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Abstract

We extend the auto-mirroring guidance
model, which explains the process of sharing
vowels between a caregiver and an infant, by
introducing two transitional elements related
to the infant’s articulatory development: One
is the accuracy of the infant’s articulation im-
proving along with the separation of his/her
vowel prototypes. The other is the transition
of the caregiver’s auditory perception of map-
ping the infant’s vowels onto her own ones.
The extended model can simulate several ad-
ditional aspects of vowel development, e.g.,
the rapid separation of infant vowels and their
convergence and the transient rise of stretch-
ing motherese. Simulation results suggest a
new picture of the process of vowel develop-
ment, which explains how there are two tran-
sitional aspects of vowel separation and guid-
ance, and they also suggest hypotheses on the
causes of vowel separation and a caregiver’s
motherese.

1. Introduction

The process of sharing vowels with caregivers seems
to be the first developmental step of an infant’s lan-
guage development. Kuhl and her colleagues pointed
out the importance of regarding the process of vowel
development as dynamic interaction between percep-
tual development, articulatory development, and a
caregiver’s address to the infant(Kuhl et al., 2008).
However, their model is still too conceptual to un-
derstand the computational mechanism underlying
such processes of development. To reveal such a
mechanism, the use of synthetic studies has been
considered one of the most promising approaches
(Asada et al., 2009).

Some of these studies have focused on the percep-
tual development needed to learn a caregiver’s vowel
categories from her speech (McMurray et al., 2009,
Vallabha et al., 2007). However, how the caregiver
addresses her infant in speech should be taken into
account to understand such perceptual development.

This addressing by the caretaker seems to depend
on her observations and understanding of the in-
fant’s developmental stage, based on such input as
the quality of vocalizations (Gros-Louis et al., 2006,
Bloom and Lo, 1990).

Mutual imitation (Masur and Olson, 2008,
Kokkinaki and Kugiumutzakis, 2000) is a typical
and highly significant instance of caregiver-infant
interaction. de Boer (de Boer, 2000) and Oudeyer
(Oudeyer, 2005) have suggested that imitative
interaction plays important roles in sharing vowels
between agents. In particular, Oudeyer showed
computationally that shared prototypes can be self-
organized by virtue of a perceptual bias around vowel
prototypes (perceptual magnet effect (Kuhl, 1991)).
However, this research lacks consideration of an
inevitable hurdle to infant development, namely
the physical differences between the caregiver and
infant: They cannot produce the same vowel sounds
since their articulatory organs are very different
from each other (Vorperian and Kent, 2007).

Miura et al. showed that a robot could acquire
shared vowels with a human interactant who im-
itates its vocalization with a different articulatory
organ from it (Miura et al., 2007). To investigate
what properties of a caregiver’s imitation permit the
sharing of vowels, Ishihara et al. have constructed
a computational model of the caregiver-infant imi-
tative interaction (Ishihara et al., 2008). They pro-
posed that an infant’s prototypes are guided to-
ward the anticipated ones by distinctive biases in
the caregiver’s imitation, made as if she were imi-
tating not only the infant’s utterance but also both
her own usual utterance style (sensorimotor magnet
bias) and her own previous utterance (auto-mirroring
bias). Also, they considered the differences in utter-
able vowels. However, there remain other aspects of
infant articulatory development such as proficiency
of articulation control through self-monitoring ex-
perience of produced sound (Oller and Eilers, 1988)
and expansion of one’s utterable vowel area in vowel
space (Ishizuka et al., 2007, Rvachew et al., 2006).
Such immature articulation activities should be



introduced in their model, given the likeli-
hood that the developmental conditions of per-
ception and articulation could affect each other
(Vihman and Nakai, 2003, van Beinum et al., 2001,
Oller and Eilers, 1988).

Introducing the elements of an infant’s articu-
latory development in the auto-mirroring guidance
model would allow us to examine the causes and ef-
fects of several phenomena appearing in a real in-
fant’s vowel development, such as 1) rapid separation
of distribution clusters of infant utterances and its
subsequent convergence (Ishizuka et al., 2007) and
2) stretching motherese in which the distributional
profile of the mother’s vowels addressed to her infant
tends to stretch compared to that used in addressing
other adults (Kuhl et al., 1997).

In this paper, we extend the auto-mirroring guid-
ance model by introducing two transitional ele-
ments related to an infant’s articulatory develop-
ment. First, the accuracy of an infant’s articula-
tion is assumed to improve along with the separa-
tion of the infant’s own prototypes, since sensorimo-
tor learning of these prototypes would be easier af-
ter they are separated more widely. Then, the care-
giver’s auditory perception that maps the infant’s
vowels on the caregiver’s own vowels is also mod-
ulated according to the infant’s articulatory devel-
opment. We report that the extended model can
simulate the rapid separation of an infant’s vowels
and their convergence as well as the transient rise
of stretching motherese. Furthermore, we suggest
a new picture of the process of vowel development
that explains that there are two transitional aspects,
i.e., separation and the guidance, and we suggest hy-
potheses on the causes of infant vowel separation and
the caregiver’s use of motherese.

2. Auto-mirroring guidance model

2.1 Owverview

This model consists of imitation mechanisms for both
a caregiver and an infant and a learning mecha-
nism of a sensorimotor map for the infant. Imitation
mechanisms convert the other’s vowel sound into the
imitator’s own articulation command to produce the
imitation vowel sound.

Another feature of this mechanism is to contain
possible biasing elements, i.e., “sensorimotor mag-
nets” and “auto-mirroring bias,” in the caregiver’s
imitation arising from her anticipation of her in-
fant’s utterance. Sensorimotor magnets are kinds
of convergence bias of perception and articulation
around the caregiver’s vowel prototypes. Part of this
characteristic seems to originate from Kuhl’s percep-
tual magnet effect (Kuhl, 1991), which is a percep-
tual warp around a listener’s phoneme prototypes.
This bias can be seen as an effect of the caregiver’s
unconscious anticipation of her infant to articulate

vowel prototypes in a mother language. Another
bias, auto-mirroring bias, is a kind of mixing bias
of the other and the self, in which the perception of
the other’s vowel is attracted toward the perceiver’s
own last utterance. This bias can be seen as an ef-
fect of the caregiver’s anticipation that her infant will
imitate her utterance correctly.

Figure 1 shows an overview of the model. At the
t-th step of interaction, the infant utters a vowel
s'(t) € RN by the articulation command a’(t) €
RNa | and the caregiver listens to vowel sound s’(t)
and utters s(t) € R+ by the articulation a(t) € RNa
as an imitation of s'(¢). Next, the infant listens to
s(t) and updates his/her sensorimotor map based on
both his/her articulation a’(t) and the caregiver’s
reply s(t) and then tries to imitate s(t) by the artic-
ulation a’(t 4 1) using the updated map. The learn-
ing mechanism of the map is explained in section 2.3
below.
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Figure 1: Overview of proposed model consisting of two
imitation mechanisms for a caregiver and an infant.

2.2 Imitation mechanism
The caregiver’s imitation a(t) is modeled by the for-

mula: al(t) = f(sp(t);ps V), (1)
sp(t) = (1—m)s'(t) +nsa(t), (2
sa(t) = f*(a(t = 1); p}), (3)

where f : RVs — RNa is her sensorimotor map at the
t-th step based on her prototypes p; € RN+, while
f* e ®Na — RNs s its quasi-inverse map at the ¢t-th
step based on the “infant’s anticipated prototypes”
p; € RN, This term is used because p} represents
the infant’s producible vowels that can be mapped
onto the caregiver’s prototypes, i.e., the caregiver an-
ticipates her infant matching her own prototypes p,
with p}.

The caregiver’s articulation a(t—1) is input to her
quasi-inverse sensorimotor map f* and converted to
the anticipation s, (t) of her infant’s imitation of the
articulation a(t —1). The anticipation is mixed with
“real” infant utterance s’(t) with the mixing rate
7n(0 < n < 1), and this attraction is called the auto-
mirroring bias. Then the attracted perception sy (t)
is converted to the articulation command a(t) by the
sensorimotor map f, where its output is attracted



to prototypes p;(i = 1,--- , M) with the converging
degree A(0 < X < 1). This convergence is called
the sensorimotor magnets. Thus, we can control the
strength of the caregiver’s biases, that is, the sensori-
motor magnets and auto-mirroring bias, by changing
the parameters A and 7.

2.2.1 Sensorimotor map

We model the sensorimotor map f with one of
the linear regression mixture models, a Normalized
Gaussian Network (NGnet) (Sato and Ishii, 2000,
Moody and Darken, 1989). An NGnet has M Gaus-
sian functions g;(¢ = 1,---, M) as basis functions
in input space and maps the input data with mixed
linear regression functions. Each mixture rate is de-
cided according to the distance between the input
and the center of each Gaussian, each of which has
charge of one linear regression function. NGnet de-
termines the caregiver’s articulation a(t) by

a(t) = f(S (t);pi, A) (4)
_ gi(sp(t); pi, i)
Z Yoty g5 (su(t); g, 35)

Wi (plu )‘7 N"L)gb(t)7
(5)

where pu; € R+ and X; € RV*Ns are the center
vector and the variance-covariance matrix of the i-th
Gaussian. A is a parameter that sets the eigenvalue
of the representation matrix of linear transformation
W;(pi, M\, i) € RN NeF1) 6 (1 — ). Furthermore,
Sp(t) = [sf(1),1]T € RV=*1 is the argumented ma-
trix of sp(t).

Figure 2 shows how sensorimotor magnets are
modeled and controlled by the setting of A when
we assume that the NGnet has one Gaussian unit
(M = 1), where the one-dimensional inputs (infant’s
vowel sounds) are normally distributed around its
center. Each input is mapped by a matrix of lin-
ear transformation W7, and thus the distribution of
the outputs (caregiver’s articulation commands) are
determined by the eigenvalue (slope here) of the ma-
trix: The smaller the eigenvalue (1 — A) of the trans-
formation matrix W, is, the more the distribution
gathers around the image of the Gaussian center g
under W7, namely W, ft1. Therefore, we regard the
image as a prototype to represent sensorimotor mag-
nets, namely p; = VVJM Furthermore, we regard
the center of Gaussian p; as anticipated prototypes
p;, namely p; = p;, since they are mapped onto the
caregiver’s prototypes.

The caregiver’s quasi-inverse sensorimotor map is
also modeled by another NGnet so that it can map
the caregiver’s prototype p; to p; as opposed to the
sensorimotor map that maps p; to p;. This quasi-
inverse map works like a predictor of the infant’s
imitation and is updated at every step as the sen-
sorimotor map changes, as mentioned in section 3.2
below.
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Figure 2: Illustration of how an NGnet constructs the
sensorimotor magnets with one transformation matrix

2.3  Learning mechanism for an infant
An infant has the immature sensorimotor map f’
represented by an NGnet that has M-Gaussian
functions and learns its parameters in the T-th
step of the interaction based on the n-step his-
tory H(T) of the pairs of the infant’s own ar-
ticulation and the caregiver’s reply. Namely,
= {at),s®)t = T - n+1,--- T}
Here the 1nfant task is to tune the parameters
{/,LQ(T),EQ(T),‘V{(T)M =1 , M} of her senso-
rimotor map so that it can represent the input-
output relationship from s(¢) to a’(t) within H(T).
We use the EM algorithm (Sato and Ishii, 2000,
Dempster et al., 1977), which is one of the maximum
likelihood estimation methods for mixture models, to
estimate the most appropriate parameters.
As a result of this update, the infant’s prototypes
= V~Vi’ [} are also updated at every step. The final
goal of his/her development is to match his/her pro-
totypes p. to his/her anticipated prototypes by the
caregiver p¥, which he/she can not observe directly.

3. Extensions of the model

3.1 Accuracy of infant’s articulation
To consider the possible effects of the articulatory
development of an infant on the process of sharing
vowels, we introduce a simplified model. The ac-
curacy of the infant’s articulation control is consid-
ered to be improved through self-monitoring of the
sound resulting from his/her attempts at articulation
(Oller and Eilers, 1988). Therefore, this accuracy is
modeled so as to be related to the current distri-
bution of the infant’s produced sounds: We assume
that his/her articulation error can be represented by
a variance of a Gaussian distribution around his/her
target articulation a’(t), and this variance is deter-
mined based on the extent to which his/her current
prototypes are separated from each other.

Given the infant’s target articulation a'(t), the
produced articulation is determined by

a'(t) = N(a'(t), o*(S(t), h)), (6)
150
S e e GO R A
M 1y M pj(t)
S(t):Z('pZ(t) % 1 |>7 ®

=1



where N (a’, 0?) represents a manipulation to add a
Gaussian noise whose variance is o2 to the target ar-
ticulation a’. The variance o2 depends on the degree
of the prototypes’ separation S(t), and their relation-
ship is controlled by the parameter h. Here, we can
control the difficulty of articulation development in
the simulation by changing the parameter h; for ex-
ample, the larger h is, the larger o2 is, even under
the same condition of S(¢).

3.2 Transitions of caregiver’s perception
In the previous model, we assumed that anticipated
prototypes p; are fixed throughout interactions.
However, an experimental result of category identi-
fication of infants’ vowels by caregivers shows that
an adult’s perception of infant vowels can alter, e.g.,
the geometry of perceived prototypes expands and
shifts in vowel space as the infant becomes older
(Vorperian and Kent, 2007, Ishizuka et al., 2007,
Rvachew et al., 2006, Kuhl and Meltzoff, 1996).
Therefore, anticipated prototypes should be altered
through interactions for a more valid simulation.
We introduce the expansion of the geometry of an-
ticipated prototypes in a fixed expansion rate as a
first implementation. Anticipated prototypes are de-
termined by

pi(0)=pi0) + - (Gi(TL) ~pi(0).  (9)
M
ey N\ Pi (1)
D; (0) = ;(T)’ (10)

where T7, is the number of total interaction steps and
pi(Ty) are fixed values in the current model.

4. Simulation of mutual imitation
4.1 Procedure

A caregiver imitates her infant’s utterance at every
step while her infant basically tries to imitate the
caregiver’s utterance at every step but sometimes
utters randomly, i.e., the infant tries to utter one
of the prototypes every step until the n-th step and
continues to do so every fifth step even after the n-
th step interaction. Furthermore, until the n-th step
has passed, the infant does not update his/her senso-
rimotor map, since she can not utilize enough learn-
ing data. In this simulation, we set n = 500 and
T, = 5000.

4.2 General settings
We assume each vowel sound is represented by a
two-dimensional vector, since vowel prototypes are
known to be distinguishable at two frequency peaks,
which are called first formant and second formant.
Furthermore, for simplicity of simulation, we assume
that an articulation command can be represented by
the same vector as that of the vowel sound produced
by the articulation, i.e., s(t) = a(t) and s'(t) = a'(¢).
Figure 3 shows an overview of the settings of the
caregiver’s prototypes p; (blue dots), the anticipated

prototypes pi(t) (red dots), and the infant’s proto-
types p(t) (black dots) in the vowel /articulation fea-
ture space. Anticipated prototypes are set to be lo-
cated at a distance from the caregiver’s prototypes,
since their articulation organs are different and thus
a difference in their vowels can be expected. We
set the number of prototypes M to 5, imagining a
Japanese caregiver. The infant’s initial prototypes
are set more closely together, since a real infant’s cat-
egories are not so widely separated from each other in
the early period of development. The caregiver’s pro-
totypes are fixed throughout the interactions, while
anticipated prototypes are gradually expanded as the
interaction proceeds based on eq. (9).
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Figure 3: Overview of settings of the initial states of in-

fant’s prototypes (black dots) and caregiver’s prototypes
(blue dots) and the anticipated prototypes (red dots).

4.3 Settings of the caregiver

Assuming a Japanese caregiver and infant, we deter-
mined the caregiver’s prototypes p; and anticipated
prototypes at the last step p} (71) as

{pi} = {(172000()) ) (f;)ooo) ’ <1430000> ’ (1650000> ’ (1500000> }’
(11)

P =pi+ (gog) (=10 (2

We determined the parameters of the caregiver’s sen-
sorimotor map so that all of our assumptions are sat-
isfied as follows:

pi(t) =pi(t) (i=1,---,M), (13)
ﬁ/i(piv Avui(t)) = ((1 - )‘)vai - (1 - )‘)Ni(t))
(i=1,---,M,0.0<\<1.0). (15)

In addition, we determined the parameters of the
caregiver’s quasi-inverse sensorimotor map so that
all of our assumptions are satisfied as follows:

N::pi (i=1,--~,M), (16)
= = (36000 36000) (i=1,, M), (17)
Wi i () ) = (Lo () — ;) (=1, M),

(18)



Note that the infant’s anticipated prototypes p;(t)
change through the interactions according to eq. (9).

From the simulation results of the previous model,
we know that infant prototypes p}(t) are gradually
guided toward the anticipated prototypes p;(t) by
virtue of association with the caregiver’s sensorimo-
tor magnets and auto-mirroring bias. The degree
of such guidance depends on the degree of their
strengths, and (n = 0.5, A = 0.6) is the setting pair
that exerts the guidance effect most strongly. There-
fore, we selected this setting pair for the current sim-
ulation.

5. Results

We simulated the caregiver-infant imitative interac-
tion under several conditions of difficulty in articula-
tory development: (a)h =0, (b)h = 150, (c)h = 300,
and (d)h = 450.

5.1 Fading of articulation error

Figure 4 shows the degree of an infant’s articulation
error o(t) processed throughout interaction steps un-
der each condition of h. We can see that the infant’s
articulation error o (t) is larger throughout the inter-
actions under the condition where the infant’s artic-
ulation development is more difficult (h is larger), as
we had expected. In addition, we can see that the er-
ror o(t) tends to decrease step by step rapidly in the
first half of this period, especially under conditions

(a), (b), and (c).
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Figure 4: Differences in the transitions of infant articu-

lation error o(¢) under several conditions of difficulty h

in articulation development.

5.2 Transitions of vowel distribution

Figure 5 illustrates the transitions of vowel distribu-
tions of both the caregiver and the infant under each
condition of h. In these figures, utterances of the in-
fant s'(t) (red dots) and those of the caregiver s(t)
(blue dots) and the infant’s prototypes pj(t) (black
dots) are plotted during each of three periods (at the
last step for pj(t)): first 1000 steps (left box), middle
1000 steps (middle box), and final 1000 steps (right
box). The apexes of the red pentagons represent the
infant’s anticipated prototypes pj(t) at the last step
of each period, while those of the blue pentagons
represent the caregiver’s prototypes p;.

Large variations in the distributional patterns of
utterances between conditions indicate that the dif-
ficulty of articulatory development heavily affected
both the infant’s learning and the interactions: The
infant’s utterances and prototypes were distributed
more widely when h was larger and the number of
uttered categories was different, i.e., only three vowel
categories were uttered during the final period in
condition (a) while five categories were uttered under
conditions (c) and (d).
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Figure 5: Transitions of vowel distributions of both the
caregiver (blue dots) and the infant (red dots) and those
of the infant’s prototypes (black dots) under different
conditions of h. The geometry of the caregiver’s pro-
totypes (apexes of blue pentagons) and the infant’s an-
ticipated prototypes (apexes of red pentagons) are also
depicted.



5.8 Separation of prototypes

Ishizuka and Mugitani investigated the distributions
of real infants’ utterances during the age span of 4-
60 months (Ishizuka et al., 2007). They showed that
the geometry of vowel categories tend to expand until
age 24 months and the speed of their separation is
rapid in the early stage and then becomes slower.

Figure 6 shows the transitions of the separation
degrees S(t) of infant prototypes defined in eq. (8).
The counterpart for the anticipated prototypes is
also depicted as a reference by the solid line. We
can see that the infant’s prototypes tend to expand
rapidly, particularly in the first half of the period,
and then the speed of expansion becomes slower un-
til the prototypes gradually converge. Interestingly,
this basically reproduces the real transition reported
in the previous study (Ishizuka et al., 2007).
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Figure 6: Transitions of the separation degree S(t) of
the infant prototypes under different conditions of h.
The counterpart of the anticipated prototypes is also de-
picted.

5.4 Process of sharing vowels

Figure 7 shows the transition of the sharing degree
of prototypes between the caregiver and the infant,
which represents the as-a-whole closeness of the an-
ticipated prototypes p; (t) with the infant prototypes
pi(t). The sharing degree is evaluated by the for-
mula:

D(t) = f Min({|p; (t) - Azf;;-u)\}j:l,... )

(19)

i=1

where D(t) represents the as-a-whole distance of an-
ticipated prototypes from the infant’s prototypes at
the t-th step of the interaction; consequently, the
sharing degree is higher when this index is lower.
The as-a-whole distance D(t) is small in the initial
state under all conditions, and these values are not
so different from each other since the infant’s proto-
types are set to gather around the initial point of an-
ticipated prototypes p;(0). The as-a-whole distance
D(t) continued to increase under conditions (a) and
(b) to the end, while it increased rapidly during the
first half of the period and then began to decrease
under conditions (c) and (d).

We can also see such transitions in Fig. 5. Under
conditions (a) and (b), infant prototypes did not sep-
arate so widely from each other and therefore they
were guided to a smaller number of anticipated pro-
totypes, indicating that the large as-a-whole distance
remained. On the contrary, under conditions (c)
and (d), the geometry of infant prototypes expanded
more widely than did that of anticipated prototypes
in the first half of the period, and then the prototypes
were located near all of the anticipated prototypes,
indicating an inverted U-shape transition of the as-
a-whole distance.
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Figure 7: Transitions of the as-a-whole distance D(t) of
anticipated prototypes from infant prototypes under dif-
ferent conditions of h.

6. Discussion
6.1 Dominance of either of two aspects

There seems to be two aspects in the transitional
process of sharing vowels: the separation of proto-
types and the guidance of prototypes toward antici-
pated prototypes. The investigation in the previous
work (Ishihara et al., 2008) revealed that the aspect
of guidance can be caused by the balanced action of
two biases in the caregiver’s imitation, i.e., sensori-
motor magnets and auto-mirroring bias. The other
aspect, the separation of prototypes, can be consid-
ered a consequence of the infant’s articulation error
due to the larger error results in the larger distribu-
tion of the infant’s utterances.

A simulated developmental process can be divided
into two stages by focusing on which aspect is dom-
inant. In the first stage, the aspect of separation is
dominant due to the large articulation error. In this
stage, prototypes become separated from each other
because the separating effect surpasses the guiding
effect at some point. The dominance of the aspect
of separation becomes weakened gradually as proto-
types become separated from each other, since an
infant’s articulation error decreases with the separa-
tion, as modeled in eq. (8). Then the next stage,
where the aspect of guidance is dominant, begins.
In this stage, the infant’s prototypes can be guided
toward anticipated prototypes as in the latter half
of the period under conditions (c) and (d) shown in
Fig. 7, since the guiding effect surpasses the sepa-



rating effect this time at some point.

The prototypes can be effectively shared when the
transition of these dominances is achieved appro-
priately: There seems to be adequate difficulty h
of articulatory development, as under condition (c),
where all prototypes can correspond to any of the an-
ticipated prototypes. If the separating effect is too
weak, as under conditions (a) and (b), the prototypes
cannot sufficiently spread to correspond to all antic-
ipated prototypes. On the other hand, if the sep-
aration effect is too strong, as under condition (d),
the prototypes are not guided sufficiently, since the
separating effect could cancel out the guiding effect.

6.2 Conditions for rise of motherese

We can find the rise of motherese particularly in the
middle of the period in Fig. 5 (¢). The left side of
Fig. 8 illustrates how the geometry of centers of the
caregiver’s vowel clusters (blue pentagon with solid
line) is stretched compared to that of her usual ones,
or her prototypes (blue pentagon with dotted line).
By comparing these results with those in the right
side of Fig. 8, which shows the motherese reported
by Kuhl et al. (Kuhl et al., 1997), we can see that
this stretching property resembles the property of a
real caregiver, i.e., the distribution of the caregiver’s
vowels addressed to infants (triangle with solid line)
is stretched compared to that of vowels addressed to
other adults (triangle with dotted line).

This characteristic seemed to arise in the simula-
tion when the caregiver underestimated the degree
of expansion of infant prototypes, in other words,
when this degree exceeded that of the anticipated
prototypes, as we can see in the left box of Fig. 8.
In such cases, the caregiver perceives the infant’s ut-
terances as exaggerated ones and thus the caregiver’s
utterances also become exaggerated through her im-
itations.
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Figure 8: Stretching motherese in our simulation in the
middle of the period under condition (c) (left box) com-

pared to that reported by kuhl et al., 1997 (right box).

7. Conclusion

According to the results obtained in this study, we
suggest a more progressive picture of the develop-

mental process of sharing vowels through vocal imi-
tation as follows:

1. An infant’s prototypes begin to separate from
each other rapidly, since the separating effect
caused by the infant’s articulation error exceeds
the guiding effect caused by the caregiver’s bi-
ases. We can see this trend in the first half of the
period in Figs. 5 and 6.

2. As the infant prototypes expand, he/she begins
to utter vowels perceived by the caregiver as pro-
totypes, and thus they come to utter more proto-
typical vowels as phonemes of their mother lan-
guage. This trend can be seen in the first and
middle parts of the period in Fig. 5.

3. The geometry of anticipated prototypes expands
as the infant develops. Stretching motherese
arises when the degree of expansion of the infant’s
prototypes exceeds the degree of the caregiver’s
anticipation, as shown in Fig. 8.

4. The accuracy of infant articulation improves
along with the separation of his/her prototypes,
and the aspect of guidance becomes dominant
over the aspect of separation. This trend, where
the infant’s prototypes are gradually guided to-
ward the anticipated prototypes, can be seen in
the last half of the period under conditions (c)
and (d) in Fig. 7.

This picture of development includes two new hy-

potheses to be addressed: 1) It is the inaccuracy of

the infant’s articulation that separates his/her pro-
totypes, and 2) stretching motherese is a reflection of
the caregiver’s underestimation of the infant’s proto-
types expressed through the caregiver’s imitation.
We assume that the inaccuracy of infant artic-
ulation can be modeled as a Gaussian noise in
articulation command space and that its degree
is improved along with the separation of the in-
fant’s prototypes. However, there seems several
possible causes of this inaccuracy, such as the
immature levels of three key factors: auditory-
articulatory integration, articulatory muscles,
and auditory perception. Some studies have ad-
dressed issues related to this type of development

(Kanda et al., 2008, Guenther and Perkell, 2004,

Westermann and Miranda, 2004). Introducing their

findings in our model would help us to improve it.

Motherese is one of the well-known characteristics

of caregivers addressing infants (Kuhl et al., 1997,
Fernald and Simon, 1984), and many researchers
have argued for its facilitating role in infant
development (Kuhl et al., 2008, Gogate et al., 2006,
Liu et al., 2003, Masataka, 1993). However, there
have been few explanations proposed for the mecha-
nism behind the rise of motherese. Our results sug-
gest that motherese comes from a caregiver’s uncon-
scious anticipation in sharing vowels with her infant
in an underestimating manner.
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