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" Our concern 1is with the question' “how is it that on hearing
uthe 'sounds ‘of -speech a 1istener perceives phonemes’- Since the
question is reasonable only 1if we assume that phonenes are
percelved, we should say that our purpose here is ‘not to Justify
~that assunption(l), rather, we' accept it and go ‘on to ask how g
‘such perception might ocecur. But first we should say why we find
the question a particularly interesting one , Then we will offer-
~'a brief outline ‘of an answep, U7 Tro

b w,.»,m soy R

ol There are two ways to see why the question is interesting
55 ZR Ty L

- One is’to- note ‘the”several’ indications that phonemes”cculd not ?ﬁ‘

" be- communicated by a: simple cipher or sound alphabet‘dehe other_”

ommunicated“inl
that . simplemway,ﬁbut ‘ape rather*recovered”from a“spedia

e

sIti8eems.clear that" ‘the ear: 1.8 “not well suitedwtomthe trans
mission of phoneme segments by~ means of an””

ﬁcoustic alphabet
; We should consider, first, that speech can .be perceived at rates

1, There is a considerable weight of evidence for the psycholog—
ical reality of the phoneme; the ingenious experiments described
by Kozhevnikov and Chistovich [(Kozhevnikov, V.A. and Chistovich,
L.A. Rech' Artikuliatsia 1 Vospriiatie (Moskva- -Leningrad,1965)]
provide another and recent example of such-evidence. We are not
assuming that the phoneme 1is always perceived, or that speech
perception 1s always phonemic, only that the phoneme can be
perceived and often must be perceived. The term "phoneme" is
used here both in a linguistic sense and to denote the percep-
tual unit that is the nearest counterpart of the linguistic
entity. _ : 4
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that require the listener to take in as many as 20 such segments
* per secord. Given what we know of the temporal resolving power
“of the ear, we should suppose that 20 acoustic segments per
second would merge, perceptually, into an unanalyzable buzgz, (2)
We might also anticipate difficulty in finding as . ‘many identifi-
able acoustic shapes as, we ‘need. - There are approximately 40 ’
- phonemes in English more in some other languages ‘The
literature on auditory perception does not encourage the. belief .
‘ that it would ‘be possible to find 40 or more highly identifi- :
” able acoustic signals of short duration that could .be made to |
| stand for those phonemes in a simple sound ‘alphabet. (3)
We should also consider the more direct evidence that a.
simple cipher or sound alphabet on the phonemes As:not likely
" to work This evidence, by now considerable, .eomes. from exper-
a ience with non-speech ciphers on the 1anguage, including not
only thezvamiliar case of Morse code,‘but also the results of

o more than fifty years)of research and development in the attempt,

s

The history of:
fmore revealing (4) s

v

The dif iculty therehhau pot been}to transform print intoiip

<.rnrw'x Pt (L EI0 e

'oound but }}}}}

2. R.H. Stetson Motor Phonetics 2nd Edition ‘North Holland S
Publishing Co (Amsterdam, The Netherlands,v1951), ‘M. Studdert-"
Kennedy and A.M. Liberman. ~Psychological considerations in the -
design of auditory displays for reading machines. Proc. of the
International Congress on Technology and Blindness, I, 289-304
American Foundation for the Blind, (New York, 1963).

3 I. Pollack. The information of elementary auditory displays
J. Acoust. Soc. Amer., 24, T45-749 (1952); I.Pollack and L.

 Ficks. J. Acoust Soc. Amer., 26, 155-158 (1954); G.A., Miller.
The magical number seven, plus or-minus two, or, some limits on
our capaclty for processing information. Psychol. Rev. 63, 81-96
(1956); P.W. Nye. Aural recognition time for multidimensional
signals, Nature, 196 1282-1283 (London, 1962).

b; F.S. Cooper. Research on reading machines for the blind. In

i
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identified rapidly and accurately. Many people have practiced
for months, years, and even decades with a variety of sounds,
yet top speeds are not better than can be achieved with Morse .
code and are less than a tenth of the rate we can attain with
speech : o . . . .

We should not be surprised then, to discover that the e
sounds of speech are not an alphabet or substitution cipher onw}
the phonemes, but a special and, compared with the non-speech o

- ciphers mentioned above highly efficient code (5) In thisvd ;f;
brief paper we cannot even summarize all that is now known h

”'about the™ sounds of speech We can only point to some typical

,4findings and their implications . .
ﬁ The primary data come from experiments on the acoustic'ﬁv_,
basis for speech perception These data lead to at 1east two ffi
general- conclusions indicating that speech'isha code. One is ,;;L
that - ‘speech sounds are not segmented at the phoneme level That :
is’ to say, there is no way £o" cut the acoustic signal along.the i

o

~time dimension»so -as to recover*segment “thatf”

Blindne ss, P A. Zahl Ed (Princet,n, 1950),,J Freiberger and -
E.F, Murphy Reading machines for" the blind IRE Professional
Group on Human Factors in Electronics (March 1961 e e
Coffey. ‘The development and evaluation of.the Battell Aural
Reading Device. ‘Proceedings of the International® ‘Congress on -
Tecnnolopv and Blindness, I, 343-360. American Foundstion for
the Blind (New York, 1963); P.W. Nye . Reading aids for blind
beople -- a survey of progress with the- technological and
humzn problems. Med.Electron.Biol. Engng., 2, 247-264 (1964);
P.W. Nye. An investigation of audio outputs for a reading
machine. National Physical Laboratory (Autonomics Division),
Teddington, England (February, 1965).

5. The term "code," as used here in contrast with "ecipher,"
implies the restructuring of a message so that several units of
the original are replaced or represented ty'a Single unit of the
‘encoded message, e.g., several successive phonemes by a single
syllable of the spoken utterance.

R
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.years in mﬂny publications (6) Among the more interesting treat-'
ments of chis matter is thit contdined in the recent monogriph
by Kozhevnikov and Chistovich (7) d i o

| ' Tne encodincr of the phonemes into syllables is surely rele-‘
vant to the unique distinctiveness or efficiency of speech,

gslince it reduces by a factor of three or four the number of-dis-
crete acoustic seoments that must be . perceived per unit. time.

But it also poses an importunt question. how does the listener E
decode the signal and recover the phoneme segments9 .

: The other general and releted conclu ion is that for many
phonemes, including in particular those consonnnts thvt seem to . .
carry the heaviest information load, there is no way to.define
the acoustic cues So as_to have an inva ri int . relation.with the.
phoneme or wjfh nnoqeme perception' the acoustic ,cue for the. -
’same phoneme ( s perceived) is often vastly diIferent in .differ-

ent contexts (8) Moreover,‘as Lindblom has recently shown,xthe-,ﬁf-

vyt T At S G v e i Y, 1

6 .C.My Harris.rA -study: of the: building blocks ofvspeech J*'~"¢W”
'fAcoust “Soc. “Amer’ 25, 902 969 (1953); G. Peterson, W Wang .and =
E. Sivertsen. Segmentation- techniques in’ speech“ ynthesis._i.
Acoust. Soc. Amer...30, . .739-T42 - (1958);‘and "A M Liberman, °F,
- Ingemann, L. Lisker, P. Delattre, ‘and F. S Cooper Minimal rules

for synthesizing speech J Acoust ”Soc Amer ,; ]
(1959).%% '

T. VAN Kozhevnikov and L.A. Chistovich _p cit
8. AM Libermln,~P Delattre, and F.8. Cooper The. .role of se
- lected stimulus variables in- the perception“of the unvoiced stop
- consonants. Am.J.Psychol: , 65, 497 516" (1952); A.M. Liberman,:P.,
Delattre, F.S. Cooper and L. Gerstman. The’ role of consonant-
vowel transitions in the perception of the stop and nasal cons
nants. Psychological Monographs, 68, No.8, 1-13 (1955); A.M.
Liberman. Some results of research on speech perception. J.Acoust.
Soc.Amer. 29, 117-123 (1957); F.S. Cooper, A.M. Liberman, K.S.
Harris, and P.M Grubb. Some input-output relations observed in
experiments on the perception of speech. Proc. of 2nd Intl.Cong.
of Cybernetics, 930-941, Namur, Belgium (1958); K.N. Stevens
Toward a model for speech reccgnition., J. Acoust, Soc. Amer.,32,
47-55 (1960); L.Lisker, F.S. Cooper, and A.M " Liberman. The uses
of experiment in language description. Word, 18, 82-106 (1962);
A.M Liberman, F.S. Cooper, K.S. Harris, P.F. MacNellage, and

PN
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invariance problem may be further complicated by variations in
rate of articulation (9) How the general lack of invariance
relates to the distinctiveness of speech, and what it implies
‘with regard to the decoding-mechanism, will be considered later.
' We should remark, incidentally, that the encoded nature of
- speech may not be 1imited to the segmental phonemes. There is
evidence in the work of Lindblom(lo), Hadding-Koch and Studdert-
Kennedy(ll), and Lieberman(12) that stress and intonation may
present similarly complex relations between acoustic cue and
perceived language.  The abstracts of Lieberman(l}) and Ohman
(14) suggest that some aspects -of this are to be presented at -
~ this symposium. T
To appreciate that the’ speech code is special in some _
interesting sense, we. may. also .consider the evidencerfor the'?~ =
, existence of at least two modes of auditory perception;”speech

and non-speech : In several different kinds of experiments it

stic stimuli are

has been found that the_sameforgsimilar aco

‘A.,, e m; Ak b

M. Studdert-Kennedy. Some observations on awmodel for speech
perception? Proc. 'AFCRL" Svmposium on Models” for the - Perception
of Speech “and Visual»Form AFCRL (In press).. Yot iy

jﬂ9 B Lindblom Spectrographic study of - vowel reduction
' Acoust ‘Soc. Amer., 25,_1773-1781 (1963)$~ o

Vi sk ok e £

710, o Personal communication

11.K.: Hadding—Koch and M Studdert Kennedy AnAexperimental o
" study of some intonation contours . Phonetica, 11,.175-185 (1964).

12.P. Lieberman Intonation and syntactic processing of speech.
Proc. AFCRL, Symposium .on Models for the Perception of Speech
and Visual Form. AFCRL (In press).

13. — . On the structure of prosody Abstract of paper
to be presented at the Symposium of the Perception of Speech
and Speech Mechanisms, XVIITth Intl. Cong. of Psych » Moscow,
Au; sust, 1966

14,3.E.G. Ohman and J. Lindquist Analysi -by-synthesis of
prosodic pitch contours. Abstract of paper to be presented at
the Symposium of the Perception of Speech and Speech Mechanisms,
XVIIIth Intl. Cong. of Psych., Moscow, August, 1966,

¥
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percelved differently when, in the one case, they ;ﬁe'import nt
parts of,speech:signuls»nnd when, in some non-speech context

they are not.(15). Related to this is.the evidence from studies

of consonant perception that continuous Variations in the acoustic
_ cue are perceived-discontinuously -~ that in these cases the
phonemes are~cutegoriC“1 not only in the abstract linguistic
sense, but ‘as . immedintely given 'in perception (16) This,_we

should think,- is. the speech mode..- Continuous varlations_in non-
speech .sounds, and,: indeed, 'in isolqted steady-stqte vowels, are\z*
perceived continuously,: which is, presum:bly, the normal non-
speech_mode (17)(18) The =bstract of K.N. Stevens indicates

15. A.M. Liberm n,‘K S. Harris, J. Kinney,uand H. Lane. The
discrimin tion'of relative onset-time of the components of cert-
nin speech and non-speech patterns. J.Exptl. Psych.; 61, 379-388
(1961); J. Bastian, P Eimas, and A.M, Liberman. Identificution o
+nd discrimination’of a phonémic contrast induced by silent o
Interval. J.Acoust. Soc Amer., :33,+842 (1957)(A) AM Libermqn,
K:S. erris, ‘P. Eimis, L. Lisker, znd T, ‘Bastian. . An effect of =
learningzontsSpeéeh peréeptiont~the” discriminetion of dur"tions_'
of silence with and without phonemic significance .-Langldge and
Speech, "471752195(1961); ‘A, House, K.N.’ . Stevens,’ . .Sandel,
and JigArnold’JOn thewleirning ofwspeech 1ike;v00nbularies
Verbil Lcarn and Verbal: Beh:iv. 5 L, 133—143 (1962)"

16, Sce all but“the'lw £ of the papers‘referenced iniFn'15 and
nlso: A M. Libermun, K.S. Harris, H Hoffman, “and ‘B. Griffith

The discriminntion of speech sounds within and.across phoneme

boundiries J.Exptl.Psych., 54, 358-388 (1957);. B, Griffith. '
study of the relation between phoneme labelina nnd discriminubil-;f
ity in the perception of synthetic stop consonﬁnts Unpubl Ph.D.

dissertation, Univ.. of Conn , 1958.

17. D. Fry, A.S. Abramson, P. Eimas and A.M. Liberm&n, The
ldentification and discriminntion of synthetic vowels. Langusge
and Speech, 5, 171-189 (1962); P. Eimas. The relation between
identification nnd discrimination :long speech and non-speech
cdntinuw. Langunze and Speech, 6, 206-217 (1963); K.N. Stevens,
S.E.G. Ohman, snd A.M. Liberm:n. Identification nnd discriminnt-
lon of rounded and unrounded vowels. J. Acoust Soc.Amer., 35,
1900 (1963)(4).

18. Lane has written a critique of the 1ssumption that speech _
perception requires a2 specinl mechanism, basing-his argument very-

J
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that vowels in probef?dyﬁémié‘cohtekt,are.perceivéd more nearly
in the fashion of,thé stopfgéhSCnanﬁs.(IQ) These, thén,nWould‘
appear to be in tﬁerépééchimode}.éhd,.accprding to the Stevens
abstract, for thebreﬁicéllj’1ntefesting reasons. o
Also releVantMta.the'ékistehce.of these -two ‘modes are the
nqw-emerging>fécts'bn’the»iétérality of auditory perception. . '”
Severalv1nVéS£ig§£65§\h£?e ih-fééent yearé found<Smgll but'reliai

we -

ble differences in the‘responsé to various acoustic stimuli ‘
depending oﬁa%hé'eaf“tEWﬁhich the stimuli are presented.(20) .. -

largely dﬁ'éwcfifical~eyaluation'of the differences between fﬁk{“
categorical and continuous modes of perception. (H.L.Lane. The

motor theory of speech perception: a critical review., Psychol. o
Rev., 72, 275-309 (1965)...In our view, his criticisms reflect ..
a misunderstanding of the relevant experiments -- which he has 7"

nevertheless replicated with ‘our stimuli [D.V. Cross and H.L. .

EhTE

Lane, An analysis of the .relations between identification and
-discrimination functions for speech and nonspeech :continua s In =7
Experimental Analysis of the Control of Speech Production and . ..
Perception Progress Report, Vol.: 6,~1964, Univ. of Michigan,

v Office_of‘ResearchaAdministratigpzyAnq\Appor,yM;ph;];éﬁ&anv TC
in.the application”of:the*test Tor categorical perception, an
the omissipnvof%Ptherﬂrelgygnt‘evidenCef“ﬁWe‘areipreparidg”é“F_
. detailed reply and correction. Cross, Lane, -and Sheppard claim

to havemproducedycqtegqr;gg};perqeptionfinﬁnonispQQQh'S;é
Cross), "H.L. Lane, and§W;Q;ﬁSheppardf%fIdéntifiEatidﬁ“éﬁd;aié¢ri
minatioqﬁfundtibnsfoEjaﬁV;sualfcontinuum'and their relation to
the motor.thébfy_of¢speech;peygeption;ﬁJ)Exvtl;PSychol‘;fzgfgg‘
63—74,(1965)]..’It.apﬁééiﬁftb;us*that¢this claim is unsupported
[A.M, Liberman, M. Studdert-Kennedy, K.S. Harris, and F.S. . ..
Cooper. “A-'reply to "Identification and diserimination functions™
for a visual continuum and their relation to the motor theory

of speech perception," by Cross, Lane, and Sheppard. Status .

Report on Speech Research, No.3 (1965) Haskins Laboratories].

M

iscrimination “training

19. K.N. Stevens. On the relations between Speech movements. and .
speech pérception. Abstract of vaper to be presented at the .
Symposium on the Perception of Speech -and ‘Speech Mechanisms, . -
XVIIIth Intl. Cong. of Psychol., Moscow, August, 1966, -
20. D. Kimura. Cerebral dominance and the perception of verbal s
stimuli. Canad.J.Psychol. 15, 166-171 (1961); Idem. Some effects
of temporal-lobe damage on auditory perception. Canad.J.Psychol."
15, 156-165 (1961); B. Milner. Laterality effects in auditlon.
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f(Because of the grenter ef’iczcy of the crossed neurxl pathwﬁys

K bout the relative
contribdtion of ‘the two temooral 1obes in processing different

kinds of Juditory input ) When different speech material
- presented to the two GiPS simu1t1neously,

inferencés ¢an be. made - from such ereriment

S are :
thus creating binaural
~ rivalry, the input to tne right ear is more qccu”ately perceived
~ than that to -the. lert ecr With brief melodies dnd sonar _

signasls, the: reverue ig found To discover,vthus, that speech -
- nd non-speech: -sounds mﬁy be more ef fectively processed in
different pirts of the br"in qccords well with the hypotheois
that °uch sounds.ire someho” orocessed difierently

- In our” o”n lvborﬂtorj we have been cwrryinv out similar

experimcnts with upeech stimuli ‘of segment lenﬁth We have .

ey 4 i

Found thit the perception o%isynthetic top consonants seems to S

be mo" tronvly latcrnlized thqn is the perception OL synthetic,
fiuolzted, ste:dy- t Gwel i

concefwing*the different

ok o i o B ;Lt‘l st

IUVIBY c '“5“3{wlInterhemispheric Relatio.
,Ccrcbr?leboninﬁnce‘dJohneropkinsrPress’?(Baltinore o E;
vBrJden -#Ear. oreferenceblnﬁauditorjﬂperception“W‘J Exptl Psvchol
C5, 105-105 (]9f3) nKimura scLeft-right differences in themmg
perception S melodies ~rt¢J.Exntl:Psybhbl;“;§;’355-358'1,
(1964); D, E.~"Bro- ‘dbent."and M. s Gregory . Accuracy of recognition -
for upeech oresentcd to the rimht and left ezrs. Quart.J. Exptl.’
Piiychol. 16, 359-360 (1964), J.C. Webster, znd R.B. Chaney, Jr.
Inforn‘tion nd complex: signal perception. Proc. AFCRIL Symoosium
of Models for the Perception of Sveech nand Visual Form. ATCRL
(In pres s); D. Sh: nkyeiler. Effects of temporal-lobe damage on
perception of dichotlcﬂlly presented melodies. J Comp.Physiol.
Psychol. 62, (1966) (In prcss)

®1. D. Shankweiler. La tertlity effects in perception of speech
nnd other sounds . Haohins Laboratories St:tus Report on Speech
Reserrch, No. 3, (1965). D.. Shankweiler and M. Studdert-Kennedy,
Later:lity effects in the perception of synthetic consonants and
stendy-stite vouels (In prepqution)
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and of the research reported in the Stevens wbstrlct are likely
to throw much li?nt on the ch=r4cteristics of. ‘the speech ind non-
speech modes of perceotioc ) |
‘ Tnere rem:ins one importent fact 1bout the code that¥we~t'
‘have not yet medtioned it 1is universally present in man.,
_Consider again that the eir 1s apparently so poorly suited-to .
the rapid trﬁnsmission of phoneme segments that such tr*nsmissioan
-¢an be accomplished only by means of n speci2l code; yet, for 111;;
'its ’pparent complexity, thlt code 1is so well matched to man thxt‘
flinguistic communicntion'by speech 1s universzl Thnt speech
perception is universal is the more interestinb in the light of
the fact thit rez2ding print is not.
"We have so far been concerned to estqblish that speech is
some kind of code on the nhonemic structure of the llnpulge,”JWe;,,
should like to turn our attention now to the perceptuul process '

by which the phonemes might be recovered from the coded

»sipndl. For thut ourposeoitvvill besusefulpto consuder, first |

peyhar R b

. kS
where ind how the encoding mivht have»occ rred

In thinking about the suc ceSsive step° in the proces°~of“ }

SRR e dwdnbe

”Droducing speech ‘we can pro"eedv—— es

SN

" does -~ from meaningful units of sentehcessize throu h smdller,f
semantically empty unitsﬂat»the~phonologicalileve1 toﬁthgigé?%%ni e
acoustic waveform This is _.the. -sequence ;shown in Fib L. §¥Here:'
the 1nitidl operations at the .Syntactic. level (2?) currently the
subject of wldespread study and discussion, the been grouped
under a single heading. A more deteiled dizbrxm would distin-
guish such components as phrlse structure rules, transformational
rules, and morphophonemic rules. Since our concern is primarily

with the phonolovical phase, however, we shall skip the syntactic

22, For a recent treatment and referencc, see: N, Chomsky
Aspects of the Theory of Syntax. M. I.T. Press. (Ctmbridge, Mass.,

19€5).
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SCHEMA FOR PRODUCTION

e  DESCRIPTIONS
LEVELS CONVERS'ONS OF THE SIGNALS

Sentence o = Represented by |
| : l . Patterns of. *
" o \-;”Neural Achvnfy:;.v

R u | e s

SRR P TREEI

.;;.-»PhonemeS‘ : | [ l I I l I I

‘(or Sets of R L »;'::‘-' oo e
Dnshnctlve L p, p, (asobove) |

_ st,,u«rp moto r,:v:;._R._ ules

CoMn$r:1°ornds ; '_ °' °2°3 : S
SR RS I 0 - S

. ¢ o i b
B et R o L R ST ,:‘:s’z.«'.,,_?' i

gMyomofor Rulé"§ 1

Charccterlshc glg' gl s i Muscle :
Gestures™ = *' ; ; T ~_ Contraction

Articulctory Rules

Place and sl s' s| : ‘* Vocal Tract
18283 = = ——~
Manner

C by ~ Shapes, etc

Acoustic Rules

Sound f
L’ M“'I/"“'V‘" T | %upneesc: -

(Speech)

1.10°




operations and. start with the meSSﬁge in the- form of a phoneme
sequence (A lternxtivelj, sequenti“l sets of distinctive features),
taking this sequence as the input to successive converters that .
operate by neuromotor rules, myomotor rules, articulatory. rules,‘
and icoustic rules to yield eventually, an 1coustic stream,
In the first of these oper:tions, the neuromotor rules
serve to coavert the ordered string of phonemes into a temporsl
' Sequence of neurnl signals to the muscles of 1rticul tion The
extent to- uhich ench’ phoneme (on its set of fedtures) is
-uniquely represented ‘by one or more of these ne ral signals i° c.~5
point to which we shdll return, for 1t is centr“l to a- workinc..
hjpoth sis that 1s guidinﬂ a m“jor prrt of our own experiment:l
work. Do S ’ e . SR
The .relationships seem simpler qnd clearer 2t.the second
stage in the- production process, nz mely, the conversion of neural "

signals into muscle contr*ctions on the b%sis of myomotor rules

contractions;*whether vis the intr'fusol system or directl
ey e

moreover, : the muscular events wre observnblenby electromjogrvphic o

techniques ol o
Butasimplicity has disuppeared : v

conversion :from-muscle’ contrsctionshto vocnl trwct sh1pes (1nd A

related expiratory movements) by wwy of wrticulﬂtory,rules -;Thef

complexity introduced bj this conversion ia of, two kinds :One:!

.?ollows from the bone and muscle structure of the nrticulutory

system, with its intriclte mechxniczl 1inkives 1nd the spatiul

overlwp of its musculnr actuators. The shape th:t the tract will

t2ke 1n response to 2 particular set of muscle contractions in,

one supposes, fully predictable, though extraordinarily difficult

to compute., But what will happen if a new sét of conuractions

(for the next'phoneme) begins before the last set has had its

full effect? Clearly, this introduces another kind of complexity,

Lo



one that arises from tempor 1 overlap of the 1ncoming instruct-'w
tions. . The Sshapes that result will no longer stand in one~-to-
one correspondence with the pbonemes, but will reflect at- each
-{~instﬁnt the interictinv influences of several phonemes. This

© merging of effects cons titutcs an encoding operation in every

' Sense except’ that the relvtionship of input,to output is not-

1rbltr)ry, 1t may be multiv lued however and will be especiilly
complex when temporal »nd spa ti 1 overlsp occur together Since’“
overlap 1is ‘the rule- in spcech, we can Summarize the effects ol
the conversion fronm contrvction to shdpe by Saying tﬂrt it 1s

complex % bcst ang’ i1lmos t lu Ju introduces an encoding of the
,sequentiwl ‘input’ units into output units of about Syllabic size .7

The finnl. conversion, from continuously changing shape to .o
‘1. modul-:teq ucoustic streﬁm, LS by now rather well understood
thanks.inmconsiderwble pxrt to the 4ble efforts of. one of the

';orvwnizer of this conference, Dr Gunrar Fant(23) The applic-'
_tion Of ‘the rules 1s complex in a computational sense and mayt

-:’inc unequxl?wcoustic prominence to various aspects of the changes

‘in shape;: nevertheless,‘thefrulesioperate;onfsnfinstantfbyuinstent;

bnsis;andtyieldf(forﬁthe Most pert) oneetoéone relations betweén
shape dnd sound S0 that it is approp i

il L LELAT B
N M e by A ! :

"from shﬁpe“to sound 18 an enciphering rather thqn‘anhencodinguw

egto cons1derlthis isteép

&, "é
Yows gy Dol

operation. : maoriz ’ - ey ,éﬂj:;;.vl
There-are then, between the phonolobical input and the
ncoustic.output, at least four distinvuishable conversions. " We
can 80y with as Ssurance that the third step nNécessarily introduces
an encoding of about the king we observe in the output sound
stream. And so we see how and why 1t is that Speech, as it

exists out 1n the alr, must be A4 coded message,
23. Fant's monograph on this subject offers a comprehensive treat-
ment and references to other related research. [G. Fant. Acoustic
Theory of Speech Production. ~Mouton. (S'-uravenhqge 1960)].
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But hotw does;tne'iistener%decodehitg‘{ﬁet“ﬁs:considerithe
- total process of spe 1king.and listening as it is sketched in Fig
2 P]ewse ignore for the moment the dashed 1ines and consider
only the U-sh“ped sequence ' The schematic 1ccount it?gives of
’events in reception - the righthand side of the U == 1is Just
what one would expect if the perception of speech h)d'no specill
connection with its production This is, indeed theiobyious

end seemingly'simple" namel

iew of how speech is perceived,

s many neurdl patterns as there are Jords (or perhvps coemit

syllables)nin ‘the lﬁnguaoe"‘”'

il e

‘problem, albeit by xt“svagﬁnt Use” Br sto':ge,-but’itfiéeVT

:unexplained the. 1istener s known ability to perceive on;a phoneme-

bJ—phoneme basis If\we% \re to explain how the, listener i

S SR

- retrieves?tqe phonemeshpwe%must -postulate 7~decoder w1th“functions
-‘th=t§include, at %he yvery 1east, an inverse;pf the encodings @~

impoged by bonegﬁnd muscle on*the acoustic strelmw

the sileemmwaymtoxlistenstouspeech','- , : it
B gy
But cnn ﬂeénot °ccount for the perception{in some ]ess extra—»

’vac?nt wa y9 We think so ’erception

B mw«swwwmmm« w&sm:zawuemw
uniquely-fitted;to speech .and, responsible for; ithe, high efficiency

B Fowd & t:A‘M

of its sivneis ‘&In the most general terms,,this mode, tnkesa“wums .

advantage of readily availﬁble mechlnisms that -allow perception
to oper=ste by reference to the motiveting events of articulation,

(24)

24 Some of the bases for this view and its development into =2
motor theory of speech perception are to be found in earlier
publications from our laboratory See especinlly: A.M. Liberman,
P.C Delattre, and F.S. Cooper. The role of selected stimulus-

- varinbles in the perception of the unvoiced stop sonsonants. Am,
J. Psychol., 65, 497-516 (1952); A.M. Liberman. Some results of
reseirch in speech perception. J.Acoust.Soc.Amer. 29, 117-123
(1957); F.S. Cooper, A.M. Liberman, K S. Harris, and E M. Grubb.

e
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A possible model (25) finds its - basis 1n over11pping activi-
ty of the nerual networks ‘that supply control °igndls to theii;
articulstory apparatus and thos se thﬁt process:incoming neurxl
p“tterns from“the esr We’ knou that temporzl overlﬁp of. these'
~ctivities exists as an ever-present consequence of the flct thlt
people. listen while they" speak If we assume olso (a) thxt there

(Tis functionzl- .overlap at-the neurul level so thgt both motor ;ndl
nsensory networks respond (in =« ays that lre ch rzcteristic of the-'.
activating - ‘event ) ‘when ‘éitheér is ﬂctivsted 2nd (b) that inlor~ﬂ
mation ean be passed in either direction through these neurkl
Avmechunisms, then ‘there eYists a” plth from e'r to perceived S
messa*e that is not dependent’ ‘on an vuditorz decoder and does i,
nct ‘require a vast store.of euditory patterns _ It is this pxth-_
v=y, and the assumed- erecs of overlﬂp in neurai structure znd: -

_ function, that are- indicated bv the dashed lineswof the fimuregi#

"~ Some 1nput—outpu ,tions observe in experiments; nhthe,
Vperception 0L speecn “Proc¢ “2nd “Int1” Conp Cybernetics, 930-9#1

(Nzmur, Belvium .1958); L Lisker,.-F.S. P'Cooper ;i A,M .~ Libermqn B
. The uses of 7e3 periment in ldngunge des >cription.. MWord,=18,+ 82-106‘“
(1962); :A:Me Liberman;s P S ~Cooper, K .S., H':xrris, and P F, Mac,
Neila 0e A notor theory of speech - perception “Prog .- Speech Comm

.....

»_Seminnrngoyal Institute of Technolopy (Stockho]m, 1963); A M
'Libermﬁn, ‘F.S: Cooper;-Ki§: Harris; pP.F. MﬁcNeilaﬂe, .And M -
'Studdert Fennedy Somemobservttions ‘on~a’ model “for opeCCh i

perception"'Proc ‘AFCRL Symrposium on Models for the Perception““"
'of Speech and Visual Form, AFCRL (In pres<)

?5 The model sketched out in this p per iu intention111J non-
restrictive 2s to physloIOfic"l mech:-nisms. The render will
detect,’ ho'ever,'ﬂn oblig:tion to Hebb =nd Milner th:t the suth-
ors nre glad to doknowledpe (D.o. Hebb The Orazanizotion of
Beh-vior, Wiley (New York, 1949); p Milner. The cell aEsemblys
Maric II. Psychol. Rev s 64 24p- ?52 (1957) The abstract for
this Symposium submitted by Tavppert seems to have much the same
orientation as the model discussed in this paper. [C.C. Tappert,
A model of speech perception : and production. Abstract or paper
to be presented at the Symposium on the Perception of Speech
and Speech Mechanisms, XVIITth Int. Conpg. of Psychol., ‘Moscow,

] ,

1966.
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Clearly, 1t will be important to know ‘the 1inguistic level
" at which: the message units 4re recovered, -and the- model we have
described does not speak to this point Before we turn to one
“ that' does, it may be useful to make -some further observations
*iabout this ve y generﬂl model for speech verception by reference
. to production: (l) Even so general ‘A model as this permits useful
f“inferences, since it implies recovery of-the speaker's own message
-- or his inﬁlysis as a listener of ‘the messages of “other
,speukers'-- in terms of the .Same linguistic units ‘that’ enter into
production Thus we can see, in s general way, how the listener
is Jble to decode complexiy encoded messages- Anto their linguistic
components without hcvinv to make use of a, speciwl auditory '
" decoder. (2) The reference to motor activity does not -- as in
: some older motor theories - call for reference to the" peripher-
al muscle activity und its proprioceptive consequences This.7”i
“kind of operdtion is no+ excluded by the model but is no part
“of it. (3) ‘The model deals primarily ' ure ¢
; 7decoding mechanis‘ ot i

SF AN #3 H g i 3
i ﬁgrcepti n but no_

’provides.a path 3
-~ thut is,

direct auditory processing ----- of”speech;pe‘terns byhthe seme means

o

that ure used for recoonizing animdl cries, traffic noises, endliw_
the like. The specixl pathway would be used, we suppose, when=~
ever it f*cilitates perception, as it would in recovering
linpuistic units thit lack inv1ri‘nt acoustic counteroarts, but
when 1t is not needed, .1t may not be used. (5) Finally, the
speciil processes that permit reference to production are not
necessarily restricted to reference at the phonological 1eve1

or, for that matter,»to only one level at a time.
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So much for this very'general model, " It 'is,” as we have
noted, noncommital as to the level at which reference and re-
covery occur Since our present concern is with the phoneme nnd
“howr 1t is perceived 80. well and so fast we shall try-to make
the model more specific in ways thit bear on that question.' One_
possibility 1s to postulate: that: the reference occurs at a level;
-in’ production where the neural patterns represent the'individualj
. .Phonemes, i.e.,,at the-input;to.the first of the phonological . ;
-ceonverters of'Figgﬁl,fthewoneﬁthat operates by neuromotor rules
This.would "explain". why it 1s the phonemes that we perceive‘—#f-.
but=it accounts for very little: else, : L
“ A more productive ‘assumption is that the neural overlap is _
uinat, .or -just - above, the output of this ‘neuromotor convertep Here
- .wewould expect to find; :8eparate neural patterns that seng - -
~.Actuating signals to the . separate ‘muscles’ (or closely relnted

. groups of muscles) of the articulatory ipperatus

~ent control of

physiological coordinates that is,
come £o :be: represented by muscle‘act

(RRE ~7: '”:
f”p nd

'llel, and that cék persi ;overlap as’the segmen

g gk Ly i 7

_phonemes cannot These muscle activities.yill 1eave their

70—\7~ e

traces in the® sound streamz though here the original dimensions
no lonper ekist in independent %B?ET“E&% only in the implicit ;
form of subphonemic features If ‘now, the .neural patterns of
reception, which likewise contain the "traces" of the origindl

uscle activities, overlap and “1ink into the motor patterns
that actuate the independent muscle groups, then reception, too,
will be multidimensionil, and in the originzl terms.

The original terms, however, were those of multidimensional “

motor control signals that had somehow'come to represent‘the_

phonemes, But let us be more explicit about how -this happens}
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The strongest assumption would be ‘that -each individual phoneme of
a lnnpudge ‘has its own characteristic set of neural pqtterns 311 v
. the way down to the motor nerves that go to the muscles This is,
'in fuct the wssumption we are testing in some of ‘our experiment-
.Aal work. . _ '
P The working model containing this latest assumption does not
E imply, however,vthtt the: total: neural and muscular activity will
be in one- to-one correspondence with the phoneme, but implicetes
.fonly one. or 3 few component parts, perhaps even the contraction _
“‘vof A single.specific muscle in the extreme case: 2The - neur°15?~-'
sipnals for this characteristic: component of the' total” activity
- are what we have referred to as motor commands(26); ‘the term was
‘ﬁchosen to distinguish .these: characteristic, or invnriant *signals

from ‘A1l the other neuromotor signﬁls (needed in well coordinated :

gestures) that may . be -present at the same time The obJective of

. hthe experiments is, then, to find: muscle contrcctions (corres-

20. Motor commands .are .essentially the- same'us”the
pltterns ‘we discussed in an elrlier descriptio
(F.S: ?Cooper, PA M*“Liberman, K S Harris, and P

27, Little can be scid ‘here of experimental methods'
" results See, hovever, K.S. Herris, M~M.ySchvey,} l oL _
.Companent iges turesiA nithe ‘Prodiction” of certaiﬁ4fin% clﬁsters- §
J_Acoust.Soc Amer.: 35, 461-463 (1963);:P.F.iiMacNellage and’ 6 i
Sholes. An electromyogrwphic study of the tongue. during. vowelt
~production - J.  Speech and Hear. Res. 7,  209-232 (1964);
Cooper, Research techniques and- instrumentation: emg: Proc of
the Conference on Communicative Problems in Cleft Palate ASHA :
Reprints, No. 1, (April;, 1965); K.S. Harris, G.F. Lysaught and
M.M. Schvey. Experimentdl studies of the production of ‘oral and -
nasal 1nbinl stops. Language and Speech. (In press). Electromyo-
graphy is a most useful tool sinece it permits very direct infer-
ences abcut the neural commands to the muscles, but x-rays and 2
variety of physiologicnl measures are valunble also, even though
the information they give directly is about the encoded conse~
quences of the nerual comminds. Ohman has described 2 model that
computes vocal tract shapes resulting from VCV coarticulation.[S.
E.G. Ohman. Numerical model for cOﬁrticulition, using a computer—
simulated vocal tract. J.Acoust.Soc Amer, 2_, 1038 (19€4) (4) 1
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ponding to motor commands, or simple combinations of them) that
are present. whenever a particular phoneme. is’ present in a messqge
and are not pres nt when the :phoneme is not(27) »

' It niy turn out that Nature will not: endorse so- simple al'
model. She provides many examples of. intricate motor coordination
in skilled movements, ‘and it may.be true of speech that signifi-‘
cant reorganization of. the neural patterns occurs above ‘the level,“
at which nerve impulses are sent to ‘the muscles, A likely case .
would be the. production of clusters that overlap spatially, ‘these :
might come to be treated as "ligatures" in mouor “command terms.‘-T
The model we have “proposed 1s not too inflexible for such eventu-:
alities, it would, though, be less useful in helping us to under-f
stand the _processes. and-to. predict their consequences if the‘;_j :
‘ neurrl reorganizations were so extensive: and-so far’ upstream in o

the nervous system as-to: be inaccessible tor experiment But even

fmthis should happen, the more general model for perception by'“

Pl“ ﬂ"l"€ A

'with much to recommen';i

,28. . Both: similarities ‘and differences
model discussed here . and Steven's mode 1 for analysis by ynthesi
“[K.N. Stevens. Toward a model for speech recognltion +J S Acoust:
“.Soc rrAmer #2532 5 47-55" (1960)”]‘Both involve*interaction between
productive and receptive processes, with A comparison,
sets .of signalsiand flinguistic “choices” determined"y Ahis compar-""
ison The orientations ‘are rather different, uith more or the N
imagery of electronics and ‘computation’ in“the ‘one"‘case and of
neurophysiology -and adaptive networks in the’ other,,also, the :
analysis-by-synthesis model" (at least in its early forms) implies
that comparison is done on the receptive side, i e., that the
incoming .speech patterns are matched with implicit auditory .
~patterns generated by a motor mechanism, whereas the model ,
presented here calls for a comparison of implicit motor patterns,
and on the other side of the system. It is obvious, of course,
that neither model will be found under the skull, and it may be
that even the attempt to localize the comparative function on the
one side or the other has no meaning in neural reality. Prefer- -
ence, then, will rest on predictive power -- and 80 on further .
research S : ' e ’
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‘rapid - how it .can evade. the rdte limitations of the ear —-fand
,how seﬂmental phonemes .can-:be recovered as well-perceived seg—'
‘mento from the: unsegmcnted ;and usuelly encoded acoustic stre“m
We ‘have found_an explanation in terms of a * model(28) that pefeps

_the acoustic Aand- auditory features of ‘an incoming message back

J»Simultuneous trackinv :0f .the ‘features ¢ can then lead to recovery '
\WOI the equiv11ent multidimensional descriptions, and so of the
q,;phoneme string Thus,\the phonemes are disassembled - and re-"”
'Hxssembled duriné production and reception, respectively, and ere
mi;trunsmitted in a parnllel. mode ‘as features(29) that refer to SR
ﬂqneuromotor events i ;jigly'ﬁgﬁj nloao o ‘

Il

_v;The_trgnsnission is. in terms of several slowly changing
feetures,;and-so falls, easily within the speed limitations of _
;'ﬁthe ear-brain -8ystem: But how:do ! we recover the high-speed_timing1
;t:qnd proper, sequencinb of implicit motor events,pas?we“ 5

hcorrect' imlng 1s; a8 tantsy : 57 tr

must in

' constr aints .end a JUotifiC
. 'i”f@’ W e ¥ Vi % 2

L the

’ﬁPrﬁﬁuéfSEhSSl*%Ehsé?féndﬁt isﬂusage;would:aISOThave acknowledge_
Lour deep obligﬂtion to Roman ‘Jakobsonand his: colleagues We'
,“have ‘not donie “so. Just to avoid confusions between- Jakobson's .
usage ‘and the usave here . - Whatever the overlap may prove to be,

" the’ defininv operations that -We use are different from those
used by Jakobson et’ al., and. so call for different terms (See~
Roman Jakobson,‘Morris Halle,.and C.' Gunnar M. Fant. Preliminar-
ies to Speech: Analysis: The Distinctive Features and Their

Correlates M.I.T, Press, 2nd. Ed., 1963.)

30. In this view, the °egmental phoneme is a unit that specifies
in quantal form both selection (1.e., the features) and relative
timing, and so facilitates == at the very least -- the conver-
sion from the parallel. mode employed in transnission to the =
serial order of message units as they exist on the phonological
level, ' ’

o
g
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synchronizicg -- and so for 1mposing phoneme bouﬁduries on --
the incoming multidimensional message stream. .

In short, we have éssumed‘that the encoding of éhe phonemeé
occurs below the level of the neural patferns that send actuating
signals to the articulatory muscles. By referring the incoming
uound to those patterns, the listener can track .the features and
recover the invariant relation to the phoneme. One can suppose,
moreover, that the many and distlnctively different “dimensions
of the neuromotor events glve the listener a basis for identi-
fying the phonemes absolutely, and for doing this far betté; than
he can uiuh an equal number of acoustic signalé'that are not in
the c'peech mode. Finally, we see that by encoding the message
S0 a3 to put the phoneme segments through in parallel (as
features), we avoid the limitations on rate of discrete segment
perception that are set by the temporal resclving power of the
ear. - In generalg then, we find that the sounds of speech are
uniquely well perceived because they are a special and espec1ally.
efficient code, processed by a special and readily available

mechanism.

* Also, ''ne university of Connectlcut
*¥ Also, Barnard College, Columbla University
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