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Two are better than one: Infant language learning from
video improves in the presence of peers
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Studies show that young children learn new phonemes and words
from humans significantly better than from machines. However, it
is not clear why learning from video is ineffective or what might
be done to improve learning from a screen. The present study,
conducted with 9-month-old infants, utilized a manipulation—touch
screen video—which allowed infants to control presentations of
foreign-language video clips. We tested the hypothesis that infant
learning from a screen would be enhanced in the presence of a
peer, as opposed to learning alone. Brain measures of phonetic
learning and detailed analyses of interaction during learning con-
firm the hypothesis that social partners enhance learning, even
from screens.

language learning | phoenemic discrimination | screen media |
social learning | infancy

any studies have shown that young children’s learning of

language material from video is very low compared with
learning from human tutors, a pattern called the “video deficit.”
(1) For example, research has established infants’ ability to learn
foreign language phonemes (the consonants and vowels that make
up words) through social but not nonsocial contexts (2). In Kuhl
et al. (2), 9-mo-old infants were exposed to Mandarin Chinese in
12 25-min laboratory visits. Each infant experienced one of three
exposure styles: live social presentation, the same foreign speakers
and material presented on video, or an audio recording of the
same speakers and material. A control group of infants experi-
enced live language social presentation but heard only English.
Phonemic learning, tested with behavioral and brain measures
after completion of the second language (L2) exposure sessions,
demonstrated that only infants exposed to live Mandarin speakers
discriminated the foreign phonemes as well as native Mandarin-
learning infants; no learning occurred when exposure occurred
through video displays or audio recordings (2).

Other studies confirm that children’s language learning is
better from live humans than from screens (3-5). In one study,
video clips from Sesame Beginnings presented novel verbs to 2.5-
and 3-y-old children (5). Half of the children saw the novel verbs
presented entirely on video; the other half saw a 50-50 split of
presentations on video and delivered by a live social partner.
Children were tested on their ability to extend the novel verb to a
new actor performing the same action. Results showed that
toddlers who interacted with an adult in addition to watching a
video learned the novel verbs at a younger age than children who
passively viewed the video, and that learning from video was not
as robust as learning from live social interactions.

Recent evidence suggests that the screen itself does not im-
pede children’s learning; rather, the problem is the lack of
interactivity in traditional media. One study used video chats to
ask if 24- to 30-mo-olds can learn language in a video context
that incorporates social interactions (6). Even though video chats
offer a 2D screen, this technology differs from traditional video
in several important ways. Video chats allow children and an
adult to participate in a two-way exchange, thereby approxi-
mating live social interactions. Adults are also able to be re-
sponsive to children and ask questions that are relevant to them.

www.pnas.org/cgi/doi/10.1073/pnas.1611621115

Although the speaker’s eye gaze is often distorted in video chats
because of the placement of the camera relative to the screen,
video chats preserve many of the qualities of social interactivity
that help children learn (7). In fact, when 24- to 30-mo-olds were
exposed to novel verbs via video chat, children learned the new
words just as well as from live social interactions. Toddlers showed
no evidence of learning from noninteractive video. Myers et al. (8)
recently demonstrated a similar phenomenon with 17- to 25-mo-olds.
These young toddlers experienced either a FaceTime conversa-
tion or a prerecorded video of the same speaker. A week after
exposure, children who interacted with an unknown adult via
FaceTime recognized the adult and demonstrated word and pattern
learning. Thus, research provides evidence that children’s ability to
learn language from screens can be improved by technology that
facilitates social interactions (e.g., video chats) (6, 8), by the content
of media (e.g., reciprocal social interactions) (9), or with the context
of screen media use (e.g., coviewing) (10). This allows the field to
move beyond the screen vs. live dichotomy and focus the discus-
sion on the role of interactivity for children’s learning.

Historically, research on the effect of social interactivity in
children’s media has always paired adults with children. How-
ever, there is some evidence that infants may also treat peers as
social partners. For example, Hanna and Meltzoff (11) found
that 14- and 18-mo-olds imitate actions demonstrated by same-
aged peer models and even recall these actions after a delay of
2 d. More recent evidence even suggests a peer advantage, such
that 14- and 18-mo-olds imitated complex action sequences
better from 3-y-old models than from adult models (12).

Additional research indicates that children’s learning is en-
hanced in the mere presence of others. That is, even when a peer
is not serving as a teacher or model, simply being in the presence
of a social other may facilitate learning. Studies show that infants
perform tasks differently—and better—when they are in the pres-
ence of another person (13), and research with school-aged chil-
dren suggests that learning is improved by the mere presence of
another person, or even the illusion that another person is present
(14). These findings indicate that explorations of the effects of
having a social partner on children’s learning from media might
broaden our understanding of the roles played by social peers,
even if peers are not in the position of a teacher or model.
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The current study investigates the effect of the presence of
peers on infant foreign-language phonetic learning from video.
We utilized the same Mandarin-language videos used previously
in passive learning experiments (2), but made the procedure an
active learning environment by allowing infants to control the
presentation of videos using a touch screen. Each touch of the
screen initiated a 20-s clip of the Mandarin speaker talking about
toys and books. Given that previous research on children’s
learning from peers or in the presence of peers presents children
with a task (11-14), the touchscreen paradigm gives infants an
active learning task that nevertheless presents the same in-
formation as previous research (2). We manipulate the presence
of peers by randomly assigning infants to an individual-learning
condition or a paired-learning condition. Infants in the individ-
ual condition participated in all study sessions by themselves,
whereas infants in the paired condition always participated with
another infant (Fig. 1).

To measure infant’s foreign-language sound discrimination,
we employ a behavioral measure, “conditioned head turn,” as
well as a brain measure, event related potentials (ERPs). Kuhl
et al. (2) reported results based on a conditioned head turn
paradigm, but ERPs are also commonly used to assess infants’
ability to discriminate the sounds of language (15-17). Specifi-
cally, previous ERP investigations have shown that adults (18,
19) as well as infants (20-23) exhibit the characteristic mismatch
negativity (MMN), a negative-polarity waveform that occurs
about 250-350 ms after the presentation of the deviant sound,
indicating neural discrimination of the change from one phonetic
unit to the other. Importantly, the MMN is elicited in adults and
10- to 12-mo-old infants when listening to sounds of their native
language, and it is reduced or absent when they listen to speech
sounds that do not represent phonemic categories in their native
language (24-26). Thus, we employ both measures of speech
discrimination in the present study.

We hypothesize that the mere presence of peers in the present
investigation will support children’s ability to discriminate the
foreign-language sounds. During the exposure visits, the effect of
peers will be evident in children’s social behavior, and we expect
that social cues, like vocalizations and eye gaze, indicators of
early attention (27, 28) and communication skills (29-31), will
emerge as related to infant phonemic learning. With regard to
the measures of sound discrimination, behavioral evidence of
discrimination will be evidenced by performance greater than
chance in the conditioned head turn paradigm and through the
presence of the MMN in the ERP test. Infant research has shown
that attention plays a role in the generation of the MMN. Spe-
cifically, auditory change detection can occur with high or low
attentional demands that are mediated by language experience
(15-17, 25, 32-34), discriminability of the signals (35-37), and
maturational factors (38-42). The MMN associated with high
attentional demands in the perception of speech sounds exhibits
a positive polarity (positive-MMR or pMMR) and is considered
a less-mature MMN response. The MMN associated with low

A

Fig. 1. Examples of the individual- (A) and paired- (B) exposure sessions.
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attentional demands exhibits a negative polarity (i.e., MMN)
and, because it is shown by adults listening to native-language
sounds, is considered the more mature MMN. In the present
investigation, we postulate that infants in the single-infant con-
dition will show pMMRs because high attentional demands are
required by a difficult speech discrimination task, such as non-
native speech discrimination (35, 36, 43). On the other hand, we
postulate that infants in the paired-infant condition will process
the Chinese phonetic distinction with less effort due to social
arousal, and hence we expect the brain response to have a nega-
tive polarity (i.e., MMN).

Results

Preliminary analyses were conducted to examine basic elements
of the exposure sessions. Because the procedure allowed for
flexibility in the length of sessions, and sessions were terminated
based on criteria that were not time-based, we first examined the
length of the individual- and paired-exposure sessions. Individual
and paired sessions were equally long (individual sessions
mean = 20.61 min, SD = 8.32; paired sessions mean = 17.26 min,
SD = 1.85), #(29) = 1.53, P > 0.05. Additionally, infants viewed
the same number of videos across conditions (individual sessions
mean = 26.69 videos, SD = 9.64; paired sessions mean =
23.37 videos, SD = 3.56), #(29) = 1.26, P > 0.05. Finally, the rate
at which infants watched videos in the individual-exposure ses-
sions and in the paired-exposure session did not differ (individ-
ual sessions mean = 1.35 videos per minute, SD = 0.46; paired
sessions mean = 1.37 videos per minute, SD = 0.27), #(29) = 0.09,
P> 0.05.

We next examined the results from the two tests of phonemic
learning, the conditioned head-turn task and the ERP test of
discrimination. Whereas the head-turn task provided a behav-
ioral test of discrimination, the ERP test provided a neural test
of discrimination. Infants in the present study did not show be-
havioral evidence of learning foreign language phonemes re-
gardless of exposure condition (individual sessions mean =
50.66%, SD = 6.69; paired sessions mean = 50.61%, SD = 9.39).
These results for individual and paired sessions did not differ
from the chance (50%), t(12) = 0.36, P > 0.05 and #(13) = 0.24,
P > 0.05, respectively, nor did they differ from each other,
1(25) = 0.02, P > 0.05.

Next, the ERP data were submitted for analysis. Infants” ERP
mean amplitudes to the standard and deviant sound were ana-
lyzed in two time windows (150-250 ms and 250-350 ms) (Fig.
2). For the 150- to 250-ms time window, infants in the paired
group showed no significant difference between standard and
deviant ERP responses at either electrode site: Fz, F(1, 14) =
—-0.93, P = 0.364; Cz, F(1, 14) = —1.62, P = 0.127. In contrast,
infants in the individual group showed significant differences at
both electrode sites: Fz, F(1, 15) = —=2.56, P = 0.022; Cz, F(1,
15) = =2.41, P = 0.029. For the 250- to 350-ms time window,
infants in the paired group showed no significant difference
between standard and deviant ERP responses for Fz, F(1, 14) =
1.88, P = 0.081, but a significant difference was found at Cz
electrode, F(1, 14) = 3.14, P = 0.007. Infants in the individual
group showed no significant differences at either electrode site
for the late time window: Fz, F(1, 15) = —1.56, P = 0.14; Cz, F(1,
15) = -1.14, P = 0.27.

Fig. 2 shows a waveform with negative polarity, an MMN, in
response to the deviant in the 250- to 350-time window for the
paired group, which peaked at 300 ms (see central electrode sites
Fz and Cz in Fig. 2). Infants in the individual group did not
exhibit this negativity, and instead exhibited a positive polarity
waveform, a pMMR, in response to the deviant in the earlier
150- to 250-ms time window (see central electrode sites Fz and
Cz in Fig. 2). Differences between individual and paired groups
were significant at both electrode sites: Fz, F(1, 29) = 6.059, P =
0.02; Cz, F(1, 29) = 10.754, P = 0.003. There was no correlation
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Fig. 2. Differences between individual and paired groups were significant
at both electrode sites: Fz, F(1, 29) = 6.059, P=0.02, and Cz: F(1, 29) = 10.754,
P = 0.003. Note that the ERP is plotted with negative voltage upward.

between infants’ performance on the conditioned head-turn task
and their ERP data (rs < 0.2, Ps > 0.33).

To further explore the differences between exposure condi-
tions, and to determine the causal mechanism of paired exposure
success, we examined several measures of infant behavior
during exposure sessions. First, we examined infant touches to
the touchscreen. Although the number of overall touches to the
screen, including those that triggered videos and those that
occurred while videos were playing, did not differ across con-
dition [individual-exposure sessions mean = 224.83 touches per
session, SD = 108.42; paired-exposure sessions mean = 231.45
touches per session, SD = 56.84; #(29) = 0.21, P > 0.05], both
infants in the paired condition contributed to the touch count.
Therefore, infants in the individual exposure sessions touched
the screen more than did each infant in the paired-exposure
condition [individual-exposure sessions mean = 224.83 touches
per session, SD = 108.42; paired-exposure sessions mean =
113.69 touches per session, SD = 54.83; #(29) = 3.56, P = 0.001].
Of the total number of touches, the vast majority of touches
were intentional, not accidental, [individual-exposure sessions =
95.79% intentional touches, SD = 0.08; paired-exposure ses-
sions = 97.37%, SD = 0.03; #(29) = 0.72, P > 0.05]. Finally,
infants in the two conditions did not differ in their motor skills
at the beginning, #(29) = 0.10, P > 0.05, the middle, #(29) =
0.35, P > 0.05, or at the end of the exposure visits, #(29) = 0.45,
P = 0.65. Infants touched the screen equally regardless of
motor ability (rs < 0.04, Ps > 0.82). Coders often noted that
caregivers of infants with less-developed motor skills would
position the infants close to the touchscreen, eliminating the
need for infants to have developed motor skills to touch
the touchscreen.

Next, we compared infant vocalizations between children in
each of the exposure conditions. Infants in the paired-exposure
condition made marginally more speech-like vocalizations than
infants in the individual-exposure condition, #(29) = 1.89, P =
0.068. Moreover, greater numbers of speech-like vocalizations
were correlated with a negative MMN response in the 250- to
350-ms time interval, r = —0.36, P < 0.05. While paired infants
produced greater numbers of speech-like vocalizations compared
with babies in the individual group, nonspeech vocalizations did
not differ between conditions, #29) = 142, P > 0.05. In-
terestingly, infants who produced more speech-like vocalizations
also scored higher on the conditioned head-turn task, » = 0.43,
P < 0.05.

With regard to infant eye gaze during the exposure sessions,
infants in the individual-exposure sessions looked at their own
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caregiver longer than infants in the paired-exposure condition
(individual-exposure sessions mean = 58.20 s, SD = 21.82;
paired-exposure sessions mean = 42.46 s, SD = 17.14), #(29) =
2.22, P < 0.05. Infants in individual sessions also looked to the
screen longer than infants in the paired-exposure sessions
(individual-exposure sessions mean = 124.66 s, SD = 33.32;
paired-exposure sessions mean = 52.74 s, SD = 19.37), #(29) =
7.28, P < 0.001. Greater eye gaze toward the infant’s own
caregiver or the screen did not correlate with the MMN re-
sponse in the 250- to 350-ms time interval, rs < 0.23, Ps > 0.23.
For children in the paired-exposure sessions, we also coded
looks to the other baby and to the other caregiver. Interest-
ingly, children in the paired condition looked longest at the
other baby (mean = 70.42 s, SD = 24.79), marginally longer
than they looked toward the screen, #(15) = 2.04, P = 0.059. In
contrast, children’s looking time toward the other caregiver
was the shortest (mean = 19.92 s, SD = 8.74), and significantly
shorter than their looks toward their own caregiver, #(15) =
3.93, P = 0.001.

Finally, we examined learning as a function of the number of
different learning partners that infants in the paired-exposure
conditions experienced over the course of the L2 exposure ses-
sions. Learning increased significantly as a function of the
number of unique partners experienced by paired infants, both in
relation to the MMN at electrode Cz (r = —0.53, P < 0.05) and in
terms of a composite measure of MMN across Fz and Cz elec-
trode sites (r = —0.52, P < 0.05) (Fig. 3). We also find that infants
paired with more unique partners over the course of the expo-
sure sessions produced more speech-like vocalizations, r; = 0.68,
P < 0.05.

Discussion

The present study examined the presence of peers on infants’
early phonemic discrimination. We hypothesized that peers
would support infants’ ability to discriminate the foreign-language
sounds, as indicated by behavioral and neural tests of speech
discrimination, and that social cues, like vocalizations and eye
gaze, would be related to infant phonemic discrimination. The
results of the study revealed brain-based evidence of immature
phonemic learning in infants in the individual-exposure sessions,
while evidence of more mature learning emerged from infants in
the paired-exposure sessions. Infants in the individual-exposure
sessions exhibited a positive mismatch response, indicating in-
creased cognitive demands during the auditory processing of the
Chinese contrast (15, 44, 45). The negative polarity in the MNN
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Fig. 3. Among infants in the paired baby condition, those who were
partnered with more babies showed the strongest evidence of learning. In
paired sessions, infants with more partners had a greater ERP mismatch
negativity, r; = 0.68, P < 0.05, which is evidence of greater foreign language
phoneme learning.
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response exhibited by infants in the paired-exposure sessions
suggests lower cognitive demands in the processing of the speech
contrast. Critically, these differences could not be attributed to
the amount of exposure time, the number of videos viewed,
touches to the touchscreen, or infants’ motor ability. Differences
between groups did emerge in that infants in the individual-
exposure sessions looked more at their own caregiver and to the
screen than infants in the paired-exposure sessions.

Infants in the paired-exposure sessions produced more
speech-like vocalizations than infants in the individual-exposure
sessions. Moreover, a greater number of speech-like vocaliza-
tions in paired group infants was correlated with more mature
(adult-like) MMN brain responses and also correlated with be-
havioral performance on the speech discrimination task. Finally,
with regard to infants in the paired-exposure sessions, infants
who were paired with more unique partners over the course of
the 12 exposure sessions vocalized more and demonstrated more
mature brain processing of speech, suggesting more sophisti-
cated and robust learning (15, 34).

We hypothesized that infants in the paired condition would
demonstrate both behavioral and neural evidence of phonetic
discrimination, yet we only found neural evidence of discrimi-
nation. The pattern of neural response exhibited by infants in the
paired-exposure condition is indicative of more mature brain
processing of the sounds, and it is likely that these findings
represent the earliest stages of infants’ sound learning. Such a
pattern has precedent in the literature. As Tremblay et al. (46)
suggest, “speech-sound learning occurs at a preattentive level,
which can be measured neurophysiologically (in the absence of a
behavioral response) to assess the efficacy of training.” In con-
trast to previous research (2), in which infants demonstrated
phonemic discrimination via behavioral tests, infant discrimina-
tion here may have been too fragile to lead to a behavioral re-
sponse. This pattern may provide additional evidence for the
video deficit, as behavioral evidence of phonemic discrimination
resulted from a live tutoring condition, whereas neural—but not
behavioral—evidence of discrimination in the present study was
from contingent screens. Importantly, however, a preattentive
response in a phonetic discrimination task has important impli-
cations for later language learning. Previous research has shown
a relationship between phonetic discrimination, measured neu-
rally in infancy, and children’s language skills at 24 and 30 mo of
age (47).

The present results support previous findings highlighting the
importance of social interaction for children’s learning, espe-
cially for learning from screen media. Although the importance
of social interactions is clear, research exploring the underlying
mechanisms has been sparse. Theoretical accounts suggest that
social interactions may benefit children’s learning for two rea-
sons (48). (i) Motivation differs in social and nonsocial settings
because social partners increase arousal; data suggest that even
minimal social connections to another person increase motiva-
tion (49). (ii) Information also varies in social and nonsocial
settings; eye gaze and other socially delivered cues, shown to
assist infants’ learning of the meanings of words (50), are less
available on video. The two theoretical accounts are not mutu-
ally exclusive; both can be operating in natural learning settings.

In the present study, infants in both groups had access to
some informational and some motivational cues. However, the
paired condition was designed to provide additional motiva-
tion in the form of a peer partner to infants. We interpret the
present results as support for the motivational mechanism of
social interactivity.

In terms of the information that infants were able to recruit,
infants in both exposure conditions had access to a variety of
social cues that could have provided useful information for
language learning. During all exposure visits, caregivers were in
the room with infants and infants may have attempted to recruit

9862 | www.pnas.org/cgi/doi/10.1073/pnas.1611621115

informational cues from their caregiver’s eye gaze. Although
infants looked to caregivers, particularly their own caregiver, this
category does not account for the majority of infant looks in
either condition. In the paired-exposure conditions, infants also
had access to informational cues from the other baby and the
other parent. Indeed, infants in the paired-exposure conditions
spent more time looking at the other baby than to any other
coded region. It may be that the infants learned how to activate
the touchscreen from their partner baby or benefitted from
seeing how their partner baby behaved in this situation. This
conclusion aligns with the imitation literature on learning from
peers, although in those cases, the children were older and the
peers were trained to model particular actions (11, 12). Even
though the peer babies in the present study were not trained, it
may be that they nevertheless provided their partner babies with
information that led to enhanced learning.

Another potential source of information in the current situa-
tion was the screen. Children in the individual exposure condi-
tion, in particular, attended to the screen. Although research
suggests that socially delivered cues like eye gaze are less avail-
able on screen (6), it is possible that infants recruited enough
information on the screen to show evidence of immature phone-
mic discrimination.

In support of the motivational mechanism, infants in both
exposure conditions were required to interact and engage with
the touchscreen. This differs from traditional screen media
viewing and from the video presentation used by Kuhl et al. (2)
in that children were active, not passive participants in the
learning process. Active engagement has been identified as one
of the pillars from the science of learning that also supports
children’s learning from screens (51). Active engagement in the
present study put infants in control of their video-viewing ex-
perience. Infants were quick to learn that they had to touch the
screen to activate a video. This agency infused active engage-
ment in the learning environment.

In addition to engaging children, the touchscreen also pro-
vided temporal contingency between infants’ touches and video
activation. Infants are drawn to contingent responses early in life.
At 4 mo of age, for example, infants prefer adults who respond
contingently to adults who do not (52). Similarly, 8-mo-olds
produce more mature vocalizations in response to contingent
behavior from adults, but do not refine their vocalizations after
noncontingent responses (53). Including contingency in the
present design may have increased infants’ ability to discriminate
the phonemes. Although there is some evidence that toddlers
learn more from touchscreens when they are prompted to touch
a particular location on the screen that is relevant to the learning
objectives (54), other studies find that toddlers who press a
button to advance a computer demonstration are more likely to
learn than those who passively watch a video (55). The present
study simply required infants to touch any location on the screen
to advance the video, which is a developmentally appropriate
design for infants. That infants in both conditions showed some
evidence of phonetic discrimination suggests that the contingent
and engaging touchscreen may have increased children’s moti-
vation to learn in the social environment.

The stronger argument in support of the motivational mech-
anism of social interactivity is the mature learning exhibited by
children in the paired-exposure condition. Here, multiple factors
indicate that motivation, or social arousal, may have driven in-
fants’ phonemic discrimination. First, having access to a peer
might have triggered the mere presence effect on children’s
learning. The privileged role of peers has been documented with
older children (13, 14), but it’s possible that infants also perform
better and learn more in the presence of similarly aged peers.
Second, infants in the paired-exposure condition produced more
speech-like vocalizations. Infants are known to vocalize more
when they are aroused (56) and the present results link increased
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vocalizations to higher scores on the behavioral measure of
phonemic discrimination and to a more mature (greater negative
polarity) neural response, the MMN, a measure of learning that
is shown in adults when responding to native-language contrasts
(18-23). Finally, we discovered a relationship between the number
of partners a given infant was paired with during his or her ex-
posure sessions and their speech-like vocalizations, as well as a
relationship between the degree of learning infants in the paired
condition evidenced later at test. Previous research has dem-
onstrated that novelty heightens arousal, whereas familiarity
dampens arousal (57). Thus, infants who experienced more
novelty with their peer partners were more likely to maintain a
higher level of arousal during the exposure sessions. Heightened
social arousal may be the underlying mechanism of the motiva-
tional hypothesis that increased infant learning from screens in
the present study.

In sum, the present investigation demonstrates enhanced in-
fant discrimination of the phonemes of a foreign language from
touchscreen video when learning in the presence of a peer as
opposed to in isolation. Enhanced phonetic discrimination in
pairs was not a function of the number of videos viewed by the
infants, the amount of exposure to the foreign language, the
number of screen touches, or infants’ attention to the screen.
Infants paired with other infants while learning not only show
enhanced brain measures when reacting to the foreign-language
phonemes, but also show significantly higher numbers of speech
vocalizations, which itself suggests increased learning and
arousal. We interpret the data as indicating that infants are so-
cially aroused in the presence of a peer, that their arousal in-
creases when paired with a novel infant, and that this leads to
enhancement of early phonemic discrimination. The study
breaks ground by demonstrating that social arousal may play a
role in early language learning.

Methods

Participants. Written informed consent was provided for the human subjects
protocol. The University of Washington approved the protocol. Thirty-one
9-mo-old infants (mean = 9.27 mo; SD = 0.17; range = 9.0-9.82 mo) com-
pleted the study. Infants were randomly assigned to individual (n = 16;
mean = 9.25; SD = 0.22; range = 9.0-9.82) or paired (n = 15; mean = 9.29; SD =
0.10; range = 9.10-9.39) conditions. The numbers of females did not differ
from chance in either condition [n = 6 in individual, n = 9 in paired groups;
x(1) = 1.57, P = 0.21]. When possible, infants in the paired condition were
partnered with other probands in the paired condition, although scheduling
did not always allow for this arrangement. In cases when a partner infant
from the experimental group was unavailable, infants were paired with
substitute babies who were otherwise identical to the probands (n = 16). Data
were not collected from these substitute babies. An additional 11 participants
were excluded from the current dataset for an incomplete set of exposure
visits (4 participants) and incomplete ERP test data (7 participants). All infants
were full-term and were from monolingual English-speaking households.

Design. To investigate the mechanisms that drive language learning in social
situations, the present study modified the design introduced by Kuhl et al. (2)
that tested infants’ learning of foreign language phonemes after a series of
exposure visits. As before, infants visited the laboratory for a series of
12 exposure visits over 4 wk. During these sessions, infants were exposed via
interactive touch screen video to 20-s clips of a Mandarin speaker talking
about books and toys. Videos contained the target Mandarin phonemes,
fghifand (/gi/), a Mandarin Chinese consonant contrast that is not distinguished
in English. After exposure, infants were assessed on phonemic learning in
two ways. First, infants participated in a conditioned head turn task in which
they learned to turn their head toward a loudspeaker when they detected a
target phoneme interspersed among the background, or standard sounds
(58). Second, infants’ learning was also tested using ERPs (59). Together,
these tasks provided both behavioral and neural measures of learning.

Apparatus. Exposure visits took place in a small room that was designed to be
infant-friendly. A queen-sized memory foam mattress covered the floor and
pillows were arranged along the sides of the room. At the front of the room, a
24.25-inch touchscreen was encased in a wooden facade that extended the
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width of the room and positioned the screen three inches higher than the
floor. The wooden facade also had a small wooden shelf above the screen
that was designed to allow infants to pull themselves up to a standing po-
sition in front of the screen. For paired-infant exposure sessions, the entire
room was available to the infants. For individual-exposure visits, a cabinet
blocked off one-third of the room (Fig. 1). Four cameras, positioned dis-
creetly around the room, captured everything that occurred in the room and
allowed for subsequent coding.

Video stimuli were presented to the infants using custom-designed soft-
ware that activated one 20-s video when the screen was touched. Additional
touches to the screen while a video was playing had no effect. As soon as the
video clip ended, subsequent touches triggered a new video. The software
was designed to randomize video clips within a given set (i.e., within a given
speaker). If the screen was not touched for a period of 90 s, the program
automatically triggered a “wake-up clip,” a 5-s clip designed to recapture
children’s interest in the screen. Importantly, the wake-up clips did not
contain any of the target Mandarin sounds.

Finally, all infants wore LENA recorders during their exposure visits. LENA
devices are designed to capture the naturalistic language environment of
children. The LENA recorder can store up to 16 h of digitally recorded sound
and can be snapped into a pocket on the front of a child’s vest. This allows the
recorder to unobtrusively capture all language in the child’s environment.
The recordings can be subsequently downloaded and analyzed by LENA
software. The LENA software provides several automated measures of the
language content, but for the purposes of the present study, all language
measures were coded manually.

Stimuli. The 20-s videos used during the exposure visits were extracted from
the videos used in the video-only condition of Kuhl et al. (2). Videos showed
native Mandarin speakers playing with toys, singing nursery rhymes, and
reading books. Clips of each of the four native Mandarin speakers were
arranged into sets such that in a given visit, children saw one of three sets of
clips from one particular speaker. Video clips were selected to contain a high
volume of the target contrasts, an alveolo-palatal affricate (ftehi /) and an
alveolo-palatal fricative (/gi/) Mandarin Chinese consonant contrast that is
not phonemic in English or Spanish. The syllables were 375 ms in duration;
had identical steady-state vowel formant frequencies of 293, 2,274, 3,186,
and 3,755 Hz, respectively; bandwidths of 80, 90, 150, and 350 Hz, re-
spectively; and a fundamental frequency of 120 Hz (high-flat tone, tone 1 in
Mandarin). The syllables differed only in the point of maximum rise in am-
plitude during the initial 130-ms frication portion. The affricate consonant
had a fast amplitude rise, with maximum amplitude occurring at 30 ms; the
fricative consonant had a slower amplitude rise time, with maximum am-
plitude occurring at 100 ms. Tokens were equalized in RMS amplitude and
played to infants at a comfortable listening level of 67 dBA (2, 60).

In addition to the exposure clips, 5-s videos were extracted to serve as
wake-up clips. Critically, wake-up clips did not contain any instances of the
target contrast.

Procedure.

Exposure visits. All 12 exposure visits occurred within 4 wk of an infant en-
rolling in the study. Infants were randomly assigned to individual exposure
sessions or paired exposure sessions and infants only experienced one type of
exposure during the study.

Individual exposure sessions. When caregivers and infants arrived, the exper-
imenter invited them into the test room and outfitted infants with a LENA
recorder and vest. Parents sat in the back of the experimental room and were
instructed to limit interactions with their child.

Upon leaving the room, the experimenter retreated to the control room.
The experimenter began recording the video from the four cameras in the
exposure room and started the computer program. When the program
began, the exposure screen changed from black to a still photo of a baby’s
face. At that point, any time the infant touched the screen, a 20-s video clip
played. Touches to the screen during videos were recorded by the touchscreen,
but they did not interrupt the video clip. Only when the clip ended would
subsequent touches trigger a new video. During the course of the study,
no infants had to be shown how to use the touchscreen; all infants fig-
ured it out.

Sessions were ended for one of three reasons, whichever came first: (/) the
infant watched all of the videos in a given set and the program stopped,
meaning that infants received at least 20 min of exposure through 20-s clips;
(ii) the infant became fussy beyond recovery, as determined either by the
experimenter or the parent; or (iii) two wake-up clips played in a row,
meaning that the infant had not touched the screen in 3 min.

PNAS | October2, 2018 | vol. 115 | no.40 | 9863

=
=
=2
(=4
=]
=
=
o
o

PSYCHOLOGICAL AND

PAPER

COGNITIVE SCIENCES



At the end of the appointment, caregivers completed a Caregiver Per-

ception Rating form that asked caregivers to rate their perceptions of their
child’s interest and activity level during the session.
Paired-exposure sessions. Infants in the paired-exposure condition were always
partnered with one other child of roughly the same age. Only two babies
were in the session at a given time, although infants were not always
partnered with the same baby. Infants were intentionally paired with at least
three other infants over the course of the 12 exposure visits. The number of
partners a given infant was paired with varied based on schedule, family
availability, and so forth. At the beginning of paired-exposure sessions, the
experimenter waited in the lobby for both families to arrive before going to
the experimental space. Once there, the experimenter gave LENA recorders
and vests to both infants. Different colors of vests were chosen for partner
infants and the color of each child’s vest was noted for ease of video cod-
ing later. As in the individual-exposure sessions, both caregivers were asked
to sit toward the back of the room and to limit their interactions with
their baby.

Once in the control room, the experimenter began recording from the
exposure room cameras and started the computer program. As with indi-
vidual sessions, clips played when infants touched the screen. The discon-
tinuation criteria for the paired sessions were identical to that of the
individual sessions. Again, both caregivers completed Caregiver Perception
Rating forms.

Test visits. After completing all 12 exposure sessions, infants returned to the
laboratory for three test sessions: two sessions of a conditioned head turn task
and one session for an ERP test. Both of the conditioned head-turn sessions
always preceded the ERP test. All test sessions were completed within 2 wk of
the final exposure visit.

Conditioned head-turn task. Phonemic learning was assessed in a conditioned
head-turn procedure in which infants were trained and then tested on their
ability to turn their head toward a loudspeaker when they detect a target
phoneme interspersed among the background, or standard sounds (58). In
the present study, the alveolo-palatal fricative (/gi/) served as the back-
ground sound and the alveolo-palatal affricate (/tg"i /) was the target sound.
During change trials, the background sound changed to the target sound for
a 6-s period. When infants turned their head during this period, their head
turn was reinforced with a 5-s presentation of a noise-making toy (a monkey
playing cymbals or a bear playing a drum) and was recorded as a “hit.”
Failure to turn toward the toy during a change trial was coded as a “miss.”
During control trials, the background sound played consistently. Head turns
during this period were not reinforced and were coded as “false alarms.”
Failure to turn during a control trial was recorded as a “correct rejection.”

The first of an infant’s two visits for the head-turn task was for condi-
tioning. Infants were tested during the second visit. In the conditioning
phase, infants only heard change trials in which the target sound was
played. Initially, the target sound was played 4-dB louder than the back-
ground sound, but after infants correctly anticipated the toy presentation
twice in a row, the volume cue was removed. After three additional, con-
secutive head turns without the volume cue, infants advanced to the
test phase.

The second test visit for the head turn task presented infants with equal
numbers of control and change trials. Thirty trials were presented in random
order, with the caveat that no more than three of the same kind of trial could
be presented consecutively. Infant performance on the test trials was cal-
culated as percent correct (% hit + % correct rejection/2).

An experimenter sitting in an adjacent room to the test room watched a
live-feed video of the infant to code the procedure in real time. During
conditioning, the real-time codes of the experimenter determine when the
infant progresses out of the initial training and when they complete the
training phase altogether.

Throughout the conditioned head-turn task, the caregiver and the ex-
perimenter who was in the room with the child wore headphones that played
music to prevent either adult from influencing the child. The experimenter
who controlled the task from a control room also wore headphones. These
headphones played the background sound but were programmed to go
silent during all trials, regardless of whether they were change trials or
control trials. This ensured that the experimenter who coded the task was
blind to trial type.

ERP test. Mandarin phonemic learning was also tested using the classic oddball
paradigm (24) in which a “standard” syllable is repeated on 85% (850 stim-
ulus repetitions) of the trials, and a “deviant” sound is presented pseudor-
andomly during the remaining 15% of the trials (150 stimulus repetitions).
Specifically, the deviant sound did not occur consecutively, and at least three
standard sounds were presented between deviant sounds. The time be-
tween the offset of a stimulus and the onset of the next stimulus
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(interstimulus interval) was 705 ms. The number of trials accepted for the
standard sound in the individual exposure session was 311.4 (SD = 91.52) and
100.25 (SD = 26.48) trials for the deviant sound. The number of trials ac-
cepted for the standard sound in the paired exposure session was 284.53
(SD = 71.57) and 85.53 (SD = 23.04) trials for the deviant sound. No signifi-
cant differences were found across exposure sessions for the standard
sound, t(29) = 0.907, P > 0.05, or deviant sound, t(29) = 1.64, P > 0.05.

Infants were awake and tested inside a sound treated room. The child sat
on the caregiver’s lap. In front of them, a research assistant entertained the
child with quiet toys while a muted movie played on a TV behind the as-
sistant. The caregiver and the research assistant wore headphones with
masking music during the testing phase. The electroencephalogram (EEG)
was recorded using electro-caps (ECI, Inc.) incorporating 32 preinserted tin
inverting electrodes. The EEG was referenced to the left mastoid from Fp1,
Fpz, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T3, C3, Cz, C4, T4, CP5, CP1,
CP2, CP6, T5, P3, Pz, P4, T6, O1 Oz, 02, and RM in the International 10/20
System. Infant eye-blinks were monitored by recording the electrooculo-
gram from one infraorbital electrode placed on the infant’s left cheek. The
EEG data were collected in DC mode and it was rereferenced off-line to the
right mastoid to obtain a more balanced reference distribution. The EEG was
recorded using NeuroScan SynAmps RT amplifiers (24-bit A/D converter)
using Scan4.5 software. A 1-ms trigger was time-locked to the presenta-
tion of each stimulus to accomplish the ERP averaging process (Stim 2
Neuroscan Compumedics).

The amplitudes for the deviant and standard responses were calculated by
averaging the voltage values from two ERP time windows: 150-250 ms and
250-350 ms. The mean-amplitude of the deviant ERP response was com-
pared with the mean-amplitude of the standard ERP response. The deviant
vs. standard comparison in the 150- to 250-ms time-window range is referred
to in the text as pMMR, while the comparison in the 250- to 350-ms time-
window range is referred to as nMMR. We also calculated the difference
waveform between deviant and standard ERPs by subtracting the standard
ERP response from the deviant ERP response (deviant minus standard). Two
time windows of interest were evaluated; 150-250 ms after stimulus onset,
which is associated with the pMMR, and 250-350 ms after stimulus onset,
which is associated with the nMMR response.

The impedances of all electrodes were kept below 5 KQ. EEG segments
with electrical activity +150 mV at any electrode site were omitted from the
final average. EEG segments of 700 ms with a prestimulus baseline time of
100 ms were selected and averaged offline to obtain the ERPs. Baseline
correction was performed in relationship to the prestimulus time. The ERP
waveforms were band-pass—filtered off-line (1-40 Hz with 12-dB roll off)
using the zero-phase shift-mode function in NeuroScan Edit 4.5. The high-
and low-cutoff filters used are reported elsewhere and do not produce at-
tenuation of the ERP waveforms (61). The ERP waveforms in Fig. 2 were
band-pass—filtered from 1 to 30 Hz (12-dB roll off) for illustration purposes.

Coding. We coded several characteristics of the exposure sessions, starting
with children’s motor abilities. Because the exposure sessions allowed chil-
dren to move around the room, infants with more advanced motor abilities
were better able to navigate the room, pull themselves up on the ledge by
the touchscreen, and occasionally better able to access the touchscreen
itself. Accordingly, infants’ motor skills were assessed by an adapted version
of the Peabody Developmental Motor Scale, which awards points for dif-
ferent levels of locomotion, such as belly crawling, scooting, crawling, taking
steps, and so forth. To adequately capture infants’ development over time,
coders reviewed the videotapes of three sessions of each participant to code
children’s motor ability. Of the three sessions coded for each participant,
sessions were randomly selected from the beginning sessions (1-4), the
middle sessions (5-8), and the final session (9-12), such that one coded video
represented each interval. Coders reviewed the videos from the selected
sessions and awarded infants points based on the motor behaviors children
exhibited during the session. For example, a milestone motor behavior for
7-mo-olds is rolling from back to front. Infants were awarded one point if
they demonstrated that they could roll from their back or bottom to
stomach or hands/knees (one or both sides). If infants remained on their
back, they received a score of 0 on this item. Coders reviewed the videotapes
for all motor milestones from 7 mo to 13 mo.

Additional elements of the exposure sessions and infant behavior were
coded using ELAN coding software. This software allowed coders to code
multiple tiers of information in the same platform. For all elements coded in
ELAN, eight exposure sessions were randomly selected for coding. The coding
window was further refined to a 5-min window of time within the exposure
session. In most cases, coders reviewed minutes 5-10 of the exposure session.
This eliminated time at the beginning of the session during which infants
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were acclimating to the environment. In cases where exposure sessions las-
ted less than 10 min, the coding window was moved up as needed to pro-
duce a 5-min window, such that coders would review minutes 4-9, 3-8, or
2-7. None of the coded sessions lasted fewer than 7 min. Thus, for each
infant, coders reviewed eight 5-min segments of exposure sessions. These
segments yielded data on touches to the touchscreen, infant vocalizations,
and eye gaze. Detailed descriptions of each of these measures are below.

The first of these elements were infant touches to the touchscreen during
exposure sessions. Although the experimental computer automatically re-
corded touches to the screen and whether the touch triggered a new video
clip or occurred during video playback, coders manually matched touches to
each infant in the paired-exposure condition. Furthermore, for all infants,
touches were defined as intentional (infant looked at the screen and
touched it) or unintentional (infant touched the screen with a part of their
body other than the arm/hand or touched the screen when they were not
attending to it).

Next, the LENA audio recordings, in combination with the video record-
ings, were used to code infant vocalizations. Infant utterances were coded as
either nonspeech or as speech sounds. Nonspeech sounds were defined as a
sound produced without a pause that is a laugh or cry (with at least one
diaphragm flutter), a click, cough, sneeze, raspberry, burp, or exertion grunt.
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Finally, infants’ eye gaze during the exposure sessions was coded in ELAN.
Coders used the four complementary video recordings of each session to
determine where infants were looking. For infants in individual-exposure
sessions, coders noted looks to the screen and to their own caregiver. For
infants in paired-exposure sessions, coders recorded these looking patterns,
but also recorded looks to the other baby and looks to the other caregiver.
When necessary, coders for all infants were also able to designate a time
period as “uncodeable” meaning that none of the four camera angles
captured an infant’s eye gaze.
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