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GESTURES AND GESTURAL COORDINATION

FIGURE: “Trudeau shrug” from http://trudeauphotogalleryportraits.blogspot.com/#ottawa130

(left), and the “Renaissance Elbow” depicted in Family Group by Anonymous (right).

GESTURAL COORDINATION IN COMMUNICATION

I Gestural communication between individuals can take many forms – e.g. manual
gestures and vocal gestures in humans (and in surprisingly many other primates
including wild chimpanzees and bonobos).

I Still, gesturing is “a subject on which everyone is something of an expert and most
of us are also pretty ignorant” (http://www.robertfulford.com/Gesture.html), and its
component concepts are very difficult to define in a nontrivial way.

http://trudeauphotogalleryportraits.blogspot.com/#ottawa130
http://www.robertfulford.com/Gesture.html
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GESTURAL COORDINATION IN PHONETICS AND PHONOLOGY

I In formulating descriptive and theoretical accounts of speech and language,
phonologists have long made use of gestures, construed in terms of vocal tract
morphology, organization, and control during speech production, taken, often by
authority, to be invariant across the species.

I The advent of acoustic phonetics in the 19th century brought widespread attention
to the acoustic properties of speech and their relation to aspects of speech
perception during the first half of the 20th century (see Chiba & Kajiyama, 1941).

I This development directed attention to two key issues which greatly impacted the
study of gestural coordination:

1. the substantial variation in speech signals both within and across speakers and the
consequent challenges for speech perception, and

2. the importance of perception-production links in the development and use of
phonological knowledge.
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GESTURE THEORY (JOOS, 1948)
I Gestures within Joos’ approach are “articulatory movements and adjustments

(including those of the breathing muscles and the glottis)” (p. 62).
I Regarding the perception-production link within an individual, “there can be no

doubt that [speech sounds and articulation are] correlated in the speech center of
the brain, for how else does anyone learn to speak except by building up such
correlating neural patterns?” (p. 61)

I Gestural coordination between individuals with different vocal tracts is facilitated
by “[t]he brain, [which] contains an equivalent of Fig. 29,...and if it has two of
[these], it can shift and distort one of them to fit the other” (p. 63).

I Moreover, “[l]earning to do this trick is part of learning to talk. It seems to be one
of the last things learned, and its proper management is the outstanding
characteristic of adult speech behavior” (p. 63).
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INFLUENTIAL RELATIVES THAT HAVE APPEARED OVER THE DECADES
I Motor Theory (Liberman et al., 1967; Liberman & Mattingly, 1985)

• Gestures are “class[es] of movements by one or more articulators that results in a
particular, linguistically significant deformation, over time, of the vocal-tract configuration”
(Liberman & Mattingly, 1985, p. 21), invariant under some criteria.

• Gestural coordination between individuals is mediated by an innate
perception-production link, and phonological acquisition is primarily selectionist.

I Articulatory Phonology (Browman & Goldstein, 1989, 1990a,b)
• Gestures are “abstract characterisation[s] of coordinated task-directed movements of

articulators within the vocal tract” (Browman & Goldstein, 1989, p. 206), aimed at
producing constrictions, with an invariant core of some kind.

• Gestural coordination between infants and caregivers is taken to influence two
developmental processes with respect to the infant: “(1) differentiation and tuning of
individual gestures and (2) coordination of the individual gestures” (p. 204).

I Distributional/Statistical Learning
• A number of distributional/statistical learning approaches have appeared in recent years

(e.g., de Boer, 2000; Ishihara et al., 2009; Ananthakrishnan & Salvi, 2011; Miura et al.,
2012; Rasilo et al., 2013).

• Gestures are vectors/functions in a parameter space whose dimensions correspond to
morphological aspects and motor control of the vocal tract.

• Gestural coordination between infant and caregiver is approximated by the infant via
statistical summaries of their gestures based on caregiver feedback.



GESTURES AND GESTURAL COORDINATION

UNPACKING GESTURAL COORDINATION

I Within each approach, core aspects of gestures are assumed to be invariant
across individuals, which simplifies both modeling and description of an infant’s
knowledge of equivalence classes over gestures across individuals, and
description of such equivalence classes generally.

I While these kinds of simplifications have resulted in a substantial amount of
progress in the field, and outside of it, they leave little room for modeling important
classes of phenomena that are once again emerging from new experimental and
technical advances, e.g.,:

1. the highly complex socio-cognitive and morphological development that begins in
utero and continues well into puberty, with all its intricacies along the way, and

2. the socio-cognitive aspects of animal communication that provide the means for
comparative understanding of the potential phylogenetic origins of the ontogenetic
aspects we observe in infants as they develop and acquire language.
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PHATIC FOUNDATIONS OF PHONOLOGICAL ACQUISITION

I In the interest of forward progress, we have to begin re-examining the conceptual
bases of our approaches in light of the tremendous progress that has been made
in understanding the phatic functions underlying phonological acquisition.

I In this connection, we take as our point of departure the proposition that
phonological acquisition is built on a foundation formed by the phatic functions of
the infant’s early communicative efforts with caregivers.

MODELING THE ACQUISITION OF VOWEL SYSTEMS

I The complex nature of these phatic functions has only recently come to light, and,
as such, their impact on phonological acquisition is scarcely understood
(Gros-Louis et al., 2006; Goldstein & Schwade, 2008; Goldstein et al., 2009; Hsu
et al., 2013).

I In order to facilitate understanding, we put forward a modeling framework focused
on how infants acquire vowel systems via socio-vocal interaction with their
caregivers and the role of phatic functions in doing so.



MODELING FRAMEWORK: CONCEPTUAL BASIS

 0  2  4  5 10 16 21

 Variable Linear Articulatory Model Midsagittal Representations

USING AN ARTICULATORY MODEL

I The VLAM (Boë & Maeda, 1998) is an age-varying computational model of the
articulatory system that is capable of representing vocal tract lengths ranging from
those of infants to young adults, calibrated in accordance with age-related
“organic variation” (Goldstein, 1980; Beck, 1996).

I Midsagittal representations are wrought by configuring “articulatory blocks”
(Lindblom & Sundberg, 1971; Maeda, 1990, 1991) whose components correspond
to jaw height, tongue body position, tongue dorsum position, tongue apex position,
lip protrusion, lip height, and larynx height.

I Parameters corresponding to each component take on numeric values within
intervals centered at 0, and each parameter setting is called an articulatory vector.
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Variable Linear Articulatory Model Maximal Vowel Spaces

MAXIMAL VOWEL SPACES

I Given an age in years, the set of all articulatory vectors for the VLAM at that age
that do not result in occlusion of the oral cavity yield a corresponding maximal
vowel space (MVS, Boë et al., 1989; Schwartz et al., 2007) for that age.

I For each vocal tract age a, we take the MVS to be characterized by its set of
articulatory vectors, or maximal articulatory space (MARS).

I Each maximal articulatory space has a corresponding maximal formant space
(MFS) composed of formant vector whose components are the first three formant
frequencies corresponding to an articulatory vector in the MARS.

I Given a vocal tract age a, let MARS(a) be a dense sampling of the MARS for age
a, and let MFS(a) be the corresponding dense sampling of the MFS.
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Simulated infant (blue) and adult female (magenta)
 vocal tracts (neutral vowel)

FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

INFANT-CAREGIVER DYAD MODELING

I We fix two vocal tract ages a0 and a1 where a0 is the age of a model caregiver,
and a1 that of a model infant.

I We take a1 to be six months (denoted 0.5), and a0 to be 10 years, based on age
and gender judgments provided during perceptual experiments using VLAM
stimuli which indicated that the 10 y.o. vocal tract sounded most like an adult
female.
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 vocal tracts (neutral vowel)

FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

CONSTRUCTING MODELS OF THE SELF

I Infants require sensory access to their own productions to ensure normal
development during phonological acquisition, and in the case of spoken language,
this access is through the auditory and articulatory systems.

I While this early experience is typically construed as an exploratory practice phase
in which the infant is learning motor control and the perceptual consequences of
vocal productions, it seems that infants are also developing complex models of the
self as they begin to form affiliative relations with caregivers.
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FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

CONSTRUCTING MODELS OF CAREGIVERS

I Phonological systems appear to be more complex than is necessary for “efficient
communication” (see Fitch, 2004), suggesting that speech signals contain room
for passing on phatic information not directly tied to referential content.

I Caregivers may be exploiting this room for passing on socio-indexical information
to infants during socio-vocal exchanges (see Masataka, 2003, for a review).

I Moreover, infants may be internalizing this information with a high level of fidelity
in order to construct rich models of their caregivers that facilitate social learning.
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FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

MODEL CONSTRUCTION: MULTISENSORY COMPUTATIONS

I Perception-production links serve as more than conduits for the passage of
information from one sensory domain to another, and their development likely aids
in the construction of models of the self and others.

I This development involves numerous multisensory computations and abstractions
that take places during early infancy (Meltzoff & Kuhl, 1994; Lewkowicz &
Ghazanfar, 2009).
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FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

MODEL CONSTRUCTION: SOCIO-VOCAL EXCHANGES

I One of the principle phatic functions of an infant’s early communicative efforts with
caregivers involves the formation of commensuration relations between models of
the self and models of caregivers constructed by the infant (e.g., Meltzoff, 2007).

I Both construction and relation of models is likely facilitated by specialized
interaction between infants and caregivers during which complex information
concerning caregiver socio-vocal properties may be internalized by the infant with
high fidelity.
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FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

MODEL CONSTRUCTION: SOCIO-VOCAL EXCHANGES

I We limit our consideration of this specialized interaction to turn-taking vocal
exchanges between infants and their caregivers, which are known to play a role in
forming affiliative relations which influence phonological acquisition (see
Masataka, 2003).

I There is growing evidence for the existence of phylogenetic precursors in other
primates (e.g., Crockford & Boesch, 2005; Genty et al., 2014), suggesting that
turn-taking vocal exchanges act as a general compression mechanism for passing
socio-indexical information between signaler and receiver.
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EXTERNAL DATA

We use results from perceptual categorization experiments (Munson et al., 2010) in
building vowel category response fields over maximal formant spaces that capture

I a caregiver’s knowledge of their language’s vowel system and

I how they might pass that knowledge on to infants during vocal exchanges.
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INTERNALIZATION

I We use a psychophysical transformation (Moore & Glasberg, 1996; Moore, 1997)
that maps vowels to excitation vectors that capture the auditory system’s influence
on sound internalization.

I Given an MFS MFS(a), the transformation yields a maximal auditory space
(MAUD), denoted MAUD(a).

I We also use a phatic transformation that captures an infant’s internalization of
caregiver social representations.



MODELING FRAMEWORK
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COGNITIVE COMPUTATIONS

I We use cognitive manifolds (Plummer, 2014, derived from Seung & Lee, 2000;
Gallese, 2001; Niyogi, 2004, inter alia) formed over representations within two
psychophysical reference frames (auditory and articulatory) to model an infant’s
initial creation of models of the self and their caregivers.

I We use manifold alignment (see Ham et al., 2005; Wang, 2010) to model an
infant’s creative generation of representations that facilitate commensuration of
models of the self and others.
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COGNITIVE COMPUTATIONS

I We use cognitive manifolds (Plummer, 2014, derived from Seung & Lee, 2000;
Gallese, 2001; Niyogi, 2004, inter alia) formed over representations within two
psychophysical reference frames (auditory and articulatory) to model an infant’s
initial creation of models of the self and their caregivers.

I We use manifold alignment (see Ham et al., 2005; Wang, 2010) to model an
infant’s creative generation of representations that facilitate commensuration of
models of the self and others.



MODELING FRAMEWORK
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COGNITIVE COMPUTATIONS

I We use cognitive manifolds (Plummer, 2014, derived from Seung & Lee, 2000;
Gallese, 2001; Niyogi, 2004, inter alia) formed over representations within two
psychophysical reference frames (auditory and articulatory) to model an infant’s
initial creation of models of the self and their caregivers.

I We use manifold alignment (see Ham et al., 2005; Wang, 2010) to model an
infant’s creative generation of representations that facilitate commensuration of
models of the self and others.



MODELING EXTERNAL DATA
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FIGURE: Prototype sets P(0.5) (left), P(10) (center), and those from Schwartz et al. (1997a).

STIMULI

I The stimuli used in the perceptual experiments (Munson et al., 2010) were vowel
prototypes (Vallée et al., 1995), or simply prototypes, selected from the MFSs for
selected vocal tract ages.

I The selection process (Ménard & Boë, 2000; Ménard et al., 2002) is meant to
yield a set of cross-linguistically relevant prototypes in accordance with the
dispersion-focalization theory (Schwartz et al., 1997a,b).

I For each selected age a, a set of 38 prototypes, P(a), were selected from MFS(a).
I Prototypes in P(a) are indexed pi , for 1 ≤ i ≤ 38, though the superscript is often

dropped, or used in place of p.
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VOWEL CATEGORY RESPONSES

I Based on the vowel categories within their native languages, Cantonese-,
American English-, Greek-, Japanese-, and Korean-speaking listeners
categorized seven sets of synthetic vowels generated from models of the vocal
tract ranging in age from six months to 21 years of age.

I “Cantonese- and American English-speaking listeners categorized prototypes by
clicking on keywords representing the monophthongal vowels in each language,
while Greek-, Japanese-, and Korean- speaking listeners categorized by clicking
on a symbol string that unambiguously represented a (short monophthongal)
vowel in isolation” (Edwards and Beckman, in press).
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GOODNESS RATINGS

I After selecting a vowel category for a given stimulus, listeners provided a
goodness rating along a visual analog scale (VAS, Massaro & Cohen, 1983;
Miller, 1994, 1997) indicating how good the listener felt that stimulus was as an
example of the selected category.

I Goodness ratings are numeric values normalized to fall between 0 (poorest) and 1
(best) to facilitate interpretation.

I Goodness ratings provide fine-grained information about listeners’ categorization
of prototypes that allow for the construction of “response surface” models that are
otherwise unavailable to the modeler.



MODELING EXTERNAL DATA

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●● ●●

●

●
●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●
●●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

1 2 3 4
5

6

7 8 9

10 11
12

13 14 15 16
17

18

19
20

2122 23 24

25 26 27
2829

30

31
32
33

34

35

36

37

38

300

500

700

900

10001500200025003000

F2 (Hz)

F
1 

(H
z)

USING CATEGORIZATIONS AND GOODNESS RATINGS

I For each language, and for each subject, and for each vocal tract age, each
prototype has a category associated with it, and a goodness rating.

I We want to use these responses to build models of each subject’s knowledge of
their language’s vowel system.

I To illustrate the approach, we’ll focus on the category responses provided by a
Japanese subject, named J20, and the 10 year old vocal tract age.
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ORGANIZING AND GENERALIZING SUBJECT RESPONSES

I Vowel category judgements and goodness ratings for subject J20 with respect to
the age 10 prototypes are shown above.

I Each response gives us a hint about a subject’s knowledge of their language’s
vowel system, but we need to fill in some gaps.

I For example, according to J20 prototype 1 is a really good example of /i/, but what
about /u/, /o/, or the other vowels?

I Similarly, the response tells us that prototype 2 is a good example of /u/, but what
about /i/, /o/, or the other vowels?

I And what about all of the other prototypes?



MODELING EXTERNAL DATA

EXPANDING THE RESPONSES ACROSS THE VOWEL SPACE

I We can use these responses to model what a subject might know about each
prototype with respect to each vowel in the subject’s vowel system.

I For each prototype, we create a vector with as many components as there are
vowels in the subject’s vowel system:

i u e o a

whose components are a function of the subject’s response to that prototype.
I To exemplify, for prototype 1 with response (i, 0.88), the vector is

i u e o a
0.88 0.06 0.06 0.06 0.06

I This function is specified in generality in Plummer et al. (2013).
I Thus, for each prototype, we have a model of a vowel category goodness for each

vowel.



MODELING EXTERNAL DATA

●
●

●

●

●

● ● ●

●
●

●

● ● ● ●

●

●

●

●
● ● ● ●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

●
●

●
●

●

●

● ● ●

●
●

●

● ● ● ●

●

●

●

●

● ● ●

●
●

●
●●

●

●

●

●
●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

● ● ● ● ●
● ● ●

●
●

●

● ● ● ●
●

●

●

●

● ● ● ●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

●
●

●
●

●

●

● ● ●

●
●

●

● ● ● ●

●

●

●

● ● ● ●

●
●

● ●

●

●
●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

●
●

●
●

●

●

● ● ●

●
●

●

● ● ● ●

●

●

●

● ● ● ●
●

●
●

● ●

●

●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)
F

1 
(H

z)

INDIVIDUAL CATEGORY RESPONSE FUNCTIONS

I For each subject, and for each age, using these vectors, we can define functions
from prototypes to goodness ratings for each vowel category.

I We can depict these individual category response functions in terms of weighted
scatter plots, like the ones shown above for age 10, for subject J20.



MODELING EXTERNAL DATA

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

● ●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●
●● ●●

●
● ●

●●

●

●

●

●

●

● ●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

● ●

●
●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

● ●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●
●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

● ●

●
●

●

●

●

●●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

● ●

●

●

●●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●
●

●

●

●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

● ●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●
●

●

●

●

●

● ●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●
●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●●

●

●

●
●

● ●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●● ●● ●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●
●

●

●

●
●

●

● ●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

● ●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●
●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●
●●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
● ●

● ●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

● ●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●● ●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●
●

●

●●

●

●

●
●

●

●●

●
●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

● ●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●
●

●

●

●

●●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

● ●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●● ●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

● ● ● ● ●
● ● ●

●
●

●

● ● ● ●
●

●

●

●

● ● ● ●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

3000 2500 2000 1500 1000

10
00

80
0

60
0

40
0

F2 (Hz)

F
1 

(H
z)

0.0

0.2

0.4

0.6

0.8

1.0

PG
Level3000 2500 2000 1500 1000

1000

900

800

700

600

500

400

F2 (Hz)

F
1 

(H
z)

ADDITIVE MODELING

I Now that we have models of vowel category responses for each prototype for
each vocal tract age, we can extend these models to the entire maximal formant
space for each age.

I The basic idea is to use additive models (Friedman & Stuetzle, 1981; Buja et al.,
1989; Hastie & Tibshirani, 1990; Wood, 2003, 2006) based on smoothing splines
(Wahba, 1990; Gu, 2002) to construct a field of responses over a maximal formant
space using an individual category response function.

I For a given vowel category, the response field value for a formant vector in a
maximal formant space is meant to approximate a subject’s goodness rating of
that vector as an example of that vowel category.
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VOWEL CATEGORY RESPONSE FIELDS

I For each subject, and for each age, using individual category response functions,
we can define functions from maximal vowel spaces to goodness ratings for each
vowel category.

I We can depict these vowel category response fields (VCRF) in terms of contour
plots, like the ones shown above for age 10, for subject J20.
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VOWEL CATEGORY RESPONSE FIELDS

I For each subject, and for each age, using individual category response functions,
we can define functions from maximal vowel spaces to goodness ratings for each
vowel category.

I We can depict these vowel category response fields (VCRF) in terms of contour
plots, like the ones shown above for age 10, for subject J20.
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Simulated infant (blue) and adult female (magenta)
 vocal tracts (neutral vowel)

FIGURE: (left) Dyad composed of an infant (blue) and caregiver (magenta), with simulated vocal
tracts (neutral vowel, center), and maximal formant spaces MFS(0.5) and MFS(10) (right).

INFANT-CAREGIVER DYAD MODELING

I Recall that we fixed two VLAM vocal tract ages a0 = 10 and a1 = 0.5 in order to
model a caregiver and infant dyad.

I We now complicate these models, first by assigning J20’s VCRFs to our model
caregiver, yielding an agent that has knowledge of the Japanese vowel system.

I This knowledge is modeled as the ability to pick out formant vectors that have high
goodness ratings for each vowel category across vocal tract ages, including our
model infant’s.
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CORNER VOWEL VCRFS FOR CAREGIVER J20

I To facilitate presentation, we’ll focus on the corner vowels [i], [a], and [u].
I J20’s VCRFs for corner vowels [i] (left), [a] (center), and [u] (right), over MFS(10)

(top) and MFS(0.5) (bottom) are depicted above.
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MODELING VOCAL INTERACTION
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I The corner vowel VCRFs for J20
yield weighted pairings of
formant vectors which model
vocal interaction.

I The formation of the pairings
occurs during idealized
interaction between infant and
caregiver.

I Representations of infant vowels
with high goodness values are
paired with caregiver vowels with
high goodness values.

I Each of these response pairs is
assigned a transfer weight g.
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Response Pairings

INF CAR weight
f3 f7 g1

f6 f2 g2

f31 f19 g3

...
...

...

These weighted pairs are grouped to-
gether into response pairing structures
which model the collection of vocal ex-
changes involving turn-taking.



MODELING INTERNALIZATION

INFANT-CAREGIVER DYAD MODELING

We now complicate our model infant with the following computational attributes:

Internalization
I Infants internalize the turn-taking socio-vocal exchanges with caregivers, and use

these internalized exchanges to construct inchoate models of the self and of their
caregivers.

I Infants also internalize more generic auditory and articulatory experience outside
of the turn-taking setting, which yields broader sets of representations of their own
productions and those of their caregiver.



MODELING COGNITIVE COMPUTATIONS

INFANT-CAREGIVER DYAD MODELING

We now complicate our model infant with the following computational attributes:

Cognitive Computations
I Manifolds are formed over representations within the articulatory and auditory

reference frames and aligned neighbors computation aligned using the
internalized socio-vocal experience.

I The resulting aligned manifolds constitute emerging models of the self and
caregiver which provide a basis for further computations.

I These manifolds map articulatory and auditory representations to an intermodal
reference frame where manifolds are again formed and aligned using internalized
socio-vocal experience, with the aligned manifolds mapping intermodal
representations to a commensuration frame where models of the self and
caregiver are comparable.



MODELING INTERNALIZATION

Response Pairings

INF CAR weight
f3 f7 g1

f6 f2 g2

f31 f19 g3

...
...

...

Internalized Pairings

INF CAR weight
(a3, e3) e7 ι(g1)

(a6, e6) e2 ι(g2)

(a31, e31) e19 ι(g3)

...
...

...

INTERNALIZED PAIRING STRUCTURES

I Each response pair with weight g in a response pairing structure corresponds to
an internalized pair with weight ι(g).

I For example, (f3, f7) with weight g1 corresponds to ((a3, e3), e7) with weight ι(g1)
where

• f3 7→ (a3, e3) (an articulatory vector that produced f3 paired with an excitation vector
derived from f3),

• f7 7→ e7 (an excitation vector derived from f7),
• g1 7→ ι(g1)



MODELING INTERNALIZATION

Internalized Pairings

INF CAR weight
(a3, e3) e7 ι(g1)

(a6, e6) e2 ι(g2)

(a31, e31) e19 ι(g3)

...
...

...

Inf. SM Pairings

ART AUD weight
a3 e3 δ(ι(g1))

a6 e6 δ(ι(g2))

a31 e31 δ(ι(g3))

...
...

...

Car. SM Pairings

ART AUD weight
a3 e7 δ(ι(g1))

a6 e2 δ(ι(g2))

a31 e19 δ(ι(g3))

...
...

...

CREATING SENSORIMOTOR PAIRING STRUCTURES

I Each internalized pair with weight ι(g) in an internalized pairing structure yields
two sensorimotor pairs with weight δ(ι(g)).

I For example, ((a3, e3), e7) with weight ι(g1) yields the following pairs:
• (a3, e3) (infant sensorimotor pair),
• (a3, e7) (caregiver sensorimotor pair),
• ι(g1) 7→ δ(ι(g1)) (sensorimotor weight).



MODELING INTERNALIZATION

e7 e2

e19

e3 e6

e31

a31

a3 a6

A0A1

M1

BROAD SETS OF INTERNAL REPRESENTATIONS

I Broad auditory and articulatory experience of the self is modeled in terms of
subsets of MARS(0.5) and MAUD(0.5), while broad auditory experience of the
caregiver is modeled in terms of a subset of MAUD(10).

I These subsets may also include representations derived from internal models that
provide the means to approximate representations in reference frames already
populated with representations derived from experience.

I Representations within these subsets are heuristically depicted above together
with those derived from turn-taking exchanges in sets denoted A0, A1, and M1.



MODELING COGNITIVE COMPUTATIONS

e7 e2

e19

e3 e6

e31

a31

a3 a6

MA0
MA1

MM1

FORMATION OF AUDITORY AND ARTICULATORY MANIFOLDS
I Given a set X , a manifold MX = (VX ,EX ) is formed over X by

• bijectively mapping X to a set of vertices VX ,
• forming an edge set EX over VX using a k -nearest neighbors computation on X .

I The auditory manifoldsMA0 andMA1 , and the articulatory manifoldMM1 are
respectively formed over the sets A0, A1, and M1 in this fashion.

I At this stage the relational structure of the manifolds encodes the local
relationships between representations derived from the infant, within each
reference frame, and those derived from the caregiver.



MODELING COGNITIVE COMPUTATIONS

e7 e2

e19

e3 e6

e31

a31

a3 a6

δ(ι(g1)) δ(ι(g2))

δ(ι(g3))

MA0

MA1⊕M1

SENSORIMOTOR MODELS OF THE SELF AND OTHERS

I The auditory manifoldMA1 and the articulatory manifoldMM1 are aligned using
the infant sensorimotor pairing to form the sensorimotor manifoldMA1⊕M1 , which
constitutes a model of the self.

I The auditory manifoldMA0 and the articulatory manifoldMM1 are aligned using
the caregiver sensorimotor pairing to form the sensorimotor manifoldMA0⊕M1 ,
which constitutes a model of the caregiver.



MODELING COGNITIVE COMPUTATIONS

e7 e2

e19

e3 e6

e31

a31

a3 a6
?

δ(ι(g1)) δ(ι(g2))

δ(ι(g3))

MA0

MA1⊕M1

SENSORIMOTOR MODELS OF THE SELF AND OTHERS

I The auditory manifoldMA1 and the articulatory manifoldMM1 are aligned using
the infant sensorimotor pairing to form the sensorimotor manifoldMA1⊕M1 , which
constitutes a model of the self.

I The auditory manifoldMA0 and the articulatory manifoldMM1 are aligned using
the caregiver sensorimotor pairing to form the sensorimotor manifoldMA0⊕M1 ,
which constitutes a model of the caregiver.



MODELING COGNITIVE COMPUTATIONS

e7 e2

e19

e3 e6

e31

a31

a3 a6

a31

a3 a6

δ(ι(g1)) δ(ι(g2))

δ(ι(g3))

MA0

MM1

MA1⊕M1

SENSORIMOTOR MODELS OF THE SELF AND OTHERS

I The auditory manifoldMA1 and the articulatory manifoldMM1 are aligned using
the infant sensorimotor pairing to form the sensorimotor manifoldMA1⊕M1 , which
constitutes a model of the self.

I The auditory manifoldMA0 and the articulatory manifoldMM1 are aligned using
the caregiver sensorimotor pairing to form the sensorimotor manifoldMA0⊕M1 ,
which constitutes a model of the caregiver.



MODELING COGNITIVE COMPUTATIONS

e7 e2

e19

e3 e6

e31

a31

a3 a6

a31

a3 a6

δ(ι(g1)) δ(ι(g2))

δ(ι(g3))

δ(ι(g1)) δ(ι(g2))

δ(ι(g3))
MA0⊕M1

MA1⊕M1

SENSORIMOTOR MODELS OF THE SELF AND OTHERS

I The auditory manifoldMA1 and the articulatory manifoldMM1 are aligned using
the infant sensorimotor pairing to form the sensorimotor manifoldMA1⊕M1 , which
constitutes a model of the self.

I The auditory manifoldMA0 and the articulatory manifoldMM1 are aligned using
the caregiver sensorimotor pairing to form the sensorimotor manifoldMA0⊕M1 ,
which constitutes a model of the caregiver.



MODELING COGNITIVE COMPUTATIONS

i7 i2

i19

i3 i6

i31
I0I1

COMPUTING INTERMODAL REPRESENTATIONS

I The infant’s models of the self,MA1⊕M1 , and caregiverMA0⊕M1 , serve as input
to a Laplacian eigenmapping (Belkin & Niyogi, 2003) that maps the auditory and
articulatory representations that these models are built from to newly generated
intermodal representations within an intermodal reference frame.

I That is, the sets A0 and A1 are eigenmapped to sets of corresponding intermodal
representations I0 and I1, depicted heuristically above, based on the models
MA0⊕M1 andMA1⊕M1 .



MODELING COGNITIVE COMPUTATIONS

Inf. SM Pairings

ART AUD weight
a3 e3 δ(ι(g1))

a6 e6 δ(ι(g2))

a31 e31 δ(ι(g3))

...
...

...

Car. SM Pairings

ART AUD weight
a3 e7 δ(ι(g1))

a6 e2 δ(ι(g2))

a31 e19 δ(ι(g3))

...
...

...

IM Pairings

INF CAR weight
i3 i7 κ(ι(g1))

i6 i2 κ(ι(g2))

i31 i19 κ(ι(g3))

...
...

...

CREATING INTERMODAL PAIRING STRUCTURES

I Based on the eigenmapping, each pair of sensorimotor pairs with weight δ(ι(g))
within a pair of sensorimotor pairing structures yields an intermodal pair with
weight κ(ι(g)).

I For example, the pairs (a3, e3) and (a3, e7) with weight δ(ι(g1)) yield the
following:

• ((a3, e3), (a3, e7)) 7→ (i3, i7) (an intermodal pair),
• δ(ι(g1)) 7→ κ(ι(g1)) (intermodal weight).



MODELING COGNITIVE COMPUTATIONS

i7 i2

i19

i3 i6

i31
MI0MI1

INTERMODAL MODELS AND COMMENSURATION MANIFOLDS

I Intermodal manifoldsMI0 andMI1 are constructed over intermodal
representations I0 and I1 using the same graph formation computation that yields
auditory and articulatory manifolds.

I The intermodal manifoldsMI0 andMI1 are aligned using the intermodal pairing
to form the commensuration manifoldMI0⊕I1 , which reflects an emerging
socio-cognitive convergence between the model of the self and the caregiver.



MODELING COGNITIVE COMPUTATIONS

i7 i2

i19

i3 i6

i31

κ(ι(g1)) κ(ι(g2))

κ(ι(g3))

MI0⊕I1

INTERMODAL MODELS AND COMMENSURATION MANIFOLDS

I Intermodal manifoldsMI0 andMI1 are constructed over intermodal
representations I0 and I1 using the same graph formation computation that yields
auditory and articulatory manifolds.

I The intermodal manifoldsMI0 andMI1 are aligned using the intermodal pairing
to form the commensuration manifoldMI0⊕I1 , which reflects an emerging
socio-cognitive convergence between the model of the self and the caregiver.



MODELING COGNITIVE COMPUTATIONS

COMPUTING COMMENSURATION REPRESENTATIONS

I The commensuration manifold serves as input to an eigemapping that maps the
intermodal representations to newly generated commensuration representations
within a commensuration reference frame.

I These commensuration representations can be used in other computations, e.g.,
those that compute vowel categorization, or in further cognitive computations.



SUMMARY

MERITS OF THE APPROACH
I Vowel Category Response Fields

• VCRFs allow us to make within and cross-language comparisons concerning each
subject’s knowledge of the vowel system of their native language.

• Quantitative analysis in Plummer et al. (2013) shows that “distances” between VCRFs
can capture cross-language differences between the five-vowel systems of Greek and
Japanese, and within-language sociolinguistic differences concerning Japanese /u/.

I Manifolds and Manifold Alignment
• While the computational cognitive framework provides inroads toward quantitative

analysis, e.g., parameter space testing, comparison of different algorithmic instantiations
of the computations, etc., its principle role at present is at the conceptual-interpretive
level.

• Manifolds and manifold alignment focus attention on the rich generative computations
that takes place during early infancy in the creation of representations of both the self
and of others, bringing new relevance to ideas suggested by early social psychologists
concerning the phatic aspects of language acquisition.

• Moreover, the conceptualization provides the basis for reasoning about aspects of
phonological acquisition that have yet to truly be brought to light, e.g., the acquisition of
cognitive structures for representing vowel dynamics.



SUMMARY

TAKE HOME POINTS

I There’s plenty of room at the beginning:

www.youtube.com/watch?v=4eRCygdW--c

I Progress/success is more variegated than we think:

http://www.youtube.com/watch?v=27X8NFHxuFk

www.youtube.com/watch?v=4eRCygdW--c
http://www.youtube.com/watch?v=27X8NFHxuFk
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