Aspects of modeling the learning of vowel normalization

We put forward a framework for the investigation of the learning of vowel normalization based on
the idea that infants perform abstractions over their psychophysical representations of the vowels
of individual speakers by mapping them to mediating spaces of representations, guided by vocal
imitative interaction with their caretakers, as a first step in the phonological acquisition process.
The framework is accompanied by a computational methodology for modeling the abstraction,
which involves the “alignment” of cognitive structures, called “manifolds,” that an infant builds
from the psychophysical representations of the vowels of individual speakers. We conclude with a
simple demonstration of the main algorithm involved in implementation of the methodology.

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 rela-
tive vowel quality rather than absolute [psychophysical] parameters of vowels” (Johnson, 1990, p.
230). In this connection, we take the following to be a minimal collection of aspects essential to the
modeling of the learning of normalization. The first is a “reference frame,” which “can be thought
of as a coordinate frame that best captures the form of information represented in a particular part of
the nervous system” (Guenther, 2003, p. 209), though construed more broadly to include physical
and cognitive domains (a la Saltzman, 1995). The second essential aspect is that of a “manifold,” a
structure embedded within a reference frame and used to organize representations. Specifically, we
make use of “vowel manifolds” (Jansen & Niyogi, 2006, 2007), physical structures over vowel sig-
nals hypothesized to motivate an infant’s formation of “perceptual manifolds” (Seung & Lee, 2000;
Niyogi, 2004), and “cognitive manifolds” (Plummer, 2012), cognitive structures used by an infant
in the normalization process. The third essential aspect is a computation over manifolds, called
“manifold alignment” (Wang, 2010), which maps representations on two (or more) manifolds to a
mediating “latent space” (Ham et al., 2005; Ma & Fu, 2012), where vowel identification may take
place, or further cognitive computations. Alignment computations are guided by social interaction
between an infant and adult caretakers characterized by specific types of vocal exchanges (Howard
& Messum, 2011; Masataka, 2003; Fitch, 2010; Gros-Louis et al., 2006; Goldstein & Schwade,
2008). These exchanges broadly involve: (i) structured turn-taking between an infant and caretak-
ers (Masataka, 2003), and (ii) caretaker responses differentiated according to the nature of infant
vocalizations (Gros-Louis et al., 2006; Goldstein & Schwade, 2008).

We briefly exemplify the approach with the following simplified dramaturgical dyadic exchange.
Let V; be a set of representations of vowels derived from an infant, and V, a set derived from an
adult caretaker, both within a single acoustic reference frame (Figure 1). The adult may impart
their systematic knowledge of the vowel categories [i], [u], and [a] to the infant by responding
in a positive manner to infant productions in V; judged by the adult to be good examples of [i],
[u], and [a], respectively, with their own productions taken to be good examples of [i], [u], and
[a]. The yellow, orange, and green points, respectively, in Figure 1 approximate a series of vocal
exchanges involving good examples of infant (left) and adult (right) [i], [u], and [a], as judged by
the adult. The infant may then represent the positive interaction, pairing representations of their
good productions with the corresponding representations of the positive adult responses. These
pairs of positive representations guide the alignment of the manifolds the infant constructs over V;
and V,, yielding the aligned structures in Figure 2, which may then be used for vowel identification,
as well as for further cognitive computation.
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Figure 1: Infant vowel representations V; (left) and adult vowel representations V4 (right), in a
formant-based acoustic reference frame, together with “good” examples of infant and adult [i]
(yellow), [u] (orange), and [a] (green) as judged by the adult.
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Figure 2: Representations in a reference frame where the alignment of manifolds over adult and
infant formant representations has been achieved using the “good” infant and adult productions.
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