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language evolution, infants, in turn suggests that it may be audition that structured, at least
nonhuman primates initially, the formation of phonetic categories.

Among the special skills that infants of a species are evolutionary prepared for is the
perception of vocal signals that are critical to their survival. Bats, birds, crickets, frogs —
all come into the world especially prepared to detect and respond to species-typical vocal
signals. Vocal signals are species’ signatures, immediately and unambiguously identifying
an individual animal as a member of a particular species. Evolution seems to have
guaranteed infants’ behavioral attentiveness to them (Kuwnr, 1988).

So it is with the human infant. Just as the bat, the bird, the cricket and the frog are
perceptually prepared for the acquisition of species-typical vocal signals, the human baby
is extraordinarily well prepared to respond to the human face and the human voice.
Evidence supporting interest in the face comes from studies showing that young infants
prefer to look at faces rather than at similarly complex visual stimuli (FanTz & FAGAN,
1975). More surprisingly, recent studies show that even newborn infants within 72 hours
of birth will imitate facial actions presented to them, duplicating simple oral gestures such
as mouth opening and tongue protrusion (MELTZOFF & MoOORE, 1977, 1983).

My own work has demonstrated the human infant’s exquisite sensitivity to speech.
Work in my laboratory shows that when given a choice young infants prefer to listen to
«Motherese», a highly melodic speech signal that adults use when addressing infants
(FERNALD, 1985; GRIESER & KUHL, 1988). It is not the syntax or semantics of Motherese
that holds infants’ attention — it is the acoustic signal itself (FeErnALD & Kunr, 1987).
Moreover, the prosodic features of Motherese, its higher pitch, slower tempo and
expanded intonation contours are universal in the maternal speech addressed to infants
(Grieser & Kunr, 1988). We do not know what makes mothers (fathers too) speak to
their infants in this way, but we do know that mothers in every language we have
examined produce this kind of speech. We also know that babies attend to Motherese
more than they attend to the speech that adults use when addressing one another. Such
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«matches» between infants’ perceptual proclivities and important environmental stimuli
are striking and unexplained. Is it simply fortuitous that such matches occur, or are they
the result of specific evolutionary pressures?

Our work has led to the discovery of another match, this one also involving infants’
underlying auditory capacities and the speech sounds used in the world’s languages. But
while the work on Motherese revealed a match that has social significance for the infant,
this is a match that has linguistic significance. At a verv young age infants demonstrate a
match between their auditory perceptual skills and the phonetic categories of language
(Kuti., 1979a, 1985a). Work in our laboratory shows that infants have the ability to
differentiate speech sounds, even those that are very similar, like the vowel in the word
«cot» versus the vowel in «caught» (Kunt, 1983), or the vowels in «mop» and «map»
(KunL, WorLak & GREEN, in preparation}. More importantly, we have shown that infants
are able to «sort» perceptually different instances of these same vowels, ones spoken by
different talkers in varying tones of voice, into the two phonetic categories. in short, they
«normalize» across talkers {LIEBERMAN, 1984). In categorizing these vowels correctly,
infants respond as though the differences between the two vowel categories are large while
the differences that occur among members of any one of the categories are small. In other
words, infant perception seems to work in such a way as to maximize between-category
differences while minimizing within-category differences. The surprising thing is that
from a physical standpoint, just the opposite is true. Physically, the differences between
close vowels are extremely small, while the differences between two different people
saying the same vowel are quite large. This is why computers cannot correctly categorize
vowels produced by different peovle: it is a classic problem in computer speech recogni-
tion {ATLAs, 1987).

Perceptual categorization feats such as these, ones that are intractable for computers.
but babies find easy, suggest that from the very beginning of life infants hear differences
where they are «supposed to» linguistically (Kun, 1987a). Thus, infants’ abilities to
perceive the sound units that fanguages use to convey meaning go beyond a keen ability to
hear the sounds of human speech. While infants indeed demonstrate a keen ability to
detect and differentiate among the sounds of speech, they do something more than this.
Infants appropriately succeed and appropriately fail to respond to vhysical differences
between two speech syllables depending upon whether those physical differences are
important linguistically (Eimas, Stoueranp. Jusczyk & Vicorrro, 1971 Emas, 1974,
19751, In essence, infants’ auditorv peception is «phonetically relevants; there is a match
between auditory perception and linguistic categories such that auditory perception
partitions the spectrum of sound. effectively dividing acoustic space into phonetic categor-
ies (Kunir,, 1987a).

What this means is that before infants have any need to pay attention to words,
indeed before thev even know that things in the world are named by the acoustic events
we know as words, infants have a special proclivity to categorize the speech sounds that
make up words. How is it that the voung infant's auditory abilities are so perfectly suited
to the detection of the acoustic events that signal phonetic differences? Why are their
auditory abilities linguistically appropriate? Did hearing evolve to mirror the needs of
language? Did a «special mechanismy» evolve to process linguistic stimuli, one necessitated
by the production of speech?

My work has focused on this problem for the last 15 years. I have conducted
experiments on young human infants in an attempt to find out why this match exists. The
original and prevailing thecry of speech perception is that it is due to a «special
mechanism». one that evolved especially for speech. This theory, a «motor theory», hoids
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that the special mechanisms are based on an articulatory representation of speech sounds
(LipeErMAN, COOPER, SHANKWEILER & STUDDERT-KENNEDY, 1967; LIBERMAN & MAT-
TINGLY, 1985). An alternative point of view is developed here. [ have tested the percep-
tion of speech by infrahuman species to find out whether infants’ abilities are uniquely
human. The outcomes of these experiments were surprising. Since early man did not have
the ability to produce articulate speech (LIEBERMAN, 1984), theorists have assumed that
the ability to process speech would have been similarly absent (MarTingLy, 1972;
MATTINGLY & LIBERMAN, 1986). But the data reviewed here argue differently. Here, two
lines of evidence, one from human infants and one from non-human animals, will show
that the perception of speech does not necessarily require the ability to produce speech.
Neither infants nor animals produce articulate speech. Yet both provide evidence of
sophisticated auditory perceptual categories that conform to the phonetic categories of
language. Those data have consequences for current theories of human speech perception,
but of more interest to the present discussion, they have implications for theories of the
evolution of human linguistic ability.

My purpose here is to detail the results of these tests on infants and animals, and
demonstrate how they in turn led to the formulation of a hypothesis regarding the role
that auditory perception played in the evolution of language. First, the acoustic properties
that define the phonetic features of language are described. Then, the perception of these
acoustic events by human adults, human infants, and nonhuman animals is considered.
Finally, the implications of these findings for the evolutionary history of the human
capacity for speech are discussed.

Phonetic Features of Language: Universal Acoustic Properties

One very interesting fact about human language is that its phonetic inventory is
restricted across languages (LIEBERMAN, 1984; LinpBLOM, 1986; STEVENS, 1972). While
many different sounds can be produced by the human vocal tract, certain articulatory
maneuvers never appear as phonetic units in the world's languages. Others are very
popular. Similarly, sound can be varied continuously. Yet among all of the potential
acoustic signals that could have been used to signal meaningful differences, only a limited
set of acoustic forms were in fact used in the world’s languages. To illustrate this point, we
will examine the range of acoustic values used to represent phonetic features.

Studies demonstrate that the perception of phonetic features is controlled by subtle
differences in acoustic signals. In general, perception of a particular speech sound depends
on the locations of its «formants». Formants are created when the airstream from the
larynx passes through the vocal tract. Depending upon the shape of the mouth and the
placement of the tongue, particular frequencies will pass freely while others will be
damped. The resulting sound pattern has certain resonant frequencies; these freely passed
resonant frequencies are called formants. The frequency locations of formants govern
what one hears when listening to a speech sound.

Each time the vocal tract configuration changes (primarily due to the placement of
the tongue), the formants change. Because the configuration of the mouth for the vowel
/a/ in «cop» is different than the configuration of the mouth for /i/ as in «keep» or ju/ in
«coop», the formants of these vowels differ.- Figure 1 displays the first two formant
frequencies for these three English vowels. While more than two formants appear in
natural reproductions of speech, studies have shown that the locations of the first two
formants are the critical ones for vowels. When the two formants shown in Figure 1 are
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Figure 1 - Vocal tract configurations for the three «point» vowels fif as in «keep,» [af as in «cop,» and [uf as
in «coop» (top). Spectrographic displays mark the first two formant frequencies of each vowel (bottom).

artificially created by a computer, listeners will perceive the appropriate vowel (DE-
LATTRE, LIBERMAN, CoOPER & GERSTMAN, 1952).

A different representation of vowel formants is shown in Figure 2. This diagram plots
the coordinate points in an acoustic space that correspond to the first (Fy} and second (F»)
formants for the vowels /i, /a/, and /u/. The diagram demonstrates an important point
regarding phonetic regularity. Notice that when plotted in this way the vowels define a
space resembling a triangle on which /i/, /a/, and /u/ form the corners. This «vowel
triangle» encompasses the acoustic coordinates of the vowels spoken in English. But more
importantly, it contains those spoken in all other languages as well. For example, the
vowels /i/, /a/, and [u/ occur in every language and always define the extremes of the vowel
space. No languages contain vowels that fall outside of this triangular space. In fact, all of
the vowels in every language of the world can be represented by only 19 points, all of
which fall inside this space, and all of which fall in consistent spots in this space.

This raises questions about the nature of the constraints that restricted the selection
of vowels in the world’s languages: Was it the case that this space represented the vowels
that could be most easily produced? Or were the contraints auditory in nature? That is,
were the formant frequency patterns that fell within the triangular space somehow easier
to hear than others? What guided the selection of such a restricted set of vowel categories
for language?

The consonants also provide examples of phonetic regularity. Consonants are made
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up of a2 unique set of «distinctive features» (Jakosson, Fant & Harig, 1969). For
example, stop plosive consonants (/b, d, g, p, t, k/) are characterized by unique combina-
tions of two features, one specifying a particular «place of articulation» and the other
specifying a «manner of articulation». The place feature describes the location of the major
constriction in the mouth that occurs when a particular speech sound is produced. The
consonants /b/, /p/, and /m/ have the same place of articulation («bilabial») because they
are produced by bringing the lips together. «Alveolars» such as /d/, /t/, and /n/ are created
by touching the tongue tip to the alveolar ridge behind the teeth. «Velars» such as /k/ and
g/ are made when the back of the tongue touches the velum in the back of the mouth.
Speech sounds that have the same place feature are distinguished by «manner» features.

The «manner» features indicate major distinctions in the way sounds are produced.
For example, the consonants /b/, /d/, and /g/ are «voiced», while their counterparts /p/, /t/,
and [k are «voiceless». For voiced sounds, the larynx starts vibrating at about the same
time as the lips open; for voiceless sounds there is a delay between the opening of the lips
and the onset of laryngeal vibration. Sounds such as /b/ and /p/, or /d/ and [t/ are identical
but for this timing difference.

Jarosson, Fant & Hawvre (1969) described the regularities that occur for the
«voiced-voiceless» distinction. The distinction provides a particularly good example be-
cause it is phonemic in most of the world’s languages in some form. The acoustic cues
underlying the distinction can be examined in many different languages to see whether or
not there are similarities across languages.

Lisker & ABRAMSON (1964) described a simple acoustic measure called «voice-onset
time» (VOT) that separated voiced and voiceless sounds {like /b/ and /p/) based on the
timing difference just described. Figure 3 displays spectrograms of naturally produced
versions of voiced and voiceless syllables in English plus a voiced syllable from an
additional category used in languages other than English. For all three types, the onset of
laryngeal vibration (voicing) and the burst of noise produced at the onset of the syllable
are marked, and VOT is expressed in msec. For category 1 sounds, voicing precedes the
onset of the burst, and VOT is a negative number. For category 2 sounds, voicing and the
burst occur nearly simultaneously and VOT is nearly 0. For category 3 sounds, voicing lags
the burst considerably, and VOT is a positive number. In most languages, only two of
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Figure 3 Spectrograms ({re-
quency over time) of natural-
Iy produced syllables repre-
senting three voicing
categories commonly used in
the world’s languages. Most
languages use itwo of the
three categories: Spanish and
French use the first two,
while English and Danish
use the Jast two. Thai uses all
three. The onset of voicing
(V) and the onset of the
burst (B) are marked.
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Figure 4 - Distribution of VOT va-
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these three categories are used. In English, categories 2 and 3 are phonemically contras-
tive, but in French and Spanish categories 1 and 2 are contrastive. In some languages
(Thai, for example), all three categories are contrastive.

The remarkable point here is that the three categories shown in Figure 3 are the only
ones used for the voiced-voiceless distinction across all the world’s languages. Of all the
values of VOT that could have been chosen to represent these phonetic features,
potentially any location on the continuum, only three locations have been picked for use
in human languages. This point is illustrated in Figure 4, which displays the VOT values
produced by talkers across eleven different languages. As shown, VOT is trimodally
distributed (LISKER & ABRAMSON, 1964). There are three peaks in the VOT distribution,
one for each of the types shown in Figure 3. The important point here is that speakers
across eleven languages do not produce a random distribution of VOT’s. Rather, the VOT
values are clustered around points. Thus, the voiced-voiceless distinction is achieved
similarly across many different languages.

In summary, the acoustic events that underlie the perception of speech features are
not random across language. A rather small set of phonetic features makes up the phonetic
inventory in the languages of the world. Moreover, the features consist of a restricted ser
of acoustic values among those that potentially could have been used. Such «phonetic
universals» are common across languages. These restrictions on the articulatory/acoustic
events underlying consonants led to similar arguments about the nature and origins of the
constraints on phonetic features. Why were features restricted in this way? What was the
nature of the pressure that guided the selection of the phonetic inventory? Were there
limitations in the kinds of movements that could be made by the articulators? Or were the
constraints auditory in nature? If both played a role, what guided the interactive process?
What came first? Questions such as these led to studies on the perception of these sounds
that will be described in the next sections.

Auditory Perception of Speech Features by Human Adults and Infants

Once the acoustic features of speech had been identified, research was aimed at
determining how people perceived these acoustic events. The results of the earliest studies
on the perception of speech, conducted in the early 1950’s, verified that the acoustic
features that had been identified using acoustic analysis techniques were in fact the ones
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that were critical perceptually. These studies showed, for example, that the acoustic VOT
«cue» reliably distinguished between sounds such as /b/ and /p/, or /d/ and /t/. But more
importantly, in studying acoustic cues such as VOT researches uncovered a phenomenon
that is the canonical demonstration of the phonetic relevance of human auditory percep-
tion. It has come to receive wide attention throughout psychology and the cognitive
sciences (HARNAD, 1987). The phenomenon is «categorical perception», hereafter CP,
discovered by a team of researchers from the Haskins Laboratories (LBERMAN, et al.,
1967).

The phenomenon became one of the hallmark questions that theories of speech
perception needed to explain. It suggested that adults perceived the acoustic properties
underlying phonetic features in an absolute «all or none» fashion. For example, when
variants of /b/ were artificially synthesized with different VOT values, all appropriate for
/b/, listeners reported an inability to hear the differences among them — in other words,
all /b/’s were perceived to be identical. But further along the VOT continuum a kind of
threshold in VOT was crossed, and listeners suddenly heard /p/. Additional variations in
VOT to make a variety of /p/’s once again resulted in the perception of no differences. All
/p/’s were perceived to be identical. Perception was thus «categorical»; stimuli from
different categories were highly discriminable, but stimuli from the same category, while
physically different, were virtually indiscriminable.

The CP phenomenon was formally demonstrated for several phonetic contrasts. The
work on the /ra-la/ distinction is particularly rich. Results showed that even though the
acoustic dimension changed continuously along the continuum in a stepwise fashion,
perception of the syllables was discontinuous. The sounds were heard as a series of /ra/’s
that changed abruptly to a series of [la/'s (Figure 5, top). The «boundaries» between
categories did not occur at what might have appeared to be a logical division based on
simple psychophysics. Second, the ability to discriminate between sounds taken from the
series was tested. Pairs of syllables equally distant from one another on the continuum
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were labeled as «same» or «different». The results showed that discrimination was
constrained in a curious way. Adults appeared to be capable of discriminating only
between sounds that fell in different categories (Figure 5, bottom) such that peaks in the
discrimination function appeared at the boundaries between phonetic categories. Two
/ra/’s on the continuum were very difficult to discriminate, but a /raf and /la/ stimulus, no
further apart than the two /ra/’s, were quite discriminable (MivAwaxkI et a/., 1975). Even
though the stimulus pairs were equally different from a physical standpoint, that is, even
though an equal physical difference separated them, discrimination was not equal.

An additional point is illustrated by this example. CP occurred only for contrasts
that were «phonemic» (changed the meaning of a word) in an adult speaker’s language.
Japanese adults, for whom the /ra-la/ distinction is not phonemic («fried rice» = «flied
lice» to a Japanese speaker), did not produce the characteristic peak in the discrimination
function for /ra-la/ stimuli (Figure 5, bottom) (MivawaKI et al., 1975). Their ability to
discriminate the stimuli hovered near chance. This result provided potent evidence that,
in adults, CP was a phenomenon that was strongly tied to one’s phonological categories —
it appeared to be a linguistic phenomenon rather than one attributable to general auditory
mechanisms.

Given these results, investigators became interested in posing the question to
infants. Was CP learned? Or did infants display the tendency to partition acoustic
continua so as to create phonetic categories right from the start? Two clearly different
outcomes could be expected. On the one hand, since the stimuli are arranged on the
continuum in physically equal steps, discrimination in the absence of any categorization
provided by language should be equal for all pairs that were equally distant on the
continuum. In other words, if infants were truly «prelinguistics, living up to the deriva-
tion of the word «infants» (from Latin, meaning «incapable of speech»), there ought not to
be any categories at all — discriminability should be equal along the continuum, either
equivalently good, or equivalently poor. Alternatively, the evidence on adults suggested
that there were perceptual divisions of the continuum appropriate to language. For adults,
the continuum was not continuous; it was divided into categories. If infants were
endowed with an innate ability to perceive linguistic (in this case, phonetic) categories,
then they might provide evidence of enhanced discrimination for pairs of sounds that
straddled the adult-defined phonetic boundaries.

In 1971, Eimas and his colleagues at Brown answered the question. One-month-old
infants demonstrated CP: they evidenced discrimination only for sounds that straddled
the phonetic boundary on a voiced-voiceless (/ba-paf) continuum, and failed to discrimin-
ate within-category stimuli (E1mas et al., 1971). The phenomenon was later demonstrated
for stimuli along a place (/be-de-g=/) continuum (Eimas, 1974) and for stimuli along a
manner (/ra-la/) continuum (Eimmas, 1975). Infants’ ability to produce CP before a
protracted period of listening to speech and before speech was produced suggested that
the phenomenon was not learned. Infants appeared to divide the stimulus continuum just
as adults did, right from the start. Instead of hearing a continuous stream of ever-changing
sounds, they seemed to hear discrete categories of /ba/’s and /pa/’s, as we do.

Further evidence that the phenomenon was not learned came from studies showing
that infants demonstrated CP even for phonetic contrasts that they had never heard, that
is, ones from foreign languages (STREETER, 1976; Lasky, Syrpar-Lasky & Kremv 1976).
Taken together, the results suggested that infants’ auditory abilities were structured in
such a way as to be perfectly suited to the task of language acquisition, and that these
abilities were in place at birth.

Later studies demonstrated that infants’ perception of speech evidenced even more
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of the complexities found in adults’ perception of speech. In adults, the locations of
phonetic boundaries move with changes in the rest of the syllable. These effects are called
«context effects». For example, when the rate of speech is decreased, the duration of the
tirst-formant transition, which signals the difference between /b/ and /w/, must be made
longer in order to maintain the /b/ percept (MILLER & LiBErMAN, 1979). In other words,
the perceptual boundary on the /b-d/ continuum moves in accordance with syllabic rate
(Figure 6). Now studies have been done which suggest that infants demonstrate these same
effects. The studies involving infants were discrimination tests in which pairs of stimuli
that straddle two of the boundaries shown in Figure 6 (one with long syllables and one with
short syllables) were tested, as were within-category pairs on the two continua. Data
supporting the idea that infants demonstrate context effects are obtained if infants
discriminate onlv those stimuli that straddle the two boundaries. Emmas and MILLER's
(1980) data on two-month-old infants demonstrate that this is the case.

To summarize: (a) Infants divide speech continua perceptually, just as adults do,
prior to extensive experience in listening to speech and before speech is produced, thus
suggesting the CP phenomenon is not learned. (b) Infants do this for all languages; that is,
they produce CP for phonetic units they have never heard prior to the test. This supports
the idea that the CP phenomenon is not learned. (¢} Infants’ peceptual boundaries are not
«fixed» in a single location, but move with context, just as adults’ boundaries do. All these
data provide evidence in favor of the notion that infants” auditoryv abilities are linguistical-
ly relevant at birth, and this in turn suggests that infants are innately predisposed to
detect the set of universal phonetic categories.

Theoretical Accounts of Infants’ Phonetically Relevant Perception

There are two accounts that have been offered to explain infants’ speech perception
abilities. The originai one argued that infants were born equipped with mechanisms
specially evolved for the perception of speech — that they were endowed with a
specification of the set of universal phonetic categories. By this account, infants entered
the world with a «speech module» (Fopogr, 1983), a device specially designed to detect all
potential speech sounds. Importantly, the «special mechanism» account was based on
listeners’ knowledge of speech production; it was a «motor theory» (LIBERMAN ef al.,
1967).
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Motor theorists were pessimistic about the possibility that the speech mechanism was
based on the detection of auditory invariants: they believed that the auditorv events
underlying speech were too complex and too context dependent to provide reliable cues to
phonetic categories (LIBERMAN ez al., 1967). Instead the theory held that it was the
underlving articulatory gesture that was recovered by the listener during perception
(LiBERMAN & MaTTINGLY, 1985). Thus, motor theory made two strong claims about the
nature and specificity of the mechanisms involved in the perception of speech. it argued
{a) that the perception of speech was accomplished by speech-specific mechanisms — that
is, ones that had evolved specifically for the perception of speech. and (b) that these
mechanisms were based on an articulatory representation of speech.

It was in this milieu that the first study of infants’ abilities was undertaken. Young
infants were not yet producing speech so it could be argued that they had no direct
knowiedge of articulation. The question was: Would infants’ auditory abilities demon-
strate phonetic relevance, even before they could speak? We now know the answer to this
question. Infants™ auditory abilities are phoneticaily relevant prior to the production of
speech. But even though results on infants demonstrated that the CP phenomenon existed
in the absence of an ability to produce speech, motor theorists argued that it was an
articulatory representation of phonetic units that led tc their perception; such articulatory
representations were presumed to be innate in humans (LIBERMAN & MATTINGLY, 1985).

It was at this point that a second account was offered. Kunr & Miirer (1975 1978)
argued that the motor theorv was difficult to test in humans because it had developed the
position that prearticulate infants, prior to experience in producing speech. were neverth-
eless in possession of the requisite knowledge of articulation that allowed perceprion to
occur. KunL & MILLER pointed out that there was, in fact. no way to design a test on
infants that could suppert or refute the idea that infants. prior to their being abie w0
speak, nevertheless perceived speech using knowledge of articulation. The oniv way the
theory could have been tested was to identify a state during development in which the
proposed requisite ability was absent: but infants were argued to be born with the
requisite motor knowledge so there was no point during development in which the
requisite knowledge was absent. Thus, tests on human infants were not critical tests ot the
motor theory that had been developed (Kunr. 1978, 1979b).

KunL & MiLLer believed that the CP phenomenon involved something more basic.
They believed that infants were relving on auditory abilities that while matched to speech
were not caused by a speech-specific mechanism. Thev presented an alternative hvpethesis
and proposed a test of it

. infants i to 4 months old discriminare svnthetic stimuli that tall on different sides of the English /b-p/
rhonetic boundarvy (VOT of +22 msec) whether they are reared in an English-speaking environment
where this boundary is phonemically relevant or in a Kikuvu-speaking environment where it is not. These
facts lend rhemselves to at least two interpretations: either young infants demonstrate this perceptuai
boundary because their «speech processor» responds to its potential phonemic relevance or because the

poundary is a natural psychophysical one that could be demonstrated by a nonhuman as well... (Kuvne &
Miarr, 1975, p. 69

Thus, Kunr & MiLLer proposed that infants’ initial responsiveness to speech might
be attributed to their more general auditory abilities and to the existence of «natural
auditory boundaries», ones inherent to the auditory svstem. Speech, it was argued, had
affixed phonetic significance to these auditory boundaries in the course of language
evolution (KunL & MiLier, 1975, 1978; Kunr, 1979b, 1981, 1986, 1987b).

The two accounts, «motor theory» and «general auditory abilites», differ greatly. The
first one argues that the mechanisms underlying speech perception are ones that evolved
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for speech with mechanisms based on articulatory representations of all of the speech units
that could be phonemic in any language. The alternative view argues that speech percep-
tion in infants is not based on specialized mechanisms; on this view, phonetic units are not
initially represented at all. The behaviors produced by infants listening to speech are due
to their general auditory abilities, which happen to be well matched to the task of
perceiving speech. While this theory made fewer assumptions about the baby and in that
sense was more parsimonious, it lacked empirical support. What was needed was a test of
the motion that CP could exist in the absence of special mechanisms, that it could be
accounted for by auditory-level mechanisms alone.

The Perception of Speech by Animals: A Test of the Alternative Hypothesis

Kunr & MiLLEr (1975) devised a test of the «general auditory ability» hypothesis.
The problem was posed by examining an animal’s perception of speech sounds. The
argument for using an animal model was straightforward. Certain animal species (Kumnr,
1979b) provide good models of man’s auditory level of processing in the absence of any
ability to produce the sounds of speech. Animals have no recourse to special speech
mechanisms of any kind. The animal reflects what is natural for the auditory-processing
system when all linguistic influences have been stripped away and only auditory-level
influences remain.

An important implication follows this reasoning. Theory holds that CP requires a
specialized phonetic mechanism and that more general auditory mechanisms cannot
account for it. Infrahuman species are not equipped with the specialized phonetic
machinery; if they succeed, it is due to auditory-level processing. Stated simply, then, the
hypothesis under test in animal experiments involving speech is this: Is auditory process-
ing sufficient to reproduce the CP phenomenon? If animals and humans behave similarly
we can then conclude that the phenomenon can exist in the absence of specialized
mechanisms.

While research from this laboratory on animals’ perception of speech is now quite
extensive (Kunr & MiLrer, 1975, 1978; Kumni, 1978, 1979b, 1981, 1986b; Kunr &
PADDEN, 1982, 1983; KuHL, STEVENS & PADDEN, In preparation), three examples will be
cited here to illustrate the finding. The first is from the original study (Kunt & MILLER,
1975), which examined an animal’s ability to categorize sounds from a speech-sound
continuum. This test focused on the characteristic «labeling» functions obtained for
speech. The question was whether animals’ perceptual boundaires on speech continua
coincided with humans’ phonetic ones, or appeared someplace else. The second is from
work which focused directly on tests of discrimination (Kunr & PappeN, 1983). The
question here was whether or not, in the absence of any experience in labeling the stimuli
on the continuum, animals would demonstrate enhanced discriminability at the boundar-
ies between phonetic categories, as human infants do. The third is an experiment just
completed which tests animals on the context effect involving rate of speech that is shown
by infants (KutL et a/. In preparation).

The first study (KunL & MiLLeRr, 1975) resembled the identification test in a typical
adult CP experiment, only with animals. Recall that in these tasks adults are asked to
identify stimuli drawn randomly from g continuum as either an example of stimulus
category «A» or stimulus category «B» when the two categories are syllables that differ
phonetically, such as /da/ and [ta/. The test stimuli are computer-generated and form a
continuum in which the value of a particular dimension is altered in a stepwise fashion
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from one end of the continuum to the other. The resulting data produce a psychometric
function showing the percentage of time each stimulus was categorized as /da/ as a
function of changes in the underlying acoustic dimension. The 5095 point on the
psychometric function is termed the «phonetic boundary» between the two categories.

We asked where animals would place the boundary on a phonetic continuum. In our
first experiment we used chinchillas, mammals whose basic auditory abilities are similar ro
man’s (Kunt, 1979b}. They were trained to distinguish computer-synthesized versions of
the syllables /da/ and /ta/. The two stimuli were the endpoints on a /da-ta/ continuum. The
test continuum ranged from 0 msec VOT (perceived by humans as a good instance of /da/)
to +80 msec VOT (perceived by humans as a good instance of /taf). To one of the
endpoint stimuli animals were trained to cross a midline barrier in the cage. To the other
stimulus the animal was trained to inhibit the crossing response, and this was rewarded.
When performance on the endpoints was near perfect, a generalization paradigm was used
to test the stimuli between /da/ and /ta/ on the continuum. During this generalization test,
half of the trials involved the endpoint stimuli. On these trials, all of the appropriate
feedback was given, just as it had been during the training phase. This was done to ensure
that the animal remained trained.

The critical trials were those in which new stimuli were tested, stimuli for which no
previous training had been given. These new stimuli were located between the endpoints
(+10 msec VOT to +to msec VOT, in 10-msec steps). These were the ones of greatest
importance for theory because there were no clues telling the animal how to respond to
them, and therefore how to divide up the continuum. During these trials, the feedback
was arranged to indicate that the animal was always correct, no matter what the response.
The feedback served to reinforce whatever the animal did naturally.

The experiment allowed us to ask where the perceptual boundary between /da/ and
/ta/ was located for the animal. The data are shown in Figure 7 (top}. The mean percentage
of /da/ responses to each stimulus on the continuum are plotted for four chinchillas and
human adults. The resulting phonetic boundaries, located at 35.2 msec VOT for humans
and 33.3 msec VOT for animals, did not differ significantly.

The two functions were very similar and suggested that animals heard an abrupt
change at precisely the location where human adults separate the /da/ and /ta/ categories.
On the basis of these findings, we speculated that the boundaries for other phonetic
categories might coincide with animals’ natural perceptual boundaries and conducted
additional experiments to test this.

Our tests were extended to continua involving other voiced-voiceless pairs, namely
bilabial (/ba-pa/) and velar (/ga-ka/) contrasts (Kunr & MiLLer, 1978). These stimuli were
of interest because human listeners’ voicing boundaries move with the place of articula-
tion specified by the particular pair. There is no ready explanation for this movement in
the location of the boundary. Motor theorists argue that the movement in the perceptual
boundary is the result of a mechanism that is based on articulation (SUMMERFIELD &
Hacearp, 1977). Auditory theorists argue that it could be due to interactions between the
acoustic events signaling these distinctions and thus explain it by recourse to auditory
perception (KUHL, 1987b).

The new tests on the bilabial and velar stimuli were run exactly as the previous ones.
The endpoint VOT values were 0 and + 80 msec VOT, and animals were first trained to
respond differentially to them. Again, training on the endpoint stimuli only provided the
animal with an appropriate response. It did not, in any way, instruct the animal where to
divide the test continuum. The important test stimuli were those between the endpoints
(+10 to + 70 msec VOT, in 10-msec steps), for which no training was given. They were
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Figure 7 Identification
functions derived from re-
sponses by animals (chinchil-
‘as) and human adults tested
on stimuli from three voiced-
voiceless  vontinua.  /d-tf
itop), /b-p/ {mid), and /g-k/
(bottom). in cach case ani-
mals were trained to respond
differently to ithe two end-
point stimuli {0 msec VOT
and + 80 msec ¥YOT). Then,
the intermediate  stimuli
were presented in the ab-
sence of any training. The
locations of the boundaries
ror the two groups did not
differ significantly. (From
Kyt & Mgk, 1978).
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presented on half the trials during the generalization phase.

The results again demonstrated excellent agreement between the human and animal
data. The boundary values for the bilabial stimuli were 26.8 msec VOT for humans and
23.3 msec VOT for animals (Figure 7, mid), which were not significantly different. The
boundary values for the velar stimuli were 42.3 msec VOT for humans and 42.5 msec
VOT for animals (Figure 7, bottom). These values also did not differ significantly.

Having completed the three experiments, we examined individual categorization
functions for the three places of articulation and verified that each human and animal
subject had ordered their boundary values similarly. For every subject, the lowest
boundary value occurred when listening to the bilabial series, and the highest boundary
value occurred for the velar stimuli, with the alveolar boundary between these two. We
had thus replicated in animals an unexplained perceptual interaction between two speech
features, voicing and place, that had previously been observed in adults and thought to be
due to an articulatory representation of speech (ABRAMSON & Lisker, 1970).

At this point we had examined animals’ categorization functions, but had not
examined animals’ discrimination of specific pairs of stimuli from the continuum. Since it
is the enhanced discriminability at the locations of phonetic boundaries and poor discri-
minability within categories — the «phoneme boundary effect» — that sets speech apart
from other phenomena in psychophysics and in cognitive psychology (Kunt, 1987b), and
since infants demonstrated this effect without learning or experience, we were motivated
to test the effect directly.

The discrimination tests involved monkeys rather than chinchillas (KuHL & PADDEN,
1982, 1983). The technique involved training a monkey to initiate a trial by depressing a
telegraph key. The animal was taught to lift the telegraph key when the two stimuli were
Different, and was rewarded with a squirt of applesauce for doing so. If the stimuli were
the Same, the monkey was rewarded with applesauce for holding the key down until the
end of the trial. During training, we used stimuli that were easily discriminable, like a tone
versus a noise,

This Same-Different procedure had several advantages. Once trained, animals could
be tested on a variety of speech stimuli. Since it was a Same-Different procedure, the
animals had no previous experience at all in categorizing the stimuli from the continuum.
That made these tests more comparable to those run on human infants.

The design of the experiment was to choose pairs from a speech sound continuum,
just as is done in tests on infants, and examine their discriminability. The CP effect
predicts differential discriminability across the continuum, with pairs straddling the
phonetic boundary being most discriminable. Two studies were conducted, one using
stimuli from three different voicing continua (Kunr & PapbeN, 1982), the other using
stimuli from a place continuum (Kutl & Pappen, 1983). The results of the two experi-
ments were identical — in both cases animals demonstrated the discrimination effect
typical of CP.

These findings are here illustrated using the example involving the continuum
varying in place (/b -d -g/) (KunL & Pabpen, 1983). In experiments on human listeners
using computer synthesized syllables, it has been shown that a change in the place of
articulation from bilabial (/b/) to alveolar (/d/) to velar {/g/) can be governed by a change in
the starting frequency of the second formant transition (MATTINGLY et 4/., 1971). What
we wanted to test with animals was whether there were any locations along a two-formant
/b -d -g/ continuum where discriminability was enhanced, and if so, whether those
particular locations coincided with the locations of human phonetic boundaries.

Animals’ discrimination of these sounds was tested for seven pairs of stimuli, each
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separated by two steps on the continuum (pairs 1 vs. 3, 3 vs. 5, 5 vs. 7, and so on). The
results are shown in Figure 8. The average per cent correct discrimination score is given for
each pair. The data points are plotted at the stimulus located midway between the two
stimuli forming the pair (so the data point for the 1 vs. 3 stimulus pair is plotted at
stimulus number 2). The human identification functions are shown for comparison same.

As shown, the best discrimination performance for animals occurred on stimulus
pairs 3 vs. 5, 9 vs. 11, and 11 vs. 13. These are exactly the pairs that involve stimuli from
different phonetic categories for humans. Thus, discriminability was poor when the two
stimuli were taken from the same phonetic category, like pair 1 vs. 3 (both /b/’s), pair 5 vs.
7 (both /d/’s}, or pair 13 vs. 15 (both /g/’s). But discriminability was very good when the
stimuli involved pairs taken from different phonetic categories, even though stimulus pairs
were always separated by an equal physical distance on the continuum. These results
suggested that even though the stimulus differences were equivalent from a physical
standpoint, they were not equivalent auditorially.

The most recent finding with animals shows that their boundaries reflect some of the
same complexities regarding changes with context that occur in human adults and infants
(Figure 6). We have recently found, somewhat to our own surprise, that «context effects»
exist in animals (KUHL et 4/., in preparation). Our tests were conducted on the [ba-wa/
distinction. Recall that the perceptual boundary between /ba/ and /wa/ depends on the
rate of speech. When the two syllables are spoken at «fast» versus «slow» rates of speech,
the boundary between them is located at two different places. On the fast continuum,
faster formant transitions are required to hear /b/ so the boundary between /bf and fw/ is
located at a faster transition rate. On the slow continuum, slower formant transitions are
required to hear /b/ so the boundary is located at a slower transition rate. The problem for
a theory of speech perception is to explain how the perceptual mechanism work — a
«fixed» boundary cannot be specified because different boundaries are required for
different rates of speech.

Qur tests on macaques used the same stimuli used to test infants by Emmas & MILLER
(1980). The stimulus pairs had been chosen by these authors so that they included ones
that straddled the adult-defined boundaries on both the «fast» and «slow» [ba-wa/
continua, as well as pairs that fell within each category on both continua. These same
stimuli were used in tests on macaques. Qur results replicated those obtained with infants.
Macaques discriminated only the pairs that straddled adult human boundaries, while
failing to show discrimination of pairs of stimuli that fell within a single phonetic category
(KUuHL et al., in preparation). Thus it appears that macaques also show «context effects»
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for speech; their boundaries on speech continua also move when the rate of speech is
changed. Apparently, auditory-level mechanisms are sophisticated enough to adjust to rate
information.

With the completion of those experiments we felt confident that animals’ perception
of the speech sounds we had tested was very similar to human infants’ perception of those
sounds. We had demonstrated that animals’ «auditory» boundaries coincided with humans
«phonetic» ones, and this raised, for the first time, the possibility that infants were relying
on general auditory mechanisms, rather than phonetic ones, in producing speech phenom-
ena. The data also raised the issue of speech evolution as Kunr & MiLLER (1975) stated:

The fact that the chinchillas respond to the synthetic speech as though an abrupt qualitative change occurs
in the short voicing-lag region of the VOT continuum at precisely the place where many languages
separate two phonemic categories lends support to the idea that speech-sound oppositions were selected to
be highly distinctive to the auditory system (p. 72).

The Role of Audition in the Ontogenetic and Phylogenetic Development of Speech

With results showing that chinchillas and monkeys performed similarly to babies in
speech perception experiments, theorists had no reason to impute «special mechanisms» to
infants to explain phenomena such as CP (Astin, Pisont & Jusczyk, 1983; Eimmas &
TarTTER 1979; JuUsczyk, 1985; Kunr & MiLLer, 1975). We now know that even
perceptual phenomena as complex as context effects can be replicated in animals. One
might have thought that the demonstration in infants of perceptual effects as difficult to
understand as these would have provided strong and unambiguous support in favor of
«special mechanisms». But they do not. Thus, the results on animals had changed the face
of theorizing about the developmental course of infant speech perception. While the facts
about what infants could do did not change, the mechanisms we attributed to those
behaviours did change. On this newly emerging view, the infant’s initial state could be
characterized by a lack of speech-specific mechanisms; more general auditory and/or
cognitive mechanisms might explain infants’ capabilities (Jusczvk, 1986; Kuur, 1978,
1987a; 1988),

But this conclusion about infants’ abilities led to a new puzzle. Why were infants’
general abilities so perfectly matched to a specific subsystem (i.e., language)? Why were
the infant’s auditory abilities phonetically relevant? Was it sheer accident that infants’
general auditory abilities were perfectly suited to the acquisition of speech? It did not
seem possible to argue that the match between the boundaries imposed by auditory
perception and those imposed by linguistic categorization were due to chance. A new
hypothesis was needed, one that addressed how infants’ general auditory abilities could
result in phonetically relevant perception.

The hypothesis we offered turned the original «special mechanisms» argument on its
head. «Motor Theory» argued that a special perceptual mechanism evolved in man to
detect articulatory invariants (LIBERMAN ef a/., 1967). The «Auditory» hypothesis turns
this argument around. In essence, the Auditory hypothesis holds that speech production
evolved to match the properties of the ear rather than vice versa. On this view, the
acoustics of speech were chosen to capitalize on invariant properties detected by the
auditory system. This hypothesis explained why the acoustics of speech were so consistent
across languages of the world (Figs. 2 and 4).

This suggestion was first raised by Kunt & Mriter (1975, 1978) and developed
further by Kunr (1978, 1979b). Data and theorizing by LieBerMaNn (1984) and STEVENS
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(1982, 1983) have added considerably this position. As originally proposed the theory
emphasized the role that audition played in the evolution of language and described
hypotheses that could be tested empirically. The findings supported the view that the
evolution of language was continuous — that language grew out of, and capitalized on,
existing systems (LIEBERMAN, 1984). Then, as now, the question for the theory is just how
thoroughly auditory it should be. Did audition per se direct the selection of a phonetic
inventory and the acoustic values of features? Or did auditory perception and motor skills
interact in the process? If the two interacted, which came first?

KunL & PappeN (1983) described three alternatives regarding the influence that
could have been exerted by audition in the evolution of speech. The three alternatives are:
(1) audition did not provide a strong influence independent of articulation, on the
evolution of speech categories; articulatory constraints guided evolution; (2) audition
provided a strong and independent influence, but one that served to structure initially
rather than determine solely speech categories; or (3) audition per se guided evolution;
auditory considerations directed the selection and formation of speech categories.

The first alternative is, in essence, a motor theory. The second is an account that
takes both auditory and articulatory constraints into account. The third argues that
audition guided the evolution of speech categories in the absence of articulatory in-
fluences. Given the data now available, we believe that the second account is the most
plausible of the three.

The first account argues that motor considerations, rather than auditory ones, played
a singular role in the evolution of the phonetic categories of language. The most powerful
data suggesting that this account is incorrect are those presented here and in other studies
in which animals have been shown to categorize and discriminate speech sounds (Burpick
& MILLER, 1975; Baru, 1975; KunL & MILLER, 1975, 1978; MoRrSE & SNOWDON, 1975;
WATERS & WiLsoN, 1976; Kunr, 1981; KunL & Pappen, 1982, 1983; KuHL et 4/, In
preparation). Taken together, the data show that animals perceptually partition speech
sounds into categories. Articulatory abilities are not a prerequisite for this; experience
with speech is not a prerequisite for it, nor is the uniquely human destiny to acquire
language. We have to argue that the structure imposed on the stimuli is due to auditory
perception. This lends strong support to the claim that audition played an important role
in shaping the acoustics of language, and in shaping the mechanisms that process it.

The second account holds that the auditory system provided a set of broad guidelines
that initially structured the selection of phonetic candidates and their acoustic features.
These guidelines might have taken the form of «natural auditory boundaries» (KunL &
MILLER, 1975), that determined the basic cuts locations of phonetic boundaries. Certain
properties of sounds including temporal features, such as the relative timing of two events,
and spectral features, involving distinctions like diffuse versus compact (STEVENS, 1982,
1983 for further candidates), and the way these properties are categorically processed by
the auditory system would have produced a functional separation of sounds into categor-
ies. These categoties would have been formed by a set of perceptual boundaries whose
characteristics produced poor discriminability for stimuli falling on either side of boun-
dary and good discriminability for stimuli straddling a boundary.

On this view, audition played a strong role, but it set the boundaries between
categories rather crudely. The account does not go so far as to suggest that audition
dictated more than the locations of boundaries for speech categories. It stipulates that
speech capitalized on a set of preexisting boundaries, but then elaborated on them. Thus,
this account suggests that the boundary effects typical of CP can be attributed to
auditory-level analysis, but effects such as the «prototypicality» effects recently observed
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in infants (described below), cannot be solely explained by processing at an auditory level.
These effects may reflect analysis at a higher level. By this account, audition would have
dictated the general locations of category boundaries, but not the centers of speech
categories — audition would have initially structured, but not solely determined speech
categories.

Nevertheless, on this view audition came first; it was the initial force that guided the
selection of sounds that were used to communicate meaning. But the account holds that
there is something more — something on top of these basic auditory sensitivities. The
data to date on the perception of speech by animals do not contradict this general
explanation. This account predicts that animals’ and humans’ perceptual results will
coincide for many stimuli, but not all. At some point, animals’ performance will break
down, and the phenomena that cause this breakdown are likely to be the ones requiring
higher-level processing by a more specialized mechanism.

The third alternative is the «solely auditory» account. It is the most thoroughly
auditory of all, arguing for a deterministic role for audition in the evolution of speech. On
this view, speech sounds form «natural classes». The natural class theory argues that even
complex phenomena such as prototypicality are due to an auditory level of processing. The
third account holds that it was audition that guided the formation of phonetic categories
by inherently imposing natural auditory categories on the formation of phonetic categor-
ies. The articulatory mechanism evolved to achieve these auditory categories. By this
account, audition guided both perception and production in the evolution of speech.
Perception was guided by the existence of auditory boundaries and the existence of
auditory prototypes. Production was guided in that articulatory maneuvers were adjusted
as need be to produce sounds that resembled auditory prototypes.

The three alternatives can be tested. Continued comparisons — between human
adults, human infants, and nonhuman animals — constitute a powerful method for
evaluating the three alternatives. These tests should focus on more complex categorization
tasks, particularly those that infants are good at. These could include tests of «trading
relations» (BEst, MoRrrONGIELLO and Rosson, 1981), and speech sound prototypes.
Recent data from our lab suggest that human infants may have perceptual prototypes that
match the centers of vowel categories (GRIESER & KUHL, 1983) and this ought to be tested
in animals.

The prototype work is particularly relevant because the issue addressed in these
studies was whether there were certain places in vowel space that were ideal «centers» of
vowel categories from a perceptual standpoint. We argued that an ideal category center
would exhibit certain properties. First, it would be judged to be a «good» instance of the
vowel. Second, it would tend to represent a large number of the vowel stimuli surrounding
it, providing a good «idealization» of the exemplars which resembled it but were not
identical to it. Third, it should be easily learned and remembered. To test this in infants
we examined whether there was an effect of stimulus «goodness» on infants’ recognition
of vowel categories.

To do this, a variety of points in a two-formant coordinate vowel space correspond-
ing to different locations in the [i/ vowel category were selected. Adults rated the
«goodness» of these vowels on a scale of 1 to 7. One stimulus that was rated as a «good» [if
and another rated as a «poor» [if were chosen. While they varied in «goodness», both were
perceived as /if rather than some other vowel. We then created variants that formed
«rings» around the good and poor stimuli (Figure 9). On each of the four rings, eight
stimuli were synthesized, for a total of 32 variants. Adults then rated the goodness of the
variants around the «good» and «poor» [if’s.
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The tests on infants were designed to examine whether generalization around a
«good» stimulus differed from generalization around a «poor» stimulus. A head-turn
conditioning technique (Kunr, 1985b) was used to examine infants’ generalizations to
variants around the two points. Infants were trained to produce a head-turn response to
any stimulus other than the «target» stimulus. The target stimulus was either the «good»
or the «poor» [if. All of the variants around the target were randomly presented. The
results showed that generalization around the «good» vowel stimulus was significantly
broader than generalization around the «poor» vowel stimulus. In other words, infants
produced fewer head-turns to the variants surrounding the «good» /i/ than to variants
surrounding the «poor» fi/. Apparently, many more of the variants around the «good»
stimulus resembled the «good» stimulus; a significantly smaller number of variants around
the «poor» [if resembled the «poor» stimulus.

These studies suggest that some points in vowel space are better candidates for
category centets than others, since they are associated with perceptual stability over a
broad array of category variants. Other points in vowel space are poor candidates, since
perception is not stable and generalization to novel exemplars is weak. These data support
the notion expressed by STEVENS (1972), who argued that vowel categories were organized
so as to take advantage of the quantal nature of perception.

An effect of stimulus goodness in 6-month-olds that mimics that shown by adults
could indicate that infants organize vowel categories around a perceptually good vowel
stimulus. This would be consistent with prototype theory (Rosch, 1975). It would be
interesting to test whether the prototype effect requires experience in listening to or
producing sounds from a specific language. We also intend to test these effects with
animals. If the perceptual grouping of stimuli in vowel space is due to effects that are
purely auditory in nature, then the effects ought to be replicable in animals. But if it is due
to speech processing mechanisms that take articulatory dynamics into account, or to
specific language experience, then animals should not replicate these effects.
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The major point to be made here is that continued study will either show that
animals eventually fail on perceptual tasks such as trading relations and vowel prototypes
that human infants succeed on, or alternatively, will show that both infants and animals
demonstrate these phenomena. If the former pattern of results occur, then there is a
definite dissociation between human infants and animals, which would support the view
that speech sound evolution was strongly guided by audition. However we can now
identify something additional to these basic auditory sensitivities which are in place in the
human infant. Few would be surprized to find a dissociation somewhere between the
speech processing mechanisms of human and nonhuman primates and these comparative
studies will help establish the very point(s) of dissociation.

Beyond Audition: Infants’ Intermodal Speech Perception Skills

Research in our laboratory on human infants has provided other clues to the
workings of the speech processing system, and these findings also have implications for
the evolution of speech. Our data show that developing infants’ speech processing skills go
beyond those involving a single sensory modality. Infants appear to process speech
information in such a way as to make the information available to other sensory modali-
ties, and to the motor system. In other words, they appear to process speech information
intermodally. Evidence of the intermodal processing of speech in infants comes from two
interrelated findings, «lipreading» and vocal imitation (Kunr & MELTZOFF, 1982, 1988).

The first one involves a demonstration that infants’ perceive cross-modal equivalents
for speech (Kunr & MELTZOFF, 1982, 1984). We reported a study showing that 18- to 20-
week-old infants relate the auditory and visual concomitants of speech, something akin to
what we as adults do when we «lip-read». Figure 9 illustrates the technique. Infants were
shown two filmed faces, side by side, of a woman articulating two different vowel sounds.
One face displayed productions of the vowel /a/, the other the vowel /i/. A single sound,
either /a/ or [i/, was auditorially presented from a loudspeaker located midway between
the two facial images. The two facial images articulating the sounds moved in perfect
synchrony with one another.

Infants’ visual fixation to the two faces were recorded. The hypothesis was that
infants would prefer to look at the face that «matched» the sound. The results confirmed
this prediction; infants looked longer at the face that matched the vowel they heard. The
effect was strong — of the total looking time, 73% was spent on the matched face
(p<.001) and 24 of the 32 infants demonstrated the effect (p<.01). There were no other
significant effects — no preference for the face located on the infant’s right as opposed to
the infant’s left side, or for the /a/ face as opposed to the /if face. There was no significant
difference in the strength of the effect when the matching stimulus was located on the
infant’s right as opposed the infant’s left. (See KunL & MELTZOFF, 1984 for full detail).

Thus, 4-month-old infants perceive auditory-visual concomitants for speech. They
appear to know that /a/ sound go with faces displaying wide-open mouths and /i/ sounds
with faces displaying retracted lips. We later extended this work and demonstrated this
same effect for the vowels [if and fu/ (KuuL & MEertzorr, 1988). These results indicate
that infants also recognize that /u/ sounds go with pursed lips. Thus, infants can relate
speech information they hear to speech information they see.

A second related finding is that infants in this experiment have a tendency to imitate
the vowel sounds they hear (Kunr & MELTZOFF, 1988). Infants who heard the vowel /af
produced vowel-like sounds whose formant frequencies were closer to adults’ /a/’s than to
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Figure 10 - Experimental set-up
used to test the cross-modal percep-
tion of speech in infants. Infants see
two faces producing the vowels /af
and /i/ while a single sound (either
Jaf or [if) is presented from a loud-
speaker located midway between the
facial images. (From Kunr & MELT-
ZOFF, 1982).

adults’ /if’s. Similarly, infants who heard /i/ produced vowel-like sounds whose formant
frequencies were closer to adults’ /if’s than to adults’ /a/’s. Moreover, infants copied the
pitch contours of the vowels they heard (Kunr & MeLTzOFF, 1982). LIEBERMAN (1984)
has observed similar pitch and vowel matching in mother-infant interactions.

These results suggest that at least by four months of age, audition is linked to two
other systems. An auditory signal drives infants’ exploratory looking behaviour, causing
them to seek out a visual signal that portrays to the eye an event that is equivalent to the
one that they hear. The auditory signal also drives infants’ motor behavior, prompting
them to produce an articulatory maneuver that will result in an event that sounds
equivalent to the one that they hear.

Thus, by four months of age, intermodal hook-ups are in place for speech. We have
not investigated the developmental time course of these abilities, but have suggested a
number of alternatives (Kunr & MeLTzoFF, 1984). It will be very interesting to examine
these skills in nonhuman primates. Will an auditory stimulus produce a visual search, and
if so, will the search result in the detection of matches between faces and the sounds
caused by their movements? Will an auditory stimulus induce sound production in the
animal? These studies are yet to be done, but they will provide valuable information about
the extent to which intermodal perceptual-motor connections are uniquely human.

Summary and Conclusion

One of the remarkable things about infants is the extent to which infant auditory
perception is ideally suited to the perception of the phonetic categories of languages.
Infant auditory perception is phonetically relevant. Theory holds that this is due to a
«special mechanism» that evolved for speech. These mechanisms are argued to depend on
an articulatory representation of speech. This «motor theory» assumes that in the absence
of knowledge of speech production the ability to process speech perceptually cannot exist.
Data reviewed here favor an alternative. The results of studies on two populations, human
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infants and nonhuman animals, neither of whom are capable of producing articulate
speech, nonetheless show that they are capable of perceiving speech. In fact, their
perception of speech provides evidence of «natural auditory categories» that conform to
phonetic ones. The implications of these findings for the evolution of speech are that
while early hominids were incapable of producing articulate speech, given their vocal
tracts, it is likely that they could nonetheless perceive speech. This in turn suggests that it
was audition, specifically the existence of «natural auditory categories» that initially
structured the formation of speech categories. This hypothesis explains the acoustic
regularity observed for the phonetic features of language across cultures. Constraints on
the formation of speech categories imposed by the fact that speech is a thoroughly
intermodal event in humans may have been added «on top of» those provided by audition.
Three alternative accounts of the evolution of speech categories were proposed and
experiments that distinguish among them were described.
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