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quisition of speech-production ability can proﬁt from a shift in
attention toward the source of audiovisual speech. In addition,
between 10 and 12 mo of age infants decreased their looking at
the mouth from an average of 38% to an average of 28% of total
looking time (they looked at the eyes 19% of total looking time
at 10 mo and 18% at 12 mo). This is consistent with our second
prediction that the emergence of native-language expertise
should reduce the need for direct access to redundant audiovisual speech information by the end of the ﬁrst year of life.
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in Infant Visual Preference
Infant VisualChange
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Our Interpretation of Behavioral Studies

• Correlation between action perception and production

• Preference for crawling & walking point light display (PLD) [Hauf & Power, 2011; Hauf, 2013]
a) Normal version
b) Phase-shifted version (violated body constraint)
c) Scrambled version (no body constraint)

2011; Kanakogi & Itakura, 2011]

- Infants’ preference for others’ motion correlates with their motor ability.
[Sanefuji et al., 2008; Hauf & Power, 2011; Hauf, 2013; Lewkowicz & Hansen-Tift, 2012]

- Our interpretation: Infants prefer stimuli producing
moderate sensorimotor prediction error.

Age

• Familiarity vs. novelty preference

- Complexity of stimuli: complex à familiar, simple à novel [Hunter et al.,
1983; Caron & Caron, 1968; 1969]

None

• Preference for mouth of speaking person [Lewkowicz & Hansen-Tift, 2012]
- Audiovisual stimuli: Adult speaking native/nonnative language

Familiar

Familiarization time

- Affective reactions to stimuli: positive à familiar, neutral à novel

• Attention to mouth vs. eyesmother’s mouth at 6 mo score higher on expressive language, size

[Hunter & Ames, 1988]

[Nachman et al., 1986]

è No consistent explanation about the underlying mechanism of infant visual preference

Our Hypothesis: Prediction Error Determines Infant Preference
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(1) Infants learn the predictor (the forward model) of the sensorimotor system through development.
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è Infant preference changes with age because of the
gradual decrease in the prediction error
(i.e., sensorimotor development).

of vocabulary, and socialization measures at 24 mo of age (42).
Second, adults look more at the mouth when they are exposed to
audiovisual speech in noise (43) and when they see and hear an
ambiguous soundtrack (44).
Although the initial predicted shift to the mouth after 6 mo of
age is theoretically reasonable, the focus on the mouth is likely to
begin diminishing a few months later. This is because infants
acquire sufﬁcient expertise in their native language by 12 mo of
age (20, 34, 45) and, thus, by this age, they are less likely to require direct access to redundant audiovisual speech information.
In addition, the eyes of social partners provide crucial social and
deictic perceptual cues that are essential for further cognitive
development (46) and, infants need to and do, in fact, begin to
discover the value of such cues at around 12 mo of age (46, 47).
Thus, we predicted that infants would begin to decrease their
looking at the mouth around 12 mo of age. Critically, we also
predicted that they would do so in response to native but not
nonnative speech. This is because the ability to perceive the
attributes of nonnative speech declines as infants become experts
in their native language and as their sensitivity to nonnative
speech narrows (2, 23). Once their sensitivity has narrowed,
infants begin to ﬁnd it harder to process what is now foreign
speech to them and, as a result, are likely to continue to focus on
the mouth of a person reciting nonnative speech so as to take full
advantage of audiovisual redundancy and the greater salience
that it offers.
To test our three predictions, we tracked eye gaze in monolingual, English-learning 4-, 6-, 8-, 10-, and 12-mo-old infants and
adults while they watched videos of female talkers. In experiment 1, participants watched a video of a native (i.e., English)
monologue, whereas in experiment 2, participants watched
a video of a nonnative (i.e., Spanish) monologue.

- Our interpretation: Infants look longer at the mouth
when it produces moderate sensorimotor
prediction error.

• 4-8 m: mouth = too difficult
• 10-12 m: mouth = moderate prediction error
• Adult: mouth = too easy
à Nonnative language increases prediction error about the
mouth in older infants and thus induces attention shift to it.
à Sound noise too. [Hisanaga et al., 2013 (in Japanese)]

• Familiarity vs. novelty preference

crawling infants (6.5 months old) looked longer at the lower AOI while watching
the normalNative
crawling compared to the phase-shifted,Nonnative
thus bodily impossible,
crawling and the randomly moving dots. On the contrary, crawling infants
(9.5 and 13.5 months old) looked longer at the lower AOI while watching the
bodily impossible crawling movement compared to the normal crawling and
the randomly moving dots. All groups of infants discriminated between the
Eyes
Eyes
stimuli, but displayed different looking behaviour for the lower AOI of the
crawling movement depending on their crawling experience (Hau±: Giese,
and MacDonald, in preparation). A similar result pattern was found for the looking
behaviour while watching the walking movement. Non-walking infants (6.5 and
9.5 months old) looked longer at the lower AOI while watching the normal
walking compared to the bodily impossible walking and the randomly moving
dots, whereas walking infants (13.5 months old) looked longer at the lower AOI
while watching the bodily impossible walking compared to the normal walking
of infants discriminated between the
and randomly moving dots. Again, all groupsMouth
Mouth
stimuli, but displayed different looking behaviour for the lower AOI ofthe walking
movement depending on their walking experience (Hauf, Giese, and MacDonald,
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10 and 12 mo of age and was completed by adulthood. We
carried out planned comparison tests to determine at what age
Novel for one of the two
participants exhibited a signiﬁcant preference
regions. Results indicated that 4-mo-old infants looked longer at
the eyes [F(1, 98) = 6.90; P < 0.025], 6-mo-old infants looked
equally at the eyes and the mouth [F(1, 98) = 0.22; not signiﬁcant], 8- and 10-mo-old infants looked
Nonelonger at the mouth
[F(1, 98) = 4.09 and P < 0.05; F(1, 98) = 11.22 and P < 0.01,
respectively], 12-mo-old infants looked equally at the eyes and
mouth [F(1, 98) = 2.09; not signiﬁcant], and that adults looked
longer at the eyes [F(1, 98) = 21.19;
P < 0.001].
Familiar
Because our predictions regarding selective attention shifts
were speciﬁcally concerned with developmental changes during
/ familiarization
infancy, we reanalyzed the data Age
with the
same ANOVA buttime
without the adult data. Once again, we found a signiﬁcant AOI ×
age interaction [F(4, 79) = 5.18; P < 0.001]. Planned comparison
tests indicated that the 4-mo-olds looked longer at the eyes
[F(1, 79) = 6.58; P < 0.025], the 6-mo-olds looked equally at the
two regions [F(1, 79) = 0.21; not signiﬁcant], the 8- and 10-moolds looked longer at the mouth [F(1, 79) = 3.90 and P = 0.05;
F(1, 79) = 10.69 and P < 0.01, respectively], and that the 12-moolds looked equally at the eyes and mouth [F(1, 79) = 1.99; not
signiﬁcant].
Finally, to determine whether overall attention varied across
age, we analyzed the total amount of looking at the face with
a one-way ANOVA, with age and prosody as the two betweensubjects factors. The age effect was not signiﬁcant [F(4, 79) =
0.34; not signiﬁcant] indicating that the pattern of shifting attention was not attributable to differences in overall attention.
The prosody effect was signiﬁcant [F(1, 79) = 7.60; P < 0.01],
with infants looking more during ID speech (23.03 s) than during
AD speech (17 s), indicating that ID speech was more
salient overall.
In sum, when monolingual, English-learning infants were exposed to native audiovisual speech, they exhibited evidence of
the two predicted attentional shifts between 4 and 12 mo of age.
That is, between 4 and 8 mo of age, infants decreased their
looking at the eyes from an average of 36% to an average of 17%
of total looking time, whereas they increased their looking at the
mouth from an average of 15% to an average of 36% of total
looking time. This is consistent with our prediction that ac-

- Our interpretation: Infant preference changes because of
their prediction ability.
Results
• Younger age / shorter familiarization
/ lower simplicity of stimuli:
Experiment 1. All participants watched a video while a native
English-speaking female was seen and heard reciting a prepared
familiar = moderate prediction
difficult
English error,
monologue. novel
She recited =
the too
monologue
either in an infant-directed (ID) manner that consisted of the type of pro• Older age / longer familiarization
/ higher
simplicity
ofparticularly
stimuli:
sodically exaggerated
speech
that infants ﬁnd
attractive (48), or in an adult-directed (AD) manner that is
typical of normal adult
speech. We manipulated
the manner-offamiliar = too easy, novel = moderate
prediction
error
speech variable to determine whether the greater prosody of ID
speech might play a role in infant selective attention to audiovisual speech. To determine how much time participants spent
gazing at the eyes and the mouth, respectively, we created two
principal areas of interest (AOIs) on the face of the talker, one
around the eyes and the other around the mouth, and monitored
participants’ point-of-gaze (POG) with an eye tracker.
We calculated the proportion-of-total-looking-time (PTLT)
that participants spent looking at each AOI, respectively, by dividing the total amount of looking directed at each AOI by the
total amount of looking at any portion of the face. A repeatedmeasures ANOVA, with AOI (eyes, mouth) as a repeatedmeasures factor and age (4, 6, 8, 10, and 12 mo and adults) and
prosody (ID, AD) as between-subjects factors, yielded two signiﬁcant ﬁndings. The ﬁrst was a signiﬁcant prosody × AOI interaction [F(1, 98) = 5.86, P < 0.025], which was attributable to
greater overall looking at the mouth during ID speech and
greater looking at the eyes during AD speech. Because the
manner-of-speech variable did not interact with participants’
age, it had no bearing on the interpretation of the second and
principal ﬁnding. This ﬁnding indicated that there was a signiﬁcant AOI × age interaction [F(5, 98) = 9.09, P < 0.001]. Fig. 1
depicts this interaction by showing PTLT difference scores
(calculated by taking the difference between eye-PTLT scores
and mouth-PTLT scores for each participant) as a function of
age. As can be seen, an initial attentional shift occurred between

/ simplicity of stimuli

Adapted from [Hunter & Ames, 1988]

Conclusion and Discussion: Potentials of Prediction Error Hypothesis

(2) Infants have a fixed preference function: higher preference for
a moderate prediction error, and lower preference for a
smaller/larger prediction error.

(late)

(middle)

(early)

1.0

• Dynamical change in infant visual preference is modeled by sensorimotor prediction error.
- Infants seem to acquire various cognitive functions (e.g., self-other discrimination, imitation, altruistic
behavior) through the minimization of prediction error. [Nagai, in press]
- Visual preference based on prediction error enables infants to developmentally shift their attention from
easy to difficult events with their age. à Maximizing learning progress [Schmidhuber, 1991;Vigorito & Barto, 2010;

0.8

Preference

(early) Large prediction error à Low preference (too difficult)
(middle) Moderate prediction error à High preference (learning)
(late)
Small prediction error à Low preference (too easy)

[Hauf & Power, 2011]

Preference

Hunter et al., 1983; Hunter & Ames, 1988; Rose et al., 1982; Roder et al., 2000]

e.g.) Prediction error of crawling stimuli:
• Non-crawling infant (6.5 m): a = moderate, b = c = too large
• Crawling infant (9.5 m & 13.5 m): a = too small, b = moderate, c = too large

Novel

Preference

Factors that influence infant preference:
- Age: younger à familiar, older à novel [Hunt 1963; Wetherford & Cohen, 1973]
- Familiarization time: shorter à familiar, longer à novel [Hunter et al., 1982;

Mean looking duration
[ms]

- Visual stimuli: PLDs of crawling/walking adult

Difference score

- Infants’ ability to understand the goal of other person’s action correlates
with their ability to perform the action. [Sommerville et al., 2005; Daum et al.,

Perception ∝ Production

Experiment 2. Prior studies have shown that young infants can
perceive native as well as nonnative audible and visible speech
238
Petra Hauf and Michelle
Power and that they can integrate them but that older infants
attributes
can only perceive and integrate native ones (34, 45, 49). If the
results from experiment 1 reﬂect infant processing of audiovisual
D Possible movement
speech per se then perceptual narrowing should affect the timing
---·-··-·-·-·-··-·-·-·-····-·-·-···-·--·----------------------------------------------------------------··
5000
D Impossibleinfants
movement
of the second attentional shift. Speciﬁcally,
who have
acquired expertise in their native language and, therefore, whose
4000
.....
..... should fail to exhibit the
perceptual sensitivity has narrowed,
second attentional shift when exposed to nonnative speech. This
is presumably because they now need access to the redundant
3000 -audiovisual speech information to disambiguate what has by this
time become unfamiliar speech. Thus, we expected that 12-moold monolingual, English-learning infants would continue to focus their attention on the mouth when presented with Spanish.
To test this prediction, we used the identical procedures as in
experiment 1 and tested separate and new groups of monolingual, English-learning 4-, 6-, 8-, 10-, and 12-mo-old infants and
a new group of monolingual, English-speaking adults. This time,
6.5 months 9.5 months 13.5however,
months we presented
movie of
native Spanish
speaker re6.5amonths
9.5amonths
13.5 months
citing a Spanish
version
of
the
monologue
presented
in experiAge
Age
ment 1. Once
again, the speaker recited the monologue either in
the ID
or AD style.
Figure 12.1 Mean looking
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(ms) for the lower body AOl Data is
As
Fig.
2 shows, infants
we replicated
the ﬁnding
of the ﬁrst
depicted for 6 .5-, 9 .5- and 13. 5-month-old
while watching
possible
and shift in
experiment 1 and, again, found that infants shifted their looking
impossible movements as well as randomly moving dots
from the eyes to the mouth between 4 and 8 mo of age. In addition, and in keeping with our prediction that speciﬁc early
linguistic experience is likely to affect the second attentional
not directly involved in the shift,
movement
In contrast,
differences
we foundproduction.
that the 12-mo-old
infants looked
longer at the
mouth.
The
mixed,
repeated-measures
ANOVA
of the infant
in looking time were found for the lower body AOI (see Figure 12.1). Nonand adult PTLT scores indicated that the prosody × AOI
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Oudeyer et al., 2007; Minato et al., 2010]

0.4

- Different attention of ASD children [Pelphrey et al., 2002; Klin et al., 2002] and chimpanzees [Myowa et al., 2012] might
be caused by their preference for more predictable events.
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Prediction error ei(t+1)
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