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1 | INTRODUCTION

An essential aspect of interpersonal communication is aligning our own attentional focus with
that of our interlocutors. Attending to objects in the extension of the gaze direction of others al-
lows us to monitor their focus of attention and to identify external referents of the conversation.
Thus, gaze following fundamentally underlies our ability to communicate about the world and
to learn from others. It is, therefore, regarded as one of the building blocks of social cognitive and
language development (Baldwin, 1995; Brooks & Meltzoff, 2005; Kristen et al., 2011). Here, we
address the early ontogeny of gaze following, operationalized as infants’ ability to attend to ob-
jectsin the direction of gaze, and how flexibly it can be generalized to non-human agents through
reinforcement learning (see Del Bianco et al., 2019 for a recent review on gaze following).

Even newborns prefer to look at a face with direct gaze compared to a face with gaze averted
to the side (Farroni et al., 2002). Further research by Farroni and colleagues revealed that the
direction of movement of a central cue plays a more important role for infant gaze cueing than
the actual gaze direction of the stimulus face (Farroni et al., 2000). However, the context of an
upright face and a period of eye contact preceding the perceived motion of the eyes support gaze
cueing in 4-month-olds (Farroni et al., 2003). In another series of studies, it was shown that
4-month-old infants’ encoding of peripherally presented target objects is facilitated when these
are cued by the gaze and/or head direction of a centrally presented person (Hoehl et al., 2014;
Reid & Striano, 2005; Wahl et al., 2013). In these studies, gaze direction and head orientation
were equally effective, but a stimulus without eyes (i.e., a car) did not yield the same effect. In the
above-mentioned studies, infants were presented with two-dimensional stimuli on a computer
screen. Hence, covert attention shifts rather than overt gaze following were tested. When overt
gaze following is investigated in more natural live interactions, infants’ ability to monitor and fol-
low others’ attentional focus appears somewhat more limited. D’Entremont et al. (1997) showed
that 3- to 6-month-olds can follow an adult's gaze and head direction when the target of the
adult's gaze shift is within the infant's immediate visual field. Between 6 and 18 months of age,
infants’ ability to correctly identify the target of another person's gaze steadily increases to more
distant locations and infants no longer stop at the first object in the scan path when distractor
objects are present (Butterworth & Jarrett, 1991; Scaife & Bruner, 1975). However, Corkum and
Moore (1998) found little evidence for spontaneous gaze following prior to 10 months and re-
ported that isolated gaze shifts (without head movement) do not seem to elicit gaze following re-
liably before 18-19 months of age (but see Tomasello et al., 2007, for evidence that 12-month-olds
rely more on another person's gaze than head direction when following attention).

The apparent discrepancy between young infants’ performance in computer-based studies
and older infants’ difficulties in more challenging live settings resulted in diverging theories on
the ontogenetic origins of gaze following behavior. Offering a rather nativist perspective, Baron—
Cohen proposed an innate “eye direction detector” that feeds into a “shared attention mecha-
nism” developing between 9 and 18 months which allows for understanding the intentions of
another person based on their gaze direction (Baron-Cohen, 1994). Gliga and Csibra (2007) also
stressed newborn infants’ special attention to eyes and gaze direction. They proposed that both
infants’ attention to eye contact as an ostensive signal and their following of referential gaze sup-
port the operation of an evolved human-specific social learning system (Csibra & Gergely, 2009).

Focusing on the potential role of learning experiences, Corkum and Moore, in contrast, attributed
infants’ increasing gaze following behavior across the first two years to instrumental learning start-
ing between 8 and 10 months of age (Corkum & Moore, 1995, 1998). In their view, infants learn to
follow other people’s gaze direction because they are often rewarded with an interesting sight in the
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direction of the gaze cue (see also Triesch et al., 2006). To test this hypothesis, Corkum and Moore
(1998) conducted training studies rewarding infants with an attractive visual stimulus for either fol-
lowing the adult's gaze direction or for looking in the opposite direction. These studies revealed that
6- to 7-month-olds rarely followed the adult's head and gaze turn to a toy object spontaneously, nor
did they learn this response through reinforcement (Corkum & Moore, 1998). Eight- to 9-month-olds
showed spontaneous gaze following more often than the younger age group and further increased
their gaze following through reinforcement learning. Interestingly, 8- to 9-month-olds did not learn
looking in the opposite direction of a person's head and gaze turn equally well. This suggests that
although spontaneous gaze following was still quite rare in this age group, previous learning expe-
riences and/ or more basic attention directing mechanisms biased infants’ reinforcement learning,
thus enabling enhancement of gaze following but not of the opposite behavior.

Further elaborating on the idea that reinforcement learning is crucial for infants’ gaze fol-
lowing, Triesch et al. (2006) proposed a computational model integrating several mechanisms
and structures, termed a “Basic Set.” Reinforcement learning is supposed to support gaze follow-
ing, as infants discover that their caregiver's gaze will help them to predict interesting sights in
the environment. However, complementing this ability to learn through reinforcement, as also
proposed by Corkum and Moore (1995, 1998), Triesch and colleagues suggest that infants’ early
preference for human stimuli as well as basic visual tracking mechanisms, the perception of head
pose and gaze direction, habituation (to allow for dynamic shifts of attention) and a structured
social environment, that is, caregivers who systematically look at people and relevant objects,
will support infants’ acquisition of gaze following skills. A range of predictions can be derived
from this model. For instance, infants’ gaze following should be enhanced when following the
direction of a head and/or gaze shift is reinforced, whereas infants should not as easily learn to
gaze in the opposite direction. Furthermore, infants should preferentially learn to follow a social
cue, due to their early visual preferences for faces, eyes, and biological motion (Farroni et al.,
2002; Johnson et al., 1991; Simion et al., 2008).

Building upon this research and modeling work, Michel et al. (2021) tested whether
4-month-old infants’ gaze following behavior in a computer-based study would be affected by
gaze-contingent feedback. Infants were presented with a central person turning toward one of
two cartoon characters (mice) in an interactive eye tracking paradigm. During training, infants
were able to elicit an interesting animation of the gaze-cued cartoon character by following the
person’'s head turn toward it. Increased pupil dilation as a measure of arousal in response to the
animation indicated the stimulus was interesting to infants. Four-month-olds followed the per-
son's head and gaze shift during baseline and at test (i.e., after training). In line with previous
studies, infants thus followed gaze in a relatively simple computer-based task with target objects
very close to the centrally presented face. Interestingly, infants who elicited more animations
during the training phase showed a greater change in preference to the cued over the uncued
cartoon character from baseline to test when following the actor's head and gaze direction. No
such pattern was found when the person cued the cartoon character only with her head (keep-
ing the eyes to the front) or only the eyes (keeping the head to the front) or when infants had
to look in the opposite direction of the cue during training to elicit the animation. This pattern
of results suggests that reinforcement—under certain circumstances—may promote stability of
4-month-olds’ gaze following without inducing the opposite behavior, that is, looking in the non-
cued direction, in line with the findings of Corkum and Moore (1998) and the predictions from
Triesch et al. (2006).

This result raises the question of how flexible young infants’ gaze following behavior is. Can
infants learn to follow any moving object with their own gaze when being reinforced by an
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interesting sight in the direction of the cue's movement? Or does infants’ preference for human
stimuli limit their attention orientation to specific cues (Triesch et al., 2006)? Two previous stud-
ies showed that 8-month-old and 12-month-old infants readily follow a faceless (and eyeless)
object’s rotational movement with their gaze when the object had previously shown contin-
gent “interactive” behavior in response to the infant's looking (Deligianni et al., 2011; Johnson
et al., 1998). Objects in these studies also moved in a biological, non-linear manner presumably
prompting infants to identify them as animates (Simion et al., 2011). However, 4-month-olds’
attention direction does not seem to be affected by a centrally presented nonsocial block's linear
rotational movement (Michel et al., 2019). Thus, infants do not indiscriminately follow motion
of a large centrally presented stimulus without clear animacy cues.

Infants’ already existing gaze following can be influenced by a rewarding experience in line
with the direction of a social stimulus (Michel et al., 2021). However, it still remains unclear
whether infants’ initial start to follow the cue is dependent upon similar characteristics. In this
study, we therefore test whether 4-month-old infants follow the direction of the movement of a
nonsocial object showing no biological motion. We systematically test the influence of two poten-
tial influential factors: the presence of eyes as one of several cues defining a stimulus as a social
one (e.g., contingency or biological motion), here manipulated as the presence of eyes versus
eye-like patterns with a reversed black-and-white contrast, and the influence of reinforcement
(i.e., the gaze-following behavior being reinforced through interesting animations contingent on
the infants’ gaze behavior vs. no animation and no contingency).

We present infants with a central block featuring black-and-white frontal markings that in
Experiments 1 and 3 resemble schematic eyes (black dot on a white background). In Experiments
2 and 4, the contrast of the frontal markings is reversed. Thus, the block is perceptually matched
to the block in Experiments 1 and 3, but it does not feature discernible eyes. We chose this ma-
nipulation in the design of our stimuli because previous studies have shown that reversing or
distorting the characteristic black-on-white contrast of human eyes (Kobayashi & Kohshima,
1997) alters the way stimuli guide infants’ attention (Farroni et al., 2005; Michel et al., 2017a,b).
During a training phase, infants’ following the block's rotational movement to one of two cartoon
characters results in an interesting animation of the cued character in Experiments 1 and 2. More
specifically, two cartoon mice are shown, one of which starts to wiggle when fixated on. In exper-
iments without contingent reinforcement (Experiments 3 and 4), the cartoon characters never
move and, hence, no contingent reaction to the infants’ gaze behavior is elicited. By comparing
infants’ gaze behavior during a baseline and after the training phase (i.e., at test), we are able to
test whether reinforcement learning takes place. As the main dependent measure, we analyze
the difference score between looking times to the cued and uncued object at baseline and after
training (see also Hernik & Broesch, 2019; Senju & Csibra, 2008).

This study allows us to independently vary the presence of social cues and reinforcement to
test their independent and combined relevance of young infants’ learning of guiding visual atten-
tion in a gaze-following paradigm. Four-month-olds are a particularly interesting age group for
addressing this question because they show reliable gaze following and attention cueing through
gaze cues in computer-based tasks at this age (Astor & Gredebick, 2019; Hood et al., 1998; Michel
et al., 2021) but it is still unclear whether this behavior can be generalized to other objects types
through reinforcement learning and to what extend it requires social cues (i.e. eyes).

Previous findings suggest that 4-month-olds are unlikely to show gaze following spon-
taneously in a nonsocial condition (Michel et al., 2017a; Michel et al., 2019). However, if
“gaze following” is fundamentally based on reinforcement learning, infants may learn to
follow even a block's rotational movement to a cued target, provided that this behavior is
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reinforced. A corresponding finding (especially in case of the block with reverse-contrast eyes
in Experiment 2) would speak to a high level of flexibility and plasticity in infants’ direction
of attention.

Alternatively, infants might not perceive a block's motion as directional and thus referring
to a peripheral object unless the block features eyes. If infants possess an innate or very early-
acquired sensitivity to specifically follow a stimulus featuring eyes (or behavioral cues of an an-
imate agent: Deligianni et al., 2011), they should follow the direction of the block with eyes in
Experiment 1 both during baseline and in the test phase after training. However, infants should
not follow the block's direction with reverse-contrast eyes in Experiment 2 during baseline and
might not even learn to follow this block during the training phase.

A third possibility is that attention cueing specifically through eyes (either based on an in-
nate or based on very early-acquired mechanism) affects infants’ looking behavior in conjunc-
tion with reinforcement learning (Triesch et al., 2006). In that case, different outcomes seem
plausible: (1) Infants may not follow the motion of a block without eyes nor learn following it
when being reinforced for this behavior. (2) Infants may not follow any block spontaneously
because this stimulus does not resemble a natural face and is highly unfamiliar. However,
due to the presence of schematic eyes, infants may learn to follow the motion of this block
when this behavior is reinforced, but not the block without eyes. This would speak to a lim-
ited degree of flexibility in infants’ gaze-following behavior allowing for the generalization of
gaze following to stimuli that share some essential social characteristics with human faces,
especially eyes.

2 | MATERIAL AND METHODS

Four-month-old infants took part in this (interactive) eye tracking study. To test the influ-
ence of natural eyes and contingent reinforcement for the acquisition of gaze following, we
systematically varied these two characteristics in a series of 4 experiments (see Table 1 for
an overview): In Experiments 1 and 3, infants were presented with a block featuring eye-like
markings on the front (see Figure 1). In Experiments 2 and 4, the contrast of these markings
was reversed resulting in a white dot on a black background (see Figure 1). Experiments 1
and 2 followed identical procedures. Experiments 3 and 4 were also following this protocol,
except that no animation was shown. To control for possible habituation effects to the block
itself, the stimulus presentation for each infant in Experiment 3 was matched to one infant's
presentation who participated in Experiment 1 (yoked control) and the stimulus presentation
for each infant in Experiment 4 was matched to one infant's presentation who participated in
Experiment 2 (yoked control). That is, in each trial during the training phase, infants watched
the block rotate to the side and the end state was shown stationary for as long as the block
was present for the matched infant from Experiments 1 or 2, respectively, including the time
of the animations in Experiments 1 and 2.

TABLE 1 Overview of the factors varied within the 4 experiments

Reverse-contrast
Schematic eyes eyes

Contingent reinforcement Experiment 1 Experiment 2

No contingent reinforcement Experiment 3 Experiment 4
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FIGURE 1 Block stimuli used in Experiment 1 and 3 (upper panel) and Experiment 2 and 4 (lower panel)

All experiments were conducted according to guidelines laid down in the Declaration of
Helsinki with the understanding and written informed consent of each participant's parent be-
fore any data collection. The Ethics Commission from the Medical Faculty of the University
of Leipzig approved of the study and all procedures (positive vote received in written form on
03/28/2016).

2.1 | Participants

All participating infants were born full term (>37 weeks) except for one infant in Experiment
4 who was born gestational week 36 and 6 days. They came from predominantly Caucasian
families with mainly a middle to high educational and socio-economic background.
Experiment 1 and 2 took place at Heidelberg University (Germany), Experiment 3 took place
at the Max Planck Institute for Human Cognitive and Brain Sciences in Leipzig (Germany)
and Experiment 4 took place at University of Vienna (Austria). All studies were recorded
with the same technical setup. Based on previous research with similar methods and meas-
ures (Michel et al., 2021; Senju & Csibra, 2008), we aimed for a sample size of about N = 20
per experiment. This sample size is also sufficient to detect medium effects (d = 0.6) given a
power of 0.8 which is in line with results of a previous study using the same paradigm (Michel
et al., 2021).

In Experiment 1, 21 infants were included in the final sample (12 female), mean age: 4 months,
10 days, age range 4 months 1 day - 4 months 30 days. An additional 4 infants were tested but ex-
cluded from the final sample because of our outlier rejection criterion (n = 2), because the mother
looked at the screen repeatedly during the presentation (n = 1) or because of an erroneous calibration
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(n=1). In Experiment 2, 20 infants were included in the final sample (10 female infants), mean age:
4 months, 14 days, age range 4 months 1 day — 4 months 29 days. An additional 7 infants were tested
but excluded from the final sample because of our outlier rejection criterion (n = 4), or because they
did not provide valid data on at least one trial during baseline or test (i.e., at least 200 ms of looking
times to one of the cartoon characters; n = 3). In Experiment 3, 17 infants were included (10 female
infants), mean age 4 months 14 days, age range 4 months 4 days - 4 months, 23 days. An additional
4 infants were tested but identified as outliers and thus excluded from further analyses.

In Experiment 4, 16 infants were included (9 female infants), mean age 4 months 12 days,
age range 3 months 18 days - 4 months, 27 days. An additional 37 infants were tested but ex-
cluded from the final sample because they were identified as outliers (n = 4), because they did
not provide at least one valid trial during baseline and test (n = 18), no data were recorded due
to technical problems (n = 2), or fuzziness of the infant (n = 4) or undefined reasons (n = 3),
or a previously tested infant already provided a good data set for the respective matched timing
(n = 6). The most plausible reason for this high dropout rate in Experiment 4 is the move of the
laboratory to another city with new and relatively inexperienced experimenters performing the
data collection.

Replicating the analysis of a study using the same paradigm (Michel et al., 2021) and in line
with previous looking time studies in infancy, we excluded infants with relative looking times
exceeding 2 SD to the cued or the not cued object in baseline or test (Beier & Spelke, 2012; Cashon
etal., 2013), that is, we excluded any infant from further analyses who was an outlier with respect
to the other infants on one or more of these four values. In Experiment 3 and 4 (the yoked controls
for Experiment 1 and 2), this exclusion of participants lead to the fact that a controlled match
did not exist for all participants of Experiment 1 and 2. However, the general pattern of results of
Experiment 3 (and 4) was very similar when we did not exclude outliers in Experiment 3 (and 4)
and included 21 (or 20) infants each matched to one infant from Experiment 1 (Experiment 2).
We also excluded infants who did not provide data for at least one trial during the baseline or the
test phase (Michel et al., 2021).

2.2 | Stimuli

In Experiment 1, a green block on a black pedestal was presented in the middle of the screen
on a white background (see Figure 1). The block featured two markings on its front resembling
schematic eyes (black sphere on a white background). The 3D-animations of the block were
created using the software Blender v2.67 (Blender Development Team, 2013) ). On the left and
right side of the block, a small cartoon mouse (the same on both sides) was shown at a size of
6.7 cm X 6.7 cm (visual angle of 6.4° X 6.4°), each presented at a distance of 3.8 cm to the block.
The mouse is not displayed here due to copyright restrictions. The block presented in frontal
view covered 13.5° x 12.0° of the screen. Turned 45° to the side, it covered 13.2° X 15.1° of the
screen. Each cartoon character was 6.4° high and 6.4° wide.

In Experiment 2, the same block was presented, but the contrast of the eye-like markings on
the front was reversed resulting in a white sphere on a black background, thus no longer resem-
bling schematic eyes.

Experiments 3 and 4 served as a yoked control condition for Experiments 1 and 2, respectively.
Therefore, each infant in this experiment saw the exact same stimulus presentation as one of the
infants in Experiments 1 or 2 without being able to control the presentation through contingent
feedback and without the animation of the mouse.
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2.3 | Procedure

Infants were tested in a quiet and dimly lit room. They were seated on their parent's lap, 60 cm
away from the presentation screen. The parent was instructed not to talk or otherwise interact
with the infant and to look at the back of the infant's head during the stimulus presentation.

The experiment consisted of a baseline phase, a training phase and a test phase (see Figure 2).
Each trial in each phase started with a black star on a white background (5.6 cm X 6.0 cm, visual
angle of 5.3° X 5.7°) that served as a central attention attractor. As soon as the infant looked to-
ward the screen, the experimenter initiated the trial by button-press. The baseline consisted of 4
trials. In each trial, the central block and the two cartoon characters on the side were shown for
1 s. Then, the block was shown rotated to the right or left side (2 trials each, randomized order)
facing one of the two cartoon characters. To create an effect of apparent motion, we subsequently
showed a picture of the frontal block and the laterally shifted block. This lateral frame was held
for 5 s.

The training phase consisted of 8 trials. The starting image was the same as in the baseline
trials. Then, the block was rotated to the right or left side (4 trials each, randomized order).
This frame was held for up to 10 s. If the infant looked within the predefined area of interest
(AOI) encompassing the cued mouse during this phase, an animation was elicited: the car-
toon character started wiggling for 2 s before the next trial was started. More specifically, the
mouse's upper body and head slightly swung from side to side while the lower body swung in
the opposite direction, creating the impression of the mouse performing a dance. Thus, when
infants elicited the animation by looking at the cued mouse, the training trial lasted until the
infant looked at the correct AOI, plus 2 s of animation. In case that the infant failed to look at

Baseli —
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exp controlled 1s 5s

we o« (vBveBvovPe

exp controlled 1s up to 10s approx. 2s
Test ~ 0
| ® Evv B~
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FIGURE 2 Illustration of the paradigm of Experiment 1. Each infant completed a baseline phase, a training
and a test phase. Animations of the cued cartoon characters (displayed here in a schematic way because of
copyright restrictions), could only be elicited during training trials in Experiment 1 and 2 and lasted for 2 s
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the correct AOI, no animation was elicited and the next trial started automatically after 10 s.
Infants elicited 4-8 animations (average 6.95) in Experiment 1 and 5-8 animations (average
7.2) in Experiment 2. In Experiment 3 and 4, no animation was presented and timing was
matched to the stimulus presentation of one of the infants previously tested in Experiment 1
and 2, respectively.

The test phase consisted of 4 trials and was identical to the baseline phase. Thus, as in the
baseline phase, no animation could be elicited by following the cue's movement to one of the
cartoon characters.

2.4 | Eye tracking recording and analyses

Stimuli were presented on a Tobii T60 eye tracking monitor using the Psychophysics Toolbox ver-
sion 3.12.05 (Brainard & Spat, 1997; Kleiner et al., 2007), a toolbox for Matlab (The Mathworks,
Natick, USA), for the stimulus presentation and the Matlab-based Talk2Tobii version. 1.1.0 soft-
ware created by Luca Filipin, Fani Deligianni and Andrew T. Duchowski (http://psy.ck.sissa.it/
t2t/About_T2T.html) for the online evaluation of gaze data. A 5-point infant calibration proce-
dure was applied. As a successful calibration is crucial for interactive eye tracking, we validated
the calibration afterwards. Therefore, we presented pink spirals (5.3 cm X 5.3 cm, visual angle of
5.1° X 5.1°) on the left and on the right side of the screen after the calibration. The experimenter
visually checked whether infants’ gaze points were located on novel stimuli and not systemically
shifted. If an error was observed, we calibrated the infant again or excluded the infant from the
analysis. We compared looking times to the cued and uncued cartoon characters during baseline
and test. The respective rectangle AOIs were defined covering each cartoon character, identical
to the AOIs that were used to provide gaze-contingent feedback during training (1° of visual
angle larger than the mice). Visual preference for the cued or uncued was analyzed using relative
looking times (cumulative gaze samples within the AOI relative to the overall gaze samples to
the screen).

Each infant contributed 3 to 4 trials for the baseline in Experiment 1 (mean: 3.9) and 1 to 4
trials in the test phase (mean: 3.6). In Experiment 2, each infant contributed 3 to 4 trials in the
baseline (mean: 3.9) and 2 to 4 trials in the test phase (mean: 3.6). In Experiment 3, each infant
contributed 3 to 4 trials in the baseline (mean: 3.9) and 3 to 4 trials in the test phase (mean: 3.8).
In Experiment 4, each infant contributed 2 to 4 trials in the baseline (mean: 3.8) and 2 to 4 trials
in the test phase (mean: 3.1).

3 | RESULTS

Previous studies mostly examined gaze following by analyzing infants’ first gaze shift to a
(looked-at) target or infants’ looking time to a target. In our study, we focused on the latter
and used a difference score (DS) between relative looking times to the cued and uncued object
as the dependent variable to investigate whether infants’ gaze was influenced by the direction
of the central cue (Hernik & Broesch, 2019; Michel et al., 2021; Senju & Csibra, 2008). Thus,
a positive score indicates a looking preference for the cued mouse, whereas a negative score
indicates a preference for the uncued mouse. Means and standard errors for this measure
are depicted in Figure 3. The means of fixation times toward cued and uncued objects and
standard deviations can be found in Table 2. We focused on the duration of infants’ looking
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FIGURE 3 Difference scores of relative looking times to the cued and uncued objects for each experiment.
Mean values are depicted for baseline and test. Error bars indicate standard errors. *p < .05 (statistical
comparisons between baseline and test or against 0, i.e. chance level)

toward the objects, because we were interested in whether infants’ overt attention could be
reliably shifted toward one of two peripheral targets by an inanimate stimulus featuring eyes
versus reverse-contrast eyes in baseline or test. We also include additional analyses on first
gaze shift from the block to one of the objects which is also often used in research on infant
gaze following, but which may be less reliable because it is based on only one measurement
point per trial and may thus be more susceptible to unsystematic variances. In addition, we
assumed that it may be more difficult for infants to detect the direction of our unfamiliar ar-
tificial stimulus at first sight as compared to the typical face stimuli used in previous studies.
We, therefore, wanted to give infants the full 5s of presentation time to explore the stimuli
and base our analyses on the averaged response of infants during the cueing phase and less
on their initial responses.

3.1 | Overall ANOVA across experiments

We predicted that infants’ looking behavior would vary from baseline to test depending on the
experimental treatment they received (i.e., schematic vs. reversed-contrast eyes, contingent re-
inforcement vs. no contingent reinforcement). To test for significant differences between ex-
periments depending on phase (baseline vs. test), we ran a repeated-measures ANOVA with the
within-subjects factor phase (baseline vs. test) and the between-subjects factors eyes (schematic
vs. reverse-contrast) and contingency (yes vs. no). The difference score between relative looking
times to the cued and uncued object was used as dependent variable. We found a significant
phase x eyes x contingency interaction, F(; ;) = 8.85, p = .004, partial n2 = 0.112. Too resolve this
significant interaction, we ran separate t-tests contrasting difference scores for baseline versus
test for each of the four experiments. All t-tests were performed two-tailed with a significance
level of 0.05.
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3.2 | Experiment 1: Schematic eyes and contingent reinforcement

The difference score during test was significantly greater than the difference score during base-
line, ¢,y = —2.4, p = .028, d = —0.52. The difference score in the baseline phase had a mean of
—0.03 (standard error: 0.07) indicating no clear preference for either cued or uncued objects,
t0) = —0.4, p = .68, d = —0.08, when tested against 0. The difference score in the test phase had
a mean of 0.17 (standard error: 0.07), indicating a significant preference for the cued over the
uncued object when tested against 0, £,y = 2.2, p = .038, d = 0.48.

3.3 | Experiment 2: Reverse-contrast eyes and contingent
reinforcement

No significant effects were found, all ps > .05. The difference score in the baseline phase had a
mean of 0.1 (standard error: 0.05); the difference score at test had a mean of —0.001 (standard
error: 0.07).

3.4 | Experiment 3: Schematic eyes without contingent
reinforcement

The difference score during test was not significantly greater than the difference score during
baseline, f44 = —1.31, p = .210, d = 0.32. The difference score in the baseline phase had a mean
of —0.10 (standard error: 0.06) indicating no clear preference for either cued or uncued objects,
tae=1.7,p = .10, d = 0.41, when tested against 0. However, the difference score in the test phase
had a mean of 0.22 (standard error: 0.07), indicating a significant preference for the cued over the
uncued object when tested against 0, £, = 3.23, p = .005, d = 0.78.

3.5 | Experiment 4: Reverse-contrast eyes without contingent
reinforcement

In Experiment 4, the difference score during test was significantly greater than the difference
score during baseline, ¢,5) = —4.01, p = .001, d = 1.00. The difference score in the baseline phase
had a mean of —0.03 (standard error: 0.04) indicating no clear preference for either cued or un-
cued objects, tas) = —0.73,p > .25, d = 0.18, when tested against 0. However, the difference score
in the test phase had a mean of 0.28 (standard error: 0.09), indicating a significant preference for
the cued over the uncued object when tested against 0, £,5) = 3.18, p = .006, d = 0.80.

3.6 | Additional analysis: First gaze shift

An additional analysis determined whether infants’ first gaze shifts from the block to one of the
targets following the rotational movement of the block tended to land on the cued or the uncued
mouse above chance level. We ran a repeated-measures ANOVA with the within-subjects factor
phase (baseline vs. test) and the between-subjects factor eyes (schematic vs. reverse-contrast) and
contingency (yes vs. no). As the dependent variable, we calculated a difference score separately
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for the baseline and the test phase by subtracting the number of trials with first gaze shift to the
uncued mouse from the number of trials with a first gaze shift to the cued mouse and dividing
the result by the total number of trials with a first gaze shift (Senju & Csibra, 2008). We did not
find any significant main effects or interactions, all ps > .05.

4 | DISCUSSION

In this interactive eye tracking study, we systematically tested whether 4-month-old infants ac-
quire the ability to follow a schematic gaze, that is to attend to objects in the cued direction, and
whether this acquisition is dependent on social features such as eyes and reinforcement learning
applied through a gaze-contingent animation. Our results suggest an interaction of both factors.
As expected, infants did not spontaneously attend to the direction of the block to a peripheral
target, revealing no baseline preference in any of the 4 experiments. However, in the experiments
with schematic eyes (Experiment 1 and 3), infants started to attend to the cued direction over the
course of the experiment, regardless of whether they received reinforcement or not for this and
they also revealed a significant preference for the cued target at test.

For the experiments with reversed-contrast eyes, the pattern of findings looks different: In
Experiment 2, even though infants reliably elicited the animation during training, infants did not
reveal any significant change in their looking pattern, but in Experiment 4, (without contingent
reinforcement) infants did start to attend to the direction of the block and showed a significant
preference for the cued target at test.

How can this surprising pattern of findings (i.e., infants starting to follow the block with
reverse-contrast eyes only in the absence but not in the presence of reinforcement) be explained?
First, comparing Experiment 1 and 2, infants at the age of 4 months may register reinforcement
for (gaze) following only in combination with social cues, for instance cues featuring eyes. When
reinforcement is paired with a nonsocial stimulus, it may even be rather confusing for infants
and therefore may not lead to learning. Alternatively, reinforcement may work best when it is
coupled not only with social but also with familiar stimuli. In real life, infants are more familiar
with black dots on white backgrounds (i.e. black pupils on white sclera) than with white dots on
black backgrounds. At first sight, our block must have been unfamiliar to infants as they have
never seen it before. However, it may be that it was easier for infants to familiarize themselves
with the block with schematic eyes over the course of the experiment. Thus, in our study, we
cannot disentangle whether it is the social aspect or the familiarity aspect of the schematic eyes
which fosters the impact of reinforcement in Experiment 1 versus Experiment 2. Another expla-
nation refers to the possibility that the animations of the cartoon characters during the training
phase distracted infants from the central block and the change in its orientation in Experiment
2, whereas the cartoon characters never moved, thus leaving attentional resources for the block
and its orientation in Experiment 4.

A post-hoc analysis is in line with this explanation (see Supplementary Analysis): Infants
decreased their looking times to the block and increased their looking times to mice during the
training phase in experiments which contained contingent reinforcement (Experiment 1 and 2)
as compared to the experiments without contingent reinforcement (Experiment 3 and 4). Thus,
whenever an animation could be elicited, infants spent more time looking at the (moving) mice
as compared to the yoked control conditions without animations. Spending more time looking
at the block during the training phase in Experiment 4 as compared to Experiment 2, infants
may have been more familiarized to the unfamiliar block by the test phase, thus being able to
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take its orientation into account. Keeping this in mind, we cannot be sure whether our results
only reflect the influence of reinforcement due to contingency, although an enhanced pupil size
in a previous study using the same animation hints on this explanation (Michel et al., 2021).
Additionally, the contingent responses of the mice may have attracted infants’ attention to the
mice, therefore presumably increasing infants’ interest in the mice in Experiment 1 and 2.

It is important to note that the dropout rate of participants in Experiment 4 is much higher
than the dropout rate of participants in the other experiments. However, as stated in the Methods
section, this is very likely due to the fact that the laboratory moved to another city and Experiment
4 was the first study using our equipment in the new laboratory including relatively unexperi-
enced experimenters. We do not think that the high number of excluded infants in Experiment 4
relate to the results in any systematic way, as the main dropouts came from collecting not enough
valid data (e.g., due to the experimenter taking too long to set up the study) but experimenters
did not influence infants’ gaze behavior during the experiment, which could have let to changes
in the results.

In contrast to the reverse-contrast cue in Experiment 2 and 4, infants were able to quickly
learn to attend to the block's direction within 8 training trials, resulting in a solid looking pref-
erence for the cued over the uncued target at test in Experiments 1 and 3. This learning effect
did not rely primarily on the reinforcement of infants’ “gaze” following behavior as we found a
similar, though slightly weaker, effect in Experiment 3 where infants only saw the motion of the
block without being able to elicit an animation. Although—as mentioned before—infants’ atten-
tion was caught more by the wiggling of the mice in Experiment 1 and 2, the naturally appearing
eyes in Experiment 1 may have enabled infants to associate the reinforcement to the stimulus
and therefore made them attend to the direction of the block with eyes at test (see Supplementary
Analysis).

Based on theoretical accounts stressing the importance of reinforcement learning for infants’
gaze following development (Corkum & Moore, 1998), we would have predicted that infants
learn to follow both blocks based on reinforcement learning during the training phase, thus dis-
playing a visual preference for cued targets at test in Experiments 1 and 2. This was not the case,
as infants exclusively learned to attend to the direction of the block with schematic eyes when
this behavior was contingently reinforced. As both blocks were perceptually matched, this find-
ing supports the idea of a special status of eye-like stimuli for young infants’ attention direction.
As we tested 4-month-old infants, however, we are not able to tell whether this advantage of
eye-like stimuli relies on an evolved neural mechanism that does not require learning at all or
whether 4 months of visual experience with faces and eyes affected infants’ sensitivity to eyes in
our study.

Theories positing evolved neural mechanisms dedicated to directing infants’ attention to
eyes (e.g., Baron-Cohen, 1994) would have predicted that infants follow the “gaze” direction of a
centrally presented stimulus featuring eyes right away. This claim is not supported by our data.
Infants did not initially attend to the direction of the block with eyes during baseline phase of
Experiment 1. In contrast, it seems that it took some learning experiences for infants to follow
the block's direction with their own gaze. Perhaps neural mechanisms dedicated to processing
eyes did not immediately respond to our highly unfamiliar block stimulus. However, infants acti-
vated their “gaze” following behavior in response to this stimulus very quickly despite it showing
linear, non-biological motion unlike stimuli presented in previous studies on gaze following in
response to “interactive,” but faceless stimuli in older infants (Deligianni et al., 2011; Johnson
et al., 1998). This effect was more pronounced in Experiment 1, where we applied interactive eye
tracking and reinforced infants’ “gaze” following, compared to Experiment 3, where infants were
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simply exposed to the block turning to the cartoon characters. However, even in Experiment 3,
we observed some evidence for gaze following at test, that is infants showing a preference for the
cued mouse. Thus, simply observing the turning motion of the block toward one of two cartoon
characters sufficed for infants to, after a while, perceive the motion as directional and attend to
this direction it with their own gaze. We suggest that our findings speak to both a specific (ac-
quired or evolved) sensitivity of young infants for eyes as well as a certain degree of plasticity
and flexibility allowing for generalization of gaze following to specific unfamiliar objects as long
as they feature eyes. We did not find clear evidence that reinforcement alone plays a generalized
role for infants’ acquisition of gaze following behavior in our set of experiments. When paired
with a more social stimulus (here, the stimulus with eyes in Experiment 1) reinforcement en-
hanced infants’ tendency to attend to cued objects in contrast to Experiment 3 (without reinforce-
ment). However, without the social stimulus (i.e., in Experiment 2 and 4 with eyes with reversed
contrast), reinforcement did not facilitate infants’ increase in their attentional preference. This
is in line with the results by Michel et al. (2021) using the same paradigm. In their study, the au-
thors reported a weak effect on infants’ already existing gaze following only when reinforcement
was paired with a simultaneous movement of head and gaze to the side, but not in their other
conditions (the actor moving only the head or only the gaze to the side). In contrast, in this study,
we used an even more artificial cue (a green box with schematic eyes) and infants did not show
spontaneous gaze following in baseline. Taken together, both studies suggest that reinforcement
may foster gaze following or at least change infants’ way to attend to cued objects, but only if it is
coupled with a social stimulus.

To exploit the richness of eye tracking data, we included an additional analysis which was not
initially planned on infants’ first gaze shift from the block to one of the two objects. This analysis
revealed no significant influence of social stimulus (schematic eyes vs. reverse-contrast eyes) or
contingency on infants’ first look. This discrepancy between the looking times and the first look
data could be due to the fact that first gaze shift may be influenced by a range of factors (e.g., large
movements, unsystematic factors causing an initial bias to one side) and therefore essentially
measure something else than the accumulated looking times to one of two targets over the dura-
tion of the trial, i.e. a more sustained overt shift of attention. In addition, first gaze shifts are only
based on one measurement point per trial, while looking times take the time-frame of the entire
trial into account. As we tested relatively young infants and exposed them to artificial unfamiliar
central cues, it may have taken them longer to extract the direction of the central stimuli leading
to initial gaze shifts which are relatively unrelated to the central cue at first but—as the results
show—to a more directed looking behavior over the course of the 5s of the trial.

Some limitations of this study should be mentioned. To not overstrain infants’ attention span
within one experimental session, we performed only 8 training trials. Our results show that this
was sufficient for infants to learn to attend to the direction of a previously unfamiliar stimulus,
but not in all conditions. Whether more or longer learning opportunities lead to different results
needs to be examined by future studies. At this point, we can only conclude that given identical
learning opportunities, infants more readily learn to align their gaze with the motion of a stim-
ulus featuring eyes compared to a very similar stimulus featuring no eyes when experiencing
reinforcement for this behavior. As a consequence, the number of trials available for analyses
was limited. Although infants contributed M = 3.1 to M = 3.9 trials (out of 4) per phase, some
infants contributed less data and one infant only contributed one single trial to the test phase of
Experiment 1. This may have influenced our findings in terms of underestimating the effects of
reinforcement. To fully evaluate the impact of contingency learning on infants’ gaze following,
future studies may consider to prolong the training phase.
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It should also be noted that we performed the test phase immediately following the train-
ing phase. This implies that we cannot draw any conclusion on possible long-term learning
effects. It is also not possible to make any claims about the generalization of the observed
training effects above and beyond the stimuli we presented, as we used identical stimuli at
baseline, training and test. More research is clearly needed to clarify whether infants’ gaze fol-
lowing behavior generalizes to similar looking or even completely different stimuli with sim-
ilar eye-like markings. It is worth mentioning that we cannot know for sure whether infants
actually perceived the stimuli in Experiment 1 and 3 as eyes and as no eyes in Experiment
2 and 4, respectively. However, the stimuli were designed in congruence with previous stud-
ies showing that reversing or distorting the black-on-white contrast of eye-like stimuli alters
the effect of eye-like stimuli in guiding infants’ attention (Farroni et al., 2005; Michel et al.,
2017a,b).

The advantages of an experimental computer-based study are the highly controlled stimuli
enabling us to manipulate details like the contrast of the eyes. On the downside, this exper-
imental control diminishes the ecological validity of the study. In daily life, gaze following
takes place in naturalistic contexts and interactions and previous literature has shown that
other characteristics of the situation like the identity of the interlocutor (Gredebick et al.,
2010) or hand movements (Yu & Smith, 2013, 2017) play a role for infants’ attention going
beyond gaze direction. Finally, eye tracking technology sets limits to the age groups that can
be tested. Although it would be highly interesting to test newborns in order to minimize the
effects of prior learning experiences, this would not be feasible with the setup and technology
we used in the current experiments.

To conclude, our results demonstrate that 4-month-old infants can be induced to attend to the
direction of an object's linear rotational movement with their gaze. However, 4-month-olds in
our study did not indiscriminately learn to follow any object motion. They only quickly learned
to follow the direction of a block featuring eyes, even in the absence of reinforcement, while
learning to follow a block's direction with reverse-contrast eyes only without reinforcement. This
suggests a certain degree of flexibility of infants’ gaze following behavior when shaped through
learning while at the same time speaking to a special sensitivity of 4-month-old infants to the
presence of eyes.
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