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How Caregiver’s Anticipation Shapes Infant’s Vowel
Through Mutual Imitation
Hisashi Ishihara, Yuichiro Yoshikawa, Katsushi Miura, and Minoru Asada, Fellow, IEEE

Abstract—The mechanism of infant vowel development is a fundamental issue of human cognitive development that includes perceptual and behavioral development. This paper models the mechanism of imitation underlying caregiver–infant interaction by focusing on potential roles of the caregiver’s imitation in guiding
infant vowel development. Proposed imitation mechanism is constructed with two kinds of the caregiver’s possible biases in mind.
The first is what we call “sensorimotor magnets,” in which a caregiver perceives and imitates infant vocalizations as more prototypical ones as mother-tongue vowels. The second is based on what
we call “automirroring bias,” by which the heard vowel is much
closer to the expected vowel because of the anticipation being imitated. Computer simulation results of caregiver–infant interaction
show the sensorimotor magnets help form small clusters and the
automirroring bias shapes these clusters to become clearer vowels
in association with the sensorimotor magnets.
Index Terms—Caregiver’s anticipation , sensorimotor mapping,
vowel development.

I. INTRODUCTION
OW DO infants acquire language? Recognizing and producing voices seem to be a first developmental step for
language acquisition. Infants’ ability to listen to adult voices
appears in a language-independent manner from birth and gradually adapts to their mother tongue [1], [2]. Infant utterances,
which are initially quasivocalic sounds that resemble vowels,
are gradually adapted to their caregiver ones [3] along with
the descent of the epiglottis [4]. Therefore, it seems likely that
vocal interaction with their caregivers is needed for infants to
adapt their vocal system to their caregivers’ language. Some
researchers have reported mother characteristic behaviors that
seem important for infant vocal development such as infant-directed speech [5]–[9] and imitative interactions [10]–[12]. However, how such caregiver behavior affects infant vocal learning
remains unclear due to the difficulties of conducting controlled
experiments to understand interaction dynamics.
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In recent years, some synthetic studies have been offered as
promising approach for modeling such as a dynamic process in
the developmental process of infants [13]–[17]. Some of these
studies have focused on the perceptual development needed to
learn a caregiver’s vowel categories from her speech [18]–[20].
However, infants’ development of vocal production is also considered in the context of vowel development [21]. The papers
by de Boer [22] and Oudeyer [23] focused on imitative interaction and showed that a population of learning agents with a
vocal tract and cochlea can self-organize shared vowels among
a population through imitative interaction. They assumed that
all agents have the same articulation ability, however, an infant
and a caregiver cannot perfectly reproduce each other’s voices
because the infants’ articulation abilities have not matured [24],
[25]. In other words, they paid less attention to such a specific
problem in caregiver–infant interaction, that is to find the phonological correspondence of utterance between caregivers and infants.
On the other hand, Yoshikawa et al. [26] addressed this issue
in human–robot vocal interaction and demonstrated the importance of imitation by the human caregiver, whose body is different from the robot’s. In a similar experimental setting, Miura
et al. [27] argued that caregiver imitations of infant utterances
have two roles: informing the phonological correspondence of
utterances and guiding the infant to articulate utterances that
more closely resemble the usual ones of the caregiver. The latter
is conjectured from the hypothesized characteristics of maternal
imitation where a caregiver cannot imitate her infant’s behavior
due to the embodiment differences; as a result, the presumably
imitated behavior is more or less replaced by her accustomed
one. Part of this characteristic seems to originate from such
caregiver sensorimotor bias as Kuhl’s perceptual magnet effect
[28], which previous work has already focused on [23]. The perceptual magnet effect indicates a psychological phenomenon
where a person recognizes phonemes as more typical ones in
the phoneme categories of the person. We call this bias “sensorimotor magnets,” conjecturing that our motion also tends to
be attracted to the accustomed one. On the other hand, human
perception is biased toward anticipation (e.g., [29]), and so is
human imitation. It is likely that, in imitative interactions, a caregiver anticipates being imitated by her infant and therefore, perceives the infant’s voice as more closely resembling her precedent utterances. We call this the “automirroring bias.”
In this paper, we propose a computational model of vowel
acquisition through mutual imitation that considers both these
biases as causes of the two possible roles of caregiver’s imitation: informing of vowel correspondence and guiding infant’s
vowels to clearer ones. The rest of this paper is structured as
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follows. We first propose an imitation mechanism that considers
the “automirroring bias” and “sensorimotor magnets,” as well as
a learning method by mutual imitation with a caregiver. Then
a computer simulation of caregiver–infant vowel mutual imitation illustrates how caregivers’ sensorimotor magnets help the
infant form smaller clusters of vowels and how automirroring
bias shapes these clusters to become clear vowels in association
with the sensorimotor magnets. Finally, we discuss future issues
and conclude the paper.

Fig. 1. Proposed imitation mechanism considering biasing elements.

II. ASSUMPTION
We assume the following.
1) Iteration of Multiple Imitative Turn-Takings
An infant and her caregiver iterate vocal imitative turn-takings. Imitation is considered as one of the mechanism of
vocal development [12], [30], and it has been reported
that caregiver–infant interaction involves imitative turntakings [10], [31]. However, prelinguistic infants seldom
show vocal imitation in the sense of behavioral matching
[32], [33]. Therefore, we assume that infants “try to” reproduce a heard sound while they can not be correctly matched
with the target sound.
2) Initial Categorization of Caregiver Vowels
Infants have established a rough categorization of caregiver’s vowels before simulated caregiver–infant interaction in this study. Observations of early sensitivities for
adult vowels [34], [35] support this assumption.
3) Statistical Learning Capability of Contingent Relation
An infant statistically learns the correspondence between
her articulation and subsequent caregiver’s voice. Corresponding to this assumption, three- or four-month-olds can
attend to the contingent caregiver’s feedback [36], [37],
and use it to facilitate development in vocal behavior [36],
[38]. Accordingly, infants can rapidly adapt their vocalizations based on the forms of distribution of the voices they
have heard [39].
4) Formant Extractor
From the heard voices of others, an infant and her caregiver
can extract the formant, which is the frequency of peaks
that appear in the spectral envelopes of sounds. The lowest
two peak frequencies called the first and second formants
are used to distinguish vowels by adults [40], [41], and by
prelinguistic infants as well [2].
5) Established Articulation Skills
Infants have established articulation skills, that is, knowing
the connection between an articulatory movement and the
sound produced by the movement. However, such a sensorimotor mapping is considered to be developed through
vocalizing experiences [42], and previous synthetic studies
have addressed this issue [43]–[45]. Although this study
ignores it for simplicity, it should be treated as a parallel
process of the correspondence of learning vowels through
mutual imitation in the future.
6) Caregiver’s Consistent Imitation With Sensorimotor Magnets
A caregiver can consistently imitate her infant’s voice,
that is, transforming the perceived voice to its articulation, during the simulated interaction. Furthermore, it

is conjectured that the caregiver’s imitation is biased to
her accustomed vowel utterances due to a sensorimotor
magnet extended from Kuhl’s perceptual magnet effect
[28].
7) Caregiver’s Automirroring Bias
Human perception is biased toward anticipation (e.g.,
[29]), and caregivers are likely to anticipate being imitated by infants in imitative interactions. Therefore we
assume that the caregivers perceives infant’s voices as
more closely resembling their precedent utterances (automirroring bias).
8) Infant’s Unexpressed Biases
It is reported that infants begin to show the perceptual
magnet effect from the time they are six months old [7],
and develop social expectancy by three months of age [46].
To focus on the role of the caregiver’s biases in the current
paper, we ignore these biases of the infant as they are considered to be still weak in the early stage of the development.
III. IMITATION MECHANISM CONSIDERING BIASING ELEMENTS
Suppose that two people alternately iterate and imitate each
other’s voices (see assumption 1), and that the sound can be dedimensional vector and the articulation to pronoted by an
dimensional
duce the imitation sound can be denoted by an
vector.
Fig. 1 illustrates the imitation process by the proposed mechanism: at the th step of mutual imitation, it listens to the other’s
and imitates
by articulation
.
voice
This imitation process consists of three functions: an automirroring bias module that biases input sounds, a sensorimotor map
module that produces an imitation utterance from biased input,
and an anticipation module that calculates what we call “automirroring anticipation” from one’s last imitation utterance.
“Automirroring anticipation” is defined as the perceptual bias
by which other’s voices are heard as if they resemble the listener’s own precedent utterances because of the listener’s anticipation being imitated. In the th step of the imitation trials, the
other’s heard voice
is input to automirroring bias
, which attracts
to automirroring
module
. This biased sound
is input to
anticipation
the sensorimotor map module and converted to articulation
by function
.
is an imitation utterance of
. Moreover, imitation utterance
is input to the anticipation module and converted to automirroring anticipation
by function
. Automirroring anticipation
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is input to the automirroring bias module as an attractor for the
.
other’s next voice
A. Automirroring Bias Module
is biased to automirroring anticipation
Other’s voice
and converted to
that is given by

(1)
where is a parameter that determines the strength of the automirroring bias (see assumption 7). When is close to 0, output
nearly equals original input
since the automirroring
is
bias is weak. Conversely, when is close to 1, output
almost attracted to automirroring anticipation
.
B. Sensorimotor Map Module
Since human adults and infants (and robots also) do not
have completely identical sensorimotor systems, they cannot
perfectly reproduce the other’s voices. Therefore, these other
voices need to be converted into articulation parameters that
generate the listener’s own utterable vowels. We use the normalized Gaussian network (NGnet) to map the other’s utterable
vowel region onto the listener’s own generable articulation
parameter space (see assumption 6). NGnet is a modular prob-dimensional input
abilistic regression function that maps
-dimensional output space with
units. NGnet
space onto
is defined by

Fig. 2. Illustration of sensorimotor magnets with linear regression function.

unit linearly approximates its output by
within the corresponding region. NGnet output is given by a summation of
these outputs weighted by the normalized Gaussian functions,
as in (2).
Sensorimotor magnets are represented by NGnet in this
module. Fig. 2 shows how sensorimotor magnets are illustrated
where we suppose that input data are normally distributed with
a central focus on the center of an NGnet unit. The distribution of output data belong to the th unit is determined by the
of the NGnet . Note that
linear regression matrix
can control the variance of them: the smaller the eigenvalues
of
are, the more the distribution shrinks to
, where
. Assuming to use such
, we call the
center of the transfered voices
the th vowel prototype
.
C. Anticipation Module

(2)

where is the augmented vector of and
.
Moreover,
and
are linear
is a th normalized Gaussian
regression matrices.
function such as

(3)

where
is a Gaussian function whose center is
whose covariance matrix is
, such as

and

(4)
is a determinant of matrix
. Note that we denote
where
a set of parameters of an NGnet
as .
Normalized Gaussian functions
moderately partition the input space into M regions. The th

This module converts articulation
to automirroring
. We use NGnet to map
-dimenanticipation
-dimensional output space contrary
sional input space onto
to NGnet in the sensorimotor map module. Automirroring anticipation is calculated by
(5)
where
of NGnet .

is a set of parameters

IV. LEARNING METHOD FOR INFANTS
We assume that a simulated infant (hereinafter infant) initially has an immature imitation mechanism; the parameters of
NGnet , i.e., , in the sensorimotor map module are estimated through mutual imitation. Before the learning, in other
words, her vowel prototypes are not clear vowels by which
she cannot accurately imitate utterances of a simulated caregiver
(hereinafter caregiver). Furthermore, we assume that she does
, for the simplicity of
not have automirroring bias, i.e.,
the first simulation trial (see assumption 8). Here the infant’s
to match vowel prototypes with
task is tuning parameters
the clearest vowels for a caregiver by mutual imitation.
In the th step of the imitation trials, an infant utters articulation
, and a caregiver utters
, which imitates
.
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The infant updates parameters
with the EM algorithm for
the NGnet [47], using the caregiver’s voice at the last steps
as input data and her own utterances at the last steps
as output
data (see assumption 3).
V. SIMULATION OF VOWEL MUTUAL IMITATION
We investigate the effects of the biasing elements on vowel
learning by simulating the caregiver–infant mutual imitation of
vowels with two imitation mechanisms.
A. Procedure
In the simulations, an infant and a caregiver alternately imitate one another with their imitation mechanisms (see assumption 1). The infant has an immature imitation mechanism and
of NGnet with our proposed learning
updates parameters
method, and the caregiver has a mature imitation mechanism, so
her imitation parameters are fixed during a session of iterating
mutual imitations (see assumption 6).
A caregiver imitates her infant’s voice every step. Until
steps have passed, the infant selects voices randomly with
normal distributions whose centers are her initial vowel prototypes and utters them. After the th step, the infant basically
imitates the caregiver’s voice every step, but every fifth step
she randomly selects voices with normal distributions whose
centers are her current vowel prototypes and utters them.
Until steps have passed, the infant does not update imitation
since she does not have enough learning data.
parameters
We determined her initial imitation parameters so that her
initial vowel prototypes are randomly located in her vowel
in her
region while the initial centers of Gaussian function
sensorimotor map module are randomly located around a caregiver’s vowel prototypes (see assumption 2). In the simulations,
and total learning steps
.

Fig. 3. Vowel regions of real adults and infants in 2-dimensional formant space
(Kuhl’s plot [3] of infant vowel region in relation to the plot published by Peterson and Barney [25] based on vowel productions of 76 men, women, and
children).

B. Settings
We determined each utterable vowel region and the locations
of the caregiver’s vowel prototypes by imagining a real caregiver and an infant. Fig. 3 shows the vowel region of the real
infants and the adults [3], [25]. Vowel prototypes are distinguishable in 2-dimensional vowel space, which is represented
by the first (F1) and the second formant frequencies (F2). As
shown in Fig. 3, the vowel regions of the real infants and adults
are different. For the current simulation, the vowel regions both
of the caregiver and the infant are determined in 2-dimensional
vowel space, as shown in Fig. 4 (see assumption 4), so the differences between the caregivers and the infants are highlighted. We
also regard this vowel space as the articulation parameter space,
that is, the vowels and articulation parameters to generate these
vowels are the same 2-dimensional vector (see assumption 5).

Fig. 4. Settings of two vowel regions of simulated infant and caregiver.

module, is set to five. Note that super suffix “c” indicates the
caregiver’s imitation parameters. Furthermore, we assume that
in
a caregiver knows the clearest vowels
an infant vowel region; we determined these clearest vowels as

(6)

C. Mature Imitation Mechanism for Caregiver
We determined the locations of caregiver vowel prototypes
and their number M, assuming that she uses
the five Japanese vowels in the simulation. Therefore, as shown
in Fig. 4, the number of vowel prototypes, that is, the number
of NGnet
in the caregiver’s sensorimotor map
of units

, which are the vowel prototypes of the
where
are the
caregiver. In the simulations, clearest vowels
target vowels for an infant; in other words, the task is to match
with
, that are the
her vowel prototypes
clearest vowels in an infant vowel region for her mother.
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Considering all of the above assumptions, we determined
in a caregiver’s sensorimotor map
the parameters of NGnet
module as the following

(7)
(8)

(9)
where
is a parameter that determines the strength of the senis close to 0(1), a caregiver’s imisorimotor magnets. When
tation voice corresponds almost exactly to the infant utterances
(either of her vowel prototypes).
In addition, we determined the parameters of NGnet in the
caregiver’s anticipation module as follows
(10)
(11)
(12)
The caregiver’s imitation mechanism has two parameters that
determine the strength of the biasing elements:
for the aufor the sensorimotor magnets. We intomirroring bias, and
vestigated the effects of the biasing elements on the learning
result of an infant by simulating the interactions and changing
these parameters.

Fig. 5. Transitions of vowel clarity of infant voices, caregiver voices, and infant
: ,
vowel prototypes where caregiver has all biasing elements (
: ).

06

= 05

=

where the caregiver has all the biasing elements (
,
). In this graph, the horizontal axis shows the learning
steps, and the three curves indicate five times the average of
500 steps’ moving average of the following distances: 1) from
an infant voice to her nearest target vowel, i.e., clearest vowel
in the infant’s vowel region; 2) from a caregiver’s voice to her
nearest vowel prototype, i.e., clearest vowel in the caregiver’s
vowel region; 3) average distance from each target vowel to her
nearest vowel prototype of the infant in each step for evaluating
the vowel clarity of each of the above. This graph indicates that
although infant voices are not as clear as caregiver voices in the
early steps, they became clearer over the time-steps as well as
the infant vowel prototypes.

D. Immature Imitation Mechanism for Infants
In this study, we assume that an infant initially has rough
knowledge about her caregiver’s vowel prototypes (see assumption 2), but she cannot know which vowel corresponds to which
prototype within her own vowel region. Based on these assumptions, we randomly give initial parameters to the EM algorithm
every step as follows
(13)

(14)

(15)
where is the th vowel prototype of the caregiver and
denotes a random value sampled from normal distribution with
center and covariance matrix .
VI. RESULTS
A. Interaction Transitions
Fig. 5 shows the transition of the vowel clarity of the infant
voices, the caregiver voices, and the infant vowel prototypes

B. Difference of Learning Results Under Several Conditions
Fig. 6 shows the differences of the learning results under several conditions where the strengths of the caregiver’s biasing
elements are different and each distribution is an example of the
result under each condition. We simulated interaction under the
following conditions:
(a) where a caregiver has both automirroring bias and sensorimotor magnets (
,
);
,
(b) where a caregiver only has automirroring bias (
);
(c) where a caregiver only has sensorimotor magnets (
,
);
,
(d) where a caregiver has no biasing element (
).
In these distributions, red (blue) dots represent the infant
(the caregiver voices
) in the vowel space in
voices
the final 1000 steps. The apexes of the red (blue) pentagons
(caregiver vowel
represent the target vowels of the infant
prototypes ). Black dots represent the vowel prototypes of
the infant after learning. These distributions indicate that the
caregiver’s biasing elements heavily affected the results of the
infant’s learning; voice clusters seem smaller under conditions
(a) and (c) than under conditions (b) and (d).
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Fig. 6. Difference of learning results under several conditions. Apexes of red pentagons represent target vowels of infant, in other words, clearest vowels in her
vowel region, and black dots represent infant vowel prototypes after learning. (a) Both biasing elements; (b) only automirroring bias; (c) only sensorimotor magnets;
(d) no biasing elements.

VII. DISCUSSION
A. Effect of Caregiver’s Sensorimotor Magnets
We can see smaller voice clusters under conditions where a
caregiver has sensorimotor magnets in Fig. 6(a) and (c). This
suggests that the caregiver’s sensorimotor magnets might affect
the formation of such voice clusters.
To investigate the relation between the caregiver’s sensorimotor magnets and voice cluster formation, we further
simulated the interaction under several conditions where the
strengths of the caregiver’s sensorimotor magnets were different. Fig. 7 shows the relationship between sensorimotor
(horizontal axis) and the extent of infant
magnet strength
voice convergence (vertical axis) during final 1000 steps, which
is the averaged value of the five-time simulation with each
in three
conditions. This figure indicates that the stronger
the sensorimotor magnets are, the more tightly the infant voice
clusters are gathered and bundled. This would be because
the caregiver’s imitations form smaller clusters than infant’s

Fig. 7. Different extents of infant voice convergence during final 1000 steps in
several conditions.

and accordingly her imitations also form smaller clusters than
before.
The centers of these clusters, however, are not always the
clearest vowels with this biasing element, as shown in Fig. 6(c).

ISHIHARA et al.: CAREGIVER’S ANTICIPATION SHAPES INFANT’S VOWEL

223

This can be explained as follows. The caregiver’s imitation is
shifted to clearer vowels due to her sensorimotor magnets. However, subsequent infant imitation would not be shifted to clearer
vowels, that is, would be the almost same as before because she
has already tightly associated her caregiver’s current voices with
her own precedent voice.
B. Effect of Caregiver’s Automirroring Bias
We refocus on the result shown in Fig. 6. The rating of infant vowel prototypes, expressed by the average distance from
each target vowel to the nearest infant vowel prototype, is relatively higher in condition (a) than in condition (c). Although
this suggests that the caregiver’s automirroring bias helps the infant vowel prototypes approach clearer vowels, this effect probably influenced by the effect of the caregiver’s sensorimotor
magnets. This is because the rating of the infant’s vowel prototypes is lower in condition (b) than in condition (a), although
the strengths of the automirroring bias have the same degree.
This can be explained as follows. Although infant’s voice
is the same as before, her caregiver would perceives it as the
clearer vowel than before when she has both biasing elements.
This is because her perception is biased to her anticipation and
this bias is toward the same direction as her sensorimotor magnets namely clearer vowels. In this way, the caregiver’s imitation more or less is considered to be shifted to be clearer vowels
than before and accordingly, the infant’s imitation would be also
shifted to be clearer vowels since the infant’s sensorimotor map
does not change so drastically bound by previous data. Thus, the
infant’s voices are considered to be gradually guided to clearer
vowels according to her caregiver’s anticipation when the caregiver has both biasing elements.
Note that this guidance would emerge only when these biases
are not so strong that the infant’s sensorimotor map gets heavily
inaccurate. To further investigate the effect of caregiver’s automirroring bias with the effect of the caregiver’s sensorimotor
magnets, we simulated interaction in several conditions where
the strengths of both automirroring bias and sensorimotor magnets were different. Fig. 8 shows the relationship between the
(vertical axis) and sensoristrengths of automirroring bias
(horizontal axis), and the average distance
motor magnets
from each target vowel to the nearest vowel prototypes of the
infant after learning in each condition (color map from red to
yellow), which is the averaged value of the five-time simulation
and . This figure indicates that the emerwith each set of
gence of the guidance requires a balanced association between
automirroring bias and sensorimotor magnets.
VIII. CONCLUSION
We simulated caregiver–infant imitative interaction of
vowels, considering the caregiver’s biasing elements: automirroring bias and sensorimotor magnets. Simulation results
indicate that these biasing elements of the caregiver guide
the infant vowel prototypes to become clear vowels; the sensorimotor magnets help form small vowel clusters and the
automirroring bias shapes these clusters to become clearer
vowels in association with the sensorimotor magnets. The
results might imply general importance of the caregiver’s
anticipation of the infant’s ability on guiding various social

Fig. 8. Difference of ratings of infant vowel prototypes after learning in several
conditions.

developments of infants. The current study is limited in the
context of imitative interaction of vowels and therefore, applying this developmental mechanism, i.e., guidance by social
feedback with the caregiver’s anticipation, to other social
development is one of our future issues.
In the simulations, we assumed that a caregiver always imitates an infant. However, there exist discussions concerning
whether imitation is the responsible mechanism for vocal development [48], and some observational data suggest infant vocal
development without a caregiver’s imitation [49]. In our model,
infants need to be imitated for learning correspondence of utterances between themselves and caregivers. However, real caregivers do not always imitate their infant. We have to extend our
model so that we can explain also how caregiver’s nonimitative
feedback affects to the infant vocal development.
Furthermore, we fixed the strength of the automirroring bias
of the caregiver during interactions and assumed that an infant
does not have automirroring bias. We will investigate the development of such caregiver and infant parameters. The automirroring bias of a caregiver might become stronger as the infant
imitation becomes more accurate since it seems to depend on
the extent to which the caregiver anticipates her infant imitation.
On the other hand, infants are considered to develop social expectancy of their caregiver’s feedback through social interaction
[50]. Infant’s biased interpretation by their social anticipation,
in other words, their automirroring bias, should be considered in
the developmental model. In parallel with such synthetic simulations, we have to conduct some psychological experiments to
examine characteristics and factors of the caregiver’s automirroring bias, for example, what kinds of infants’ behavior induce
this bias in the caregiver’s imitation.
We consider that automirroring bias plays important roles not
only in guiding infant vowel prototypes to become clear vowels,
but also in maintaining caregiver–infant interaction. We expect
that automirroring bias forms an intrapersonal positive feedback
loop between the observation to be imitated and the feeling that
the opponent is imitating. In their spiral response-cascade hypothesis [51], Yoshikawa et al. suggest the existence of interand intrapersonal positive feedback loops, not only between observation and feeling, but also between feeling and action. They
explain the mechanism responsible for the emergence and maintenance of communication between agents, not just between a
caregiver and an infant. Additionally, Stern [52] explains social
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interaction and development are made up by caregivers’ affect
attunement, in which caregivers speculate their infants’ mental
state, such as intention, and express the mental state they speculate from the infants’ behaviors. We believe that automirroring
bias is an instance of intrapersonal facilitation on interaction,
and imitative interaction continues with the support of the bias.
Investigating the maintaining function of automirroring bias is
one of important future issues.
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