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A Model to Explain the Emergence of Imitation
Development based on Predictability Preference
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Abstract—Imitation is a very complicated function which
requires a body mapping (a mapping from observed body motions
to motor commands) that can discriminate between self motions

TABLE |

INFANT BEHAVIORS IN PIAGET'S STAGES OF COGNITIVE DEVELOPMENT

Stage (Age)

Infants’ behaviors

and those of others. The developmental mechanism of this[ Stage 1 Infants operate based on reflexes.
sophisticated capability, and the order in which the required (0—1 month)
abilities arise, is poorly understood. In this article, we present a | Stage 2 Infants show primary circular reactions (reproduction

mechanism for the development of imitation through a simulation
of infant-caregiver interaction. A model was created to acquire a
body mapping, which is necessary for successful mutual imitation
in infant-caregiver interaction, while discriminating self-motion
from the motion of the other. The ability to predict motions and
the time delay between performing a motion and observing any
correlated motion provides clues to assist the development of the
body mapping. The simulation results show that the development
of imitation capabilities depends on apredictability preferencga
function of how an agent feels regarding its options of ‘what to
imitate,” given its ability to predict motions). In addition, the sim-
ulated infants in our system are able to develop the components
of a healthy body mapping in order, that is, relating self motion
first, followed by an understanding of others’ motions. This order

(1-4 months)

of an interesting event initially occurred by chance)

involving their own bodies (e.g., repeating the moti
of passing their hand before their face).

Stage 3
(4-8 months)

Infants actively experience the effects their behavi
on external objects and repeat actions to bring abo
desirable consequence (secondary circular reactig
Infant imitates an adult who is imitating him/her.

Stage 4
(812 months)

Infants coordinate actions into new and more comp
sequences and start to show intentional, goal-direg
behaviors. Infants can imitate behaviors without feg
back (e.g., facial gestures).

Stage 5
(12-18 months)

Infants experiment with new behavior in a purposef
trial-and-error way (tertiary circular reactions). Infan
actively imitate new behaviors.

Stage 6
(18-24 months)

Infants develop the ability to use primitive symbol
Infants become capable of deferred imitation and s
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of development emerges spontaneously without the need for any
explicit mechanism or any partitioning of the interaction. These
results suggest that this predictability preference is an important
factor in infant development.

to solve certain types of problems mentally.

process. However, infants come to repeat their own motions in
advance of imitating others even though they are frequently in
the presence of other people (caregivers) and they may observe
not only self-produced motions but also movements produced
I. INTRODUCTION by others. In primary circular reactions, infants may be unable
Imitation is a very important function in human infant® recognize 'their body’ motions but just respond to interest-
development, especially for the development of our abiliti\y‘g events, however, it is considered that these reactions work
to understand and communicate with others. For examphS self-imitation for the development of infant's sensorimotor
simulation theory has suggested that the capacity to underst§Agrdination [5]. We infer that the infant acquires the ability to
others’ internal state relies on a process which matches fHgtinguish self from others during this process (the transition
observed behavior with the action of the observer, that #0m self to mutual imitation). This developmental process is
imitation by the observer [1]. According to Piaget's develconsidered to be essential for imitation development. However,
opmental theory [2], infants’ imitative behaviors (shown Mot many studies have focused on this mechanism. This paper
TABLE I) are observed while the infants learn to coordinatfocuses on the mechanism of the transition from self to mutual
their senses and motor skills in the first two years. Befof@itation in the process of acquiring a body mapping.
infants come to be able to imitate other persons in stagelMitation requires a body mapping that associates an
3, they show repetitive behaviors (it seems they are mairffpserved motion with the corresponding motor commands
attentive to their own bodies) in stage 2. This process (frofigeded to perform the same action. Although some studies
stage 2 to 3) has also been observed in other studies [3]N@ve suggested that infants have an innate body mapping, and
is suggested that infants develop a sense of 'self’ after biffpere have been some examples of neonates imitating their
[4], that is, the self-knowledge of infants is formed during@rents in some manner (ex., [6]), we consider a neonate’s
the developmental process. It may be that infants are unaBRdy mapping to be not sufficiently innate and that it is
to distinguish self-produced motions from motions producefduired, at least in part, through sensorimotor experiences

by others within their perception in the early developmentafter birth (ex., [7]). Self-imitation requires a mapping that
associates an observed self-motion with the corresponding
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Some studies have focused on the mechanisms (
mapping acquisition. Oztop and Arbib [8] proposed a m« Fig. 1. Model of mutual imitation in infant-caregiver interaction.
acquire a body mapping related to grasping motions t
a hand state which is a viewpoint-independent image 1

An alternative clue, which aids the learning of the motion selection problem possibly relies on the predictability
mapping, is when the learner is imitated by another of the observation since it has been observed that infants
In fact, it has been reported that caregivers frequently are highly sensitive to contingency [18, 19]. We propose a
their baby in various situations, especially in vocal inter mechanism for the motion decision that usegredictability
(ex., [9-13]). Ishihara et al. [14] proposed a model in preference which is the preference for a motion modulated

infants learn how to vocalize vowels through mutual imi by the predictability. It is expected that the infant does not
with caregivers. Yokoya et al. [15] suggested that & acquire the body mapping if the caregiver never imitates the
mapping is acquired through the process of being imitatgtfant, because we assume the body mapping is constructed
by another person. However, these studies assumed that otivéng to the other’s imitation. It is also expected that the
persons (caregivers) can already be discriminated from sigifant is unable to discriminate self from other if the infant
and that the self-model is acquired first and then followeahd caregiver keep imitating each other with the same motion
by the acquisition of the other-model based on the pritecause the self motor command can be matched equally with
learned self-model. This explicit partitioning of interactiorboth the observed self-motion and the other’s motion. It is
does not happen in real world situations; that is, at no poiimferred that the motion selection affects the course of the
do infants get an opportunity to fully develop their self-modehteraction and the development of imitation. This paper shows
in the absence of any other environmental factors and onhat the predictability preference which is typical for healthy
then start to have caregivers interact with them. Rather, theople can lead to the successful learning of body mapping. It
infants themselves must possess an innate mechanism th@enerally desired that a developmental model can reproduce
automatically causes the developmental order, beginning witht only typical development but also disordered development
the self-model acquisition and proceeding to the acquisitievhen the model has some deficits in order to improve the va-
of the other-model, to emerge spontaneously. lidity of the model. We also investigate imitation development
This paper reports a study of a mechanism behind tlden the infant has an atypical predictability preference. It is
development of an infant’s body mapping which enables seffuggested that the predictability preference is one of the most
imitation and the ability to imitate others through infantimportant factors governing the development of body mapping,
caregiver interaction. This mechanism concerns the acquisitishich involves the development of self-other distinction and
of imitation capabilities and the ability to distinguish selfmitation, by showing how a typical preference results in a
from others in the circumstance of being with a caregiver. Wgpical developmental process and atypical preferences lead
study the mechanism through a computer simulation of infario- a disordered body mapping.
caregiver interaction in the standpoint of the constructivist
approach called Cognitive Developmental Robotics [16]. Since || A MODEL FOR THE EMERGENCE OF IMITATION
the_stL_de on the _m_echanlsm of imitation de\_/elopr_nen_t is DEVELOPMENT
an intricate issue, imitation development was simplified into
the acquisition of self-model and other-model through infant- This paper studies a mechanism behind the development of
caregiver interaction and, in addition, essential factors fself-imitation and the imitation of others. The main focus is to
bringing about the transition from self to mutual imitatiorgxplore the infant's mechanism that automatically causes the
were explored. We built a minimal model to represent treevelopmental order to emerge spontaneously. Our model does
body mapping and simulated interactions between infant afgt include the explicit mechanism of developmental sequence
caregiver. We focused only on the imitative behaviors of tH¥ spe_cif_ic tasks. This differentiates our model from those of
infant and the caregiver in their interaction and did not specif€ existing studies.
their task explicitly. In order to learn the body mapping, the In order to deal with this issue in the computer simulation,
infant needs to be imitated by the caregiver, and also tM¢ built a minimal model to represent the body mapping and
infant needs to imitate the caregiver because it is considef8g infant-caregiver interaction. To simplify the model, we
that the caregiver’s imitative behavior is elicited when he/sake the following assumptions:
is imitated [17]. At first the infant cannot correctly imitate « Body motions are spatially and temporally discretized.
because of his/her immature body mapping and proceeds to The motion segmentation problem, that is, knowing when
learn the mapping through the imitative interaction. During a discrete motion begins and ends, is also important in
this interaction, the agents need to choose a motion from infant development. The capabilities of the segmentation
one corresponding to self motion (self-imitation) and one and the self-other distinction might develop in parallel
corresponding to the other's motion (imitating other). This  and influence each other. However, we assume that the
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Fig. 2. Model of body mapping.

It is observed, in fact, that the caregiver indicates that the
imitation is successful by giving a reward. However, the

reward is not always expected in the infant-caregiver in-

teraction. This paper deals with the extreme case in which
no reward is given by the caregiver. The body mapping

is learned simply by associating motor commands with

observed motions.

The agent can predict the successive observation from
the self motor command by using the body mapping

inversely.

motion segmentation capability is acquired in advance.
This is indeed a large assumption, but was made for the
sake of keeping the model tractable.

Both the infant and the caregiver have homologous body
motions.

The agents show motion either by trying to imitate, or
by selecting an action to be performed randomly (here,
“agent” denotes infant or caregiver). Also, no explicit task The body mapping is represented by a network as shown
is given to either agent. in Fig.2. The body motions in the observation and the motor
The agent’s motion is categorized into imitation or othepommand are discretized. An observed body motion is rep-
motions in order to focus only on imitation which isresented by one node in the visual representation layer and
necessary for the body mapping acquisition. the motor commands for a body motion are represented by a
Both agents perform a body motion at the same time agthgle node in the motor representation layer. For the sake of
observe both their own motion and that of the other. Agonvenience, the observed self-motions are displayed in the
example of infant-caregiver interaction is shown in Fig.1eft half of the visual representation layer and the observed
The caregiver in time stept2 shows an imitative motion other's motions are displayed in the right half, though the
(the caregiver observes the infant’s right hand movemdggarning rules do not discriminate between the sources of the
in time stept + 1 and shows the same motion in timgdody motions. The meanings of the commands in the motor
stept + 2). To the contrary, the caregiver in time stegepresentation layer are duplicated (i.e., two nodes indicate the
t + 1 does not show an imitative motion, i.e., performsame motion command) by which the infant can acquire two
a randomly selected motion (the infant’s motion in tim@appings: a mapping that associates an observed self-motion
stept is left hand movement but the caregiver's motion itwvith the corresponding self-motor command (self-model) and
time stept + 1 is right hand movement). A body motiona mapping that associates an observed other’s motion with the
is assumed to be a motion pattern of arms and legs whiedrresponding self-motor command (other-model). When the
can be seen by the agent himself such as a waving ha@gent imitates the observed motion, it is done by executing
in front of the face. a body motion which corresponds to the observed motion
The self-other distinction can be explained as an issueagcording to the agent’s body mapping.

discriminate between observed motions with perfect con- Initially, the infant’'s connections between the visual repre-
tingency (observed self-motions), with imperfect continsentation layer and the motor representation layer are imma-
gency (observed other’s imitative motions), and with nture (i.e. connected with small random weights), as shown in
correlation to the self-motion. We have this assumptidrig.3, and develop over the course of the imitation period
to present situations including these observations. according to the interaction with the caregiver. A Hebbian
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learning rule reinforces associations between the self-motorFig.4.

commands with the corresponding body motion observed ata) The current motor command and the previous motor
the same time that the motor command is executed. The command are copied to the motor representation layer

caregiver has a perfect body mapping in which the self- (A and M) when the motor command is executed.
model and other-model are correctly separated and both layers The resulting observations are predictdd’ (and V)

are correctly connected (Fig.3). The infant acquires the body  from M/ and M/, with the inverse mapping of the body
mapping if he/she associates the correct motor commands with  mapping.
the observed caregiver’s imitative motions. (b) The body mapping is updated by strengthening the con-
In order to discriminate between observed self generated nection weights between the observed motiori} &and
motions and those of the other, the self-model and the other- the copied motor commands on the motor representation
model need to be represented separately. One of the clues layer (M. and M) using a modified Hebbian learning
needed by the learner in order to acquire these separate rule.
models is a difference in the delay of observation. When &c) The motions corresponding to the observed motions are
motor command is executed, the corresponding self generated found by the body mappingM and M,), and the
motion is observed immediately after the execution, while the  prediction errors £, and E,) are calculated from/,
corresponding other’s motion is observed with a one step delay  V/, andV,. The next motion is chosen betweéf, and
(assuming that the other is imitating). In order to make use of M, based on the prediction errors.
the difference in the delay of observation, the body mappingSince the agents observe two motions (self-motion and
model is assumed to have a structure in which the motgther’s motion) at the same time, two motions (self-related mo-
command is copied back to the motor representation laygin and other-related motion) are retrieved from the observed
in two ways: without delay and with a one step delay. Thigotions as shown in Fig.4 (c). When the agents imitate the ob-
is equivalent to an efferent copy of a motor command. Feerved motions they must choose an imitative motion from two
the sake of convenience, the motons in the left part of thgotions. The self-related motion means imitating self-motion
motor representation layer shown in Fig.2 (motor commangself-imitation) and the other-related motion means imitating
copied without delay) is called the self-related motions, anHe other’s motion. We hypothesize that the agents choose the
the motions in the right part (motor commands copied with @otion based on the predictability of the observation. This
one step delay) is called the other-related motions. paper proposes gredictability preferencéor motion decision,
The simulation proceeds as follows: (a) The agents executhich is an innate function relating predictability to action
a motor command, (b) The learner updates the body mappisglection. The agents predict the resulting observations from
and (c) The agents select a new motion to perform as shotle activations in the motor representation layer by inverting
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Fig. 5. Decision of imitative motion based on predictability preference. Fig. 6. Test patterns of preference curve.

the body mapping (the self-model and other-model are rdchoring. The remaining connections are updated as follows:
discriminated). Two patterns of the observatidrf @nd V) wije (£) = wij- (t — 1) = np(1 = Pdije ) Awge jo 4)
are predicted from the copied current motor comma#{dand m
previous motor commandl/! as shown in Fig.4 (a). When the wiej (1) = wie(t = 1) = 0 (1 = "diej) Awie )
agents observe the motions, two prediction errégfs&nd £,)  wheren, andr,, are constant coefficients of the competition.
are calculated, which are related Aé; and M/, respectively. This means that learning is greater when there is more mutual
The preferences for the self-related and other-related motian&lusivity. For situations where such behavior is desired, that
(Ps, P, € [0,1]) are determined based on the prediction errofs, if the task calls for mutually exclusive networks, and this is
E, and E,, respectively. The preference curve modulates thk@owna priori, this modified Hebbian learning rule can result
preference of a motion based on the prediction error, as shoiwra significant speedup in learning. This learning procedure
in Fig.5. The preference is assumed to be determined not oyapplied four times per time step, once for each combination
by the current prediction error but also the prediction errots self/other observations and self/other motor representation
in the past several steps; here the averaged prediction erfgufs.
(Es, E, € [0,1]) are used. In addition, both agents can choose
a random motion X/,) as an additional option as well as
imitative motions. The preference for the random motion is DEVELOPMENT
defined asP, = 1 — max(Ps, P,) so thatPr has a high value » g ulation settings
when both the preferences for imitative motions have low ) )
values. The agents probabilistically choose a motion among" order for the learner to acquire the body mapping and
M,, M,, and M, in proportion to the ratio oP,, P,, and P,. imitation capab!llty, he/she nee(_js_to.ellcn imitative motions
If the body mapping is correct, the self-motion is correctffom the caregiver. Too much imitation from the caregiver
predicted fromM’. The other's motion is correctly predictedm'ght mgke it difficult for the Iearner.to discriminate th¢|r
from M’ only when the other imitates. The agent's actioRW" motlons from those of the caregiver, whereas too little
selection affects the other’s prediction error, and therefot@itation will not allow the learner to fully develop a correct
determines the balance between self-imitation, imitating oth&apPping for self and other motions. A good caregiver should
and randomly selected motion, which in turn affects the cour8€ able to strike the right balance of imitation to allow
of the interaction and the development of imitation. the infant to develop their body mappings naturally, and the
The update uses a modified Hebbian learning rule Whi(l:tﬁarner needs to be able to elicit the right bglance'of imitation.
takes mutual exclusivity into consideration [20]. Let; be _In our model, the prefer_ence curve dgtermlnes this balance of
the connection weight between nodin the perception layer imitation. We hypotheS|ze that a typical, healthy preferen_ce
p and nodej in the motor representation layer. The cross- leads to a typical developmental process and an atypical

anchorina Hebbian learning rule is given by: preference can only result in a disordered body mapping.
g g g y We investigated the effects of using different shaped pref-

erence curves on the developmental process of the body
mapping. In this simulation, we tested eight distinct prefer-

This is the update rule for the connection between the ma¥ice curves for the learner. The profiles of the curves are

activated nodes, whergis the learning ratei* andj* are the qualitatively different, as shown in Fig.6.

most activated nodes in their respective layérs;, "a;- € The prediction error of the preference curve (the abscissa

[0, 1] are their respective activations ahd; and™d;; are the in Fig.5) essentially indicates a measure of novelty in the

dynamic anchoring rates, given by the fo||owing equations:resunant observation. We set the range of preference values
to [0.1,0.9] so as to avoid extreme cases (e.g., the agent

Ill. SIMULATIONS FOR EMERGENCY OF IMITATION

sz*j* = 'r](pdi*j* pai* . md1*]* maj* — wi*]*) (1)

P — ex _Zk,k#j Wik @) alwayspreferring the self-related motions). The meanings of
ij = XP Po2 ’ the preference curves are:

. EM# Wj A Nothing: Mostly choose random behavior, regardless of
dij = exp (_'mgg) ’ ®) predictability

B Everything: Mostly try to imitate, regardless of pre-

wherePo and™ o are parameters that determine the degree of  dictability
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Fig. 7. Simulation results (caregiver uses preference curve (C)).

C Comfort zone:Prefer neither too much familiarity, norFig.4 (a)). The prediction error8,; and E,, are calculated as

too much novelty the ratio of the number of predicted but unobserved motions to
D Extremes:Prefer very familiar or very novel situations the total number of predicted motions. The averaged predicted
E Novelty avoiding:Dislike very novel situations errors £, and E, are calculated from the errors in the |ast
F Familiarity avoiding: Dislike very familiar situations  steps. In this work, the learning ratewas set af.05, 7, and
G Novelty greedyPrefer very novel situations nm Were0.5, the weightsw;; were clamped to the range, 1]
H Familiarity greedy:Prefer very familiar situations and?o and™o were both set td\fa%, which, in this work, was

Preference curve (C) simulates a Wundt curve where greats4.
est pleasure comes from a moderate amount of stimulus
novelty, which is considered to be a person’s intrinsic preé— Results
erence [21]. It shows a characteristic that the agent does
not prefer motions from which successive results can beThe averaged simulation results af trials are shown
accurately predicted (i.e., results are too-familiar) and canriBt Fig.7. One trial is terminated at0000 time steps. The
be completely predicted (i.e., results are too-novel). This curgaregiver always uses preference curve (C), and each column
shows a inverted-U relationship between novelty (opposi@ the figure shows the graphs when the infant is using curves
of familiarity) and preference. Many studies have argued th8)-(H). Each row in the figure shows the following results:
inverted-U relationship (ex., [22,23]) and have shown that thif1) Acquired mapping of the infant.
kind of relationship appears in psychological experiments (ex., The network shows the qualitative features of the map-
[24,25]). The caregiver was assumed to be a typical healthy ping acquired by the learner. Solid lines means that over

person, and was therefore given this preference curve. 80% of the correctly corresponding connections have
The simulation assumes that the agents hayepatterns strong weight (more thaf.5), dashed lines means that

of body motion (v, = 30 in this work). The range of 20% to 80% have a strong weight, and with less than

the connection weights of the body mapping[is1], and that no lines are drawn.

the learner’s initial weights are set randomly in the range(2) Ratio of wrong connections in the infant's mapping.

of [0,0.1]. The caregiver has a value &f0 on the correct The graph shows ratios of the number of motions which

connections and.0 on the wrong connections; these are fixed are not correctly connected in the learner's self-model
and do not change during the simulation. In the prediction  and other-model. The abscissa shows the simulation time
phase, we assume that the agent predicts motions whose values step[0, 10000] (the same for each row). Here, we count a
are greater than a threshol@l1) in the visual representation correct connection as follows: when a connection from
layer after the inverse mapping is calculatéd @nd V, in a node in the visual representation layer has maximal
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! | ! as can be seen in the left of Fig.8. Then, the frequency
08 M o8 ta  Of the other-related motions increases relative to the self-
related motions, and the learner acquires the other-model. This
04 MWWWW Mo indicates a developmental process in which the infant’s self-
imitation appears early on, and disappears once the self-model

0 ‘ e ‘ is acquired. Then the mutual imitation between the infant
0 5000 10000 o 5000 10000 and the caregiver begins. The resultant processes, therefore,
Infant’s rate of selected motion Caregiver’s rate of selected motion . - -
(Both agents have preference C) (Both agents have preference C) involve the process of transition from self to mutual imita-

tion, that is, the developmental process of the infant's self-
Fig. 8. The rates of selected motion for preferences C (same as thosgyiter distinction. It is also explained that in this transition
Fig.7). an attentional shift from perfect contingency (self-motions)
to imperfect contingency (other’s imitative motions) occurs
. : .. .owing to preference (C).
weight among the connections from the node, it is The self-imitation in the results is quickly inhibited. It is

cor:ectly connetcttgd tc|> the cogetipotrj\%:ng nod% 'ENtri]ﬁferred that the learner confuses the self-model and the other-
motor representation layer, an e aifierence DEWeRN, 0| if he/she continues to self-imitate. It can be also said

its weight and the second maximal weight is more thantﬁat the self-model and the other-model are confused if the

threshold (.5), we count it as a correct connection. Th%aregiver keeps repeating the same imitative motion. We can

threshold is used to check exclusivity of the connectiogee from the graph on the right of Fig.8 that the caregiver

(8) Rate of selected motion in the infant's actipn seIectiorh these results frequently shows random motions. In the
The graph shows rates of the number of times the seff, '\, he/she displays all motions. This is due to the low

related mot|c_>rMS, the other-related motiok,, a_md the reference for motions from which the agent can accurately
random motiorM,. are selecfced by the learner in the IasEredict a successive observation (i.e., motions which elicit too-
20 steps (the sum of _them IS always{)}. , . familiar motions), and this characteristic could be necessary
4) Rate of selected motion in the caregiver’s action selel%—r a typical development.
tion. ) In this simulation, the self-model is quickly acquired be-
The same as3§ for t.he ca’re'glv'er.. cause a correct pair of the motor command and the observation
(5) Successful ratio of infant's 'm'ta!“‘)”- S of self-motion is always presented to the infant’s learning
The graph shows successful ratios of imitation when g0, o the other hand, the learning of the other-model
learner selectd/, and M, in the last20 steps. takes longer because a correct pair of the command and the
In the simulation modeled in the paper, only infants witbservation of other's motion is not always presented to the
preference curve (C) can successfully acquire the correct badsirning system. Moreover, after the infant’s self-imitation is
mapping in which the self-model and other-model are cleariyhibited, the other-model is slowly learned owing to the care-
separated, as can be seen in Figl). (t can be seen that giver's occasional imitation (because the caregiver's preference
the successful ratios of self-imitation and imitation of theo the imitation is low) until the mutual imitation becomes
caregiver converge ta.0 (Fig.7 (6)-(C)), which means that dominant. This also could happen in the infant developmental
the learner acquires the capability of correct imitation. Whesrocess if the learning is an unsupervised manner. However,
the agents have preference curves (B), (D), (E), or (F), teeme rewards are actually expected in the learning of the body
observed motions are correctly associated with the self-motagpping and the learning can be accelerated compared to our
commands but the self-motions and other's motions are nekults. The self-model is acquired in about 1,000 steps and
distinguishable. When the agents have preference curves (s other-model is acquired in about 8,000 steps, however, this
(G) or (H), the observed self-motions are correctly associatgsgkult could be an extreme case because no reward is assumed.
with the self-motor commands but some observed other's b) Atypical developmental processn the results with
motions are not associated with any motor commands (tpeeferences (B), (D), (E), and (F), it was observed that the
weights are not zero but are too small to be consider&ghrner chooses random motions with low frequency, as can
exclusive). This means that the learner is unable to constripet seen in Fig.73) and tends to keep same motions. The
a model of the other. caregiver is encouraged to imitate these actions, then this
The learner becomes able to imitate self-motions after abaeatults in an infant who has trouble differentiating the observed
300 steps with any preference curve as can be seen in Figdtions. This is because the learner has high preference for a
(5), even though some wrong connections remain due wode range of the prediction error. Meanwhile, when the infant
the exclusivity of the connections being insufficient. This ibas preferences curve (A), (G), or (H), the caregiver does not
because the self-motions are always somewhat correlated vatten imitate (the rate of selected other-related motion is low in
the corresponding motor commands. However, the succesd=a@f.7 @)) and the infant, therefore, cannot acquire the other-
the developmental process depends greatly on the preferemmelel. These infants could not elicit the imitation behavior
curve. from the caregiver because:
a) Typical developmental processthe learner using e The learner with the preference curve (A) always prefers
preference (C) frequently chooses self-related motions for random motions.
the first 300 steps but then the frequency quickly decreasese The learner with the preference curve (H) prefers only
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self-imitation due to the quickly acquired self-model. C. Summary
« The learner with the preference curve (G) prefers usingrrom the results shown above, it is considered that the
the immature other-model rather than the mature seffs|iowing aspects are necessary for typical development (the
model. transition from self to mutual imitation).
Since the caregiver is assumed to have preference curve (C); The acquisition of the self-model by self-imitation and
it is up to the infant to choose behaviors that are within the 4 subsequent inhibition of self-imitation.

limits of acceptable predictability. The infant must be able | The elicitation of imitation from the caregiver through
to elicit well-balanced imitation behavior from the caregiver.  iha infant’s self-imitation and other-imitation.
Otherwise, it is incapable of forming the correct mapping. | The experience of a wide variety of motions (the perse-

It is considered that the confused body mapping and the e ance of certain motions can result in atypical devel-
deletion of the other-model express mappings of developmen- opment).

tally disordered children; the former indicates a disorder ilQemoving one of these requirements results in abnormal

self-other distinction and the latter indicates a disorder In . . .
. ) development. These requirements depend on the predictability
understanding other people. For example, earlier psychoan-

. . : Hreference of the agents. The preference with the inverted-U
alytic theories have suggested that a developmental disor 8 L 2 .
shape, which is typical in a healthy person, leads to a typical

of distinction between self and non-self is fundamental { : .
children with autistic spectrum disorders (ASD) (ex., [26])§evelopmental process while the atypical preferences leads to

Recent studies have found functional brain abnormalities mdlsordered body mapping. We emphasize that a typical de-

children with ASD in the task of distinguishing their own facé/elopmental process of trans!t|on from self t(.) mutual |m|'tat|on
- emerged from our system without any explicit mechanism of
from those of others (ex., [27]). A confused body mappin . .
; : .. developmental order. The results suggest that the predictability
could be related to these failures in self-other distinction. . . ;
; . . preference is a very important factor in the development of an
Furthermore, psychological studies have reported that children

) : . Infant’s body mapping, which enables it to distinguish self-
with ASD lack a theory of mind (ex., [28]). A body MaPPING) tion from other’'s motion and gives it the ability to imitate

without an other-model could be related to the failure 'ﬁjoth. It is also suggested that an abnormal body mapping

estimating other people’s internal states. In the result Wistructure stems from atvpical predictability preferences
preference (A), the other-model is not learned in 10000 steps ypieal p ¥y P '

but is slowly learned owing to the caregiver's occasional ) ) ]
imitation. The infant with preference (A) can learn the othef- Discussions on the simulation model
model by taking much time. It might be related to a kind of &) Assumptions of the body mapping and interaction
delayed-development of the infant. Additionally, the transitiomodel: In order to simplify the model, we assumed that
from self to mutual imitation is not seen in this result, whiclthe body motions of the agents are spatially and temporally
means that it is not a typical developmental process. discretized. Here, we consider the capabilities of the mo-
Concerning the preferences, it has been observed that detieh segmentation in infancy. Concerning the spatial motion
opmentally disordered children tend to show strong interestdegmentation, Rochat and Morgan [30] have revealed that
one object and repeat the same behavior patterns (especiah$p months old infants are sensitive to differences in the
children with ASD [29]), and that this tendency could belirectionality of the self-produced movements of their legs.
explained from the preferences (B), (D), (E), and (F). It hakhis suggests that the target infants in the simulation (1-8
also been observed that developmentally disordered childmonths old infants) could segment the body motions at least
tend not to initiate communication with other people (espe&vith respect to the directional information of the motions.
cially children with ASD [29]), and this tendency could beThe capability of the temporal segmentation is discussed in
also explained from low preference for the wide range @f rhythm of body movement. A rhythmic body movement is
the prediction error in preferences (A), (G), and (H). Theonsidered to be a sign of the motion segmentation. McAuley
preference curve (H) is for highly-predictable motions bugt al. [31] studied the tempo of people’s spontaneous rhythmic
the agents do not initiate communication because they prefeovements. They revealed that 4-5 year old children fre-
only self-imitation. The learner with preference curve (Gyuently showed rhythmic movements of about 300ms tempo
prefers using the immature other-model (i.e., always explorgmriod) and the rhythm was shifted to a slower tempo with
new things) and, therefore, does not communicate with othiecreasing age. Young infants (less than 12 months) also
people. show rhythmic motions (e.g., arm banging and rattle shaking).
Using our system, we can test disordered developmentdérker et al. [32] have shown that 6 months old infants
mechanisms and processes and observe the resultant devedap- rhythmically show movements of 1-3 Hz to music. It
mental disorder. For example, the infant with preference curige guessed, from these facts, that the target infants could
(H) (Familiarity greedy) tends to frequently imitate self motiomave the capability to discretize body motions with the above
and consequently fails to develop its other-model; which temporal resolution. However, it is considered that the motion
typical in the developmental process of children with ASDsegmentation and the imitation capability are developed in
This result suggests that a failure in acquisition of a healtiparallel in the infant’s developmental process.
body mapping for imitation stems from atypical preferences In our model, the delay introduced by copying the motor
of individuals, though it is necessary to investigate why theommands plays an important role in the acquisition of the
atypical preferences occur in the first place. other-model and self-other distinction. The model assumed
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that the delay is discretized and fixed to a single step becatisat human brain also has a mirror neuron sysytem (MNS) to
both agents are assumed to synchronously perform their batisectly associate an action with the corresponding observation
motions at fixed time intervals. This assumption of interactidi7,38]. Brady et al. [39] have shown that there is dissociation
is not realistic. In real-world situations, the motions of botin face recognition processing such that the left brain is
agents are not simultaneous and the delay varies in sevaw@minant for the recognition of self and the right brain is
time-scales owing to the context of interaction. Hiraki [33lominant for the recognition of others. Saxe et al. [40] have
has investigated infants’ sensitivity to a temporal aspect sfiggested that extrastriate body area (EBA) in the human
contingency using a delayed self-image and revealed thabfain, which selectively responds to visual images of human
and 7 months old infants cannot distinguish between a 1 demdies or body parts [41], distinguishes between body parts
delayed image of the self-movement and a live image of tipgesented from egocentric and allocentric perspectives. The
self-movement (they can distinguish when the delay is 2 sealthors also have found that the right EBA selectively responds
This suggests that some time delay is allowed to discriminate visual images of body parts presented from an allocentric
self from other (small time delay can be treated as theperspective. The future works will study how the laterality of
is no delay). If our model has a mechanism to distinguidliNS in the recognition of self and others is related to the
between a small delay (less than about 1 sec) and a lapgeposed model of body mapping.

delay (more than about 1 sec), the model can deal with anThe mechanism of motor command copy in the model is
unsynchronized interaction (the agents do not need to mm@uivalent to an efference copy of a motor command in the
simultaneously). This mechanism can be realized by assumhmgnman body system. No studies have found a brain mechanism
that the activation of the copied motor command is preservedhich is equivalent to the delayed copy mechanism in our
for a short term (for example, the immediate copied motonodel, however, we think that the delayed copy can be
command is activated for about 1 sec). On the other hamdpresented by a memory mechanism, that is, the activation
a large time-scale of delay is related to the development @ff the copied motor command is preserved for a short period.
delayed imitation (deferred imitation). In order to deal with It is considered that these biological evidences are related
the delayed imitation, temporal matching of motion also neetts our model; however, we need further investigation to match
to be considered. The resultant process in our simulation da@s model with the human system.

not sufficiently account for infants’ developmental process of

body mapping in that the process of the spatial and temporal IV. FURTHER INVESTIGATION

segmentation of the body motion is not implemented. A . ) ) .

model that includes a mechanism for motion segmentation andn addition to the basic mechanism of healthy social devel-

allows continuous and several time-scales of delay needs to, ent_, we would also like FO investigate the be.St pOSS.'bIe
investigated in the future. interaction methods for caregivers when dealing with atypical

The simulation in the paper has dealt with a kind of gestul%fams' Some computer simulation studies have investigated

imitation; however, it is known that a goal-oriented imitatiOt){Vhat Kind 9f caregiver behawo'r. can alter an infant's devel-
with object manipulation (e.g., imitating position change gppment or improve Fhelr capabiliies (ex., [14,42]). A grea_ter
an object but not the hand and arm’s movements to move plerstandl_ng in th_ls area would be of enormous benefit to
object) is acquired before gestural imitation [34] in the infarﬂUIde caré in real situations. o
developmental process. This suggests that the main attentiopI iH a caregiver were to assume an gtyplcal_ |m|tat|_on pattern,
imitation shifts from the goal of the motion to the motion itself; "/ would this aﬁe_ct the reSUItS_Of Interaction? Fig.9 Sr,'OWS
Some studies have shown that gestural imitation is also go@‘-a results of varying both the infantand the caregivers
oriented [35]. In gesture imitation, we also need to cons,idBF(afe,rence curves. The table shows \_/vhtype of result is
how to reproduce the movement (i.e., in a mirroring mann@Pqu'red by the infant. The three possible types are:
or not-mirroring manner) although our simulation did not deal () Self and Other Has successfully acquired both self-
with this issue. This is also an attention problem. In order =~ model and other-model. Generally results from healthy
to obtain a deeper understanding of imitation development, ~behavior from both infant and caregiver.
we need to further investigate the mechanism of shifting théll) Self Only Has successfully acquired the self-model, but
attention in imitation. the other-model is weak or absent. The infant has not
b) Biological mechanism related to the body mapping successfully elicited enough imitation from the care-
model: The model of the body mapping in the paper was  giver; for example, by being too unpredictable.
derived with much consideration of computational requiredll) Confusion The infant is totally confused, unable to
ments (e_g_, the mechanism of the de'ayed copy of the motor dIStIthISh self from other. This Usua"y results from
command and the duplicated motor representation layer) and Peing too repetitive and predictable.
was not based on anatomical evidences of biological systemsThe first column shows that the agent successfully acquires
Here, we describe how the body mapping model is associagedood body mapping in which the self-model is discriminated
with biological mechanisms of the human brain. from the other-model most of the time. This is strange and
In the brain of macague monkey, a mirror neuron thabunter-intuitive since the infant with preference curve (A)
fires both when the animal acts and when it observes tfi¢othing) is almost always displaying a random behavior and
same action [36]. This neuron contributes to a direct matchingrely trying to imitate. In these developmental processes,
between action and perception. Many studies have reveathd caregiver frequently imitates the infant motion which is
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Fig. 9. Results from all possible combinations of preference curves.

randomly chosen, in other words, the caregiver voluntaritjon emerges only for the pair of infant and caregiver both who
shows various imitative motions to the infant. However, thieave typical preference curve. These results, characterized by
developmental process of transition from self to mutual imthe difference between typical and atypical preferences, lend
tation does not emerge. These results suggest that the infanedence to our simulation.
can acquire a healthy body mapping if the caregiver frequentlyIn this section, we have investigated the multiple combina-
imitates various motions of the infant on his/her own initiativdjons of preference curves, however, our model is too simple
even though the infant does not try to imitate self/caregiverts simulate various interaction patterns. Further investigation
motion. We suggest that this is an unrealistic developmentalneeded to improve the simulation model (by removing the
process because a caregiver would not consistently contifakger assumptions).
to imitate the non-interactive body babbling over an extended
period of time. V. CONCLUSION

As another remarkable result, it appears that even whenn order to study the mechanisms of imitation development
the infant has atypical preference curve (G) (novelty greedy)yvolving the acquisition of self-other distinction and imitation
it can actually develop a healthy body mapping through tleapabilities, a model was made that was able to develop a
interaction with a caregiver that has an atypical behavidrealthy body mapping, which is a prerequisite for imitation,
Curiously enough, it fails when the caregiver displays behaviduring the interaction between infant and caregiver in an
based on typical preference curve (C), but manages to do walitation game, while discriminating self-motion from the
most other times. The result suggests that the preferenceotifer’s motion. Although the model is not based on anatomical
novelty greedy usually does not properly elicit the imitatioevidence of biological systems, we assume that humans have
from the caregiver with typical preference, but it does from theomething equivalent to our system, with mechanisms to
caregiver with atypical preferences. The healthy body mappintjlize the difference in observational delay and to choose
is acquired in these cases but the developmental processealf-imitation and other-imitation in order to solve problems
transition from self to mutual imitation does not emerge. of self-other distinction and body mapping acquisition from

It is also interesting to note that row (C) (see Fig.9) showautual imitation.
all three types of result, more so than any other row. Thislt has been shown that the order of body mapping acqui-
suggests that this preference curve leads to a much widdion (first the self-model followed by the other-model) can
repertoire of behavioral types and richer dynamics, rather themerge from our system without any explicit mechanism of
simple saturating or repetitive results. The infant must levelopmental sequence or specific tasks. We also have shown
careful to be neither too predictable nor too unpredictablie inverted-U preference curve is indeed a viable proposal
but instead aim for the caregiver's comfort zone. This wafor healthy development. However, the proposed model does
he/she can successfully elicit just the right about of imitatiompot sufficiently account for infants’ developmental process of
with which the correct mappings can be learned. The typidabdy mapping in that the process of the spatial and temporal
developmental process of transition from self to mutual imitaegmentation of the body motion is not considered.
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The analysis of the simulation results is still speculative bgis]
suggest that the predictability preference is one of the factors
which govern the development of an infant’s body mapping,
enabling it to distinguish and imitate self-motions and thg7)
motions of others. Future work will need to justify the model
and the resultant developmental process by comparing them
with human infants’ natural developmental processes. It woylc)
be interesting to see if the model allows a particular caregiver’'s
support policy to transform an abnormal development to B
typical one, and then to compare that to real data regarding in-
fant development. Furthermore, if an atypical preference leddél
to developmental disorder, a mechanism to produce atypical
preferences should be investigated. Our assumption that e
capability of motion segmentation is already acquired needs to
be investigated and if possible, a mechanism for its acquisiti&s!
should be added to the system. Finally, it is also importapk;
to realize the developmental process with real robots to find
issues that were not modeled in our computer simulation. THél
motion segmentation issues need to be investigated also for
the real world implementation. [25]
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