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generally assimilated as the TC contrast long vs.
short "00" (boot-book), and French lrel vs. less
rounded French schwa I~I were generally
assimilated as the TC short "oo"-"uh." Both were
discriminated very well. Similarly, the Norwegian
high front in-rounded Iw/and high front
unrounded Iii were assimilated unanimously as
the TC contrast short "00"-"ee" and were also
discriminated perfectly. French 10/-/01 ( nasalized
"0") were assimilated as either a strong CG
difference for English "0" or as a TC contrast (e.g.,
"o"-"aw") and were discriminated very well. Thai
high back unrounded IwI and high mid-back
unrounded Ia! were assimilated as either a
moderate CG difference for English "uh" or, for
some subjects, to theTC contrast short "oo"-"uh"
and was discriminated slightly less well than the
other TC and CG contrasts. Finally, Norwegian
high front out-rounded Iyl (which has less lip
rounding than French Iy/: Linker, 1985) and Iii
were assimilated by nearly all subjects as
comparably good Iii, that is, as a SC type;
discrimination was much poorer for this contrast
than for the others. When individual subjects'
assimilations were grouped according to TC type
vs. CG type vs. SC type, regardless of the specific
non-native vowels involved, the results clearly
upheld PAM predictions: discrimination was near
ceiling for TC assimilations, very good but
significantly lower for CG assimilations, and much
lower for SC assimilations.

Three very recent findings with infants are rele
vant to understanding the course of perceptual
learning for vowels, although only one explicitly
evaluated PAM hypotheses. All three studies
point to differences between vowels and conso
nants in the development of native-language ef
fects on perception. In one study of 6 month olds,
English-learning and Swedish-learning infants
showed vowel prototype effects only for a native
vowel and not for a non-native one (Kuhl et aI.,
1992). Comparison of this result to the vowel pro
totype effects found for both native and non-native
vowels in English- versus Spanish-learning new
borns (Walton & Socotch, 1993) suggests a devel
opmental decline between birth and 6 months in
detecting goodness-of-fit differences for unfamiliar
vowel categories. This suggests that the invari
ants detected in native vowels by 6 month olds vs.
younger infants are different, a possibility sup
ported by a third recent finding. Both German CG
vowel contrasts from the Polka, (submitted) adult
study described above were discriminated by 4-1/2
month oIds, who showed no asymmetry in discrim
ination between the more English-like and the

less English-like vowel in each pair. That is, there
was no vowel prototype effect on discrimination.
However, by 6 months of age, infants discrimi
nated the German vowels only if the habituation
or background stimulus was a non-prototype for
English (according to the adult judgments), con
sistent with greater generalization to the proto
type than the non-prototype. By 10-12 months,
discrimination of both German contrasts failed re
gardless of the direction of stimulus change (Polka
& Werker, in press). The results provide another
example of non-native contrasts that are discrimi
nated quite well as CG contrasts by adults in the
infants' language environment but which are not
discriminated by infants over a certain age, the
developmental pattern that was found for discrim
ination of Zulu lkI-k'l (Best et aI., 1990). Taken to
gether, the infant vowel perception findings sug
gest that native language effects appear earlier for
perceptual prototype effects for non-native vowels
(around 6 months) than for discrimination of non
native consonant contrasts (around 10-12
months). The argument offered here is that in
fants discover relational invariants associated
with native vowels earlier than higher-order in
variants associated with native consonants.

Why do infants show changes in perception of
non-native vowels earlier than consonants? Why
does the emergence of native-language effects on
vowel perception but not consonant perception
precede infants' earliest word-meaning associa
tions? Both observations suggest that the invari
ants infants first discover in native vowels are
simpler and/or easier to detect than those discov
ered in native consonants. There are a number of
possible reasons for this developmental asymme
try. Vowel invariants may be easier to discover
because the slower vowel gestures are more stable
within the flow of information and are evident
over a longer period of time than consonants.
Different gestural invariants may be extracted for
the two classes because the style and complexity
of articulatory movements differ. Vowels also
carry the prosody of an utterance. Thus the infor
mation for vowel invariants may be salient to the
young infant at the broader and more attention
getting prosodic level of sound structure in
utterances.

Further work on language-specific attunement
to speech

Generally, the findings on adults' and infants'
perception of non-native segmental contrasts fit
well with the Perceptual Assimilation Model and
the basic principles of an ecological approach to
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perceptual learning of the information in native
speech. However, a number of important ques
tions remain unanswered, and must be pursued in
future research. For example, we still do not know
how or even whether infants actually assimilate
non-native sounds to native phonetic categories.
Nor do we know which features or invariants they
actually extract from either native or non-native
speech. Generating the methodology for assessing
these issues will not be easy. Ultimately, tech
niques will also be needed to investigate the de
velopment of perceptual sensitivity to more ab
stract phonological properties such as allophonic
relations, allomorphy (e.g., the voiceless vs. voiced
plural marker in ca~ vs. dog§), and grammatical
effects on phonetic forms (e.g., unreleased ItJ in sit
vs. flap in sitting).

Indeed, it is still largely unknown exactly what
information is captured in the invariants for adult
speech perception, especially the higher-order
invariants, although cross-modal speech
perception research indicates that the crucial
information is gestural in nature, and is not
specified in purely auditory terms but rather is
amodal (e.g., Fowler & Dekle, 1991; Summerfield,
1978; Walton & Bower, in press). Much more work
will be needed on this issue, which should benefit
from the ecological approach to speech production
and its phonological organization (e.g., Browman
& Goldstein, 1989, 1990a, 1992a; Kelso, Saltzman,
& Tuller, 1986; Saltzman & Munhall, 1989). It
seems likely that characterizing the invariants in
speech perception will depend on careful
mathematical and physical analyses as it has in
other domains where, for example, a single
parameter (termed Tau) has been mathematically
determined to be the singular invariant that
specifies time to contact for an observer moving
toward an object (Lee, 1976; Lee, Young, & Rewt,
1992) or for a trajectile moving toward an observer
(Savelsbergh, Whiting, & Bootsma, 1991; see also
Michaels & Oudejans, 1992), including audible but
unseen objects rolling toward a listener (Shaw,
McGowan, & Turvey, 1991).

In searching out the higher-order invariants for
perception of native and non-native speech, it will
probably be necessary also to view the native
phonology as an organized system. That is, ulti
mately it will be important to conceive of the per
ceptual effects of phonological differences between
languages more comprehensively, as effects of sys
temic differences, and not simply differences in el
ements or contrasts that one language has and
another lacks. This caveat is motivated by propos
als that phonological systems are self-organizing,
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and specifically that this leads to maximal dis
persion among the elements of language-specific
phonological inventories (Lindblom, 1992;
Lindblom, Krull, & Stark, 1993; Lindblom,
MacNeilage, & Studdert-Kennedy, 198;3). But
even that work has not addressed how the
"optimization of phonetic space" by a language
might be expected to affect a listener's perception
of particular non-native contrasts. However, as
Lindblom points out (Lindblom, Krull, & Stark,
1993) the principle of maximal dispersion would
benefit the learning of the native sound system by
drastically reducing the size of the phonetic space
that must be explored to discover the sound pat
terning of the ambient language. The relation
ships among elements in the system would help to
illuminate precisely which differences are critical
in the language, and thereby reduce the informa
tion that must be picked up subsequently by the
perceiver. The Perceptual Assimilation Model is
quite amenable to the conception of the phonologi
cal system as an optimization of phonetic space by
a given language, but further effort is obviously
needed to work out the implications in detail.

CONCLUSION
What is innate about the development of the

phonological component of a language's grammar?
That is, what is it that provides the constraints on
acquisition of possible phonological systems? By
the ecological reasoning presented in this chapter,
the answer is that what is innate-what provides
the constraints on phonologies and their
development-is the structure and dynamic
possibilities of the human vocal tract. To a first
approximation, this claim is in line with the
underlying assumptions of Chomsky and Halle
themselves, whose universal phonetic features
were initially based on articulatory concepts. The
point on which I disagree with them is their
assumption that the constraints are specified
innately in the mind. By the ecological view
proposed here, the constraints are, instead,
literally in the physical head, in the vocal tract
itself and in the lawful physical effects that its
configuration and movements have on the
temporally-varying shape of its acoustic product.

Chomsky and Halle (1968) were correct in sug
gesting that the listener who knows a language
hears the phonetic shapes made familiar by expe
rience with that language. This claim, I have ar
gued, can be extended even to predict that the lis
tener hears echoes of those familiar, native pho
netic shapes in the non-native sounds and con
trasts of unfamiliar languages. But I part ways
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with their reasoning about the causal mecha
nisms, and about the source of listeners' knowl
edge. Instead, I claim that listeners hear the
phonological structure of their native language in
non-native speech because they have learned to
detect the gestural invariants that are directly
available in the information flow from the lan
guage environment. Listeners become attuned to
these gestural patterns and pick up the invariants
specifying those familiar patterns wherever the
stimulation provides criterial evidence for them,
even in non-native sounds. This attunement to na
tive gestural invariants begins in infancy but ex
tends over development and into adulthood, where
it should even help to account for perceptual
changes during the learning of additional
languages.
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FOOTNOTES
'To appear in C. Rovee-Collier & L. Lipsitt (Eds.), Advances in

infancy research. Ablex Publishers (1994).
t Also Wesleyan University.
I Exceptions are extremely rare. For example, Native Hawaiian

lacks Itl, including instead only Ipl and Ikl for its non-nasal
stop consonants.

2Although loan word pronunciations can be affected by spelling
in both donor and recipient languages, the association between
spelling and pronunciation is generally not arbitrary but
reflects phonological prinCiples. The degree of transparency
between spelling and pronunciation differs among languages,
however, e.g., Spanish spelling is quite transparent while
English spelling is much less so.

3The written form is another type of direct evidence
that speaker-listeners can present to one another, but it is
subject to at least the same limitations as the spoken form.
Presumably, the evidence it carries about the underlying
grammar would also be considered inadequate. In any event,
normal children learn to read and write only after they have
learned to talk, so the written form would generally not offer
an alternative basis for language learning (see also Liberman,
1992).

4In fact, the relation between the individual speaker-hearer's
grammatical knowledge (linguistic competence), the same
speaker-hearer's actual language behavior, (linguistic
performance), and the community's shared language is a
complex issue. Although the matter cannot be explicated here,
the reader wishing further information is referred to, e.g.,
Chomsky (1968; 1972), Newmeyer (1980), Sampson (1980), and
de Saussure (1959).

5Indeed, how could one define "similar enough" if the
utterances that serve as the only direct interface between
different individuals' grammars inadequately reflect those
grammars, and thus are by definition inadequate to validate or
reliably compare them?

6Currently, the model assumes that articulator movement is
modelled fairly well by the dynamic regime of a "point
attractor," or damped mass spring, model with constant mass
for each articulator. Such dynamic regimes characterize the
pattern of movement of a physical system moving smoothly
toward a single target ("attractor").

7For multilingual listeners, there may also be diachronic
variations associated with code-switching, i.e., shifting from
use of one language to another may effect changes in which
gestural invariants are detected in an unfamiliar phonetic
pattern (e.g., Elman et aI., 1977; Williams, 1977).

8This claim should also apply to the phonological inventories of
other languages, for fluent multilinguals who learned their
languages during childhood. That is, childhood-onset
multilinguals may be able to assimilate unfamiliar non-native
sounds to categories in any of their multiple languages. Indeed,
they may have greater overall sensitivity to the phonetic
properties of unfamiliar phonological categories, to the extent
that early learning of more than one language grants increased
recognition of the arbitrariness of linguistic categories,
although this sort of metalinguistic advantage has thus far been
argued only for semantic and syntactic knowledge, support has
been mixed (e.g., Bialystock, 1988; Rosenblum & Pinker, 1983;
see McLaughlin, 1978).

9In addition, we found that both language groups heard a third,
intermediate category between rock and wok. Tests with a
second group of American listeners confirmed our suspicion
that this category was clearly heard as an Ill, which falls
between Iw I and "y" in place of articulation. See Best and
Strange (1992) for further discussion.

I 0It should be noted that Polka used a more sensitive
discrimination task, i.e. one with lower memory demands, than
had Werker & Tees (1984a), which may well account for the
discrepancy between the two studies in listeners' difficulty
with this particular contrast.

I I This is a new interpretation, which better handles the full array
of findings than the preliminary interpretation offered in Best
(in press a).




