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APPROACHES TO VOWEL NORMALIZATION

RECENT WORK

Recent cognitive models of vowel normalization (Ishihara et al., 2009; Plummer et al.,
2010; Ananthakrishnan & Salvi, 2011) take the mapping between auditory
representations of the infant’s own vocalizations and those of a caretaker to be a
transformation that the infant builds during vocal imitative interactions with the
caretaker.

I) That is, the “direct transformation”
approach (Ishihara et al., 2009;
Ananthakrishnan & Salvi, 2011) assumes
that the infant learns a pre-specified
transformation.

II) In contrast, the “alignment” approach
(Plummer et al., 2010) uses a set of
infant-caretaker auditory representation
pairs from which a full transformation is
inferred.
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THE POINT OF THIS PRESENTATION

CONTRIBUTIONS

We extend a particular model (Plummer et al., 2010) within the alignment approach in
two key ways:

(I) by assigning an interpretation to the given set of infant-caretaker pairs that casts
the need to abstract as an asset, rather than a liability, and

(II) by using a more suitable model for the infant’s representations of infant and
caretaker vowels.



FORMULATING VOWEL NORMALIZATION

OBJECT OF STUDY

We take vowel normalization to be a cognitive process “in which interspeaker vowel
variability is reduced in order that perceptual vowel identification may then be
performed by reference to relative vowel quality rather than absolute [psychophysical]
parameters of vowels” (Johnson, 1990, p. 230).

PHONOLOGICAL ABSTRACTION

Vowel normalization in this sense can be viewed as a particular instance of the more
general notion of phonological abstraction with respect to vowels (hereafter, simply
phonological abstraction), defined as the computation of an abstract representation of
a vowel, from one (or more) of its perceptual representations, to facilitate some further
computation.



PHONOLOGICAL ABSTRACTION AND ACQUISITION

PHONOLOGICAL ABSTRACTION FACILITATES LEXICAL PROCESSING

Recent work (Cutler et al., 2010) suggests that phonological abstraction facilitates
lexical processing. Specifically, “prelexical phonemic categories are an essential part of
word recognition” since they “allow the listener to map distinct acoustic events onto the
same underlying lexical representations” (pp. 93-4).

PHONOLOGICAL ABSTRACTION IN ACQUISITION

I) This in turn suggests that phonological abstraction is an integral component of the
spoken language acquisition process.

II) Indeed, infants appear to be reconciling the absolute differences between their
perceptual representations of adult vowels and their own by six months of age
(Kuhl, 1979, 1983; Kuhl & Meltzoff, 1996; Ménard et al., 2002).



ACQUISITION OF VOWEL NORMALIZATION

KEY ASSUMPTIONS

In contrast to previous models (Sussman, 1986; Smith et al., 2005; Ames & Grossberg,
2008; Heintz et al., 2009), our model is based on the following two assumptions.

I) Vowel normalization is malleable with respect to short-term contextual information
(Johnson, 1990; Ladefoged & Broadbent, 1957), as well as long-term distributional
and ontogenetic information (Kohn & Farrington, 2012).

II) The representational structures or transforms that underpin normalization are not
pre-specified but are themselves learned, as part of acquiring the phonology of a
spoken language.

LEARNING BY VOCAL IMITATIVE INTERACTION

The assumption that normalization is learned entails that there is a process by which it
is learned. We assume that this process is social interaction between the infant and a
caretaker characterized by specific types of vocal imitation (Howard & Messum, 2011;
Masataka, 2003; Fitch, 2010; Gros-Louis et al., 2006; Goldstein & Schwade, 2008).



ASPECTS OF IMITATIVE INTERACTION

ASPECTS OF VOCAL IMITATION

Experimental results suggest that these vocal imitation interactions involve:

I) structured turn-taking between the infant and caretaker (Masataka, 2003), and

II) caretaker responses differentiated according to the nature of infant vocalizations
(Gros-Louis et al., 2006; Goldstein & Schwade, 2008).

These structured individuated instances of vocal imitation are “evidence for [the child]
to deduce a correspondence between his output and the speech sound equivalent
within [the mother’s] L1 that she produces” (Howard & Messum, 2011, p. 87).



VOWEL MODELING: FORMANT REPRESENTATIONS

VLAM FORMANT REPRESENTATIONS

I) The Variable Linear Articulatory Model (VLAM, Boë & Maeda, 1997) generates
articulatory configurations and their corresponding speech signals, simulating
speech productions of humans ranging in age from early infancy to adulthood.

II) Each vowel signal output by the VLAM is synthesized using the first four formant
frequencies determined by the signal’s articulatory configuration.
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VOWEL MODELING: INFANT AND CARETAKER DATA

APPROXIMATING INFANT AND CARETAKER PRODUCTIONS

I) We make the simplifying assumption that the vowels experienced by the infant are
restricted to those produced by the infant and one caretaker.

II) We pseudorandomly generated 2,000 vowel signals using the VLAM set at 6
months of age (10 years of age, respectively) to represent the infant’s vowels
(caretaker’s vowels, respectively).

FIGURE: We used the 10 year-old setting to model the caretaker as it was perceived to be most
similar to a young female adult in a cross-language perception study (Munson et al., 2010).



VOWEL MODELING: CARETAKER VOWEL SYSTEM

APPROXIMATING CARETAKER VOWEL SYSTEM: GREEK

FIGURE: We approximate the vowel system of the caretaker using the categorizations of the VLAM
age 10 stimuli by native speakers of Greek.



COGNITIVE MODELING: AUDITORY REPRESENTATIONS

AUDITORY REPRESENTATIONS

The auditory representations we use are “excitation patterns” derived using the
transformations described in Moore et al. (1997) applied to the vowel signals generated
by the VLAM.

We will primarily use auditory representations for the remainder of this presentation,
though we use the neutral notation V to denote collections of representations.



COGNITIVE MODELING: PERCEPTUAL MANIFOLDS

Let V denote the set of generated representations, and let VC and VI denote the
partition cells of V consisting of the caretaker and infant vowel representations,
respectively.

PERCEPTUAL MANIFOLDS

I) Perceptual manifolds are modeled as weighted graphs G = (N,E ,W ), and their
geometric properties are represented by the weights W on the edges E connecting
the nodes in N.

II) Exposed to the vowels in V , the infant creates perceptual manifolds MC and MI
which are complete graphs whose nodes are (in one-to-one correspondence with)
the representations in VC and VI , respectively.

III) That is, MC = 〈VC ,EC ,WC〉 and MI = 〈VI ,EI ,WI〉. The geometric structure of the
perceptual manifolds is determined by their weight functions

WC : EC → R+ WI : EI → R+.

both taken to be nearest-neighbor functions (Belkin & Niyogi, 2003) based on
Euclidean distance, greatly simplifying MC and MI .



COGNITIVE MODELING: MANIFOLD ALIGNMENT

VOWEL NORMALIZATION AS MANIFOLD ALIGNMENT

The model of vowel normalization is a manifold alignment computation (Wang, 2010),
implemented as a correspondence-based algorithm that maps points on two (or more)
manifolds to a common “latent space” (Ham et al., 2005). The alignment requires
methods for

I) combining the geometric information of the manifolds to facilitate their alignment,

II) populating equal-length arrays of points from each manifold, such that, given an
index, the points in each array at that index correspond to each other, to further
facilitate alignment.

GRAPH LAPLACIAN

I) The graph Laplacian of G is the matrix L = D −W where D is a diagonal matrix
such that Dii =

∑
j Wij (Chung, 1997).

II) The graph Laplacian L of a graph G is a principled choice for approximating
geometry-preserving functions on G in terms of the eigenvectors of L (Belkin &
Niyogi, 2003).



COGNITIVE MODELING: MANIFOLD ALIGNMENT

COMBINING GEOMETRIC INFORMATION

Let LC and LI be the graph Laplacians for MC and MI , respectively. The alignment
algorithm (Ham et al., 2005) combines LC and LI to facilitate the alignment of MC and
MI with respect to a set of corresponding points drawn from VC and VI .

POPULATING ARRAYS OF CORRESPONDING POINTS

I) Population of the arrays of corresponding points amounts to the specification of a
characteristic function over VC × VI , denoted χvoc : VC × VI → {0, 1}.

II) Essentially, χvoc models the identification of vocal imitative interactive experience
that affects normalization, which may be derived in a number of different ways.

III) To exposit the methodology, we use “good” productions of i) a caretaker with full
command of the Greek 5-vowel system, and ii) an infant’s vocalizations that receive
contingent response.



COGNITIVE MODELING: CARETAKER-CENTRIC MAPPING

RESPONSE SURFACE PROJECTION

I) We use a simple response surface projection method over the Greek perceptual
categorization responses to approximate the caretaker’s contingent responses to
infant vocalizations.

II) The infant’s vocalizations that are perceived as “good” examples of a vowel
category receive “good” caretaker responses from that category. Each good infant
vocalization and its caretaker response constitute members of χvoc .



COGNITIVE MODELING: ALIGNMENT ALGORITHM

The infant computes the alignment of MC and MI by constructing a “combined
Laplacian” from LC and LI , using χvoc , and infers a normalization transformation

N(LC , LI , χvoc) : V → VZ .

from the vowel representations in V to a latent space VZ whose points are “abstract
representations” of the representations in V .



DISCUSSION

NARROWING THE INVESTIGATION

The framework we proffered thus allows for investigation of the effects of different
vowel representations on normalization. More generally, it allows for straightforward
investigation of the effects of the following:

I) different weight functions, and thus different geometrical structures over the vowel
representations,

II) different methods of combining the graph Laplacians, and of combining them with
infant-caretaker pairs, and

III) different arrays of infant-caretaker pairs, which vary in number of pairs, and in the
characteristics of the pairs included.

The framework allows for all of these components to be modified in accordance with
short-term contextual information, long-term distributional and ontogenetic information,
and social development.



DISCUSSION

BROADENING THE INVESTIGATION

The alignment method may be viewed as an “intramodal” mapping over a single
reference frame of representations, though it can easily be extended to handle
“cross-modal” mappings between reference frames over differing representations.

I) In addition to MC and MI , the
infant creates a manifold MA
over infant articulatory
representations.

II) The infant aligns MI and MA to
create representations of self,
while aligning MC and MA to
create representations of the
caretaker.

III) Manifolds are then created over
these representations,
respectively, and then aligned, to
yield equivalence classes of
vowel representations.
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