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Fig. 4. Classification accuracy for Turkish tokens (vowel harmony measure included).

items were classified; of these, about 80—85 9, were classified correctly.b For
Mother T1, when the vowel harmony measure was included in input, 86 %,
of all classified test items were classified correctly, including 869, of
functional items and 87 9, of lexical items. When the vowel harmony measure
was excluded from input, essentially identical levels of accuracy were
obtained on test items from Mother T1 (86 %, overall; 86 9, functional, 86 9,
lexical). For Mother T2, when the vowel harmony measure was included in
input, 829, of all classified test items were classified correctly, including
83 9, of functional items and 81 9, of lexical items. When the vowel harmony
measure was excluded from input, slightly higher levels of accuracy were

[4] Note that Figs 3 and 4 are the preferred way of representing the network results. It is not
unreasonable to assume that the learner sets aside those ‘confusing’ and ‘unclassifiable’
items for the time being while focusing on the ‘classifiable’ items.
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obtained on test items from Mother T2 (84 %, overall; 85 9, functional, 84 9,
lexical). Including or excluding the vowel harmony measure had little
appreciable impact on network performance, indicating that the information
supplied by vowel harmony for grammatical classification was redundant
with that supplied by other measures. As we discuss below, such redundancy
may be important in facilitating discovery of cues to grammatical category
membership.

The networks we used included large numbers of nodes relative to the
numbers of training exemplars. T'o examine whether grids as large as 20 by
30 nodes were necessary to produce results comparable to those we obtained,
we conducted several additional simulations using measures from Mother
T1, across which grid size was varied (optimal neighbourhood size was
selected for each grid size). Results of these simulations (based on five runs
for each grid size) are shown in Fig. 5. As expected, the proportion of test

100

90
2
©
5 O O
&3’ 1 5x7 7x10
£ @) 20930

80 10x15

70 T T T T T T T 1

50 60 70 80 90

% Classified

Fig. 5. Accuracy and proportional classification for networks with different grid sizes (based
on data from Mother T1).

items that were classified declined as grid size was reduced. Among test items
that were classified, however, a consistent proportion (about 859,) was
classified correctly, showing that large grids are not necessary for accurate
classification.

DISCUSSION
The results of the studies reported here indicate that, over typologically
distinct languages, children’s input appears to include sets of cues sufficient
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in principle to support sorting of words or morphemes into sets cor-
responding to rudimentary grammatical categories. In samples of infant-
directed speech in Mandarin and Turkish, multiple distributional, phono-
logical, and acoustic measures differed significantly for functional and lexical
items. Taken individually, none of these measures is likely to serve as a
highly valid predictor of grammatical category membership. T'aken ensemble,
however, the sets of measures enabled Kohonen maps to classify novel items
as functional or lexical with accuracies ranging from 82 to 93 9%,. Comparable
findings have recently been reported by Allen & Christiansen (1996) with
respect to the related task of word segmentation: multiple correlated cues,
each of which is a low validity predictor, can together serve as the basis for
identifying aspects of linguistic structure. These results raise the possibility
that infants may be able to sort segmented words or morphemes into
appropriate superordinate grammatical categories before they have learned
the meanings of any of these words or morphemes and before they have
embarked on any detailed syntactic distributional analysis of their input.

Such precocious knowledge of rudimentary grammatical categories could,
in principle, assist in solving several basic problems in language learning,
including discovery of word and phrase boundaries, learning of word-
meaning mappings, and acquisition of refined sets of grammatical categories
(see Morgan et al., 1996 for additional discussion). In none of these instances,
to our knowledge, is knowledge of rudimentary grammatical categories
NECESSARY for learning. Rather, in each instance, such knowledge may supply
additional constraint, particularly useful in the early stages of acquisition
when children lack other types of knowledge that could be brought to bear.
We illustrate this here in relation to the problem of acquiring a complete set
of grammatical categories.

In general, the problem of grammatical category acquisition can be
conceived as SPLITTING superordinate categories into smaller ones or as
JOINING subordinate categories into larger ones. In this article, we approached
the problem in terms of splitting the total class of word tokens into two
subclasses. In contrast, semantic and distributional approaches to gram-
matical category acquisition have typically contemplated the problem as one
of joining individual word types into groups. These two approaches need not
be mutually exclusive: joining procedures at least implicitly assume some
superordinate category, inasmuch as it is words or morphemes to which these
procedures are applied, rather than syllables or phrases. Early splitting of
tokens into sets corresponding to functional and lexical categories can assist
joining procedures both by providing information useful for joining sub-
groups and by providing the learner with a possible means of identifying
optimal levels of joining.

Splitting words into functional and lexical sets can assist semantics-based
joining procedures (e.g. Pinker, 1984). If the learner can identify which
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morphemes are functional items and if the learner knows that possible
meanings of functional items are highly constrained, then the number of
possible mappings between morphemes and contextually available concepts
can be significantly reduced. Simplifying discovery of word meanings will
directly aid in joining new words to existing categories. Splitting words into
functional and lexical sets can also assist distribution-based joining pro-
cedures (e.g. Maratsos & Chalkley, 1980). Under these procedures, the
ability to pick out the most informative distributional patterns will be useful.
Most typically for lexical categories (at least in the Maratsos & Chalkley
model) key patterns involve functional item phrase-mates. Knowledge of
which morphemes are functional and which lexical would thus allow the
learner to focus on relevant co-occurrences.

In general, joining procedures yield multiple possible levels of category
generalization but do not specify which is optimal. The hierarchical clustering
analyses pursued by Mintz, Newport & Bever (1995) provide a recent
example. Mintz et al. investigated whether words could be identified as
nouns or verbs on the basis of distributional information available in child-
directed speech. They tabulated the lexical contexts of sets of common words
and calculated similarity measures over these contexts. The similarity
measures were then used to cluster the words hierarchically into categories.
Citing results from a middle level of clustering, Mintz et al. showed that
limited distributional information is useful in inducing form classes. HOW
useful depends on the particular level of clustering chosen; on this issue, the
clusters themselves, which are all that would be available to the learner, are
uninformative. However, by taking into account categories split out on the
basis of constellations of acoustic and phonological cues, the learner might be
able to converge on an optimal level of clustering by, for example, selecting
that level at which clustering is maximized while the proportion of clusters
containing tokens from more than one of the split-out categories is minimized.

The learning model presented here serves as proof of the existence of an
inductive mechanism that can acquire approximately correct rudimentary
grammatical categories on the basis of correlated properties of input speech.
Whether infants can perform any comparable feat is unknown at present. As
we note below, the resources available to infants are in some ways richer, but
in others more impoverished, than those available to our learning model.
Thus, we do not claim any point-by-point correspondence between infants
and our model. Nevertheless, we believe it plausible to hypothesize that
infants can exploit multiple partly predictive cues in input speech to form
initial inductions concerning linguistic categories.

The basic computational strategy used by our learning model appears to be
within the grasp of preverbal infants. In a series of studies, Younger (1990,
1992; Younger & Cohen, 1983, 1986) has shown that g-month-old infants
can form a variety of visual categories based on correlated features. Lalonde
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& Werker (1995) demonstrated that the ability to form correlation-based
visual categories is associated with decline in ability to discriminate foreign
speech sound contrasts, which itself has been attributed to the advent of
phonemic category representations. Morgan & Saffran (1995) argued that
phonemic categories must be constructed from correlations of phonetic and
contextual features and provided evidence showing that, by 1o months,
infants can correlate diverse properties of speech stimuli in a word seg-
mentation task.

One important way in which the information available to human learners
is significantly richer than that used by our learning model is that the model
neglected to exploit any lexical information (beyond the measure of type
frequency, which we presume is registered automatically; cf. Hasher &
Zacks, 1984). For adults, category memberships of speech tokens are
retrieved from the appropriate lexical entries in most instances: knowing the
categories a word has appeared in previously is a powerful predictor of what
categories the word may appear in in the future. The point at which infants
come to be able to exploit such information is unknown. Note, however, that
the abilities to retrieve lexical meanings or to record distributional properties
of words or morphemes both entail the capacity to recognize speech tokens
as exemplars of lexical types, which is the key to exploiting lexical category
information as well. Adding such information to the input of our model could
only have improved its performance.

On the other hand, the particular representations of input properties that
we used are unlikely to be shared by infants. T'o be certain, none of the
measures that we included is obscure; in many cases, studies exist showing
that infants can make discriminations along the relevant dimension. For
example, Bijeljac-Babic, Bertoncini & Mehler (1993) demonstrated that
newborns can detect changes in syllable numbers, Eilers et al. (1984) showed
that 5-month-old infants can discriminate vowel duration, and so forth. In no
case is the relevant psychophysical function yet known, but it does seem quite
unlikely that infants can represent quantities like vowel duration or relative
amplitude with anything approaching the precision used here. However, it
may not be implausible to assume that infants can at least represent these
dimensions ordinally. This is a sufficient basis for use of correlational
procedures, albeit less powerful ones than those used here. As a consequence,
infants will probably require substantially larger input samples. Given the
small sample sizes we used here, this does not seem to be problematic.

The input we provided our model may appear to differ from that available
to infants in a more profound manner. We hand-picked the variables to
include in our simulations, based on our adult knowledge and intuitions
concerning what constitute relevant properties signalling the functional—
lexical distinction. By doing so, we screened our most noise present in input.
But how do infants know WHAT to correlate ?
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One answer might be that infants are pretuned to attend to particular
properties of speech. If we examine distinctive properties of functional and
lexical items across Mandarin, T'urkish, and English, we may see that certain
properties appear to be substantively universal. For example, functional
items tend to have smaller vowel (or syllable) duration and relative amplitude,
to have fewer syllables per word, and to occur more frequently than do lexical
items. Other distinctive properties might be seen as manifestations of more
abstract, formal universals. In all three languages, functional items tend to
have simpler syllable structures than do lexical items. The particular
structures that are manifest, however, vary from language to language.
Mandarin, for instance, permits only single nasal consonants in syllable
codas; functional items tend to lack any coda. In contrast, English allows
clusters of up to four consonants in syllable codas; many functional items
have single consonant codas, but few have cluster codas. Yet other distinctive
properties may reflect even more abstract universals. In general, phonological
properties of functional items tend to be governed by those of lexical items,
rather than the other way around. In Mandarin, the surface manifestation of
functional item (neutral) tone is governed by the (full) tone of the preceding
lexical item. In Turkish, segments belonging to functional items are more
likely to be subject to vowel harmony or consonant assimilation than are
segments belonging to lexical items. Infants might be predisposed to attend
to contrasts of these sorts: those that do not correspond to substantive
universals can be identified simply by noting their correlation with those that
do. Moreover, functional and lexical items might possess the properties they
do precisely because infants expect them to do so and analyse words with the
appropriate properties as exemplars of the corresponding categories.

These explanations, however, are otiose. There is no need to seek a
grammatical explanation for the phonological or acoustic properties of
functional items. For syntactic reasons, these items will occur with high
frequency. Because of this, speakers will be inclined to minimize them in
production, in accordance with the phonological patterns of their native
language. Functional items tend to be syntactically predictable and
semantically light, carrying little informational load. Thus, hearers will not
find speakers’ minimizations to be disruptive. In effect, speakers and hearers
will conspire for communicative reasons to ensure that functional and lexical
items are phonologically distinctive.

If infants must observe correlations among speech properties in order to
discover which language-particular properties cue the functional-lexical
distinction, there is no reason why they cannot do the same for language-
general properties. So long as infants are predisposed to entertain categories
defined by correlated features, any dimensionality reducing procedure,
whether adaptive map or principle components analysis, will serve to
preserve predictive, correlated properties and to filter out as noise non-
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predictive, uncorrelated properties. Given the statistical structure of their
input, infants may discover correlation-based proto-linguistic categories of a
variety of sorts. These initial inductions allow infants to form more
sophisticated representations and to bring to bear more powerful forms of
linguistics analysis; subsequently, some of these rudimentary categories will
be seen to be spurious and will be discarded, whereas others will be
incorporated in the developing linguistic system. As development proceeds,
phonological and acoustic information about the physical forms of words will
be supplemented and ultimately superseded by lexical, semantic, distri-
butional, and syntactic sources of information as defining bases of category
membership. This, however, in no way diminishes the potential importance
of speech-based information in forming the initial inductive basis for
superordinate grammatical categories.

In conclusion, this article has shown that sets of distributional, phono-
logical, and acoustic cues distinguishing lexical and functional items are
available in infant-directed speech across such typologically distinct languages
as Mandarin and Turkish. We further showed through neural network
modelling of naive learning that constellations of these perceptual cues are
sufficient in principle for categorization of words into two rudimentary
classes that closely correspond to lexical items and functional items. Such an
initial classification may assist children both in beginning to parse input
utterances and in forming the basis for computationally limited distributional
analyses that will yield more complete and mature sets of grammatical
categories.
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