Abstract

Is infants” word learning boosted by non-human social agents? An on-screen virtual agent
taught infants word-object associations, in a set-up where the presence of contingent and
referential cues could be manipulated using gaze contingency. Twelve-month-old Japanese-
learning children (n = 36) looked significantly more to the correct object when it was labeled
after exposure to a contingent and referential display than a non-contingent and non-
referential display. These results show that communicative cues can augment learning even
for a non-human agent, a finding highly relevant for our understanding of the mechanisms
through which the social environment supports language acquisition, and for research on the

use of interactive screen media.
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Communicative cues in absence of a human interaction partner enhance 12-month-old
infants’ word learning
Theories of early language acquisition have long emphasized the role of social

interaction for learning (e.g., Snow, 1972; Tomasello, 2003; Vygotsky, 1962), and a wide
range of studies report a positive relation between toddlers’ language outcomes and the
number of social cues provided by their caregivers (Altvater-Mackensen & Grossmann, 2015;
Gros-Louis, West, & King, 2014; Hirsh-Pasek, Adamson, et al., 2015; Tamis-LeMonda,
Bornstein, & Baumwell, 2001). While these and other findings document a consistent and
general advantage of environments rich in social interactions, the essential components and
mechanisms by which these environments lead to a learning advantage remain elusive. One
fundamental question towards answering this unresolved issue is to ask what constitutes a

social agent for a toddler, and how this affects their learning.

One insightful approach has been the investigation of the extent to which toddlers can
learn from screen media, a setting that is stripped of many aspects of a social interaction.
Studies comparing learning from a live teacher to learning from matched videos of this
teacher have often shown poorer learning for toddlers under 2.5 years of age from the latter,
an observation commonly described as the video deficit effects (Anderson & Pempek, 2005).
Typically, this line of research has compared infants’ learning after live exposure to a closely
matched video exposure, and found better performance after the former for various aspects of
language learning such as phonetic acquisition (e.g., Kuhl, Tsao, & Liu, 2003) and word
learning (e.g., Krcmar, Grela, & Lin, 2007), but also in other domains such as imitation (e.g.,

Barr & Hayne, 1999) or object retrieval (e.g., Troseth, Saylor, & Archer, 2006).

The same line of research has, however, also demonstrated that, even without the
physical presence of the interaction partner, enriching a video condition with social cues can

enhance learning. For instance, toddlers learn words better if their mother appears on screen



rather than an unknown experimenter (Krcmar, 2010), or when they observed a reciprocal
social interaction on the screen before learning (O’Doherty, Troseth, Shimpi, Goldenberg,
Akhtar, & Saylor, 2011). Furthermore, replacing a prerecorded video with a live video
setting, thus adding real time contingency, also enhances learning. Toddlers learned novel
verbs equally well from live video as from live interaction, but not from yoked video
(Roseberry, Hirsh-Pasek, & Golinkoff, 2014). Similarly, a study exposing toddlers to live
video or yoked video for a week found better word learning in the live video group for

toddlers 22-25 months of age (but not younger; Myers, LeWitt, Gallo, & Maselli, 2016).

These results demonstrate that enriching an agent encountered in an on-screen situation
with socially meaningful cues can enhance learning success. Does this mean that the cues
themselves, even without the “looks” of a human interaction partner, play a crucial role in
supporting learning? Infants’ sensitivity to social-communicative cues in the absence of a
human-like interaction partner has been documented in studies on the role of contingent
responsiveness in eliciting social-like reactions. Twelve-month-old toddlers have been found
to follow the gaze of a bear-like object as long as it either had facial features, had previously
beeped and blinked contingently upon infants’ gaze, or both, but not if it lacked both a face
and contingent responsiveness (Johnson, Slaughter, & Carey, 1998). A similar behavior was
reported in eight-month-olds, who followed the turning direction of an amorphous object on
screen only if that object had previously moved contingently on infants’ gaze (Deligianni,
Senju, Gergely, & Csibra, 2011). Thus, infants react socially (in particular, they follow gaze)
when confronted with a non-human counterpart, as long as it exhibits some cues that, in
humans, would signal communicative abilities. It is unclear whether such cues, once
disentangled from the actual human interaction partner, are still interpreted as actual social-
communicative cues. Consider, for instance, contingent responsiveness: Although it can

rather unanimously be regarded as a social cue in the context of a caregiver-child interaction,



what about a contingently reacting, non-social screen display, such as that encountered on a
smartphone or tablet screen? Infants are sensitive to such on-screen contingencies, for
instance triggered by a gaze-contingent display, early on (Wang, Bolhuis, Rothkopf, Kolling,
& Knopf, & Triesch, 2012). Whether these cues elicit gaze following because they are
regarded as social-communicative cues or not is thus an open question, and one that we will

not aim to answer in the present study.

Instead, the present study assesses whether, given that infants gaze-follow non-human
agents enriched with such cues, would they also more readily learn word-object associations
from such agents as compared to less social agents? This is a central question in the quest for
understanding the mechanisms through which social situations in general lead to better
learning. The present study aims to address it by using an innovative experimental design.
Using gaze-contingent eye-tracking, we implement a scenario in which a non-human virtual
agent (teacher) teaches novel word-object associations to an infant. The scenario is either
enriched with two types of cues, contingency and reference, or lacks those. We will continue
referring to them as social-communicative cues in the context of the present study, all the
while acknowledging the above-mentioned caveat that this characterization might not

adequately describe their nature once they are isolated from human interaction partners.

In the enriched condition, both the agent and the object-to-be-taught react contingently
upon the toddler’s gaze, and the agent also exhibits referential cues, while these cues are
absent in the control condition. The present design enables us to assess to what extent the
addition of two communicative cues, contingency and reference, can enhance the learning of

novel word-object associations from a virtual, non-human agent.

While previous studies on learning words or word-object associations from screens with

added social cues have mostly assessed toddlers older than 12 months of age, studies on gaze



following from contingent social cues have worked with infants younger than 12 months. The
present study studied infants at 12 months of age, an age when word recognition starts to
rapidly increase (Bergelson & Swingley, 2012), and well beyond the age where they can
learn words from screens in the lab given salient animation of the target object, either in form
of temporal synchronization of sound and object (Gogate, & Bahrick, 1998) or of infant-
initiated target object movement and naming (Shukla, White, & Aslin, 2011). Given that
infants are known to succeed at tasks indicative of full word learning, such as retention (Horst
& Samuelson, 2008) or disambiguation (e.g., Bion, Borovsky, & Fernald, 2013) only at a
later age, our design included what can be conceived of as the most basic step of word
learning, namely the cross-modal mapping of a wordform to a visual target. We will come

back to this issue in the Discussion.

In sum, the current study assesses whether a screen display that is contingent and

referential but not human can support the early acquisition of word-object associations.

Methods

Participants

Thirty-six normally developing, monolingual Japanese-learning infants from the Tokyo
region were included (18 female, mean age = 362 days, range 351-379 days). Due to the
novelty of our paradigm, there was no straightforward way to select previous studies for
power calculation and thus we used a rule of thumb. We acknowledge that this is less than
ideal, and now conducted power calculations based on related studies (Deligianni et al., 2011;
Roseberry et al., 2014; Woodward, Markman, & Fitzsimmons, 1994) concluding that our
sample size decision was reasonable (see Appendix A). Eleven additional infants were tested

but excluded from analysis due to crying (3), fussiness (5), or calibration and equipment



problems (3). This exclusion rate of less than 25% is not at all uncommon for infant
experiments (see, for instance, a meta-analysis by Bergmann et al., 2018). Nevertheless, it
would be insightful to assess whether the excluded participants were representative of the
sample as a whole, which we were able to do to only a limited extent. Three of the excluded
participants were excluded based on equipment error, which is independent of the
participants themselves. As to the remainder, there were no systematic differences in age of
excluded (mean age = 360 days, range 352-378 days) compared to included (see above)
participants. The study was approved by the (name masked for anonymous review) Ethics
Committees. Infants were recruited from the laboratory participant pool. Caregivers signed an
informed consent prior to their inclusion in the study and received a book voucher after

participation.
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Figure 1. Design by condition and experimental phase. CR+: Contingent and referential
condition. CR-: Non-contingent and non-referential condition, In the CR+ condition, dashed
rectangles depict areas of interests for which the screen was gaze-contingent. Shading

exemplifies infant gaze in a particular trial.
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The experiment consisted of two within-participant blocks, one of which contained all
trials of the contingent and referential (CR+) condition. The other block contained all trials of
the non-contingent non-referential (CR-) condition. Block order was counterbalanced across

infants. In each block, infants were taught three novel word-object associations.

The experiment started with a display showing the virtual agent waving, while central
speakers played a greeting phrase (“Konnichiwa! Kyd-wa issho ni asobd ne”. Hello! Would
you like to play with me?) Then, within each block, infants were exposed to two
familiarization trials, nine exposure trials (three trials for each of the three novel word-object
associations), and six test trials (two trials for each novel word-object association), described

next.

The familiarization trials were intended to familiarize infants with the contingent
reactivity of agent and objects in the CR+ condition, or the absence thereof in the CR-
condition. In each of the two trials, first the picture of a novel object was presented on the
right or left side of the screen. This object was distinct from the objects named in the next
phase and would only appear during familiarization. In the CR+ condition, the object would
slowly inflate and deflate if the infant looked at it and stop moving if the infant looked away.
In the CR- condition, the object would also inflate and deflate, but this movement was
preprogrammed and not contingent on infants’ gaze. We used gaze data collected in a pilot
study with infants of the same age exposed to the same CR+ condition as a basis to match
length and amount of movement during all phases of the control condition (for details, see
Appendix B). The display of the object was followed by a display of the virtual agent, who
looked up and smiled each time the infant looked at it and looked down if not in the CR+

condition. In the CR- condition, these movements were again preprogrammed (Figure 1).



The exposure trials displayed the virtual agent in the center of the screen. In each trial,
one of the three novel objects exposed in this block was positioned to either the lower right or
lower left side of the agent. Trials were subdivided into a pre-naming phase, in which the
infants had time to visually explore the display and again experience the contingency or
absence thereof, and a naming phase, in which the teacher named the novel objects. The pre-
naming phase of each exposure trial started with the virtual agent eyes facing down and body
and arms in neutral position. In the CR+ condition, the position of the eyes and mouth of the
virtual agent changed if the infant looked at her face so she would appear to look up and
smile. If the infant looked at the object, it would slowly inflate and deflate while the agent
would direct her gaze toward it. The display moved on to the naming phase when the phase
had lasted 6000 ms or the infant had looked back at the virtual agent for 10 times or more
(the latter only happened in 15 of 324 trials across infants, with an average of 3 times (SD =
1.46)). In the CR- condition, the virtual agent and object would show the same types and

amount of movement as in the CR+ condition, but not contingent on infants’ gaze.

The naming phase started with the teacher looking up and smiling for 500 ms before a
carrier sentence naming the respective object started playing. In the CR+ condition, the
teacher showed referential cues during naming in a display where she was looking at,
pointing at, and turning her torso toward the object. The object continued to inflate and
deflate if the infant looked at it. In the CR- condition, the teacher showed movements that
were again matched in timing and quantity to the CR+ condition, but were not contingent.
This time, however, the quality of movement was different: Instead of referring to the object,
the teacher looked at the infant and raised one of her arms. The object inflated and deflated in

a non-contingent, but matched fashion.

The exposure trials were followed by the test trials for that condition. Each test trial

displayed a combination of two of the previously learned objects side by side on the screen



(Figure 1). Thus, infants had been exposed equally to each of these objects previously. After
two seconds, infants heard a sentence in which one of the objects was named (looking-while-

listening procedure, Fernald et al., 2008).

Preceding each trial, an attention getter (the picture of a flower) appeared centrally on

screen, and the trial was initiated by the experimenter once the infant’s gaze was fixated on it.
Stimuli

The six novel word-object associations shown during the experiment were organised
into paired triplets, which were taught in the CR+ and CR- conditions, respectively. Which

triplet was taught in which condition was counterbalanced across infants.

The pictures of novel objects were photos of six real, unfamiliar inanimate objects
(Appendix C). An additional novel object in two color variants was chosen for the two silent
familiarization trials. The names for the target objects [de:zo, kippo, ku:be, monga, sappu,
cinglo] were phonotactically legal Japanese non-words. They were constructed as disyllables
with heavy-light syllable weight, a structure frequently occurring in Japanese infant-directed
words (Mazuka, Igarashi, & Nishikawa, 2006). Frequency of occurrence of the constituting
syllables and of the whole string were matched. The non-words were embedded in carrier
sentences (see Appendix D). In each trial of the exposure phase, the target non-word
appeared three times (e.g. “Kore wa ku:be da yo. Ku:be. Ku:be”. This is a ku:be. A ku:be. A
ku:be.). In each trial of the test phase, the object was named once (e.g.,“A, ku:be da. Wakaru
ka na?” Oh, there’s the [Target]! Can you find it?). Non-words, their carrier sentences, as
well as a short greeting phrase were recorded by a female native speaker of Japanese in

infant-directed register.
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The virtual teacher present on screen during the exposure phase was designed to have
human-like facial and body features including eyes, a mouth, a torso, and extremities that

would allow her to exhibit referential and contingency cues (see Figure 1).

Procedure

Infants were sitting on a caregiver’s lap in a sound-attenuated room facing the screen of
a Tobii XL eye-tracker. The experimenter was hidden behind a wall in the same room. Both
caregiver and experimenter wore headphones with masking music. Infants’ gaze was
calibrated with Tobii Studio’s infant-friendly 5-point calibration. Their gaze was recorded

with a sampling rate of 120 Hz, and the experiment was administered using E-Prime 2.0.

Data Cleaning and Preparation

We focused on the time window between 400-2400 ms after target word onset for
analysis of word recognition trials. This time-window was chosen to be close to the windows
chosen in previous studies using comparable designs (e.g., Mani & Plunkett, 2007), and
accounts for the fact that infants need several hundred milliseconds to initiate a gaze shift
(Fernald et al., 2008). Data points with low validity were excluded from analysis as
recommended by the manufacturer (Tobii Technology, Inc, 2016). All analyses were
conducted in R version 3.5.3 (R Core Team, 2019) with the packages eyetrackingR version
0.1.7 (Dink & Ferguson, 2018) and Ime4 version 1.1-12 (Bates, Maechler, Bolker, & Walker,
2015). Figures were made with ggplot2 version 3.1.0 (Wickham, 2016). We included test
trials in which infants fixated on both pictures at one point during the trial (see, e.g.,
Swingley & Aslin, 2007; excluding 14.7% of trials), and where they looked to the screen for
more than 25% of the time window of analysis (excluding 13.4% of remaining trials).
Subsequently, we excluded from analysis a given condition for a particular infant if it was

represented by less than 2 (of 6) trials. This excluded one infant entirely (that only had 1 trial
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left for either condition; already reflected in Participant section), and one condition each for
two infants. The main analysis is based on an average of 4.3 trials (SD = 1.2) in the CR+, and

an average of 4.5 trials (SD= 1.3) left in the CR- condition.

Since other researchers might have opted for different exclusion criteria, in particular
not choosing to exclude conditions with only one trial, or else choosing to exclude all data of
an infant that did not have a sufficient number of trials in either condition, we ran two
alternative versions of the analysis. In the first version, we included all trials that passed our
trial exclusion criterion. In the second version, we excluded all infants that did not have at
least two trials in both conditions. Both versions led to qualitatively the same results (see
Appendix E). Note that eight additional infants only had trials of one condition left for
analysis, indicating that the experiment might have been too long for sustaining their

attention.

Data Analysis

We fitted a growth curve analysis (GCA) modeled after Mirman (2014). GCA accounts
for the dynamic nature of gaze data by not only assessing overall differences in looking times
but additionally differences in the shape and latency of the gaze curve. The time course of the
word recognition effect was captured with third-order orthogonal polynomials and with fixed
effects of condition on all time terms, as well as random effects of participant and trial on all
time terms. Data were grouped into 100ms bins, and empirical logit transformation was used
to accommodate the categorical nature of the data (fixating the target picture or not) in a way
that is robust to values at or near the boundaries (0 and 1; Barr, 2008). The model took the
form [Elog ~ Condition * (otl+ot2+0t3) + (ot1+ot2+ot3|Subject) + (ot1+ot2+ot3|Trial)],
where otl, ot2, and ot3 refer to the linear, quadratic, and cubic orthogonal polynomials.

Differences between the two conditions were assessed using model comparison with the
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likelihood ratio test. In order to provide a more commonly interpretable effect size measure in
addition to the likelihood ratio test, we adopt the approach proposed by Westfall, Kenny, and
Judd (2014) to calculate a Cohen’s d-type effect size for fixed effects in linear mixed effects
models. We calculate this effect size based on a model on the average difference between
conditions, thus without time terms. Since it is not only of interest whether conditions differ,
but also whether each individual condition leads to above-chance word recognition, we also
inspected the model intercept, with each condition serving as the comparison level in two
separate analyses. Statistical significance (p-values) for the intercept was assessed using the

normal approximation (i.e., treating the 7-value as a z -value).

In order to explore potential differences in looking patterns during the exposure phase,
we also examined the total looking times spent on the virtual agent and the object during the

pre-naming and naming phase of the experiment.
Results

Model comparison revealed a significant difference between looking behavior in the
test trials of the two conditions [?(1) = 24.68, p <.001], with the slope for condition
indicating higher target fixation proportion in the CR+ than the CR- condition (b = 0.361, SE
=0.073). The effect size calculated over the average difference between conditions was d =
0.23, a rather small effect size. There was no effect of condition on the linear [}°(1) = 2.15, p
=.142], quadratic [*(1) = 1.22, p =.269] and cubic [}*(1) = 0.068, p = .794] time terms

(Figure 2).

The intercept for the model where the CR+ condition was the baseline level was
significant (b = 0.271, SE = 0.134, t =2.03, p = .042), while this was not the case when the

CR- condition served as baseline level (b =-0.090, SE = 0.136, t = -0.66, p = .507). These
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results suggest that infants did learn the novel word-object associations in the CR+, but not

the CR- condition.
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Figure 2. Time-course of infant gaze to target after target word onset in test phase. Looking
times were binned into 100 ms units and underwent empirical logit transformation. Dashed
line indicates chance level. Circles and error bars represent the observed mean and +1SE of
the mean over each time bin. Solid lines represent model fits derived from statistical model

reported in the main text. Grey shaded area indicates analysis time-window.

Given these results, did infants also show differential looking behavior in the
prenaming and naming phase of the experiment? Descriptive statistics suggest no difference
by condition, with infants’ percentage of time in the pre-naming phase fixating on the virtual
agent being 65.7% (SD = 31.1) and on the object being 20.8% (SD = 24.9) in the CR+
condition, and 66.7% (SD = 29.8) on the virtual agent, and 18.6 % (SD = 20.6) on the object

in the CR- condition. Similarly, there were no differences in percentage of time spent looking
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onto different regions of interest on the screen in the naming phase between the contingent
condition (virtual agent: mean = 54.7%, SD = 27.4; object: mean = 26.9%, SD = 24.8) and
the control condition (virtual agent: mean = 58.4%, SD = 28.2; object: mean = 22.2%, SD =

20.5).

Discussion

The current study assessed whether 12-month-old infants” word learning from a virtual
agent in a fast-mapping paradigm can be enhanced by the addition of two communicative
cues, contingency and reference. Our results suggest that on-screen exposure enriched with
these cues leads to better learning of novel word-object associations compared to a control
condition without these cues. These findings demonstrate that enriching a non-human teacher
with communicative cues does not only elicit gaze following (e.g., Deligianni et al., 2011),

but can in addition support learning in infants.

What are the mechanisms through which these cues enhance word learning? The
literature proposes several possibilities. Let us first consider the task, namely the cross-modal

association between a novel object and its label.

This has been suggested to be one of the most basic forms of word learning, recruiting
domain-general abilities to make associations between an object and its label (e.g., Yu &
Smith, 2007). Under this view, communicative cues are not necessary to solve the task at
hand. Instead, they might serve to increase general attention and arousal, thereby increasing
the amount or quality of information processing (Kuhl, 2007, see also Posner & Rothbart,
2007), or by heightening an object’s perceived salience within its environment (Hollich et al.,
2000). We acknowledge that our results do not allow inferences about the necessary
environments for more sophisticated forms of word learning like generalization or the

acquisition of abstract concepts. For instance, being able to map a newly learned label to an
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object is not equivalent to the ability to disambiguate or retain this word (e.g., Bion, et al.,
2013; Horst et al., 2008). We view our findings as leading up to interesting queries on the

minimal social requirements for these more complex learning tasks.

Another proposal is that a combination of contingency and reference can signal infants
something meaningful about the situation or interaction partner. Within the Natural Pedagogy
theory, where human communication is seen as adapted for knowledge transmission,
contingency has been proposed to serve as an ostensive cue signaling to the infant that an act
of knowledge transmission is following (Csibra, Gergeley, & Pisupati, 2009). Referring to
and naming an object in the environment is an example of such an act. For instance, infants
have been found to only follow referential head turns if preceded by ostensive cues (infant-
directed speech or contingent responsiveness, Deligianni et al., 2011; Senju & Csibra, 2008).
Similarly, it has been proposed that infants attribute perceptual and attentional abilities,
communicative intention, and goal-directed behavior to agents (human or non-human) when

they show contingent behavior (Johnson, 2003).

The looking patterns during the exposure phase do not differ between conditions,
suggesting that the presence of communicative cues did not affect infants’ attention to the
teacher or the object. This might indicate that prolonged attention is not the mechanism
through which they learned better in the socially enriched condition (see Wu & Kirkham,
2010, for a similar result for gaze following and subsequent learning). However, it is still
possible that infants were more focused, or more aroused (Kuhl, 2007), during the socially
enriched condition. Even if this was the case, communicative cues may still have enhanced
learning by making the teacher and the teaching act meaningful. Crucially, both accounts are
compatible with a notion that contingency and referential cues can boost learning even in the
absence of a rich social context including a human teacher. But what would be the utility of a

mechanism that enhances learning in this way, even in the absence of a human partner? One
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proposal is that communicative cues, which in nature are most likely exhibited by relevant
interaction partners, could serve as an early training signal for infants, aiding them to
recognize which other elements of the social environment are communicatively directed to
them (Deligianni et al., 2011). Indeed, infants start having expectations regarding social
contingency by two months of age (Nadel, Carchon, Kervella, Marcelli, & Reserbat-Plantey,
1999) and are able to follow gaze by 3 months (Hood, Willen, & Driver, 1998), supporting a

notion where such cues serve as a very early mechanism of social learning.

Our results lead the way towards disentangling the many factors that lead to a learning
advantage of situations rich in social-communicative cues. Previous studies contrasting live
demonstrations with pre-recorded video implemented the live contingency both semantically
and socially, resulting in an interaction that was meaningful, relevant, and appropriate in
content. For instance, infants were called by their name, asked questions about the toys they
played with, and given affectionate feedback on their actions (Roseberry et al., 2014).
Similarly, Troseth and colleagues (2006) found that teaching via closed-circuit video only
augmented learning if preceded by meaningful interaction. Our results show that even a more
reduced version of contingent responsiveness, at least when combined with referential cues,
can already lead to increased learning success. This is not to say, however, that referentiality
and temporal contingency completely isolated from other social cues would still augment
learning. In fact, the literature strongly suggests that this would not be the case. For instance,
contingency only leads to gaze following when combined with additional social cues, such as
a human communication mode (Beier & Carey, 2014). Future work could assess the minimal
conditions under which isolated social-communicative cues would augment learning, for

instance by removing facial features from the virtual agent.

Our study also contributes to an important yet under-researched topic: How children

learn from screens. In a time where 46% of infants under 2 years of age are reported to have
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used mobile devices (Rideout, 2017), a better understanding of the impact of interactive
screen media on infant learning is indispensable, but research is scarce as of now. A recent
study used a touch-screen video game where a woman labeled novel objects hidden in
various boxes (Kirkorian, Choi, & Pempek, 2016). Twenty-four-month-old infants in a
contingent condition with specific instructions to touch a box on the screen in order to see the
object showed a word-learning advantage, while infants in a more generally contingent
condition (“touch the screen”) or a non-contingent condition (“watch the screen”, with the
game advancing regardless of touching) did not. This finding demonstrates that the
manipulation of temporal contingency - the display proceeding to the next screen upon touch
- can lead to a word-learning advantage. Extending on this study, the present work confirms
that even younger children can learn better from an interactive screen with a gaze-contingent
paradigm. We do not regard the possibility for such practical applications as an opportunity
to uncritically support a rise of screen media use in infants. The side effects of early
interactive media use (e.g., Cheung, Bedford, Saez De Urabain, Karmiloff-Smith, & Smith,
2017) have to be taken seriously. However, given the overwhelming number of applications
targeted at infants and labeled as educational, but largely untested (Hirsh-Pasek et al., 2015),

we are convinced that research into sensible use of such opportunities is indispensable.
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Appendix A

Sample size decision

Since our paradigm was very novel, it was not possible to decide on the previous studies
appropriate for power calculation, and thus we used a rule of thumb based on previous work’s
sample sizes. We acknowledge that this is less than ideal. Therefore, we now conducted
power calculations based on three previous studies in the literature whose design is relevant
to ours in order to get an estimate of required sample size that would have been suggested by
previous work. We first summarize which data we draw on for our power calculations, and
present in a Table the input and output data for our power calculations. For prospective
sample size estimations, we assume a power of 80% and a significance threshold of p = .05.
Al. Verb learning from contingently reacting on-screen human teacher

Roseberry, S., Hirsh-Pasek, K., & Golinkoff, R. M. (2014). Skype me! Socially contingent
interactions help toddlers learn language. Child Development, 85(3), 956—70.
http://doi.org/10.1111/cdev.12166

This study was chosen, because it assesses word learning from a contingent on-screen
teacher. It assessed verb learning from a live, video chat and yoked video condition in 24-30
month-olds. Since the data provided in the article do not allow effect size calculation for the
difference between conditions, We here focus on the video chat condition, calculating an
effect size for verb learning in this condition (looks to actions matching versus mismatching
the meaning of the learned verb during test).

A2. Gaze following of on-screen contingent avatar

Deligianni, F., Senju, A., Gergely, G., & Csibra, G. (2011). Automated gaze-contingent
objects elicit orientation following in 8-month-old infants. Developmental Psychology, 47(6),
1499-503. http://doi.org/10.1037/a0025659

This study was chosen since it assesses infants’ reaction to contingent versus non-contingent
non-human on-screen avatars. In this study, 8-months-old gaze-following to a contingently
reacting versus not contingently reacting on-screen avatar is compared. We use the fixation
duration measure of the comparison between conditions for effect size calculation.

A3. Word learning in 13-month-olds

Woodward, A. L., Markman, E. M., & Fitzsimmons, C. M. (1994). Rapid word learning in 13-
and 18-month-olds. Developmental Psychology, 30(4), 553. http.//doi.org/10.1037/0012-
1649.30.4.553

This study was chosen as one of the closest ones in age to the infants tested in the current
study. Here, 13-month-old infants were taught one novel word-object association. We use the
proportion of target choice in Study 2 to calculate effect sizes.

Our power calculation suggests that a sample size of 17 for a within-subject design and 30
per cell for a between-subject design could be sufficient (Table Al). However, given our new
design, the fact that our infants were younger than in two of the studies used for power
calculations, and the knowledge that novel word learning has been reported to work under
some, but not all conditions at around 12 months of age, we think it is reasonable to have
used the bigger sample size of n=36 for our within-participant study.
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Table Al. Input data are derived from original articles (see text for details). Output data are
results of power analysis. Note that n always refer to the sample size required per cell.

Input data Output data

|
Study t n design d n (within) n (between)

| | | | | | 1
Roseberry  7.06 12 within 2.04 4 5
2014

| | | | | | 1
Deligianni  2.51 18 between 1.18 8 12
2011

| | | | | | 1
Woodward 4.10 32 one- 0.72 17 30

1994

sample
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Appendix B
Extraction of gaze information for matched conditions

We extracted infant gaze information onto the contingently reacting areas of interest from the
CR+ condition in order to match the amount of preprogrammed movements in the CR-
conditions. Infant gaze to the areas of interest elicited movement on screen in the CR+
condition as described in the main article. In order to match the amount of movement in the
CR- condition, we modeled the amount of preprogrammed movement based on infant gaze in
the CR+ conditions.

However, since our experiment had a within-participant design where half of the infants were
tested first in the CR- condition, it was not possible to extract gaze information from the CR+
condition of the same experiment. Therefore, movement characteristics of the CR- condition
were calculated from a pilot experiment with infants with the same age and background
characteristics as those in the experiment (n = 32). The CR+ condition in this pilot
experiment was identical to the one in the experiment, and we thus extracted infants’ gaze
behavior from this condition in order to program the non-contingent movement in the CR-
condition. We extracted the number, delays, and lengths of gaze to the contingently reacting
parts of the display for each infants. These were the virtual agent and the object during the
familiarization phase, and the object during the naming phase. We first calculated the average
number of looks to the virtual agent and object per trial. We then created distributions based
on the means and standard deviation of the extracted gaze delays and lengths, from which we
then drew the respective number of values to create a sequence of movements for each trial.
We created four different sets of sequences, which were counterbalanced between infants.
Table B1 shows the mean number and length of virtual agent and object movement extracted
from the pilot data, as well as the actual number and length of looks to virtual agent and
object during the CR+ condition.

Table B1. Length and number of looks to virtual agent and object during familiarization
phase and naming phase.

Looks during familiarization Looks during Naming
I T
Virtual Agent Object Object
I
Mean Mean length ~ Mean Mean length ~ Mean Mean length
number in ms (SD) number in ms (SD) number in ms (SD)
(SD) (SD) (SD)
I T T T T T T 1
CR- 1.5(1.3) 872(660) 0.7 (1.0) 934(1009) 1.5(1.5) 1146 (1092)

CRT  23(19) $42(892) 1.1(13) 464(337) 19(21) 637(601)




Appendix C

Visual stimuli

A. Objects B. Animations
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Figure C1. A. Objects used B. Schematic of animations in the CR+ condition. The virtual
agent looked up and smiled if infants looked at her face. The objects inflated and deflated
when infants looked at them.
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Appendix D
Auditory stimuli: Carrier phrases

Greeting

ZAICBIEF ) SHIERECET S R,
Konnichiwa! Kyo-wa issho ni asobo ne.
“Hello! Let’s play together today.”

Exposure
Each of 3 targets within one condition is named twice with each of 3 carrier phrases.
1. Zhix [Target] #Z&. [Target] . [Target] .
Korewa [Target/ dayo. [Target]/ . [Target] .
“This is a [Target]. A [Target]. A [Target].
2. ¥ 1= [Target] 7<#a, [Target] . [Target] .
Mata [Target] da ne. [Target] . [Target] .
“There’s the [Target] again. The [Target]. The [Target].”
3. [Target] . MW TL &5 ? [Target] . [Target] .
[Target ] , omoshiroi desho? [Target] . [Target] .
“The [Target] is fun, isn’t it? The [Target]. The [Target].”

Test
Each of 3 targets within one condition is named twice with each of 3 carrier phrases.
1.%->. [Target] . 7rh 3 h 7%,
A, [Target] da. Wakaru ka na?
“Oh, there’s the [Target]! Can you find it?”
R. WTH T, [Target] . W\,
Mite mite, [Target] . Ine.
“Look, look, the [Target] .How nice!”
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Appendix E

Supplementary Analyses

This part reports on two supplementary analyses, in which different exclusion criteria were
chosen. In the analysis reported in the main article, we chose to exclude based on condition:
Thus, if a condition had less than 3 of test trials (less than two trials) left, it was excluded
from analysis. To make sure this did not bias the results, we report two alternatives here.

E1: If any infant has less than % of test trials left in any condition, exclude the infant.
This analysis is based on 24 remaining infants. Model comparison revealed a significant
difference between the two conditions [y*(1) = 21.89, p < .001], with the slope for condition
indicating higher target fixation proportion in the socially enriched than the matched
condition (b = 0.383, SE = 0.087). There were no significant effects of condition on time
terms.

E2: Do not exclude conditions that have less than % of trials left

This analysis keeps 1 more conditions in for 2 infants, and both conditions for 1 infants,
meaning it is based on 37 infants. Model comparison revealed a significant difference
between the two conditions [¥*(1) = 37.46, p < .001], with the slope for condition indicating
higher target fixation proportion in the socially enriched than the matched condition (b =
0.322, SE =0.061). There were no significant effects of condition on time terms.



