ther cases, where the peak pressure and peak pitch are roughly
imultaneous, the rest of the curve frequently doesn't correlate
11: whereas the pressure is usually increased over the entire

UflmeSized syllable by a fairly constant amount (c. 1 or 2 cm. aq.
re:Ative to the same sentence without emphasis) the F is usually
rapidly changing at the same time, cf. Figure 35b of gJoe ate his
soup." Other discrepancies between Fo and pressure can be found.
In fact this is true of Lieberman's (1967a) data, too, as has been
pointed out by Vanderslice (1967). Although Lieberman allows for
a +40 msec. temporal uncertainty due to synchronization problems, the
Fo peaks and pressure peaks show lack of synchronization by ap-
proximately 130, 75, 150, and 60 msec. in his Figures 4.14, 4.19,
4.24, and 4.26, respectively.

A qualitative estimate of the extent of contribution of these
two parameters can be gained by comparing such pairs of sentences in
our data as Figures 33b and 38a, 35b and 38b. Without the assistance
of the laryngeal muscles in Figures 38a and 38b the relatively high
subglottal pressure produces little or no rise in Fo; however when
the laryngeal muscles do help, as in Figures 33h and 35b the pitch
rise is considerable.

GENERAL DISCUSSION

The experimental studies reported need various improvements
as noted. Even so, on the basis of these findings and on the liter-
ature reviewed, particularly the clinical studies relating to pitch
control, it seems safe to conclude, with Sweet (1877, p. 93), Ladefoged
(1964, p. 41), Fry (1964, p. 217-218), öhman and Lindqvist (1966 a,
p. 4), Oilman (1967b, p. 29), Vanderslice (1967, p. 76) and Proctor
(1968, p. 208) that the pitch in speech is mainly determined by the
action of the laryngeal muscles. There must be a certain minimum
subglottal pressure, of the order of 2 or 3 cm. aq. (and, of course,
approximation of the vocal cords), in order for phonation to be

79
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sustained, but beyond that, variation in the pressure seems to have
relatively little effect on the pitch, but, of courae, affects very
much the ihtehaty of phonation (Ladefoged, 1963). This holds true
at all places in the ntterAnce; at the end, the beginning or the mid-
dle, and independently of the grammatical structure of the utterance.
This conclusion permits us to apply confidently to speech the wealth
of quantitative data already accumulated on the action of the larynx
in non-linguistic phonation, with one point of caution, namely to
keep separate the larynx's participation in prosodic and segmental
gestures (e.g., glottal stop, voicelessness). And the fact that new
techniques have been developed for investigation of laryngeal para-
metere during speech, -- e.g., photo-electric glottography (Malicot
and Peebles 1965, Ohala 1966, Lisker, Abramson, Cooper and Schvey
1966), fibre-optic laryngoscopy (Sawashima end Hirose 1968), trans-
cutaneous electromyography of the laryngeal muscles (Hirano and
Ohala 1969), anu ultrasonic scanning (Minifie, Kelsey, and Hixon
1968), suggests that in the near future more of the much-needed in-
vestigation of "segmental" laryngeal activity will be done, along
with a continuation and refinement of the study on the
of intonation.

Where does this leave the situation with respect to linguistic
theories of intonation? It leaves it back where it was before
Lieberman's innovative theory. It was at least implicit in all
traditional theories of intonation that a human speaker can and does
'1)rogram" his laryngeal muscles to execute any pitch change whatever,
limited only by the intrinsic mechnical and neuromuscular constraints
of the larynx and its muscular and cartilaginous attachments. Which
contour the speaker does execute is not wholly predictable from the
lexical content or syntactic structure of the sentence -- at least
not from such a limited range of syntactic structure such as whether
or not the sentence is a yes-no question, WH-queation, Lon-final or
final phrase. This has long been known to the traditional writers
on intonation such as Palmer and Blandford (1924), Armstrong and
Ward (1926) and Pike (1945). Everyday evidence for this point is
offered by the fact that sentences whichare structurally identical
from a lexical and syntactic point of view can have different in-
tonation patterns:

4

77

Have you been to Diane an or Have you been to Disneyland:

The different intonation contours are determined by the speaker's atti-
tude, or, if one prefers more current terminology, by a difference in
the deep (very deep) structure of the sentence. Actually, including
auch information, that is, the speaker's attitude towards what he says,
has probably ceased to be a stumbling block for current linguistic

80
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it is unlikely that any language has a laryngeal

tenaion function that rises before the terminal part of

the breath-groups, since this could lead to confusicn be-

tween the marked and the unmarked breath-groups. [1967a,

p. 105]

This claim is falsified by the resulta given above from EMG

studies of the intrinsic laryngeal muscles, but we need look no

fur.her than Lieberman's own data. Pitch rises occur well befo.a

the end of the breath-group in his Figures 4.13, 4.14, 4.15, 4.22,

and 4.24, all of which are various renditions of 'Did Joe eat his

soup:" and all of which have a clear pitch rise on "Joe." With

the remotely possible exception of 4.24, none of these sentences

have a pressure curve that could be construed as causing the pitch

riaes. The only alternative is the laryngeal tension. A point

quite clearly missed by Lieberman is that the "early rise" (Pike's

term) in such sentences is a well-known phenomenon in English in-

tonation (Palmer and Blandford, p. 14-17; Pike, p. 75). Katz and

Postal more recently (1964) have commented on this (p. 106). To

oversimplify, the principle ia that an emphasized word in a sen-

tence draws the intonation contour to it whether it is at the end

of the sentence or not. Thus:

Marvin munched his bananas:

Marvin munched his bananas:

It works as well for falling contours:

Marvin munched his banaT

Marvin mul'i6d his bananas.

In fact, knowing this principle, one is able to judge that the sen-

tence in Lieberman's Figures 4.13, 4.15, 4.22 and 4.31 were mieread

by hie subjects: they placed emphasis on "Joe" when it was not

celled for.

Neither Lieberman's data nor the data of the present study pro-

vide any confirmation or
justification for two other concepts used
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by Lieberman. His use of the terms and concepts Of 'Itsxkoll.unmarke4"
-- unmarked for the breath-groups ending in a falling pitch and

marked fcr the one ending in a rising pitch -- rested on the aseump-

tion that to raise the pitch at the end required more effort (some

artra action) than to merely allow the pitch to fall naturally at

the end due to the falling subglottal pressure. In fact muscular

activity is involved in both actions. One could even argue that

if we had to assign the labels marked-unmarked to these two con-

tours, the unmarked member ought to be the one ending in pitch rise,

since more and larger muscles are apparently involved in lowering

pitch (the extrinsic laryngeal muscles) than are involved in rais-

ing pitch (cricothyroid primarily, Plus vocalis and lateral crico-

arytenoid). However we do not believe that the concept of marked-

unmarked is useful in this case and would recommend that the terms

not be used at all, or at least not until more research is done

which would justify the assignment of such terms. We must guard

against the universal tendency in science of thinking that we have

somehow solved oe explained a problem by re-labelling it.

Another concept for which no evidence can be found is that of

"archetypal physiological correlates" versus "alternate articulatory

maneuvers." It is necessary at the outset to dispose of the notion

-- which Lieberman explicitly espouses -- that occurrences of non.

arcIletypal gestures do not contradict his theory. If every case

that doesn't fit the theory can be explained away as an "alternate

articulatory maneuver," then in fact there is no theory at all be-

cause there ia no potential for falsification. Thus a theory that

claimed "all cats are black, except those that aren't" is un-

interesting because there is no universe in which it could be false.

Such theories c..amand no scientist's or anyone else's attention.

Thus we must pay attention to " exceptions" -- and insist that to

be exceptional they can only occur occasionally (Vanderslice 1967).

From the data presented above it appears that what Lieberman calls

"alternate articulatory maneuvers" are overwhelmingly the rule

and not the exception. But this in itself does not falsify the

rather more important content of Lieberman's theory, namely, that,

first, the physiological and acoustic correlates of t-BG] are

indeed "archetypal," that is, "innate" (since the breath-group

is included in the behavioral repertory of the newborn infant)

and are thus universal, and that, second, the features C+Bel] and

[43 ] are psychologically real. These claims could, theoretically,

be true in spite of the known physiological facts. If the first

claim were true it would be of major importaace,because, first,

it would be about the only really convincing physiological ex-

planation for the origin of any one aspect of speech (namely the

falling fundamental frequency at the end of sentences) and

second, it would provide a solid basis for explaining the universal

presence of this pitch contour in all human languages. If the

second claim were true it would.be a significant fact for theories
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of speech percept1a4, It is important, then, that the evidence

for theae claims be examined carefully. This is done in the next

two sections.

Examination of Evidence From Infant Cm.

The assertion made by Bosma, Truby and Lind (1965) that the

innate neuromuscular lprograms" which enable the newborn infant

to cry form the basis, during maturation, of certain aspects of

speech, is eminently sensible and not very surprising. We could

as well note that the innate ability of the infant to thrash his

arms and legs in the air forms, later on, the basis, in some

sense, of his being able to walk, run,and throw a. ball. Although

the nature of the built-in "programs" may be much more detailed

than we now suspect, there is every reason to believe that the

subsequent neural programs enabling such mature skills as talking

and walking are several orders of magnitude more detailed and

complex than these for simple crying and arm thrashing. To use

a computer analogy (as in fashionable these days), every computer

comes with some built-in ("innate") interpretive programs or logic

circuits which enable it to perform a particular set of commands

given it by the user. However, the ability of the computer to

perform lide 's and "complement" 'a doea not begin to compare

with its acquired ability via a program consisting of many "add" 'a,

"complement" 's and many other commands to guide a sracecraft to

the moon. It is thus reasonable to assume that by studying in de-

tail the behavior of newborn babiea we might indeed gain some

clues as to the kinds of elementary gestures or programs they are

endowed with in the womb, which in combination.and when more pre-

cisely controlled become the basis for their later more complex

motor skills. Thia'is not a new idea (Darwin 1872, Lorenz 1958,

Andrewa 1965) even in phonetics, but in so far as it has not been

current in phonetics, Lieberman has made a significant contribu-

tion to the field by re-focussing attention on a neglected but

promising source of evidence on-the neuromuscular substrate of

speech.

But Lieberman goes beyond this, claiming that there is such

a striking'similarity between certain aspects of infants' cries

and adults' intonation contours as to permit the conclusion that

the latter are baaed on, and derived from, the former -- i.e.,

the innate pattern is taken over into speech essentially un-

modified except that other patterns may be superimposed on it.

Although many different types of infant vocalization can be dif-

ferentiated, Lieberman auggeata that one important dichotomy

exists: namely, attention-getting cries versus babblinga or

sounds which do nbt seek to attract attention. The former are

labeled "innate referential
breath-groups" and are said to be .

loud, shrill, and have a rising-falling F0 contour with an abrupt

84
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drop in Fo gt the end. The other sounds and vocalizations of the

infants are said to be softer, less shrill and not always ending

with falling pitch.

Lieberman (1967a) focuses attention primarily on two points:

(a) the variations in Fo at the end of these "innate referential

breath-groups", specifically,
asserting that it rapidly falls at

the end, and (b) on the correlation between the subglottal air

pressure and Fo throughout the entire breath group. The only

source of information he refers the reader concerning the extent

of correlation between subglottal air pressure and Fo during in-

fant cries is the research of Bosma, Truby, and Lind.* They ac-

tually recorded esophageal pressure which, however, can give a

rough indication of subglottal pressure variations. Lieberman's

report of their published findings is highly misleading, however,

in several ways. The esophageal pressure recordings during cries

were obtained from either 5 (p. 64) or 6 (p. 11 and p. 66) infanta,

not 30, es is implied by Lieberman. This false impression of the

sample size could easily be obtained if one read only the brief

report of their work in Bosma (1964) and not the more extensive

report in Lind (1965) -- the cries of 30 infants were subjected,

to acoustic analysis, though. Further, Bosma (1964) and Bosma,

Truby, and Lind (1965) publish the esophageal pressure measure-

ments and spectrographic displays of only 13 cries of one infant.

Of these, five show the pressure recording going off scale in the

middle of the cry. In Truby and Lind (1965) two other pressure

curves from the same infant are published, the Fo of which can

be obtained by analyzing the corresponding
cries on the phono-

graph record accompanying the book. Thus the number of cries on

which Lieberman bases his conclusion of the extent of gross cor-

relation of subglottal pressure and.F0 (unless he has access to

other data which has rot been published) is about ten, all pros.

duced by the same infant. Lieberman reports

The measured esophageal pressure
functions for the cries

all had a similar shape. The esophageal pressure gradually

rose from the start of phonation to either a level or a

slightly falling "plateau." The esophageal pressure then

abruptly fell prior to inspiration The "shape" of the

fundamental frequency contours of the cries was similar to

the shape of the typical esophageal pressure contour.

Qualitatively speaking, the gross variations of the fiinda-

The reference to their work is cited incorrectly by Lieberman.

What is given as Bosma, Lind, and Truby (1964) should be Boma

(1964) .. where the work of the three authors is summarized in a

brief report, being put fortla in much more detail in four long

articles in the book Newborn Znfant Cry (Lind 1965).
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mental frequenoy contour thus seem to be a flotation of the

eubglottal air pressure during infant cries. The fun4A-

mental frequency, which rises initially as the subglottal

air pressure builds up, remains level or slowly falls until

the end of expiration, when it abruptly falls. (p. 43 ....

italics mine]

The senteuce italicized
above might be justified if every other

point in the quotation were true, but a casual inspection of the

publiehed data shows that many of them are not. That the pres-

sure recordings for this single infant all have a similar shape

it true. Bosma remarks on this point as well. However Bosma's

point was precisely that many of the physiological patterns of

cries are characteristic of the individual infant. This is

certainly quite different from asserting that the esophageal

pressure curves were similar for sll of the infant subjects.

Secondly, during the cries the esophageal pressure curves do rise

from the start of phonation, but after this initial rise -- which,

by the way, occupies the greater part of any cry -- a falling

'1)lateau" can be seen in only two cries (the extra two published

in Truby and Lind), a short level plateau could be claimed in

four other cries, and in the remaining four there is nothing

even faintly resembling what might be called a plateau (i.e., a

"flat portion"). At the end of each cry the pressure does indeed

fall abruptly, as, of course, it must if the infant is to get a

new supply of air into his lungs. Finally, it is not clear whether

the assertion that the Fo contours of the cries resembled the pres-

sure curves refers to the ten cries with accompanying pressure

curves or to all the hundreds of cries studied by Bosma and as-

sociates. In either case the assertion is untrue. In five of the

ten cries a two-octave upward "shift" occurs in the middle. Prior

to this shift the Fo is relatively steady or even falling while

the esophageAl pressure is rising. In the other cries thc-e are

variations in the io which do not consistently follow the cor-

responding variations in the pressure. The statement applies no

better to the entire collection of cries. First, as noted by

Bosma (1964) and by Truby and Lind (1965), infants' cries tre

highly individual and often incorporate various kinds of modifica-

tions of what is termed a "basic cry," among which modifications

are octave (or more) shifts in Fo, addition of turbulence, intro-

duction of sudden silence in the cry, vibrato, etc. Second, set-

ting aside all these non-basic cries, the "basic" cry of infants

has an almost symmetrical rise-fall F contour, but the pressure

curves show no such symmetry. That tRe F of the cries abruptlr

falls at the end was not a stated conclus2on of Bosma and hie

colleagues, and in the acoustic records of cries published in

their work, one can find about an equal number of cries which do

and do not exhibit this sudden downward movement of /40 at the end.

There are even a few cases where the P
o
abruptly rises at the end.
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Lieberman also refers the reader to the work of Ostwald (1963)

to support the notion that the Po of cries falls abruptly at the

end. Reporting on Ostwald's work he says

the fundamental frequency (of cries) initially

rises. The fundamental frequency then remains relatively

steady or gradually falls until the end of the cry, when

it typicalLy fats at a faster rate. (p. kl, italics mine)

This seems to be a misinterpretation of what Ostwald actually said,

which was:

After the peak (of the cries' Po contour) there is a

downward glide of pitch to the original pre-peak level.

Some cries fall to a slightly lower pitch-level at the

end. (p. 40)

By this Ostwald meant that most cries end at the same pitch level

they began at, but with HOMO the downward glide may end at a pitch

level lower than the initial one (Ostwald 1989, personal communication).

This may be represented graphically as follows:

Or

Ostwald nowhere says that there is an abrupt fall or a faster rate

of pitch fall at the very end of the cry.

Lieberman also cites the work of Wolfi (1966) as providing sup-

port for the claim that attention-getting or 'referential" cries

all end with a falling fundamental frequency but that.,

in contrast, the noncry vocalizations often end with a level

or a rising fundamental frequency contour. (1). 424 nil

Wolff does notesuch a dichotomy but it seems that what he calls

"nencry vocalizations" overlaps with what Lieberman calls "referen-

tial" or attention-getting cries. Specifically, Wolff notes that

noncry vocalizations may occur when "the infant has no distress

but simply 'wants attention" (p. 98). However this is a small

point. More significant is the apparent inter-subject variation

that can occur with infant cries, because even if most of the

infants in Wolff's study had a rapid, drop in Po at the very end

of their cries, we have already seen from the study of Truby and

Lind (1965) that not all infants do.

Idiot&
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The foundation for Lieberman's conclusion that the F of in.

fants' cries is a fortuitous by-product of their reapiraary
activity, ia the following chain of assumptions:

We shall try to avoid making any assumptions that do
not seem warranted by the available physiologic and acous-
tic evidence. Where physiologic evidence is lacking, we
shall assume that the infant uses the simplest pattern of
articulatory activity when more than one pattern of
articulatory activity could have been used to produce the

same acoustic output.

We shall assume that the intent does not precisely
control the tension of his laryngeal muscles once phonation
starts. He merely maintains the tension of the laryngeal
muscles at or near the tension that they had as phonation
started. This assumption is not particularly crucial,
and the only pattern of laryngeal activity that we really
must assume does not [italics his] take place is a con-
sistent, controlled increase in the tenaion of the laryngeal
muscles at the end of the breath-group. Our assumption is,
however, consistent with the available physiologic data.

[PP. 42-43]

The pledge with which thia chain of assumptions begins is
commendable. But in fact, none of the assumptions which follow

is justified. The second assumption is certainly not warranted

by the available physiologic data, and the first is surely by
now a thoroughly discredited principle from which to argue in

physiology or the behavioral sciences (this point is taken up

below). It has already been argued above that a detailed ex-
amination of the evidence Lieberman cites provides no basis for
concluding that the Fo contours of criea are mainly determined
by their subglottal pressure patterns, even insofar as subglottal
pressure may be considered a parameter independent of laryngeal
adjustment, which, as pointed out !Above, is itself a highly doubt-

ful assumption in dynamic phonatory conditions. Conversely, then,

the only other possible determining factor of the Fo would be

laryngeal activity. However, taking the laryngeal muscles to
be involved in infant F, control would have been a guess, too,
if the only available w6rk was the brief report in Bosse (1964)
-- and their excellent pioneering study of infant cry seems to

be the only source for comprehensive data on the several key
physiological parameters accompanying cry production. At that

time no safe conclusion was possible regarding the participation
of the larynx and its associated structures in controlling the
acoustic parameters of cries. But in their more extensive 1965 .
report, Boama, Truby, and Lind provide striking evidence for the

Cs
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involvement of the larynx in cries. The cine-x-rayp they madp of

the 30 infants -- while not revealing much of the intricate

laryngeal motigns -- do permit observation of laryngeal movements

parallel to the film plane, and, of course, the highly repeatable

and individual acoustic shapes of the cries were also recorded.

They conclude, in various places in their monograph:

The actions of the larynx and pharynx essentially

define the infant's cry, since the less discriminate trunk

motions of respiration are more or less predittable from

those upper respiratory actions

Within the individual infant, these upper respiratory

motions are repetitive in similarity, actually demonstratinl

a remarkable paucity of response patterns available to the

infant under stress. (p. 64)

The cry performance is a remarkably discriminate

coordination; it also differs distinctively among infants

so that each manifests in his cry (and thus acoustically)

a motor identification of himself. (13. 90)

Thus on thia evidence one would expect further data on the

laryngeal activity associated with infant cries to show fairly

conaistent and repeatable motor patterns. One would be justified

in suspecting that they were innately determined in some sense

(but mot in the sense which implies uhumanruniversal"), but con-

clusive proof that the motor patterns were part of the infant's

genetic make-up would presumably have to await comparison of the

cries of a given group of infants with the cries of their off-

spring over several generations.

Further it is not possible to accept the minimal criterion

proposed by Lieberman in the above-quoted passage for acceptance

of his hypothesis. It is not enough that a consistent, controlled

increase in laryngeal muscle tension never be found; rather one

must find that the laryngeal muscles underwent no consistent change

whatever that could affect the 1%. at the ends of cries. Consustent

must mean consistent within the n.ies of any single given infant.

Thus to justify Lieberman's assumption it must not be the case

ttat the laryngeal muscles maintain or even gradually vary the

tension of the vocal cords throughout most of the cry and then

suddenly release this tension at the end. Nor, of course, may .

it be the case that some muscle, such as the sternohyoid or an-

other extrinsic laryngeal muscle attached to the sternum, con-

sistently contracts at the end of the cry. Either of these

actions -- although having the effett of lowering the pitch --

would falsify Lieberman's contention that the terminal F is

determined by the subglottal pressure. In other words tnere
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must be no consistent laryngeal action which affects pitch at the

cry's termination.
There is no direct evidence on this point yet,

but the above remarks of Boma et al. lead one to suspect that this

criterion is not met.

Lieberman's assumption,
that the simplest of two or more

alternate ways of accomplishing an action is the one actually used,

is, in principle unjustified.
This may appear to be a standard

procedure in science, but it is not. "Simplicity" is sometimes

regaried as a well defined, useful, intrinsic quality of theories

which Inables one to pick one theory over another. This may or

may not be so.* However this is not how Lieberman defines or

uses the term, at least as far as can be
determined by the above

quoted context and elsewhere in his book.
"Simplicity" in the

above passage seems to mean something like "involves less effort"

or "involves fewer muscles." This seems to be what he has in mind

when he remarks that the tensing of the laryngeal muscles at the

end of the marked breath-group is "in a sense the 'simplest' al-

ternative to the unmarked breath-group" (p. 105). Lieberman appeals

to the principle of simplicity not to decide between the simplest

of two or more theories, but rather in an attempt to fill the gaps

of knowledge. Whatever principle may win acceptance in physiology

and the behavioral
sciences in cases such as this, simplicity of

muscular action would be immediately
ruled out as a possible one.

For example, Lorenz offers evidence that inherited behavioral

patterns often do not corres-yand to what might be termed "optimal"

or "the simplest possible" behavior for particular species (Lorenz

1958). And one could argue that it w.sild be simpler, in some

sense, if human beings walked on all fours instead of just two

legs: it would be more stable, the young of the species could

acquire the skill sooner, etc. Similarly it would be simpler

if those humans who can wiggle their ears didn't have their mus-

cular repertory
encumbered by this useless ability. Further,

Person (1958) and Manukovskaia (1959) in electromyographic studies

of the acquisition and refinement of simple manual and gymnastic

skills have shown that any unskilled action is accomplished in a

jerky, a-rhythmic,
uneconomical wsY, typically involving many

It probably is not so, as Popper (1959) has argued. There

appears to be no way in which the notion of "simplicity" can

be precisely defined and non-arbitrarily
applied in any par-

ticular case where one of two alternate
theories both em-

pirically adequate has to be chosen on the basis of its in-

trinsic "structural" qualities.
One may, as Popper doea,

equate the term with "degree of
falsifiability," but we are

/ed to prize this as a quality of theories for independent

reasons and thus have no need for the
superfluous and more

easily misunderatood term "simplicity."
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more muscles than are directly useful in the given teak. Thus
when contronted with an unfamiliar task, or when under stress, we
frequently frown, clench our teeth and in general tense many more
muscles than are needed to accomplish the task efficiently. A
crying baby could quite appropriately be described as a throbbing
bundle of tenaion. His whole body participates in the cry. Even
if we were to assume that it would be simpler for the F of a cry

. to be determined by the subglottal pressure, we would si11 have
ko justification for assuming the crying infant would do things
in the physiologically most efficient, i.e., in the simplest,

.ner.

Iih-' Summing up, it would appear that we have aa yet no evidence
lt cne particular kind of infant cry is the progenitor of the

lieclarative intonation or "unmarked breath-grcup" in speech. There
i9 J60 evidence that one form of crying is simpler than another,
thus entitling it to be labelled "ummarked," Thus any claims
about the universality of certain aspects of intonation cannot be
supported yet by evidence from infant cries.

Finally, if one looks to infants' vocalizations for a possible
antecedent to speech, is it reasonable to regard cries as the moat
likely candidate: Are not infants' babblinga or cooings -- in spite
of their being less "referential" than cries -- more plausible
as representing the beginnings of speech: Lenneberg (1967) speci-
fically argues against the notion that the antecedents of speech
must be "referential."

There is evidence, although only of acircumstantial
nature, that language does not emerge as a response to an
experienced need, as a result of discovery of its practical
utility, or as a product of purposive striving toward
facilitated verbal communication. (p. 139)

In an earlier section Lenneberg presents the time schedule of
language development in children and traces the gradual changes in

babbling and cooing, not cries. The literature seems to have
established that it is the intonation of the mother tongue

which is acquired first by children -- for signalling emotion,
etc. -- but, again, these intonation patterns are encountered in
the spontaneous babbling of children, not in their cries. There
is no reason to expect that the apparently invariant, reflexly-
determined aspects of crying will be used in babbling, which typ..
ically manifests a great deal of creativity and elaboration of
sound patterns. Also, given the wide variety of types of vocal.
izations that infants produce,we could isolate any one of them
and thus find support for almost any hypothesis we might have
about the origin of aome aspect of speech. In fact anyone
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were used (310 Hz) the subjects responded in this task much as they
did in the semantic task, i.e., giving the response "question" for
roughly the same stimuli to which they would respond 'ends in rising
pitch." When the 370 Hz high point was used, their responses were
quite dissimilar in the two tasks.

Lieberman claims that the higher (370 Hz) pitch peak is inter-
preted by listeners as r+P 7, that is, the momentary increase in
pitch due to the subglottaf pressure peak, and that given the con-
straints of the respiratory system, this extra pressure early in
the breath-group results in a lower subglottal pressure thereafter,
vis-a-vis the same breath-group without C+Ps]. Assuming, as

Lieberman does, that the subglottal pressure significantly affects
the Fo in speech, this lowered subglottal pressure would cause
the F

o
after the peak to be lowered as well.

Then, assuming the contraction of the laryngeal muscles is
the same at the end of all marked breath-groups, the resultant
terminal pitch rise would then be lessened a certain amount.
Listeners, Lieberman contends, nevertheless react identically to
the different terminal rises (judging them both as questions),
because, using an analysis-by-synthesis scheme they can "rs-
generate" the intended pitch rise even though it doer not ac-
tually occur. This is because the listeners "know" (tacitly)
what the constraints of the vocal apparatus are, i.e., that a
pressure peak early in the breath-group depletes the air supply
enough to lower subglottal pressure and consequently Fo in the
remaining part.

Lieberman's analysis of Hadding-Koch and Studdert-Kennedy's
data is neat, simple, and even intellectually satisfying. There
is some.precedent in current linguistics for accepting an analysis

on these criteria alone. However, a close examination of the
assumptions and data which Lieberman's analysis is based on will
show that it is unfounded:

1. The existence of the hypothesized "Air Pressure Per-
turbation Effect" (henceforth, the APPE) is doubtful in
view of what is already known about the dynamics of
respiration in speech.

2. It is evident in Lieberman's data and that presented here
that a lowering of the subglottal pressure after a
pressure peak early in the breath-group does not in-
variably occur, and that when it does occur it cannot
be attributed with any certainty to the cause Lieberman

suggests.
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3. Hie analysis logically rules out some intonation contours

that do in fact exist.

4. Finally, there is another, better explanation of the

reaults of the Hadding-Koch and Studdert-Kennedy ex-

periment.

The APPE Finds No Support in the Literature

Lieberman's admittedly unverified hypothesis of why the "air

pressure perturbation effect" occurs is the following:

... the physiologic basis of thia effect may perhaps

be a consequence of the fact that the elastic recoil force

of the lungs is the main force that acts to expel air out

of the lungs during each breath-group. The elastic recoil

force ia a function of the instantaneous volume of the

lungs ...

The presence of C+P ] in the early part of the breath-

group results in a greater airflow out of lungs, which, of

course, lowers the volume of the lungs more than would have

been the case if C+P 3 had not occurred. The elastic recoil

force, .. thereforeadecreanes. Ep. 1003

Serious difficulties are encountered when verification for this

hypothesis is sought in the literature. From the work of Rohrer

(1916), Ladefoged (1962 and 1967a), Bouhuys, Proctor, and Mead

(1966), Hoshiko and Blockcolsky (1967), and Mead, Bouhuys, and

Proctor (1968), we know at least the following Points:

1. The elastic recoil force of the lungs can be as high as

25-50 cm. aq., but only at maximum inspiration. In

ordinary conversation after a normal inspiration the

elastic recoil force is only about 5 cm. aq. or less.

This would, thoretically, be sufficient to drive the

vocal cords' oLoillations for a ahort time -- perhaps

a second or two -- until with less air in the lungs

the recoil force dropped to below that required for

phonation.

2. Ordinary speech -- whether spontaneous speech or the

reading of a text in a consciously experimental situa-

tion -- typically involves the use of tidal air (the

amount normally intaken) plus supplementary air (the

reserve air in the lungs), so that many of the sentences

uttered begin with very little poaitive elastic recoil

and end with the elastic recoil force necessarily nega.

tive.

.??
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3. Although the elastic recoil force might be sufficient for

phonation at the atart of some expirations, in fact it is

found electromyographically
that most subjects use some

of their expiratory muscles, the internal intercoatals,

from the very beginning of an utterance started on.a normal

lungful of air.

It would seem, then, that for many or even moat of the :entences

speakers utter the elastic recoil force of the lungs cannot be

the main force in generating the air flow that drives the vocal

cords.

The APPE Does Not Occur Consistently

Several pages after first proposing this APPE hypothesis,

Lieberman qualifies it somewhat. He notes that this effect does

not show up unless the pair of sentences, one with C.4.13 3 and one

without, have roughly the same duration (within 100 cash.) and the

same average subglottal pressure (within 1 cm. aq.). This may be

reasonable, although one would have thought it almoat impossible

to ascertain whether any two sentences had the same average pres-

sure in the case of Lieberman's data due to the admitted uncertainty

about the accuracy of the recorda in the transient portions.'

Further, it is difficult ta imagine which point on a pressure

curve containing a peak one would measure to see if it had the

11
Lieberman states on page 62:

For transient conditions the calculated subglottal air

pressure must be regarded an an approximation of the true

subglottal air pressure. When we made quantitative measure-

ments that involved the aubglottal air pressure, we there-

fore tried to use only the quasi-steady-state portions

of the calculated pressure
functions where the subglottal

pressure was relatively steady.

Tn a footnote on the same page it is stated that

The quasi-steady-state
portions of the CP function

had variations of less than 0.2 cm. 2
0 over 100 msee.

The non-"quasi-ateady-state
portions" amounted to at least

half of each pressure curve.
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same average ppissure as another sentence without the prominence.

If the prominence occurs at the beginning of the breath-group it

is impossible to compare the pressures there, and, of course, one

cannot compare the pressures after the pressure peak becaune those

portions are supposed to exhibit the difference in subglottal

pressure. It may well be that Lieberman himself followed a

consistent procedure in these measurements, but the lack of details

makes it difficult for anyonetho wihesto replicate his findings.

It is also reasonable to look for the effect only when the

durations of the sentences are comparable. If the effect is due

to a more rapid than normal reduction in the lung volume as he

suggests, the effects of extending the phonation should reduce

the lung volume even more. This would enhance the effect if the

sentence with [-IP 7 were lengthened, but would obscure the effect

if the sentence whhout r+Pild was lengthened. Thus, the effect

does not appear in his sentences 4.22 and 4.24 presumably be-

cause they are of different durations. But it is sentence 4.24

-- the one with [4-Ps) -- that is lengthened, so there should

be an enhancement of the air perturbation effect. There isn't,

however. Nevertheless, out of all of his data Lieberman did

manage to find 11 to 13 pairs of sentences which manifested the

APPE and satisfied the stated restrictions.

In a different work Lieberman (1968a) presents the subglottal

pressure curves for "Joe ate his soup" and "Joe ate his soup."

Their durations seem to be equal so far as this can be ascertained

from just the pressure curves (the zero point of the time scale

is misplaced) and they have about the same average subglottal

pressure. The APPE is not manifested; the pressure levels at

the ends of the utterances are the same.

In our own measurements of subglottal pressure in the present

study this effect failed to show up consistently. Table III

presents some statistics on the pressure values at the end of

phonation for ten tokens each of two pairs of sentence types. It

will be noticed that some of the tokens in each pair differed in

duration by slightly more than 100 msec. (155 awes. and 135 wee.

in the worst cases). But no justification was given by Lieberman

for the precise value of 100 msec., and here the extreme duration

differences were in the direction favorable to an enhancement of

the effect, i.e., the sentences with a [4.1) were longer. In

these records instances could be found of the pressure being

lower at the end of the sentences with t+Ps), in accord with

the APPE. However there are more cases where the pressure is

equal or greater. The'consistent appearance of this air pressure

perturbation effect under the conditions specified has not; yet

been demonstrated.
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Studies of this sort actually do not mean much unless other

variables are also controlled. Specifically, one must hold con-

stant or at least keep track of: first, the action of the row-

piratory muscles (to see that they don't behave differently on

the parts of the sentences to be compared) and second, the glot-

tal resistance (which can be estimated if the subglottal pres-

sure and the air flow are known). Both of these can affect the

subglottal pressure indepeudently of the elastic recoil of the

lungs. While it is true that a subglottal pressure difference

of the predicted sort does appear in some 13 pairs of sentences

in Lieberman's data, and in some tokens of sentence-type pairs

in the data presented above, it is also true that in a greater

number of cases it did not show up or was in the wrong direction.

Without other controls one cannot attribute the pressure dis-

crepancy definitely to either larynx or lungs; nor if it is due

to the lungs, can one say whether it results from fortuitous

differences of lung volume and elastic recoil or from programmed

muscular activity.

Logical Conseauences of APPE Not Borne Out

If it were true that a momentary subglottal pressure peak

produced lowered subglottal pressure and lower Fo thereafter, and

if it were true that a pitch rise early in the breath-group is

never due to an increase in laryngeal tension (Lieberman 1967a,

p. 105), then prominent syllables early in a breath-group should

always produce a lowered Fo contour after the prominence, as in

Figure 40. (Since only the non-terminal position of a breath-group

is affected, this should work for marked and unmarked breath-

groups alike. Hence the terminal contour in Figure 40 is left

unspecified.) But as has been indicated above there are clear

nases in Lieberman's own data where this is not so, e.g., the

sentences in his Figures 4.14 and 4.24. These are both questions

and the contours quite clearly maintain a high level after the

prominence nn "Joe" as is shown in Figure 41. These patterns

are difficult to account for in Lieberman's conceptual frame-

work.

The APPE would also predict that any breath-group having

more than one prominent syllable (assuming, of course, that each

prominence was accompanied by a genuine "archetypal" subglottal

pressure peak, and was not due merely to an "alternate articulatory

maneuver" such as changes in vocal cord tension) would have a sub-

glottal pressure curve and a Fo curve looking something like a

cross-sectional view of the terraced rice paddies of Burma as

in Figure 42. That this is not the case should be patently obvious

to anyone fami7iar with English intonation. But to demonstrate

it we need only look at the subglottal pressure curve for the

phrase 116e ate a big bowl of black Borscht" (Figure 2, Lieberman
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Figure 41a, Figure 41b.

(Traced from Lieberman 1967a, Figures ).14 and 4.24.)

Figure 42,
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1968c). The pressure on "bowl" is higher than that on "ate" al-
though the APPE should have produced the opposite.

Once it is admitted that laryngeal tension can and does
control pitch changes in the non-terminal (as well as the terminal)
pcsitions of the American English breath-groups, then this par-
ticular objection to the APPE no longer holds; but this admission
itself undermines the original basis for postulating the APPE.

There Is A Better Explanation of the Madding...Koch and Studderti-
_ _

Kennedy Experiment'

Apparently it was in order to explain the results of the Madding-
Koch and Studdert-Kennedy experiment (1964) that Lieberman posited
the "air pressure perturbation effect" in the first place. But
another interpretation of their experimental results is possible,
one which in fact requires no reference to fortuitous variations
in F or sub-glottal pressure and one which need not posit any
"ana!ysis-by-synthesis" scheme on the part of the listener.

Before presenting this alternative explanation it is necessary
to review, briefly, some of the facts of English intonation. In
general this review is drawn from the insights of Palmer and Bland-
ford (1964), Armstrong and Ward (1926), Pike (1945), Bolinger
(1965) and Vanderslice (1968a and 1968b). These points have, to
a large extent, been verified experimentally through speech syn-
thesis by the last two authors as well as by Mattingly (1966, 1968).
This is not to deny that there are differences in the treatment
of intonation by these authors nor to suggest that any of them
apprcaches completeness. There are also differences between
British English and American English intonation, though not in
the aspects relevant to the discussion. Terminology differs, of
course, but an attempt will be made to make the meaning of the
terms used clear by context or by example.

There are both lexical and sentence pitch modulations in
English, that is, accent (or "stress"**) and the sentence in-
tonational contour, respectively. If there is no prior context
or discourse (which is the case when many amateur and some pro-
fessional phoneticians conduct their introspective "experiments"
regarding intonation and "stress") and if the speaker does not
choose to emphasize any particular word (which would logically .

imply some prior context anyway) then it is the last accented
syllable in the sentence which gets the major pitch contour

-------

This analyisis owes much to some suggestions by Peter Ladefoged.
See page 111, below, and Bolinger (1958) and Vanderslice (1968a)
for the difference in these terms.
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superimposed on (and/or after) it. Considering, for example, two

possible contours, falling and rising, one can have the following

sentences and accompanying F0 contours:

\The old grey goose is de .

The old grey goose is dead;

If there are any unaccented syllables after the contour, they will

remain low pitched, and possibly tend to go lower still after

.
the falling contour, whereas after a rising contour the tone will

remain high and will go slightly higher at the end. Thus if the

last word in the sentence had some unstressed syllables at the

end, the intonation would be as follows:

The old grey goose is frmidable. (3)

//

The old grey goose is formidable; (4)

If there is prior context, linguistic or otherwise, certain

words, or rather the stressed syllables in them may be de-accented.

A de-accented syllable will not get a pitch contour superimposed

on it. For example, in response to the question, "When is Christmas:"

it would be anomalous to answer

Tomorrow's Chrit'Ni.. (5)

even on the 24th of December. The reply expected of a native

speaker of Standard English, given the prior context provided by

the question, would be

Tom row's Christmas. (6)

Specifically, "Cils Christmas" is old information and is accordingly

obligatorily de-accented. Similarly, the context set by such'sen-

tences as "Which grey goose is dead:" (V) or "Here lies the young

I. a
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grey goose that has gone to its final'reward" (8) would require

that sentence (1) be rendered

The Agrey goose is dead. (9)

Likewise sentence (2) as an echo question to (and therefore in the

context of) sentence (9) or (1) would have to be rendered=s0
The old grey goose is dead: (10)

Whether the syllables following the pitch contour are leXically

unaccentable or unaccented due to accent deletion it is still the

case that the tone on them remains low after a falling contour

and remains high tending a bit higher still, after a rising con-

tour.*

Palmer and Blandford (1924) indicate that this small pitch

rise that follows a non-terminal pitch contour is something that

always occurs (p. 15). Pike (1945), on the other hand seems to

claim that it frequently, but not necessarily always, occurs (p.

73-75).

If the speaker chooses to emphasize or make prominent an

accented syllable one thing he may do is superimpose a more

noticeable pitch modulation on the emphasized word. Other contours

are poasible but let us consider just two, a large pitch obtrusion

up in sentences with falling intonational pitch pattern and a

large 1?itch obtrusion down in sentences with rising intonation.

With emphasis, sentences (9) and (10) could be rendered

The old\Frey goose is dead. (11).

5;761d/grey goose is dead: (12)

The pitch after the rising contour may be made up of several

little rising contours rather than a single long rising con-

tour. That is, either

Or

1C3



ti4414411......................4404104,111,1.14)00,1e, V. N.V.* .J..4,04.4.0.1f. .40,1,-1.5 if.'

, 4.*

4.91

This traditional analysis of intonation contours would lead

us to expect that a given contour would be more likely to be

identified as A "question" if (1) it had a large rising pitch at

the end, or if (2) it had a large rising pitch before the end

and (a) thereafter remained high and possibly (b) had a slight

rise at the end. This is exactly what the results of the Hadding.

Koch and Studdert-Kennedy data reveal. When the pitch rises tO

the 370 Hz high point this is indeed interpreted by the listeners

as "prominence" on that syllable -- Lieberman is right on this

point. However, what Lieberman does not recognize is that a pitch

rise early in the utterance due to prominence or emphasis mani-

fests the major intonation contour of the sentence. This accounts

for tho fact that a smaller terminal rise is sufficient for the

370 Hz high point stimuli to be judged as'questions. This first

large pitch rise is in itself a strong cue for "question" and

seems to tip the perceptual scales in favor of that judgment;

another large pitch rise at the end is not necessary for the con-

tour to remain "question"-like. In order for a stimulus with

such a large pitch rise to get a "statement" judgment it is nec-

e '-ry that there be an extra low pitch fall immediately there-

;..P.:r and that the pitch remain relAtively low.

As Hadding-Koch and Studdert-Kennedy noted.(p. 180), for ahy

given high point value, the higher the "turning point" the more

will the stimulus appear to maintain a higher pitch level after

the early rise and thus the more "question-like" it will be

judged. This effect can.most dramatically be illustrated by the

two contours in Figure 43, both of which are identical in high

point (370 Hz) and terminal rise (90 Hz) but differ in turning

point. The one on ths left, having a 220 Hz turning point was

judged a question 85 /o of the time, wherps the other having

a 130 Hz turning point received only a 39 /0 score (among the

U. S. listeners; the differences were even more dramatic with the

Swedish listener's responses). This same turning point effect

also shows up In the results of another recent experiment in-

volving listeners' responses to synthetic intonation contours

(Majewski and Blasdell 1969). This effect is accounted for by

considering that after a single early rise (prominence) the

pitch ill a question typically remains high until the end; the

synthetic contour with a high turning point more nearly ap-

proximates this situation. It would appear however that Lieberman's

analysis does not and can not account for this turning point

effect.

As has been suggested by Hadding-Koch and Studdert-Kennedy

(1964, p. 184), this analysis may explain some of the nases of

disagreement betweeh the semantic and psychophysical responses

to the same stimuli. The task of the listeners in the psycho-

physical teat was to tell if the final pitch contour was rising
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or falling, but the task of judging stimuli as "questions" or
"statements" may, if there is a large early pitch rise, have
little to do with the final pitch rise. Thus, the two tasks may
sometimes be entirely different for the same stimuli and we would
expect on those occasions that their responses likewise would
deviate. Only a fraction of the data from the psychophysical
tests was published in the authors' 1964 article, but those
records do seem tu support this view. This is not to deny that
there are undoubtedly many other "effects"to be discovered in
this data explaining why the responses went this way or that way.
Future experiments or closer scrutiny of the data may reveal these
other factors which influence the identification of intonation
contours as "questiorr or "statement."

These remarks on the results of this experiment are scarcely
innovative; they are essentially anticipated by those of Badding-
Koch and Studdert-Kennedy themselves. The point here is simply
that those experimenters+ observations on their own quite ex-
cellent study are quite in accord with the traditional analysea
of English intonation, (e.g., those of Palmer and Blandford, atd
of Pike), and require no reference to any "air pressure perturba-
tion effect" or any "analysis-by-synthesis" on the part of the
listeners.

From the preceding discussion it would appear that evidence
has not yet been presented that the posited features r+Bo] or
rfp I have the kind of perceptual reality attributed to them by
Liegerman nor is there any evidence yet that the feature [-BO]
is innate.

Then how can we explain the universality of the falling and
rising pitch contours: First, the universal proaenco of these
contours in the languages of the world needs no complicated ex-
planation. Pitch is a scalar phenomenon, it can either rise,
fall or remain level; it is not at all surprising that all the
possibilities for varying pitch actually do occur. What is sur-
prising is the apparent uniformity of usage or "meaning" of the
various contOurs in the world's languages, specifically, that
rises or sustenticts of pitch signal a questioning or uncertain
attitutde on the part of the speaker, whereas a falling pitch in-
dicates confidence, certitude, etc. Bolinger (1964) and others
have pondered this point but have not, I believe, offered very
convincing explanations. For tais reason, Lieberman's provoca-
tive and highly interesting theory that certain aspects of in-
tonation are innate would be very much 4ralued if it was supported
by any convincing eyidence. But it is clearly unfounded. We
could just "explain away" the problem by suggesting that when
speech began humans made an arbitrnry decision that pitch rises
would mean one thing and pitch falls another and that we've

106
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been stuck with that decision ever since. Or we could go the

evolutionary route and note that animals (with larynges) usually

make high-pitched
whining noises when they are afraid or uncertain

of their safety, whereas they produce low-pitch growls when they

are angry or aggressive, and from this we could extrapolate to

intonation in speech and claim that humans use roughly the same

code. If some such reasons as these do mderly the uniformity

of usage of pitch contours in the world, it is unfortunate be-

cause they will be very difficult to prove. It is more attractive

to take the approach
Lieberman did and seek a physiological ex-

planation for the problem. But unfortunately the existing evidence

just does not fit and science doesn't sanction the acceptance of

a theory merely on the basis of its attractiveness.

On the Perception of "Stress"

There have been some recent provocative claims made by generative

phonologists concerning the perception of "stress" and its role in

intonation (Chomsky 1967b, Lieberman 1967a, Chomsky and Halle 1968).

Although this is only marginally relevant to the preceding investigation

concerning the control of pitch in speech, these claims deserve some

examination since the requirements of the listener should be taken into

consideration in developing a model of any aspect of speech production.

The fact Vi.ich the generativists' model of stress perception was

designed to explain is the putative ability of phoneticians to cate-

gorize the syllables in novel utterances in terms of multiple levels of

stress -- of the Trager and Smith (1951) variety -- for which levels of

stress there is or need be no physical basis in the acoustic speech

signal. In Lieberman (1967a) and Chomsky (1967b) it seems that at

least two levels of stress are allowed to be physically present; in

Chomsky and Halle (1968) rules are given for predicting all levels of

stress and the impression is given that even if there is a physical

basis for differentiating some streso levels, such acoustic cues are

not really necessary. The ability of r,.honeticians to regenerate

"missing" levels of stress is explained by their knowing, tacitly,

the stress assignment rules of English (based on the principle of the

transformational cycle) and their identification of the lexical items

1C7
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and their syntactic relations in the heard utterance.* Lieberman/refers

to this process as an "analysis-by-synthesis" tech:Ague (p. 162), but

more generally it is simply called "internal computation" or a similar

term.

This claim about the perception of stress is an important point

in linguistic theory because on it rests the principle justification

for the tmsformational cycle in phonology, which in turn (together

with the oupposed application of the transformational cycle in syntax)

serves as the prime example of what must be part of the "innate lan-

guage acquisition mechanism" (it being alleged that the transformational

cycle is too complicated to learn in the way that ordinary lanruage-

specific features are learned). And all of this finally is offered as

demonstrating that there is substance to the phrase "linguistic con-

tributions to the study of m1nd." For conclusions as important and ma

far-reaching as these are, one would expect that the low-level facts

basic to the theory would be rigorously substantiated. Chomsky and

Halle, however, believe the "facts" about stress perception are so

well known and so firmly and unquestionably established that they need

give no attention to substantiating them. Thus they repeatedly assert

that "careful phoneticians trained in the same conventions" can easily

categorize the syllables in novel utterances in terms of several

dvgrees (from 4 to 6 or more) of "stress" and state that this "has

long been known" (p. 59) or that there is "no doubt" (p. 24) or "there

is ample evidence" (p. 25) that this is the case, and other such

remurks. Inis, in spite of the admission that

it is not surprising that there should be great diffi-

culty, within impressionistic phonetics, in determining how

many stress levels should be marked and how they are

WA is the only interesting formulation of the claim, that is,

that the "trained linguist" need only have a tacit awareness of

such rules; that his training has merely enabled him to "bring to

tne surface" his subconscious knowledge of these stress rules. An

alternate but wholly uninteresting formulation of the claim would

be that only those linguists who formalized the stress rules and

who use them in the classroom every day were capable of identifying

the multiple levels of stress with ease. It has never been made

entirely clear by the generative phonologists exactly to which

subset of the total population of linguists this claim is supposed

to apply. This is not a trivial matter: with appropriate dis-

regard for choice of experimental population we could quite easily

prove the psychological reality of partial differential equations

by using as ourtest subjects experts on partial differential

equetions. And since woch complex mathematics are even more diffi..

cult to learn than the trawsformational cycle we could easilY

demonstrate that it would have to be innate, too.
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distri,buted in utterances that exceed a certain degree of

complexity [p. 25]

and in spite of testimony and evidence to the contrary by many other

noted linguists.

There is, for example, Sledd's (1955) comment in a review of Trager

and Smith's Outline of English Structure:

Anyone who has attempted to analyze or teach the

English patterns of pitch and stress knows that competent

observers may vigorously
disagree and a single observer

nsy disagree with himself so often as to make secure confii.

dence in his own judgements penfully difficult; this re-

,
viewer, at least, simply does not hear the neatly symmetrical

distribution of pitch allophones with phonemes of stress as

Trager and Smith describe it [and] he is sometimms in

serious doubt whether to write primary or secondary stress

Furthermore, the First and Second Texas Conferences (Hill I962a and

19b2b) contain numerous
testimonies and anecdotes revealing that consios

derable disagreement exists between noted linguists in their stress

assignments to English phrases.

Lieberman (1967a), although fully supporting the notion that lin-

guists can differentiate multiple levels of stress, nevertheless allows

that

The results of a number of independent psychoacoustic

experiments suggest that listeners can make only binary

categorical distinctions along the dimension of prominence

when they listen to connected discourse.

and then adds in a footnote:

Hadding-Koch (1961) found that the stress levels assigned

by listeners, other than .level 1, were randomly distributed.

Lisker, in a personal communication, notes that students

of the Trager-Smith notation consistently produce random

results with respect to differentiating the intermediate

stress levels. [p. 149]

Also there is the published discussion during the conference on

"Linguistics and the Teaching of English as a Foreign Language," held

at Ann Arbor,
Michigan, in the summer of 1957 (Language Learning 1950,

in which it appears that upon a request by Albert Marckwardt for a

show of hands of all those linguists
attending who had difficulty

distinguishing even four levels of stress, about half of those present

raised their hands. This event was noted and commented on by Wang (1962)
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whose comments were in turn noted by Postal (1968). Postal in the course

of flogging the "autonomous phonemicists"
elaborates on this paint and

notes that

... the evident inability of English speakers to recognize

and discriminate the four stress phonemes 600 has been ad-

mitted even by the most ardent supporters of the four-stress

Ustem .4. (p. 25)

Ho goes on to testify that

... it is my experience that for most speakers, as with

myself, any distinction beyond those of primary versus

nonprimary are difficult to hear (even with some phonetic

training), and even this distinction is not without its

difficulties. [p. 26]

Postal still maintains, though, that

contemporary systematic phonemics [i.e., generative

phonology] requires
representations of English in which

no stress distinctions are marked and hence correctly

predicts that untutored speakers [which by his own

testimony includes Postal himself] should have the actually

observed difficulties with stress distinctions. [p. 27]

These views being quite well known in the field, would indicate at

the very least that it is far from being so firmly and unquestionably

established that
trained linguists or anyone else can unerringly and

easily distinguish multiple levels of stress on the sylldbles of English

utterances.

Chomsky and Halle rightly acknowledge that these issues are erpirical

matters and as such are subject to experimental verification (p. 26) but

they unfortunately
undermine in advance the significance of the results

of any test should anyone ever bother to devise and run one. They say

that since these stress contours are not physically
represented in the

acoustic signal,

There may be no empirical sense to the question of

whether the resulting
representation is correct in full

detail [p. 253

... Furthermore, the representation of the perceptual

facts is likely to be governed in part by arbitrary conven-

tion irrelevant cognitive limitations
after a certain degree

of complexity is reached. Thus, It is impossible to expect

(and, for purposes of investigating linguistic structures,

unnecessary to attain) a complete correspondence between the

records of the impressionistic
phonetician and what is pre-

dicted by a systematic theory that seeks to account for the

perceptual facts that underlie these records. [p.

110
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The purveyors of the new imperial wardrobe (Andersen 1837) could not

have put the argument better. In other words, there is no way either

of knowing or testing the reality of these posited stress contours;

we must simply accept the word of those who posited them that they are

accurate and true. The above-quoted escape clauses provide the theory

with perfect insulation against any possible disconfirmation. They

can never be justified nor accepted if linguistics is sincere in claiming

to be an empirical discipline.

There is, in fact, some non-anecdotal evidence marginal to the

issue of whether or not linguists can consistently recognize severs1

i
levels of stress on the syllables of English utterances.

i

i

The eneriment reported by Lieberman (1965) shoved that two trained

linguists were not consistent in marking syllables of utterances with

)

the four pitch levels h la Trager and Smith. However only one of the

twu subjects marked the material for "stress" so there is no chance to

determine the consistem.y of responses between linguists in this task.

j

Also in both tasks the linguists marked the material differently when

they heard it in an acoustically distorted form (retaining only pitch

I

heavily on internalized rules that predict perceived phonetic shape"

distorted form. Chcmsky and Halle state that this result "strongly

suggests that what the phonetician 'hears' in utterances depends very

and/or intensity information) than when they heard it in full, un-

(p. 26, fn.). This hardly exhausts all the possibilities. There are

! at least the following reasons why linguists might make different

Ijudgments of pitch and stress contours when listening to natural speech

ias opposed to acoustically distorted speech:

Ia. They use information on the lexical and syntactic relations

)

in the sentence plus internalized rules such as those in

Sound Pattern of English. This would be an "interesting"

1

version of Chomsky and Halle's interpretation.

b. In making judgments on the natural speech they use syn-

tactic information to "type" the sentence according to a

I

given taxonomy, say Trager and Smith's, and then assign

the pitch and stress contours decreed by the taxonomic

system for those sentence types. This is the interpretation

Lieberman offers for those few cases in which the two linguists

were consistent in the judgments of pitch levels. This would

involve "internalized rules that predict Olonetic shape" but

would be a rather uninteresting version of such.

c. They react to the same cues in both tasks, that is, ampli-

tude and/or pitch variations, but having had a lifetime of

practice in judging these parameters in speech situations,

they come with a perceptual bias when judging them as speech

but do not have this bias when judging them as non-speech

(Lane 1965 and 1967, Broadbent 1967),

1

1
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d. In milkimg their
judgments they use the other phonetic

cues present in natural speech but not present in the

distorted speech signal, e.g., vowel quality, degree of

aspiration, durational cues, etc.

e. They are subject to phonetic fantasies which are completely

idiosyncratic and unstructured. That is, we might expect

much the same kind of results if the subjects took the

test while under the influence of LSD.

f. Some combination of the above reasons -- or other reasons.

We might be able to accept the first interpretation if the two

native speaker linguists agreed with each other in their markings,

however it was clearly shown by Lieberman that they were not consistent.

Unfortunately the experiment lacked sufficient controls to allow us to

pick out any of the other alternatives.

Ledefoged and Fromkin (1968) report an experiment administered to

24 subjects attending a linguistics lecture,'which presumably would

imply that they were linguists although their degree of training was

not indicated. The subjects were asked to indicate via a phonetic

transcription their pronunciation of 12 orthographically-presented

English-like nonsense words, each used in a possible English sentence,

e.g., "He is going to sitrenide the paper" and "Then he will semnit the

result." The results, reported for 11 of the 12 test words, indicate

a reasonably good, but not perfect, agreement between the subjects in

recognizing up to 3 degrees of stress, although
unfortunately in giving

the results the authors did not count "minor differences in stress such

as that between levels 2 and 3 in the Trager and Smith system." (In

Lieberman's experiment such differences in the markings of the pitch

levels were counted and they contributed to the inconsistency between

the two subjects.) In spite of this and the fact that strictly speaking

this was not a perceptual test, it does confirm that linguists -- or

speakers of English in general -- are fairly consistent in providing a

phonetic shape to orthographically-presented words, using, presumably,

some procedures which could also be available for speech perception.

Of course this offers no evidence that such procedures are actually used

in speech perception and for the reasons put forth in Chapter One, it

offers as yet no evidence that the procedures used are best described by

the stress assignment rules given by Chomsky and Halle.

To sum up the situation so far, it appears that it has not been

established convincingly that trained linguists or anyone else can

easily, accurately, and consistently recognize multiple levels of stress

on novel English utterances by using an analysis-by-synthesis scheme or

a kind of internal computation using rules incorporating the trans-

formational cycle. Thus all of the elaborate theorizing based on this

point is without any firm foundation.

But what is stress? If we are to run the crucial experiment just

how are we to instruct our subjects? What shall we tell them to listen

for in the utterances? Chomsky and Halle seem to assume that stress

doesn't or needn't have any acoustic or physiological correlates. And .
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so in Sound Pattern of Fnglieh they do not bother to mention what the

cbrrelates of stress Might be. If all or some levels of stress are

cbmpletely perceptual entities, that is, not intended as a part of the

t =emitted message by the speaker and thus not present in the acoustic

a gnal, but are instead always produced entirely in the listener's

brain, then this is L reasonable way to proceed. But this leads

logically to a very curious conclusion. If the listener has to first

identify the syntactic and lexical
information in the sentence before

heican generate the missing stresses, and if we agree that the listener

hrl* ."got the message" or is well on his way to getting the message by

t'. time he knows the words in the sentence and their syntactic rela-

t ons, then the stresses contribute absolutely no information to the

m ;sage. They would always be completely
superfluous in a way that

.er so-called redundant parts of the message are not: e.g., the number

.the zramnatical subject is redundantly
reflected in the verb in

tmsfish in some tenses, but if a listener misses one of the cues for the

number of the subject, then the remaining cue gives the necessary informs-

tion. These stress levels, being unessential for the transmitted message

can never provide such redundant cues. One may wonder why any listener

-- trained linguist or not -- would bother to crank out these completely

functionless and imaginary "phonetic details"?

This rather fantastic conclusion can be avoided if attention is

paid to the existing literature. It is difficult to understand how

anyone could write in the 1960's on the problem of stress perception and

almost conpletely ignore the vast amount of experimental work that has

been done on the issue. There is in fact a sizeable body of literature

that discusses the acoustic and physiological correlates of what linguists

have labeled "stress" and the functional role of this entity. Chomsky and

Halle's sole references on this are the above-quoted interpretation of

Lieberman's (1965) experiment and the two related statements:

...there is no evidence from experimental phonetics to

suggest that these (stress) contours are actually present

as physical properties of utterances in anything like the

detail with which they are perceived. (p. 25)

and the footnote:

.....ovever, even if such differentiations did exist along

a single dimension of the acoustic signal, there would be some

reason to doubt that they might be identified by phoneticians.

There is evidence that even under experimental conditions, where

complex stimuli are to be sorted along several dimensions, more

that two or three distinctions along each dimension will olerm,

load the perceptual capacity [p. 26]

Why do the correlates of stress have to be limited to a single acoustic

parameter? Anyways, being partial truths, these statements are distortions

113
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;he designated "stress." In order to avoid terminological confUsion

II stress" meaning "potential for receiving pitch accent" will be given

hereafter as "stressb," and "stress" meaning "perceived relative promi-

nence or loudness" will be given as "stresscb."

Among the pitch contours that can serve to manifest a

Isyllable is, of course, the main intonation contour (or "tune") that
strgsgecjb

must be a part of every sentence. As pointed out above (pp. 98-100) ,

this sentence intonation contour is superimposed on the last syllable

.capatle of receiving it. Some stressedb syllables' potential to bear

,itch accent may not be realized due to contextual constraints. For ex-

zple, the necond syllable of "incarcerate" is the stressedb syllable

nd ordinarily its potential for pitch accent is realized. This is the

Alcase when it is pronounced in isolation, where, of course, it is the

ftentence intonaion contour that is superimposed on the second syllables

4,

4*

incar erste.

Howtver, in some contexts this potential may not be realized,specificalay

when the word represents old
information, that is, is part of the "topic"

as opposed to the "comment."

Instead of jailing the thief, it's the m or we should incarcerate.

Here "jailing" and "incarcerate" are synonymou# so "incarcerate" is old

information and is accordingly
"de-accented," khat is, its potential for

receiving pitch accent is not realized. "Mayor" is thus the last accents..

ble word and so its first syllable receives the sentence intonation con-

tour. The word "incarcerate" now falls in the level low-pitched portion

(called "cadence" by Vanderslice) that necessarily follows this type of

intonation contour. No pitch contour falls on its stressedb syllable.

An understanding of the mechanics of such aspects of intonation as

111 cadence" and placement of sentence intonation
contours may shed some

light on the origin of linguists' impressions regarding what they have

called "stresscb." Consider, for example, the following ,Lres,chair ex-

periment from Chomsky, Halle and Lukoff (repeated in Sound Pattern of

English, p. 116, but without any mention of "loudness"):

Consideration of single words reveals at least five phone- .

tically distinct levels of stress. E.g., the relative stresses

3 h 1 5

in "emendation" must be marked "emendation." We arrive at this

conclusion by noting that tho heaviest stress is on the third

syllable, and the first syllable is clearly louder than the

second, which in turn is clearly louder than the fourth.

/15
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Furthermore, we note that the stress on the first syllable

is less than that on the first syllable of "either nation",

the stressed syllables of which must be marked 21; so that

the first syllable of "emendation" must have stress 3.

An aVeh larger number of stress distinctions can be

discovered when we proceed to longer phrases. Ip. 70)

Whether the third syllable of "emendation" need be the loudest syllable

is debatable, but it is unquestionably the stressedb syllable (any

dictionary reveals this) and consequently is eligible to receive pitch

accent. In this case since it is uttered in isolation it gets the

sentence intonation contour. Common renditions might be:

or

emendkion

emends ion

The fourth syllable, "tion," necessarily is pronounced during the low

pitched cadence. Since it is lower in pitch than the first two syllables

it is natural that it seem relatively less prominent. However, we could

simply nttribute the same degree of stressb, namely "not stressed " to

the first, second, and fourth syllables and still explain quite naturally

and simply the perceived greater prominence of the first and second with

respect to the fourth.

There is indeed a quite compelling impression that the third syllable

is more prominent than the others. This could sometimes be due to the

higher pitch it may get. However syllables need not be uttered on a

higher pitch than the others in order to be heard as the mos' ,minent,

syllable because, as Vanderslice has pointed out, it is sufi 1st thst

the syllable receive the sentence intonation contour in order to stand

out from the other syllables. This also explains why the second stressedb

syllable of "either nation" appears to be more prominent than the first.

In a common rendition, e.g.,

either na ion

the stressedb syllable in "nation" is the last in the utterance and so

receives the sentence intonation, thus appear!.ng more prominent than the

stresedb syllable in "either." But there would seem to be no need to

formally attribute different degrees of "something" to either syllable;
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the perceptual difference follows naturally as a by-product of ths

xechanism of the intonation system and the listener's hearing mechanism.

lAnalogously, the visual impression received when viewing railroad tracks

that the tuo rails meet at the horizou (when the line of sight is about

/varallel to the tracks) does not require that the tracks be constructed
,

such that the rails actually do touch in the distance. Nor does it
require any specie/ innate cerebral ability on the part of the viewer.

The impression follows naturally as a by-product of the way the world

is constructed and the way vision operates. Thus, in speech neither the

ST:esker nor the listener has to "know" about stressch in order for the

impressions of relative prominence of syllables to occur. If this is

he case, Chomsky and Halle's Nuclear Stress Rule (p. 90) which would

the a,:ress contour 21 for the phrase "either nation" would thus be

kUnnecessary or at least would say nothing about the mental processes

W s^eakers of English.b.' r

4
4 .;3 doubt the relative durations, the degree of vowel-consonant
coarticulation, and other such matters also play a part in determining

the perceptual impression of the relative prominence of the syllables

in utterances. Actually without suitably controlled experiments it is
impossible to know with any certainty why some linguists have these
impressions or whether they all have the same impressions. Therefore

the above comments should be regarded as hypotheses that need further

testing. Nevertheless it is better to look for physical criteria the
linguist might use to identify stress levels rather than to assume he

must be "hearing things."

The algorithms or procedures the native speaker does need to

know -- those which will fortuitously give the impressions regarding

stressch are the ones which will correctly produce the pitch varia-

tic,:s, the durational characteristics, etc. of utterances. Such rules

cem be and have been written with varying degrees of success (Kelly and

Gerstman 1961, Holmes, Mattingly, and Shearme 1964, Kim 1965, Mattingly

1966, Vanderslice 1968a, Matsui, Sumiki, Umeda, and Omura 1968, Rabiner

et al. 1969) and when used to synthesize speech :produce quite satisfactory

results -- results, which while not yet perfect, are impressive enough to

indicate that they are on the right track.

Distinct from rules or procedures for generating the actual phonetic

parameters of utterances, but also needed by the native speaker, are

means whereby he knows which syllables are "stressedh," that is, have a

potentia/ for pitch accent, which, again, is not the same thing as per-

ceived prominence. From the preceding discussion it appears that stream).

generating algorithms, if feasible, need work only on individual lexical

items, rot phrases and not sentences, and further need predict only two

levels of stressh not five or six. Those of Chomsky and Halle's stress

rules that app1 4 within'the word could apparently accomplish this for a

large number of English words, with appropriate trimmAng of the extra

stressch levels. Of course the task could also be done by a kind of

dictionary loCk..up (el% Vanderslice 1968a). Since the look-up need be

117
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done only for lexical items it presents no great burden on memory any

more than the other phonetic characteristics of words do. However,

whether the speaker knows that the third syllable of "emendation" is the

stressedb syllable by means of generative stress rules or by a kind of

dictionary look-up is entirely an empirical matter that has yet to be

settled.

In the light of the foregoing points let us consider one final

bit of evidence alleged to show that listeners generate internally tt..eir

own impressions of relative prominence
irregardless of what is physically

present in the acoustic signal. This is an experiment reported by

Lieberman (1967a, p. 155). He began with the asSumption that the two

1 3 2 h

noun phrases "lighthouse keeper"
(someone who tends a lighthouse) and

2 1 3 4

"light housekeeper"
(a small person who keeps house) are innately endowed

with different
stress levels, as shown. He then recorded someone saying

the following two sentences which incorporated those noun phrases:

1. The life of a lighthouse keeper
formerly was very lonely.

2. Our maid weighed 180 pounds, but the Joneses had a light

housekeeper for more than twenty years.

He excised the two ncun phrases from the sentences and interchanged them,

i.e., putting the part excised from sentenue 2 into sentence 1 and vice

versa. The result was:

It is ... impossible to hear any difference between the

stress patterns of the altered sentences and the original

sentences.
In sentence 1, one hears the phrase as (light

house) (keeper)
whether or not the original sentence or the

sentence with the phrase excised from sentence (2) is heard.

The context of the entire sentence indicates the appropriate

constituent
structure, and the listener "hears" the correct

stress pattern.

Lieberman fails to note that this result is due to the fact that in sentence

2 there is a synonyny relationship between "maid" and "housekeeper" which

requires the de-accentuation of
"housekeeper" and that there is a contrast

between "weighed 180 pounds" and "light" which
requires that the accentua-

tion on "light" be manifested and possibly emphasized, thus giving the

pitch pattern

light housekeeper.

This is
approximately the same pitch pattern for "lighthouse keeper" in

sentence 1. And so the two noun phrases can be interchanged in the two



sentences without noticeable effect. Thus the rules of accentuation

as discussed above help to account for the homophony of the two phrases.

Using the same principles of accentuation it is a simple matter to

construct an alternate sentence to (2) which will give a very differ-

ent pitch pattern to the noun phrase "light housekeeper." Instea4 of

sentence 2 one need only ask that the following sentence be used and the

same tape splicing proccdure be used:

21. We have an underweight gardener whereas the Joneses
have a light housekeeper these days.

In this case "underweight" and "light" are now synonymous and this forces

"light" to be de-accented, but "gardener" and "housekeeper" contrast
requiring the (emphatic) accentuation of "housekeeper." The resultant

pitch pattern will be

ligh eeper,

and this will, of course, sound quite anomalous in sentence 1, or at

least will change its meaning. Neither the context of the entire sen-

tence nor any amount of internalized rules will make the substitution

sound like the original sentence.

The main point here, which is that made by Vanderslice, is that such

items, the two forms of "light-house-keeper," "black-bird," "red-coat,"
ft green-house," "grand-father-figure," etc., can all be rendered homo.

phonous or non-homophonous quite naturally by providing the appropriate

prior context. An interesting example from Vanderslice (108b) is the

following:

Castor: The actor we want has to be a father figure.

Pollux: Polonius is a grand father figure.

where -- in this context -- it is altogether ambiguous whether

Pollux means 'an excellent father-figure' or 'the figure of a

grandfather'. (p. 25)

Having discarded the notion of stress as "perceived relative prombs

nence" of syllables and understanding it to mean instead "potential for

receiving pitch accent" -- following Bolinger -- and strictly separating

this potential for pitch accent from the manifestation of pitch accent,

it is possible to assess the true function of all the phenomena that

Imre traditionally lumped under the title of "stressch." The manifestation

of pitch accent on the stressedb syllables of the words in a sentence

indicates the relative importance or informativeness of these words --

from the point of view of the speaker. This can hardly be predicted by

119
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the listener; he has to ?ay attention to the acoustic signal, in particular

to the pitch variations. Furthermore the speaker cannot neplect making

these particular placements of pitch contours. Also, if the potential

for pitch accent is realized for a particular lexical item this serves to

tdenDilY ilhe word in the same way as the component vowels and consonants

do. In a particularly noisy situation the placement of the pitch contour

could help to differentiate "capitalize" from "capitulate", for example.

In such cases, again, the listener would have to pay attention to the

physical properties of the acoustic signal. However in most cases the

listener may be able to identify words without using or hearing the

placement of , a pitch contours -- indeed, in sentences where some words

are de-accented the listener has no pitch contour to go by. And yet he

does of course know which syllable in a given word is the stressedb

syllable. Is this done by analysis-by-synthesis7 No. At least not if

we accept the common characterization of an analysis-by-synthesis system,

namely, that it "... involves the internal synthesis of patterns according

to certain rules and a matching of these internally generated patterns

against the pattern under analysis" (Stevens and halle 1967, P. 88). If

the pattern under analysis contains no overt indication of which syllable

has stressb, then no amount of internal pattern generation is going to

help. None of the internally-generated
patterns is going to show any

better or worse match with the incoming signal than any other. The

listener knows which syllable is stressedb not by using an analysis-by-

synthesis procedure but by referring to stored knowledge of the language.

In much the same way we can internally generate the first name "Charles"

(and much other information) if we hear "Dickens, author of Groat

Expectations." Whether, in the case of assigning one level of stressb

to words, this stored knowledge consists of a large dictionary or a set

of generative rules is, as indicated above, entirely an erpirical matter.

This strikes me as an extremely interesting question well worth the tine

and imagination the generative
phonologists or anyone else mig:t spend

trying to answer it. The results might even lend substance to the notion

that there can be lingutic contributions to the study of mind.

In summary it appears that the pitch variations used in speech are

important; they do convey information; they cannot be completely predicted

by the listener. An analysis of these pitch variations and the other

phonetic details necessary to an utterance help to explain some linguists'

impressions regarding the elusive entity of "stressol."
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Chapter 3

Prior to discovering the brain mechanisms underlying the

observed behavior in speech, it must first be discovered what

the brain's task is in speaking. All of the observed actions in

speech need not be part of the "program" the brain is trying to

execute, just as the minor variations in the shapes of printed

letters, e.g., \p's/ 1/1/ are not part of the brain's task in

writing. Given the movements of speech one must first determine

which part of them are purposeful and which part of them are

fortuitous. A useful place to begin is to make the fairly

obvious observation about speech that the order, the timing and

the placement of articulators are not random. Some precision in

all three of these espects is essential to communication. These

are not wholly independent of one another, e.g., an error in order

could be taken as an error in timing, too, but not necessarily

vice versa. Still, they can be studied separately. Two tasks

for the phonetician, then, are to determine, first, how much

precision is needed, and second, how it is achieved. This section

will be concerned with preliminary aspects of the second question.

To explain how precision is achieved in these three separate

areas it is natural to split the class of possible mechanisms into

two: closed-loop versus open-loop, or systems in whioh the feed-

back determines the subsequent characteristics
of the output,

versus systems in which feedback has no such effect and the

characteristics of the output are determined by a prior plan.

Common analogues for these two systems are automatic Pilots in

airplanes, which are closed loop, and traffic lights, which,

unfortunately, are too often open loop. These two systems are

usually schematized more or less as in Figure 44. Various writers

have considered the
possibility of both these systems beirg

used in speech but have not always considered them for all three

of the above mentioned aspects of speech: order, timing, and

articulation. Thus, it seems that Lashley (1951), Fairbanks

(1954), and Lenneberg (1967) were primarily
interested in gc-

counting for the correct ordering of events in speech (although
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Figure 44.
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Fairbanks did consider aspects of timing, too); Ladefoged (1967a),
Ladefoged and Fromkin (1968), Fromkin (1965 and 1968) and Mac-
Neilage (1968) gave their attention to how speakers achieve
target positions in articulation, whereas Cbistovich and her
associates (1965) considered all three aspects in various places
in their work. Bernstein (1935 and 1967), although concerned
with all motor skills in general rather thafl with speech in
particular, provided some brilliant insights into the possible
role of feedback in determining all of the various qualities of
motor output in organisms.

Besides some difference in the problems considered, there
is also some minor non-uniformity in terminology and in what
is implied by the diagrams used to schematize the two systems.
Some of the various diagrams and terms used to describe them
are given in Figure 45. For the most part these differences
are not significantly different from what has been called above

closed-loop and open-loop with the exception that the various
kinds of "chain" models may be taken as implying a system which
has discrete units in the output signal, and in which the suc-
cessive units were triggered off by the accomplishment of the
preceding units in an all-or-none fashion. One need not accept

these limitations. tt is possible and more plausible that there

is -- if only at a low level in the neuromuscular apparatus
that controls movement -- ar analog system in which efferent
(motor) signals are continuously fed to the muscles and the
afferent (sensory) signals are continuously sent back to the
braia, and further, in which the information supplied by the
afferent signals is used to regulate the characteristics of
the output signals over a continuous range.

However, the appropriateness of the closed-loop system for
speech has been questioned by Lashley (1951), Cooper (1967),
Lenneberg (1967) and by Chistovich et al. (1965)*. Therefore

prior to considering the experimental evidence on the possible
use of feedback in speech, these theoretical objections should

be examined. Of course it must be acknowledged that in ruling
out or arguing against closed-loop systems these writers were
primarily concerned with the model's ability to account for only
one phenomenon, that is the ordering of gestures, and their

However, since Chistovich and her colleagues endorse a closed-

loop system later on in their work their objection to it was
perhaps for the sake of argument.
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Figure 45a, From Bernstein 1935, 1967

"Sequential Chain Model"

Figure 45b, From Lenneberg 1967

1

"Plan Model"

Higher
Centers

T$

ttaV.4

%As

A
0

0 Motor and
Seneory F

PeripheryTime

"Hypothesis 1" "Hypothesis 2"

Figure 45c, From Chistovich, et al, 1965

Figure 45. Various diagrams and terms used by several vriters

in discussions of open-loop versus closed-loop

methods of controlling sequencing (ordering) and

timing of gestures in skilled behavior,
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arguments need not apply (nor, as far as can be understood, were

they intended to apply) to other phenomena, whether ordering,
timing, or articulation. In the next section, then, the various
arguments leveled against the closed loop, or "chaln" model in

speech are reviewed and discussed.

ARGUMENTS AGAINST CLOSED-LOOP SYSTEMS IN SPEECH.*

There are at least five such arguments.

1. There is not enough time for a round-trip transit of

ah afferent then efferent nerve impulse. Lashley (1951) pre-

sented this argument primarily against the possibility of a
chain of reflexes being able to account for the rapid skilled

movements of the hand and fingers in such tasks as playing the

piano, etc. But by implication he extended this to all rapid

skilled movements. He noted, as did Chistovich and her colleagues,

that human motor responses to sensory stimuli (including kine-
sthetic or deep r,::cle sensation) typically took as long as
1/8 sec., a much larger interval than the shortest intervals
observed in skilled behavior including speech. This argument

seems to have been endorsed by Cooper (1967) as well.

2. The "chain" model cannot explain the great permutability
of the units that occurs in speech. If it were the case, Lashley

argues, that the gestures for the "p" in "apt" triggered the

gestures for the following "t", then every occurrence of "p"

ought to be followed by "t", but clearly this is not the case.
This argument, which was endorsed by Lenneberg, applies as
well to any level of language, from the most elementary tmti-
culations to syllables, words, phrases, and on up to sentences.

3. Lenneberg claims that the anticipation or pre-planning
such as is evident in speech cannot be explained by the chain

model. In words such as "stew" and "stay" the lips and parts
of the tongue are already partly in position for the vowels even

while the consonants are being executed. Moll and Daniloff

* Portions of the following section have appeared before in

Ohala and Hirano (1967) but have been substantially revised

here.
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(1968) have shown that coarticulatory behavior can span syllable and
word boundaries, e.g., lowering of the velum begins simultaneously
with the tongue movement for the first vowel in utterances such as
"freon" or "free Ontario." If one assumes that phonemes are the
stored units which are linked together in speech, a model which
proposes that the accomplishment of one phoneme triggers the
start of the next cannot explain why articulatory aspects of more
than one phoneme can occur simultaneously.

Related to this is the observation by Lashley that errors in
speech, e.g., spoonerisms, are frequently of a, anticipatory nature
-- that is, "jumping the gun" -- suggesting that all the elements
of an utterance are "in a state of partial excitation" before they
are uttered. This, too, argues against a simple chain model whereby
a unit is excited or triggered by the execution of the preceding
unit.

4. As a corollary to the first argument, above, Lenneberg
further argues that owing to the differences in nerve impulse
conduction times between the brainstem and distant parts of the
vocal apparatus, coordinated simultaneous gestures between, say,
the lips and larynx would require that the commands for the larynx
be issued some 30 msec. before the commands to the lips. Thus,
the representation of the sequential muscular commands in the brain
would have to be completely disorganized in the time dimension
with respect to action at the periphery, i.e., in the muscles
themselves. A single stimulus could not trigger a complex of
commands which had to be temporally staggered.

5. Another theoretical objection, which, it seems, has not
been made previously, is that the chain model would make it dif-
ficult to account for changes in the rate of speaking. In its
simplest form the model would predict that after the initial
movement, successive movements may be delayed only by the amount
of time it takes the appropriate nerve impulses to travel from
the sensory receptors to the brain and then back to muscles, since
the rate of conduction of nerve impulses is fixed and cannot be
voluntarily altered. Yet speakers can say the same word and tha
same sentence at different rates.

However, in spite of these arguments a case can be made for
a modified version of a chain model to be operative in speech --
that is, a case which is no more speculative than those objections
raised against it. To thic end, it shall be argued that, of the
above objections to a chain model, the first and fourth are un-
founded and the remaining three require a refinement and limita-
tion of the model.
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The possibility that there is not enough time for a nerve im-
pulse to make a complete round trip from sensory receptors to the
brain and back again to the muscle in the time speech gestures are
observed to follow one another is not so obviously true. Kugelberg
(1952) and Rushworth (1966) have demonstrated the existence of
facial reflexes in humans, such as the eyeblink and the masseter
reflex (the reflex which resists external non-voluntary displace-
rent of the jaw) which have remarkably short latencies: of the
order of 12-15 msec. and less. Being basic reflexes it is true
that the delays are as short as they are because they involve
very few intervening synapses in the reflex arc, and it is per-
haps doubtful that this could be true of speech gestures, too.
However, as Fairbanks (1954) noted, it is not necessary that a
gesture has to be 100% completed, i.e., that complete closure
be made between the lips or the tongue and palate, before afferent
information on the progress of the gesture is reported to the
brain. The brain is capable of predicting the closure on the
basis of preliminary information. It also seems to be true that
as sequences of movements become more and more skilled, and speech
certainly is, control of the movements is more and more removed
from conscious control and is given over to more or less automatic
relfex levels of control. Thus it is not proper to take 1/8 sec.
as the limite of human reaction time. In addition, the fact that
the delay between the brainstem and the laryngeal and respiratory
muscles is greater is not pertinent here because the most rapid
sequential movements in speech are limited to the oro-facial
region.

Also, as Lenneberg noted, if one argues instead that these
sequential chains are accomplished entirely in the brain itself,
the conduction times are negligible and cease to be a problem.
However, he says this alternative is neurologically naive (p. 99).
It certainly would be if someone actually expected a completely new
nervous circuit to be formed in order for a particular chain of motor
actions to be formed. But surely it is possible to exploit existing
neural circuitry for this purpose. It would seem that the brain is
capable of forming new associations and connections between ideas
and actions and words all the time and although no one knows how it
is done no one denies that it is possible merely because one sug-
gested explanation has been shown to be untenable. Certainly such
connections between units could be programmed anew for each speech act
and then erased when no longer needed.

These arguments are tentative; much more research is clearly
needed. However it seems that the argument that there is not
enough time for gestures in speech to be triggered or released
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by afferent impulsation from preceding gestures is based on evidence

that is not unshakable.

Lenneberg's .1...nro1lary objection to the "chain" model, the fourth

one listed above, has two parts to it: (a) there aro sequential

gestures in speech which require precise coordination (+5-10 msec.*)

between distant articulators, i.e., the larynx and the articulators

in the oro-facial region, and (b) the differences in the conduction

times of nerve impulses to various muscles used in speech may be

as much as 30 msec. There is some evidence that such precise co-

ordination is required between articulators in the oro-facial region,

.
but what is the evidence that such ccordination is present between

those articulators and the larynx? As far as can be determined

there is none. This claim is based on, first, an incredibly bad

and amateurish "experiment" wnich one gathers Lenneberg actually

ran, and, second, on a misapplication of the results of Some of

the work of others on listeners' responses to synthetic and altered

natural speech.

In order to show that "there must be considerable precision in

timing if laryngeal mechanisms are to be integrated with oral ones"

(p. 97) Lenneberg gives some measurements (in msec.) derived from

some spectrograms of the two words "obtain" and "optimal" as follows:

Word

Obtain

Optimal

arst Vowel

90 (msec.)

Duration of Duration of

labial stop_Lostaalpluti.m._,
170 50

110 160 20

.1111

(p. 96]

* There is no specific state:sent of how precise this coordination

has to be, only that there must be "an accuracy of milliseconds"

(p. 120); but in that it should be "well below 20 msec." ,(p.97)

this probably means a precision of .0.msec.
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These figures are alleged to show that " the acoustic cues for
the distinction of certain voitted and unvoiced stops are the dura-

tton of the preceding vowel and the duration of the silence during

which the lips are closed." (p. 97). In this case the vowels

differ by only 20 msec. and the labial stops are said to differ
by 10 msec. Also, in the second word "the duration of the aspira-

tion (the only part of the /t/ we hear [sic]) lasts only 20 msec."

(P. 97). It is indeed true as Lenneberg indicates that the voiced-
voiceless distinction of consonants may be signaled by the differ-

ences in the duration of the preceding vowel or the consenantal

closure itself (House and Fairbanks 1953, Denes 1955, Lisker 1957,

Peterson and Lehiste 1960, Fintoft 1961, Delattre 1962, Fisc1.er-
J,6rilensen 1964). However all previous studies have found that,
other things being equal, it is always the vowel before tne voiced

consonant that is longer and, conversely, it is voiced consonants

which are shorter intervocallically; just the oinosite tendency
from the one that Lenneberg's figures show. Clearly some other
thing -- the phonetic environment -- is not equal in these two

words. The accent falls on opposite syllables: obtain, but

optimal; and this causes vowel reduction -- both in quality and

quantity -- in the first word and is sufficient to render the vowel

before the vniced consonant shorter than the vowel before the voice-

less consonant. Further it is not possible to determine the dura-
tion of the labial closure from a spectrogram with words like "ob-

tain" and "optimal". The silence between the vowels is due to the

closures of both the bilabial and the alveolar stops. Part of the

silence is indeed a good cue for the /t/; the aspiration is not all

that is used to identify it. Normally the increased duration of

vowels before consonants -- in accented syllables -- is about 60

to 100 msec. depending on the speaker and how fast he is talking.

And the increased duration of the voiceless consonants over voiced

consonants between vowels and after accented syllables is about

45 msec. (Lisker 1957). It is not clear what significance Lenne-

berg attaches to the fact that the aspiration of the /t/ in "op-

timal" came out to be 20 msec. It certainly does not imply any

kind of coordination between articulators nor does it imply the

axistence of an articulatory event of the same short duration. How-

ever to make this point clear a brief discussion of aspiration is

in order.

-k

Aspiration is the delay in onset of voicing after the release

of the constriction o an oral stop (Jones 1962, Abercrombie 1967).

Voice onset time (VOT after Linker and Abramson) with respect to the

oral release in English and other languages has been measured exten-

sively and accurately by Lisker and Abramson (1964). Their data
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revealed that the VOT for initial voiceless stops in acces.:ed sylla-

bles in English is not very precise: it varies in a normal Gaussian

manner over a range of 20 to 120 msec. for /p/ with an average value

of 58 msec. In the case of the English /b/, however there was very

little variation in the VOT, 752 of the tokens having a VOT of 5

msec. But this does not necessarily imply articulatory coordination

',etween the lips and larynx -- for the following reasons. Two

factors determine when voicing may begin: the right combination

Of the degree of adduction of the vocal cords and the amount of

pressure drop across the vocal cords.

From photoelectric glottographic studies of the changes in

glottal aperture it seems that for an initial "voiceless" stop

the vocal cords are thrown rapidly open and then are brought to-

wards one another but are not adducted completely before the oral

constriction is released. The delay in voicing -- causing the

"aspiration" -- is due to the time it takes the vocal cords to

approximate sufficiently. Variations in the relative timing of

the laryLgeal and oral gestures, variations in the air flow

through the glottis, and other factors contribute to the large

fluctuations in the VOT for English voiceless stops. /n the case

of the initial "voiced" stops and those stops that occur after /6/9

however, it appedrs that the vocal cords are already in the proper

adducted position before the oral constriction is released and all

that is necessary fvr voicing to begin is that there be a sufficient

pressure drop across the glottis. This is accomplished as soon as

(or at most 5 or 10 msec. after) the oral constriction is released.

There is little delay and little variation in the VOT with respect

to the release of the oral constriction in this case because they

are mechanically linked.

Along these same lines it is interesting that in Lisker and

Abramson's data "fully-voiced stops", i.e., stops in which the

voicing begins Nell before the oral release (e.g., French /b/),

Also hadconsideiable variation in the VOT just as did the voiceless

"aspirated" stops. Again, this is evidence of the lack cf precise

coordination between the oral articulators and the larynx.

In a later, more detailed study on VOT in English, Lisker and

Abramson (1967) demonstrated that the difference between the VOT's

foF the voiced and voiceless stops is not precisely maintaiued in

running speech, especially in unstressed environments.
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Lenneben claims that experiments at Haskins Laboratories
h va shown that temporal differences with magnitudes "well below
29 msec. are of the essence" for differentiating speech sounds
(p. 97) and refers the reader to Liberman, Delattre, and Cooper
(1952), Schatz (1954) and Liberman, Delattre, Geratman, and
Copper (1956). The first two articles are quite excellent
s#dies dealing with synthetic and natural speech, respectively,
a demonstrate the interaction of the stop burst frequency and

following vowel in influencing listener's identification of
t place of articulation of the stop. It is not at all clear
Wt relevance these studies have to the point Lenneberg attempts
t#0,10m06 unless it be to note the VOT used in the stimuli, which,
mS hAs been pointed out above, offers no evidence of the precise
coordination Lenneberg claims is necessary. In Liberman, et
at. (1956) it is demonstrated that by varying only the duration
of formant transitions a certain stimulus could be made to change
from /b/ to /w/ to /u/ and another stimulus could undergo the
transformation: /g/ to /J/ to /I/. In no case could it be con-
cluded that temporal differences of well below 20 wee. made
any great difference. At best a difference of about 30 msec.
in the duration of the formant transition would change the sub-
jects' identification of the stimulus from /b/ to /w/. But the
relevance of this to Lenneberg's point is still far from obvious.
First of all, these different durations of formant transitions
would, in natural speech, be controlled by one articulator, not
two, and would therefore offer no evidence of the necessity of
precise coordination between distant articulators. Second,
these experiments only show what the limits of human discrimina-
tion are; they cannot and do not offer any evidence as to the
lower limits of the speed and precision with which the arti-
culators actually move in speech. What evidence this study does
offer on the range of the epee. ,of formant transitions which
the articulators must control in order to maintain the differences
in the various "phonemes" suggests that a speaker has a lot of
lee-way in the control of his vocal organs.

Further inconclusive evidence offered for this point by Len-
neberg are the examples of aphasiac's methatheses. Saying /take/
instead of /task/ may quite easily be an error of order not of
coordination -- at least insofar as this transcription represents
the phonetic facts*, that is, a correct pronunciation of /take/

* It would have been helpful if an I.P.A. transcription had been
used in these cases; what is one to make of the statement on
page 97 that one aphasiac replaced is by si?
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takes about as much coordination as that required to say /taak/.

It would appear that Lenneberg has presented no evidence that
precise coordination (+5 or 10 usec.) between distant articulators
is necessary or present in speech. However, what about the evi-
dence for the other half of Lenneberg's innovative claim: that
there may be a difference of up to 30 msec. in the transit time
of nerve impulses from the brain to the larynx and the brain to
the orofacial muscles?

Considering the amount of space Lenneberg devotes to con-
clusions based on this claim and the lack of qualification with
which these conclusions are stated (p. 103, 120), he is quite
cavalier in the matter of providing the reader with any details
as to how he arrived at the precise figure of 30 msec. After
citing some of Krmpotic's measurements on the length and average
diameter of the various nerves which supply muscles used in speech
he says only

Since there is still some uncertainty about the phys-
iological interpretation of these determinations, we need
not be concerned here with the details. Suffice it to say
that the anatomy of the nerves suggests that innervation
time for intrinsic laryngeal muscles may easily be up to
30 msec. longer than innervation time for muscles in and
around the oral cavity. (p. 96)

Short of actually stimulating someone's midbrain and measuring
the time it takes for the nerve impulse to travel to various muscles
used in speech, the transit times of nerve impulses can only be
estimated very roughly using indirect information in the literature.
In fact it is more accurate to say that the uncertainty sur-
rounding the issue of transit time of a nerve impulse from brain
to muscle in the cranial nerves prevents us from making any estimate
whatsoever. Lenneberg apparently conducted no experiment on this
problem,nor provided any detatls on how the value of 30 msec. was
computed, but some attempt can be made to reconstruct the calcula-
tions here.

It is well established that the velocity (V) of a'nerve
impulse varies directly with the diameter (D) of the nerve fiber*,

That is, other things being equal, such as the presence of a
myelin sheath around the nerve. This Os true of most of the
fibers in the cranial nerves which arts the only ones that are
considered in this discussion.
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for i.e.,

D, or

kD

with V in meter/sec. and D in microns (u). In order to compute how

long it will take a nerve impulestn travel from the midbrain to
a muscles in the larynx, one needs to know (1) the diameter of

the nerve fiber it will travel over, (2) the length of the nerve
fiber, (L), in meters, and (3) the value of the constant k. Thus,

the total time of transit of the nerve impulse will be

T(ime) o LoL (3)

=cc. V kD

At this point there are some uncertainties. The muscles com-

municate with the brain via nerve trunks, each consisting of several
thousand individual nerve fibers which have different diametere

and different functions. Some nerve fibers, the alpha fibers,
innervate the muscle fibers directly, some, the gamma fibers,
innervate the intrafusal muscle fibers which are associated with
the spindles and thus indirectly affect the extrafusal muscle fibers,

and some are purely afferent, i.e, sensory fibers. It is the

first group, the so-called alpha fibers, that are of interest
for they would give the lower limit of the transit time of a
nerve impulse from tha brain to a muscle. But, given a nerve-
diameter frequency histogram, it is no simple matter when deal-

ing with human subjects to determine which fibers are alpha fibers..

The alpha fibers are very large so it would seem eopropriate

to use the maximum fiber diameters in the computAtions. This

will be done here, and for the sake of argument and balance use

will also be made of the mean values for the fiber diameters. An-

other uncertainty is the value to use for the constant k. This

has been calculated as being 6.0 (Hurst 1939*) from experimental

data obtained with Waal alpha motoneurones --.and perhaps it is

the same for human cranial nerves.

For the sake of argument, one can take the values for L and

D as given by Krmpotic (1959) as being accurate although she

reports a range of nerve fiber diameters in the recurrent laryn- .

geal nerve which is slunificantly more restricted and which yields

much smeller mean values than those reported in Faaborg-Andersen

Although compare Boyd's (1965) values of 5.6 and 5.9.
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(1957) and Scheuer (1964). It should be revealing to calculate

the greatest differences in transit time of nerve impulses be-

tween two nerves supplying different muscles in the orofacial

region and between two nerves supplying the laryngeal muscles
on the one hand and one set of muscles in the orofacial region on

the other. The relevant values L and D (range and mean) for three
nerve-muscle sets are given in Table IV (from Krmpotic 1959).

Table IV. Values for Length of Three Nerve Trunks
and the Diameters of Their Component Nerve Fibers

erve
runk

Muscle
Supplied

Length of
Nerve Trunk

Range of Diameters
of Nerve Fibers

Mean
Diameter

Branch of
rigeminal

Tensor velii

palatini

4.7 cm. 6-18 p
,

9.23 p

Branch of
Facial

Orbicularis 26.38
oris

8-15 10.34

Recurrent
Laryngeal
Nerve

t

Interary- 32.2
tenoid

.

1-9 5.4

.

From these figures and by using the value of 6.0 for k in equation
3, above, one can derive values for the transit times of nerve
impulses to the three muscles as in Table V.

Table V. Transit Times of Nerve Impulses to Various Muscles

Value for D Time to Larynx Time to Lips Time to Velum .

Maximum D used_
I

..,

6.0 msec.
,..

i

2.9 msec. .5 msec.

Mean D used 9.9 msec. 4.2 msec. .8 msec.

Flisberg and Lindholm (1970) via direct measurements found

the nerve impulse velocity in the recurrent nerve at room
temperature to be about 56 meters/sect yeilding a nerve impulse
transit time to the larynx of 5.7 'nee. This acrees remarkably

well with my enlculations, done independently.
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From these values one can get the maximum differences in transit

time between tvo different nerves in the orofacial region and

two different pprves supplying the larynx and a mue^le in the

velum. These represent the worst cases of las,

Table VI. Maximum Differences in Nerve Transit Times

for Two Pairs of Nerves

Value for D A T Time to Lips -
Time to Velum

AT Time to Larynx
Time to Velum

Maximum D 3.1 msec. 5.5 msec.

[Mean D 5.7 msec. 9.1 msec.

-

It is doubtful that a difference of 9.1 msec. if indeed it

ls that large (the smaller values for nerve fiber diameters of the

recurrent laryngeal nerve as given by Krmpotic were used rather

than larger values given by other investigators) -- will present

any great problem for the kind of coordination required and ob-

served to exist between articulators. Further, these represent,

in a sense, worst values; all other groups of muscles and the

nerves supplying them will have smaller differences. It is not

known how Lenneberg arrived at the value of 30 msec.* However,

pending the detailed publication of what this figure means, one

can only conclude that ads particular objection to the "chain"

or cicsed-loop model is ao yet unsupported by any convincing

evidence. However, even if this argument must be rejected it

is still desirable that we try to obtain a careful experimental

determination of the lower limits of coordination between the

various articulators. This is just the type of basic data that

* Perhaps this value was arrived at by considering that movement

can only be initiated by first going through the gamma efferent

system (Hunt and Perl 1960, and Matthews 1964). This may.

be true but I am not aware that the mechanics of such a

system have been quantified sufficiently so as to permit cal-

culations of the.time it takes to initiate movement.
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is needed in order to begin to build a model of the negrological

organization of speech. In this sense it is to be hoped that

the issue raised by Lenneberg will continue to receive attention.

All three of the remaining objections have substance, it

appears, and argue convincingly against the simplest form of the

"chain" model i.e., one which assumes that the various links
between succeeding elements are fixed and unchangeable and which

are not capable of being "programmed." It is not difficult,

though, to modify this model in a reasonable way to eliminate

the objections to it. To meet the objectiOn that there is too

much permutability in speech to allow a "chain" model, one might

begin by observing that in the process of saying something it

seems correct to speak of there being a period in which the

speaker "decides" what it is he is going to say (cf., e.g.,

Laver's (1968) model of speech production). In this period he

has great freedom to choose and arrange the stored units of

speech, limited only by the phonological;syntactic, and seman-

tic constraints of his language and culture. At this stage there

is great permutability of the elements of speech. However, after

he has selected what it is he chooses to say these units 21:7e

"partly activated" (as Lashley suggests) and must have a definite

order imposed on them. After this point there ceases to be

permutability; the order is fixed. After he chooses to say "apt"

[mpt] there is a necessity for the tongue closure to be released

after the bilabial closure; any other order is wrong and would

be counted as an error. Instead of picturing the selected

speech units as being "partly activated", it may be conceptually

useful to think of them as being put into some kind of "hopper"

(or memory buffer) where they are entered in a particular order,

the order in which they will be "fed" to the appropriate muscles.

In order to overcome the third objection, that of explaining

the anticipation or coarticulation in speech, one might consider

that once the stored units are put into our conceptual hopper

they can undergo a parameter-by-parameter reorganization such as

is illustrated in Figure 46, That is, following the rule outlined

in the teachingi of Daniel Jones: unless otherwise occupied

an articulator can begin to assume the position it must next

take, i.e., the commands which will eventually result in muscle

contractions can be modified to begin at that moment in the list

of events where there is no command contradicting it. Henke (1967)

incorporates in his model of speech production a "look-ahead"

feature which is similar to this. Of course anticipation of this

sort can be said to occur only if the stored units of speech are

smaller than the domain or time span over which coarticulation
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(A)

(B)

"s"-gesture

"t"-gesture

uft -gesture

1 I_
41014-

11111.441

after reorganisation becomes

"s".gesture

"t" -gesture

"u" -gesture

Figure 46.
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is observed to occur. If we assume that the syllable is

the stored unit of speech then the behavior of the lips

and tongue in pronouncing the word "stew" is not anticipa-

tory at all. Rather than entering our
hypothetical hopper

in form (A) in Figure 46, it enters in form (3). Even if

this is the case, though, Moll and Daniloff, as noted above,

have shown that the domain tiver which coarticulation is

observed to occur may extend across syllable boundaries. There....

fore, some such mechanism as has been described is necessary. Now

that the appropriate units of speech are inside this "hopper" in

the correct order and the onset of the various commands has been

parametrically rescheduled,
the sequence of chains will not link

two "unite" aS much, but will link the component parts of units.

lita surely many other solutions to this problem are possible.

Finally, how can the possibility of variations in rate be

accounted for with a "chain" model? It is not difficult to imagine

haw this might be done. There could be variable delay circuits

in the brain or possibly variable thresholds on those elements which

respond to the efferent impulses and which emit an efferent impulse.

At this point most readers should be ohjecting that all of

this is the merest speculation and tells us nothing about how

speech is organized and controlled logically. This is true.

This is not the way to do research instead good experiments

are needed. The point here is simply to demonstrate that the

armchair speculations
which were offered as proof against one

possible model for the sequencing of articulatory events in

speech can quite easily be countered by other armchair speculations.

Such speculative hypotheses ate fruitful only if they are mar-

ried to experimentation;
alone, they do little to advance human

knowledge.

FEEDBACK IN SPEECH

Is feedback used in speech?
Obviously there is some; the

question is how much, what kind, and how is it used? Quite

clearly speakers do listen to their own voices when they speak,

and if they hear a mistake they usually stop and correct them-

selves. Also deficiencies or alterations in the auditory feed-

back channel cause speech to deteriorate, e.g., delaying the

auditory feedback by a certain time interval induces stuttering

and other disruptions in speaking (Lee 1950, Fairbanks 1955,

Mackay 1968), and deafness, if congenital,
prevents the deve-

lopment of speech and, if suffered after learning to speak, causes

a noticeable gradual degeneration of speech, although, interestingly,

it is seldom lost completely.

Of more interest, though, is extremely short-term feedback,

that is, information on the immediate progress of speech that

can be used by the controlling centers to quickly correct tiny ,

errors (within, say, 10-50 msec.) before they become so big and
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so obvious that the speaker has to stop and start again. /f
present, such rapid feedback would be the task of the various
cutaneous and proprioceptive sensory organs in the skin and with.-
in the muscles. It is generally assumed that auditory feedback
is too slow for this type of "on-line" corrective action, al-
though this may never have been conclusively demonstrated.

Many neurophysiologiats and neuroanatomists have testified
to the plentiful presence in man of a wide variety of sensory
organs in the mucosa and other surface areas of the vocal tract,
as well as deep inside the muscles themselves, in particular,
the highly useful muscle spindles or stretch-receptors (Hoso-
kawa 1961, Lucas Keene 1961). It is known therefore with some
certainty that such feedback is available, and it is known from
the studies of Kugelberg and Rushworth, mentioned above, that
reflexes using such sensory organs in the vicinity of the oro-
facial region have very short latencies.

Opinions differ among many speech researchers as to whether
or not such short-term feedback is used. In the discussion in a
recent conference (House 1967) attended by the most eminent names
in the field, orguments and opinions were presented for speech
being predominantly closed-loop (using short-term feedback), be-
ing predominantly open-loop, and even being capable of switching
back and forth between open and closed-loop operation.

But one need not engage in too wild speculation about whether
or not short-term feedback from the articulators is used, because
there are various bits of evidence that suggest that it is. Firstof all there are various experiments that have demonstrated the
deterioration of speech caused by temporarily eliminating some
of this tactile feedback (McCroskey 1958, Ringel and Steer 1963,
Ladefoged 1958 and 1967a). 'Anyone who has taken novocaine at the
dentist's usually experiences some slurring of speech due to the
temporary loss of sensation in their lips or tongue -- even though
the auditory feedback channel is still functioning. If both
auditory and tactile feedback are eliminated speech becomes more
degenerated than if only one of the feedback channels were el
tminated. Still, in listening to tape recordings of speech pro-
duced under such circumstances, one is struck by how intelligible
it is in spite of the rather severe handicaps imposed on the
speakers. (But this may be more a reflection of the great re-
dundancy in speech rather than evidence that individual speech
gestures are unaffected by loss of these feedback channels.) In

139



137

none of these experiments was it possible to eliminate all relevant

sensation from the entire vocal apparatus. Maintaining barely

intelligible speech in spite of such sensory deprivation may not
indicate how much a given form of feedback is normally lised, how-

ever. As Ladefoged has suggested, it is possible that under normal

circumstances a parson may rely primarily on one particular form of

feedback but that when that channel is blocked he may be able to

shift to another source of feedback.

Fromkin (1965 and 1968) and MacNellage (1968) in studying EMG

records from various articulators discovered that the muscle action

patterns of a given articulator for a given consonant or vowel fre-

quently varied depending on the phonetic context in which it appeared.

For example, the orbicularis oris, which helps both to protrude

or round the lips as well as to close the lips, shows less activity

for the rounded vowels /u/ and /0/ when they follow the bilabial

stop /b/ than when they follow the non-labial stop /d/ (Fromkin,

op. cit.). This could be the result either of the brain storing

and executing articulatory programs of about syllable size or of

using feedback to determine that the orbicularis oris was

already partly activated for the /b/ and thus need not be act-
ivated as much for the rounded vowels as it would have to be when

they followed the non-labial stop /d/ for which there was no prior

activity of the orbicularis oris.

Chistovich and her colleagues presented various interesting
pieces of evidence that point to the probable use in speech of

short-termfeedback in the form of kinesthetic and surface sensa-

tion. There was, first, an experiment which 103 aimed at eluci-

dating the mechanism of initiation and sequencing of the gestures

within an interval smaller than a syllable, and involved the

measurement of the intervals between two successive but non-

contradictory consonantal closures, e.g., -VptV-, -VmnV-, -VkpV-,

etc. They found that the minimum interval could be very small --

down to 10-20 msec. but that the two closures never occurred out

of sequence, i.e., the "second" closure never took place before

the "first": closure, and they never occurred simultaneously.

Moreover, histograms of the frequency with which various inter-

vals occurred were positively skewed indicating an apparent "time

barrier" which prevented the intervals from becoming too short.

As they concluded, the precision represented by these small in-

tervals and the maintaining of the proper order argued against

the impulses for the two closures being independent of one an-

other and suggested instead that afferent impulsation concerning

the progress of the first gesture was necessary for the reflex

triggering or release of the second gesture. (This can also be

taken as evidence on the lower limits of how precisely we can
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coordinate two articulators. /t does not, of course, necessarily

mean that in ordinary speech i.e., in a non-experimental situation,

we actually clC or need to maintain such precision between arti-

culators.)

In another experiment of theirs the movement of the lower

lip was recorded during the execution of sequences of labial poNemmint

-- vowel -- labial consonant. It was noticed that the peak

opening of the lower lip varied considerably from one opening to

the next, but that the duration of the vowel varied much less.

Thus it was found that the velocity of the lower lip on returning

to the closed position for the consonant varied directly with

the extent of lower lip excursion, i.e., the further it had to

go the faster it travelled to get there. Their graph, plotting

the closing velocity of the lower lip against the amount of opening

of the lower lip is shown in Figure 47. They concluded:

It is apparent that this phenomenon may be produced by

the (regulator) mechanisms ... acting on the lowest levels

of control movements. Lowering of the lip (lower jaw) must

lead to a reflexive increase in excitability of the centers

of antagonistic muscles, while excitability must increase

all the more with a greater drop of the lip (lower jaw).

(p. 180)

Hy colleagues and I attempted to replicate this finding ex-

cept by looking at lower jaw movement alone instead of lip move-

ment. Lower lip movement, as Chistovich and her associates noted,

consists of the sum of jaw movement plus any movement contributed

by the lip itself. They indicate, of course, that the effect

they found may be due to jaw movement. In our study we used a

newly-developed device reported on in detail elsewhere (Ohala,

Hiki, Hubler and Hershman 1968, and Ohala, Hiki, Hubler and Harsh-

man 1969). The device transduces into an analog voltage the

deflection in any given dimension of a tiny light by means of OAS

or more photo-voltaic cells arranged as in Figure 48. The tiny

light was attached to a special dental plate for the subject's

(JO) lower jaw, this plate having a short stiff wire projecting

from it and emerging between tho. lips.

The analog voltage from the jaw movement transducer was

fed to a small computer (LINC-8) which had been programmed to

compute the velocity of the movement, find the maximum opening

of the jaw and display these and various other related parameters

as correlation plots.
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Figure 47. Maximum opening of Jam,' plotted on abscissa, against

peak velocity of jaw closing, plotted on the ordinate.

,
(Traced from Chistovich, et al. 1965, Figure 5.13)
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The results can be seen in Figures 49a and b which show the
plot of maxim= jaw velocity (both opening and closing, and thus
by convention having negative and positive velocity, respectively)

against maximum jaw opening for two words "sas" and "sak" (spoken

in isolation). The figures show that both the opening and closing
velocity of the jaw is directly proportional to the extent of
opening of the jaw. This means the reflex adjustment of the

centers responsible for closing the jaw could have been accom-

plished as early as the moment the jaw began to open or as late
as the moment the jaw reached its maximum opening. Further in-

vestigation would have to be undertaken to resolve this. The

figures show as well that the return velocity'is much less for
the /k/ than for the /s/. This is undoubtedly related to the

fact that the jaw does not need to close as much for velar stops

as it does for alveolar-palatal fricatives (cf. records of jaw

closure in Ohala, et al. 1968, and Daniloff, Amerman, and Moll
1968). Thus the return velocity of the jaw is not simply an auto-
matic consequence of how far open the jaw is but depends as well
on the nature of the following consonantal closure. If this is

a reflex action it is capable of being influenced by higher centers

of the brain.

This confirms the finding of Chistovich and her colleagues
and gives fairly good evidence of the presence and use of short-
term feedback to make quick adjustments of articulator movement

in speech. But what is the purpose of the feedback? It is pos-

sible that it is used to maintain a fairly constant interval of

jaw opening. That is, the trajectories of the articulators
may be allowed to vary, but the moments of collision may not be.

However it is also possible to view it as Chistovich et al. do,
namely that the variabie velocity of the jaw movement is due

to e sort of neuromuscular "spring" effect, such that the greater

the displacement of the jaw is, the greater will be the restoring

force, and consequently the higher will be the velocity of jaw

movement. Since the restoring force is apparently different
depending on the nature of the following consonant, one would
have to allow that it could be altered by such higher-level

non-automatic features. Some marginal evidence for this view,

or at least against the view that the effect of jaw velocity
varying directly with jaw opening is due to an attempt by the

brain to maintain a constant interval between consonants, is the

fact that the total interval does increase as the extent of jaw
opening increases, as is shown in Figure 50. Further research,

involving a greater variety of phonetic contexts and more speakers
should determine with more certainty how and why this feedback is

used, and whether or not it is used similarly in other articulators.
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Figure 49a Fifty token'', of

(sos]. Abscissa: peak jaw
opening (each division 2.8
mm.); ordinate:peak jaw velocity

(each division 23.6 =JIM.).
By convention negative velocity
pertains to jaw opening and
positive vtlocity to jaw closing.
Here, upon closing fur the final
No the peak closing velocity,
in mmisec. equals about 0.5
times the peak jaw opening in
mm.

Figure 49b. Fifty tOkens of
(salt]. Abscissa and ordinate as

in Figure 49a. Here when the
final consonant is (c), the peak
closing velocity in mm./sec.
equals about 0.3 times the peak
jaw opening in mm.

Figure 50. Fifty tokens of
[sok). Abscissa, as in Figure
49a; Ordinate: total open in,.

terval (each division equals
38 msec.).
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EXPER/MENTS ON THE TIMING OF SPEECH

Certainly one of the high points of current phonetic research

la the interesting
experiments conducted by the Leningrad group

(hletovloh et el, 1965) concerning
the timing of events in speech.

One ef the questions they addressed themselves to was what deter-

mined the onset of successive syllables in speech.

In the key experiment they exploited the existence of small

variations in the various delays in transmission of neural im-

pulses from place to place. They reasoned that if the initia-

tion of the sequential articulatory units were linked in the man-

ner suggested by the chain or closed-loop model then the varia-

tions or fluctuations in the intervals in many tokens of a given

sentence ought to accumulate and therefore the variation in the

time taken to say ihe whole utterance ought to be equal to or

greater than the sum of the variations of the separate component

intervals. lf, on the other hand the initiation of the successive

articulatory units was dependent on a higher pacing mechanism, and

was independent of the progress of the preceding units, then the

variation of the whole interval ought to be less than that of the

sum of thetcomponent intervals. An attempt was made to gather

sentences which minimized possible changes in the rate of speaking.

A few hundred tokens of the same sentence spoken by two speakers

provided the data and the results showed that the variation of

the whoie interval was less than the sum of the variations for

the smaller component intervals, thus favoring the "comb" or open-

loop model for the sequential generation of syllables.

There should be no misconceptions about what the results

of this experiment show. Favoring the "comb" model does not

necessarily point to the absence of feedback from the periphery

and likewise, favoring the other model need not imply the ex-

istence of such feedback. In fact, this experiment by itself

cannot tell whether or not feedback is used in controlling the

timing of units in speech. It would appear that the results

could at best help us decide between the following two systems:

A. A "Timing-Dominant" system, i.e., a system which main-

tains a tight time schedule perhaps at the expense of

precise and thorough accomplishment of the gestures.

B. An "Articulation-Dominant"
system (for lack of a better

term), i.e., a system which maintains precise and thorough

performance of the gestures no matter how much time it

takes.
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Both of these systems could or could not employ feedback. To

illustrate this point, consider, for example, the four possible

ways a puppeteer could control his puppet. Following Bernstein,

the situation can be made more like the one that prevails between

the brain and the muscles, and the puppet strings can be made of

elastic or rubber. If the puppeteer had to make hia puppet march

1 or dance in time to an externally-supplied beat, we would have

3 timing-dominant system. The puppeteer could attempt to accomplish

k his task by using visual feedback or by not using it. If he

$ were very, very practised it is conceivable that he might be able

p, to do it without looking at the result of his rhythmic tugging at

'if the strings. On the other hand, since the strings are elastic and
;

4 thE results of a given tug will depend on the degree of stretch

Or
r the strings at the moment when it occurs, it is easy to see

that visual feedback could be very useful in maintaining the

rhythmic step of the puppet. It'is also easy to see in this

case that in order to maintain a rhythmic ste.p by the puppet

in spite of variations in the response of the puppet's limbs

due to the elastic strings, a non-rhythmic control of the strings

by the puppeteer would be needed. (For further more extensive

arguments on this point, see Bernstein 1935 and 1967). At any

rate, the observer out in the audience, after timing the move-

ments of the puppet in accord with thin experimental procedure

would find that he had a timing-dominant system, but he would

not, by that experiment alone, be able to tell if the puppeteer

were using visual feedback or not. Or, if the puppeteer merely

had to make his puppet walk casuallY across the stage with no

absolute time limit, then it would be an articulation-dominant

system but again visual feedback could be used or not used. This

time the feedback, if used, would aid the puppeteer in making

sure the puppet's feet paced the floor one after another, that

they touched the ground, and that the puppet stopped before run-

ning into the wall, ec. Thus the results of the experiment

performed by the Leningrad group, as described above, pointed to

the mechanism governing the timing of speech being a timing-

dominant system, i.e., one in which a strict time schedule of

events is maintained, possibly at the expense of precise arti-

culation. With these qualifications in mind it is possible to

return to the use of the terms "comb" and "chain" models.

However, besides the above, there are some other objec-

tions that can be raised against the Leningrad group's inter-

pretation of their experimental results. First, one might ask

whether in an experimental situation in which the subjects are

asked to repeat a sentence over and over again hundreds of times,

they may not very soon adopt a rhythm in pronouncing the sentence



1.45

whereas ordinarily they would not. Thus the experiment might end up

testing whether speech could have a fixed underlying time schedule, not

whether it usually does. Walking over uneven ground is not usually

perfectly rhythmic but can be made so in the case of marching. Avoiding

this possible experimental artifact would be troublesome but could be done

most likely by incorporating other verbal material in the text to be

spoken or perhaps by recording the individual tokens of the test sentence

hours or days apart. Another hazard of the experiment is that the

particular measure used to decide between one model and the other, that

of =Sparing the variance of the largest interval vith the sum of the

variances of the component
intervals, .requires that one be sure of the

Size and nutber of articulatory units one has in the given sentence.

If one miscalculated the
number of units which are actually in the sen

tence it would make no difference if it were a "chain" system, but it

could make a difference if it were a "comb" system, especially if one

counted too few intervals. In this case one could erroneously accept

the "chain" model after finding that the sum of the variances of the

(too few) component intervals
equalled of were less than the variance

of the largest interval. However, since these authors found a "conb"

system, this criticism doesn't apply to their results. But a possible

miscount of the number of units becomes important again if, instead of

a system that is wholly "chain" or "comb", one has a hybrid system, in

particular one in which the units themselves are
executed in accordance

with the "chain" model, but the sequential gestures within a unit are

executed according to a strict time schedule, i.e., according to the

"comb" model. For example, this would be the case if the words, say,

in a sentence were executed one after the other, the onset of each

word being dependent on the accomplishment of the preceding word, but

if the gestures within the word were executed according to a strict time

plan. In this case a miscalculation of the size and number of units

when following the procedure outlined by Chistovich et,al. could lead

to the erroneous rejection of the "chain" model if one counted too many

intervals, and, as above, could lead to the erroneous rejection of the

If comb" model if too few intervals were counted. This objection does

apply to their results.

Chistovich and her colleagues took the units to be syllables based

on the results of a previous experiment, in which it wes shown that the

duration of the words and syllables relative to the duration of the

whole utterance remained constant during changes of rate, but the

relative durations of the consonants and vowels, the components of the

syllable, varied during changes of rate. Thus the smallest interval

maintaining its relative temporal "integrity" in the face of changes in

rate was the syllable -- at least in Russian. But these results could

as well be taken as indicating that the articulatory
unit could be no

smaller than the syllable but it could be larger. Thus there is some

uncertainty surrounding the selection of the intervals measured. Is

there any way of doing this experiment without knowing what the articulam

tory units are? Possibly there is.

The mathematical
justification offered by Chistovich et al. for

adopting the particular experimental test of comparing the variance of

the largsst interval with the sum of the variances of the component

(

if N\

thFrom is point to the asterisk on p. 152, the discussion

contains serious errors; a revision la in progress.

-4,101 December 1970
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intervals seers to be sound, but a simpler procedure glpers to gilit pmughly
equivalent results, namely seeing if the variance is constant for different-
sired intervals, thus favoring the "coMb" model, or if it is directly
proport.tonal to the mean interval, thus favoring the "chain" model, i.e.,

or
V = k

V = kI

(1)

(2)

respectively, where V is the variance of an interval I, and k is a
constants Graphically, this would look as follows:

Equation 1:
"Comb" Model

2

Equation 2:
"Chain" Model

mean interval mean interval

One would proceed as did Chistovich and her colleagues and obtain the
same kind of data, but instead of comparing the sum of the variances of
the component intervals with the variance of the largest interval, one
would simply see.which equation or graph best described the data; there
would be no need to know precisely how many units one had in the test
sentence. Froi a sentence in which there are n basic intervals one can

extract I (i).intervals in all, e.g., four basic intervals would yield
iml

ten intervals WO:consequently ten data points:
Ike

,
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1 2 3 4

1. 1

2, 2

3. 3

4

5. 1 + 2

6. 2 + 3

7.4 3 +

8
1 + 2 + 3

I

9. 2 + 3 +

10. 1 + 2 + 3 +
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Of course, sna, must msaaure only those intervals which one hes good
reason to believe are the result of neuromuscular signals. Therefore
one would not want to measure the intervals between sucuespive taps of
the tongue in trills or those between successive vocal cord vibrations
because both of these are determined partially by aerodynamic effects
not directly under muscular control.

Thia procedure will work only if the average rate of speaking is
the same for all the sentence tokens. This is unlikely, as allowed
by Chistovich et al. If there are changes in the rate, it will tend
to increase the variance on larger intervals no matter which system
is present. That is, the data would be better described by equation 2
in either case. Thus, if the rate of speaking is varied one will not
be able to choose between one syatem or the other on the basis of the
results from this procedure.

But there may be a way out of this problem. One may be able *u
get a collection of sentences which are likely to have been spoken at
the same rate if, out of all the sentences recorded, one chooses just
those few that have the same or very nearly the sta. ,tal duration.
By thus arbitrarily limiting the total duration of the largest interval
one will also lose a few data points since any two intervals which to-
gether add up to the total interval will now necessarily have the same
variance, since they share a common interval boundary, but are fixed
at their other boundaries. That is, the interval that is n: of the
total interval will share the same variance 'with the interval that is
(100-10% of the total interval. Thus one will be limited in effect
to looking at the data points for intervals < 4 of the total interval.

These procedures may be applied to some of the published data of
the Leningrad group. The data points in their Figure.3.13 show that
the variance increases with the mean interval duration (cf. Figure 51).
The trend of the points cannot be exactly described by equation 2, but
would be better approximated by an equation of the form

V m kIc (3)

with c > 1.* However, for an approximation to these points one can use
equation 2 with k as 1.04. They report that out of the original 800 or
so sentences they chose for final processing some 400. This vas done
by graphing the changes in the total duration for all the sentences and
then choosing from that graph aentences in a "relatively stationary
sector." It is not clear whether or not this procedure means that the
finsl s?t of sentences were restricted to roughly those having the same
total duration and thus that it corresponds to the procedure outlined
above. The shape of the graph in Figure 51 would lead one to suspect

Equation (3) is 4 more general form of equations (1) and (2),
above, in which c a 0 for the "comb" model, and c > 1 for the
"chain" model,

150



,......4.6406.6..164.6661641466Ma..44160661%.

148

1500

1000

500

I.
0
0 0.5 1

Duration of interval (Bee.)

AilleakaNW100410.46.amolevaoolm.4001.44.11111v...

Figure 51. (Traced from Chletovich, et al. 1965, Figure 313)
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that the sentences did not have a limited range for the total duration.

So, if there were changes of rate the results are inconclusive for the

reasons presented above. If rate was the same for all the sentence

tokens one would have to accept that speech timing was best described

by the "chain" model.

I have attempted to perform the experiments and procedures as

described above with the exception that no attempt vas made to counter

the possibility of an unnatural speaking rhythm interfering with the

natural timing of the speech. Although they have barely v. :ressed

through to the pilot experiment stage, they are worth reporting here.

Such experiments should properly be run using a sizable experi-

mental population -- at least of the order of 20 subjects -- and, since

they necessitate much measurement and statistical computations, are

most efficient if automated. At this stage thought only one subject,

(JO), vas used, and the measurement was done by hand. Changes in oral

pressure transduced and written on paper by an ink-writing oscillograph,

a Siemens Oscillomink, were used as reference points for the measure-

ments. The test sentence was constructed to be Capable of easy seg-

mentation. It vas:

"Your Paula may put Happy upon your pair of pigs."

4 1 4 2 4 34 4 4 5 4,

[yorpolomaypUthspiypanyaJperopigz)

that is, consistently using the reduced forms of "upon" (pan) and "of"

(8). This yielded five basic intervals as delimited in the phonetic

transcription. Measurements were made from the point the pressure

curve fell upon release of the 21.'s and crossed an arbitrary reference

line above the "zero pressure" line, as is schematized below,

reference line

IC A
measured interval

Measurements wtre made in millimeters, where 1 mm. m 9.72

msec., and the measurement error is estimated to be + 0.5 mm. Sixty-four

tokens of the test sentence were obtained. The resulting intervals and

their variances are given in Table VII. Plotting these variances against

the corresponding mean interval duration gives the 15 data points in

Figure 52. The trend of points here is more nearly a straight line than

are those of Chistovich et al., and equation (2) with a k about 0.83 will
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Table VII. Intervals eind Variances tor the Whole
Sat of Test Sentences, N 64

So41.1.14. two .1 .

Interval number 1 2 3 1$ 5

Mean duration (I) 478
msec

330 196 350 298

Variance (V) 325 247 194 149 329

807

600

526

389

548

407 !

648

531
1000

793

876

703

842

778

1350

1120

118o

1105

1650

1585
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describe the line best fitting these points. If one could be sure

'there were no changes in rate in the pronunciation of all 64 of these

sentences, then one would have evidence that speech was like the "chain"

model, according to the arguments presented above. However, one cannot

be sure of this, so this graph actually tells very little.

Taking the next step', though, Out of these 64 sentences 20 were

isolated which had the same total duration,+ .15 mm. The resulting .

values are given in Table VIII. Figure 53 aows the plot of these

variances against their mean interval durations (some points being

redundant, as mentioned above). From this, although the scatter of the

points makes conclusions somewhat
shaky, it would appear that the "chain"

model must be accepted, that is, that in speech the precise and thorough

accomplishment of a speech gesture is desired no matter how much time it

takes. However, one situation that would again render this result in.. .

conclusive would be 'if the rate .of speaking were not always the same .

within a given sentence, that is, if the instantaneous rate could fluctuate

within a sentence. 'If thiL were the case it would cause the "bulge" in

.
the middle of the graph in Figure 53, no matter which system pertained

in speech. That the instantaneous rate could vary in speech is likely

beca%se 'of the fact that ultimate* all time-keeping devices in'the

universe, including the revolution of the earth around the sun ind the

most accurate atomic clock, are all what has been described here as

"articulation-dominant", that is, a "chain" system. No independent

"Platonic" time standard can exist. There are then only clocks of varying

accuracy. A time program for speech, if it exists, could keep time by a

. very inaccurate neuronal clock. In timing speech with a more accurate

external hardware clock we you'd certainly find the system to be like

the ."chain" model in spite of the possible existence of an independent

time program for the sequencing of the speech gestures.' At this point

.
more research is needed; until then it may not'be possible to conclusively

determine how the onsets of the sequential gestures of speech are .

controlled.

iThistovich et al. note that the relative error ((Standard Deviate..

tioc/I:ean interval) x 100) is larger on small intervals than on large

:
intervals, and attach importance to this fact:

It is significant that with such a large relative

error of the duration of the individual sounds of speech

[10-24) the relative error of the duration of the entire

syntagma ta phrase] amounts to only about 3%. [p.,101]
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Table VIII. Intervals and Variances for
Subset of Test Sentences, N 20

Interval nunber 1 2 3 4 5

Mean duration

Variance

481

227

327

156

194

87

347

58

- ,

300

180

811

345

522

1231

1 540

164

647

276

1005 .

296.

870

164

.1350

264

840

318

1

85

13.75

227
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Figure 53. N 201 the rest is as in Figure 52.
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Likewise, Allen (1968) comments on their data and similar findings of

his own and notes that

In order for this reduction in variance to occur,

there must be timing information that extends over the

whole phrase. (p. 753

These values for the relative error are undoubtedly true; in the data

reported here there were similar values: more than 7% relative error

for the smallest interval measured, against 2.4% relative error for

the whole interval. However it is not clear how these values imply

the existence of timing information independent of the sequence of

speech gestures being (-..xp(syted -- that is, that these values point to

a timing-dominant system in speech. These values are directly derivable

from the equations of the curves in Figure 52 and Figure 3.13 from

Chistovich et al., plus the definition of relative error. Relative

error, E, as a percentage, is defined as the standard deviation s.d.,

divided by the mean interval, I, times 100. . The standard deviation is,

of course, the square root of the variance, V. Using this plus

equation (2) above, one obtains

E = s.d. 100 = (V)1/2100 = 1112/2100

Taking k = 1.04 for their data, the relative error can be calculated

for various-sized intervals as in Table IX.

Table IX. Calculated Relative Error for Three Intervals

Interval Relative Error

.

50 mace. 14.4 %

101 msec. 10.2 %

1250 msec. 2.9 %

These calculated values are in agreement with the measured ones, which

is not surprising since they are really just slightly different mathe-

matical characterizations of the same basic data. They add no more

information to the study and are subject to the same criticisms as are

the graphs in Figures 51 and 52. It probably is not advisable to express

the fluctuations in these intervals as relttive error because it gives

the false impression that.there is more fluctuation on small intervals

than on big intervals therefore indicating that some of the fluctuations

are cancelled out or compensated for over longer time intervals. But
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this is false and is only a mathematical artefeet, Te eibsolute value

of a large fraction of a small amount may still be much less than the

lasolute value of a small fraction of a large amount,

IRMEM IN SPEECH

1
One may usefully begin a discussion of rhythm in speech by noting

iwith Allen (1968) that whether speech articulation actually is rhythmic

or not, lots of people have the impression that it is. However, the

question of the apparent perceptual reality of rhythmicity in speech

frill not be covered here. Attention will be given here to the rather
4estricted issue -- and more interesting issue, if it turns out to be

rue -- of whether or not the successive (measured) intervals between

estures in speech have the same duration or multiples or sub-multiples

ett the sane duration. This would represent a special case of the "comb"

*44, namely one in which there wal not only a separate time program

4or the events of speech but one in which the primary events occur at

'SVGA intervals. We have presented above some evidence that a time

program -- whether isochronic or not -- does not appear to exist in

speech. However this finding was judged inconclusive and so it may be

useful to consider here, using a different approach, the more restricted

isochronic "comb" model.

Chistovich and her colleagues (1965) discuss the possibility of an

isochronic rhythm generator, but in fact produce evidence that if there

is a time program independent from the phonetic material said in time

to it, it is not strictly isochronic. Two Russian words which were

phonetically identical except that one had an extra consonant, i.e.,

CVCV versus CVCCV, were each spoken in the beginning of the same sentence

frame several times. Although the words differed in duration by about

50 msec.lif speech were rhythmic, that is, a system with isochronic

intervals between the beginnings of the major units, one would expect

that this time difference would be obliterated by the end of the sentence.

It turned out that the sentences differed in duration depending on which

word it contained. If it had the longer word in it, the sentence itself

118.9 longer and by about the same amount as the word. This indicates

either that the pacing mechanism is not perfectly rhythmic but in fact

takes into consideration the phonetic structure of the individual sylla-

bles before working out the schedule for the entire utterance or that

there is no pacing mechanism for a whole utterance.

Similarly, Shen and Peterson (1962) and Allen (1968) were not able

to find exact isochronism in English when measuring interstress intervals

or even when computing the correlation of durational changes between suc.

cessive interstress intervals.

Lenneberg (1967) hypothesized that there exists in speech a basic

rhythm of 6 + 1 cps*, which governs the rate of syllable production.

The range is given variously as 6 + 1 cps., i.e., a period ranging

from 143 to 200 mac., or from 140 to 180 mmec. (p. 119).
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fl jn4t theit thft Peurological basis for this rhythm cannot be guessed
at given our imperfect knowledge of the brain, but indicates that it
represents a "rhythmic alternation between states of initiation
and execuUon of motor patterns (or cycles of activation and inhibition)"
(p. 109). To support this hypothesis he gathers together quite an
impressive variety of evidence, all of which are said to show that an
interval of about 1/6 sec. frequently pl.ays an important role in various
speech phenomena. However, one gets the impression that not all of the
evidence is equally solid. The evidence on the well-known disruptive
effect of delayed auditory feedback assumes the amount of delay pro-
ducing the greatest interference with speech is 180 msec., but it is
clear from the literature that the critical delay varies from subject
to subject and generally ranges from 150 to 300 msec. (Chistovich, et al.
1965, Fairbanks 1955, Spuehler 1962, MacKay 1968), a range that does
not fit nicely into the limits of 140-200 msec.

Further, the evidence from the rate of syllable production is
neither convincing nor accurate. .Lenneberg attempts to show that the
everage rate of syllable production is about 6 syllables/sec. To begin
with, by apparently accepting the findings of Stetson as to the nature
of the syllable, namely the old "breath pulse" theory (Stetson 1928),
Lenneberg seems to ignore the fact that Stetson's findings could not
be replicated by Ladefoged et al. (1958) nor more recently by Lieber-
man et al. (1967). Given that no one knows what the syllable is, one
may question the relevance of measures of syllable rate in speech.
However, for what it is worth the data that does exist on this doesn't
help Lenneberg's hypothesis. He does not accurately report the
findings of Hudgins and Stetson (1937) as to what the relative speed
of articulatory movements are. First of all, they were concerned
with the maximum rates at which syllables could be produced with
various articulators, whereas one would have thought Lenneberg would
be more interested in average rates. The range of values he reports
they found, 5.5 - 7.5 syllables/sec.,is wrong; it should be 5.2 - 9.6
syllables/sec. Table X gives Hudgins and Stetson's published values
plus those from a comparable study by Kaiser (1939).

Table X.

Hudgins and Stetson (1937) Kaiser (1939)

Men Women
Population 9 116 100

Articulator Mean Range Mean Range Mean Range

Tip of tongue 8.2 7.2-9.6 7.4 5.6-9.1 7.2 5.3-9.1

Jaw 7.3 5.9-8.4 5.4 4.8-8.3 4,8
.,

.4.5-9.1

Back of tongue 7.1 5.1-8.9 6.6 , * 6.4

Lips 6.7 5.7-7.7 .
Velum 6.7 5.2-7.8 imemos almsow

*Time base of graph is mislabeled, range cannot be determined.
10
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, It is very likely (as suggested by Chistovich et al., p. 135), thati --
the variations are dependent on the articulator used and on that articu-
liqor's inertia and not on any central limitation of rhythm. Thus thefastest rate, 9.6 syllables/sec.,

was associated with the tip of theto ;me, and the slowest rate, 5.2, with the velum, Table XI providesadiitional such evidence from the literature cited by Kaiser (1939) andfr m the measurements of Chiba (1935). To this may be added my ownflailing that some subjects are capable of speaking at a rate of morethan 10 syllables/sec. in the last pert of sentences such as "Deadhee4ed Ed had edited it." In addition, Kaiser (1939) performed studieson .he average rate of syllable 14.).:.uction for 216 Dutch students speaking .Dtt'h in a variety of speaking tasks: pronouncing lists of words, count-inc , reading, and spontaneous speech (obtained by having the subjectsco ent on four pictures). The average duration of the syllables was(I

4,
Table XI

Source Population Language Value Meaning

Bourdon (1892) 4 French 8.1 syll/sec Average rate;
reading journal

1 French 4.3-5.4 Range of average
values; reading
verse

1 French 7.4 Very fast rate;
reading

Oehrm ? German 7.2 Average

? English 7.4 Average

Richet ? ? 10-12 Maximum rate;
reading poetry

Blancquaert ? Dutch 1.5-15 Range
(1931) ---

Chiba (1935) 2 English 4.6 Average sylla..
1 German h.4 ble rate;
3 French 4.4 reading
1 Russian 5.2
1 Korean 5.6
1 (7) Japanese 7.7
1 Chinese 4.2
1 Hindustani 5.3
1 Mongolian 4.2
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(a) 23 monosyllables,
1 disyllable

v.....4....3.40 A , 3 ../A a di.* f04104 ,r1-04 M.

(b) 36 monosyllables,
1 disyllable

N ON CO hi h. ha
Vs Vs vs 0 N 4 cn

Vs vs vs Vs
VI Vs VI Vs .n Vs Vs kn

159

Figure 54. Average syllable duration frequency histograms from
different speaking conditions. Solid line: 116 men;

dashed line: 100 women. Abscissa: average durations

of syllables, in centiseconds. Ordinate: frequency

of occurrence (uncalibrated). Histogram for men's

values in Figure 54h msrrected from original. (After

Kaiser 193)
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8 disyllables,
2 monosyllables,
1 trisvllable

W %n %1D

%n 1/4n k.n 1/4n

%ft vs

1-1
1- .rs 1/411

?
vs

(d) counting from
. one to twenty

in Dutch.
(10 monosyllables,

8 disyllables,
2 trisyllables)

v:3 Vi 1/47%.0 C)
%.0
s.0

(0) simple (f) simple sentences.
sentences.

II

IV V/ kr1r rs %.0

(g) modern prose.

I I
I I
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I
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I I

I I
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I
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I 1
I
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I
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Figure 514 (continued).
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determined by ovnting the number of syllables in a given passage and

then dividing by the duration of the passage (which was determined by

R stopwatch), but since many pauses were not subtracted from the pas-

sages before the calculation of average syllable duration was made the

values for other than continuous speech are somewhat suspect, as was

nced by Kaiser herself. Still the data is of interest. Figure 54

gives some of the average eyllable duration frequency histograms

obtained under the various speaking conditions for 116 male students

and 100 female students. (That is, the average syllable duration for

each of 216 students was
determined and graphed as histograms with

116 counts for the males and 100 counts for the females.) Table X/I

gives the means and standard deviations for each of these histograms.

Table XII. Mean and Standard Deviation of Average Rate of Syllable

Production for Different Speaking Conditions. (From Kaiser 1939; to

accompany Figure 54) (Values in centiseconds)

Men Women

Speaking Condition Mean S.D. Mean S.D.

(a) 78.2 22.5 71.4 17.1

(b) 74.4 17.8 70.7 14.1

(c) 47.4 ......... 38.5 .......-

(d) 43.0 13.6 lo.7 12.9

(e) 29.3 5.0 28.7 3.2

(f) 27.0 4.3 26.6 3.6

(g)
22.5 3.0 22.7 2.5

(h) 27.6 5.5 26.4 6.2

(0 25.8 4.2 25.8 5.8

(j) 27.6 5.2 27.6 6.6

(k)
28.3 6.0 26.5 5.6

Since the average values decrease when more di-ayllabic words are in-

cluded, it si:.ggests that the average duration of such units depends

on how much t%ere is to say in the immediate future of what is currently

being spoken, which has been found to be the case by Gaitenby (1965)

and Lindblom (1968b).

Looking at all this, there is no obvious evidence which would point

to "the magical one-sixth of a second as a basic time unit in speech

production." It is important for Lenneberg's hypothesis that the rate

of syllables -- or some units of articulation
be found to have an

average rate of around 1/6 sec. On this hangs the usefulness of the

evidence from both (a) the critical delay causing maximum disruption

of speech in delayed auditory feedback and (b) that rate of switching

the speech signal from ear.to ear or the rate of interrupting speech,

which maximally reduces the intelligibility of the signal (Cherry and

Taylor 1954, Huggins 1964).
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However, it is perhaps wrong to quibble about the cited evidence
since Lenneberg proposes the kind of experimental evidence that is
needed to support or reject his hypothesis (a commendable practice too
seldom followed by others in the field):

The statistic necessary to prove or reject our hypoth-
esis is quite simple. At present the only obstacle is the
necessity of making observations and measurements of hundreds
of thousands of events. Suppose we programmed an electronic
computer to search the electrical analogue of a speech sig-
nal for that point in time at which any voiceless stop is
released, and then measured the time lapse between all such
successive points. From these data we can make histograna
(bar-charts) showing the frequency distribution of all
measurements. Since our hypothesis assumes that the varia-
ble cynable-duration-time is not continuous and that there
are time quanta, the frequency distribution should be multi-
modal; and since the basic time unit is predicted to be
160 + 20 msec., the distance between the peaks should be
equal to or multiples of this unit. [13. 119]

The reason for looking for multi-modal distribution of the interval
durations is to allow for the possibility of missing some intervals
and catching instead intervals which are really twice, three times
or some other integral multiple of the basic period of 1/6 sec. It is

for thie reason that the histograms given by Kaiser in Figure 54
cannot be used for this purpose. They represent averages of syllable
rate not individual syllable durations. The peaks that do occur,
some of them, interestingly, at integral multiples of 1/6 sec., indi-
cate only that certain subjects had an average rate of 4/6 sec., others
at 5/6 sec., etc.

An experiment similar to the one Lenneberg asks for was attempted.*
Although it still calls for some further refinement and has yet to be
run with a sufficiently large population (the single subject was, again,

JO), the results do represent a tallying of about 10,000 separate in-
tervals. It shall be reported here in the hope that other researchers
will find it sufficiently interesting to want to try to replicate it.

Scanning the,acoustic waveform of speech in sesrch of the moment
of release of voiceless stops is not so easy, so the measurements (by

a computer) were made instead on the intervals between successive maxima

in jaw movements (transduced by the device described on page 138).

Fxom the point of view of the computer program this meant detecting
zero-crossings, in a given direction, of the first derivative of the
signal representing deflections of the jaw. The units of time counted

This experiment was presented orally in Ohala et al. 1969.
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were (1.7)1(512) sec. or 3.3 msec., however the accuracy was somewhat

t less than this because in order not to count intervals due to noise

the signal was required to cross the zero line and a threshold line

e time meaaurement is + 10 msec. Intervals exceeding 1.7 seconds
before the interval would be counted. Thus the estimated accuracy of

th

were not counted. However, using this program there was no way to

ignore pauses, so if they were less than 1.7 sec. they were included.

,It is doubtful that this seriously affected the resillts. The subject
i read aloud technical material at a rate comfortable to him for about a

,total of 1 1/2 hours with short resting periods every 10 minutes or

so. The resulting interval histogram representing a little over 10,000

intervals is shown in Figure 55'.

i1 One might first note that the shape of the histogram is quite smooth,

pl=st like a Poisson distribution.
ftc,....nta in the range from 0 to just under 100 msec. undoubtedly represent

nolsti: some unwanted mechanical vibration of the light attached to the
4 i

tlkkliCt's lower teeth. If there are multiple peaks here they do not

1):,and out very well. One might 'possibly be able to make a case for

there being two piaks, one around 220 msec. and one around 310 rsec.

(which, as it turns out, is in agreement with Kaiser's data on continuous

speech). However they are not separated by 160 msec., nor is either one

within the predicted range of 140-200 nsec. Only the second "peak" is

close to an integral multiple of 160 msec. Aor does this histogram

provide any evidence for any other rhythm. The two "peaks" are separated

by about 90 msec., but neither 220 nor 310 MSec. are integral multiples

of 90, which would be expected if the basic period of the rhythm were

90 =sec., i.e., a rhythm of about 11 c.p.s. This is far from being

conclusive, however. It is necessary to try this out using a device

that can detect "events" (defined somehow) that are produced by more than

one articulator. That way shorter intervals can be obtained and the

160 msec. rhythm, if it exists, may show up better. Also it should be

tried with spontaneous speech which may be different from "reading aloud"

in that the subject generates his own rhythusInot those dictated by

previously written material.

If one sees only one peak in this interval histogram it would be

around 250-300 msec. and this may represent either the favored syllable

duration or the favored rate at which the jaw moves. Very likely the

tongue or lips would have a much smaller favored interval, and the

respiratory muscles a much larger favored interval. Clearly more

research is needed. For now there is no positive basis for accepting

or rejecting Lenneberg's 1/6 sec. hypothesis, however, the evidence is

not wholly favorable to it.
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Appendix: Illustrations of the Anatomy Relevant to the Discussion in

Chapter 2

EYOID %
BONE

THYROHYOID MUSCLE

DIGASTRIC MUSCLE

MYLOHYOID MUSCLE

ITHYROID CARTILAGE

OMOHYOID MUSCLE CRICOID CARTILAGE

ST ERNOTHYROID MUSCLE
STERNOHYOID MUSCLE

STERNUM

LARYNX

Figure 56. Sketch of the muscles and related structures which may

contribute to the gross movements of the larynx. Muscles on the .lett

side are not shown but are symmetrical to those on the right. As can

be seen, the sternohyoid muscle ie not attached directly to the larynx

and can lover the larynx only indirectly by lowering the hyoid bone

which is attached to the larynx through membranous and ligamentous

connections. Structurally it would seem that the thyrohyoid and

sternothyroid muscles would be more directly involved in raising or

levering the larynx, respectively. (Skeletel frame traced from Pernkopf)
189
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