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Haskins Laboratories

This paper is an attempt to summarize what we now know, or
rather don't know, about a vaguely defined area called "the
organization of speech." In particular, the topic is what
MacNeilage has called the "reality status of concepts of lin~
guistic units" (MacNeilage, 1973).

The study of the organization of speech is the province of
speech science, a rather’ uneasy blend 6f elements from pho-
netics and motor physiology. Perhaps-I can illustrate the mix-
ture with an anecdote quoted from Granit's (1976) biography of
the great neurophysiologist, Sherrington. -He is recorded as
saying to his student, Wilder Penfield, "It must be nice to
hear the preparation speak to you." Our hypotheses about
speech organization came partly, then, from phonetics, and
partly from general neurophysiology. T would like to run
* through four of these hypotheses, in their argument form, and
discuss some evidence that has caused them to fail. The first

" hypothesis runs:

HYPOTHESIS 1: Speech is perceived as having invariant units;
therefore, perception must operate on invariant parts of the
acoustic signal.

This hypothesis, or versions of it,- guided early work at
the Bell Telephone Laboratories. It has two obvious problems.
The first is that the acoustic signal for a given speech sound

and for a given speaker depends on' the size of the vocal tract.
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This problem led Peterson (1952, 1961), and later Gerstman
(1968) to suggest that the listener arrives at vowel judgments
by some kind of perceptual normalization of the presented vow-
el, based on the relationship between formants. There are
some problems with this theory as a dynamic hypothesis, as we
will discuss below, but refinements of the theory will account
for differences between steady-state formant values of the.
vowels. for different. speakers.

A second problem, and at that time an apparently more seri-
ous one, was that when convenient visual displays for the
acoustic speech signal became widely. known, no units. corre-
sponding to phonetic. entities were obvious (Potter, Kopp, and
Green, 1947). A suggestion made by them wasbthat perception
is organized to focus on the relatively steady-state aspects
of the signal, skipping over. the variable "transitional
stretches between those steady.states. Indeed, Cyril Harris
(1953), then working at Bell; attempted to synthesize speech
by putting together short segments of speech clipped from the
ongoing. stream. The result was unintelligible.

I don't believe we have yet learned quite enough from that
failure. Even at the time, a.different interpretation of the
transitional portions was available, namely, that these tran-
sitions were essential for speech-intelligibility, since they
could be shown to have cue value, particularly for the conso-
nants. This interpretation had, indeed, been demonstrated di-
rectly in work with speech synthesis (Cooper,. Delattre,
Liberman, Borst, and Gerstman, 1952). There were later at -
tempts to "explain" the speech perceptual mechanism by more

complicated hypotheses, as we will be doing below.

HYPOTHESIS 2: Speech is perceived in terms of dinvariant units.
It can be shown that there are few steady-state segments in
speech. Hence, speech perception must- process the signal to
extract invariant perceptual units from a time-varying signal.

This is one version of the Haskins "motor theory," stripped
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of its physiological detail (Liberman, Cooper, Harris, and -
MacNeilage, 1963). -Basically, the idea is that, in production,
there is temporal and spatial. smear of various low-~level as-
pects of the articulatory process, so that the resulting acous-
tic output is an encipherment of- the input signal; further, in
perception, the perceptual apparatus. somehow decodes the sig-
nal, by reference to-articulation, into its underlying: units.
Theré are a number of sub-hypotheses, of varying degrees of
sophistication, about what these underlying units might be
(Harris, 1976).

Invariant electromyographic signals: There were some early

Haskins attempts to show that the signals to. the muscles were
less variable than the resulting acoustic outputs. (Harris,
Lysaught, and Schvey, 1965; MacNeilage, 1963; Cooper, Liberman,
Harris, and Grubb, 1958; Cooper, 1965). Apart from the diffi-
culty of testing the proposition that one type of unit is less
variable than another, the hypothesis suffers from the fact
that, in the form stated, it ignores the variations in muscle
signal size associated with the different distance through
which articulators must travel when different phonetic units
are juxtaposed. This point was discussed by MacNeilage (1970),
who observed that coarticulation effects on muscle signals, .

due to this effect, are ubiquitous.

Articulatory targets: The point of view that articulatory
movement "aims at" articulatory targets is the view espoused
by MacNeilage in the paper cited above. He suggests that the
targets are maintained by some form of feedback from the pe-
riphery, as does Abbs (1973).

Acoustic targets: A variant of this view, advancéd by

Ladefoged (1967) and Lieberman (1973), among others, is that

speakers aim at acoustic targets, which can be realized by
different articulatory maneuvers, depending on context or
speaker. .

Closely related views have been developed for somewhat dif-
ferent ends by Lindblom (1963) and by Ohman (1967). Lindblom,
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in explaining vowel neutralization in rapid or distressed
speech, - suggested that invariant signals are sent to the ar-
ticulators for a given phoneme target, but that the target is
not aiways attained because the next signal may be sent too
‘soon, cuasing target undershoot. Ohman (1967), in attempting
to account for phonetic context effects, suggests that they
arise from the temporal overlap of movements towards target
positions. - Lindblom has developed a very similar ineftial
view of speech timing effects (Lindblom, 1967) to account for
differences in the inherent duration of vowels.

All these models have a common view of the speech process:
peripheral encoding is believed to account for coarticulétion
 of signals which are invariant at a central stage in the ar-
ticulatory process. To the extent that these models épecify
a perceptual process, they aséume, either explicitly or im-
plicitiy, that perception proceeds by reversing the encoding
operations of production ‘(Lindblom and Studdert-Kennedy, 1967).

Recent evidence suggests that this is a misleading picture.
Strange, Verbrugge, Shankweiler, and Edman (1976) presented
listeners with sets of natural vowels, eltlier alone or in con-
sonantal context. They found that identification was better
when the vowels were in' context. If perception were indeed a
steady-state target-extracting process of any kind, it would
be hard to explain these results. When a listener is presented
with vowels in steady-state form, they are presumably alréady
"at target." When they are presented in CVC context, the vowel
target must usually be inferred, due to undershoot or similar
adjustments. Since no decoding 1s required in the former case,
listeners should be maximally accurate. The fact that they
perform less well calls into question any of}the'"target—ex—

traction" formulations.

HYPOTHESIS 3: Speech has invariant units. These units are
" maintained in adult speakers by some form of nonacoustic feed-

back from the periphery.
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Hypotheses about the role of feedback in speech have been
with us for some time, although the literature has not always
been explicit about what kind, or kinds, of feedback is crucial,
as between gamma-loop feedback (Abbs, 1973) or tactile and ki-
nesthetic feedback (Ringel and Steer, 1963). However, in spite
of the general importance of the topic, there seem to be sub-
stantial roadblocks in the path of finding out more by the
means presently available: Three approaches have been used:

First, there have been a number of studies involving reduc-
tion of oral tactile sensation, most notably those of . Ringel
and his associates (e.g., Ringel and Steer, 1963). In géneral,
these experiments show that the effects of blocking various ‘
branches of the trigeminal nerve are not overwhelming (Scott
and Ringel, 1971; Borden, Harris, and Catena, 1973). Further-
more the experimental procedure causes motor, as well as sen—
sory, effects, so that the results are difficult to-interpret
(Borden, Harris, and Catena, 1973; Abbs, Folkins, and Sivarajan,
1976). o

A second approach has been to scan the relevant neurophysi-
ological literature, in order to find an appropriate animal
model for.the human speech situation. While it-is difficult
for an amateur to assess the work, there does not seem to be
an entirely appropriate analog for speech, and results are
conflicting with regard to the importance of various types of
feedback for various kinds of movement in the examples  dis-
cussed. For example, animals. .can use deafferented. limbs. in
learned or unlearned tasks (Taub and Berman, 1968) although
some deterioration of fine motor control is generally found.
on the other hand, lesions of -the tract of the mesencephalic
nucleus, which abolishes spindlevafferent input from the masti-
catory muscles (Goodwin and Luschei, 1974), does not alter
chewing behavior in any: obvious way.

The third approach has been to study the effects of disrup-
tions. of articulation. Here again, -there is no solid body of

relevant experimentation and results are often conflicting.
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Folkins and.Abbs (1975), for ‘example, have shown that speakers
can-compensate immediately for the'gffects of unexpected inter-
ruptions of articulator movement. ‘In their experiment, the
jaw was unexpectedly loaded during the closure for a bilabial
stop consonant. Results show that the lips compensate for the
jaw in-completing closure on the first trial. Another often
cited study by Lindblom and Sundberg (1971) reports that -a
speaker. can duplicate his natural vowels with a bite block be-
tween his.teeth, with virtually no time for relearning. How-
ever, the only citation of the study I know is an oral report,
- with no experimental details. Hamlet and Stone (1976), using
a different experimental paradigm, find compensatory effects
over fairly substantial periods.

If articulation is.interfered with in some way, the speaker
may use either acoustic or nonacoustic feedback to compensate
for the disruption. It has been suggested by Nooteboom (1970)
that compensatory articulation may well be guided by acoustic
rather than articulatory equivalence. If so, we would expect
devastating effects of articulatory disruption .accompanied by
acoustic masking., So far as T know, this line of research is
unexplored.. .Surely the disruptioen experimental paradigm is
eligible for far more searching exploration than it has thus

far received.

HYPOTHESIS 4: Speech has units, but we would understand its
organization.better if we turned from phones to more appropri-
ate units, such as:

Syllables. The evidence against Kozhevnikov and Chistovich's
. syllable-based model of coarticulation (Kozhevnikov and
Chistovich, 1965) is, in large part, a product of the industry
of Kenneth Moll and his students (e.g., Daniloff and Moll,
1968; McClean, 1973), although there has been recent interest-
ing and important work by Benguerel (Benguerel and Cowan, 1974).
These studies all show that there is little evidence that the
syllable boundary, as traditionally defined, blocks coarticu~
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lation.  Benguerel interpretsvhis.résults as supporting a fea-
ture-based model of: coarticulation, such as that of Henke (see
below). _ '

Features. .This is not the place for an exposition of the
virtues of featuré—based models ‘in general. However, some re-
cent experiments argue against feature-based models of antici~
patory coarticulation. - Tom .Gay, in his paper at. this confer -
ence, will be discussing evidence that phonetic entities are
separately organized at the electromyographic level, even when
there isrno,reéson for it in feature terms. Perhaps even more
important is evidence that specifically éontradicts Henke's
"gecan-ahead" model for articulatory coarticulation (1967).

The model proposes that a given feature will appear in -the
speech stream as soon as it can, by assimilative spreading.
Thus, if a nasal is preceded by a series of vowels which are
unspecified for nasalization, they should all be equally nasal-
jzed. ‘This does not happen (Kent, Carney, and Sevareid, 1974;
Ushijima and Hirose, 1974). . The degree of nasality of a vowel,
as measured by velar height during its production, depends on
its proximity to a nasal consonant. '

Some recent results of our own can be interpreted in the
same way (Beli-Berti and Harris, 1976). We examined antici-
patory coarticulation of lip rounding for /pasup/, patup/,
/patsup/ and /pastup/, measured by the electromyographic ac-
tivity of ‘the orbicularis oris muscle. We find that the onset
of electromyographic éctivity seems .to precede the onset of
acoustic activity for the vowel by a fixed temporal interval,
rather. than to be.locked to the preceding phone or cluster of
phones.

Another bit of evidence arguing against a feature-based
model of coarticulation comes from an experiment on Swedish
rounded vowels (McAllister, Lubker, and Carlson, 1974), 'again
using the ohset of orbicularis activity as a measure of antici-
patory coarticulation .of lip-rounding. They compared onsets

of a series of -front and back rounded vowels (both of which
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occur in Swedish) in the frame /itV/. If Henke's model were
correct, lip: rounding should begin at the same time; relative
to the offset of /i/, for all vowels, since it is the feature
composition of the preceding phones which determines the onset
of anticipatory coafticulationw Interestingly enough, the on-
set of labial activity is later for the back vowels than for
the front vowels, so that the lips 'seem to "wait for the
tongue,'” which must move further for back vowels than for front
vowels. In short, the temporal extent of anticipatory coartic-
ulation cannot be predicted from a knowledge of the feature
composition of the phones before the target;

One explanation of these data is that articulatory gestures
are programmed temporally, and not in syllable or feature
unlts; however, we have yét'to determine the influence of
stress and speaking rate on this timing. 1In addition, we must
also examine the timing relationships between movements of dif-
ferent articulators since we may find that sub-parts of seg—
ment gestures preserve their timing relationships.

Overall, given this rather negative review of our progress,
what can we propose in a more positive direction? I can only
offer a suggestion by my colleague, Michael Turvey (Turvey,
Shaw, .and Mace, 1977), who points out in reviewing recent
Russian studies of locomotion that all skilled movements have
sub-parts which tend to preserve their relationships to omne
another when the movement is transformed as by more rapid exe-
cution. He gives as an example the observation, by Kent,
Carney, and Sevareid (1974),‘that velar lowering and raising
in the word contract is tied to particular events in the se-
quence of tongue movements. Whether this particular example
suggests a useful experimental paradigm or not, it emphasizes
a kind of observation we have beenm neglectirg in studies of
speech production; that is, what relationships between articu-
latory events are preserved when context changes, whether by
increased speaking rate or stress, or segmental environment?

Furthermore, how do the perceptual consequences of .this view
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differ from those of a target extraction approach? Perhaps,
when we can formulate experimental questions in terms such as
these, we will be able to make progress in understanding

speech organization.
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DISCUSSION

Fujisaki: I agree With the author that it is possible to find
counterevidence to each of the four hypotheses stated in
this paper, but I also feel that it does not mean a total
failure of these hypotheses or their underlying concepts.
What may possibly be true is that speech production and
speech perception are based, not on eithér one of these over-
simplified principles, but on a multiplicity of principles,
which need not be mutually contradictory, but are complemen-
tary to each otherf

Harris: I certainly agree that all of the hypotheses advénced
(and argued against) in the paper are oversimplified. I
think thaf the point of the paper is that the models of ar-
ticulation we have been working with are demonstrably inéde—
quate.

Strube: In spite of the highly complicated coarticulation ef-
fects, good vocoder speech can be obtained by simply inter-
polating pseudo-area or PARCOR parameters across quasi-sta-
tionary and transitional speech intervals (0Olive, and pres-
ent work at Gottingen). This might indicate that exact re-
presentation of coarticulation effects is not essential for
speech quality. It might also support Gay's findings that

effects outside a syllable are not essential.



