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INTRODUCTION 

The vocal repertoires of animals constitute one of the most noticeable differences 
among them. The song of a bird, the croak of a frog, the sonar signals ·of a bat , 
the sounds that crickets make, and the calls of whales are strikingly different. 
Hearing any one of these signals allows us to name the animal that produced it. 
Birds do not croak like frogs, bats do not call like whales, and crickets do not 
chirp like birds. Vocalizations are a species' signature; they identify animals as 
members of one group rather than another. 

Like birds, bats, and frogs, babies will produce a species-specific signal at a 
very young age-one that identifies them as members of the human species. The 
signal is "canonical babbling," repetitive consonant-vowel syllables such as 
/mamamama/ or /dadadada/. My 8-month-old baby has just begun this type of 
babbling, and in doing so she has produced the first observable sign that she will 
acquire language. Although I had heard infant babbling many times in the course 
of my research, I was awestruck at the regularity in its form and the precision of its 
timing when it occurred in my own child, and was somewhat surprised by its 
failure to occur early in response to my ever-constant modeling. I was reminded 
that this milestone of human speech occurs at the appointed time regardless of the 
language in which the infant is being reared, the educational background and 
socioeconomic status of the infant's parents, the infant's general motor and 
intellectual capabilities (within normal limits), and (apparently) parent prompting. 

Acquisition of conspecific signals does not appear to be left to chance. All 
male swamp sparrows sing, all male humpbacks call, and all normal babies 
babble. Such obligatory behavior must be well protected from" the nuances of 
individual development. Nature seems to have put a premium on ensuring that all 
appropriate members of the species produce the right signal at the right time. 
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380 KUHL 

What ensures this? How does nature guarantee that infants of a species will 
learn to produce one set of sounds as opposed to another? Are we protected from 
incorrect learning by restrictions on what we can hear? or on what our vocal 
tracts can produce? Certainly production constraints narrow the opt10ns some­
what: birds cannot croak, given their vocal apparatus, and whales cannot produce 
birdsong, given theirs. Simple sensory limitations account for others: Crickets 
probably cannot hear speech, and frogs probably cannot hear the sonar signals 
produced by bats. In some instances, then, the selection of signals for reproduc­
tion by the young is limited by fairly peripheral constraints, either motor or 
sensory. 

But what of the remaining cases? Swamp sparrows produce signals that are 
quite different from their not-so-distant relatives, the song sparrow (see Marler, 
1973, for review). The humpback whale's vocal signals differ greatly from those 
produced by other whales. Vocal tract constraints cannot explain these dif­
ferences; nor can peripheral auditory constraints. And what of human infants? 
Why do they mimic speech rather than other reproducible signals? Peripheral 
constraints alone cannot explain the vocal repertoires of babies and birds. Experi­
ence has been shown to play a critical role. Birds who are socially isolated or 
deafened will not produce conspecific song (Marler, 1973), and babies who are 
born deaf will not produce canonical babbling (Oller, 1986) nor learn to talk 
normally. But even here there is a further complication. The required auditory 
experience must be of the right kind. Hearing just any species' vocalizations is 
not sufficient to promote learning. Song sparrows will not produce their own 
song when they hear only the swamp sparrow song; nor will song sparrows learn 
to produce the swamp sparrow's song. Similarly, their is evidence suggesting that 
young infants do not mimic nonspeech auditory events (Kuhl & Meltzoff, 1988). 

What accounts for selective vocal learning and selective imitation? How do 
infants of a species know which signals are the right kind? 

Here, ethologists interested in birds and speech scientists interested in babies 
find themselves in the same box. We both have to explain what it is that allows 
the infant of the species to learn selectively. Ethologists have approached the 
problem by manipulating what the bird hears and observing what the bird 
eventually produces. But because speech scientists cannot experimentally manip­
ulate what babies hear, our approach in studying human infants has been to 
conduct experiments involving auditory perception. We examine what babie~ 
can perceive, and use these data to test theories concerning the nature of the 
mechanisms underlying speech perception in infants. 

These experiments reveal that human infants exhibit a remarkable sensitivity 
to human speech (see Kuhl, 1987a, for recent review). They appear to have an 
innate ability to perceive the universal set of phonetic! distinctions that arc 

111le tenn phonetic is used to signify any difference in any language that is sufficient to di•· 
tinguish two words. 1be tenn phonemic is used to specify distinctions that are used in a particular 
language. 
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appropriate for speech in any language. Moreover, the work discussed in this 
chapter shows that infants recognize complex equivalences between phonetically 
equal events-between two phonetically equal but discriminably different au­
dttory events (Kuhl, 1979a, 1983, 1985a), between phonetically equal events 
delivered to two different modalities, as when an auditorially presented speech 
sound is related to the sight of a person producing that sound (Kuhl & Meltzoff, 
1982, 1984a), and when an auditory event, produced by someone else, is related 
10 the motor movements necessary to reproduce it oneself (Kuhl & Meltzoff, 
1982, 1988). How are these complex equivalences detected? Is it simply infants' 
general sensory and cognitive processes that account for these remarkable abili­
ties- or is there something more? 

The production side poses similar questions. Normal speech will not occur 
unless the infant can hear, but given this, and given exposure to a specific 
language, influences of the mother tongue will appear quite early. By the end of 
the first year, young children already sound like infants being reared in a particu­
lar language environment; they have an accent. The American infant will sound 
distinctly different from a Russian, French, African, or Chinese infant (e.g., de 
Boysson-Bardies, Sagart, & Durand, 1984). Thus, vocal learning is affected by 
the infant's linguistic environment. But this learning is somehow restricted to 
sounds that are speech. How does the mechanism specify the signal to be 
learned, so as to restrict vocal learning to speech as opposed to other sounds in 
the environment? As in birds, the constraints on learning are not peripheral ones; 
neither motor limitations nor perceptual limitations account for infants' selec­
tivity in learning. Their vocal learning must be guided by something more. 

The something more that we subscribe to in explaining both innate perceptual 
abilities and selective vocal learning is the notion that for each species in which 
vocal communication plays a critical role, specialized perceptual mechanisms 
e"ist. These special mechanisms are as unique to the species as the sounds that 
are produced by that species. Thus, we say it is the bird's auditory template and 
the baby's speech module that explain why birds sing and babies babble, and 
why both display early perceptual recognition of their conspecific signals. 

Accepting that infants demonstrate both innate perceptual abilities and early 
restrictions on vocal learning, the challenge to theory is to describe the mecha­
nisms that underlie these abilities. What kinds of mechanisms are they? What 
information do they specify? Are the mechanisms dedicated to the processing of 
('Onspecific signals? Do they involve perceptual systems, production systems, or 
both? 

The purpose of this chapter is to review the current status of our answers to 
these questions regarding the human infant's acquisition of speech. Important 
phenomena regarding infants' perception and production of speech are reviewed 
and two theories that have been advanced to explain these abilities are described. 
The comparative approach is shown to have made two important contributions to 
the study of special mechanisms in human infants. Experiments on animals' 
perception of speech have provided critical data on the question of specialized 
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mechanisms. More generally, theory building has benefited from the interchange 
between developmental ethologists and developmental speech scientists who 
have examined each other's methods, data, and arguments. 

I. MODULES AND MECHANISMS 

There are two very different characterizations of infants' "initial state" regard­
ing speech (Kuhl, 1986a, 1987a). One account argues that, from the start, the 
perceptual mechanisms underlying speech in infants include a phonetic-level 
representation of speech. On this view infants are born with an " innate phonet­
ics"- linguistic-unit representations, either segments or features , preexist in the 
child in some form. It is this representation, one necessarily involving mecha­
nisms that evolved especially for speech, that explains infants' abilities to detect 
complex equivalences. 

The second account is quite different. On this view, there is no preexisting 
phonetic-level representation of speech; no formal description of phonetic units 
exists innately. By this account phonetic-level representations are formed later, 
perhaps as infants begin to map various acoustic forms onto objects and events in 
the world. According to this model, infants' initial speech perception abilities are 
attributable to their more general auditory and cognitive abilities. 

By this description, the key points for the first account are (a) phonetic-level 
representation, and (b) specialized mechanisms. The key points for the second 
account are (a) no phonetic-level representation, and (b) mechanisms that are 
general. 

Before going further, we need to decide what to call the two accounts. There 
are three dichotomous terms that have been used historically to characterize the 
two positions: phonetic versus auditory, special versus general, and motor ver­
sus sensory. The terms phonetic, special, and motor were used to characterize 
the first account; the terms auditory, general, and sensory, were used to charac­
terize the second account. 

The problem is that the terms associated with each position, while loosely 
associated, are not mutually exclusive. The term phonetic has been strongly 
associated with the Motor Theory, which argues that the phonetic-level represen­
tation can be specified only in motor terms (Liberman & Mattingly, 1985). 
However, others have not assumed that a phonetic-level representation must be 
specified in motor terms; instead, it has been argued that such a representation 
could be specified in auditory terms (Diehl & Kluender, in press), or in an 
abstract form not specific to either modality (i.e., in an amodal form) (Kuhl & 
Meltzoff, 1982, 1984; Studdert-Kennedy, 1986). Similarly, describing the alter­
native account as auditory restricts it to explaining behavior that is exclusively 
auditory in nature; the main postulate of the theory is that the underlying mecha­
nisms are general rather than specialized. When referring to the two opposing 
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views in this chapter, I will call the first account the Special Mechanism account 
(hereafter SMA). SMA argues for phonetic-level representations, and conse­
quently for specialized mechanisms, but does not specify their exact form. I term 
the second account the "General Mechanism account" (hereafter GMA). GMA 
postulates general mechanisms and no phonetic-level representation. 

Finally, it is worth noting that this debate about the nature of the mechanisms 
underlying the perception of complex signals is not restricted to speech. Eth­
ologists have long favored the notion that complex perception, especially spe­
cies-typical behavior, is accomplished by specialized ne ural mechanisms. More­
over, specialization has been advanced as a general theory of the perceptual 
processing of complex stimuli; it is a theory that now pervades all of the psychol­
ogy of perception. The theory, advanced by Fodor ( 1983), centers on the concept 
of the module-the highly specialized neural architecture that does the computa­
tional work required to perceive eccentric stimuli. Modules do things like per­
ceive speech, recognize objects, localize sound, track things that move in space, 
and detect color. Modules have a particular set of properties. They are first and 
foremost modularized; that is, they are separate from other modules, and they 
use specialized, rather than general-purpose mechanisms, to do their work. They 
operate only on stimuli of a particular kind (domain specific), their computations 
depend only on resources that are internal to the module (informationally encap­
sulated), and they are not accessible by higher-order mechanisms (cognitively 
impenetrable). Their operations are rapid and mandatory. Most pertinent to this 

discussion, they are innate. 
It is not difficult to portray speech as a canonical case of an eccentric stimulus 

in need of a module. The problems inherent in the nature of speech, the ex­
tremely complex mapping between acoustic events and phonetic percepts, and 
the problem of segmenting the continuous stream of speech into linguistically 
appropriate units such as phonetic segments or features, appear to be intractable 
problems for computers (Klatt, 1986). Moreover, the complex equivalences 
detected by babies-between acoustic events that are physically different but 
phonetically similar, between the sight of a face and the sound of a voice when 
they both indicate the same phonetic unit, and between sounds articulated by 
someone else and then reproduced with our own mouths-are difficult to explain 
without reference to some kind of specialized mechanisms (Kuhl, 1986b). 

A speech module for babies would indeed present a solution, but recent data 
suggest that the alternative be considered. Experiments on animals ' perception of 
speech shows that they also demonstrate perceptual phenomena such as cate­
gorical perception, and that their categorical boundaries also move when the 
context is changed (Kuhl, 1987b). It is these phenomena that have been used as 
evidence for an innate speech module in humans. Moreover, recent data on 
infants' cognitive abilities suggest that they detect complex equivalences outside 
of the realm of speech, between sensory information presented to different 
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modalities and even between sensory events and their motor equivalents. Thus, 
when the signal is speech, certain of the perceptual abilities thought to be spe­
cies-specific are not; animals display them as well. And when the perceivers are 
human, complex perceptual abilities are not restricted to speech; stimuli in other 
domains evoke them as well. 

The question is: What do we want to impute to the baby? Do infants come into 
the world equipped with special mechanisms that provide both a means for 
detecting phonetic equivalence and a means for segmenting the stream of speech 
into its component parts (SMA)? Or is there no phonetic-level representation of 
speech, in which case infants' abialities are attributed to their more general 
sensory and cognitive abilities(GMA)? 

II. FOCUS OF THE DEBATE: THE BASIS 
OF INFANTS' ABILITIES 

The two accounts just described do not take different positions regarding infants' 
capabilities. Both positions agree that infants' perception of speech shows re­
markable sophistication. Instead, the differences lie in how they view the nature 
of the mechanisms that underlie infants' abilities. Thus the debate centers on the 
basis of behavior. The question is: Are infants' abilities based on special mecha­
nisms (SMA) or more general ones (GMA)? 

Traditionally, the basis question has been approached in two different ways. 
We consider these two ways and add a third. 

Consider first the two traditional approaches. The first compares the percep­
tion of speech sounds with that of nonspeech sounds that are designed to mimic 
speech acoustically without being perceived as speech. The second compares the 
perception of speech by human and nonhuman listeners. I have argued elsewhere 
(Kuhl, l986b, 1987a) that while both these traditional approaches address the 
SMA vs. GMA debate, they do not answer the same question. The distinction 
made here is a simple point of logic, which is offered to explain a point of view 
about the contributions of nonspeech tests. 

I have argued that studies using nonspeech ask whether the mechanisms 
underlying speech perception are speech specific. No one disagrees with this 
point. But having determined the answer to this question we have to decide what 
we can conclude. Consider the easy case first. If speech and nonspeech findings 
completely diverge, as they did in early tests of speech perception (e.g., Mat­
tingly, Liberman, Syrdal, & Halwes, 1971), it is sensible to conclude that the 
mechanisms underlying the phenomenon are speech-specific, and, thus, evolved 
especially for speech. 

A problem emerges, however, if the opposite result obtains, with speech and 
nonspeech showing complete convergence (Miller et al., 1976; Pisoni, 1977; 
Pisoni, Carrell, & Gans, 1983). It is logical to conclude from such results that the 
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mechanisms are not speech-specific. However, it cannot be argued unam­
biguously that such mechanisms did not evolve especially for speech. This 
argument cannot be made because the terms speech-specific and especially 
evolved for speech are not synonymous. Mechanisms could, in principle, have 
evolved especially for speech without being speech-specific. 

Consider the following interpretation: Nonspeech sounds carefully designed 
to mimic the speech signal are processed as speech because they fool the special 
speech mechanism. Thus, the mechanisms that evolved especially for speech did 
so in such a way that they did not exclude nonspeech signals (Kuhl, 1978, 
1986b). What this leaves us with is a situation in which results showing complete 
speech-nonspeech convergence can be explained by either alternative. Using the 
SMA, special mechanisms for speech have evolved but are fooled by nonspeech 
signals that mimic speech. The GMA argues that speech and nonspeech are 
processed similarly because there are no special mechanisms and both signals are 
handled by more general ones. 

Therefore, studies involving nonspeech signals are most easily interpreted 
when the outcomes of the studies show a complete dissociation between 
speech and nonspeech, as they did in the early studies. Complete divergence of 
speech and nonspeech is easily interpreted as strong support for the theory that 
speech requires special mechanisms, ones different from those used in the pro­
cessing of nonspeech signals. When studies on nonspeech demonstrate the op­
posite, that is, complete convergence between speech and nonspeech, the oppos­
ing claim cannot be unambiguously advanced. 

Animal studies contribute to the debate in a different way. Tests of speech 
perception in animals answer a simple question: Can the perceptual phenomenon 
exist in the absence of mechanisms that evolved especially for speech? If animals 
replicate speech effects we can assert without ambiguity that special mechanisms 
are not necessary to account for the phenomenon. Animal replications do not 
prove that special mechanisms are not at work in humans, but the results elimi­
nate the need for positing them to explain specific phenomena. 

Both kinds of experiments help build theories. For example, if speech-non­
speech convergence is found with the same stimuli that animals succeed on, we 
have no reason to impute special processing of these stimuli. Furthermore, if 
both speech-nonspeech comparisons and animal tests fail at the same level of 
complexity the theoretical implications are strong. It would be at this level that 
evidence for special speech mechanisms would have been obtained. Taken to­
gether, the two approaches provide valuable complementary evidence for theory 
construction. 

The speech phenomena demonstrated by infants will be discussed in the next 
section and studies done to investigate the basis of infants' abilities will also be 
described. In most instances studies on the basis of infants' abilities use non­
speech or animals to address the question. To these two traditional methods of 
testing the underlying basis of the effects in infants I add a third. This new 
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approach involves asking whether or not similar phenomena have been observed 
with other than auditory stimuli. In other words, the broader issue of domain 
specificity will be addressed. If the detection of complex equivalences, such as 
those involving cross-modal or imitative abilities, are exclusive to speech, then 
this supports SMA. But if such abilities are demonstrated more generally in 
infants, and appear to be part of their native cognitive endowment, then there 
may be no reason to claim that the abilities are part of a specialized subsystem for 
speech. 

Ill. INFANTS' DETECTION OF COMPLEX 
EQUIVALENCES 

The most striking thing about infants' perception of speech is not their ability to 
detect fine differences between sounds that will eventually convey meaning, 
though they do that quite well. The most striking thing is their ability to detect 
similarity- equivalence- between stimuli that are phonetically equal but phys­
ically different. The detection of phonetic equivalence is in fact a critical prob­
lem for theory. 

It is precisely this problem that causes computers to fail at speech recognition. 
Speech segments are coarticulated; this means that the acoustic cues for an 
individual unit vary dramatically depending on the context in which the unit 
appears. The phonetic unit /b/ in bat is not physically identical to the /b/ in beet, 
bit, boat, and boot. Yet, as adults we are good at recognizing its equivalence 
across these contexts-so good that it is difficult to view the detection of equiv­
alence as a problem for theory. Similarly, when we perceive a phonetic unit as 
being the same regardless of whether the talker is a male, female, or young child, 
our recognition of the an equivalence is automatic. Yet neither of these percep­
tual feats can be performed by the most sophisticated computer (Klatt, I 986). 
The major point for this discussion is that infants are also good at equivalence 
detection. Solved by babies, but not by machines, the detection of equivalence is 
a central problem in speech perception; if we understood how it was done it 
would be a major breakthrough. 

There are three classes of phenomena, each involving the detection of com­
plex equivalences for phonetically similar but physically different stimuli, that 
have been demonstrated in infants. The three classes of phenomena include 

(I ). Auditory equivalence, the detection of equivalences between two audito­
ry stimuli, as represented by the phenomena of categorical perception (Eimas, 
Siqueland, Jusczyk, & Vigorito, 1971) and of equivalence classification (Kuhl, 
1979a, 1983, 1985a), 

(2). Auditory-Visual equivalence, the detection of a correspondence between 
auditory and visual representations of the same phonetic unit (Kuhl & Meltzoff, 
1982, 1984; MacKain, Studdert-Kennedy, Spieker, & Stem, 1983), and 
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(3). Auditory-Motor equivalence, as demonstrated by vocal imitation, 
wherein an auditory stimulus produced by someone else evokes the motor move­
ments necessary to reproduce that signal oneself (Kuhl & Meltzoff, 1982, 1988; 
Lieberman, 1984). 

Auditory Equivalence 

There are two examples of auditory equivalence demonstrated by infants that 
theories regarding the initial state of perceptual mechanisms will have to explain. 
One is the classic phenomenon of categorical perception (CP), in which listeners 
are shown to be more sensitive to changes in a speech stimulus at the boundary 
between phonetic categories than they are in the middle of the category. The 
other, equivalence classification, is more like what cognitive psychologists clas­
sically refer to as categorization. It involves tests of infants' abilities to recognize 
equivalence between two auditory stimuli that they can easily discriminate. 

Categorical Perception (CP) 

One of the most significant early findings in favor of innate special mecha­
nisms carne from the discovery of categorical perception in infants (Eimas et at . , 
1971). In adults the phenomenon involved the following demonstration. A con­
tinuum of sounds was generated by computer along which an acoustic dimension 
was altered in small physically equal steps. Tests showed that while the acoustic 
dimension changed continuously along the continuum in a stepwise fashion, 
perception was discontinuous. The stimuli were heard as a series of stimuli (e.g . • 
/ ra/ 's) that changed abruptly to a new series of stimuli (e.g. , lla/ 's) at some point 
on the continuum (Fig. 13. 1, top). Moreover, the ability to discriminate between 

FIG. 13.1. Categorical percep­
tion in American and Japanese 
adults. From Miyawaki et al. 
(1975). 
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sounds taken from the series was constrained. Adults could discriminate quite 
easily between sounds that fell in different categories, but discrimination be­
tween sounds in the same category was quite difficult (Fig. 13. I, bottom) 
(Miyawaki et al., 1975). 

Perception was shown to be categorical only for contrasts that were phonemic 
(made a difference between words) in the adult's language. Japanese adults, for 
whom the / ra-Ja/ distinction is not phonemic, did not produce the characteristic 
peak in the discrimination function for /ra-Ja/stimuli (Miyawaki et at., 1975). 
Their ability to discriminate the stimuli hovered near chance (Fig. 13. I, bottom). 

This phenomenon immediately raised a question about development: Do in­
fants demonstrate CP initially, or only after experience with a specific language? 
The question was answered by Eimas et al.'s (1971) work on 1-month-old 
infants' perception of speech. Eimas showed that infants could discriminate 
computer-generated sounds that straddled the adult-defined phonetic boundary 
but failed to discriminate within-category stimuli (Eimas et at., I 97 I; Eimas, 
1974, 1975). Infants' ability to do this in the absence of a protracted period of 
experience in producing or listening to speech suggested that the phenomenon 
was not learned. Infants appeared to partition the stimulus continuum just as 
adults did, right from the start. Further evidence against the learning account 
came from the finding that infants demonstrated the effect for all phonemic 
contrasts, whether native to the language environment in which they were raised 
or not (Aslin, Pisoni, Hennessey, & Perey, 1981; Streeter, 1976). These findings 
were extremely important because they were the first to suggest that infants 
might be innately endowed with mechanisms specialized for speech. 

Other related phenomena such as context effects and trading relations, were 
also investigated with infants. These studies stemmed from early work focused 
on the acoustic analysis of speech. This early work showed that the acoustic cues 
underlying phonetic perception were context-dependent (Liberman et at., 1967). 
The phonetic units surrounding a target unit, the specific talker who produced it, 
the rate at which it was spoken, and its position in a syllable were shown to alter 
the acoustic cues that specified a particular phonetic unit. That adult listeners 
were sensitive to these contextual differences had been shown in studies of CP in 
adults (Best, Morrongiello, & Robson, 1981; Miller & Liberman, 1979; Sum­
merfield & Haggard, 1977). These studies confirmed the perceptual effect of 
context by showing that the exact location of the phonetic boundary on a con­
tinuum was altered by the context in which the phonetic unit appeared. 

An example of a context effect is that provided by a change in the rate· of 
speech. Studies suggest that adult listeners may take rate-of-articulation informa­
tion into account when making decisions about the phonetic identity of a particu­
lar phonetic unit. Miller and Liberman (1979) demonstrated that the location of 
the boundary between the consonants /b/ and /w/ changed as a function of the 
duration (and thus, to an adult, the perceived rate) of the syllable. In their first 
experiment, a /ba-wa/ syllable continuum was lengthened to indicate slower 
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speech by increasing the duration of the vowel. For this long syllable continuum, 
the boundary was located at a longer transition duration than it was for the shon 
syllable continuum. In a second experiment, the syllable was lengthened in a 
different way, one not associated with a slower rate of articulation. The syllable 
was lengthened by adding formant transitions to the end of the original vowel, 
which created the perception of a final consonant on the syllables (/bad-wad/) 
but did not signal a slowed rate of speaking. Here the effect was reversed; the 
perceptual boundary moved toward shorter transition durations. 

Eimas and Miller (1980) showed that 2- to 3-month-old infants demonstrate 
one part of this effect. Using the same stimuli used by Miller and Liberman 
(1979), these authors selected syllables from the long and short /ba-wa/ con­
tinua. Syllables were chosen to create four stimulus pairs, including both within­
category pairs and between-category pairs from each continuum. Infants were 
tested using the HAS (high amplitude sucking) technique. The results demon­
strated that infants discriminated only the between-category pairs on both con­
tinua, thus suggesting that infants are sensitive to contextual information. 

Trading relations effects are similar to context effects, but take the argument 
one step further. In these cases, the cues that are necessary to achieve a particular 
phonetic percept not only change with the context, but in a specific compensato­
ry way. The value along one acoustic dimension determines the value that is 
required along a second dimension. The effects of the two dimensions appear to 
be additive, such that an increased value on the first dimension must be accom­
panied by a decreased value on the second dimension. 

There are two examples of trading relations in infants. Both support the claim 
that infants are sensitive to compensatory effects. The first case involves a 
trading relation between the duration of the first formant and the VOT required to 
perceive a voiceless stop (Summerfield & Haggard, 1977). Miller and Eimas 
(1983) tested this trading relation on 2- to 3-month-olds using the HAS tech­
nique. They created two continua varying in VOT from 5 ms to 55 ms. This 
variation in VOT is sufficient to change an adult's percept from /ba/ to /pal. One 
continuum was constructed with short (25 ms) transitions and the other with long 
(85 ms) transitions. For adults, the boundary value between voiced and voiceless 
stops on the short continuum occurred at about 25 ms, while on the long con­
tinuum the boundary occurred at about 45 ms. The infants were tested with four 
pairs of stimuli: 5 ms vs. 35 ms short (perceived as /b/ and /p/ respectively by 
adults); 35 ms and 55 ms short (both perceived as /p/ by adults); 5 ms vs. 35 ms 
long (both perceived as /b/ by adults); 35 ms vs. 55 ms long (perceived as /b/ 
and /p/ respectively by adults). The infants provided evidence of discriminating 
only the 5 ms vs. 35 ms short pair and the 35 ms vs. 55 ms long pair. Thus, the 
data suggest that the location of enhanced discriminability on these two continua 
occurs at different places for infants, as well as adults, thus providing evidence 
of trading relations in infants. 

A second example of trading relations that has been tested with infants in-
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volved the contrast say vs. stay. Adult studies show that inserting a silent gap 
between the /s/ and the vowel in the word say induces the perception of a 
voiceless stop, so as to create the word stay. More importantly, the length of the 
silent gap inserted in these situations interacts with the spectral aspects of the 
remainder of the syllable. Best et al. ( 1981) synthesized two continua ranging 
from say to stay. One continuum was synthesized with fonnant transitions appro­
priate for ttl and one was synthesized without these transitions. Best et al. 
showed that the silent duration required to perceive stay varied for the two 
continua. When the spectral information for "t" was more complete, less silence 
was required to produce stay than when the spectral information for "t" was less 
well specified. Best et al. argued that this perceptual trading relation was due to 
the listener's knowledge of the association of these two cues in the production of 
the sound. 

Recently Eimas (1985) provided evidence for this trading relation in infants. 
He tested 2- to 4-month-olds using stimuli from the two continua. Pairs of stimuli 
were drawn such that adults perceived the stimulus pair as containing two say 
stimuli, two stay stimuli, or one of each. In all cases, discrimination was evi­
denced to be similar to an adult's; that is, infants failed to detect the difference 
between two syllables heard by adults to be equivalent (two versions of say, or 
two of stay), but always provided evidence of discriminating two syllables heard 
as different by adults. 

In summary, the data that are available on context effects and trading relations 
in infants provide support for the notion that infants are sensitive to these effects. 
These effects are important to theory because they show that the perceptual 
boundary between phonetic categories moves. The fact that the boundary is not 
fixed makes it difficult to attribute these effects to a simple mechanism, and 
suggests the possibility that the perceived equivalence between acoustic events 
derives from their common articulatory origin. But infants have not yet produced 
these sounds, and therefore such motor knowledge has to be argued to be built­
in. An alternative view (the GMA) is that these perceptual effects are the result of 
the functional characteristics of the auditory system. That is to say, it is possible 
that these perceptual effects derive from the complex way in which the auditory 
system combines acoustic information in perception, irrespective of its status as 
speech (Kuhl & Padden, 1983). 

The Basis of CP 

Tests on Nonspeech Signals. Studies on adults have shown that CP can be 
replicated using stimuli that mimic speech sounds varying in VOT (Miller et al., 
1976; Pisoni, 1977) and for nonspeech analogs mimicking the /ba-wa/ rate effect 
(Pisoni et al., 1983). The agreement between the speech and nonspeech data for 
adult listeners naturally led to a strong interest in the performance of infants in 
discrimination tasks involving nonspeech stimuli. Two of the studies cited above 
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have been examined in young infants, one involving the nonspeech correlate of 
VOT, tone-onset time (TOT), and the other, the nonspeech correlate of /ba/ and 
/wa/ in tests of the context effect of rate. Jusczyk, Pisoni, Walley, and Murray 
( 1980) tested the discrimination of sounds varying in tone-onset time (TOT). The 
stimuli were synthesized to duplicate those used by Pisoni (1977) on adults. 
Jusczyk et al. predicted that infants, like adults, would discriminate only those 
stimuli that straddled the -20 ms or +20 ms TOT boundanes. They tested a 
number of stimulus pairs: -70 ms vs. -40 ms; -40 ms vs. -toms; -30 ms vs. 
0 ms; -20 ms vs. + 10 ms; -10 ms vs. +20 ms; 0 ms vs. +30 ms; +tOms vs. 
+40 ms; and +40 ms vs. +70 ms. 

Contrary to their prediction, the sucking recovery scores indicated that only 
the -70 ms vs. -40 ms and +40 ms vs. +70 ms contrasts were discriminated. 
The data provided support for the notion that infants perceive three categories on 
the TOT continuum, but the data suggested that the boundaries for these catego­
ries were located in different places for infants than for adults, and that in infants 
the TOT nonspeech boundary does not coincide with the VOT speech boundary. 
The fact that discrimination was symmetrical, that on both sides of the con­
tinuum discrimination was not evidenced until the tones were temporally offset 
by at least 40 ms, suggests that infants may require a longer interval between the 
onsets of two tones before perceiving them as nonsirnultaneous. The result is an 
important one, because it shows a dissociation between speech and nonspeech in 
infants that is not present in adults. 

In a recent report, Jusczyk, Pisoni, Reed, Fernald, and Myers (1983) repli­
cated with infants the context effect involving rate using the nonspeech analogs 
of /ba/ and /wa/. The results demonstrated that, just as when listening to speech, 
infants needed a shorter transition duration to detect a change in short stimuli, 
and a longer transition duration for detecting a change in long stimuli. This 
means that infants are sensitive to overall duration in nonspeech as well as in 
speech, and that transition duration is processed relationally for both signals. 

Thus, the results for infants' perception of nonspeech are mixed, with the 
study of the context effect of rate (Jusczyk et al. , 1983) supporting a close 
agreement between speech and nonspeech, and the TOT study (Jusczyk et al., 
1980) failing to do so. A strong conclusion about the agreement between speech 
and nonspeech data by infants is not possible at this time; further experiments 
addressing this issue are needed. 

Tests on CP in Animals. The research completed on animals' perception of 
speech is at present quite extensive (Kuhl, 1986b); three examples are cited here 
to illustrate the findings. The first data are from the first study that examined an 
animal's ability to categorize sounds from a speech-sound continuum (Kuhl & 
Miller, 1975). This test focused on the characteristic labeling functions obtained 
in speech. The question for animals was whether the boundary between the two 
categories on the continuum coincided with the phonetic one, or appeared some-
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place else. The second data are more recent and focus directly on tests of the 
"phoneme boundary effect" (Kuhl & Padden, 1982, 1983). The question here is 
whether or not in the absence of any experience in labeling the stimuli on the 
continuum, an animal will demonstrate enhanced discriminability at the bound­
aries between phonetic categories, like human infants do. The third is our most 
recent result (Stevens, Kuhl, & Padden, 1988) and it concerns the context effect 
of rate demonstrated with the syllables /ba/ and /wa/. 

The Kuhl and Miller ( 1975) study resembled an adult categorization experi­
ment, only with animals. The question was: Where would an animal place the 
boundary on a phonetic continuum? Chinchillas were trained to distinguish com­
puter-synthesized versions of the two endpoint stimuli on a /da-ta/ continuum, 0 
msec. VOT and +80 msec VOT. During training, they were not given any 
exposure to the rest of the test continuum. When performance on these endpoint 
stimuli was near perfect, a generalization paradigm was used to test the inter­
mediate stimuli, those between Ida/ and Ita/ on the continuum ( + 10 msec VOT 
to +70 msec VOT, in 10-msec steps). The design of the experiment was that 
during generalization testing, half of the trials would involve the endpoint stim­
uli. On these trials, all of the appropriate feedback was given, just as it had been 
during the training phase. On the other half of the trials, the intermediate stimuli 
were presented. 

The intermediate trials were the ones most critical for theory. On trials involv­
ing intermediate stimuli, the feedback was arranged to indicate that the animal 
was always correct, no matter what the response. There was no training on these 
stimuli, and thus no clue was provided to the animal telling him how to respond 
and thus where to place the boundary on the continuum. 

The data are shown in Fig. 13.2 (top). The mean percentage of Ida/ responses 
to each stimulus on the continuum are plotted for chinchillas and human adults. 
The curves were generated by the same least-squares method. The resulting 
phonetic boundaries, located at 35.2 msec VOT for humans and 33.3 msec VOT 
for animals, did not differ significantly. A subsequent study using a totally 
different procedure and monkeys rather than chinchillas demonstrated that the 
location of the boundary on a /da-ta/ continuum was located at +28 msec, in 
good agreement with the chinchilla data (Waters & Wilson, 1976). 

Kuhl and Miller (1978) extended these tests to continua involving other 
voiced-voiceless pairs, namely bilabial (/ba-pal) and velar {lga-ka/) contrasts. 
These stimuli were of interest because human listeners' boundaries differ with 
the place of articulation specified by the particular voiced-voiceless pair. The 
new tests involving the bilabial and velar stimuli were run exactly as the previous 
ones. The endpoint VOT values were 0 and +80 msec. The intermediate stimuli 
( + 10 to +70 msec in 10-msec steps) were presented with feedback indicating 
that the animal was correct regardless of his performance. Thus, no training 
occurred on these stimuli. The results again demonstrated excellent agreement 
between the human and animal categorization data. The boundary values for the 

13. ACQUISITION OF VOCAL COMMUNICATION 393 

FIG. 13.2. Discrimination of 
sounds from speech continua 
by animals and human adults 
tested on /d-t/ (top), /b·p/ (mid­
dle), and /g-k/ (bottom) stimuli. 
The locations of the boundaries 
for the two groups did not differ 
significantly. From Kuhl and 
Miller (1978). 
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bilabial stimuli were 26.8 msec VOT for humans and 23.3 msec VOT for 
animals (Fig. 13.2, middle), which were not significantly different. The bound­
ary values for the velar stimuli were 42.3 msec VOT for humans and 42.5 msec 
VOT for animals (Fig. 13.2, bottom). Again, the values did not differ signif­
icantly. 

Taken together, the data suggested that animals' natural boundaries coincided 
with humans' phonetic ones, but to this point no studies had been done on 
animals' discrimination of specific pairs of stimuli from the continuum. Since it 
is the enhanced discriminability between categories-the phoneme boundary 
effect-that sets speech apart from other phenomena in psychophysics and in 
cognitive psychology, and since infants appear to demonstrate this effect without 
learning to experience (Eimas et al., 1971) discrimination tests were considered 
important. 
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FIG. 13.3. Discriminability of pairs of speech stimuli taken from a 
place-of-articulation (/b-d-g/ ) continuum. The bars indicate the entire 
range of performance across animals for each stimulus pair. Perfor­
mance was enhanced at the locations of humans' phonetic bound­
aries. From Kuhl and Padden (1983). 

We conducted two studies that directly addressed discriminability of stimulus 
pairs from a speech-sound continuum (Kuhl & Padden, 1982, 1983). (See also 
Kuhl, 1981; Sinnott, Beecher, Moody, & Stebbins, 1976; and Morse & Snowdon, 
1975, for different types of speech discrimination tests on animals) . The technique 
used in our studies involved training a monkey on a same-different task. During 
training, stimuli that were easily discriminable like a tone versus a noise or a click 
versus a buzz, were used. Eventually the monkey had to discriminate various 
vowel sounds, some of which differed only in intensity or pitch. The experiment 
involved testing stimulus pairs from a speech sound continuum to examine their 
discriminability, just as is done in tests on infants. The CP model predicts 
differential discriminability across the continuum, with pairs that straddle the 
phonetic boundary being most discriminable. Kuhl and Padden ( 1982) used 
stimuli from three different voicing continua and Kuhl and Padden (1983) used 
stimuli from a place continuum. The results of the two experiments were identi­
cal- in both cases animals demonstrated the discrimination typical of CP. 

The results from the /bre-dre-gre/ experiment are shown in Fig. 13.3. The 
average percentage correct discrimination score is given for each pair. The 
locations of the human phonetic boundaries are marked by dashed vertical lines. 
As shown, the best performance occurred on stimulus pairs 3 vs. 5, 9 vs. II, and 
II vs. 13. These are the only pairs that differ significantly from chance, and 
involve stimuli from different phonetic categories for humans. Thus, while stim­
ulus pairs were always separated by an equal physical distance on the continuum, 
their perceived differences were not equivalent. Discriminability was poor when 
the stimuli involved pairs taken from the same involved pairs taken from differ­
ent phonetic categories. 

Most recently, our tests on animals have been extended to the phenomenon of 
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"context effects." The particular example that we have tested involved the /ba­
wa/ distinction and its dependence on rate (Stevens, Kuhl, & Padden, 1988). 
Recall that when the two syllables /ba/ and /wa/ are produced at fast as opposed 
to slow rates of speech, the boundary between them is located at two different 
places on the respective continua. On the fast continuum, shorter transition 
durations are required to change the percept from /ba/ to / wa/; on the slow 
continuum, longer transition durations are required to change the percept from 
/ba/ to /wa/. The problem for a theory of speech perception is to explain how the 
underlying mechanisms specify a different boundary for fast versus slow speech. 

Our tests on macaques used the same stimuli used to test infants by Eirnas and 
Miller (1980). The stimulus pairs had been chosen by these authors so as to 
include pairs that straddled the adult-defined boundaries on both the fast and 
slow /ba-wa/ continua, and pairs that fell within a single phonetic category. 
These same pairs were used to test macaques. Our results mirrored those found 
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 (Stevens, Kuhl, & Padden, 1988). Thus, it 
appears that macaques also show context effects for speech; their boundaries on 
speech continua move when the context is changed. 

Taken as a whole, these data lend support to the notion that enhanced discrim­
ination near phonetic boundaries can be demonstrated in mammals other than 
man. I have argued elsewhere that this finding supports two conclusions, one 
about evolution and the other about infant performance (Kuhl, 1986b; Kuhl & 
Padden, 1983). First, in the evolution of language, the choice of the particular 
phonetic units used in communication was strongly influenced by the extent to 
which the units were ideally suited to the auditory system (Kuhl, 1988; Stevens, 
in press). It has been argued (Kuhl, 1979b, 1981; Kuhl & Padden, 1983; Ste­
vens, 1972, 1981) that the perception of certain auditory properties, such as 
spectral shape, detection of rapid formant change, and temporal order, served as 
a set of constraints on the acoustics of language. The second conclusion is that 
since animals demonstrate these speech phenomena, the fact that infants do so is 
not sufficient evidence by itself to support the notion that the mechanisms under­
lying the effects in infants are ones that evolved especially for speech. Animals 
demonstrate these effects in the absence of special mechanisms; infants may do 
so as well . 

Equivalence Classification 

A second kind of auditory equivalence is demonstrated by infants, one more 
like what cognitive psychologists call " categorization"- the ability to " render 
discriminably different things equivalent" (Bruner, Goodnow, & Austin, 1956). 

Categorization is a phenomenon that characterizes all of perception. As stim­
uli typically vary along many dimensions , categorization requires that we recog-
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nize similarities in the presence of considerable variance. Often the exact criteria 
used to categorize are not obvious. Consider the categories cat and dog. Describ­
ing what distinguishes them, and thus what uniquely categorizes them, is not 
simple. They both have two eyes, two ears, four legs, fur, a tail, and so on. 
Configurational properties of the face probably distinguish them, but trying to 
describe these features is difficult. Yet we would not expect an adult to mis­
takenly identify a cat as a dog, or vice versa. 

In speech, a similar categorization problem exists. Take a simple example, 
such as the vowel categories /a/ as in .. cot" and /re/ as in "cat. " The dif­
ferences between the two vowels are not subtle to the human ear; they are clearly 
different. But trying to program a computer to identify these vowels correctly 
when they are spoken by different individuals demonstrates it to be a very 
difficult problem. When different talkers produce these two vowels, there is 
overlap in the physical cues, the formant frequencies, that represent the two 
categories. The explanation for this has to do with the fact that people with 
different-sized vocal tracts (like males, females and children) produce different 
resonance frequencies when they create the same mouth shape. Thus far, no one 
has successfully described an algorithm that correctly recovers which of the 
vowels a speaker produced when acoustic information (the formant frequency 
values) is the only thing provided. In humans, various attempts to explain the 
processes by which we normalize the speech produced by different talkers have 
been offered; most of them involve computation of some kind (Lieberman, 1984, 
for review). 

The critical question for the current discussion is whether infants recognize 
equivalence when the same vowel is produced by different talkers. Are all/a/'s 
the same to the baby, regardless of the talker who produced them? It is of no 
small import to the child that such an ability exists early in life. Vocal-tract 
normalization is critical to the infant's acquisition of speech. Their vocal tracts 
cannot produce the frequencies produced by the adult's vocal tract, so infants 
must normalize speech to imitate it. 

How can the question be posed to the infant? We want to know if they can sort 
vowel sounds into two categories. When we ask whether infants can categorize, 
we want evidence that they can perceptually group a variety of instances into 
Type A and Type B events, even though the various A's (orB's) are clearly 
differentiable. To perform such a task requires that infants recognize similarity 
among discriminably different instances representing the A (and B) category, 
while ignoring the irrelevant differences between the various A's (and B 's). 
Thus, categorization requires a process in which the perceiver perceptually estab­
lishes two groups of stimuli; in each category equivalence must be detected while 
irrelevant variations (though discriminable) must be ignored. 

Two main features distinguish tests of "equivalence classification" from the 
tests of CP. First, the stimuli representing the categories are discriminably differ­
ent. In tests of CP, the stimuli differ on a single acoustic parameter, and thus 
evidence of categorization is taken from infants' failure to evidence discrimina-
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tion. In tests of equivalence classification, the stimuli vary along a number of 
dimensions and are clearly discriminable. Thus, categorization, if it occurs, 
cannot be attributed to a failure to discriminate the stimuli. In the first speech 
experiment on equivalence classification with infants, Kuhl (1979a) examined 
infants' discrimination of two vowel categories, /a/ (as in pop) and Iii (as in 
peep). The stimuli used in the experiment varied along three dimensions, phonet­
ic identity (/a/ versus /i/), pitch contour (rising versus falling), and talker identi­
ty (male, female, or child). Stimuli belonging to the same category (all /a/'s for 
example)-were shown to be easily discriminable from one another by infants. The 
question was: Can infants perceptually group all of the /a/'s and all of the /il_'s? 

Second, the categorization approach requires the infant to produce an equtv­
alent response to stimuli that are perceived to be equivalent, rather than to 
produce a response based on the detection of a difference between two stimuli. In 
order to explore infants' abilities to categorize, a technique had to be developed 
that required the infant to report the perception of similarity rather than to report 
the perception of a difference. Because every member of the category is percep­
tually different, having infants' responses depend on their perception of a dif­
ference would not allow one to address the categorization question. Instead, we 
wanted infants to signal that they heard a similarity between a novel stimulus and 
a stimulus they heard previously. Moreover, we wanted this perception of 
sameness not to be based on a failure to discriminate the two stimuli. 

A technique was developed by Kuhl (1985b) that achieves this goal. It uses a 
simple conditioning procedure that is shown in Fig. 13.4. The infant sits on a 
parent's lap and is visually engaged by an assistant, who manipulates toys 
silently. A speech sound, such as the vowel sound /a/, plays repeatedly from the 
loudspeaker at the infant's left. The infant quickly learned that when the sound 
changes from the vowel /a/ to the vowel Iii a bear playing a drum inside a black 
box on top of the loudspeaker is turned on for a short period of time. Eventually 
the infant anticipates the occurrence of the bear and produces a head-tum in the 
direction of the box when the sound Iii is played. 

Once trained, the infant produces head-turning responses only when / i/ 
vowels occur, and does not tum during presentations of the vowel I a/. We want 
to know what infants will do when they are presented with new instances of /a/ 
and / i/vowels, instances clearly different from the /a/ and /i/ stimuli heard 
during training. To find out, infants were initially trained to make a response 
when an /a/ vowel, produced by a male voice with a falling pitch contour, was 
changed to an /i/ vowel. The two stimuli were acoustically matched in every 
other detail. After this initial training, infants were tested with novel stimuli 
representing the two categories, ones produced by female and child talkers, with 
either rising or falling pitch contours. All of the novel stimuli differed percep­
tually from the two initial training stimuli, and infants were shown to be capable 
of discriminating all of the /a/'s from one another. The hypothesis was that the 
infant's initial training to respond to a single /i/ sound would generalize to all 
members of the category; that is, we argued that if infants perceived all I ii's as 
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FIG. 13.4. A head-turn technique used to test infanta' categorization 
of speech sounds. Infants are trained to produce a head turn toward 
the loudspeaker on the infant's left when a speech sound from one 
phonetic category is changed to a sound from a second phonetic cate­
gory. If infants do so at the appropriate time, a visual reinforcer is 
presented. Once training is complete. novel stimuli from both catego­
ries are presented to test infants' abilities to categorize them. From 
Kuhl (1986b). 

perceptually equivalent, then if the infant had been trained to produce a head-tum 
response to the male's Iii vowel, but not to his /a/ vowel, the infant would 
produce that response to all novel/i/'s (ones produced by females or children), 
but not to equally novel /a/'s. 

The results show that this hypothesis was correct (Kuhl, 1979a). Infants 
responded correctly to the novel vowels. If the infant had been trained to tum to 
the male's /a/, then all novel/a/'s evoked the response, while none of the novel 
Iii's did. The same was true if infants were trained to tum to the male's /i/-all 
novel Iii's evoked the response, but not the novel/a/'s. Figure 13.5 shows the 
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FIG. 13.5. Group data for the /a-i/ vowel categorization experiment. 
Per cent head-turn responses to each novel stimulus that belonged to 
the phonetic category that was initially reinforced !Change stimuli) and 
the phonetic category that was not initially reinforced (Control stimuli). 
The training stimuli were the far left "Change" stimulus and the far left 
"Control" stimulus, each produced by a male (M) voice with a falling 
!fl pitch contour. After training, novel vowels produced by female (F) 
and child (C) talkers, with either rising (r) or falling pitch contours. were 
introduced. The data show excellent generalization from the training 
stimuli to novel stimuli representing the same phonetic category. 
From Kuhl (1987). 
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per cent head-tum responses to all of the stimuli introduced in the experiment. As 
shown, infants produced head-tum responses only to the stimuli that were mem­
bers of the phonetic category that they were initially trained to respond to. They 
failed to produce head-tum responses to equally novel stimuli that were not 
members of the phonetic category that they were trained to respond to. More 
surprisingly, an analysis of infants' first-trial responses showed that infants per­
formed correctly on the very first trial. These results suggest that six-month-old 
infants categorize all /a/'s (and all til's) as the same. 

Kuhl (I 983) extended these results to vowel categories that are much more 
similar from an acoustic standpoint and therefore much more difficult to cate­
gorize. The vowels were synthesized versions of /a/ (as in cot) and /-:>/ (as in 
caught). In naturally produced words containing these vowels, the overlap in the 
first two formant frequencies is so extensive that the two categories cannot be 
separated on this acoustic dimension (Peterson & Barney, 1952). Moreover, in 
most dialects used in the United States, talkers do not distinguish between the 
two vowels. The experiment was run just as before. Infants were trained on the 
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/a/ and /:J/ vowels spoken by a male talker. Then, novel vowels spoken by 
female and child talkers, with additional random changes in the pitch contours of 
these vowels, were introduced. Results of the /a-:J/ study showed that most of 
the infants performed as well as infants in the /a-il experiments had performed. 
For these infants correct performance to the novel vowels occurred on the first 
trial (Kuhl, 1983). 

In a study just completed (Kuhl, Wolak, & Green, in preparation) we exam­
ined another difficult vowel contrast, /a/ as in cot and Ire/, as in cat. To make the 
test more similar to the situation typically experienced by infants growing up, all 
of the vowels were spoken naturally, as opposed to our previous tests, in which 
the vowels were computer-synthesized. The number of talkers was also increased 
from three (previous studies) to twelve. The twelve talkers included 5 males, 5 
females, and 2 children. The variation in voices was quite astounding, even to 
the adult ear, and this made it all the more difficult to attend to the essential 
differences between the vowels /a/ and /re/. Adults who were tested in this task 
told us that they had to pay attention in order to perform perfectly. How did 
infants fare? Six-month-olds tested on this task performed at about 76% correct, 
significantly above the 50% chance level (p < 0.01). 

Thus, studies of vowel categories show that by six months of age infants 
recognize equivalence classes that conform to the vowel categories of English. 
Given the demonstration that infants categorize variants for an easily discrimina­
ble contrast (/a-i/), as well as for difficult contrasts (la-:J/ and /a-re/), infants 
probably demonstrate this vowel constancy for all vowel categories in English. 

How do infants recognize speech categories? We have obtained preliminary 
evidence that infants' vowel categories may be organized around a central 
"good" stimulus-a prototype of the category (Grieser & Kuhl, 1989). Our 
evidence consists of the results of studies that show that infants' spontaneous 
tendencies to generalize to new instances of a vowel category are affected by the 
perceived goodness (to an adult ear) of the stimulus that infants were initially 
trained to respond to. 

The experiment was conducted in the following way. We synthesized a vari­
ety of stimuli that conformed to points in a two-formant coordinate vowel space 
within the /i/ vowel category. We asked adults to rate the goodness of these 
vowels on a scale of 1 to 7. Based on these ratings, we chose one stimulus that 
was rated as a good version of the /i/ vowel and another rated as a poor version 
of Iii. Even the poor one was always classified as an /i/ rather than as some other 
vowel. We then synthesized 32 variants around the good and poor /i/ vowel 
stimuli. These variants formed "rings" around the stimuli. Each ring was a 
specified distance in mels2 from these points (30, 60, 90 and 120 mels). On each 
ring, eight stimuli were synthesized, for a total of 32. Once again, adults were 

2'fhe mel scale equates for perceived changes in pitch at a variety of different frequencies. Using 
a mel scale to specify the vowel's formants was an attempt to make all stimuli on each of the rings 
equally different from the target vowel. 
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asked to rate the goodness of each of the variants (N = 64) around both the good 
and poor versions of Iii . 

The tests on infants were designed to examine whether generalization around 
a good stimulus differed from generalization around a poor stimulus. The head­
tum technique was used to examine infants' generalization to variants around 
the two points. The results showed that generalization around the good stimulus 
was significantly broader than generalization around the poor stimulus. When 
trained on a good variant of /i/, infants responded to many more stimuli in vowel 
space than they did when trained on a poor variant of Iii. In fact, the same Iii 
stimuli were responded to differently depending upon whether the infant had 
been trained to respond to a good as opposed to a poor /i/ stimulus. 

These studies suggest that some points in vowel space are ideal candidates for 
category centers, because they are associated with perceptual stability over a 
broad array of category variants. Other points in vowel space are poor candi­
dates, as perception is not stable and generalization to novel exemplars is weak. 
These data support the notion first expressed by Stevens (1972), who argued that 
vowel categories were organized so as to take advantage of the quanta! nature of 
perception. This phenomenon is consistent with prototype theory (Medin & 
Barsalow, 1987; Rosch, 1975), and is the first data that we are aware of that 
suggest that infants' speech categories demonstrate internal structure and organ­
ization by 6-months-of-age-and, in particular, that speech may be represented 
by prototypes in infants. 

We tum now to studies of equivalence classification on consonant classes. 
They are of great interest theoretically. Because consonants cannot occur in 
isolation, and have to be coarticulated with vowels, the acoustic cues to a 
particular consonant vary a great deal depending on the vowel that precedes or 
follows it (Ohman, 1966, but see Stevens & Blumstein, 1981, for a description 
of cues that may be invariant across context). Thus, while we hear the /b/ in bat, 
but, boot, and even those in tab, tub, and tube as the same segment /b/, there is 
no theory that explains this, and computers are unable to identify a given seg­
ment as the same across different contexts. We therefore want to know whether 
infants perceive the similarity between consonants across vowel contexts. 

Studies of equivalence classification for consonant classes have been under­
taken in our lab (Hillenbrand, 1983, 1984; Kuhl, 1980). These experiments used 
the same basic design as the tests on vowels just described. Infants were trained 
to differentiate two CV syllables, whose initial consonants differed. In Kuhl 
(1980), we reported experiments on fricatives in which syllables beginning with 
Is!, as in sell, were contrasted with syllables beginning with If I, as in shell. 
During training the consonants were spoken by a female talker and they appeared 
in an /a/ vowel context (/sa/ vs. I fa/). Once training on these syllables was 
complete, novel Is/ and If I syllables were introduced. These new syllables 
differed both in the talker who produced them (2 male and 2 female talkers) and 
the vowel context in which the consonants appeared (Ia/, Iii, and /u/). Thus, 
infants not only had to recognize the consonant regardless of the talker, they also 
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had to recognize the consonant regardless of the vowel context in which it 
appeared. 

In all, 22 novel syllables were introduced. The infant's task was to categorize 
the novel syllables by producing a head-tum response to those beginning with 
one of the consonants (either /s/ or If!) and to inhibit the head-tum response to 
the opposite category. The experiments were also run with the fricatives /f/ and 
191, and in the initial as well as in the final positions of syllables. (See Kuhl, 
1980, for full details.) 

It was a challenging task, more difficult than any of the vowel categorization 
tests in which the wit11in-category variation was not as extreme. Yet infants 
performed well in the task, with some of them producing a near-errorless perfor­
mance (Kuhl, 1980). It was clear that infants were capable of recognizing that 
the / sf's in lsi/ , / sa/ , and /su/ were the same and that all were distinct from the 
If/'s in / fi/, !fat, and !Jut, which were themselves the same. 

A complete discussion of the issues raised by the data is beyond the scope of 
this chapter. The main issue posed concerns segmentation: Do these results 
suggest that infants segment the syllables into two component parts, consisting of 
a consonant (/C/) and a vowel (/V /), and that the basis of category recognition is 
the common consonantal segment contained in each? If so, it would provide 
strong evidence in support of a phonetic level of representation for infants. Such 
an explanation is consistent with their performance, but we cannot go this far in 
explaining infants' performance on these tests (Kuhl, 1985a, 1986c). The con­
servative posture claims only that infants hear similarities between the initial (or 
final, since we tested both) " portions of the syJiables" (Kuhl, 1985a). We do not 
know that infants hear two segmental events in these syllables, and that one of 
them, the consonant, is the same. It will take further experiments to decide this . 
For now, however, we can say that there is some evidence that infants can cope 
with the extreme variations in the acoustic cues underlying consonants, and this 
is impressive. 

Experiments on equivalence classification have thus demonstrated infant's 
abilities to perceive a constancy of sorts for speech sounds. Infants recognize 
auditory equivalence for vowels spoken by different people, and for consonants 
in different contexts. At least in the case of vowels, we have evidence to suggest 
that infants' speech categories are organized around a good stimulus. These 
abilities are remarkable, and must be of enormous help in the infant's acquisition 
of phonology. 

The Basis of Equivalence Classification 

There are no nonspeech studies analogous to equivalence classification. There 
are , however, some data on animals' abilities to perform in tasks of this kind. In 
addition, there are data suggesting that equivalence classification is not restricted 
to the domain of speech, but occurs for other classes of stimuli as well . 

Early s tudies on animals (Baru, 1975; Burdick & Miller, 1975; Kuhl & 
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Miller, 1975) involved tests that were similar to "equivalence classification." In 
these tests, animals were trained on a subset of sounds from two different 
categories and then tested for generalization to novel members of both catego­
ries. Kuhl and Miller used chinchillas to test categories of CV syllables d1ffering 
in voicing (/t/ vs. /d/), with the talker and vowel context varying. Burdick and 
Miller and Baru reported on the perception of the vowels /a/ and /i/, with talker 
varying. These studies were the first to demonstrate that animals could learn to 
respond correctly to discriminably different instances representing a phonetic 
category, including novel ones. 

Recent studies have provided additional support for the idea that non-human 
animals perceptually group speech sounds from a given phonetic category to­
gether. Kluender and Diehl (1987), for example, have shown that Japanese quail 
learn to categorize natural consonant-vowel syllables beginning with /d/ , as 
opposed to /b/ or /g/ , and that this learning generalizes to syllables having 
different vowels. 

It is also worth noting that the ability to detect equivalences between discrimi­
nably different members of a category by infants has been shown for stimuli 
outside the domain of speech. Cohen and Strauss (1979) showed that 7-month­
olds could form a category of a specific female, regardless of her orientation, or 
of female faces in general. Infants can form categories based on stimulus config­
uration (Milewski, 1979), the general characteristics of human faces (Fagan, 
1976), and possibly even number (Starkey, Spelke, & Gelman, 1983). In other 
words, infants' abilities to recognize equivalence among discriminably different 
stimuli that belong to a category are not specific to speech; they are illustrated in 
many different perceptual domains. 

Auditory-Visual Equivalence 

Thus far infants' detection of equivalence for diverse auditory events has been 
discussed. Now we extend the discussion to the detection of cross-modal equiv­
alence for speech, wherein categorization abilities go beyond those involving 
auditory perception. Recent studies on adults from our own lab (Green & Kuhl , 
in press; Kuhl, Green, & Meltzoff, 1988; Grant, Ardell, Kuhl, & Sparks , 1985) 
and others (McGurk & MacDonald, 1976; Massaro & Cohen, 1983; Green & 
Miller, 1985; Summerfield, 1979) show that the perception of speech is strongly 
innuenced by information gleaned from watching the face of a talker. This raises 
profound problems for a theory of speech perception because it means that visual 
information, such as watching a talker's lips come together to produce the 
consonant /b/ , is somehow equated in perception to acoustic information that 
auditorially signals the consonant /b/ . (See Kuhl & Meltzoff, 1988, for discus­
sion.) One important question about such complex " cross-modal" equivalences 
is how information as different as the sight of a person producing speech, and the 
auditory speech event that is the result of production, come to be related in 
development. 
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FIG. 13.6. Experimental set-up 
used to test the cross-modal 
perception of speech in infants. 
Infants view two faces produc­
ing the vowels /a/ and /i/ while 
a single sound (either /a/ or /i/1 
is presented from a loudspeaker 
located midway between the 
two facial images. (From Kuhl 
and Meltzoff, 1982.1 

We designed an experiment to pose this problem to infants. We asked whether 
infants could relate the sight of a person producing a speech sound to the auditory 
concomitant of that event (Kuhl & Meltzoff, 1982). Infants were shown two 
filmed faces, side by side, of a woman articulating two different vowel sounds 
(Fig. 13.6). One face displayed productions of the vowel /a/, the other of the 
vowel Iii. While viewing the two faces, a single sound, either /a/ or /i/, was 
presented from a loudspeaker located midway between the two facial images. 
This eliminated any spatial cues as to which of the two faces produced the sound. 
The two facial images articulating the sounds moved in perfect synchrony with 
one another; the lips opened and closed at the exact same time, thus eliminating 
any temporal cues. The only way an infant could solve the problem was by 
recognizing a correspondence between the sound and the mouth shape that nor­
mally caused that sound. In other words, infants had to perceive a cross-modal 
match between the auditory and visual representations of speech. 

Thirty-two infants ranging in age from 18 to 20 weeks were tested. They were 
placed in an infant seat facing a three-sided cubicle (Fig. 13.6). The experiment 
had two phases, a familiarization phase and a test phase. During familiarization, 
infants saw each of the two faces for to sec in the absence of sound. Following 
this, both faces were presented side by side, and the sound was turned on. Infants 
were video- and audio-recorded. An observer who was uninformed about the 
stimulus conditions scored the videotaped infants' visual fixations to the right or 
left stimulus. 

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. Infants presented with the auditory /a/looked 
longer at the face articulating /a/; those who heard Iii looked longer at the face 
artkulating I it. The effect was strong--of the total looking time, 73% was spent 
on the matched face (p < 0.001) and 24 of the 32 infants demonstrated the effect 
(p < 0.01). There were no other significant effects-no preference for the face 
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located on the infant's right as opposed to the infant's left side, or for the /a/ face 
as opposed to the /i/ 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 to the infant's left. (See Kuhl & Meltzoff, 1984a, for full details.) 

We then replicated the findings with 32 additional infants and a new research 
team (Kuhl & Meltzoff, 1984b). All other details of the experiment were identi­
cal. The results again showed that infants looked longer at the face that matched 
the sound they heard. Of the total fixation time, infants spent 62.8% fixating the 
matched face (p < 0.05), and 23 of the 32 infants demonstrated the effect (p < 
0.0 I). Recently another team of investigators has also replicated this cross-modal 
matching effect for speech using disyllables such as mama versus lulu and baby 
versus zuzi in a design similar to ours (MacKain et al., 1983). 

Most recently we have extended the tests to another vowel pair (li-u/), thus 
including the third "point" vowel in the set of vowels tested. The point vowels 
are maximally distinct, both acoustically and articulatorily, and occur at the three 
endpoints of the triangle which defines "vowel space" (Peterson & Barney, 
1952). The test was conducted just as it had been previously, only this time 
infants watched faces producing the vowels Iii and /u/, and listened to either Iii 
or /u/ vowels. The results showed that the effect could be extended to a new 
vowel pair. The mean percentage of fixation time to the matched face was 63.8% 
(p < 0.05), and 21 of the 32 infants looked longer at the matched face (p < 0.05) 
(Kuhl & Meltzoff, 1984b). 

Thus, 4-month-olds perceive auditory-visual equivalents for speech. They 
recognize that /a/ sounds "go with" wide-open mouths, /it sounds with retracted 
lips, and /u/ sounds with pursed lips. What accounts for infants' cross-modal 
speech perception abilities? Have infants learned to associate an open mouth with 
the sound pattern /a/ and retracted lips with /i/ simply by watching talkers 
speak? Does some other kind of experience play a role in this ability? Our tests 
are now being conducted on younger infants to examine the learning account; we 
are specifically interested in whether or not experience in babbling plays a role in 
the effect (Kuhl & Meltzoff, 1984a). 

Presuming for the rw•ment that these effects can be demonstrated quite early, 
thus reducing the possib1lih that learning explains them, two theoretical pos­
sibilities were suggested (Kuhl & Meltzoff, 1984a). One is that the effect derives 
from a phonetic representation Qf speech such as that suggested by the SMA, the 
other that the effect is independent of speech, and based on infants' more general 
cognitive abilities (GMA). The main postulate of SMA is that the perceived 
match between the auditory and visual information is based on mediation by a 
representation of the phonetic unit, in this case, the vowels /a/ and /i/ in a form 
that specified both their auditory and visual instantiations. These representations 
would account for the detection of equivalence in the phonetic information 
perceived through the two modalities; the representation links the two stimuli. 

Our second account, similar to the GMA, was very different. We argued that 
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it was possible that the auditory and visual speech infonnation was related by 
some other property, one that directly tied infonnation such as the fonnant 
frequencies of the sound I a/ to the sight of a wide-open mouth. This account held 
that mediation at the phonetic level was not necessary to perceive a match 
between the two stimuli; it might be done on the basis of simple physics (Kuhl & 
Meltzoff, 1984b). A series of experiments aimed at separating the two explana­
tions was designed. 

The Basis of Auditory-Visual Equivalence 

Our first question about the effect was whether or not a nonspeech sound that 
mimicked certain features of the auditory stimulus could replace it in the cross­
modal test. We argued that the use of nonspeech stimuli helped identify what 
aspect of the auditory signal was necessary and sufficient to evoke the matching 
response. Was it necessary that the auditory signal contain enough infonnation to 
identify the vowel or was a single feature of the vowel, presented in a nonspeech 
context, sufficient? 

The nonspeech tests were conducted in two steps. The first was to verify that 
the cross-modal matching effect depended upon the spectral infonnation in the 
vowels rather than temporal infonnation. Vowels are defined primarily in tenns 
of spectral infonnation (fonnant frequencies) rather than in tenns of temporal or 
amplitude infonnation, so it was important to test whether the spectral infonna­
tion in the vowels was essential. Because the auditory and visual vowel stimuli 
had been matched on all temporal and amplitude parameters, we assumed that 
infants' matches must be based on the spectral differences between the /a/ and 
Iii vowels. We thus hypothesized that if we altered this spectral infonnation, 
taking the fonnant frequencies out of the sounds, infants could no longer succeed 
on the cross-modal task. 

To test this directly, the /a/ and /i/ vowels used in our original study were 
altered to remove their fonnant frequencies while leaving whatever temporal and 
amplitude infonnation remained. Using computer analysis techniques, we ex­
tracted the amplitude envelopes of the vowels and their precise durations. Then 
we computer synthesized pure-tone stimuli with a frequency of 200 Hz (the 
average value of the female talker's fundamental frequency), one for each of the 
40 original /a/ and /i/ vowels. Each pure-tone stimulus exactly followed the 
amplitude envelope of its speech-stimulus original. 

These pure-tone stimuli could not be identified as /a/ or /i/, yet when they 
were played while looking at the faces, the resulting display was quite engaging. 
Because the temporal properties of the tones matched the original vowels, the 
tones became louder as the mouths grew wider and softer as the mouths drew to a 
close. Thus, if infants in our task could discover a match between auditory and 
visual stimuli on time-intensity cues alone, they should succeed. If, however, the 
spectral properties of the vowels were necessary, the results should drop to 
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chance. Arguing that the temporal-envelope properties of the stimuli were insuf­
ficient for success in our original experiment, we favored the spectral hypothesis. 

The results were in support of the spectral hypothesis; infants' cross-modal 
perfonnance dropped to chance. The mean percentage fixation time to the 
matched stimulus was 54.6% (p > 0.50), with only 17 of the 32 infants demon­
strating the effect. Inspection of the looking data revealed that infants spent just 
as long looking at the faces in this experiment as they had in the previous three 
experiments in which they heard speech sounds rather than tones, so it was not as 
though they found these stimuli uninteresting. However, they could not detect a 
match between the tones and the faces. We had shown, then, that the temporal 
envelope of the vowel stimuli used in our experiment was not sufficient to 
produce the cross-modal effect. Some aspect of the spectral infonnation was 
necessary, as we had hypothesized. 

But what aspect of the spectral infonnation was needed? Did the infonnation 
in the auditory stimulus have to be sufficient to identify it as an /a/ or an /i/ in 
order for the match to be detected? Or would a simpler spectral property be 
sufficient? As a second step, we undertook a variety of tests involving nonspeech 
stimuli that captured spectral features of the /a/ and Iii vowels. Additional tests 
using pure tones were conducted to see whether representing just the "grave­
acute" distinctive feature (i.e., the low versus high tonal quality of the vowels) 
would be sufficient. Our tests had shown that pure tones can reliably be related to 
auditorially or visually presented vowels by adults; in both cases, they associate 
low tones with /a/ and high tones with Iii (Kuhl & Meltzoff, 1988). We used 
nine different pure tones ranging from 250 Hz to 4000 Hz. We also used three­
fonnant analog stimuli. These were made up of three pure tones whose frequen­
cies matched the fonnant frequencies; thus, the 3-tone analogs more closely 
resembled the spectral properties of speech than did the simple pure tones. The 
results of these tests showed that neither simple distinctive features of the vowels 
(as represented by pure tones), nor our three-tone analog representations of the 
vowels were sufficient for infants. They could not detect a match between a 
nonspeech auditory stimulus and a face mouthing speech (Kuhl & Meltzoff, 
1988). Only when the full signal was presented did infants relate the auditory and 
visual concomitants of speech. 

Thus our studies on the basis of the effect suggest that nonspeech analogs do 
not work. Infants do not detect matches between auditory nonspeech events and 
faces that make speech movements; they may already know that mouths produce 
speech, rather than tones or chords. The fact that we have identified a dissocia­
tion between speech and nonspeech is intriguing, in light of the fact that non­
speech experiments on categorical perception have replicated the results of 
speech experiments. 

Finally, it is clear that cross-modal perception in infants is not unique to 
speech. Meltzoff and Borton (1979) conducted experiments on cross-modal per­
ception in 4-week-olds, showing that they could detect equivalences between 
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infonnation delivered tactually and visually. In this study infants were given one 
of two pacifiers, either one with nubs on it or a smooth one. The pacifier was 
then removed and two visual stimuli were presented, a sphere with nubs on it and 
a smooth one. The results showed that infants who sucked on the smooth pacifier 
looked at the smooth sphere while those who had sucked on the nubby pacifier 
fixated the nubby sphere. We can not claim, then, that cross-modal perception in 
infants is speech-specific. 

Auditory-Motor Equivalence 

Thus far in discussing the infant's detection of equivalences in speech we have 
focused on the perception of speech through different sensory modalities­
auditory and visual. We now tum our attention to speech production to examine 
another aspect of equivalence that infants detect for speech. 

As adults, we can produce a specific auditory target, such as a vowel, on the 
first try; it is not a trial-and-error process. Auditory signals are directly related to 
the motor commands necessary to produce them because adults have rules that 
dictate the mapping between articulation and audition. This mapping is quite 
sophisticated. Experiments show that if an adult speaker is suddenly thwarted in 
the act of producing a given sound by the introduction of a sudden load imposed 
on his lip or jaw, compensation is essentially immediate (Abbs & Gracco, 1984). 
The adjustment can occur on the very first laryngeal vibration, prior to the time 
the adult has heard anything. Such rapid motor adjustments suggest a highly 
sophisticated and flexible set of rules relating articulatory movements to sound. 

How do auditory-articulatory mapping rules develop? Evidence suggests that 
at least one important mechanism for learning them is vocal imitation. 

Among mammals, humans are the only animals who give evidence of vocal 
learning, that is, learning the species vocal repertoire by hearing it and mimick­
ing it. We share this ability with a few select species of passerine birds (Marler, 
1973). Presumably it is the mechanism of imitation that guides vocal learning. 
The power of its effects can be seen in the fact that early auditory exposure to a 
specific language pattern puts an indelible marker on one's speech patterns. 
Foreigners try to rid themselves of their language-specific phonetic errors and 
their foreign accents, but it is notoriously difficult to do so. 

We presume then that at some point young infants must mimic the speech 
patterns that they hear others produce. But how early are infants capable of doing 
this? Some relevant data can be adduced from the earliest age at which infants 
from different language environments produce phonetic units that are unique to 
their own native language. The data on infant babbling show that infants produce 
sounds that are not specific to any one language (Oller, 1986; Stark, 1980). But 
by the time first words emerge, infants will begin to produce sounds that are 
typical of their language, but are rare in other languages. Moreover, these infants 
will have an accent. They will have adopted the prosodic features of the lan­
guage- its cadence, rhythm and tempo, as well as its characteristic intensity and 
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intonation contours. There is some research suggesting that as early as 12-
months-of-age these differences are discernible (de Boysson-Bardies et at., 
1984). The data thus suggest that at some point prior to the onset of speech and 
perhaps as early as 12-months-of-age, infants have acquired enough infonnation 
about the phonetic units and prosody of their native language to produce it in a 
way that is characteristic of their native tongue. Thus, by this time, evidence of 
vocal learning exists. 

A more direct approach to the question is to examine vocal imitation experi­
mentally. From Piaget on, reports have appeared that are highly suggestive of 
vocal imitation of at least one prosodic aspect of speech, its pitch (Kessen, 
Levine, & Wendrich, 1979; Liebennan, 1984; Papousek & Papousek, 1981; 
Piaget, 1962); however, all but one of these studies (Kessen et at., 1979) in­
volved natural interactions between adults and infants, and as such are subject to 
methodological problems (Kuhl & Meltzoff, 1988). Natural observations of 
mothers and their infants are usually subject to the question "who is imitating 
whom?" The Kessen et al. study tested infants in multiple sessions over several 
months, giving them repeated practice and feedback, so the issue of training is 
unresolved in the study. 

With these issues in mind we sought evidence of vocal imitation in our own 
experiments on infants' cross-modal perception of speech (Kuhl & Meltzoff, 
1982; 1988). The cross-modal studies provided a controlled setting in which to 
study vocal imitation. Recall our experimental set-up. Infants sat in an infant seat 
facing a three-sided cubicle. They viewed a film of a female talker producing 
vowel sounds. Half of the infants were presented with one auditory stimulus 
while the other half were presented with a different auditory stimulus. The 
stimuli were totally controlled, both visually and auditorially. There were no 
human interactions with the infant during the test, and thus no chance for spu­
riously shaping and/or conditioning of a response. The room was a soundproof 
chamber and a studio-quality microphone was suspended above the infant to 
obtain clear recordings that could be perceptually or instrumentally analyzed. 
Finally, the stimulus on film being presented to the infant occurred once every 3 
sec, with an interstimulus interval of about 2 sec. This was ideal for encouraging 
tum-taking on the part of the infant. We found that infants in this setting were 
calm and highly engaged by the face-voice stimuli. They often listened for a 
while, smiled at the faces, and then started "talking back." Our question was: 
Do infants' speech vocalizations match those they hear? 

In our initial report we described data that were highly suggestive of infants' 
imitation of the prosodic characteristics of the signal (Kuhl & Meltzoff, 1982). 
We observed infant matching of the pitch contour of the adult model's vowels. 
Both the adult's and infant's responses are shown in Figure 13.7. Instrumental 
analysis showed that the infant produced an almost perfect match to the adult 
female's rise-fall pattern of intonation. While the infant has shorter vocal folds 
and therefore produces a higher fundamental frequency the pitch pattern of a 
rapid rise in frequency followed by a more gradual fall in frequency duplicates 
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FIG. 13.7. Pitch matching in tests of vocal imitation in infants. From 
Kuhl and Meltzoff (1982). 

that of the adult. The two contours were perceptually very similar. The infant's 
response also matched the adult' s in duration. Because vocalizations with this 
rise-fall pattern and of this long duration are not common in the utterances of 
four-month-olds, it was highly suggestive of vocal imitation. But because we had 
not varied the pitch pattern of the vowel in the experiment it was not possible to 
conclude definitively that infants could differentially match the pitch contour of 
vowels. 

A more rigorous test of the young infant's ability to imitate relates to their 
matching of the phonetic segments of speech. Half of the infants in our experi­
ments had heard /a/ vowels while the other half had heard /i/ vowels. This 
allowed a good test of the differential imitation of speech sounds. All of the 
vowel-like vocalizations produced by the infants in the /a-i/ studies were ana­
lyzed. Vowel-like sounds were defined on the basis of acoustic and articulatory 
characteristics typical of vowels. The sounds had to be produced with an open 
mouth, rather than one that was closed. They had to have a minimum duration of 
500 msec. They had to be voiced, that is, vocalized with normal laryngeal 
vibration, and could not be aspirated or voiceless sounds. They could not be 
produced on an inhalatory breath. Vocalizations that occurred while the infant's 
hand was in his mouth could not be reliably scored and were excluded. Conso­
nant-like vocalizations were also scored, but they occurred rarely and were 
always accompanied by vowel-like sounds. 

Once identified, the sounds were submitted to analysis. Perceptual scoring 
was done by having a trained phonetician listen to each infant's productions and 
judge whether, on the whole, they were more "/i/-like" or /a/-like." Infants at 
this age cannot produce perfect /i/ vowels, due to anatomical restrictions. They 
can, however, produce other high front vowels such as /1/ or If:./. Similarly, a 
perfect /a/ is rare in the vocalizations of the 4-month-old, but similar central 
vowels, such as Ire/ and I AI are producible by infants at this age. Thus, the 
judgment made by the observer was a forced-choice one concerning whether an 
infant's vocalizations were more /at-like or more /if-like. 

We then asked judges to predict whether infants had been exposed to /a/ as 
opposed to Iii, based on the infant's vocalizations. If judges can do so with 
greater than chance (50%) accuracy, then there is evidence for vocal imitation. 
The results confirmed this prediction. Infants produced /a/-like vowels when 
listening to /a/ and /if-like vowels when listening to Iii, allowing the judges to 
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predict accurately in 90% of the instances the vowel heard by the infant. These 
results were highly significant (p < 0.01) (Kuhl & Meltzoff, 1988). 

We are now involved in the instrumental analysis of the sounds. Using dis­
tinctive feature theory to guide our instrumental analyses, we measured the 
graveness and compactness of the infants' vowel productions. The results dem­
onstrated that infants' vocal responses to /a/ were significantly more grave, that 
is, they had a lower center of gravity, than their responses to I i i . Similarly, their 
responses to /a/ were significantly more compact, that is, they had formants 
spaced more closely together, than their responses to Iii. Taken together, the two 
analyses provide some evidence that 4-month-old infants are engaged in vocal 
imitation of the phonetic segments of speech. 

The Basis of Auditory-Motor Equivalence 

Our first question was again related to the effectiveness of nonspeech sounds. 
Could the auditory stimulus in vocal imitation studies be replaced by a nonspeech 
stimulus? The specific questions we were interested in were these: What happens 
when infants listen to speech as opposed to nonspeech sounds? Do vocalizations 
occur as frequently as they do when infants listen to speech? And if they occur, 
do these vocalizations sound like those given in response to the speech stimulus 
mimicked by the nonspeech analog? 

Recall that in our cross-modal studies involving speech infants heard one of 
the three point vowels, /a/, /i/, or /u/. In two other studies infants heard 
nonspeech stimuli consisting of either pure tones or a three-tone analog stimulus. 
In the pure-tone study (Kuhl, Wolak, & Meltzoff, in preparation), nine pure 
tones were used, varying from 125 Hz to 4000 Hz. In the three-tone analog 
study, the tones matched the formant frequencies of the vowels. In neither of 
these nonspeech studies could any of the sounds be identified as speech. 

Our original study included a nonspeech test in which a single pure tone was 
presented (Kuhl & Meltzoff, 1982). The results of the study suggested that 
nonspeech sounds·were not effective elicitors of vocalization. We reported that 
the infants tested in the speech condition versus those tested in the tone condition 
produced a differential amount of vocalization. Infants who heard speech pro­
duced cooing sounds typical of speech. The infants who were presented with the 
nonspeech tone did not produce speech-like vocalizations. They had watched the 
same faces, heard sounds of the same duration and intensity, and were given just 
as long to reply. But they did not produce speech. In the 1982 paper we reported 
that I 0 of the 32 infants hearing speech produced speech-like vocalizations 
whereas only a single infant hearing nonspeech produced speech-like vocaliza­
tions, and this difference was significant (p < 0.01). 

We can now extend these results to a much Iaeger sample. To date we have 
analyzed the vocalizations of all of the infants who participated in the two /a-il 
studies for a total of 64 infants. In addition, we have analyzed the vocalizations 
of the first half (72 infants) of the 144 infants tested in the pure-tone study (Kuhl 
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& Meltzoff, 1988). The results strongly show the superiority of human speech in 
eliciting infant vocalizations. Infants listening to speech produce speech, while 
infants listening to tones do not. Fully 40 of the 64 infants listening to speech in 
our sample produce vocalizations that are typical of speech, while only 5 of the 
72 infants hearing nonspeech produce sounds of this type (p < 0.001). Infants 
listening to nonspeech do not tend to produce speech-like vocalizations; instead, 
they squeal, gurgle, grunt, or produce raspberries. Apparently, infants talk only 
to faces that are talking to them. Thus we see a dissociation between speech and 
nonspeech in our studies of vocal imitation. 

Having these data on vocal imitation in hand, we can now ask whether the 
tendency to mimic human acts is unique to speech? Once again, the answer from 
cognitive development is clear. Meltzoffs work on facial and gestural imitation 
has shown quite convincingly that very young infants (in some instances new­
borns) imitate adult facial and manual gestures such as tongue protrusion, mouth 
opening, and the opening and closing of the hand (Meltzoff & Moore, 1977, 
1983). Thus, we cannot claim that infants' imitative capacity regarding vocaliza­
tipn is a specialization that is speech specific. 

IV. A RETURN TO THEORY 

We began this chapter by noting the fact that for both animal and human species, 
the notion of "special mechanisms" has been offered to explain infants' early 
responsiveness to species-specific signals (SMA). For the case of human infants 
acquiring speech, however, a second account was described that is a viable 
alternative. The second account holds that general mechanisms may be sufficient 
to account for infants' abilities (GMA). Both accounts attempt to explain infants' 
detection of complex equivalences in speech: between auditory events that are 
physically different and easily discriminable, between speech stimuli presented 
to different modalities, as in auditory-visual speech perception, and between an 
auditory speech stimulus and its motor equivalent. 

How do our two models account for the equivalence data? Recall that SMA 
argues that in each of the cases a phonetic representation of speech units mediates 
perception. This is its key point; without higher-order representations, these 
events cannot be equated in perception. They are not linked to each other in any 
other way. Auditory equivalence is perceived because two different speech 
events (such as the vowel/a/ spoken by two different people) are tied to the same 
phonetic representation. Thus, even though their surface acoustic properties are 
not the same, their common representation renders them equal. When auditory 
and visual versions of /a/ are detected, or when sounds are equated to the motor 
movements used to produce them, this account holds that it is because the two 
stimuli have a common underlying phonetic representation (Kuhl & Meltzoff, 
1984a). The auditory and visual instantiations of speech are not themselves 
directly tied. Nor are sounds and the motor movements that produce them. They 
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are linked up by virtue of the fact that they are both independently tied to the 
higher-order representation of the phonetic segment. Without higher-order repre­
sentations, these events cannot be linked, and equivalence would not be detected 
(Kuhl & Meltzoff, 1984a). 

What of GMA? How does it explain the data on infants' detection of equiv­
alence? The mainstay of its argument is that infants' detection of equivalence for 
speech does not depend on a representation of phonetic units . On this view, 
perception of equivalence is not mediated by pre-existing representations of 
phonetic units because innately stored representations of phonetic units do not 
exist. Infants' capabilities are explained by their general auditory and cognitive 
abilities. 

Regarding infants' detection of auditory equivalence, the GMA holds that this 
is due purely to the perception of auditory similarity. This is true both for two 
vowels spoken by different people, and for cues that "trade" in perception. On 
this view, these stimuli can be perceived to be auditorially equivalent in the 
absence of any other speech-specific processing. Critical data for this position 
are provided by the animal studies reviewed earlier; they show that animals 
detect auditory equivalences for speech. 

According to the GMA higher-order equivalences involving cross-modal and 
imitative abilities are also not dependent upon preset phonetic representations. 
Critical data here are those provided by studies of infants' general cognitive 
abilities. Research on infants' cognitive development clearly demonstrates that 
these abilities exist outside the domain of speech. Thus, the key point argued by 
the GMA is that infants do not need special mechanisms to accomplish cross­
modal and imitative tasks for speech; such mechanisms already exist for the 
perception of objects and faces. 

Having summarized each account's approach to the data on equivalence de­
tection, we address the evidence presented from tests on the basis of the effect. 
The SMA is most forcefully supported as an explanation for an effect when 
nonspeech tests fail, when animals fail, and when no other domain but speech 
gives evidence of the effect. The GMA is supported for effects in which non­
speech tests succeed, animals succeed, and other domains provide evidence of 
similar effects. What pattern of results was obtained? Did clear support for one or 

the other account emerge? 
Consider first the pattern of results with nonspeech. There is evidence that CP 

effects in infants can be replicated with nonspeech, although the difference 
between VOT results and TOT results remains puzzling. Context effects and 
trading relations have also been demonstrated using nonspeech analogs with 
infants. The only effects that have clearly failed using nonspeech are complex 
tasks like cross-modal speech perception and vocal imitation. These effects 
appear to require the whole stimulus. We might therefore draw a line between the 
detection of auditory equivalence and the detection of equivalence for higher­
order intermodal relations. Perhaps the detection of intermodal equivalences is 
indeed based on more specialized mechanisms. 
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We look for confinnation of this hypothesis in tests on animals. CP effects 
can be replicated in animals. Moreover, context effects have now been replicated, 
though only one example has been tested. Tests of equivalence classification also 
show that animals are capable of perceiving speech categories. Tests of cross­
modal perception and imitation have not been completed, but a reasonable guess 
would be that these tests would fail. Animals are not known to be proficient on 
these tasks, particularly on imitation (Meltzoff, 1988). If we imagine, for the 
sake of argument, that animals will fail on these tasks, then a similar pattern of 
results with nonspeech and animals would have emerged, with both suggesting 
that auditory equivalence is less likely to require special mechanisms than are 
more complex intermodal equivalences. 

Lastly, we look at the evidence for domain specificity. Are any of these 
equivalences detected by infants unique to speech? Here we have to conclude 
that speech is not unique. Equivalence classification, cross-modal perception, 
and imitation are cognitive abilities that appear to be quite robust in infants. One 
might have thought that evidence of such sophisticated talent would be rare in 
infants. It is not. Is speech a special case of these more complex skills? It may 
tum out to be, but one need not posit this, given infants' apparent cognitive 
capacity for the detection of higher-order equivalences. 

V. SUMMARY AND CONCLUSIONS 

There are two distinct characterizations of infants' initial state for speech pro­
cessing. Both conceed that infants demonstrate speech phenomena that are ex­
tremely sophisticated. Infants' detection of complex equivalences-between 
discriminably different auditory events, between speech infonnation delivered 
auditorially and visually, and between the auditory and motor instantiations of a 
speech event-suggest an initial organization of speech that is highly conducive 
to the acquisition of an intennodally represented speech system. The Specialized 
Mechanism Account explains this by imputing phonetic-level representations of 
speech to the infant at birth. On this view, infants' detection of equivalence is 
due to the mediating effects of a phonetic-level representation. The General 
Mechanism Account claims that phonetic-level representations do not exist at 
birth and that infants' capabilities are due to their more general sensory and 
cognitive abilities. This account holds that phonetic-level representations are 
built up only later as the child acquires language. 

Experiments directed towards identifying the basis of these effects were ~ 
viewed. These experiments include tests on nonspeech signals, tests on animals' 
perception of speech, and tests on equivalence detection in domains other than 
speech. These experiments show that both nonspeech and animal tests replicate 
auditory equivalence effects. Importantly, though, nonspeech signals fail tore­
produce the auditory-visual cross-modal effect and fail to induce vocal imitation. 
It is tempting to conclude, then, that these higher-order equivalences require 
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special mechanisms. Yet, the detection of higher-order equivalences by infants is 
not restricted to speech; they are demonstrated in other domains as well. Thus, 
even complex behaviors such as these may not be due to a domain-specific 
speech module. It appears, then, that even if speech is intennodally represented 
in infants, it may not require '.'special mechanisms" to be organized in that way. 
Rather, speech may draw upon a natural proclivity to represent infonnation 
intennodally. At present, no clear evidence in favor of a phonetic-level represen­
tation of speech has been presented. Until further tests have been conducted, 
claims about infants' phonetic representation of speech are most wisely offered 
and debated, but not yet acclaimed as definitely proven. 
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