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PERCEPTION OF THE SPELCH CODE’

A. M. LIBERMAN, F. 5. COOPER, . P, SHANKWEILLR,
axn M. STUDDERT-KENNEDY ¢

Hasking Laboratories, New York, New York

Man counld not perceive speech well if each phoneme were oned by a
unit sound. In fact, many phonemes are encoded so that a single
acaustic ¢ue carries information in parallel about successive phonensic
segments. ‘This reduces the rate at which discrete sounds must be per-
ceived, but at the price of a complex relation betweeil cue and
phoneme: cues vary greatly with context, and there are, in these
rases, no commutable acoustic segments of phonemic size. Phoneme
perception therefore requires a special decoder. A possible model sup-
poses that the encoding occurs below the level of the (invariant)
neuromotor commands to the articulatory muscles. The decoder may
then identify phonemes by referring the incoming speech sounds to

those commands,

Qur aim is to identify some of the
conditions that underlie the perception
of speech, We will not consider the
whole process, but only the part that
lies between the acoustic stream and
a level of perception corresponding
roughly to the phoneme.* Even this,

1 The research reported here was aided at
its beginning, and for a considerable period
alterward, by the Carnegie Corporation of
New York, Funds have also come from the
Watienal Science Foundation and the Depart-
ment of Deiense. The worle is currently
supported by the National Institute of Child
Health and Human Development, the Na-
tional Institute of Dentral Research, and the
Office of Naval Research,

? Also at the University of Connecticut.

3 Also at the University of Pennsylvania,

#For our purposes the phoneme is the
shortest segment that makes a sipnificant
difference between utterances. 1t les in the
lowest layer of language, has no meaning
in itself, and is, within limits, commutable,
There are, (or example, three such segments
in the word “had"—/b/, =/, and /d/—estab-
lished by the contrasts with “dad,” “bed,” and

as we will try to show, presents an in-
teresting challenge to the psychologist.

The point we want most to make is
that the sounds of speech are a special
and especially efficient code on the
phonemic structure of language, not a
cipher or alphabet. We use the term
code,® in contrast to cipher or alpha-

"bat"  As commonly defined, a phoneme
is an abstract and general type of segment,
represented in any specific utterance by comn-
crete and specific tokens, called phones, that
may vary noticeably as a function af context,
The distinguishable variants so produced are
referred to as allophones.

We do not mean to imply that cvery
rhoneme is necessarily perceived as one
listens to speech. Linguistic constraints of
various kinds make it possible to eorrect or
insert segments that are heard wrongly of not
at all. Phonemes can be perceived, however,
and some namber of them must be perceived
if the listener is to discover which constraints
apply.

I We horrow the terms cipher and code
from cryptography. A cipher substitutes
2 symhal for each of the units (letters,
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bet, to indicate that speech sounds
represent a very considerable restruc-
turing of the phonemic “message.” The
aconstic cues for suceessive phonemes
are intermixed in the sound stream to
such an extent that definable segments
of sound do not correspond to seg-
ments at the phoneme level. More-
over, the same phoneme is most com-
monly represented in different pho-
nemic enviromments by sounds that
are vastly different, There is, in
short, a marked lack of correspond-
ence between sound and perceived
phoneme. This is a central fact of
speech perception. It is, we think,
the result of a complex encoding that
makes the sounds of speech especially
efficient as vehicles for the transmission
of phonemic information. But it also
poses an important question; by what
mechanism does the listener decode the
sounds and recover the phonemes?

In this paper we will {a} ask
whether speech could be well per-
ceived if it were an alphabet or acoustic
cipher, (b) say how we know that
speech is, in fact, a complex code, {¢)
describe some properties of the per-
ceptual mode that results when speech
is decoded, (d) consider how the en-
coding and decoding might oceur. and
{2) show that the speech code 13 so
well matched to man as to provide, de-
spite its complexity, a uniquely effec-
tive basis for commmunication.

ustially) of the original message. In a code,
on the ather hand, the units of the original
and encoded forms do mot correspond in
structure or numher, the encoded message
typically containing fewer units, Since these
distinctions are relevant to ooy purpose here,
we have adopted the terms cipher and code
as a convenient way 0 reier to them. We
shoutd add, however, that the arhitrary rela-
tion between the original and encoded {orms
of a message, so usval in cryptography, is
not a feature of the encoding of phanemes
into syllables.

CouLn SrEECH BE ALPHABETIC?

There are reasons {or supposing that
phonemes could not be efficiently com-
municated by a sound alphabet—that
is, by sounds that stand in one to-one
correspondence with the phonemes.
Such reasons provide only indirect sup-
port for the conclusion that speech is
a code rather than an alphabet. They
are important, however, because they
indicate that the encoded nature of
speech may be a condition of its effec-
tiveness in communication. More spe-
cifically, they tell us which aspects of
the code are likely to be relevant to
that effectiveness.

Phoneme Communication ond the
Properties of the Eor

Of the difficulties we might expect
to have with a sound alphabet, the most
obvious concerns rate. Speech can be
followed, though with difficulty, at
rates as high as 400 words per minute
{Orr, Friedman, & Williams, 1965).
If we assume an average of four to five
phonemes for each English word, this
rate yields about 30 phonemes per
second. But we know [rom auditery
psychophysics {Miller & Taylor, 1948)
that 30 sounds per second wonld over-
reach the temporal resolving power of
the ear: discrete acoustic events at that
rate would merge into an wsanalyzable
buzz: a listener might be able to teil
from the pitch of the buzz how fast the
speaker was talking, but he could
hardly perceive what had been said.
Even 15 phonemes per second, which
is not unusual in conversation, would
seem more than the ear could cope
with if phonemes were a string of dis-
crete acoustic events.

There is at least one other require-
ment of a sound alphabet that would be
hard to satisfy: a snfficient number of
identiftable sounds. The number of
phonemes, and hence the number of
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acoustic shapes required, is in the
dozens. In English there are about
40, We should, of course, be able to
find 40 identifiable sounds if we could
pattern the stimuli in time, as in the
case of melodies. But if we are to
communicate as rapidly as we do, the
phoneme segments could last no longer
than ahout 50 milliseconds on the aver-
age. Though it is not clear {rom re-
search on auditory perception how
many stimuli of such brief duration can
be accurately identified, the available
data suggest that the number is con-
siderably less than 40 (Miller, 1956a.
1956h: Nye, 1962 : Pallack, 1952: Pol-
lack & Ficks, 1954). We will be in-
terested, therefore, to see whether any
features of the encoding and decoding
mechanisms are calculated to enhance
the identifiability of the signals,

Resulls of Attempts to Cowunmicate
Phonewes by an Acoustic Alphabet

That these difficulties of rate and
sound identification are real, we may
see from the fact that it has not been
possible to develop an efficient sound
alphabet despite repeated and thorough-
going attempts to do so. Thus, inter-
national Morsc code (a cipher as we
use the term here} works poorly in
comparison with speech. even after
years of practice. Bui Morse is surely
not the hest example: the signals are
one-dimensional and therefore not ideal
from a psychological standpeint. More
interesting, if less well known. are the
many sound alphabets that have heen
tested in the attempt to develop reading
machines for the blind {Coffey, 1963;
Cooper, 1950a: Freiberger & Murphy,
1961 : Nye, 1964, 1965 ; Studdert-Ken
nedy & Cooper, 1966: Studdert-Ken-
nedy & Liberman, 1963). These de-
vices convert print inlo sound, the
conversion being made typically by en-
cipherment of the optica! alphabet into
one that is acoustic. The worth of

these devices has been limited. not by
the difficulty of converting print to
sound, but by the perceptual limitations
of their human users. In the 50-year
history of this endeavor, a wide variety
of sounds has been tried, including
many that are multidimensional and
otherwise appropriately designed, it
would seem, to carry information effi-
ciently.,  Subjects have practiced with
these sounds for long periods of time,
yet there has nowhere emerged any
evidence that performance with these
acoustic alphabets can be made to ex-
ceed performance with Maorse, and that
is little more than a tenth of what can
be achieved with speech,

Reading and Listening

We hardly need say that language
can be written and read by means of
an alphabet. but we would emphasize
how different are the problems of com-
municating phonemes by eye and by
ear, and how different their relevance
to a psychelogy of language. In con-
trast to the car, the eye shonld Lave no
great difficulty in rapidly perceiving
ordered strings of signals. Given the
eye's ability to perceive in space, we
should suppose that alphabetic seg-
ments set side by side could he per-
ceived in clusters. Nor is there rea-
soft to expect that it might be difficult
to find identifiable optical signals in
sufficient number. Many shapes are
available, and 2 number of different
alphabets are, indeed, in use. Thus,
written language has no apparent need
for the special code that will be seen
to characterize language in its acoustic
form. In writing and reading it is
possible to communicate phonemes by
means of u cipher or alphabet; indeed,
there appears to be no better way,

Spoken and written language dif-
fer, then, in that the former mmnst be a
complex code while the latter can he a
simple cipher.  Yet perception of
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speech is universal, though reading is
not. In the history of the race, as in
the development of the individual,
speaking and listening come frst;
writing and reading come later, if at
all. Moreover, the most efficient way
of writing and reading—namely, by
an alphabet—is nevertheless so unnatu-
ral that it has apparently been invented
only once in all history (Gelb, 1963},
Perceiving the complex speech cede
is thus basic to language, antd to man,
in 2 way that reading an alphabet is
not. Being concerned about language,
we are therefore the more interested in
the speech code. Why are speech
sounds, alone among acoustic signals
and in spite of the limitations of the
ear, perceived so well ?

Acovustic Cuks: A RESTRUCTURING
oF PAONEMES AT THE LEVEL
ar SouND

To know in what sense speech sounds
are a code on the phonemes, we must
first discover which aspects of the
complex acoustic signal underlie the
perception  of particular phonemes.
For the most part, the relevant data
are at hand. We can now identify
acoustic features that are sufficient and
important cues for the perception of
almost all the segmental phonemes.?
Much remains to be learned, bur we
know enough to sce that the phonemic
message is restructured in the sound
stream and, from that knowledge, to
make certain inferences about per-
ception.

% For the discussion that [ollows we shall
rely most heavily on the results of experi-
ments with synthetic speech carried out at
Haskins Lahorataries. The reader will on-
derstand that a review of the relevant litera-
ture would refer to many other studics, in-
cloding, in particular, those that rest on
analysis af real speech.  For recent reviews
and discussions, sce Stevens and House, in
press; Kazhevnikov and Chistovich, 1965,
Chapter 6.

An Example of Restructuring

To illustrate the nature of the code,
we will describe an important acoustic
cue for the perception of the voiced
stop /d/. This example is important
in its own right and also broadly rep-
resentative.  The phoneme /d/, or
something very much like it, occurs
all the languages of the world.” In
English, and perhaps in other lan-
rmages, too, it carries a heavy load of
information, probably more than any
other single phaoneme {Denes, 1963);
and it is among the first of the pho-
nemelike segments o appear in the
vocalizations of the child {Whetunall &
Fry, 1964, p. 84). The acoustic cue
we have chosen to examine—the sec-
ond-formant transition ®*—is a major
cue for all the consonants except, per-
haps, the fricatives /s/ and /3/, and is
probably the single most important
carrier of linguistic information in the
speech signal (Delattre, 1958, 1962;
Delattre, Liberman, & Cooper, 1955,
1964; Harris, 1958 Liberman, 1957;

7 Some form of a voiceless unaspirated
stop having ‘a place of produoction in the
alveolar-dental region is universal {Hockett,
1055 Joseph Greenherg, personal communi-
cation, November, 1966%  The particular
example, fd/, used here is a member of
that class in almoest all important respects.
Even in regard 1o veoicing, it 13 a hetter fit
than nught at first appear, since it shares
with the voiceless, unaspirated stop of, say,
French or Hungarian, the same position on
the dimmenston of voice-onset-time, which is a
most important wvariable {or phonemic dir-
ferences in voieing.  (Lisker & Abramson,
19640, 1964b).

8 A {formant is a concentration of acoustic
energy within a restricied ireguency region,
Three or four formants are usually seen in
spectrograms of speech.  In the synthetic,
hand-painted spectrograms of Figures 1 and
2, only the lowest two are represented.
Formants are referred to by number, the
first heing the lowest n irequengy, the
second, the mnext hkigher, and so on. A
formant transition s a relatively rapid
change in the position of e tormant en the
frequency scale.
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Liberman, Delattre, Coaper, & Gerst-
man, 1954; Liberman, Ingemann,
Lisker. Delattre, & Cooper, 1939;
Lisker, 1957; (O'Counnor, Gerstmarn,
Tiberman, Delattre, & Cooper, 1957).

Centert-conditioned varteiions in the
acoustic ¢ne, Figure 1 displays two
highly simplified spectrographic pat-
terns that will, when converted into
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saund, be heard as the syllables fdi/
and /du/ (Liberman, Delattre, Cooper.
& Gerstman, 1954). They exemplify
the results of a search for the acoustic
cues in which hand-drawn or “syn-
thetic” spectrograms were used as a
basis for experimenting with the com-
plex acoustic signal (Cooper, 1950,
1953: Cooper, Delatire, Liberman,
Rorst, & Gerstman. 1952; Cooper,
Liberman, & Borst, 19531). The
steady-state fornants. comprising ap-
proximately the right-hand two-thirds
of each pattern. are sufficient to pro-
duce the vowels /i/ and /u/ (Delattre,
Liberman, & Cooper, 1951; Delatire.
Liberman, Cooper. & Gerstman, 1952),
At the left of each pattern are the
relatively rapid changes in frequency of
the formants—the formént transitions
—that are, as we indicated, important
acoustic cues for the perception of the
consonants. The transition of the lirst,
or lower, formant, rising from a very
low frequency to the level appropriate
for the vowel, is a cue for the class
of wvoiced stops /b.dg/ {(Delattre,
Liberman, & Caaper, 1955 ; Liberman,
Delattre, & Cooper, 1958). Tt would
be exactly the same for /bi, bu/ and
/gi, gu/ as for /di. du/. Most gen-
erally, this transition is a cue for the
perception of manner and voicing. The
acoustic feature in which we are here
interested is the transition of the sec-
ond formant, which is, in the patterns
of Figure 1, a cue for distinguishing
among the voiced stops. /b.d.g/; that
is to say, the second-formant transition
for /gi/ or /bi/, as well as /gu/ or

Fis. 1. Spectrographic patterns sufhcient
for the synthesis of /df before /if and fu/.

/bu/, would be ditferent from those for
/di/ and Adu/ (Liberman, Delattre,
Coaper, & Gerstman, 1954). In gen-
eral, transitions of the second {ormam
carry important information about the
place of production of most consonants
{Delattre, 1938: Liberman, 1957;
Liberman, Delattre. Cooper. & Gerst-
man, 19547,

It is, then, the second-formant transi-
tions that are, in the patterns of Figure
1, the acoustic cues for the perception
of the /d/ segment of the syllables /di/
and /du/. We would first note that
/d/ is the same perceptually in the two
cases, and then see how different are
the acoustic cues. In the case of /dif
the transition rises from approximately
2200 cps to 2600 eps: in fdu/ it falls
from about 1200 to 700 cps. Tn ather
words, what is perceived as the same
phoneme is cued, in different contexts,
by features that are vastly different in
acoustic terms. How diflerent these
acoustic features are in nonspeech per-
ception can be determined by remov-
ing thern from the patterns of Figure 1
and sounding them in isolation, \When
we (o that. the transition isolated from
the /di/ pattern sounds like a rupidly
rising whistle or glissando on high
pitches, the one from ‘du/ like a
rapidly falling whistle on low pitches.®

2This ts trae of the putterns shown i
Figure 1 ac converted o sound by the Pattern
Mavhack,  When the formunts rarrespond
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Fia. 2. Spectrographic patterns sufficient for the synthesis of /d/ before vowels. (Dashed

line at 1800 eps shows the “locus™ for fd/)

These signals could hardly sound more
different from each other. Further-
more, neither of them sounds like Ad/
nor like speech of any sort.

The disappearance of phoneme boun-
daries: Farallel transmission. We turn
now to another, related aspect of the
code: the speech signa! typically does
not contain segments corresponding to
the discrete and commutable phonemes.
There is no way to cut the patterns of
Figure 1 so ag to recover /d/ segments
that can be substituted one for the
other. Nor can we make the commu-
tation simply by introducing a physical
continuity between the cut ends, as we
might, for example, if we were seg-
menting and recombining the alpha-
betic elements of cursive writing.

Indeed, if we could somehow sepa-
rate commutability from segmentalility,
we should have to say that there is no
/d/ segment at all, whether commuta-
ble or not. We cannot cut either the
/di/ or the /du/ pattern m such a way
as to chtain sowne plece that wilt pro
duce /d/ alone. If we cut progres-
sively into the syllable from the right-
hand end, we hear /d/ plus a vowel, or
a nonspeech sound; at no point will we
hear only /d/. This is so because tle
formant transition is, at every instant,

more closely in thelr various constant fea.
tures to those produced by the human vocal
apparatus, the musical gualities describad
above may be harder to hear or may dis-
appear altogether.  So long as the sccond-
formant transitions of /di/ and /duf are
not heard as specch, however, they do nat
sound alike.

providing inlormation about two pho-
nemes, the consonant and the vowel—
that {s, the phonemes are being trans-
mitted in parallel.

The Locus: An Acoustic Invariani?

The patterns of Figure 2 produce
A/ i inttial pesition with each of a
variety of vowels, thus completing a
series of which the patterns shown in
Figure 1 are the extremes. 1f one ex
trapolates the various second-formant
transitions backward in time, he sees
that they seem to have diverged from
a single frequency, To find that fre-
quency more exactly, and to determine
whether it might in some sense be said
to characterize /d/. we can, as in Fig-
ure 3, pair each of a number of straight
second formants with first formants
that contain a rising transition suffi-
cient to signal a voiced stop of some
kind, On hstening to such patterns,
one hears an initial /d/ most strongly
when the straight second formant is at
1800 eps. This has been called the
/d/ locus” (Delattre, Liberman. &
Cooper, 1953). There are, corre-
spondingly.  second-formant  loci  for
other consonants. the frequency posi-
tion of the locus being correiated with
the place of production. In general,
the locus moves somewhat as a func-
tion of the associated vowel, but, ex-
cept for a discontinuity in the case of
/k, g, 1). the locus is more nearly in-
variant than the formant transition
(Delattre, Liberman, & Cooper, 1955;
Ohman, 1966 Stevens & House, 1956).
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TFic. 3. Schemalic display of the stimuli used in finding the second-formant loci of
o/, fdf, and fp/f. (A—Frequency positions of the straight second formants and the vari-
gus first formants with which each was paired. B—A iypical test pattern, wmade up of
the first and secuond formants circled in A, The best pattern for fd/ was the one with the
straight secand formant at (800 cps.  [Iigure taken from Delattre, Liberman, and
Cooper, 1955.)

Is there, then, an invariant acoustic We should note first that these transi-
cue for /d/? Consider the various tions are not superimposable, so that
second formants that all begin at the if they are to be regarded as invariant
1800-cycle locus and proceed fromthere  acoustic cues. it could only be m the
to a number of different vowel pesi- very special and limited sense that they
tions, such as are shown in Figure 4. start at the same point on the {requency

3000 A
2400 —g!zo cFs
[ 2400
2 = } '
- 2 160
> E 2040
Z 18004 d I 1800
> N— [ 1580
2 Ne——l1 - 1320
g | 2004 N :zgg
o - 1080
i} Cl : 80
£ G
= -
600+ f1.
/ ~ 480 Cpg
0 + T
0

0.1 0.2 0.3
TIME IN SECONDS

Fic. 4 A—5econd-formant tramsitions fhat start at the /d/ locus and B—camparable
transitions that merely “peint” at it, as indicated by the dotted lines. {Those of A
produce syllables beginning with b/, /d/, or [fg/. depending on the frequency-level
of the formant; thosc of B unroduce only :ylables beginning with /d/. [Figure taken
from Delattre, Liberman, and Cooper, 19355.)
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scale. DBut even this very limited in-
variance is not to be had. If we con-
vert the patterns of Figure 4 te sound,
having paired each of the second form-
ants in turn with the single first
formant shown at the bottom of the
figure, we do not hear /d/ in every
case. Taking the second formants in
order, {rom the top down, we hear
first /I/, then Ad/, then /g, then once
again A4/, as shown in the figure. In
order ta hear /d/ in every case, we
must erase the first part of the transi-
tion, as shown in Figure 41, so that it
"points” at the locus but does not actu-
ally begin there. 7Thus. the 1800-cps
locus for /d/ is not a part of the
acoustic signal, nor can it be made
part of that signal without grossly
changing the perception (Delattre,
Liberman, & Cooper, 1955).

Though the locns can be defined in
acoustic terms~ -that is, as a particular

- frequency—the concept i3 more articu-

latory than acoustic, as can be seen in
the rationalization of the locus by
Stevens and HMouse (1956). What is
comman to /d/ before all the vowels
is that the articulatory tract is closed
at very much ihe same point. Ac-
cording to the calenlations of Stevens
and House, the resonant frequency of
the cavity at the instant of closure is
approximately 1800 cps, but since no
sound emerges until some degree of
npening has oceurred, the locus fre-
quency is not radiated as part of the
acnustic signal. At all events it seems
clear that. though the locus iz more
nearly invariant with the phoneme than
is the transition itself, the invariance is
a derived one, related more 1o articu-
lation than to sound., As we will see
later, however, the Tocus is only a step
toward the invariance with phoneme
perception that we must seek: better
approximalions to that invariance are
nprobably to be had by going farther
buele in the chain of articulatory events,

beyond the cavity shapes that underlie
the locus, to the commands that pro-
duce the shapes.

How General Is the Restructuring?

Having dealt with the restructuring
of only one phoneme and one acoustic
cue, we should say now that, with sev-
eral interesting exceptions yet to be
neled, it is generally true of the seg-
mental phonemes that they are drasti-
cally restructured at the level of
sound.'® We will briefly summarize
what is known in this regard about the
various types of cues and linguistic
classes or dimensions.

Transitions of the second formant,
Far the second-formant transition—the
cite with which we have been cancerned
and the one that is, perhaps, the most
important for the perception of con-
sonants according to place of produc-
tion—the kind of invariance lack we
found with /d/ characterizes all the
voiced  stops, voiceless stops, and
nasal consonants (Liberman, Delattre,
Cooper, & Gerstman, 1954: Malecot,
19563, Indeed, the invariance prob-
lem is, if anything, further complicated
in these other phonemes. In the case
of /g, k, 1), for example, there is a
sudden and considerable shift in the
locus as between the unrounded and
rounded vowels, creating a severe lack
of correspondence hetween acoustic sig-

1 Sgmewhat similar complicalions arise in
the suprasegmental demain. For data con
cerning the relation between the acoustic
signal and the perception of intonation see
Hadding-Koch and Studdert- Kennedy, 19643,
1964h.

Lieberman (1967) has measured some of
the relevant physiolugical variahles and, on
the basis of his findings, has devised a
hypothesis to account for the perception of
intonatton, in particular the ohservations af
Hadding-Koch and Studdert-Kennedy. Lie-
berman's aceotmnt of perception tn the supra-
seemental domain fits well with our own
vicws about the decading of segmental pho-
nemes, discussed later in this paper,
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nal and linguistic perception that we
mentioned earlier in this paper and
that we have dealt with in some detail
elsewhere (Liberman, 1957).

With the liguids and semivowels
/r, 1, w, j/ the second-[ormant transi-
tion originates at the locus—as it car-
not in the case of the stop and nasal
consonants—so the lack of correspond-
cnce between acoustic signal and pho-
neme is less striking, but even with
these phonemes the transition cues are
not superimposable for occurrences of
the same consonant in different con-
texts (Lisker, 1957 : O'Connor, Gerst-
man, Liberman, Delattre, & Cooper,
1957}.

Transitions of the third formant.
What of third-formant transitions,
which also contribute to consonant per-
ception in terms of place of production?
Though we know less about the third-
formant transitions than about those
of the second, such evidence as we have
does not suggest that an invariant
acoustic cue can be found here (Harris,
Hoffman, Liberman, Delattre, &
Cooper, 1958; Lisker, 1957b; O'Con-
nor, Gerstman, Liberman, Delattre, &
Cooper, 1957). In lact, the jnvariance
problem is further complicated in that
the third-formant transiiion seems to
be more or less important (relative to
the second-formant transition, for ex-
ample} depending on the phonemic
context. In the case of our /di, du/
example (Figure 1), we f{ind that an
appropriate transition of the third
formant contributes considerably to the
perception of /d/ in /di/ but not at all
to /d/ in /du/. To produce equal—
that is. equally convincing—/d/'s be-
fore both /i/ and /u/, we nmust use
acoustic cues that are, if anything, even
more different than the two second-
formant transitions we described earlier
in this section.

Constriction noises. The noises pro-
duced at the point of constriction—as

in the fricatives and stops—are another
set of cues for consonant perception
according to place of production, the
relevant physical variable being the
frequency position of the band-limited
noise. When these noises have con-
siderable duration—as in the fricatives
—the cue changes but little with con-
text. Since the cue provided by these
noises is of overniding importance in
the perception of /s/ and /5/, we should
say that these consonants show little or
no restructuring in the sound stream
{Harris, 1958 ; Hughes & Halle, 1956).
{ This may not be true when the speech
1s rapid.}) They therefore constitute an
exception to the usual strong depend-
ence of the acoustic signal on its con-
text—that is, to the effects of a syllabic
coding operation.

On the other hand, the brief noise
cues-—the bursts, so called—of the stop
conscnants display as much restruc-
turing as do the transitions of the sec-
ond formant (Liberman, Delattre, &
Cooper, 1952). Bursts of noise that
produce the best /k/ or /g/ vary over
a considerahie frequency range depend-
ing on the following vowel. The range
is so great that it extends over the do-
main of the /p, b/ burst, creating the
curiosity of a single burst of noise at
1440 cps that 15 heard as /p/ before
1/ but as /k/ belore /a/30 We should
also note that the relative importance of
the bursts, as of the transitions, varies
greatly for the same siop in different
contexts, For example. /g/ or /k/,
which are powerfully cued by a second-
formant transition before the wvowel
Je/, will likely require a burst at an
appropriate frequency if they are to
be well perceived in front of /o/*

11 This result was obtained in the experi-
ment (Likerman, Delattre, & Cooper, 1952}
with synthetic speech referenced abowe and
verified for real speech in a tape-cutting ex-
periment by Carel Schatz (1954).

12 This ean be seen in the results nf ex-
periments on1 the bursts and transitions as
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Thus, the same consonant is primarily
cued i two different contexts by sig-
nals as physically different as a form-
ant transition and a burst of noise.
Manner, voicing, end position. In
describing the complexities of the rela-
tion between acoustic cue and perceived
phoneme, we have so far dealt only
with cues for place of praduction and
only with consanants in initial position
i the syllable. A comparable lack of
regularity is also found in the distine-
tions of manner and voicing and in the
cues for consonants in different posi-
tions (Abramson & Lisker, 1965;
Delatire, 1958: Delattre, Liberman, &
Cooper, 1955: Liberman, 1957 ; Liber-
man, Delattre, & Cooper, 1958; Liber-
man, Delattre, Cooper, & Gerstman,
1954 Liberman, Delattre, Gerstman, &
Cooper, 1956 Iisker, 1957a, 1957h:
Lisker & Abramson, 19641 : Ohman.
1966). We will not consider thege
cues in detail since the problems they
present are similar to those already en-
countéred. Indeed. the cues we have
discussed as examples of encoding are
merely a subset of those that show ex-
tensive restructuring as a function of
context: it is the usual case that the
acoustic cues for a consonant are dif-
ferent when the consonant is paired
with different vowels, when it is in
different positions (inital, medial, or
final) with respect to the same vowels,
and for all types of cues (manner or
voicing, as well as place), Thus, for
cxample, the cues for manner, place,
and voicing of /b/ in /bas are acousti-
cally different irom those of /b/ in
/ab/. the transitional cues for place
being almost mirror images; further,
the preceding set of cues differs from

cues for the stops {Liberman, Delattre. &
Cooper, 1952 Liberman, Delattre, Cooper, &
Cerstman, 195843, It is confirmed wheneyer
onie attempts, by using all possible cues, to
syithesize the best stops,

corresponding sets for /b/ with each
of the other vowels.

The wvowels. We should remark,
finally, on the acoustic cues for the
vowels. For the steady-stale vowels
of Figures 1 and 2, perception depends
primarily cn the frequency position of
the foermants (Delattre, Liberman, &
Cooper, 1951: Delattre, Liberman,
Cooper, & Gerstman, 1852). There is.
for these vowels, no restructuring of
the kind found to be so common among
the consonant cues and, accordingly,
no problem of invariance between
acoustic signal and perception,!s

However, vowels are rarely steady
slate in normal speech ; most commonly
these phonemes are articulated between
consonants and at rather rapid rates,
Under these conditions vowels also
show substantial restructuring—that {s,
the acoustic signal at no point corre-
sponds to the vowel alone, but rather
shows, at any instant, the merged in-
fluences of the preceding or following
consonant {Lindblom & Studdert-Ken-
nedy, in press; Lisker, 1958 : Shearme
& Holmes, 1962; Stevens & House,
1963).

In slow articulation, then, the acous-
tic cues for the vowels—and, as we
saw earlier, the noise cues for fricatives
—tend to be invariant. In this respect
they differ from the cues for the other
phonemes, whicli vary as a function of
context at all rates of speaking. How-
ever, articulation slow enough to per-
mit the vowels and fricatives to avoid
being encoded is probably artificial and
rare.

13 The absolute formant frequencies of the
sne vowel are difierent for men, women,
and children, and for different individuals,
partly as a consequence of differences in the
sizes of vocal tracts. This creates an in-
varlunce problem very different irom the
kind we have been discussing and more simi-
lar, perhaps, to the problems encountered in
the perception of nouspeech sounds, such as
the canstant ratios of musical intervals.
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Plioneme segmeniation. We return
now to the relaled problem of seg-
mentation, briefly discussed above for
the /di, du/ example. We saw there
that the acoustic signal is not seg-
mented into phonemes. If one exam-
ines the acoustic cues more generally,
he finds that successive phonemes are
most commonly merged in the sound
stream. This is, as we will see, a cor-
relate of the parallel processing that
characterizes the speech code and is an
essential condition of its efliciency.
One consequence is that the acoustic
cues cannot be divided on the time axis
into segments of phonemic size,'*

The same general conclusion may be
reached by more direct procedures,
Working  with recordings of real
speech, Harris (1953} tried to arrive
at “building blocks™ by cutting tape
recordings into segments of phoneme
length and then recombining the seg-
menis to form new words., “Experi-
menis indicated that speech based upon
one building bleck for each vowel and
consonant not only sounds unnatural
but is mostly unintelligible . . ., [p.
9621.” Ina somewhat similar altempt
to produce intelligible speech by the
recombination of parts taken from pre-
viously recorded utterances, Peterson,
Wang, and Sivertsen (1958) concluded
that the smallest segments one can use
are of roughly half-syllable length,
Thus, it has not been possible, in gen-
eral, to synthesize speech from pre-
recorded segments of phonemic dimen-

1 This is not to say that the sound spectro-
gram fails to show discontinuities along the
time axis. Fant (1962a, 1962h) discusses the
interpretation 1o be  given 1hose alwupt
changes and the temporal segments bounded
by them. He warns: “Sound segment
boundaries should not be confused with
phoneme  boundaries. Several adjacent
sounds of connected speech may carry infor-
mation on one and the same phaneme, and
there 1s gverlapping in sa far as one and

the same sound segment carries inflormation
on several adjacent phonemes [1962a, p. 91"

sions. Nor can we cut the sound
stream ulong the time dimension so as
to recover segments that will be per-
ceived as separate phonemes.  Of
course, there are exceptions. As we
might expect, these are the steady-state
vowels and the long-duration ncises of
certain fricatives in which, as we have
seen, the sounds show minimal re-
structuring.  Apart from these excep-
tions, however, segments correspond-
ing to the phonemes are not found at
the acoustic level.

We shall see later that the articula-
tory gestures corresponding to succes-
sive phonemes—or, more precigely,
their subphonemic features—are over-
lapped, or shingled, one onto another.
This parallel delivery of information
produces at the acoustic level the
merging of influences we have already
referred to and yields irreducible acous-
tic segments of approximately syllabic
dimensions. Thus, segmentation also
exhibits a complex relation between
linguistic structure or perception, on
the one hand, and the sound stream on
the other.

PF.RCEPTI(JN OF TIIE RESTRUCTUREI]
PaoNEMES: THE SPEECH MoBE

If phonemes are encoded syllabically
in the sound stream, they must he re-
covered in perception by an appropri-
ate decoder. Perception of phonemes
that have Dbeen so encaded might be
expected to differ from the perception
of those that have not and also., of
course, from nonspeech. In this sec-
tion we will suggest that such differ-
ences do. in fact, exist.

YWe have already seen one example
of such a difference in the transition
cues for /d/ in /di/ and /du/. Taken
out of speech context, these transitions
sound like whistles, the one rising
through a range of high pitches and
the other {alling through low pitches:
they do not soutid like each other, nor
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even like speech. This example could
be multiplied to include the transition
coes for many other phonemes. With
simplified speech of the kind already
shown, the listener’s perception is
very different depending on whether
lhe is, for whatever reason, in the
speech mode or out of it (Brady,
House, & Stevens, 19613,

Even on the basis of what can be
heard in real speech, one might have
suspected that the perception of en-
coded and unencoded phonemess is
somehow different. Oue has only to
listen carefully to some of the latter in
order to make reasonably accurate
guesses about the auditory and acoustic
dimensiens that are relevant to their
perception. The {ricatives /5/ and /&/,
for example, obviously differ in man-
ner from other phonemes in that there
s noise of fairly long duration:; more-
over, one can judge by listening that
they differ from each other in the
“pitch” of the noise—that is, in the way
the energy is distributed along the fre-
quency scale. Consider, on the other
hand, the encoded phonemes /b.d.g/.
No amount of listening, no matter how
careful, is likely to reveal that an im-
portant manner cue is a rapidly rising
frequency at the low end of the fre-
quency scale {first formant), or that
these stops are distinguished from each
other primarily by the direction and
extent of a rapid {requency glide in
the upper frequency range (second and
third formants).

13 There is a need, in much that follows,
far a convenient way to refer to classes of
phonemes that show much—or little—restrue-
turing of their acoustic cues as a function of
context, The {former are, indeed, encoded.
We shall refer to the latter as "unencoded
phanemes,” implying only that they are
found at the other end of a continuwm on
degree of restructuring ; we do not wish to
imply differences in the processes affecting
these phonemes, whether or not sueh differ-

ences can be inferred from their perceptual
characteristics.

These observations of perceptual dif-
ferences between speech and nouspeech
sounds, and even among classes of
phonemes, do not stand alone. Con-
trolled experiments can show more
accurately, if semetimes less directly,
the differences in perception, \We will
next congider some of these experi-
ments.

Tendencies toward Colegorical and
Continuous Perception

Research with some of the encoded
phonemes has shown that they are
categorical, not only in the abstract
linguistic sense, but as immediately
given in perception. Consider, first,
that in listening to continuows varia-
tions In acoustic siguals, one ordinarily
discriminates many more stimuli than
he can absolutely identify. Thus. we
discriminate about 1200 different
pitches, for example, though we can
absolutely identify only about seven,
Perception of the restructured pho-
nemes is different in that listeners dis-
criminate very little better than they
identify absolutely; that is to say. they
hear the phonemess but net the intra-
phonemic variations.

The effect becomes clear impression-
istically if ome listens to simplified,
synthetic speech signals in which the
second- formant transition is varied in
relatively  small, acoustically equal
steps through a range sufficient to pro-
duce the three stops. /b/. /d/, and
g/, One does not hear steplike
chauges corresponding to the changes
in the acoustic signal, but essentially
quantal jumps from one perceptual
category to another,

To evaluate this effect more exactly,
various investigators have made quan-
titative comparisons of the subjects’
ability to identify the stimuli absolutely
and to discriminate thein om any basis
whatsoever. Tor certain consonant
distinetions it has heen found that the
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mode of perception 1s, in fact, nearly
categorical : listeners can discriminate
only slightly better than they can iden-
tify absolutely. In greater or lesser
degree, this has been found for /b.d.g/
(Eimas, 1963: Griffith, 1958; Liher-
man, Harris, IToffman, & Griffith.
1957 : Studdert-Kennedy, Liberman, &
Stevens, 1963, 1964); /dit/ (Liber-
man, Harris, Kinney, & Lane, 1861)*;
/b,p/ in intervocalic position (Liber-
man, Harris, Eimas, Tisker, & Bastian,
1961), and presence or absence of /p/
in sht ws, sphit (Bastian, Delattre, &
Liberman, 1939; Bastian, Eimas, &
Liberman, 1961; Harris, Bastian, &
Liberman, 1961}.

The perception of unencoded steady-
state vowels 1s quite different from the
perception of stops.!™ To appreciate
this difference one need only listen to
synthetic vowels that vary, as in the
example of the stops, in relatively small
and acoustically equal steps through a
range sufficient to produce three ad-
jacent gphonemes—say /i/, /1/, and
/¢/.  As heard, these vowels change
step-by-step, much as the physical stim-
ulus changes: the vowel /i/ shades into
/1/, and /1/ into /¢/. Immediate per-
ception is more nearly continuous than
categorical and the listener hears many
intraphonemic variations. More pre-
cise measures of vowel perception indi-
cate that, in contrast to the stops,
listeners can discriminate many more

16 Studies of this  distinglion  (and  of
the corresponding ones for the other stops)
in 11 diverse languages indicate that it tends
to be categorical also in production. (Abram-
son & Lisker, 1965; Lisker & Abramson,
1964a, 1964b.)

17 [n experiments with mimicry, Ludmilla
Chistovich and her colleagues have oltained
differences between vowels and consonants
that are consistent with the differing tenden-
cies toward categorical and continuous per-
ception described here.  {Chistovich, 1940;
Chistovich, Klaas, & Kuz'min, 1962; Galunov
& Chistovich, 1965; Kozhevnikovy & Chisto-
vich, 1965.)

stimuli than they can identify abso-
lutely {(Fry, Abramson, Eimas, &
Liberman, 1962: Stevens, Olhman, &
Liberman, 1963; Stevens, Olimar,
Studdert-Kennedy, & Liberman, 1964).
Similar studies of the perception of
vowel duration (Bastian & Abramson,
1862) and tones in Thai (Abramson,
I961). both of which are phonemic in
that language, have produced similar
results.  We should suppose that
steady-state  vowels, vowel duration,
and the tones can be perceived in es-
sentially the same manner as continu-
ous variations in nonspeech signals,
The results of a direct experimental
comparison hy Himas (1963) suggest
that this is sa.

We emphasgize that in speaking of
vowels we have so far been concerned
only with those that are isolated and
steady state. These are. as we have
said, wnencoded and hence not neces-
sarily perceived in the speech mode,
But what of the more usual situation
we described earlier, that of vowels be-
tween consonants and in rapid articu-
lation? Sievens (1966) bas supposed
that the rapid changes in formant posi-
tion characteristic of such vowels
would tend to be referred in perception
to the speech mode, and he has some
evidence that this is so. having found
that perception of certain vowels in
proper dynamic context is more nearly
calegorical than that of steady-state
vowels,  Inasmuch as these rapidly
articulated vowels are substantially re-
structured in the sound stream, Ste-
vens' results may be assumed to re-
flect the operation of the speech de-
cader,

Lateral Differences in the Perception
of Speech and Nonspeech

The conclusion that there is a speech
mode, and that it is characterized by
pracesses different from those under-
bying the perception of other sounds.
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is strengthened by recent indications
that speech and nonspeech sounds are
processed primarily in different hemi-
spheres of the brain. Using Broad-
bent's (1954) method of delivering
competing stimuli simultaneously {o the
two ears, investigators have found that
speech stimuli presented to the right
ear (hence, mainly to the left cerebral
hemisphere) are better identified than
those presented to the left ear {hence,
mainly to the right cerebral hemi-
sphere), and that the reverse is true
for melodies and sonar signals (Broad-
bent & Gregory, 1964; Bryden, 1963;
Chaney & Webster, 1965; Kimura,
1961, 1964, 1967). In the terminclogy
of this paper, the encoded speech sig-
nals are more readily decoded in the
left hemisphere than in the right. This
suggests the existence of a special left-
hemisphere mechanism different from
the right-hemisphere mechanism for
the perception of sounds not similarly
encaoded. It is of integest, then, to ask
whether the encoded steps and the un-
encoded steady-state vowels are, per-
haps, processed unequally by the two
hemispheres. An experiment was car-
tied out (Shankweiler & Studdert-
Kennedy, 1967h) designed to answer
this question, using synthetic speech
syllables that contrasted in just one
phoneme. A significantly greater
right-ear advantage was found for the
encoded stops than for the unencoded
steady-state vowels, The [fact that the
steady-state vowels are less strongly
lateralized in the dominant (speech)
hemisphere may be taken to mean that
these sounds, being unencoded, can be,
and presumably sometimes are, proc-
essed as if they were nonspeech. In
another experiment ({Shankweiler &
Studdert-Kennedy, 1967a), the conso-
nant and vowel comparisons were made
with real speech. Different combina-
tions of the same set of consonant-
vowel-consonant syllables were used

for both tests, As belore, a decisive
right-ear advantage was found for con-
trasting stop consonants, and again
there was no difference for vowels, even
though tliese were here articulated in
dynamic context between consonants,
We will be interested to determine
what happens to lateral differences in
vowel percention when tle vowels are
very rapidly articulated. Such vowels
are, as has been said, necessarily re-
structured to some extent and may be
correspondingly dependent on the
speech decoder for their perceplion.

Perception of Speech by Maclhine and
by Eye

If speech is, as we have suggested, a
special code, its perception should be
difficult in the absence of an appropri-
ate decodler such as we presumahly use
in listening to speech sounds. It is
relevant, therefore, to note how very
difficult it is to read visual transforms
of speech or to construct automatic
speech recognizers.

Consider, first, a visval transform—
for example, the spectrogram. As we
have already seen, the spectrographic
pattern for a particular phoneme typi-
cally looks very different in different
contexts, IFurthermore, visual inspec-
tion of a spectrogram does not reveal
how a stretch of speech might be di-
vided into segments corresponding to
phonemes, or even how many pho-
nemes it might contain: the eye sees
the transformed acoustic signal in its
undecoded form. We should not be
surprised, then, to discover that spec-
trograms are, in fact, extremely diffi-
cult to read.

Some part of the dilheulty may be
attributed to inadequacies of the trans-
form or to lack of training, But an
improved transform, if one should be
found, would not by itself suffice to
make spectrograms readable, since it
would not obviate the need to decode.
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Nor is training likely to overcome the
difficulty. Many persons have had
considerable experience with spectro-
grams, yet none has found it possible
to read them well.'® Ideally, training
in “‘reading” spectrograms should cause
the transitions for /d/ in /di/ and /du/
to look alike. The speech decoder,
after all, makes them sound alike when
speech is perceived by ear; moreover,
it seems obvious that if the decoder did
not do this, speech would be much
more difficult to perceive. If, as we
suspect, training alone cannot make the
acoustic cues for the same phoneme
look alike, then we should, perhaps,
conclude that the specch decoder, which
makes them sound alike, is biologically
tied fo an auditery input.

18 "\5 a matter of fact I have not met one
single speech researcher who has claimed he
could read speech spectrograms fluently, and
I am no exception myself [Fant, 19622,
p. 41"  Spectrograms are, even so, lesg
difficult to read than oscillograms—whence
their popular name, “visible speech,” and
much of the early cnthusiasm far them
(Potter, Kopp, & Green, 1947,

How, then, do machines fare in rec-
ognizing the encoded sounds of speech?
If speech were a cipher, like print, it
would be no mere difficult to build a
speech recognizer than a print reader.
In fact, the speech recognizer has
proved tec be more difficult, and by a
very wide margin, largely because it
needs an appropriate decoder, as a
print reader does not, and because the
design of that decoder is not easily ac-
complished—a conclusion confirmed by
two decades of intensive effort. We
might repeat, in passing, that for hu-
man beings the diffieulty is the other
way around: perceiving speech is far
easier than reading.

Ewcoping ann Deconing: From
PHUNEME To SounD Anp Back

Conversions from Phonente to Sound

Having considered the evidence that
speech is a code on the phonemes, we
must ask how the encoding might have
come about, The schema in Figure 5
represents the various conversions that
presumably occur as speech proceeds
from sentence, through the empty seg-
ments at the phioneme level, to the final
acoustic signal. The topmost box,
labeled Syntactic Rules, would, if
properly developed, be further broken
down into phrase-structure riles, trans-
formation rules, morphophonemic ritles.
and the like. (See, for example, Chom-
sky, 1964.) These processes would bhe
of the greatest interest if we were
dealing with speech perception in the
broadest sense. Here, however, we
may start with the message in the
form of an ordered sequence of pho-
nemes {or, as we will see, their con-
stituent features) and follow it through
the successive converters that yield, at
the end, the acoustic waveform,

Subphonemic features: Thewr rofe in
production. Trirst, we must take ac-
count of the fact that the phonemes
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are compounded of a smaller number
of elements, and, indeed, shift the em-
phasis from the phoneme to these sub-
phonemic features.'”® The total gesture
in the articulation of /b/, for example,
can he broken down into several dis-
tinctive ¢lements: (e} closing and
opening of the upper vocal tract in such
a way as to produce the manner feature
characteristic of the stop consonants:
(&) closing and opening of the vocal
tract specifically at the lips, thus pro-
ducing the place feature ternied bilabi-
ality ; (¢) closing the velum to provide
the feature of orality ; and {d) starting
vocal fold wibration simultaneously
with the opening of the lips, appropri-
ate to the feature of voicing, The pho-
neme /p/ presumably shares with /b/
features 1, 2, and 3, but differs as to
feature 4, in that voeal fold vibration

19 The term “feature™ has varied uses, even
in this paper. ‘Thus, in this paragraph, we
deseribe a particular speech gesture in con-
ventional phonetic terms, referring to how
the articulators move and where the con-
strictions occur as the manner and place
features thal, taken together, characterize the
gesture,  Two paragraphs later, the deserip-
tion of a possible tiodel for speech produc-
tion ijdentifies subphonemic {eatures as im-
plicit instructions to scparate and independent
parls of the motor maclinery, WViewed in
this way, the distinctive featurcs of a
phoneme are closely linked to specific museles
and the neural conunands that actvate them.

Distinctive features af this kind are clearly
different from those so well known from the
work of Jakobsou and his colleagues. See
Jakobson, Fant, and Halle (1952) and the
various revisions proposed by the several
authors (Fant, 1967 Halle, 1964; Jakobson
& Halle, 1956; Stevens & Halle, in press}.
We are, nevertheless, deeply indehted to
them for essential points—in particular, that
the phonemes can be characterized by sets of
features which are few in nnmber, limited ta
a very few states cach, and maintained
throughout several phomemes.  Other im-
portant characteristica for an ideal system
af distinctive {eatures include mutnal inde-
pendence, clear correspondences with physio-
logical—er  acoustic——observables, and as
much universality across languages as parsi-
mony for a single language will allow,

begins sorme 30 or 60 milliseconds af-
ter opening of the lips; /m/ has fea-
tures 1, 2, and 4 in common with /b/,
but differs in feature 3, since the velum
hangs open to produce the feature of
nasality : /d/ has {eatures 1. 3, and 4
in common with /b/, but has a differ
ent place of articulation; and so on.

That subphonemic features are pres-
ent both in production and perception
has by now been quite clearly estab-
lished.®® Later jn this paper we will
disctiss some relevant data on produc-
tion. Here we merely note that we
must deal with the phoremes in terms
of their constituent {features because
the existence of such features is essen-
tial to the speech code and to the effi-
cient production and perception of lan-
guage. We have earlier remarked that
ligh rates of speech would overtax the
temporal resolving power of the ear if
the acoustic signal were merely a ci-
pher on the phonemic structure of the
language., Now we should note that
speaking at rates of 10 to 15 phonemes
per second would as surely be impos-
sible if each phoneme required a sepa-
rate and distinet oral gesture. Such
rates can be achieved only if separate
parts of the articulatory machinery—-
muscles of the lips, tongue, velum, ete.
—can be separately controlled, and if
the linguistic code is such that a change
of state for any one of these articula-
tory entities, taken together with the
current state of the others, is a change
to another element of the code—that is,
to another phoneme. Thus, dividing
the load among the articulators allows
each to operate at a reasonable pace,
and tightening the code keeps the in-
formation rate high. It 1s this kind of
parallel processing that makes it pos-
sible to get high-speed performance

2 For discussions of the psychological
reality of phoneme segments and subphonemic
featores, ses Kozhevnikov and Chistovich,
1965; Stevens and House, in press: Wickel-
gren, 1966.
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with low-specd machinery. As we will
see, it also accounts for the overlapping
and intermixing of the acoustic signals
for the phonemes that is characteristic
of the speech cade,

A wodel for production.  The sim-
plest possible madel of the production
process would, then, have the pho-
nemes of an utterance represented by
sets of subphonemic features. and these
in turn would Le assumed to exist in
the central nervous system as implicit
instructions *!  to separate and inde-
pendent parts of the motor machinery.
The sequence of neural signals corre-
sponding  to  this  multidimensional
string of control instructions may well
require, for Iits actualization, some
amplitude adjustinents and temporal
coordination, in the box labeled “Neu-
romotor Rules,” in order to yield the
neural impulses that go directly to the
selected muscles of articulation and
cause them to contract. If we are to
continue to make the simplest possible
assumption, however, we must suppose
that reorganization of the Instructions
at this stage would be limited to such
coordination and to providing supple-
mentary neural signals to insure co-
operative activity of the remainder of
the articulatory apparatus ; there would
be no reorganization of the commands
to the “primary” actuators for the se-
lected features. Im that case, the neural
signals that emerge would bear still
an essentially one-to-one correspond-

21 These instructions might he of two
types, “on-off” or “po to," cven in a maxi-
mally simple inodel,  In the one case, the
zffected muscle would contract or not with
little regard for ils current state {or the
rosition af the articulator it meves); in the
other, the instruction would operate via the
y-efferent system to determine the degree of
contraction (hence, the final position of the
articulator, whatever its initial position).
Both types of instruction—appropriate, per-
haps, to fast and slow gestures, respectively
—may reasonably he included in the madel,

ence with the several dimensions of the
subphanemic structure, Indeed, this is
a necessary condition for our model,
since total reorganization at this stage
would destroy the parallel processing,
referred to earlier, on which high-
speed reception depends, or else vield
a syllabic language from which the
phoneme strings could not be recovered,
The next conversion, from neural
commiand (in the final common paths}
to muscle contraction, takes place in
the box labeled "' Myomotor Rules.” i
muscles contract in accordance with the
signals sent to them, then this conver-
sion should he essentially trivial, and
we shauld be able not only to observe
the muscle contractions by looking at
their [LMG signals, but also to infer the
neural signals at the preceding level.
It is at the next slage—the conver.
sion from muscle contraction to vocal
tract shapes by way of Articulatory
Rules—that a very considerahle amount
of encoding or restructuring must
surely occur, If we take into account
the structure and function of the ar-
ticulatory system, i particular the in-
tricate linkages and the spatial overlap
of the component parts, we must sup-
pose that the relation between contrac-
tion and resulting shape is complex.
though predictable.  True encoding
occurs as 4 consequence of two {urther
aspects of this conversion ; the fact that
the subphenemic features can be, and
are, put through in parallel means that
each new set of contractions {(a) starts
from whatever configuration then exists
(as the result of the preceding contrac-
tions) and (&) typically occurs before
the last set has ended, with the result
that the shape of the tract at any in-
stant represents the merged effects of
past and present instructions. Such
merging is, in effect, an encoding oper-
ation according to our use of that term,
since it invelves an extensive restruc-
turing of the output—in this case, the

91
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shape of the tract. The relation of
message units to code becomes espe-
cially complex when temporal and spa-
tial overlaps occur together. Thus, the
conversion from muscle contraction to
shape is, by itself, sufficient to produce
the kinds of complex relation between
phoneme and sound that we have found
to exist in the overall process of speech
production, that is, a loss of segmenta-
bility together with very large changes
in the essential acoustic signals as a
function of context. Given the strue-
ture of the articulatory apparatus, these
complexities appear to be 3 necessary
concomitant of the parallel processing
that makes the speech code so efficient.

The final conversion, from shape to
sound, proceeds by what we have in
Figure 5 called Acoustic Rules, These
rules, which are now well understaod,*
are complex from a compulational
standpoint, but they operate on an in-
stant-by-instant basis and yield (for the
most part) one-to-one rclations of
shape to sound.

Dogs the Encoding Truly Occnr in the
Conversion from Command 1o Shape?

We have supposed that, of the four
conversions between phoneme and
sound, one at least—the conversion
from contractions to tract shape—is
calculated to produce an encoding of
the kind we found when earlier we ex-
amined the acoustic cues for phoneme
perception. But does it, in fact, pro-
duce that encoding, and if so, does it
account for all of i{t? Downstream
from this level there is only the conver-
sion from shape to sound, and that,
though complex, does not appear to in-
volve encoding. But what of the up-
stream conversions, particularly the otie

22 The dependence of speech sound on
vocal tract shape {and movement) has, of
eourse, been studied by many workers and
for many vears. A landmark in this field,

and justification for our staterment, is the
hook by Fant (1960)).

that lies between the neural representa-
tions of the phonemes and the com-
mands to the articulatory muscles? We
cannot at the present time observe those
processes, nor can we directly measure
their output—that is, the commands 10
the muscles. We can, however, ob-
serve some aspects of the contractions—
for example, the -electromyographic
correlates—and if we assume, as seems
reasonable, that the conversion from
command to contractions is straight-
forward, then we can quite safely infer
the structure of the commands.** By
determining to what extent those in-
ferred commands (if not the electro-
myographic signals themselves) are
invariant with the phoneme we can,
then, discover how much of the encod-
ing occurs in the conversion from con-
traction to shape (Articulatory Rules)
and how much at higher levels.

22 Fgr commands of the on-off tvpe (see
Foatnote 21}, we wonld expect muscle con-
tractions—and EMG  petentials—te  be
raughly proportional to the commands;
hence, the commands will he mirrored directly
by the EMG potentials when these can be
measared tmambiguously for the museles of
interest. All these conditions are realizable,
at least approximately, for a numher ot
phoneme combinations—for example, the
bilabiai stops and nasal consonants with un-
rounded  vowels, as described in later
paragraphs.

Commands of the “go ta' type, winel may
well be operative in pestures that are rela-
tively slow and precise, would presumably
operate via the y-efferent system to produce
only so much contraction of the muscle as is
needed 1o achieve a target length. The
contraction—and the resulting EMG sigral—
would then be different for different starting
positions, that is, for the same phoneme in
different contexts. Even so, the significant
aspects of the command can he inferred,
since presence versus ahsence and sequential
pusition (if not the relative tming) of the
MG signal persist despite even  large
changes in its magnitude,

For gencral discussions of the role of clee-
tromyography in research on speech, sce the
reviews by Cooper {1965) and Fromkin and
Ladefoged (1966).
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Motor comimands as presumed in-
variants. Defore discussing the elec-
tromyographic evidence, we should say
what kind of invariance with the sub-
phonemic features {hence, with the pho-
nemes) we might, at best, expect to
find. It should be clear from many of
the data presented in this paper that
language is no more a left-to-right
process at the acoustic level than it is
syntacticalty. As we have seen, the
acoustic representations of the succes-
sive phonemes are interlaced. Some
control center must therefore “know”
what the syllable is to be in order that
its component subphonemic features
may be appropriately combined and
averlapped. There are other grounds
than the data we have cited for in-
ferring  such  syllabic  organization.
Temporal relations between syllables
may be adjusted for slow or rapid
speech and for changes in syllable dura-
tion such as Lindblom has reported for
a given syllable placed in different
polysyllabic  conlexts. But  these
changes in syllable duration do not
affect all portions of the syllable
equally: timing relations within the
syllable are also adjusted according to
context (Lindblom, 1964), and this
must entail variation in the relative
timing of the component subphonemic
features, as is suggested by Kozhevni-
kov and Chistovich’s (1965) snalysis
of the articulatory structure of conso-
nant clusters. Ohman (1964, 1966)
has proposed a modet for syllable ar-
ticulation consistent with this analysis.
Such contextual variations preclude the
invariance of all the features that com-
prise a phoneme in a particular con-
text. The most that we can expect is
that some subset of these [eatures, and
so of the neural signals to the muscles
(after operation of the Neuromotor
Rules of Figure 5), will he invariant
with the phoneme; there will then be
for each subphomemic feature charac-

teristic neuromotor ‘markers,” impli-
cating only one or a few component
parts of the system, perhaps only the
contractian of a single specific muscle.
These characteristic components of the
total neural activity we will refer to as
“motor commands.” * We should also
emphasize that we refer here to the pho-
neme as perceived, not as an ahstract
linguistic entity serving primarily a
classificatory function,

Indicatigns from electromyography.
What, then, do we find when we look
at the electromyographic (EMG) cor-
relates of articulatory activity? Recent
research in our laboratory and several
others has been directed specifically to
the questions raised in the preceding
paragraphs, but the data are, as yet,
quite limited. As we see these data,
they do, however, permit some tenta-
tive conclusions,

When two adjacent phonemes are
produced by spatially separate groups
of muscles, there are essentially invari-
ant EMG tracings from the character-
istic gestures for each phoneme, re-
gardless of the identity of the other.”

24 Thus, the motor commands are, in one
sense, abstract "-eme” type entities, with in-
variance assumed and ohservation directed
to their discovery and enumeration; in an-
other sense, and to the depree that observa-
tion justifies the assumption about invariance,
motor comtnands constitute the essential sub-
set of real neural signals with which a gen-
eral model of production and perception
should be principally concerned.

# 1t is not, of course, necessary that the
EMG signals be precisely the same since in-
variance is expected only of the motor com-
mands inferred from them. In the minimally
complicated cases cited in this paragraph, the
commands do transform into EMG potentials
that are essentially the same {in different
contexts), aside from some differcnces in
magnitude.

Magnitnde differences do occur, however,
variously {or the individual and context, and
may have linguistic significance attributed
ta them.  Thus, Fromkin (1966) concludes,
mainiy from EMG data on the lip-ciosing
pestures of her principal speaker:
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This has heen found for /i/, for ex-
ample, followed by /s/, /t/, /ts/, //,
or /8s/ and preceded by /i/, /il/, or
/im/ (MacNeilage, 1963). Similarly,
invariance has been found for /b/, /p/,
and /m/ regardless of the following
vowel (Fromldn, 1966; Harris, Ly-
saught, & Schvey, 1965). Here it is
easy to associate the place and manper
features with the contractions of spe-
cific muscles, and to equate the EMG
signals for a specific feature wherever
it occurs, at least within this limited
set of phonemes, We should empha-
size that corresponding invariance is
not to be found in the acoustic signal:
for /i/ the duration of the noise varies
over a range of two to one i the con-
texts listed ahove: the vast differences
in acoustic cue for /b/ or /p/ before
various vowels were described in an
earlier section.

When the temporally overlapping
gestures for successive plonemes in-
volve more or less adjacent muscles
that control the same structures, it is
of course more difficult to discover
whether there is invariance or not®®

The results of the present investigation do
not support the hypothesis that a simple
one-to-one correspondence exists between
a phoneme and its motor commands,  For
the bilabial stops /b/ and /p/ differem
motar commands prodoce different rmuseu-
lar gestures for these consonants oceurring
in utierance initial and final positions [p.
1951,
Farris, Lysaught, and Schyey (1965} report,
on the contrary, that differences in EMG
sitmal for the lip-closing gesture did not
reach statistical significance for two ygroups
of five subjects each in two experiments, on¢
of which overlapped Fromkin's study. They
noted, though, that each of the subjects
showed an individual pattern of small but
consistent variations of EMG signal with
context.  (For a discussion af these dii-
ferences in the Interpretation of hasically
similar data, see Cooper, 1966.)
2% A practical difficulty exists in allocating
rbserved EMG potentials (o specific muscles
wien more than one muscle is close to a

This is the situation for the /di, du/
examples we used earlier. In our own
studies of such cases we find essentially
identical EMG signals from tongue-
tip electrodes for the initial consonant:
however, the signal for a following
phoneme that also involves the tangue
tip may show substantial changes from
its characteristic form (Harris, 1963
Harris, Huntington, & Sholes, 1966).
Such changes presumably reflect the
execution of position-type commands
(see Footnotes 21 and 23) rather than
reorganization at a higher level, True
reargamzation of the neural commands
is not excluded by such data—indeed.
we have some data that might be so
interpreted ( MacNeilage, DeClerk, &
Silverman, !966)—but the evidence
so far is predominantly on the side of
invariance.

If the commands—or, indeed. sig-
nals of any kind—are to be invariant
with the phonemes, they must reflect
the segmentation that is so conspicu-
ously nbsent at the acoustic level. Do
we, then, find such segmentation in the
EMG records? Before answering that
question, we should remind ocurselves
that the activity of a single muscle or
muscle group does not, in any case, re-
flect a phoneme but only a subphene-
mic feature, and that a change from
one phoneme to another may require a
change in command for only one of
several features. We should not ex-
pect, therefore. that all the subphone-
mic {eatures will start and stop at each
phoneme houndary, and, in fact, they
do uot. We do find, however, in the
onsets and offsets of EMG activity in
various muscles a segmentation like
that of the several dimensions that con-
stitute the phoneme. One can see,
then, where the phoneme boundaries

surface electrode. Needle electrodes will
often resalve soch ambignities, bat they pose
other problems of a practical nalure.
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must be ¥ This is in siriking contrast
ta what 15 found at the acoustic level.
There, as we have earlier pointed out.
almost any segment we can isolate con-
tains information about—and is a cue
for—more than ane phoneme, Thus in
the matter of segmentation, too, the
EMG potentials—and even more the
motor commands inferred from them—
bear a simpler relation to the perceived
phonemes than does the acoustic signal.

In summary we should say that we
do not yet know precisely to what ex-
tent motor commands are invariant
with the phonemes, It seems reason-
ably clear, however, that they are more
nearly invariant than are the acoustic
signals, and we may conclude, there.
fore, that a substantial part of the re-
structuring occurs below the level of
the commands. Whether some signifi-
cant restructuring oceurs also at higher
levels can only be retermined by fur-
ther investigation.

Decoding: From Sound to Phoneme

If speech were a simple cipher one
might suppose that phoneme percep-
tion could be explained by the ordinary
principles of psychophysics and dis-
crimination learning, On that view,
which is probably not uncommon among
psychologists, speech consists of sounds.
much like any others, that happen to
signal the phoneme units of the lan-
guage. It is required of the listener
only that he learn to connect each
sound with the nnme of the appropri-

27 In some cases the boundaries are sharply
marked by a sudden onset of EMG signal for
a particular muscle, Usually, though, the on-
sets are less abrupt and activity persists for a
few hundred millisecouds. This might seem
inadequate to provide segmentation mark-
ers for the rapid-fire phoneme sequences;
indeed, precise time relationships may be
blurred in normal arliculation, but without
obscuring the sequential order of cvents and
the separateness of the channels earrying in-
formation about the several ieatures,

ate phoneme. To be sure, the sounds
must be discriminably different, but this
is a standard problem of auditery psy-
chophysics and poses no special dif-
ficulty for the psychologist. It would
follow that perception of speech is not
different in any fundamental way from
perception of other sounds (assuming
sufficient practice), and that, as Lane
(1965} and Cross, Lane, and Sheppard
(1965) suppose, no special perceptual
mechanism is required.

The point of this paper has been, to
the contrary, that speech is, for the most
part, a special vode that must often
make use of a special percepiual mech-
anism to serve as its decoder.® On
the evidence presented here we should
conclude, at the least, that most pho-
nemes can not be perceived by a
straightforward comparison of the in-
coming signal with a set of stored
phonemic patterns or templates, even if
one assumes mechanisms that can ex-
tract simple stimulus invariances such
as, for example, constant ratios, To
find acoustic segments that are in any
reasonably simple sense invariant with
linguistic (and perceptual} segments——
that is, to perceive without decoding—
one must go to the syllable level or
higher. Now the nuwmber of syllables,
reckoned simply as the number of per-
missilde combinations and permuta-
tions of phonemes, 1s several thousand
in English. But the number of acoustic
patterns is far greater than that, since
the acoustic signal varies considerably
with the speaker and with the stress,
intonation, and tempo of his speech

28 \We reflerred earlier to perception in the
speech mode and indicated that it was not
aperative—or, at least, not conbrolling—{gr
some speech sounds as well as all nonspeech
sounds, 1t need hardly be said, then, that
the speech decoder provides only ane path-
way for perceptian; nonspeech sounds ob-
viously require another pathway, which may
serve adequately for the unencoded aspecis
af speech as well.
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(Cooper, Liberman, Lisker, & Gait-
enby, 1963: Liberman, Ingemann,
Lisker. Delattre, & Cooper, 1959;
Lindblom, 1963, Peterson & Sivertsen,
1660; Peterson, Wang, & Sivertsen,
1958 Sivertsen, 1961). Te perceive
speech by matching the acoustic signal
to so many patterns would appear, at
best, uneconomical and inefegant, More
important, it would surely be inade-
quate. since it must fail to account for
the fact that we do perceive phonemes.
No theory can safely ignore the fact
that phonemes are psychologically real.

How, then, is the phoneme to be
recovered? We can imagine, at least
in general ountline, two very different
possibilities: one, a mechanism that op-
erates on a purely auditery basis, the
other, by reference to the processes of
speech praduction,

The case for an auditory decoder,
The relevant point about an auditory
decoder is that it would process the
signal in auditory terms—that is, with-
out reference to the way in which it
was produced—and successfully extract
the phoneme string. On the basis of
what we know of speech, and of the
attempts to build an automatic pho-
neme recognizer, we must suppose
such a device would have to be rather
complex. There is, to be sure, some
evidence for the existence of processing
mechanisms in the auditory system
that illustrate at a very simple level
one kind of thing that an auditory
decaoder might have to do. Thus,
Whitfield and Fvans (1965) have
found single cells in the auditory cor-
tex of the cat that respond to frequency
changes but not to steady tones. Some
of these cells responded more to tones
that are frequency modulated upward
and others to tones modulated down-
ward. Such specificity of response
also exists at lower levels in the audi
tory nervous system {INelson, Erulkar,
& Brvant, 1966). These findings are

examples of a kind of auditory process-
ing that might, perhaps, be part of a
speech decoder, but ome that would
have to go beyond these processes—to
more complex ones—if it were to deal
successfully with the fact that very
different transitions will, in different
contexts, cue the same phoneme. But
if this could be accomplished, and i it
were done independently of maotor par-
ameters, we should have a purely audi-
tory decoder,

The case for mediation by produe-
tion, Though we cannot exclude the
possibility that a purely auditory de.
coder exists, we find it more plausible
to assume that speech is perceived by
processes that are also involved in its
production., The most general and ob-
vious motivation for such a view is that
the perceiver is also a speaker and
must be supposed, therefore, to possess
all the mechanisms for putting lan-
guage through the successive coding
operations that result eventually in the
acoustic signal.® Tt seems unparsi-
moenious to assume that the speaker-
listenier employs two entirely separate
processes of equal status, one for en-
coding language and the ather for de-
coding it, A simpler assumption is
that there is only one process, with ap-
propriate linkages between sensory and
motor components.®®

22 We have noted that training in reading
speech spectrograms has so far not succeeded
in developing in the trainee a visual decoder
for speech comparahle to the one that works
from an anditery input.  This may well re-
flect the existence of special mechanisms for
the speech decoder that are lacking for its
visual cownternpart, In general, a theory
about the nawre of the speech decoder—and,
in particular, a motor theory—must he con-
cerned with the nature of the mechanism,
though not necessarily with the guestion of
how it was acquired in the history of the
individual or the race. This is an interest-
ing, but separate, guestion and is wot con-
sidered here.

8 We shanld suppose that the links be-
tween perception and articulation exist at
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Apart from parsimony, there are
strong reasans for considering this
latter view. Recall, for example, the
case of /di, du/. There we saw that
the acoustic patterns for /d/ were very
different, though the perception of the
consonantal segment was essentially
the same. Since it appears that the
/d/ gesture—or, at least, some impor-
tant, “diagnostic’” part of it—may also
be essentially the same in the two cases,
we are tempted to suppose that one
hears the same /d/ because perception
is mediated by the neuromotor corre-
fates of gestures that are the same.
This is basically the argument we
used in one of our earliest papers
{Liberman, Delattre, & Cooper, 1952)
to account for the faect that bursts of
sound at very different frequencies are
required to produce the perception of
/k/ before different voweis. Extend-
ing the argument, we tried in that same
paper to account also for the fact that
the same burst of sound is heard as
/p/ before /i/ but as /k/ before /a/,
the point being that, because of tem-
poral overlap (and consequent acous-
tic encoding), very different gestures
happen to be necessary in these dif-
ferent vowel environments in order to
produce the same acoustic effect (the
consonant burst), The arpument was
applied yet again 1o account for a find-
ing about second-formant transitions as
cues: that the acoustic cues for /g/
can be radically different even when
the consonant is paired with closely re-
lated vowels (i.e, in the syllables /ga/
and fga/). yet the perception and the
articulation are essentially the same
(Liberman, 1957). But thege are

relatively high levels ol the nervous sys-
tem. Far informatian about, or reference to,
motor achivity, the experienced organism need
not rely—at least not wvery heavily and
certainty not exclusively—-on proprioceptive
returns {rom the periphery, for example,
from muscular contractions, {See wvon
Holst & Mittelstadt, 1950.)

merely striking examples of what must
be seen now as a general rule: there
is typically a lack of correspondence
between acoustic cue and perceived
phoneme, and in all these cases it ap-
pears that perception mirrors articu-
lation mwore closely than sound.® If
this were not so, then for a listener to
hear the same phoneme in various en-
vironments, speakers would have to
hald the acoustic signal constant, which
would, in turn, require that they make
drastic changes in articulation. Speak-
ers need not do that—and in all prob-
ability they cannot—yet listeners
nevertheless hear the same plioneme,
This supports the assumption that the
listener uses the inconstant sound as a
basis for finding his way back to the
articulatory gestures that produced it
and thence, as it were, to the speaker's
intent.

The categorical perception of stop
consonants also supports this assump-
tion.*?  As described earlier in this pa-
per, perception of these sounds is cate.
gorical, or discontinuous, even when
the acoustic signal is varied continu-
ously. Quite obviously, the required
articulations would also be discontinu-
ous, With /bdg/. we can vary the
acoustic cue along a continuum, which
corresponds, in effect, to closing the
vocal tract at various points along its
length. But in actual speech the clos-
ing is accomplished by discontinusus or
categorically different gestures: by the
lips for /b/, the tip of the tongue for
/d/. and the back of the tongue for /g/.
Here, too, perceplion appears to be
tied to articulation.

AN For further discussion of this point, see
Likerman, 1957 ; Cooper, Liberman, Harris,
and Grubb, 1958 ; Lisker, Cooper, and Liber-
man, 1962; Liberman, Cooper, Harris, Mac-
Neilage, and Studdert-Kennedy. in press.

22 For further discussion of this peint, see
Liberman, Cooper, Harris, and MacNeilage,
1962,
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The view that speech is perceived by
reference to production is receiving in-
creased attention, Researchers at the
Pavlov Institute in Leningrad have ad-
duced various kiuds of evidence to sup-
port a similar hypothesis (Chistovich,
1960 Chistovich, Klaas, & Kuz'min,
1962). Ladefoged (1939) has pre-
sented a motor-theoretical interpreta-
tion of some aspects of speech percep-
tion. More recently, Ladefoged and
McKinney (1963} have found in studies
of stress that perception is related more
closely to certain low-level aspects
of stress production than it is to the
acoustic signal. And in a very recent
study Lieberman (1967) has found in-
teresting evidence for a somewhat sim-
ilar conclusion in regard to the per-
ception of some aspects of intonation.

The role of productive processes in
models for speech perception. In its
most general form, the hypothesis
being described here is not necessarily
different in principle from a model for
speech perception called “analysis-by-
synthesis” that has been advanced by
Stevens (1960) and by Halle and
Stevens (1962; Stevens & Halle, in
press) following a generalized model
proposed by MacKay (1951). In
contrast, perhaps, to the computer-
based assumptions of analysis-by-syn-
thesis, we would rather think in terms
of overlapping activity of several neural
networks—those that supply control
signals to the articulators and those
that process incoming neural patterns
from the ear—and to suppose that in-
formation can be correlated by these
networks and passed through them in
either direction. Such a formualation,
in rather general terms, has been pre-
sented elsewhere (Liberman, Cooper,
Studdert-Kennedy, Harris, & Shank-
weiler, in press).

The most general form of the view
that speech is perceived by reference
to production does not specify the level

at which the message units are re-
covered. The assumption is that at
some level or levels of the production
process there exist newral signals stand-
ing in one-to-one correspondence with
the various segments of the language—
phoneme, word, phrase, etc. Percep-
tion consists in somehow running the
process backward, the newral signals
corresponding to the various segments
being found at their respective levels.
In phoneme perception~—ocur primary
concern in this paper—the invariant is
found far down in the neuromotor sys-
tem, at the level of the commands to the
muscles.  Perception by morphopha-
nemic, morphemic, and syntactic rules
of the language would engage the en-
coding processes at higher levels. The
level at which the encoding process is
entered for the purposes of perceptual
decoding may, furthermore, determine
which shapes can and cannot be de-
tected in raw perception. The invari-
ant signal for the different acoustic
shapes that are all heard as /d/, for
example, may be found at the level of
motor commands. In consequence, the
listener is unaware, even in the most
careful listening, that the acoustic sig-
nais are, in fact, quite radically differ-
ent. On the other hand, a listener can
readily hear the difference between to-
kens of the morphophoneme {S} when
it is realized as /s/ in cats and as /z/
in dogs, though he also "knows’ that
these two accustic and phonetic shapes
are in some sense the same. Ii the
perception of that commonality is also
by reference to production, the invari-
ant is surely at a level considerably
liigher than the motor commands.

Tur EFFICIENCY oF TITE SPEECH CoDE

Speech can be produced rapidly be-
cause the phonemes are processed in
parallel. They are taken apart into
their constituent features, and the fiea-
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tures belonging to successive phonemes
are overlapped in time, Thus the load
is divided among the many largely in-
dependent components of the articula-
tory system, \Vithin the phonological
constraints on combinations and se-
guences that can occur, a speaker pro-
duces phonemes at rates much higher
than those at which any single articula-
tory component must change its state.®

In the conversion of these multidi-
mensional and overlapping articulatory
events into sound, a complex encoding
occurs.  The number of dimensions is
necessarily reduced, but the parallel
transmission of phonemic information
is retained in that the cues {or succes-
sive phonemes are imprinted on a gin-
gle aspect of the acoustic signal. Thus,
the movement of articulators as inde-
pendent as the lips and the tongue both
affect the second formant and its tran-
sitions: given an 1mitial labile conso-
nant overlapped with a tongue shape
appropriate for the [oflowing vowel,
one finds, as we have already shown,
that the second-formant transition si-

** The rphonalogical constraints may, in
fact, play an essential part in making the
decoding eperation fast and relatively free of
CITOL. Since the set of phonemes aml
plioneme sequences that is used in any par-
ticular language is {ar =maller than the
porsible set of feature combhinations—smaller
even than tke comhinations that are physio-
logically realizable—iuforation about the
allowubie combinations of features could be
used in the decoding process to reestablish
temporal relationships that may have been
blurred in articulation {see Footnote 27).
Such a "recutting”™ operatinn woutld ease the
requiressents on precision of articelation and
so allow {faster communication : also, it wonld
make unambiguous he scgmentation  into
phonemes, thereby qualifying them as units
of immediate perception. One muy speculate,
further, that the serial string of reconstituted
ghonemes 13 use{ul—perhaps essentiai—in the
next cperation of speech reception, namely,
gaining immediate access to an inventory of
thonsancls of syllable- or word-size units.

multaneously carries information about
both phonemic segments.®

If the listener possesses some device
for recovering the articulatory events
from: their encoded traces in the sound
strenm, then he should perceive the
phenemes well and. indeed, evade sev-
eral limitations that would otherwise
apply in auditory perception. As we
pointed out carly in this paper, the
temporal resolving power of the ear
seis a relatively low limit on the rate
at which discrete acoustic segments can
he perceived.  To the exteut that the
code provides for parallel processing
of successive phonemes, the listener
can perceive strings of phonemes more
rapidly than he could if the acotstic
signals for them were arranged seriully,
as 1 an alphabet, Thus, the parallel
processing of the phancmes is as im-
portant {or ellicient perception as for
production.

We also relerred earlier io the dij-
ficulty of finding a reasonable nwuber
of acoustic signals of shart duration
that can be readily and rapidly identi
fied. This Hmitation 15 avoided if the
decoding of the acoustic signal enables
the lisiener to recover the articulatory
events that produced it, since percep-
tion then beromes linked to o system of
physiologicul coordinates more richly
multidimensicnal—hence more distinc-
tive—than the aconstic {and auditory)
sgnal.

Having said of the speech code that
it seems particularly well designed to
cireumvent the shortcomings of the
ear, we should consider whether its ac-

#4 [Fant (1962a) makes essentially the same
poind

The rules relating speech waves ta speech
production are in general complex since
one articulation parametes, e.g., tongue
height, affects several of the parameters of
the cpectrosrum. Canversely, cach of the
parameters of the spectrowram is genevally
influenced by several articulutery variable-
[p. 3.
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complishments stop there.  As we
pointed out earlier, these shiortcomings
do not apply to the eye, for example,
antd we do indeed find that the best way
to communicate language in the vis-
ual mode is by means of an alphabet
or cipher, not a code, Tut we also
noted that the acoustic code is more
casily and naturally perceived than is
the optical alphabet. Terbaps this is
due primarily to the special speech de-
coder, whose existence we assumed for
the conversion of sound to phoneme,
We would suggest an additional pos-
sibility : the operations that oceur in
the speech decoder—inchuding, in par-
ticular, the interdependence of per-
ceptual and productive processes—may
he in some sense similar to those that
take place at other levels of grammar,
If so, there would be a special com-
patibility between the perception of
speech sounds and the comprehenston
of languape at higher stages, This
might help Lo explain why, so far from
being merely one way of conveying
language, the sounds of speech are,
imstead. its common and privileged
carriers.
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