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The accuracy and speed with which speech is perceived must
surely rank as one of its most important properties. To
appreciate how remarkably good language is in this recpect, one
need only try to find or to fabricate a set of non-speach sounds
that will serve 2 human being as well. Attempts to do this in
comnection with reading machines for the blind, for example, have
not bzen notably successful, and we know that Horse code is
relatively poor by comparison with speech, even after years of

practice.

Because the sounds of speech are highly distinctive --
that is, absolutely and quickly identifiable -- they are
efficient vehicles of information transmission. But the
distinctivencss of speech sounds is more than a matter of mere
convenience and utility; it is, in fact, necessary if language
as we know it is to exist. An obvious consideration is that a
phonemic system requires by its very nature that the sound
elements be identifiable in absolute terms. The phoneme /d/,
for example, must be perceived not merely as sometning which is
more or less like /d/ than the last sound heard, but as /d/
itself. ior does the grammar of our language permit that this
or any other phoneme be transformed into a radically different
perception according to the context in which it appears. Phoneme
perception must be absolute, or very nearly so, if language is
to be phonemic. We should note, too, that there is a sound
psychological reason why languages are phonemic: a non-phonenic
code would present difficulties for much the same reason, and to
roughly thie same extent, that a syllabic or word system of
writing and reading is more difficult than one based on an

alphabet.

The requirement that the phonemes be perceived quickly is,
perhaps, less obvious, but it is none the less real. If one
tries to understand language when it is read to him slowly,
letter by painful letter, he sees that the phonemes must come
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along at a rather high rate else the listener cannot organize
them into morphemes, words, and sentences.

Alchough speech is highly distinctive in human perceptiou,
no machine has yet been designed which finds it so., Indeed, it
may well be true -- and, if so, ircnic -- that machines will
have their greatest difficulty with those very phonemes (e.y.,
the stop and nasal consonants) which are for human beiags most
highly distinctive and which probably carry the heaviest load
of information. There are, of course, various codes, all of
them ron-linguistic, which are well received by a variety of
machines, bat these work badly with human beings. That man
and machine are so different in this respect is not very
remarkable. It merely indicates that there is something
psychologically interesting about the efficiency of speech
perception, and that we shall increase our understanding of
language, and man, by inquiring into the conditions of

1 mechanisms which underlie it.

distinctiveness and the perceptua
It also emphasizes, Lif emphasis were needed, that those wio

would design a speech recognizer might somehow profit from the
same kind of inquiry.

There is now available a large amount of daia bearing in
one way or another on speech perception. Where, among these
data, do we find the conditions of distinctiveness?

One looks first, of course, at the acoustic cues themselves
at those aspects of the speech wave on vhich the
identification of the phonemes depend -- and asks whether there
is anything about them which might te .1 to make them icherently
distinctivel In this connection we ought first to offer the
comment that the acoustic cues appear in and of themselves to

be quite ordinary. This is, of course, no more than au opinion.
Far more coavincing are the observations that are made when, hv
using synthetic speech as a means of achieving stimulus controil,
we present an acoustic variable which cues a phonemic distinction
and then the same variable in a non-speech ccntext. For some

es the extremely distinctive difference one hears in the
distinctive, if indeed the

-- that is,

phonen
speech case is considerably less
difference can be heard at all, when the variable is listened to
in isolation or in a non-speech pattern whicli is most nearly
This strongly suggests -that distinctiveness is not

equivalent.
inherent in the ascoustic signal, but is rather added as a

consequence of linguistic experience. More important, perhaps,
it indicates that even with a considerable background of :
linguistic experience on the part of the listener, the acoustic
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iignal is dlstincFive only when, being heard as a speech sound
L engages some kind of speech perception system !

] We ask, then, how is distinctiveness increased when the
incoming signals enter this speech perception system a;d
Eurgher, wﬁat are the properties of the system? One’answér to
igsicgiest;ons can be developed out of research findings wvhich
Hotea e t1?t some of the consonants are perceived categorically.
The wsr?§51onlst13 daté, in a typical case, are to this effect;
vhe Seco;;s;z:m:statserlés.of synthetic speech sounds in which

- ransition is = i r i i
way as to produce in successio:s/67fljj/pr§igejé;veég ;2 SECh ¢
hear a gradual change corresponding to tée gradvailv cha T'C"
stimulus; rather, we hear the first three or foJr s)éimulr'lomo
ideatical /b/'s, then, very abruptly with the next stimuiuas
the perception is of /d/, where it remains essentiall °
unchanged until, again abruptly, it shifts to /g/. ¢

natio:oai2§ssih:hzs effgct more precisely we measured discrimi-
pation a foznd " coustic continuum on which /b/, /d/, and [g/
con;iderably oreai;; f::o§§u§é thSl;al gifferences’ Thin et
g oneme boundaries than withi he
phoneme classes? Indeed, the peaks were so high a ‘l? :
iifus:;on in which t?e discriminabilicty of thg sp:ezg ZZE:SE :
ha; v y ?early Predlctable from the frequency with which they
; hiaen identified b¥ the listeners as one or another phoneme
ag t i; extent, the 11§tener could discriminate the sounds oniy
we as they could identify them absolutely as phonemnes.

. 1Th§se'results contrast with those usually obtained in
giislophy51c§l sFudles of non-speech continua. Typically, one
f witéozi d15§r1m1ngt10n along an acoustic continuum is éonoconic
- peaks or dips -~ and, as is well k
‘ 0 e ot nown, people can
;Eg:nizliy dlscrﬁmlnate many more stimuli than théy can identify
0 say that in the perception of f i '
) S ; non-speech continua
g:iieptlon is conFlnuous, and stimuli are dealt with very muéh
er on a relational basis than in absolute terms

the Although tye stop consonants lie on an acoustic continuum
: perception 1s essentially discontinuous. Because of the '
iscrimination peaks at the phoneme boundaries, the incomi
sounds are heard categorically -- that is, in ;bsolute tm e
i;the; than in relation to other stimuli - and they areermS,
ere i .
phonem:rsing?lckly and accurately sorted into the appropriate
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We wonder, then, whether these discrimination peaks (and
the categorical perception they produce) are part of our Innately
given sensitivity to the acoustic variable, or whether they are,
alternatively, a result of our long experience with the lauguage.
In several studies similar to those referred to earlier, we have
measured the discriminability of an acoustic variable when, ia
an appropriate pattern, it cues a phonemic distinction and when;
in the most nearly equivalent non-speech context, Lt does not?
Where discrimination peaks occurred in the speech-sound continaue,
none was found in the non-speech controls; we conclude from this .
that the peaks are a result of learning. By comparing the
discrimination levels in the speech and non-speech cases, we
collect evidence that bears on the direction the learning has
taken: it appears to consist entirely of a sharpening of .
discrimination across phoneme boundaries; there was no evidence
of a reduction of discrimination within the phoneme category.

Having reason to believe that the discrimination peaks are
a result of learning, we ask next what is learned, and, moire
broadly, what kind of mechanism underlies the categorical .
perception of the consonants. The answer seems to us to lie In
a theory about speech perception which other aspects of our
research had led us previously to adopt, namely, that the
perception of speech is tightly linked to. the feedback.frow Fhe .
speaker's own articulatory movementss Looking at the.dLscrzmlnatLou
peaks from that standpoint, we should say that what has been
learned is a connection between speech sounds and their
appropriate articulations. In time, these articulatory movements
{or, more likely, the corresponding neurological processes)
come ‘to mediate between the incoming acoustic stimulus and its
ultimate perception. If this is so, then indeed we should
expect that the perception of many of the consonants would b?
categorical because the articulation is so obviously categorigal.
Consider the case of /b,d,g/. The appropriate acoustic cues
occupy different positions along a single acoustic zontinuum
(extent of second-formant transition), but they are produced by
very different arcticulations. Thus /b/ is produced by a
movement of the lips and /d/ by a movement of the tongue. Given
the discontinuous articulation , we should expect, in spite of
the continuous nature of the acoustic variations, that the
perception would be discontinuous (i.e., categorical), and that
a discrimination peak would appear at the phoneme boundary.
There are no intermediate articulatiors between /b/. and /d/,
and, as a consequence, no intermediate perceptions.
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To provide a further, and more nearly precise, test of
this view, we seiected another phonemic contrast in which we
might expect (1) that perception.of a continucusly varying
acoustic stimulus iwould be categorical and (2) that we would
be able, with fair accuracy, to measure the listeners' attempts
to mimic the various settings of the stimulus. The point, of
course, was to find, as a matter of fact, whether the
mimicking responses are graded (i.e., changing as the stimulus
changes), or whether they are, like the perception, essentially
categorical. The phonemic contrast was that between /sl/ and
/spl/ in the words slit and split, and the acoustic variable
was simply the duration of the interval of silence between the
"s" friction (noise) and the vocalic part of the syllable?
There was, in fact, a peak in discrimination at the phoneme
boundary and, perception of the acoustic continuum (variations
in the silent interval) was essentially categorical. To obtain
tile mimicry measures, we presented the stimuli several times
over with instructions to the subjects to mimic each one &s ba:t
they could. Acoustic and electromyographic recordings of the
subject's responses were mada. The acoustic records shovied that
the time intervals introduced in mimicry were, indeed, essentially
categorical. We then examined the electromyographic reccrds to
determine whether there was, nevertheless, some tendency for the
subjects to make tentative or partial lip gestures in the
middle range of the continuwn. The electromyographic results
were also essentially categorical: either therewas a normal
burst of muscle potential at the lip (indicating a p-gesture)
or there was not; there was no evidence of intermediate gestures,
such as partial closure, in response to stimuli near the center
of the acoustic continuum.

Frowm an articulatory standpoint, the vowels are different
from the stops and some of the other consonants in that the
articulators can move continuously from one vowel phoneme to
another. We might expect, then, that the perception of the
vowels would prove to be quite different from the stops. This
expectation has been confirmed by an experimental study of
syanthetic vowels which paralleled the earlier studies of the
stops.6 There was, with these vowels, no increase in
discrimination at the phoneme boundaries; moreover, the obtained
discrimination functions lay considerably above those that were
derived on the assumption that the listener can only hear these
sounds phonemically, which is te say that the listener heard
many intra-phonemic variations. Thus, in contrast to the
perception of the stops, which is very nearly categorical, the
perception of the synthetic vowels is continuous. Results
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similar to those with the vowels have been obtained with two
other phoneme distinctions?(vovwel length and tones in Thai)
in which, as in the case of the vowels, the production can
vary continuously from one phoneme to the other. In one of
these studies (vowel length as the basis for a phonemic
contrast in Thai) where the perception was found to be
continuous, measures of the subjects' attempt to mimic the
stimuli disclosed that the production of the sounds was also
continuous.

We have said that the categorical perception of the stops
(and some other consopants, too) is an important condition of
their distinctiveness? We must, then, indicate here that the.
vowels and phonemic distinctions based on vowel length should
be considerably less distinctive. Having said earlier that tue
phonemes of a language must be distinctive, we should now revise
that statement to say that not all the phonemes must be highly
distinctive, but only some rzasonab}e number. Lest this seem
to be a meaningless hedge, we should go further and suggest that
the degree of distinctiveness will determine, in part, the
linguistic role of the phoneme in question. Thus, we should
guess that the information load (as measured by the nunber of
minimal pairings) would be greatest on the most distinctive
phonemes. This can be tested, and we hope one day to have the
relevant data.

In any event, there is evidence from perceptual ctudies
that speech sounds are perceived by reference to tne articulatory
movements that produce them, and that this articulatory refererce
is important for che distinctiveness of speech as percecived. We
should, perhaps, add here a point, made in an earlier publication?
that also has to do with the advantage to a listener of making
a mimicking response, at least in the early stages of learning
to perceive the language. It is well known, at least in the
case of simple stimuli, that man's ability to discriminate
(i.e., to determine that two stimuli are the same or different)
is very good, but that his ability to identify in absolute terms
{i.e., to tell which stimulus it is) is very poor. We can, for
example, discriminate oné to two hundred times as many pitches
as we can identify absolutely. Now when a child hears a speech
sound and undertakes, conceivably by trial and error, to mimic

it, he is limited only by his differential sensitivity -- that
is, by his ability to determine whether the two sounds are the
same or different -- and that, as we know, is extremely acute.

Given that the two acoustic stimuli are rather similar, but that
the 'matching' responses are made with different muscles, as,
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for example, in the case of /b/ and /d/, the feedback stimulation
would be more distinctive than the acoustic signals themselves.
Thus, one can, by mimicking, use his keen differential sensitivity
as a basis for making absolute identificarion, provided, of
course, that the mimicking gestures themselves provide distinctive
feedbaclk stimulation.

In general, however, the articulatory reference theory
does not rest primarily on calculations of what might have
increased distinctiveness, but more empirically on the

evidence which indicates that the relation between phoneme and
articulation is more nearly one-to-one than is the relation
between phoneme and acoustic signal. Thus, we have seen in this
paper that perception of the phonemes is discontinuous (categorical
or continuous depending on the nature of the apnropriate
articulatory movements and not on the properties of the acoustic
signal. Elsewheve we have reviewed evidence bearing on the same
general point}o In that connection we pointed out that because
of the characteristics of the articulators and the vocal tract,
and because of the overlapping in time of the articulatory
gestures, the relationship betweee articulation and the acoustic
signal is often complex. For example, when stop consonants are

" articulaced into different vowel cavities, as in the normal

production of stop-vowel syllables, we find extreme cases in
which large differences in articulation produce little or no
difference in the "consonant" part of the acoustic signal; there
is, also, the opposite case in which essentially the same
consonant articulation produces (in different vowel contexts
very different acoustic results. We ask in these cases what
happens to the perception and find always that it follows the
articulation, not the sound.

Given the complex, highly encoded relation between phoneme
and sound, and the more nearly one-to-one correspondence between
phoneme and articulation, we have becn led to assume that a
reference to articulation might well be a stage in the perceptual
process. We have seen why a connection to articulation might
have been established as the child learns to perceive the
language, and we find it easy to suppose that such a coanection
would remain in the adult, though surely in some short-circuited
form, since it would help him to decode the complex acoustic

signal.

We should now emphasize, because it is most important to

. our theory, that the simple correspondence with phoneme

perception is not to be found in the couventional conceptions
and descriptions of articulatory phonetics, which are concerned
arge wi he changing shppes of the voc ract, bu

largely th the changing shpp f d al tract, but rather
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in the motor commands that actuate the articulators}l Because
of the interactions and coanstraints inherent in the mechanism
of the vocal tract, the encodiag of motor commands into shapes
and movements is oftea a complex transformation. The motor
commands operate ahead of these complications, and so escape
this kind of recoding. Of all the speech events -- acoustic
signal, articulatory shape, or neuro-motor commands -- about
which we can now reasonably expect to collect information, the
neural commands to the articulators will, in our view, provide
the simplest relationship to phoneme perception.

On the theory that a reference to articulation helps the
listener to decode the acoustic signal, we must suppose that he
would use that information about articulation which corxresponds
most closely to the phoneme. We believe, as we had said, that
a sufficiently direct correspondence exists at the level of the
neuro-motor commands to the articulators. Just what kind of
information about the motor commands would be available to
the listener cannot now be known. Proprioceptive and tactile
cues could, of course, indicate the nature of articulatory
gestures, and thus provide information about the structure of
the command system. In this connection we want to make very
clear, however, that we ought not to rule out the possibility that
the neural commands themselves, or tather their equivalents in the
ceantral nervous system, might be used to provide the reference
system in terms of which the decoding is carried out.

On the basis of all these considerations, and in order to
provide evidence relevant to a motor-command theory of speech
perception, we are trying now to find out what we can about the
neural signals that actuate the articulators. We have not
undertaken to measure the neural command signals themselves, but
rather various aspects of articulatory activity, induding in
particular muscle action potentials, from which the neural
commands can be rather directly inferred. '

The search for the system of motor commands has only begun.
The studies so far carried out do indicate, however, that the
relevant measurements can be made, and give promise of significant
data.

In early studie%2of /p,b,m/, electromyographic recordings
were made from the lips and from the velum, and these were

supplemented by recordings of glottis action. The electromyographic

activity at the lips was found to be essentially the same for
/p/, /b/, and /m/. The stops /p,b/ contrast with the nasal /m/

‘on the other appears solely in the relative timing of glottis

$ "
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in that there is for /p/ and /b/ an identical burst of activity
which can be measured on either the superior or inferior palatal
surface, indicating the closure of the velum, wh?e for /m/ no
electromyographic activity is observed anyvhere in the palatal
region., The contrast between /m,b/ on the one hand and e/
action and lip opening. Thus, it appears that one can expect
toobrain measures of articulatory activity, even from the ve}um,
uhich reflect the system of motor commands, and the results in
this case reassure us as to the simpiicity and independence of

place, nasal manner, and voicing.

Another stud&jinvestigated the acoustical‘and arci?ulatory
characteristics of /f/ in absolute final position and when
embedded in final clusters. The acoustical aspects were
determined from spectrograms, while information about the )
articulation was obtained from recordings of the ele§tro?yographxc
activiry of the appropriate lip nuscles. Thg acoustic 51%na1
for /f/ is different depending on the phonetic context, the ]
most obvious offect of context being a variation in the duration
of the /f/ friction by as much as two to one. .The eclectromyo- .
arams, ona-the other hand, were virtually identical regardless of
phonetic contexc. Thus, it woald appear that the /£/ ?omma?d
is the same for all cases, but that changes in the timlng of the
/£/ gesture rclative to other gestures alters the acoustic
sigual from one context to another.

Other experiments now in progress show signs of ﬁeldiqg
similar and similarly promising results. Where the acoustic
differences between phonemes show rather complex %nterac?z?ns,
electromyographic and other measures of articul§t1ng act1v1tyd
suggest that the underlying motor commands are independent an

siuple.

Thus, we have seen how an attempt to understand the
perceived distinctiveness of speech sounds led us to th? .
hypothesis that speech is pereeived by referen?e to articulation.
This seemed a reasonable hypothesis on the basis of repeated
findings that phoneme perception was in more neérly one-to-one
relation to articulation than to the acoustic signal. Considera-
tion of how the speech production system works, from motor
commands to articulatory gesture and from gesture to sound, makes
it clear why the acoustic signal should be rathe; complex and'
remote from the phoneme, and, further, why the simplest relation
to the phoneme might be found in the motor commands that actuate
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the articulators. Pilot research employing electromyographic
and other appropriate mea.ures of articulatory activity have
yielded data from which inferences about the motor commands

can be drawn. \Vhile far from definitive, the results indicate
that the methods are feasible; they also suggest that the motor
commands do stand in a very snnple relation to the phonemes, and
thus lend some further credence to the view that these commands
provide a reference system in terms of which the complex
acoustic signal is accurately and quickly identified.

w

e ey
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